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IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

I am delighted and truly honoured to welcome you to IDS2018. As you know this is a 
landmark event representing completion of four decades since the establishment of this 
biennial series in 1978 at McGill University, Montreal, Canada. 

I am happy to note that IDS2018, like its predecessor events, has attracted significant 
academic and industry interest in drying research and development from around the world. 
Exchange of ideas and dissemination of knowledge about both fundamental aspects and 
industrial applications have been the prime motivations for holding IDS events around the 
globe. As an interdisciplinary and multidisciplinary field which combines complex multi-
phase transport phenomena with material science, drying is also highly energy-intensive 
and has controlling influence on the dried product quality in diverse industrial sectors. I 
believe that IDS and sister conferences devoted to drying have had a very significant 
impact on enhancements in drying technologies and innovation in dryer design. Much 
remains to be done of course. 

I am sure the participants in IDS2018 will find the proceedings and networking 
opportunities rewarding and their stay in the wonderful historic city of Valencia 
memorable.  

Finally, on behalf of all the attendees may I take this opportunity to thank and congratulate 
the Program Chair and his hardworking Organizing Committee supported by authors, 
reviewers and of course all the volunteers assisting with the smooth running of this 
complex event. 

Arun S. Mujumdar 

IDS  Honorary Chairman 
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In this 40th anniversary of IDS it is a real honour to host at the Universitat Politècnica de 
València the celebration of IDS2018. 

This is an event that, like in all other its predecessors, has attracted worldwide attention. 
Over 300 researchers from over 40 countries will present more than 450 papers at this 
event. As we can see IDS2018 promises to be a highly successful event. We are confident 
the founder of the IDS series Arun S. Mujumdar, would be very proud of it. 

On this occasion we wanted to bring the event inside the University campus in order to get 
the students more actively involved in the organization and to make them aware of the 
importance and the impact of drying on many industries and different aspects of our life. 
This is a down to earth field that many times has been underestimated by our students and 
it’s value needs to be recognized. Drying involves many aspects that may attract the interest 
of our students, from sustainability to product quality and the diversity of products. 
Valencia and the Mediterranean area have a long tradition of addressing the drying process; 
just remember the importance of dried fish on the Roman times that you still it find in our 
markets. 

The quality of the contributions is very high and the discussion during the event will 
enhance fruitful exchanges among the participants. We hope that the academic environment 
will help to attain the goal of a friendly and fruitful interaction in the beautiful city of 
Valencia. We believe this event will fulfil your expectations.  

On behalf of the Organizing Committee 

Antonio Mulet 

Chairman IDS2018 
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Abstract 
High intensity pulsed UV Light is a non-thermal treatment used in 
sanitization of fruits and vegetables. In this work, we have applied high 
intensity pulsed UV light as a pretreatment for convective air-drying 
evaluating the benefits of the pretreatment to the drying process and to the 
nutritional quality of the dried product. Mangoes were subjected to pulses of 
UV light. The pretreated samples were further dried in a convective oven-
drier until 90% of the initial water content has been removed. Drying 
kinetics, water apparent diffusivity, vitamin B, vitamin C content and total 
carotenoids content were analyzed. Pulsed UV light showed to be an 
interesting pretreatment for mangoes given the higher nutritional content of 
the dried product.  

 

Keywords: mango; drying; ultraviolet; vitamins; kinetics. 
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1. Introduction 

New food product development should focus on retaining as much of the naturally 
occurring vitamin content as possible, on increasing the availability of vitamins, and on 
reducing the appearance of undesirable breakdown products. Factors that play a role in the 
degradation of vitamins during food processing include temperature, air, light, moisture 
content, water activity, pH and enzymes related to the food spoilage [1]. Air-drying reduces 
the moisture content of the product decreasing the effect of one of the primary factors, the 
water activity, that determines the rate of vitamin deterioration by several biochemical 
reactions [1]. However, air-drying may increase vitamin loss by increasing the food 
exposition to high temperature for a long period of time. 

Pulsed ultraviolet (UV) light processing of foods is a nonthermal technology used to 
enhance the quality and safety of foods. Its uses range from sanitization of foods (primary 
use) to extension of shelf life of fruits and vegetables, and enhancement of phytochemical 
content in fruits [2,3]. UV treatment is currently in use by the industry especially in 
sanitization of fruit and vegetables. Several studies reported that UV light also contributed 
towards the enhancement of the nutritional quality of food products, enhancing vitamin 
content, total carotenoids content, antioxidant capacity and other phytochemical properties 
[3–5]. 

Despite the importance of quality parameters in dried foods, most published studies are 
limited to determining the drying rate and some diffusional aspects and only few studies 
have focused on evaluating the changes on product quality after drying. In this work, pulsed 
UV light was applied as a pretreatment prior to air-drying for the drying of mangoes. The 
influence of the pretreatment and the drying process on vitamins B1, B3, B5, B6 and C, 
total carotenoids as well as its influence on the effective water diffusivity were evaluated. 

 

2. Materials and Methods 

2.1 Preparation of samples 

Mangoes (Mangifera indica L. var. Tommy Athikins) were bought from the local market 
(Fortaleza, Brazil). Only fruits with same maturity stage were used. Cubic samples (side 10 
mm) were obtained using a household tool from the mango flesh. The moisture content was 
determined by oven drying at 110oC until constant weight (24h).  

 

2.2. Pulsed UV light pre-treatment 

The pre-treatment was carried out in a pulsed UV light equipment (SteriBeam model Xe 
Matric A, Germany) equipped with a xenon flash lamp (19 cm). The samples (12 g ± 1 g) 
were placed inside the treatment chamber of the equipment (20 cm wide × 14 cm deep × 12 
cm high) and subjected to UV light pulses. The samples were subjected to 10, 20, 30, 40 
and 50 pulses of UV light. Each pulse corresponded to a fluence (energetic density) of 0.36 
J/cm2 and were delivered in 250 µs. All experiments were carried out in triplicate.  
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2.3 Air drying 

Drying kinetics were carried out in a conventional convective oven-drier. Air-drying 
experiments with mango samples were carried out at 0.5 m/s (air velocity) and 60 °C 
(temperature). The drying experiments were conducted in triplicates and completed when 
the samples lost 90% of the initial weight. For each experiment, 25 ± 1 g cubes of mangoes 
were distributed over a custom sample holder inside the drying chamber. 

The air-drying kinetics of mangoes was modeled assuming diffusion-controlled mass 
transfer. Only the falling-rate period (diffusion-controlled mass transfer period) was 
considered because the constant-rate period (heat transfer-controlled mass transfer period) 
was not observed. The model considered the solution of Fick’s second law for cubic shaped 
samples (Equation 1) [6]. 

 (1) 

 

2.4 Determination of vitamins 

To determine the vitamins of the B complex, 1 g of fruit was homogenized with 6 mL of 
distilled water for 2 min using a cell homogenizer (Ultraturrax IKA model T25). The 
vitamins were extracted by adding sulfuric acid 0.25 M (1 mL) to the sample, which was 
heated for 30 min in a water bath (70 oC). After cooling in an ice bath, the pH was adjusted 
to 4.5 using a 0.5 M sodium hydroxide solution. The sample was centrifuged at 8400× g for 
10 min. The supernatant was collected and analyzed spectrophotometrically at 215 
(Vitamin B5), 254 (Vitamin B1), 265 (Vitamin B3) and 716 (Vitamin B6) nm using water 
as blank. All analyses were carried out in triplicate and results were expressed as the 
vitamin gain/loss using the fresh fruit as reference.  

 

2.5 Determination of total carotenoid content 

The carotenoids were extracted milling 1 g of mango sample with 6 mL of distilled water in 
a cell homogenizer (Ultraturrax IKA model T25). Hexane (5 mL) was added and the 
mixture was vigorously stirred in a vortex for 1 min. The supernatant (hexane phase) 
containing the lipid fraction was collected and analyzed spectrophotometrically at 452 nm 
to determine the total carotenoids content, using hexane as blank. All analyses were carried 
out in triplicate. 

 

3. Results and Discussion 
3.1. Pulsed UV light pretreatment 

Mangoes presented an initial moisture content of 84.2 ± 0.4 g water/100 g fresh fruit (wet 
basis). The moisture content of the samples decreased during the UV light pretreatment, 
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reducing the initial moisture content by 4.3 to 15.9%. Figure 1 presents the water loss 
observed as a function of the energetic density that was applied. 

 
Fig. 1 Water loss during the pulsed UV light pretreatment as a function of the UV dosage applied 

to the samples. 

 

Overall, pulsed UV light pretreatment contributed to an initial reduction of the moisture 
content of the samples. 

 

3.2. Air-drying experiments 

Figure 2 presents the experimental drying kinetics of mangoes obtained with and without 
application of pulsed UV light. Drying kinetics of mangoes presented the typical behavior 
observed for other fruits [7]. Only the falling rate period was observed during the drying 
process. Drying was carried out until 95% of the initial moisture was removed, 
corresponding to a final moisture content of 0.08 ± 0.01 g water/g dry matter.  

The water apparent diffusivities in mangoes were calculated using Equation 1. The results 
are presented in Table 1. The diffusion model used in this work was adequate for describing 
the drying kinetics of mangoes cubes under the different experimental conditions, 
presenting R2 values between 0.986 to 0.995.  

Despite the initial reduction in moisture content attained during the pretreatment, the pulsed 
UV light pretreatment did not reduce the air-drying time. In fact, the samples took between 
2 and 16% more time to dry than the untreated sample. It must be stated that the required 
air-drying time to reduce 80% of the initial moisture content was statistically similar among 
the sample not subject to pretreatment and the samples pretreated with a total energetic 
density above 10.8 J/cm2. 

4

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

http://creativecommons.org/licenses/by-nc-nd/4.0/


Braga, T.R.; Silva, E.O.; Rodrigues, S.; Fernandes, F.A.N. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

 
Figure 2. Moisture content (in dry basis) as a function of drying time for the samples with and 

without pulsed UV light pretreatment. 
 

 

Table 1. Water apparent diffusivity of mangoes subjected to pulsed UV light 
pretreatment. 

Total energetic 
density applied 
(J/cm2) 

Number of UV light 
pulses 
(#) 

Apparent diffusivity 
 
(107 m2/min) 

R2 

0.0 
3.6 
7.2 
10.8 
14.4 
18.0 

0 
10 
20 
30 
40 
50 

4.37 ± 0.38 a 
3.90 ± 0.03 b 
3.76 ± 0.09 b 
4.26 ± 0.12 a 
3.92 ± 0.27 a 
4.10 ± 0.01 a 

0.995 
0.986 
0.986 
0.987 
0.988 
0.991 

 

As such, if the main objective of the pretreatment is to reduce the air-drying time, the 
pulsed UV light pretreatment would not be a proper technology to achieve this goal.  

 

3.3. Vitamins and carotenoids content  

The drying process decreased the content of vitamins and total carotenoids in mangoes. The 
retention of vitamins and total carotenoids depended on the vitamin, the use or not of 
pulsed UV light pretreatment and the intensity of the pretreatment.  

Figure 3 presents the retention of vitamins and total carotenoids for non-pretreated mangoes 
subjected to air-drying. Total carotenoids content presented the lowest retention ratio (24.6 
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%), while vitamin B6 presented the highest retention ratio (97.7 %). The changes observed 
in Figure 3 represents the effect of heating in the vitamins and total carotenoid content. 

 
Figure 3. Retention of vitamins and carotenoids in mangoes after air-drying without UV 

pretreatment. 

 

The pulsed UV light pretreatment showed a positive effect on vitamins B1, B3 and B5 
when up to 7.2 J/cm2 where applied to the samples. Under such conditions, the dried 
product would present between 10.0 to 28.8 % more vitamins B1, B3 and B5 than the 
untreated dried product. Above the 7.2 J/cm2 level, the effect of the pretreatment is 
statistical non-significant (at a 95% confidence level), due to a probable degradation of 
these vitamins by UV light. 

Vitamin B1 (thiamin) is the most thermolabile among the B vitamins, so degradation due to 
thermal effect was expected [8] and was confirmed by the experimental data. The effect of 
pulsed UV light seemed to be mainly positive and a trend of higher retention of vitamin 
was observed. The high energy of the pulsed light treatment may have broken the bound of 
the phosphorylated vitamin, changing it to its free and bioavailable form, thus resulting in a 
slightly higher content of this vitamin in the treated dried product.  

The retention of vitamins B3 and B5 followed a similar trend. As with vitamin B1, the 
energy delivered by pulsed UV light might have broken the bound between the vitamin and 
its bounds, releasing an amount of vitamin that otherwise would be unavailable. This is 
plausible because vitamins, nucleotides and coenzymes absorbs UV energy and could use 
this energy to break the chemical bond between vitamins and nucleotides, and vitamins and 
coenzymes. The energy absorbed from pulsed UV light causes physical damages to 
membranes and other structures due to the release of chemical and physical bonds in these 
structures [9]. Thus, the same energy that is responsible for bond breaking damage in 
microorganisms can be responsible for the bond breaking reactions that release the bonded 
vitamins and transform it in free and bioavailable vitamins.  
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The pulsed UV light pretreatment had a significant negative effect on vitamin B6. The 
retention of vitamin B6 that was at 97.7 % for the dried untreated mango, dropped to 
retentions levels between 48 to 61 %.  This vitamin is considered light-sensitive. As such, 
both UV light and visible light released by the pulses have degraded this vitamin resulting 
in a significant reduction in its content when the UV pretreatment was applied.  

The UV pretreatment did not change significantly the amount of vitamin C in the dried 
product. The pretreatment was only statistically different (at a 95% level of confidence) 
when a fluence of 12 J/cm2 was applied. Under this condition, the amount of vitamin C was 
28.6 % higher than the untreated sample. Vitamin C is considered a light sensitive vitamin 
that present high UV light absorbance in the germicidal range (215 to 260 nm) but does not 
absorb significant light above 300 nm. The equipment used in our experiments releases 
light in a spectrum between 310 and 400 nm, thus it has not affected the vitamin C content 
of the mangoes samples.  

The UV pretreatment increased the total carotenoids when a fluence up to 12 J/cm2 was 
applied. Overexposure to high intensity UV light tended to degrade the carotenoids. The 
increase in the total carotenoid content can be attributed to an alteration of the carotenoid-
binding protein with a consequent increase in availability of free carotenoids, which has 
been reported previously for mango juice subjected to UV light treatment [10].  

 

4. Conclusions 

Pulsed UV light decreased the initial moisture content of the mangoes samples but did not 
increase the effective water diffusion of mangoes nor reduced its drying time. The 
application of pulsed UV light increased the availability of vitamins B1, B3, and B5, 
vitamin C and carotenoids in the dried product. The light sensible vitamin B6 degraded 
significantly when compared to the untreated dried mango samples. Overexposure to pulsed 
UV light (dosages greater than 15 J/cm2) degraded all vitamins and carotenoids, thus the 
UV dosage must be carefully optimized. Pulsed UV light can be a potential pretreatment for 
drying fruits given its simplicity, rapid application and because it confers better nutritional 
quality to dried mangoes. 
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Abstract 
Widespread use of advanced process control allows reduction of costs, by 
reducing drying time and energy consumption. The “control of the freezing 
stage” (by forced nucleation) also appears to be beneficial to process 
intensification, as it can impact the product structure and modify the product 
resistance to mass transfer. An alternative way to increase the drying rate is 
the use of organic solvents as they can lead to larger solvent crystals, hence 
lower product resistance to vapor flow. 

Atmospheric freeze-drying may be a good alternative to vacuum freeze-
drying, as a way of increasing process efficiency. A further improvement can 
be obtained by combining atmospheric or vacuum freeze-drying with new 
technologies.  

A further step towards process intensification is given by continuous plants, 
as this allows a dramatic increase in throughput and product quality 
uniformity. 

 

Keywords: freeze-drying; process intensification; controlled nucleation; 
continuous process. 
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1. Introduction 

The freeze-drying process is widely used in pharmaceuticals manufacturing, as well as for 
drying foodstuffs, as high-quality products can be obtained due to the low operating 
temperatures. Anyway it is quite an expensive process, and this fact limits applications in 
food and probiotic industry. Reduction of costs, by reducing drying time and energy 
consumption, and a better uniformity in end-product quality can be reached by means of 
process optimization and widespread use of advanced process control, but there is a big 
potential for process intensification by process modifications.  

According to Stankiewicz and Moulijn [1], process intensification can be obtained by 
modifying equipment, to optimize critical parameters (e.g., heat transfer and mass transfer), 
or by process intensifying methods, changing the process or using alternative energy 
sources. Proposed control approaches, and in particular advanced process control, will be 
first discussed in this review. Other possibilities for process intensification will be then 
discussed, focusing in particular on controlled nucleation and process modifications in 
production of pharmaceuticals. 

 

2. Process optimization and widespread use of advanced process control 

Improvement of the process control has been recognized as a development need for the 
pharmaceutical industry over the last thirty years, but relatively few changes occurred at the 
production scale. It must be evidenced that today even the most advanced industrial freeze-
dryers have no robust process control. An open-loop control approach is generally adopted, 
but rarely the cycle has been really optimized, and cycle transfer between different pieces 
of equipment or scale up is generally challenging [2-5].  

Effective monitoring and control systems are required to manage the process in such a way 
that product quality is not jeopardized at the end of the process. Besides, as the duration of 
the freeze-drying process is an important concern, the control systems should be able to 
optimize in-line the operating conditions, namely the pressure in the drying chamber and 
the heating power, i.e. the temperature of the heating source. In the following different the 
methods proposed will be analyzed.  

A first group of methods is based on the measurement of product temperature obtained 
through a thermocouple (or another temperature sensor); they optimize only the 
temperature of the heating element. In this case it is possible to use just the temperature 
measurement, with a fuzzy logic-based algorithm. Alternatively, a mathematical model can 
be coupled to the experimental measurements, thus obtaining a soft-sensor; this can be used 
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to calculate the optimal control actions using, for example, a PI algorithm, or calculating in 
line the design space of the process [6-8].  

The second group of methods is based on the pressure rise test [9]; this is a technique for 
the in-line process identification that allows estimating both the state of the product 
(temperature and residual amount of ice) and the values of some model parameters. By this 
way a mathematical model can be used to optimize the process using, for example, a classic 
proportional algorithm, or an advanced Model Predictive Control algorithm [10,11]. 
Control logics based on measurement of heat or sublimation flux will be also discussed. 

Control procedures are available also for the secondary drying step. The key feature of the 
method is the coupling of the measurement of the desorption rate, obtained by means of the 
PRT or other devices, with a mathematical model of the process [12]. 

 

3. Control of the freezing stage 

Freezing plays a fundamental role in the freeze-drying process, as it determines product 
morphology and, therefore, drying performances and drug stability [13]. Therefore, it has 
become essential to increase the knowledge and control over this process. A brief overview 
of the tools which allow control of the impact of freezing on product morphology, and, 
consequently, on drying efficiency and product quality will be presented. 

During freezing, the stochastic nature of nucleation is regarded as a demerit, because it is 
directly linked to vial-to-vial variability in terms of product morphology, drying behavior 
and, ultimately, product stability. Hence, lots of attention was given to the control of the 
temperature at which nucleation occurs, trying at least to make it as uniform as possible 
over a batch of vials. In fact, it is not actually possible to really “control the nucleation” 
even if this term is often used for simplicity; as said before, what is possible to do, is to 
force nucleation to take place at a given temperature and control the batch temperature 
holding it until nucleation is completed. The higher the nucleation temperature, the larger 
the ice crystal size, and thus the lower the cake resistance. In recent years, almost all the 
principal freeze-dryers manufacturers developed their proprietary technology to induce ice 
crystallization and to reduce the time span for completing the freezing in all the vials of the 
batch. Many patents were deposited, and different technical solutions were made 
commercially available, especially at the pilot-scale; even if many difficulties still limit 
somehow the application to large production scales of some methods, controlled ice 
nucleation starts moving also into manufacturing [14,15].  

Ultrasound nucleation has been the object of an extensive research, but the passage from 
lab to commercial scale faced strong difficulties. The main problems were related to the 
difficulty to efficiently propagate the ultrasonic waves, and to scale the process, as the 
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optimum ultrasonic frequency depends on the set up. Actually commercially available 
equipment adopts either a variant of the ice fog, or the depressurization method, or the 
vacuum induced nucleation. The ice fog concept is probably the first method proposed to 
control nucleation (as it is known since 1990), but only recently the technical developments 
made it really suitable for practical applications.  

The easiest and cheapest way to control nucleation is surely the vacuum induced surface 
freezing, VISF (also known as vacuum induced nucleation, VIN), as this technology 
requires no hardware, any equipment can be easily retrofitted, and there are limited sterility 
concerns (related to sterilization of large valves required for rapid depressurization) [16]. It 
is important to evidence that notwithstanding the concern for possible product denaturation, 
in particular with the depressurization and the VIN method (for the possible presence of 
small bubbles), all the discussed controlled nucleation technologies gave particularly good 
results; in fact, as a consequence of the larger ice crystals (and thus of their reduced solid 
surface), an improved stability even for very sensitive products was observed. 

Thus the described methods are effective approaches to process intensification, but to 
guarantee the required final quality and uniformity of the batch, they must be coupled with 
methods that assure the temperature uniformity of all the vials. In all cases, the 
depressurization rate is the element that may limit the applicability to large units, as it poses 
constrains to the geometric characteristics of the apparatus and of the depressurization 
circuit. 

 

4. Process modifications 

The use of a strictly organic or organic/water system is beneficial to both product quality 
and process optimization. Potential advantages and disadvantages of use of organic solvents 
and cosolvents (mixed with water, that up to now has been the most common solvent used) 
in freeze-drying are widely discussed by Teagarden and Baker [17]. The main advantage in 
addition to the increase in solubility of the product, is the increase in rate of sublimation 
and hence decrease of drying time. However, before a specific solvent is used in the 
manufacture of a parenteral product, lyophilization professionals have to carefully weigh 
advantages and disadvantages. 

The use of organic liquids, either as solvent or co-solvent, produces larger ice crystals and, 
thus, increases the average diameter of the pores created during ice sublimation. As a result, 
the product resistance to vapor flow decreases and, if product temperature does not change, 
the rate of sublimation increases, as said above. In addition to the reduction in product 
resistance, most of the cosolvents used in freeze-drying applications increase the rate of 
sublimation because they have a higher vapor pressure than water and, hence, they increase 
the driving force for mass transfer. In addition, a further reduction in energy consumption 
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results from the fact that the sublimation enthalpy of organic solvents is smaller than that of 
water ice. Unfortunately, organic solvents are rarely used in the manufacture of a 
lyophilized pharmaceutical product, mainly because of safety concerns. Specifically, 
attention has to be paid to how the organic solvents can be safely handled, e.g., preventing 
fires or explosions during their manipulation or avoiding contamination of the vacuum 
pump oil, which can decrease the pump efficiency and, hence, impede adequate control of 
pressure inside the equipment. Furthermore, in the case of mixture of solvents, monitoring 
the state of progress of drying might be very complex, because the various solvents can 
show significantly different rates of sublimation. Therefore, it is necessary to track the 
separation of the individual solvents, e.g., using sensors that are sensitive to only specific 
solvents and completely insensitive to others [18]. 

In food processing, vacuum freeze-drying produces dried products that retain almost all 
their original characteristics, e.g. color, flavor, and taste. The high specific surface area 
generally allows an easy and fast rehydratation. The drawback is represented by the cost of 
the operation: fixed costs can be high due to vacuum requirement, and the energy cost can 
be significantly higher with respect to other drying processes (the specific moisture 
extraction rate in a vacuum freeze-drying process is in the range of 0.4 kg of water per 
kWh). In order to reduce the cost and the energy consumption of the process, thus 
improving its sustainability, the atmospheric freeze-drying (drying with cold air or nitrogen 
at normal pressure) has been proposed [19,20]: in this case it is possible to achieve a 
specific moisture extraction rate ranging from 1.5 to 4.6 kg of water per kWh. For example 
it has been claimed that up to 35% of energy savings could be achieved when using 
atmospheric freeze-drying instead of vacuum freeze-drying for potato slices.  

Most of the literature deals with atmospheric freeze-drying in fluidized bed dryers and in 
spray freeze-dryers. When the atmospheric freeze-drying is carried out in a fluidized bed it 
can take advantage of the high values of the heat and mass transfer coefficients; the product 
has to be frozen and granulated before drying. A drawback of the process is represented by 
the size reduction caused by mechanical cracking. As an alternative it is possible to carry 
out the process in a tunnel dryer, even if the heat and mass transfer is not so good.  

A detailed comparison of vacuum and atmospheric freeze-drying has not been carried yet, 
and work is currently ongoing also in the labs at Politecnico di Torino. Surely drawbacks 
related to the limitation in process temperature, to avoid ice melting, and the necessity to 
recirculate and dry large volumes of gas at low temperature must be taken into account. In 
particular, atmospheric freeze-drying produces higher quality products (in comparison to 
traditional drying) but still entails long drying times. Energy consumption can be reduced 
by new technologies which use alternative forms and sources of energy for processing. 
These technologies can be applied to either enhance heat transfer between product and heat 
source, such as microwave, radiofrequency and infrared radiation, or simply intensify the 
rate of dehydration without increasing the amount of heat supplied to the product, e.g. by 
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using high intensity sonic and ultrasonic waves. 

Spray freeze-drying seems to be a valuable alternative to produce a free-flowing powder, 
with high surface area, porous end product, and good instant characteristics, with enhanced 
solubility and a uniform and ultrafine particle size. Spray freeze-drying into liquids, gases 
(e.g. a refrigerated air stream), and into gases over a fluidized bed have been reported in the 
literature. This technology has also a good potential for continuous processes. Spray freeze-
drying allows the massive production of pharmaceuticals for dry powder inhalation, and a 
more precise control of particle size compared to spray drying. Furthermore, the rapid 
cooling rates promote the formation of glassy water that is beneficial in preventing the 
aggregation of proteins during the cryo-concentration phase. 

 

5.  Continuous plants 

Recently, many pharmaceutical manufacturers are trying to convert their processes in favor 
of continuous production. To achieve this objective, it is necessary to integrate those 
production steps, that are performed sequentially in a conventional batch configuration, in a 
continuous process, leading to more compact units with a higher degree of automation and 
fewer manual interventions. This is particularly true for the lyophilization of 
pharmaceuticals and biopharmaceuticals in unit-doses which, although it is a robust and 
well-established technology, still remains inefficient and expensive. For example, the 
drying behavior within a batch, as well as from batch to batch, is still a problem of deep 
concern, despite the elaborate equipment design and the sophisticated control systems 
recently introduced.  

It must be noted that continuous freeze-drying find currently application mainly for soluble 
coffee production. Many patents have been deposited for food technology applications, but 
realizations are still very limited. In the pharmaceutical industry there are much more 
severe constrains, and just a relatively few patents have been deposited. In particular, so far, 
only two technologies have been proposed for the production of end-to-use  lyophilized 
products in a continuous way [21,22]. In both technologies, processing time and equipment 
size is dramatically reduced, up to 10 times, and all manual interventions and breaks have 
been minimized reducing the risk of product contamination. Furthermore, in-line control 
can easily be implemented, and scale-up simply consists of adding parallel modules. 
Despite their numerous advantages, the application of these technologies to real cases in 
industry still requires time. The above proposed technologies are still in development, and 
their capability to work under GMP conditions, meeting all the stringent requirements of a 
pharmaceutical production, has not been completely demonstrated yet. Nevertheless, these 
solutions are concrete steps toward continuous manufacturing of lyophilized 
pharmaceuticals, similarly to what food industry did years ago. 
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6. Conclusions 

Different approaches to process intensification, coupled with improved process control for 
freeze-drying have been discussed. In the last years, many progress have been carried out in 
process monitoring and control, including the control of the freezing step. Current research 
should favor the transition towards a more robust design of freeze-drying cycles, based on 
deep knowledge of phenomena involved rather than on empirical observations. This would 
be extremely beneficial, especially for the pharmaceutical industry, where particular 
emphasis is placed on product homogeneity and process control. Process modifications, like 
atmospheric freeze drying and spray-freeze drying are interesting alternatives whose real 
potentiality are currently under investigation. The most ambitious goal is certainly the 
realization of a continuous process at the industrial scale for pharmaceuticals.  

The intensification of the process and the reduction of the processing costs, on the other 
way, may open new possibilities of wider application of freeze drying in processing of 
valuable foods and in particular of probiotics, for which the market is requiring higher 
qualitative standards. 
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Abstract 
This work explore the use of supercritical CO2 drying as alternative technique 
for the obtainment of pasteurized and high quality dried product. Several tests 
were conducted on animal, vegetable and fruit matrixes in order to investigate 
the effectiveness of SC-CO2 drying process at different process conditions. 
Design of experiment was performed to find the optimal process conditions for 
vegetable and fruit matrices, using the final water activity of the products as 
key indicator for the drying efficiency. The inactivation of naturally present 
microorganisms and inoculated pathogens demonstrated the capability of SC-
CO2 drying process to assure a safe product. Moreover, retention of nutrients 
was compared with conventional drying methods. Results suggest that 
supercritical drying is a promising alternative technology for food drying. 

Keywords: supercritical drying; carbon dioxide; food drying; microbial 
inactivation 
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1. Introduction 

Fresh food products, in particular ripped fruits and vegetables, are rich sources of nutrients 
with an important role in human health [1]. However, fresh products are seasonal and an 
optimal cold chain is needed to prolong their limited shelf life.  
An alternative is represented by food dehydration, which is one of the oldest and widely used 
processes for the long-term maintenance of food products. By reducing the amount of 
moisture, the microbial and enzymatic activities are inhibited, promoting the extension of the 
product’s shelf-life [2,3]. Conventional hot air-drying is one of the most commonly used 
dehydration process in food industry. Nevertheless the overall quality of the final product is 
often reduced by the combination of high temperatures and the presence of oxygen which 
promotes physical, structural, chemical and nutritional changes [4,5]. Higher retention of 
those compounds can be achieved using freeze-drying technology [6], however it is an 
expensive and very slow process, making it suitable only for high value foods [3,7].  
Recently the use of carbon dioxide at supercritical conditions (Sc-CO2) has been investigated 
as alternative drying food process, specifically for carrots [8], basil [9], mango and 
persimmon [10] and coriander [11], demonstrating to be a promising process for the retention 
of the original structure and the preservation of the most valuable compounds.  
Within Sc-CO2 drying the vapour-liquid interface can be avoided meaning that the water is 
removed as a liquid dissolved in the supercritical fluid. The result is a minor capillary stress 
for the product, which allows a better preservation of the original structure. Moreover, the 
critical point, and consequently the critical temperature (31.1°C), is low, which allows to 
operate at lower temperatures than conventional air drying, helping the prevention of the heat 
sensitive degradation’s reactions and thus giving a final product with higher quality [8,9]. Sc-
CO2 have been largely investigated as alternative food pasteurization at low temperature [12] 
because it is able to inactivate microorganisms and enzymes.  

The present work explore the use of Sc-CO2 for drying and simultaneous pasteurization of 
foodstuff. The influence of process parameters (temperature, pressure, flow rate and 
treatment time) on the final water activity were studied within a Box Behnken Design 
method. Overall the results demonstate the possibility to obtain a high quality product 
microbiologically safe.  

2. Materials and Methods 

2.1 Sample preparation 

Different types of food products were daily bought in the local market in Padua (Italy): red 
bell peppers (Capsicum annuum, L.), coriander (Coriandrum sativum), strawberry (Fragaria 
ananassa), apple (Golden delicious) and chicken breast fillet. The vegetables were cut into 
slices while coriander leaves were removed from the stem. The chicken breast fillet was cut 
into small cubes with a weigh of approximately 1g.  
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2.2 Sc-CO2 drying apparatus and procedure 

The high pressure carbon dioxide apparatus consists of a sapphire high pressure visualization 
cell (Separex S.A.S., Champigneulles, France) with an internal volume of 50 mL designed to 
withstand up to 400 bar and 100 °C. The plant includes a CO2 tank, kept at room temperature, 
a chiller reservoir (M418-BC MPM Instruments, Milan, Italy), a HPLC pump (307 Gilson, 
Milan, Italy), and a thermostatic water bath (ME-Julabo, Seelbach, Germany) to keep the 
vessel at the desired temperature. Further details of the reactor and drying procedure are 
reported elsewhere [11,13]. Experiments were carried out between 40/60°C and 100/140 bar 
up to 16 hours of drying for red peppers, while 40°C and 100 bar were chosen for the other 
food products.  

2.3 Experimental design 

The Box Behnken Design was used to study the effect of supercritical CO2 drying process 
parameters on the final water activity of treated red peppers. To quantify the relationship 
between the controlled input and the accomplished responses, a second order regression 
model was used. All the calculations were done using Minitab®. 

2.4 Physical and chemical analysis 

Water activity was measured (Hygropalm Rotronic, Bassersdorf, Switzerland) at the end of 
the process. Samples were weighted before (Wstart) and after (Wend) the treatment and the 
weight loss in terms of percentage ∆W was calculated as (Wstart-Wend)/Wstart. Chemical 
characterization was performed for flavonoids as previously described [11]. For all the HPLC 
analysis an Agilent 1260 system equipped with Diode array (126 series) and Ion trap Mass 
spectrometer (Varian/Agilent MS500) were used. For vitamin C 200 mg of grinded powder 
plant material were xtracted three times for 10 minutes in an ultrasound bath with 8 ml of 
solution composed of water with 1% (v/v) formic acid. Zorbax SB C3 4.6x 150mm (DTO 
Servizi, Spinea, Italy) was used for the stationary phase. Isocratic conditions of elution used 
two solutions: solution A was acetonitrile while solution B was water 1% formic acid. For 
the quantification, standard solutions of ascorbic acid (Sigma Aldrich, Milano, Italy) were 
used to build up a calibration curve in the range 3-120 ug/mL. 

2.5 Microbial analysis 

Mesophilic bacteria, mesophilic bacterial spores and yeasts and molds were counted before 
and after the treatments by means of the standard plate count technique, as previously 
described [11]. Breefly, mesophilic bacteria and spores were cultured using total plate count 
agar (Microbial Diagnostici, Catania, Italy) at 30°C within pour plate, while yeasts and molds 
were cultured with DRBC agar (Bitec S.r.l., Grosseto, Italy) supplemented with 
chloramphenicol at 22°C within spread plate. For the enumeration of mesophilic spores, the 
first dilution tubes were inserted in a thermostatic bath at 80°C for 10 min before plating. The 
incubation time for mesophilic bacteria and spores was 72 h, while 72-120 h for yeast and 
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molds. The enumeration was referred to the weight of initial fresh product and expressed in 
CFU/g. Reductions are expressed as log(N0/N) where N0 was the number of initial 
microorganisms in the untreated sample and N the number of viable microorganisms after 
the treatment, in CFU/g of fresh product. The limit of quantification was set to 200 CFU/g 
for the mesophilic bacteria and mesophilic bacterial spores, 2000 CFU/g for yeast and molds 
while the limit of detection was < 10 CFU/g < 100 CFU/g respectively. Experiments with 
inoculated pathogens (E.coli, Salmonella and Listeria monocytogenes) were performed on 
coriander, apple slices and strawberry slices following the protocol by Bordeaux et al [14]. 
Results were analyzed with one-way analysis of variance to compare effects of the different 
treatments with significance at α = 0.05. 

3. Results and Discussion 

The drying kinetics, in terms of water activity and weight loss, were determined by increasing 
the drying time till a complete water removal. Figure 1 shows the water loss and water activity 
obtained during the drying of the red pepper. Similar behaviours were observed for the others 
food samples (data not shown).  

 Fig. 1. 
Water loss (left) amd water activity (right )at different drying times for red pepper. Data are 

reffered to three different hights of the reactors. Experiments were carried out at 40°C, 100bars 
and 150kg/h flow rate. 

The response surface methodology was chosen to quantify the relationship between the 
controllable input parameters and the obtained response surfaces, in order to find the 
influence of the process conditions over the product quality. Fig 2 shows results obtained at 
40°C and 16 hours drying that highlight the influence of pressure and pump frequency on the 
final water activity of the sample. Response surface analysis on strawberry demonstrated a 
similar behavior (data not shown). To demonstrate the capability of the technology to retain 
the active components of the fresh products, some chemical analyses were performed on the 
Sc-CO2 dried product. 
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Fig. 2. Response surface for the water activity at 40°C and 16h drying as function of Pressure and 
Pump frequency.  

For red pepper, the amount of flavonoids obtained was about 880 mg/100g of dried sample, 
reported in Table 1, are consistent with the literature; for instance Deepa et al. (2007) [1] 
reported phenolics in the range of 20–40 mg/100g of fresh product, which is similar to our 
results considering a loss of weight of 90% compared to the fresh product.  

Table 1. Flavonoid and ascorbic acid content in dried red pepper (40°C. 100bar, 100kg/h flow rate) 
Flavonoid 

[mg/100 g dry product] 
Ascorbic acid 

[mg/100g dry product] 
880.45 ± 2.4 1163.20 ± 5.3 

The average content of ascorbic acid in fresh bell pepper is in the range of 64-220mg/100g 
of fresh product [1, 15]. As for flavonoids, we measured a higher content of ascorbic acid 
after Sc-CO2 drying compared to the fresh product; the data can be explained with an apparent 
concentration of micronutrients caused by water removal during the process. Considering a 
water loss of about 90%, data of dried and fresh products are comparable and we can assert 
that SC-CO2 drying technique is able to preserve the ascorbic acid content in the red pepper.  

Microbiological inactivation was demonstrated on coriander, apple, strawberry and chiken 
breast fillet for the natural flora and specific pathogens (data not shown). Supercritical drying 
was able to complete inactivate yeasts and molds in all the samples considered; as regards 
bacteria, only the most sensitive mesophilia were inactivated on fruits, while a complete 
inactivation was possible on chicken. E.coli, Salmonella and Lysteria monocytogen were 
completely inactivate in all the food samples up to 8 log reduction. 
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4. Conclusions 

Overall the results highlighted the potential of Sc-CO2 drying technology to obtain a safe and 
dried products with unaltered nutritional value.  
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Abstract 
The aim of presented studies is to investigate of influence of ultrasonic 
assistance on both osmotic dehydration and convective drying. A wide range 
of different materials, as well as several osmotic agents were tested. 

The obtained results show that the use of ultrasound always accelerates the 
investigated processes. The application of ultrasound may reduce the energy 
consumption of drying. Qualitative studies of dried materials do not give a 
definite answer about the effect of ultrasound on the quality of the products. 
Mathematical modelling of the ultrasound assisted drying indicates that so 
named “vibration effect” plays the biggest role in convective drying 
acceleration.  

 

Keywords: osmotic dehydration; convective drying;  ultrasound; process 
kinetics. 
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1. Introduction  

Drying is one of the food preservation methods. The convective drying is the most commonly 
used technique. Unfortunately the method is slow and energy-consuming. Therefore, various 
methods to shorten the duration of the process and improve its energetical efficiency are 
investigated. One of the possibilities is the use of osmotic dehydratation as drying 
pretreatment. During the last two decades a great interest is directed to ultrasonic assistance 
of both osmotic dehydratation [1] and connective drying [1,2]. Also in the Department of 
Process Engineering, Poznan University of Technology, research in this area has been 
conducted for several years. The aim of this paper is to present a review of these research. 

2. Materials and methods 

2.1. Tested materials 

A wide collection of various materials has been tested in the work of our team. Most of them 
are fruits and vegetables: apples [3-11], cherries [12], strawberries [9,13], raspberries [5,14], 
apricots [16] , carrots [9,17-21], green pepper [22], red pepper [11],  potatoes [23], beetroot 
[24], onion [10]. In addition, kaolin was also tested [11,20]. 

2.2. Osmotic dehydratation – method 

The simple osmotic dehydration and ultrasound assisted dehydratation (frequency 25 kHz) 
were tested to get the effect of ultrasound on the process kinetics and product quality. 
Aqueous solutions of glucose [12], fructose [6,17,19] and d-sorbitol [6] as working fluids 
were used. Kinetics and effectiveness of osmotic dehydratation were assessed on the basis of 
solid gain (SG), water loss (WL) and osmotic dehydratation rate (ODR): 

 SG = 𝑚𝑚𝑠𝑠𝑠𝑠−𝑚𝑚𝑠𝑠𝑠𝑠
𝑚𝑚𝑠𝑠

,    𝑊𝑊𝑊𝑊 = 𝑚𝑚𝑠𝑠−𝑚𝑚𝑠𝑠
𝑚𝑚𝑠𝑠

+ 𝑆𝑆𝑆𝑆,    𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑑𝑑𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑

 (1) 

where mst, msi  are masses of solid matter of osmotically dehydrated and fresh sample, 
respectively and mi, mt  are the initial and actual mass of sample, respectively.  
   
2.3. Drying – methods 

Several different dryers were used in the research. The laboratory chamber dryer was used 
for simple convective drying after osmotic dehydration [12,17]. Hybrid drying (convective – 
microwave – radiative) after osmotic dehydratation was performed in prototype laboratory 
hybrid dryer [19]. All ultrasound assisted drying processes were carried out in one of two 
hybrid (convective – microwave – ultrasonic) laboratory dryers: cabinet dryer [3-
5,7,8,10,11,13-16,18,20,22-24] and rotary dryer [6,9,21,24]. The influence of ultrasound 
assistance on convective drying [3-11,13-16,20-24]  and on convective - microwave hybrid 
drying [11,13-16,18,19,21,22,24] was investigated. Continuous drying processes were 
studied in all papers, while in some works the intermitten drying was examined [2,11,12,15-
17,20,24]. The samples mass and their temperature were measured continuously during 
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experiment. The moisture ratio MR = (mt – meq)/(m0 – meq) as a function of drying time 
represents drying kinetics, where mt, m0 and meq are the instantaneous (for a given time of the 
process), initial and equilibrium sample mass, respectively.  
Energy consumption was measured for the whole drying system with the electricity meter. 

2.4. Quality assesment – methods 

It is important to ensure the quality of the dried product. The basic parameters describing 
quality were: color change during drying (important from the consumer point of view) and 
water activity (responsible for durability of food).  

The preservation of nutrients during the drying process is extremely important from the point 
of view of the food's value of the product. Retention of several nutrients were measured.  

The dried product ability to irrigation was  measured in rehydratation tests. Texture of dried 
apple was determined by compression tests with the acoustic emission measurement. Change 
of plant tissue microstructure (onion and apple) was observed.  

3. Experimental results 

3.1. Osmotic dehydratation  

Osmotic dehydratation could be treated as predrying process. During simple osmotic 
dehydratation water loss (WL) ranged between 18% [12] to 51% [17] and solid gain (SG) 
ranged between 8% [17] to 12% [6,17]. The use of ultrasound to intensify the process caused 
WL increase by 14% [17] to 44% [19] and SG increase by 15% [17] to 45% [6]. It was also 
shown that osmotic dehydratation rate (ODR) increased [19].  

After osmotic dehydratation, the samples were dried. Then the water activity and the color 
change of the samples were examined. The results of these tests indicate that the effect of 
ultrasound application on final water activity is negligible. The color change results are 
ambiguous. In works [12,17] a reduction in color change was obtained due to the use of 
ultrasound. On the other hand, the works [6,19] indicate an increase of this parameter 

3.2. Drying  

3.2.1. Drying kinetics and energetic effectiveness 

Drying kinetics is described by drying curves (moisture ratio MR versus time) and 
temperature evolution. Figure 1 shows the results of convective drying (CV), convective-
microwave drying (CVMV) and both methods ultrasound assisted (CVUS and CVUSMV, 
respectively). After the shortcut specifying the method (MV and US) the used power in watts 
was written. The use of ultrasounds during drying results in the process acceleration and in a 
slight increase in the temperature of the dried material. A clear acceleration in convective 
drying was obtained, while convective-microwave drying was only slightly accelerated. 
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Ultrasonic assistance of convective drying shortened the drying process from 11% [5] to 60% 
[15]. This shortening of drying time resulted in a reduction of total energy consumption from 
9% [3] to 21% [14]. A slight acceleration of the convective-microwave drying process was 
associated with an increase in energy consumption. 

a)  b)  
Fig. 1. Drying kinetics of carrots: a) drying curves; b) temperature of dried material [18] 

 
3.2.2. Products quality 

The use of ultrasound in each case resulted in a reduction in the color change. This reduction 
ranged between 12% [21,23] and 40% [13,18].  

 All studies indicate no impact of ultrasound on water activity. This parameter depends 
primarily on the final moisture content in the material, regardless of the drying method used. 

Rehydratation ratio is defined as ratio of sample mass after rehydratation to initial sample 
mass (fresh material). Ultrasound application improved rehydratatin ratio from 14% [23] to 
21% [16, 22]. This means that the use of ultrasound improves the internal structure.  

The retention of vitamin C was improved due to ultrasound assistance (from 44% to 69%  in 
green pepper [22] and from 68% to 70% in red pepper [11]). The obtained results regarding 
retention of phenolic compounds in carrot [18] are inconclusive. The use of ultrasound of 
low power caused a reduction in the phenolic compounds content while ultrasound of high 
power caused an increase in the content. The retention of carotenoids was improved due to 
ultrasound assistance (from 73,5% to 90%  in carrot [18] and from 67% to 76% in red pepper 
[11]). The retention of betanin in red beetroot was improved from 27% to 33% [24]. The 
retention of anthocyanins in raspberries [11,15] was improved from 56% to 76%. Antioxidant 
activity of carrot [18] deteriorated due to the use of ultrasound. The activity decrease ranged 
between 13% to 33% (depending on US power) compared to simple convective drying. 

Ultrasound assistance influenced changes in material texture [5]. Generally streght and 
Young modulus of material increased due to ultrasound application. Ultrasound dried crisps 
were more brittle although less crispy that convective dried ones. 
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The effect of ultrasound on the material structure was examined using an optical microscope 
[4, 10]. The application of ultrasound caused the increase of pore dimentions, the creation of 
microchannels and disruption of the tissue. These results were confirmed by SEM 
photographs of convective and ultrasound-convective dried apple [10]. 

4. Modeling of US assisted drying 

4.1. Lumped capacities model 

The lumped capacities model was proposed [3,25] to describe drying kinetics. The final 

system of coupled ordinary differential equations is as follows: 

  𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝐴𝐴𝑚𝑚ℎ𝑚𝑚 ln 𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑚𝑚) 
𝜑𝜑𝑎𝑎𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)

 (2) 

𝑚𝑚𝑠𝑠
𝑑𝑑
𝑑𝑑𝑑𝑑

[(𝑐𝑐𝑠𝑠 + 𝑐𝑐𝑙𝑙𝑋𝑋)𝑇𝑇𝑚𝑚] = 𝐴𝐴𝑇𝑇ℎ𝑇𝑇(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑚𝑚) − 𝐴𝐴𝑚𝑚𝑙𝑙ℎ𝑚𝑚 ln 𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑚𝑚)
𝜑𝜑𝑎𝑎𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)

+ ∆𝑄𝑄 (3) 

where: Am, AT denote surfaces of mass and heat exchange, respectively; hm, hT – coefficients 
of mass and heat exchange, respectively; φa,φ∂B – relative drying air humidity far and near 
dry material surface, respectively; pνs – saturated vapor partial pressure (temperature 
dependent); cs, cl – specific heat of a solid and liquid, respectively; l – latent heat of 
evaporation; ΔQ – volumetric heat source describing ultrasound absorption.  

a) b)   

Fig. 2. Drying kinetics of carrots - experimental and numerical results: a) drying curves and 
temperature of dried material [12]; experimental and model drying rate and “vibration 

effect”, “heating effect” and “synergistic effect” as a function of time 

The model was applied to describe ultrasound assisted convective drying in 
[3,9,13,14,20,25]. The model shows very good compatibility with experimental data (Fig. 
2a). The results of the process modeling make it possible to analyze the efficiency of 
ultrasound application. Additional parameters should be specified for this purpose. Drying 
rate DR expresses the rate of moisture decrease in the material during drying as a function of 
time and is determined as  

  DR(𝑡𝑡) = −𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝑚𝑚ℎ𝑚𝑚𝑙𝑙𝑙𝑙
𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑚𝑚)
𝜑𝜑𝑎𝑎𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)

 (4) 
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The ultrasound assistance improves the drying rate. This is due to three mechanisms 
associated with the use of ultrasound, namely “vibration effect”, “heating effect” and 
“synergistic effect” [13,22]. The model separates these effects and allows to determine their 
share in the drying rate (Fig. 2b). The results indicate that the vibrating effect has the largest 
share in the acceleration of drying. The impact of the other two effects is much smaller. 

4.2. Packed bed drying models and continuous model 

Three models of ultrasound assisted bed drying were proposed [26-28]. All of these models 
assume lumped capacities of grains and continuous description of the whole bed. Models by 
Kowalski [26] and Kowalski, Rybicki [27] treat material as not shrinking. Model by Musielak 
[28] takes into account high shrinkage of grains. All these models describe drying kinetics as 
well as distributions of moisture content and temperature in the bed.   

The continuous model, describing mass and heat transfer in a single body during ultrasound 
assisted drying is proposed in [7]. The model was developed basing on irreversible 
thermodynamics. The model allows to calculate and describe the drying kinetics, the 
distributions of moisture content and temperature in dried body and the shrinkage of the body.  

5. Conclusions 

The paper is a review of research, carried out in Department of Process Engineering, Poznan 
University of Technology, on the use of ultrasound to intensify osmotic dehydration and 
drying. In general, it can be concluded that the use of ultrasound significantly accelerates 
osmosis and convective drying. Thanks to this, energy efficiency of the processes increases. 
Ultrasonic assistance of microwave drying causes slight acceleration, therefore it is energy 
inefficient.  
In most cases, the use of ultrasound has improved product quality. This is due to the 
shortening of the drying time and changes in the structure of the dried material. 

Mathematical modeling allowed to describe the kinetics of the process. Thanks to this, the 
magnitude of the impact of individual phenomena on the intensification of drying could be 
determined. 
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Abstract 
Drying is known as a high energy consuming unit operation, representing 
between 12 to 25% of the global industrial energy consumption in developed 
countries. Consequently, drying contributes to several environmental impacts 
mainly associated to its heat or electricity requirements. One can cite global 
warming, emission of particles, acidification, photochemical ozone 
formation, …  

Based on a literature review and some dedicated case studies, this work will 
illustrate how Life Cycle Assessment (LCA) can be used to evaluate the 
environmental impacts associated to a drying operation. The results will be 
presended in a way to indicate some eco-design strategies for dryers. 
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1. Introduction 
Drying is known as a high energy consuming unit operation, representing between 12 to 
25% of the global industrial energy consumption in developed countries. Consequently, 
drying contributes several environmental impacts associated to heat or electricity 
production. One can think, among others, to global warming via greenhouse gas emissions, 
acidification or photochemical ozone formation via nitrogen oxides emissions, human 
toxicity via particule matter emissions, … Besides these impacts directly linked to energy 
consumption, industrial drying operations may also induce other environmental impacts, 
depending on the choice and the quantity of the materials it is made of, for example. 

Life Cycle Assessment (LCA) is now considered as the most complete methodology to 
evaluate the potential environmental impacts associated with a process, product or service, 
following a cradle to grave approach. In addition to International Standards ISO 14040 [1] 
and 14044 [2], the European Joint Research Center developed guidance rules published in 
the International Reference Life Cycle Data System (ILCD) Handbook [3]. As mentioned 
in one guest editorial of A. Mumudar [4], LCA of competeting systems has to carried out 
before selecting the optimal one. 

Based on a literature review and some dedicated case studies, this work will illustrate how 
this methodology can be used to assess the environmental impacts associated to a drying 
operation. The results will focus on the main process parameters influencing the 
environmental impacts in a way to indicate some eco-design strategies for dryers.   

2. Materials and Methods 
This section will summarize the principles of the LCA methodology allowing to understand 
the results that will be extracted from the literature and from our case studies.  

Following ISO standards, LCA studies include 4 phases. The first step consists in defining 
the “goal and scope”, namely determining the functional unit, to which all the results will 
be associated, the system boundaries, cut-off rules, time period, impact categories, etc. A 
typical functional unit could be ‘the drying of one ton of product’ with some specifications 
on final quality of the product (dryness, …). The system boundaries specifies the different 
so-called ‘unit processes’ included in the scope, for example, the supply chain, the feed 
preparation, the packaging, the maintenance, treatment of exhaust gases, … 

The second step is called the Life Cycle Inventory (LCI). This phase involves data 
collection and modeling of the product system, as well as description and verification of 
data. The data must be related to the functional unit previously defined. Besides specific 
data, several databases can be used, as well as the scientific literature. The LCI provides 
information about inputs and outputs in form of elementary flows from and to environment 
for all the unit processes included in the system boundaries. In the context of drying, a part 
of the data can be obtained via process control sofwares or energy audit systems allowing 
the report of any consumption or emissions. 
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Fig. 1 The four steps of a Life Cycle Analysis. 

The third step aims to convert the LCI results into environmental impacts, using several 
recommended methodologies (following the ISO Standards and the ILCD handbook). 
Depending on the methodology (ReCiPe, ILCD, Impact World, etc.), the contribution of the 
functional unit to impact categories such as global warming, eutrophication, acidification, 
inorganic respiratory effects, tropospheric ozone formation, etc. can be assessed. Fig. 2 
illustrate 15 midpoint (problem oriented) impact categories and 3 areas of protection at 
endpoint. Characterization factors are used to calculate the contribution of each elementary 
flow of substances to the impacts they are known to be related. 
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Fig. 2 Impact assessment according to the ILCD handbook. 

The last step of a LCA is the interpretation of the results, with three significant steps: the 
identification of the significant issues, the evaluation of the quality of the study and the 
drawing of the conclusions, recommendations and reporting. 

3. Literature review 
Even through an increasing number of papers mention the importance of using an holistic 
approach to design drying in a sustanaible way, the number of studies really using LCA as 
an eco-design tool is still low. 

Ciesielski and Zbicinski [5] compared two spray dryers, one at laboratory scale and one at 
industrial scale using LCA. They found that both units generated the greatest environmental 
load at the usage stage of the life cycle and have an effect mainly in the damage category of 
resources depletion.  

De Marco et al. [6] studied the industrial production of apple powders. Both the drum 
drying and the storage are the steps that have high impacts (more than 35% each one) on 
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global warming potential and aquatic eutrophication; for the other midpoint categories, the 
main contribution (> 67 %) is due to drum drying.   

Romdhana et al. [7] developed a general eco-design model of biomass drying. Their idea 
was to develop an assessment computer-aided process engineering tool that compares 
environmental impacts of different operating conditions and fuel types to support decision-
makers for an improved compliance to environmental criterion. However their optimization 
only includes carbon footprint, which is not representative of the overall process 
performance. 

Prosapio et al.[8] used LCA to optimize the production of strawberries by freeze-drying. 
They found that that agricultural steps, packaging and end of life only marginally 
influenced emissions, whereas processing steps are the main contributors. Their analysis 
revealed that the process was sensitive to vacuum drying time and rather insensitive to 
freezing time; They proposed an improved solution using osmotic pre-treatment allowing 
reduced process times and a decrease of 25% of emissions. 

Van Oirschot et al.[9] used LCA to evaluate the system design of seaweed cultivation and 
drying. They found that the drying step (using light fuel oil in a industrial furnace) had the 
highest contribution on the environment.  

4. Case study 
In order to illustrate some information that can be used as decision support tool when 
designing dryers, a simplified LCA of a sludge dryer has been carried out, varying some 
parameters. The aim of the study is to compare the environmental impact associated to the 
evaporation of 1 ton of water, i.e. the functional unit, following the scenarios indicated in 
Table 1. Scenario 1 defines the base case. 

Table 1. Modeling scenarios 

Scenario 
Thermal energy 

consumption 
kWh 

Thermal energy 
production 

Electricity 
consumption 

kWh 

Electricity 
production 

1 700 Gas boiler 
(EU-28) 80 EU-28 grid mix 

2 700 Gas boiler 
(DE) 80 DE grid mix 

3 700 Light Fuel Oil 
boiler (EU-28) 80 EU-28 grid mix 

4 700 Biomass boiler 
(EU-28) 80 EU-28 grid mix 

5 770 Gas boiler 
(EU-28) 80 EU-28 grid mix 

6 700 Gas boiler 
(EU-28) 

80 Wind power  
(EU-28) 

 
The value of thermal and electrical energy consumptions correspond to the claimed 
performances of Innodry® 2E (Suez-Degrémont). Depending on the scenario, the thermal 
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energy is produced via gas, light fuel oil or biomass boiler, which technical characteristics 
corresponding to Germany (DE) or to the average situation found in EU-28. The electricity 
is taken from the grid, i.e. the German or average European one. All these scenario also 
include the transportation of the wet sludge (20% DS) on 100 km using a EURO 6 truck-
trailer, up to 28 t gross weight. The dryer infrastructure in itsef has been neglected. GaBi 7 
software and associated datasets have been used to carry out the LCA, with ReCiPe 2016 
v1.1 Midpoint (H) as impact assessment method.  

Fig. 3 shows the results at the characterization stage: for each of the selected impact 
category, the highest score is put at a value of 100% and other scores are represented using 
a relative scale. The absolute values are given in Table 2. In order to facilitate the 
interpretation of the results, only the most relevant impacts are given.  
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Fig. 3 Impact of the evaporation of 1 ton of water: characterization results. 

 
Table 2. Characterization results 

 1 2 3 4 5 6 
Climate change, default, excl 
biogenic carbon [kg CO2 eq.] 220 234 267 59 238 187 

Fine Particulate Matter 
Formation [kg PM2.5 eq.] 0,050 0,042 0,100 0,094 0,052 0,029 

Fossil depletion [kg oil eq.] 86,6 84,6 88,3 21,2 93,4 72,9 
Metal depletion [kg Cu eq.] 0,089 0,135 0,066 0,364 0,092 0,087 

Photochemical Ozone 
Formation, Ecosystems  

[kg NOx eq.] 
162 151 114 106 168 62 

Photochemical Ozone 
Formation, Human Health  

[kg NOx eq.] 
101 94 71 66 105 39 

Terrestrial Acidification  
[kg SO2 eq.] 0,153 0,136 0,318 0,312 0,161 0,085 

The results show clearly the influence of the choice of the energy source, either thermal or 
electrical, on the environmental impact. The use of a biomass boiler (4) allows to reduce the 
climate change by 80% in comparison with light fuel oil (3). This biomass scenario also 
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gives the lowest impact regarding fossil depletion but the highest one for metal depletion. 
With respect to the base case, an increase of 10% of the thermal energy consumption (7) 
induces a similar relative increase in all categories. Bigger changes are obtained when 
replacing the electricity of the grid by wind power (6), especially for photochemical ozone 
formation and fine particle matter formation. The comparison between scenarios 1 and 2 
also shows the impact of the localization of the drying plant on its environmental footprint. 
 
As a sensitivity study, the transportation distance, initially fixed at 100 km, was set to 50 
and 150 km, using energy consumptions of scenario 1. Fig. 4 shows that an increase of the 
transport distance influences almost all impact categories, except the ones related with 
photochemical ozone formation. Nevertheless, Table 3 indicates, for example, that an 
increase of 100 km leads to an increase of 15 kg CO2 eq. This illustrates that the 
transportation step is not prevailing in this case study (less than 10%), in regards with a 
total climate change indicator of 220 for the base case. A more detailed analysis shows, in 
this case, that the most impacting step is the production of thermal energy, contributing to 
78% of the climate change score. 
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Fig. 4 Influence of the transportation distance on the impact associated to the evaporation of 1 ton 

of water: characterization results. 

Table 3. Influence of transport distance - Characterization results 
 50 km 100 km 150 km 

Climate change, default, excl biogenic carbon 
[kg CO2 eq.] 213 220 228 

Fine Particulate Matter Formation  
[kg PM2.5 eq.] 0,0482 0,0499 0,0515 

Fossil depletion [kg oil eq.] 84,1 86,6 89 
Metal depletion [kg Cu eq.] 0,084 0,089 0,093 

Photochemical Ozone Formation, Ecosystems 
[kg NOx eq.] 162 162 163 

Photochemical Ozone Formation, Human 
Health [kg NOx eq.] 100,4 101 101 

Terrestrial Acidification [kg SO2 eq.] 0,147 0,153 0,159 
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5. Conclusions 
 
As already mentioned in 2011 by Haque [10] in his guest editorial, hopefully LCA will 
soon become one of the key tools that drying practitioners and R&D personnel will utilize 
on a regular basis. This very simple case study illustrates that LCA can be used to evaluate 
the influence on energy production source on the environmental impact. Besides logistical 
aspects, LCA could also includes the infrastructure (building material options, …), namely 
in the case where several configurations or technologies could be used. This tool could 
allow to predict whether energy intensification strategies are really worth and do not lead to 
impact shifting.  
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Abstract 
The complexity of biotherapeutics in development continues to increase as our 
capability in discovery and recombinant technology improves. While safety 
and efficacy remain the two critical aspects of all therapeutics, ensuring 
adequate stability is a challenge. Freeze-drying is a commonly-used processing 
technique to enhance the stability of biotherapeutic products, although the 
lengthy process time and low energy efficiency have led to the search for, and 
evaluation of, next-generation drying technologies, including spray freeze-
drying and vaccum-foam drying. Both processes result in dosage forms that 
vary considerably from those produced by lyophilization and possess physical 
properties that may be deemed superior for their intended applications.  

 

Keywords: vacuum-foam drying; spray freeze-drying; lyophilization; 
biotherapeutics; stabilization 
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1. Introduction 

Most biological materials contain high water content (typically ≥ 80% w/w). Removal of 
water through drying provides numerous benefits, including ease of handling and storage, 
reduction in transportation costs, and improved stability, to name a few. Though all drying 
techniques share a common objective (i.e., dehydration), conceptually they are different and 
require modification/adaptation based on the properties of the compound.  

Numerous commercially-approved products are manufactured by freeze-drying,[1] thus 
lyophilization represents the gold standard to which novel drying methods must be compared. 
Despite its prevalent use, novel technologies are continuously being evaluated, including 
vacuum foam-drying and spray freeze-drying, as will be described herein. Furthermore, there 
are a great number of drying technologies that are available, if not already in use, in the food, 
agriculuture, and textile industries.[2] As the sensitivity of pharmaceuticals is unique to the 
given compound, the selected drying technique may not be universally applicable. By 
understanding the drying mechanism and the stresses involved, the drying techniques can be 
tailored for effective use.  

2. Materials and Methods 

2.1. Vacuum-Foam Drying 

2.1.1. T cell sample preparation 

Primary human pan-T cells (STEMCELL Technologies Inc, Cambridge, MA) were 
expanded 3-4 fold and cryopreserved at -150°C. During formulation, frozen T cells were 
thawed at ambient temperature, centrifuged, supernatant removed, and resuspended in the 
appropriate formulation matrix. 

2.1.2. Cell viability and count 

Viability measurements were obtained using a NucleoCounter® 3000 (ChemoMetec A/S, 
Allerød, DK). Neat samples were diluted 4:1 in PBS and cell viability and count assay was 
performed using a Vai1-Cassette™. The procedure used membrane penetrating acridine 
orange (AO) and non-penetrating 4′,6-diamidino-2-phenylindole (DAPI) fluorescent dyes to 
assess cellular membrane integrity. Dried samples were allowed to recover for 3 hours 
following reconstitution and diluted in PBS prior to analysis.  

2.1.3. Vacuum-Foam Drying and Freeze-Drying 

Vacuum-foam drying and freeze-drying were performed using LyoStar lyophilizers (SP 
Scientific, Warminster, PA). Vacuum-foam drying cycles utilized pressures and shelf 
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temperatures ranging from 0.05 to 5 Torr and 5 - 30°C, respectively. The freeze-drying cycle 
utilized -30°C shelf temperature for primary drying at a pressure of 0.05 Torr. 

2.2. Spray Freeze-Drying 

Two process equipment types were utilized for spray freeze-drying. The first process step, 
spray freezing, was conducted at ambient pressure in a spray freezing chamber and the 
subsequent dynamic freeze drying of the frozen bulk was perfomed in a rotary bulk freeze 
dryer. 

2.2.1. Spray Freezing 

Spray Freezing in all scales was performed in a spray freezing chamber unit (SprayCon, 
Meridion, Germany) with frequency driven droplet formation nozzle(s) placed in the top lid. 
The droplet formation is achieved by controlled laminar jet break up. 
The cylindrical process chamber is double walled and cooled with gaseous and liquid 
nitrogen.  

For all trials, the spray liquid is a 20% (w/w) sucrose solution, and a 300 µm orifice opening 
for the nozzle was used. For the freezing step, the main process parameters are: (i) for lab 
and pilot scale trials: - 150 °C gas temperature; spray rate: 19 g/min (1 nozzle); droplet size 
550 ± 10 µm; (ii) for commercial scale trial: - 120 °C gas temperature; spray rate: 26 g/min / 
nozzle (3 nozzles), droplet size 550 ± 10µm  

For lab and pilot scale trials, the process equipment used was a stand-alone equipment with 
intermediate frozen storage of material at -60°C. For commercial scale, the trial was 
conducted in a fully contained process line that integrates both the spray freezing equipment 
and the rotary freeze dryer; e.g., the freezing chamber continously discharges the frozen 
spheres into the precooled drum of the rotary freeze dryer.  

2.2.2. Dynamic Freeze-Drying 

Lyophilization of the frozen sucrose pellets was performed in three different scales of rotary 
freeze dryer (RFD) equipment (all by Meridion, Germany); RFD LyoMotion LAB (lab 
scale), LyoMotion 30 (pilot scale), and LyoMotion 200 (commercial scale). All scales used 
a rotating, double walled drum which was positionesd in a vacuum process chamber, to which 
a condenser was attached. The drum temperature was controlled in a range from – 55 °C up 
to +50 °C.  

In all trials, sublimation energy was conveyed by contact heat, via the double wall of the 
rotating drum, and by infrared radiation emitted from one or more of the infrared sources that 
were positioned inside the drum above the moving bulk product surface. The pressure within 
the drying drum was maintained between 50 and 100 µbar at all three scales. 
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3. Results and Discussion 

3.1. Vacuum-Foam Drying 

Vacuum-foam drying (VFD) transforms a solution or suspension into a dried static foam 
through a vacuum-induced evaporation and boiling process. VFD enables removal of water 
at low temperatures, which is required for heat labile biotherapeutics, through the use of a 
strong vacuum (e.g., 1 -10 Torr). For pharmaceutical applications, VFD can be performed 
using a lyophilizer capable of pressure control at a higher range than a typical freeze-drying 
(FD) cycle. In VFD, the boiling process results in a final product that has an expanded foam 
structure. Fig. 1 demonstrates that increasing sucrose concentration from 15 to 40% (w/v), 
while maintaining a 1 mL fill, correlated with increasing foam volumes in the final product. 
The reproducibility and heterogeneity of a VFD product appearance is a challenge that should 
be considered during formulation and process development.  

 

Fig 1 Vacuum-foam dried (VFD) preparations of 15%, 30%, and 40% sucrose (left to right). 

Compared to other drying techniques, dry static foams have been reported to provide 
significant stabilization to biotherapeutics. For example, Abdul-Fattah and coauthors [3, 4] 
have demonstrated improved storage stability of a monoclonal antibody and live virus 
vaccine as a dried foam in comparison to those prepared by spray drying and freeze drying. 
Currently, the use of cryopreservation techniques are required to stabilize cell-based 
therapeutics since the health of cellular suspensions decreases over a short period of time. 
The ability to stabilize mammalian cells in the dried state may reduce the logistical challenges 
of a supply chain for therapeutics requiring extremely low storage temperatures.  

The T cells used in this work are primary human pan-T cells that were stored at -150°C prior 
to preparation. T cell formulations evaluated include CryoStor® freeze media (with 0, 5 or 
10% DMSO) and disaccharide-based formulations (20% sucrose/trehalose in PBS at pH 7.4) 
at 1E6 cells/mL with 1 mg/mL bovine serum albumin. CyroStor freeze media is a 
commercially available preservation medium utilized for cryopreservation of cells at multiple 
concentrations of DMSO. Disaccharide-based formulations have been reported to provide 
significant stabilization to mammalian cells though the drying process and in the dried state 
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[5, 6]. Viability of pre- and post-dried preparations were measured using a NucleoCounter® 
3000 fluorescent cell counting and membrane integrity assay.  

Prior to drying, viability of all formulations was measured and no significant difference was 
observed. The average viability of the liquid controls was 91 ± 3% (Fig. 2). All formulations 
were vacuum-foam dried using a fixed shelf temperature of 30 °C and the pressure was 
incrementally decreased from 5 to 0.05 Torr with a total drying time of 90 minutes. Drying 
was completed prior to an extended secondary drying step to minimize dehydration stress 
which could lead to additional viability loss. Fig. 2 presents the membrane integrity of T cell 
formulations following vacuum-foam drying and reconstitution with water. The viability of 
T cells after drying in CryoStor media was 65%, with the addition of 5 and 10% DMSO 
resulting in post-drying viability of 57 and 32%, respectively. The 20% sucrose and trehalose 
formulations resulted in post-drying viability of 63 and 65%, respectively. While greater than 
60% T cell viability was retained after drying various DMSO-free formulations, the recovery 
could be improved further through optimization of formulation, drying process parameters, 
and residual water content.[2]  

 
Fig. 2 Viability of human pan-T cell formulations after vacuum-foam drying compared to liquid 

controls. Data presented as average ± SD. 

A follow-up evaluation compared the storage stability of 7E5 T cells/mL formulated in 30% 
trehalose and 3% BSA in PBS at pH 7.4 as liquid, freeze-dried and foam dried preparations 
at 5°C (Fig. 3). The freeze and vacuum-foam drying cycles were  designed to target a residual 
water content of 9% (w.b.). There was a higher post-drying viability for the VFD preparation 
compared to FD, for which the process loss was 61 and 42% after FD and VFD, respectively. 
In order to decouple processing stress and storage stability, the viability results were 
normalized based on initial stability samples (post-drying). As shown in Fig. 3, the VFD 
preparation exhibited superior stability compared to liquid and FD preparations. At the same 
residual water content as a FD cake, these data provide evidence that T cells vitrified as a 
dried foam provides improved storage stability. 
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Fig. 3 Normalized viability of a liquid, freeze-dried, and foam dried preparations of T cells on 

stability at 5°C. Data presented as average ± 83% CI. 

3.1. Spray Freeze-Drying  

Spray freezing is often described as a process whereby the liquid droplets generated by spray 
nozzles (e.g., binary air nozzles or pressure nozzles) are directed into a cryogenic medium, 
often liquid nitrogen.[7] In such a case, the suspended frozen droplets are collected either by 
sieves or are collected after the cryogen has boiled off. For the spray freeze-drying 
technology presented herein, two unique processes have been developed and adapted for the 
use in the manufacture of parenteral pharmaceutical formulations.[8-10]  

In the first process step, spray freezing, the frozen microspheres are generated as bulk by 
dispersing the substrate liquid into single droplets of homogeneous size,[11] utilizing a 
frequency nozzle, which fall through the cold gas (serving as cryogenic medium) and congeal 
to form frozen spheres. In contrast, the use of conventional spray nozzles results in a broader 
range of particle size with a significant amount of fines. The direct use of liquid nitrogen 
(LN2) is avoided to minimize internal mechanical stress encountered during freezing, in 
particular for large particles. The freezing chamber is therefore designed as a cylindrical, 
double walled column. The process takes place under ambient pressure conditions. Droplet 
size depends on parameters such as flow rate, frequency, viscosity (based on formulation and 
temperature), and orifice diameter; for the current application, a (selectable) range for the 
droplets between 300 to 1000 µm was targeted. For scale-up, multiple nozzles were used, 
though the height of the freezing column remained unchanged. 

The second process step is the freeze drying of the frozen bulk material. The dynamic 
lyophilization process conducted in a rotary freeze dryer provides process conditions that 
produce bulk product with high homogeneity (Fig. 4), while avoiding specific aspects of fluid 
bed processing.[12] Generally speaking, processing conditions such as pressure and 
temperature are quite comparable to parameters utilized in conventional freeze drying. There 

46

http://creativecommons.org/licenses/by-nc-nd/4.0/


Langford, A.; Balthazor, B.; Bhatnagar, B.; Tchessalov, S.; Hageman, M.J.; Lukas, A.; Plitzko, M.; 
Luy, B.; Ohtake, S. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

are some differences to be noted, for example: the large surface of the frozen bulk increases 
heat and mass transfer, which generally allows for shorter drying times. Furthermore, the 
water vapor diffusion length is significantly reduced. A 10 mm lyo cake in a vial poses a 
maximum diffusion length of 10,000 µm; in a 1 mm microsphere, the maximum length is 
500 µm. In conventional shelf freeze drying, the heat to a large portion is conveyed across 
the bottom of the glass vial; the drying front is moving from the top to the bottom, i.e. the 
heat transfer takes place across the frozen product. In dynamic freeze drying, the energy both 
from radiators and drum surface is transmitted to the surface of a particle, at which the drying 
front initiates.  

 

Fig. 4 Spray Freeze-Dried microspheres generated for a 20% (w/w) sucrose solution. 

The results for spray freeze-dried sucrose conducted at three scales are shown in Table 1. In 
all scales, residual water content less than 1% can be reached and that yield above 95% is 
possible in commercial scale. The lower yield in pilot scale is explained by the use of higher 
rpm of the drum in conjunctions with higher IR power. During drying, a pellet will loose 80-
90 % of its weight. High water vapor flows would cause the pellets to get entrapped into the 
vapor flow, which would cause particles to leave the drum, reducing the yield. Additional 
factors need to be considered, such as solid content, as higher solid content reduces the loss 
in weight, and electrostatic phenomena, which may be significant if the particle size is too 
low. The level of residual water content achieved is comparable to that from conventional 
freeze drying. 

Table 1. Results for 20% (w/w) sucrose solution processed at three scales 
 Lab scale Pilot scale Commercial scale 

Amount processed (kg) 1 6 107 
Drying time (h) 5.5 16 29.25 
Yield (%, w/w) 98.6 81.6 97.3 
Residual water content (%) ≤ 1.0 ≤ 1.0 ≤ 0.6 
Reconstitution time (min) ≤ 1.0 ≤ 1.0 ≤ 1.0 

4. Conclusions 

The complexity of biotherapeutics in development continues to increase as our capability in 
discovery and recombinant technology improves. While safety and efficacy remain the two 
critical aspects of all therapeutics, stability, both in terms of shelf-life and to stresses 
encountered during manufacturing, remains a challenge. Spray freeze-drying is a hybrid 
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processing technology comprising spray drying and bulk freeze-drying, while vacuum foam 
drying is a modified freeze-drying process that challenges the conventional processing 
conditions utilized in lyophilization. The former has matured to a level where the application 
of the technology even in commercial scale is in reach also for pharmaceutical applications, 
while the latter has provided enhanced stability to a complex biological beyond that provided 
by a conventional freeze-drying process. The development of novel drying technologies, such 
as the aforementioned processes, is a culmination of fundamental understanding gained in 
academia and leveraging the lessons learned through their utilization in orthogonal industries. 
For implementation, technical evaluation should include the scalability of the process, energy 
efficiency, as well as the capability to implement the technique in a GMP environment.  
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Abstract 
The search for solutions to transform the by-products generated by the agri-
food sector in high value-added ingredients is a priority. The aim of this 
research was to develop a microwave coupled with hot air drying technique 
allowing maximizing profits by reducing time and operational costs and to 
produce a dietary fiber ingredient with interesting technological properties 
for the development of healthy foods. The shrinkage-swelling phenomena 
occurred during drying changed the rehydration properties of the fibre 
ingredient obtained. An increase in particle size improved the fibre's swelling 
capacity when hydrated, allowing 50 % fat substitution in potato purees. 

 

Keywords: hot air-microwave drying; orange peel; thermodynamics; GAB 
model; dietary fibre 
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1. Introduction 

Sustainability is nowadays an investment for the future of any economic activity. The 
current situation of crisis has had an adverse impact in most industries, including the agri-
food sector. However, this industry has been relatively the least affected when compared 
with other industrial sectors. This is mainly attributed to the fact that food products 
continue to be basic for consumers despite the economic downturn. Therefore, the agri-food 
sector is a key element in the European economy and can play a crucial role in the 
achievement of the objectives set in the EU's strategy for 2020: ensuring a sustainable 
framework of growth of a more competitive economy. The European agri-food industry has 
focused on energy efficiency and on reducing greenhouse gases emissions, along with 
better management of their resources as a way to improve its industrial competitiveness. In 
this sense, the search for solutions to transform the by-products generated in high value-
added ingredients, is a priority. In this context, the juice industry, as fundamental sub-sector 
within the food sector, and large waste generator, must exploit the opportunity to transform 
their by-products into useful and profitable products for society. This transformation 
presents some difficulties which impede the profitability of the process. These difficulties 
are associated with the by-product, such as its compositional variability and its seasonality, 
and current techniques of transformation as the high energy cost in dehydration processes.   
This work represents an innovative and sustainable solution for overcoming the 
disadvantages associated with the high costs of stabilization, turning this by-products into 
high value-added ingredients, from both, nutritional and technological, points of view. The 
main aim was to develop a microwave coupled with hot air drying technique (HAD + MW) 
allowing maximizing profits by using the following strategy: reducing time and operational 
costs, producing a new ingredient rich in dietary fiber, with interesting technological 
properties for the development of healthy foods, studying the proposed comprehensive 
process and analyzing the new generated by-products.  

The specific objectives were (i) to develop a thermodynamic model for understanding 
internal heating and water transport mechanisms occurring from the inside to the outside of 
orange peels during HAD + MW drying and to predict the chemical and structural 
transformations, (ii) to determine the sorption isotherms and the isosteric heat of sorption 
and to study its effect on the macrostructure and microstructure of the orange peel, (iii) to 
develop and to determine dielectric tools to predict the moisture and water activity by using 
dielectric spectroscopy and sorption isotherms, (iv) to compare the energy consumption of 
hot air drying (HAD) versus HAD + MW by analysing the physico-chemical and 
technological properties of the dietary fibre obtained and (v) to asses the technological and 
sensory properties of  the new fiber obtained by using it as a fat replacer in potato pures. 
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2. Materials and Methods 

Oranges (Citrus sinensis (L.) Osbeck var Washington Navel) were bought from a local 
supermarket in Valencia (Spain), and their peel was used for the experiments. Sixty orange 
peel cylinders (20 mm diameter and 3 mm thickness) were obtained using a core borer. 

The size and shape of the samples were designed to resemble the small pieces of orange 
peel left after mechanical extraction of juice and the cuts made by a hammer crusher 
machine in the processing of orange peel. A diagram of the experimental procedure is 
shown in Fig. 1. 

Fresh orange peels
 

(Washington Navel)

Sample 
preparation
60 Cylinders
(Ø 20 mm x 

5mm thickness)

Drying process at 
different treatments 

and timepoints:

(5, 15, 40, 60, 120 min)

Measurements:
.- mass 
.- volume
.- surface
.- aw
.- moisture
.- permittivity
.- WRC
.- stereomicroscope
.- electron microscope (Cryo-SEM)

Measurements:
.- mass 
.- volume
.- surface
.- aw
.- moisture
.- permittivity
.- stereomicroscope
.- electron microscope (Cryo-SEM)

Data acquisition:
.- Tambient

.- Tair

.- ϕair

.- MW energy supplied

.- MW energy absorbed

DRYING TREATMENTS:

1) HAD  
2) HAD + 2 W/g
3) HAD + 4 W/g
4) HAD + 6 W/g

 

Fig. 1: Experimental procedure 

 

Samples were subjected to HAD + MW, using a specially designed MW-air drying oven 
with a maximum output of 2000 W at 2450 MHz. For the experiments, the air velocity was 
2.5 m/s, hot air temperature, 55 ºC, and the MW energy, 0, 2, 4 or 6 W/g. Four drying 
experiments were carried out (HAD, HAD + 2 W/g, HAD + 4 W/g and HAD + 6 W/g). 
Three orange peels samples (triplicate) were used for each drying time (5, 15, 40, 60 and 
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120 min) in each drying experiment. For fiber production, samples were milled after 
drying, using an ultracentrifuge mill (ZM 100, Retsch, Haan, Germany) with a sieve of 500 
µm. At this stage, powder samples were sealed in plastic bags for further characterization.  

2.1. Mass, volume, surface, aw and moisture content 

Samples were weighed using a precision balance Mettler Toledo AB304-S (precision: ± 
0.001 g). Surface water activity was determined employing a dew point hygrometer 
Decagon Aqualab®, series 3 TE (precision: ± 0.003, dimensionless) (Decagon Devices 
Inc., Pullman, WA, USA). Measurements were performed using structured (not minced) 
samples; thus, the obtained aw was considered the surface aw. The water content of 
representative fresh orange peel sample and the samples dried for 120 min was determined. 
The samples were dried in a vacuum oven at 60 ºC until constant weight was reached 
(AOAC method 934.06 2000). The moisture content of the samples at the intermediate 
stages was calculated from the weight loss during drying. Volume was determined by 
image analysis (Sony T90, Carl Zeiss optics), using Adobe Photoshop© software, obtaining 
the diameter and thickness of the samples in triplicate. 

2.2. Microstructure 

The microstructure of fresh and dried samples was analysed using Cryo-SEM. A 
CryoACryostage CT-1500C unit (Oxford Instruments, Witney, UK), coupled to a Jeol 
JSM-5410 scanning electron microscope (Jeol, Tokyo, Japan), was employed.  

The samples were also examined under a Leica MZ APO™ stereomicroscope (Leica 
Microsystems, Wetzlar, Germany) with a magnification of 8× to 80×. 

2.3. Permittivity 

The permittivity was measured with an Agilent 85070E open-ended coaxial probe 
connected to an Agilent E8362B Vector Network Analyser. The system was calibrated by 
using three different types of loads: air, short-circuit and 25ºC Milli®-Q water. All 
determinations were made from 500 MHz to 20 GHz. 

2.4. Water retention capacity and sweeling capacity 

For the determination of WRC, approximately 0.5 g of each sample (precision ± 0.0001 g) 
was hydrated in 20 mL of distilled water in a 50 mL (adapted from Robertson et al. 2000). 
Swelling capacity, defined as the ratio of the volume occupied when the sample is 
immersed in excess of water after equilibration to the sample weight, was measured by the 
method of Raghavendra, Rastogi, Raghavarao and Tharanathan [39]. To 0.2 g of dry 
sample placed in a graduated test tube; around 10 mL of water was added to hydrate the 
sample for 18 h; then the final volume attained by fiber was measured and expressed as 
volume/g of original sample (dry weight). 
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2.5. Rheology 

The rheological characterization of the samples was carried out using a controlled-stress 
AR 2000 rheometer (TA Instruments, Leatherhead, United Kingdom). Stainless steel 
parallel plate geometry of 40 mm diameter was used with a gap of 2 mm.  

2.6. Sensory analysis 

The sensory analysis of the purées was carried out by a panel formed by 7 trained tasters 
applying a quantitative descriptive analysis (QDA) according to the UNE-ISO 6658: 2008 
and UNE 87025: 1996 standards. Unstructured scales of 10 points were used to analyze 6 
sensorial attributes: 2 visually (homogeneity and viscosity) and 4 on the palate (granularity, 
fat character, creaminess and viscosity). Each taster evaluated 6 samples of potato puree in 
triplicate: HAD, HAD + 2 W/g, HAD + 4 W/g, commercial fiber, no fiber and the reference 
puree.  

2.7. Statitcal analysis 

To determine the statistical significance of the results, an analysis of variance (ANOVA) 
was carried out with confidence levels of 95 % (p ≤ 0.05) and 99 % (p ≤ 0.01) using the 
Statgraphics Plus 5.1 programme. 

For the sensory analysis the statistical analysis was carried out through the R-project 
program (R version 3.0.1.) applying a one-way ANOVA to determine the significance of 
the differences between samples for the parameters analyzed. In addition, a contrast test 
(Tukey test) has been applied to establish among which samples these differences exist. 

 

3. Results and discussion 

A thermodynamic model was developed to explain the mechanisms involved in mass and 
energy transports throughout the combined drying by hot air and microwave. A continuous 
shrinkage in HAD samples was produced by the internal liquid water losses, and the 
samples treated by HAD+MW showed an internal swelling caused by the internal 
evaporation produced by the microwave energy. Depending on the predominant 
mechanisms (HAD shrinkage and MW swelling) samples suffer volumetric expansions or 
contractions (Fig. 2). 
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Fig. 2 Drying rate of orange peel samples dried by HAD and HAD + MW at different power 
intensities. Data represent means and standard deviation of experiments performed in triplicate. 

The desorption isotherms of orange peel dried using different treatments (HAD + MW) 
were obtained and analysed. The results showed that the GAB model could be used to 
predict the moisture levels using the aw measurements. The macrostructural and 
microstructural transformations were demonstrated and discussed in [1], taking into account 
the interactions of water with the tissue. The observed shrinkage/swelling phenomena 
clearly depended on the MW power and on the nature of the tissue. 

It was possible to develop a dielectric isotherm technique (Fig. 3) by adapting the GAB 
model to predict the water activity in dried orange peel by using ε' (20 GHz). The physical 
meaning of the dielectric isotherm parameters (ε0' and Cd) was studied and explained in [2]. 
The value of ε0' at 20 GHz (γ-dispersion) represents the induction effect of the minimum 
quantity of adsorbed water or the monomolecular moisture layer.  The parameter Cd is 
related with isosteric heat or the adsorption energy of the monomolecular moisture layer, as 
well as the C parameter of the GAB model.  The application of MW power produced an 
increase of the isosteric heat or adsorption energy of the monomolecular layer, improving 
the surface tension of samples and thus the hygroscopicity, explaining the reduction of the 
ε0' independently of the quantity of the water molecules adsorbed. 
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Fig. 3 Dielectric isotherm at 20 GHz of orange peel treated by different drying treatments. Color 
code same as Fig 2. 

 

An important reduction in processing time (92 %) and energy consumption  (77 %) was 
achieved compared to HAD. The drying treatment did not affect chemical composition or 
water retention capacities  orange fibers. Total dietary fiber content was about 60 % with a 
ratio of soluble to insoluble fiber of 1:1. Although viscosity of both treatments showed 
similar values [3], the higher swelling capacity of HAD + MW treated fiber provoked a 
significant decrease in the viscoelasticity of the samples. An increase in particle size due to 
an increase in porosity during drying [4], improved fiber swelling capacity (Fig. 4).  

 

 

Fig. 4. Micrographs of orange peel samples dried by HAD + 2 W/g.  
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The fat content of processed potato purées with cream was reduced by 50% using different 
types of citrus fiber. All the fibers increased the visual viscosity and in mouth of the purées, 
as well as their behaviour viscoelastic The fibers obtained by air combined drying hot-
microwave (4 W / g) presented a swelling capacity similar to commercial fiber. In addition, 
these fibers were perceived as more granular in the mouth which can be explained due to 
the greater volume increase when rehydrating.  

 

4. Conclusions 

This study has analyzed the microwave coupled with hot air process, developing tools that 
allow the adequate upscaling of the drying operation by adapting it to the best standards of 
quality of the final product. A monitoring system that ensures these standards has been 
designed. This model allows optimizing the traditional hot air drying, by coupling 
microwave, of orange peel waste as a novel process for citrus by-products valorization, 
reducing the process time and, therefore, process costs. 

The quality and the energy consumption of the dietary fiber production process has been 
improved. The properties associated with its inclusion in food matrices have been 
optimized. Therefore, it can be concluded that combining the microwave treatment with hot 
air drying not only reduced the processing time but it also generated microstructural 
changes in the dried tissue that increase its water retention capacity. This improved the 
technological properties of this stabilised by-product, which will be of benefit during its 
further conversion into the dietary fibre. 
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Abstract 
To better understand the influence of processing on the bioaccessibility of 
bioactive compounds during digestion, the microstructure of  beetroot samples 
was observed prior to and after 180 min of in vitro digestion, by using scanning 
electron microscopy. Beetroot samples were subjected to convective drying at 
60 ºC and 2 m/s and freeze-drying at -50 ºC and 30Pa. Dried beetroots were 
rehydrated prior to digestion by immersion in distilled water at 37 ºC during 
90 min. To extract quantitative information related to cell size from the visual 
texture of beetroot, grey level granulometric methods from mathematical 
morphology were applied. 

 

Keywords: freeze drying; convective drying; scanning electron microscopy; 
image analysis; image texture analysis. 
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1. Introduction 

The nutritional values of plant foods are usually estimated according to  their natural  
concentrations of nutrients, phytochemicals, and total antioxidant activity. These data are 
usually obtained by direct extraction with organic solvents.[1] However, these conditions are 
different from the physiological conditions that occur in the digestive tract. Furthermore, the 
biological properties of bioactive compounds found in vegetables depend on their 
bioaccessibility and bioavailability. [2] Bioaccessibility refers specifically to the quantity of 
nutrients which are released from the food matrix and presented to the intestinal brush border 
for transport into the cell.[3] Meanwhile, bioavailability refers to the quantity of nutrients 
which actually pass through the cell membrane and are available for use within the cell.[4] It 
is known that the influence of processing on food may be the result of cellular and structural 
changes. For example, freeze drying and convective drying have been shown to cause cellular 
changes in the food matrix. Huang et al.[5] found that freeze drying (-40 ºC, 100 Pa) in a 
microwave vacuum dryer (75-300 W, 5 kPa) resulted in cell wall shrinkage in apples (var. 
Red Fuji). Moreover, there is wide evidence that the physical state of the food matrix plays 
a key role in the release, mass transfer, accessibility, and biochemical stability of many food 
components.[6]  

Microscopy is a useful tool for visualizing food structure at the tissular and cellular levels 
and for studying the influence of processing on in vitro digestion.[7,8] The characterization of 
samples by imaging techniques is completed by applying image analysis to quantify the 
structure observed. Techniques based on image texture analysis can be envisioned in order 
to quantify information on object size. There are four different types of image texture 
analysis: structural texture, statistical texture, model-based texture and transform-based 
texture. Among them, statistical texture is the most widely used in the food industry for its 
high accuracy and less computation time. Statistical texture, has been successfully applied to 
extract quantitive information related to cell size[9]. The methodology of statistical texture 
reflects changes in the intensity values of pixels. These may well contain information about 
the geometric structure of objects as this can be often reflected by such a change in intensity 
values. In food images, texture can, to some extent, reflect cellular structure of foodstuffs and 
thus can be used as an indicator of food quality. For example, texture can be used to reveal 
the tenderness of beef when colour and size features are not adequate. For this reason, among 
the large scale of applications of image analysis in the food industry, which is one of the top 
ten industries using computer vision, texture has been used regularly and its usage covers a 
variety of foods including baked products, cereal grains, fruits and vegetables.[10] 

Thus, the objective of this study was to evaluate the effects of different drying methods and 
in vitro gastric digestion on the microstructure of beetroots (Beta Vulgaris) with image 
texture analysis using a statistical texture methodology. 
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2. Materials and Methods 

2.1. Samples 

Beetroot (Beta vulgaris var. conditiva) were purchased from a local supermarket (initial 
moisture content of 6.67±0.04 g water/g dm and total soluble solids of 10.8±0.4 ºBrix). The 
beetroot were stored at 4 °C for a maximum of one week. Cubes were cut (0.01 m edge) from 
the center regions of the beetroot tissue, not including the peel, and immediately processed. 

2.2. Convective drying and freeze drying processes 

Convective drying (CD) was carried out in a laboratory-scale hot air dryer previously 
described by Rodríguez et al.[11] operating at 60 ºC with an air velocity of 2 m/s. Samples 
were dried until a final moisture content of 0.17±0.03 g water/g dm. Freeze drying (FD) of 
beetroot cubes was carried out in a freeze-drier (Telstar LyoQuest, Spain) operating at −50 
°C and a vacuum pressure of 30 Pa until a final moisture content of 0.07±0.01 g water/g dm. 
Before in vitro digestion, CD and FD samples were rehydrated by immersion in distilled 
water (25:100 (g beetroot/ml water)) at 37 °C until they reached final moisture content similar 
to raw samples (6.67 ± 0.04 g/ g dm) (aprox. 90 and 80 min, respectively). 

2.3. In vitro digestion procedure 

The beetroot samples were digested following the in vitro gastric digestion method reported 
by Bornhorst & Singh[12]. Beetroot cubes (ca. 200 g) were mixed with 80 ml of simulated 
saliva for 30 s, followed by immersion in 800 ml of simulated gastric juice previously heated 
to 37 ºC. The mixture was incubated in a shaking water bath (Unitronic 320 OR, Selecta, 
Spain) at 37 °C and 100 rpm for up to 3 h. Samples were taken initially (no digestion), and 
after 180 min of gastric digestion, microstructural analyses were made. 

2.4. Microstructural analysis 
2.4.1. Scanning electron microscopy (SEM) 

Cell walls were observed by SEM of raw and drying samples before and after digestion. 
Beetroot cubes were soaked in liquid nitrogen in order to be fractured with a sharp razor 
blade, and freeze dried. Gold coating was performed using (E-5400, Polaron, UK) equipment 
(10-4 mbar, 20 mA, 80s). Samples were then observed in a S-3400N Hitachi SEM 
(Germany), accelerated at 15 kV and under a vacuum pressure of 40 Pa. 

2.4.2. Image texture analysis 

To quantify the effect of drying and gastric in vitro digestion on the beetroot structure, cell 
cavities of the raw and drying cubes before (CD and FD samples) and after (raw180, CD180 
and FD180) 180 min of gastric in vitro digestion, were characterized in terms of their cell 
area and cell number per unit of area. Thus, scanning electron microscope photographs were 
analyzed by using an automatic image processing method which is based on the statistical 
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texture method and was performed using Image J 2.0.0. software. (Creative commons 
license). The real cell area value was correlated to a standard image whose dimensions were 
known. To establish a representative structural analysis, fifteen scanning electron microscope 
photographs of each sample were analyzed.[9] 

Statistical analysis of the results was perfomed by using the “prctile” function of Matlab 
2017b software (Mathworks Inc., USA). Thus, the percentile profile of cell number per unit 
of area of each sample was obtained. Analysis of variance (ANOVA) was applied to analyze 
the effects of processing in respect of the raw sample and the effects of in vitro digestion on 
microstructure parameters. Means were compared by Tukey’s test at p<0.05. 

3. Results and discussion 

3.1. Microstructural images (SEM) 

The images of raw and processed samples before and after 180 min of in vitro gastric 
digestion are shown in Fig 1. Fig 1a1 shows the microstructure of raw samples prior to in 
vitro gastric digestion. The raw samples are composed of almost isodiametrical and 
polyhedral cells with few intercellular spaces, as was previously observed by Nayak et al.[7]. 
After 180 min of digestion (Fig 1a2) a significant cell lysis was observed, resulting in a 
smaller number of cells per unit area, along with increases in the intercellular space between 
remaining cells. Carnachan et al.[8] studied the microstructure of kiwi pulp after in vitro 
gastric digestion observed an increase in the intercellular space after in vitro digestion.  

Cells exhibited shrinkage during the convective drying process, as can be observed in Fig 
1b1, resulting in a greater disruption of the cellular structure than in raw samples. The effects 
of different convective drying conditions on the microstructure of apple have been previously 
evaluated. [13] These authors agreed that during drying, one of the most important phenomena 
is cell shrinkage, which leads to a major modification of the product structure and allows the 
release of water. Convective drying causes cells to rupture and dislocate which usually results 
in increased density with varying porosity.[14] It was also observed that cell shrinkage 
increased in CD samples after in vitro gastric digestion (Fig 1b2), completely eliminating the 
open pores on the surface of the structure and rupturing many of the interior cell walls. 
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Fig. 1. SEM images of beetroot samples: a-Raw, b-CD and c-FD. 1- of initial beetroot samples 
(prior to in vitro digestion). 2-after 180 min of in vitro gastric digestion 

Fig 1c1 shows the microstructure of FD samples before in vitro digestion. A certain disruption 
of the cell structure was observed. This effect was also observed by Huang et al.[5] in freeze-
dried Red Fuji apples, and in freeze-dried Idared apple by Lewicki & Pawlak. [15] An increase 
in the destruction of cell wall material can be observed as a result of the in vitro gastric 
digestion process (Fig 1c2). These changes resulted in almost a complete elimination of the 
initial porous structure seen in undigested, raw beetroots. The same result was observed by 
Dalmau et al.[16] in freeze dried Granny Smith apples after 180 min of in vitro gastric 
digestion, when the changes during digestion eliminated most of the pore structure observed 
in undigested raw apples. Overall, microstructural changes were observed as a result of both 
drying process and in vitro gastric digestion compared to the undigested raw beetroot 
samples. Compared to the raw beetroots, CD beetroots exhibited the greatest changes, both 
before and after digestion. 

3.2. Image texture analysis 

Cell number per unit area of raw beetroot, drying beetroots (CD and FD samples) and 
beetroots after gastric in vitro digestion (raw180, CD180 and FD180) are presented in table 
1. All beetroot drying samples present significantly higher cell number per unit of area 

a1 a2 

b1 b2 

c2 c1 
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(p<0.05) than raw beetroots. Moreover, CD samples presented significantly higher cell 
number (p<0.05) than FD samples. The highest cell number per unit of area increase was 
observed in CD samples (47 ± 2 % compared to raw samples). This result may be due to the 
drying causing a collapse of the cell walls thus producing a volume shrinkage that results in 
a greater cell number per unit[8,21]. All samples after gastric in vitro digestion present 
significantly lower cell number per unit (p<0.05) than beetroot before in vitro digestion. No 
significant differences (p>0.05) were observed between the cell number per unit of raw 
samples and all drying beetroot samples. This result may be due to the fact that in vitro 
digestion causes a certain disruption of the cell structure which results in a lower cell number 
per unit. Different values of cell number per unit compared to raw sample (34-66% of 
reduction) after different treatments (inmmersion in boiling water, vacuum impregnation, 
freezing/thawing and compression) were also reported by Ramírez et al.[17]. 

Fig 2 represents the cell area percentile profiles of raw and drying samples before (raw, CD 
and FD samples) and after 180 min of gastric in vitro digestion (raw180, CD180 and FD180 
samples). In this figure, the percentile represents the percentage of cell whose area is equal 
or smaller to one value. As can be seen in fig 2, different percentile profiles were obtained 
for each sample.  
Table 1. Cell number per unit of area of the raw and drying (CD and FD) beetroot before and after 

180 min of gastric in vitro digestion. Different lowercase letter indicate significant differences 
(p<0.05) for cell number per unit in a sample before and after in vitro digestion. Different capital 

letters indicate significant differences between the diferent method of processing (Tukey’s test, 
p<0.05) 

 Cell number/mm2 

Raw 289±4 aC 

Raw 180 171±5 b 

CD 425±1 aB 

CD180 250±18 b 

FD 370±40 aA 

FD180 190±20 b 

The percentile profiles of raw and drying samples (CD and FD samples) were coincident 
until ca 25. From there onwards, two groups of samples can be observed, one consisting of 
raw samples, and the second , of CD and FD samples, indicating that drying processes cause 
similar changes in cell structure. In raw samples the percentage of larger areas was higher; 
for example, 80% of areas were smaller than 0.067 mm2 in raw samples and smaller than 
0.016 mm2 and 0.025 mm2 in CD and FD samples, respectively. In all samples after in vitro 
digestion the percentage of larger areas was the lowest; for example, 80% of areas were 
smaller than 0.067 mm2 and 0.310 mm2 in raw samples before and after 180 min of gastric in 
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vitro digestion, 0.016 mm2 and 0.116 mm2 in CD samples before and after 180 min of gastric 
in vitro digestion, 0.025 mm2 and 0.130 mm2 in raw samples before and after 180 min of 
gastric in vitro digestion. The percentile profiles of raw and raw180 samples were coincident 
up to ca percentile 45. However the percentile profile of drying samples (CD and FD samples 
with CD180 and FD180 samples) were coincident ca percentile 25 and 50, respectively. 

 

Fig. 2. Cell area percentile profiles of raw and drying samples before (A) and after (B, C and D) 
180 min of gastric in vitro digestion. 

4. Conclusions  

Drying modified the microstructure of beetroots compared with that of raw beetroots. 
Microstructural analyses indicated significant cellular damage and changes as a result of 
drying and of in vitro gastric digestion. These structural modifications resulted in behavioral 
changes in beetroots during in vitro gastric digestion. The drying process caused cell wall 
collapses and gastric in vitro digestion caused a certain disruption of the cell structure Given 
the limited knowledge available on this subject at present, it would be interesting to 
investigate this area more deeply to better understand how processing and in vitro digestion 
can modify structural characteristics.  
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Abstract 
Simultaneous wetting and drying occur in processes such as fluid bed (top 
spray) granulation, Wurster coating and tablet film coating.  This gives 
control challenges, as the spraying and evaporation processes must be 
carefully balanced and the operating window is significantly narrower than 
for standalone drying processes. Significant recent advances in modelling 
have led to effective scale-up and operational strategies. Factors such as 
flow cessation during filter bag shaking can have a major effect. A design 
space can be predicted which is often non-orthogonal, and pharmaceutical 
regulatory authorities have accepted filing submissions using a design space 
justified by mechanistic modelling.  

 

Keywords: pharmaceuticals; peak moisture content; bed temperature; 
conduction; design space. 
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1. Introduction 

Most drying processes involve drying of a pre-wetted material, either a wet solid liquid or a 
liquid solution/suspension as in spray drying. However, a few processes involve 
simultaneous wetting and drying of the solids. This gives significant effects on the drying 
behavior, and additional challenges result in modelling, design and practical operation. This 
paper focuses on two processes of this type, both employed in the pharmaceutical industry: 
fluid bed (top spray) granulation and tablet film coating. Both have been previously 
described in texts such as Pandey and Bharadwaj [1] and Lyngberg et al. [2].  However, 
modelling of these processes has been relatively neglected compared to standalone drying 
processes, even though successful operation is only possible within a narrower operating 
range, particularly for fluid bed granulation, as shown below.  Recent advances in 
modelling and process understanding have led to improved methods for design, scale-up 
and operation, and are described in this paper.  Applications in the pharmaceutical industry 
are described, in particular the development of an appropriate Design Space and operational 
ranges. 

2. Fluid bed granulation 

In fluid bed granulation, binder solution is sprayed on to a fluidized bed of particles and 
evaporated off simultaneously. The initial mixture of powders is gradually transformed into 
granules held together by solid bridges. Normally, the bed moisture content (LOD, loss-on-
drying) increases gradually during spraying and then falls during a final drying phase, as in 
Fig. 1. However, if the solution spray rate is too fast, uncontrolled agglomeration can result, 
with potential adverse effects both on product quality (dissolution or content uniformity) 
and operation (partial or complete defluidisation, and potential loss of the batch). 

 
Fig. 1 Moisture content (LOD) during fluid bed granulation cycle. 
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2.1. Modelling - basic 

The rate of moisture accumulation, and hence the peak LOD, can be calculated using a heat 
and mass balance.  The fundamental approach was described by Gupta [3], and a similar 
model was presented by Lyngberg et al [2]. The water accumulation rate in the granules, 
maccu (kg/h), is the difference between the water in the incoming spray and that removed by 
evaporation:   

( ) 








 −
−−=

fg

lossair
bsolaccu h

QQ
xmm 1   (1) 

Here, msol = solution spray rate (kg/h), xb = binder concentration as mass fraction (kg/kg), 
hfg = latent heat of evaporation (kJ/kg), Qloss = heat loss rate (kJ/h), and Qair (kJ/h) is the 
heat released from the air, defined in (2): 

( ) ( )outinairpairairoutinairpairair TTCFTTCmQ −=−= ,, ρ  (2) 

Where ρair = air density (kg/m3), Cp,air = specific heat capacity of air (kJ/kgK). 

Equations (1) and (2) show that four significant parameters affect the energy balance;  

• Solution spray rate (msol, kg/h)  
• Inlet air volumetric flow rate (Fair, m3/h) or mass flow rate (mair, kg/h) 
• Inlet air temperature (Tin, 0C) 
• Outlet air temperature (Tout, 0C). 

In fluid bed drying or granulation, if the particle surfaces remain fully wetted, the outlet air 
is close to saturation conditions, and is approximately equal to the wet bulb temperature Twb 

(0C), which depends only on inlet air temperature and inlet air humidity Yin (g/kg). Hence 
the four operating parameters which can affect heat input Qair are msol, Fair, Tin and Yin.  

The mass accumulated is summed over the spraying period and can be transformed into a  
peak value of the loss on drying, LOD, which is a wet-basis moisture content:  
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Where Mbed,final is the total mass of the bed at the end of granulation (including dry solids, 
binder and moisture) and MW,initial is the total mass of water in the bed before granulation. 

2.2. Modelling - extended 

The standard model allows for heat losses, but Kemp et al [4] pointed out that several other 
factors affect the heat balance: 
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i. Atomisation air flow from the two-fluid atomiser, normally at ambient temperature 
ii. Additional heat from the initial preheated bed of solids 
iii. Additional heat released when sprayed water becomes bound moisture 
iv. Adjustments for periods when the spray or airflow are turned off or reduced, for 

example during filter bag shaking. 

(i) can be handled by a small adjustment to Qair and (ii) and (iii) by small adjustments to 
LODpeak, which like heat losses are best obtained by back-calculation from experimental 
measurement, and are the cause of the initial flatter section in the moisture-time curve. 
However, (iv) can have a significant effect. Exhaust air filters may operate with either 
“simultaneous” or “consecutive” cleaning. In consecutive cleaning, only a proportion of the 
filter bags are shaken or reverse pulsed at any moment, and the air flow and spray both 
continue. However, in simultaneous cleaning, all the filter bags are shaken at the same time, 
and air flow and spray are usually stopped. Typically, the spray is stopped, the airflow is 
ramped down, the bag is shaken, the airflow is restarted and finally the spray is restarted. 
Hence the spray is off for a longer period than the airflow and the balance between heat 
input and evaporation is changed. We can define fractional times τspray and τair as the 
proportion of the cycle that the water and air are flowing. Equation (3) now becomes: 
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Where Mcorr (kg) is a correction factor allowing for the preheating and binding effects.  

For a given granulation formulation and equipment, most of the terms in equation (4) are 
fixed or nearly constant, and the only two which depend on operating parameters are Qair 
and msol. Hence, peak LOD is predicted to vary with the ratio (Qair/msol). From (1) and (4), 
high values of Qair/msol will give less accumulation and low peak LOD; conversely, low 
Qair/msol gives more accumulation and may give an excessive peak LOD. 

Therefore, we can verify whether the mechanistic model fits well to a set of experimental 
data by plotting peak LOD against Qair/msol.  The expected slope and intercepts for peak 
LOD can be evaluated from equation (4). 

2.3. Design space 

Historically, operating conditions for pharmaceutical processes were often defined as a 
single set point, which was inconvenient and inflexible. The modern approach as defined in 
ICH Q8 [5] is to define a set of ranges for each key parameter, creating a “Design Space”. 
The process can be operated anywhere within this envelope, but during development, it 
must be verified that the process can achieve key quality parameters under all possible 
operating conditions. 
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The analysis above shows that four operating parameters, msol, Fair, Tin and Yin, can affect 
Qair/msol and hence peak LOD. It is convenient to represent these as a two-dimensional 
design space by combining the first 3 parameters into Qair (see Fig. 3 for an example). 
However, Qair/msol plots as sloping lines on this diagram, and is a minimum at the bottom 
right-hand corner, giving a maximum value for the peak LOD.  If this leads to overwetting 
and defluidisation, this region will not be acceptable for operation. However, if the 
maximum peak LOD for successful granulation is found by experiment, the corresponding 
value of Qair/msol can be calculated and the available design space can be maximized by 
truncating the bottom right-hand corner. Likewise, if the top left-hand corner is too dry and 
gives poor granulation, this can also be truncated. 

2.4. Application to a real pharmaceutical process 

The model was applied to a real process for which experiments showed that stable granule 
size was obtained with a peak LOD of 12.2% or less [4]. Experimental data for peak LOD 
at both pilot-plant and commercial scale fitted well to a straight line when plotted against 
Qair/msol, as shown in Figure 2. However, there was a substantial offset between the two sets 
of data. Using standard scaling rules based on the basic model in section 2.1, the LOD at 
commercial scale was significantly higher than predicted, and defluidisation was observed 
on a batch under “wet” conditions (high spray rate, low temperature, low airflow).  The 
extended model in section 2.2 showed that the adjustments for atomization, moisture 
binding, bed preheating and heat losses were small, but that there was a substantial 
difference between the filter bag shaking regimes at pilot and commercial scale. The ratio 
τair/τspray was much greater at pilot scale, and when equation (4) was applied instead of (3), 
this correctly predicted the observed difference between pilot and commercial scale.  

 
Fig. 2 Experimental results for peak LOD plotted against Qair/msol ratio 
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The resulting commercial design space is shown in Figure 3.  For operational simplicity, 
ranges can be defined for all the individual operating parameters, which plot as a rectangle 
which always falls within the design space. Moreover, the effect of changes in equipment 
can be anticipated, for example moving from a unit with simultaneous bag shaking (E1, 
broken lines) to consecutive shaking, where the air and liquid flows are continuous and 
τspray=τair=1 (E2, solid lines). The value of Qair/msol corresponding to the peak LOD is 
increased, the design space shrinks and the operating conditions need to be altered. 
 

 

Fig. 3 Design and operating space at commercial scale with simultaneous bag shake and 
air cutoff (dotted lines) and consecutive bag shake with continuous flows (solid lines) 

 

3. Tablet film coating 

The most common type of pharmaceutical tablet coater is the perforated pan batch coater, 
in which coating solution is sprayed on to a region of the surface of a rolling bed of tablets. 
These tablets move back into the bulk bed within a few seconds and their surface must be 
sufficiently dry to avoid them sticking together, causing surface damage or “twinning”.  

Current models were reviewed by Kemp et al [6], and can include four main aspects:  

1. Mass balance - relates spray rate, suspension concentration and solids throughput  
2. Heat balance - relates air flow rate, inlet and exhaust temperature and spray rate  
3. Drying kinetics - calculates heat transfer and evaporation rates at the tablet surface 
4. Spray effects - relates spray rate, spray area, coating film thickness and coating time. 

The first two categories are routinely used in operation [7] – van den Ban et al.  However, 
little had previously been done to study tablet surface kinetics, although Ebey [8] noted that 
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heat and mass balances could not explain all observations and proposed an Environmental 
Equivalency (EE) factor to allow for this. Kemp et al [6] demonstrate that the locus of the 
boundary where overwetting and other adverse effects occur is dependent mainly on 
exhaust temperature and secondarily on spray rate. Again, this leads logically to the 
conclusion that if the size of the design space is to be maximized, it will have a sloping 
lower boundary. In practice, fixed operational ranges for exhaust temperature and spray rate 
will usually be more convenient, but the model also demonstrates that the key point where 
failure is most likely is the bottom right corner (low temperature, high spray rate). The 
modelling at tablet level also explains the long-standing observation that the bed 
temperature is significantly higher than the wet bulb temperature, unlike fluidised beds. At 
the tablet surface, the heat for evaporation is coming not primarily from the hot air, by 
convection, but by conduction from the warm tablet itself.  The dry tablet bed is heated up 
by the air. For example, a coater with an air inlet temperature of 600C will typically have a 
bed temperature of 40-450C whereas the wet bulb temperature is 250C. 

4. Comparison between the processes 

Although fluid bed granulation and tablet film coating show many similar effects, there are 
some important conceptual differences.  As noted above, in a fluidised bed of granules the 
heat of evaporation comes by convection from the hot air and the bed is normally at Twb, 
whereas in a rolling bed of tablets the heat to evaporate the surface liquid film comes 
mainly by conduction from the tablet and the bed temperature is significantly above Twb. 

4.1. Modelling 

Kemp [9] noted the distinction between models that can be “used once” (complex models 
to enhance process understanding) and “used regularly” (simple operational calculations). 
Both types of model are useful in these processes. 

For fluid bed granulation, the full model can be “used once” for scale-up calculations and to 
establish the design space. A basic calculation of Qair/msol can be used to ensure that the 
everyday operating conditions remain within the design space. 

For tablet coating, the full model demonstrates the effects of surface drying kinetics, the 
design space shape and the number of coating passes.  For normal operation, the heat and 
mass balance is sufficient, e.g. to give new coating times if the coating type is changed 
(Opadry® II can work at higher concentrations than Opadry® I), or required inlet 
temperature for a given exhaust temperature and spray rate when developing a DoE. 

4.2. Design space 

The analysis shows that both processes can have a trapezoidal design space with a sloping 
lower boundary regulated by overwetting effects [8]. However, the governing factors are 
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different. For fluid bed granulation the boundary line is given by the Qair/msol value which is 
dependent on the macroscopic heat and mass balance. In contrast, for tablet film coating the 
boundary is regulated by kinetic effects, balancing the incoming spray rate with the 
evaporation rate at the tablet surface due to the local tablet temperature, and the slope is 
given by the variation of vapour pressure with temperature.   

5. Conclusions 

Processes involving simultaneous wetting and drying have significant differences from 
those involving only drying. Design, scale-up and control present specific challenges, and 
operating windows are often narrower. These effects can now be modelled successfully. 
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Abstract 
Following background to the phenomenon of electrohydrodynamics with 
concise review of basic features like shorter drying time, lower energy 
consumption and better product quality, the selected key factors affecting 
EHD drying are examined. These include the geometry of discharge 
electrodes, effects of air humidity on drying rate, depression of material 
temperature, and cooling effect of ionic wind. 

Examples are given for: (i) prototype EHD dryers of multi-belt types, and (ii) 
pilot-scale multi-belt EHD dryer in vertical arrangement that can be 
aggregated into one unit of higher capacity, and vertical cylindrical EHD 
dryer with vibrated shelves. 
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1. Introduction 

Electrohydrodynamic (EHD) drying appears to be a viable technology alternative to 
conventional thermal drying for certain thermally-labile materials, such as high-value 
bioactive components of fruits and medicinal plants (polyphenols, flavonoids, dietary fiber, 
etc.), living cells (bacteria, yeasts and viruses), and non-living substances of biological 
origin (blood plasma, serum, hormones, antibiotics, probiotics, nutraceuticals, etc.).[1-4] 

The benefits of EHD compared to hot air drying on food quality include lesser shrinkage [15, 

16], higher rehydration ratio [15], preserved content of ascorbic acid (vitamin C) [17] and no 
discernible color degradation [16-20], though Li et al. [21] reported distinctive browning of 
okara cake just under the needle electrode. The quality-related benefits can be attributed to 
increased drying rate respectively by 1.5 to 4 times at high (5 ms-1) and low (1 ms-1) cross-
flow air velocity, which translates into shorter drying time [22, 23] Although the sole ionic 
wind can favorably affect mass transfer, the combinations of EHD with low-temperature air 
drying[4-6], vacuum freeze drying[7] and auxiliary contact heating [8] have also been reported. 

Energy consumption in EHD drying is much lower than that in hot air drying, likely 
because of targeted supply of energy for moisture evaporation and practically no heat lost 
with exhaust air. However, the favorable low energy consumption given in published 
papers is based on the "net" energy calculated from the applied voltage and current. Even 
though the real energy consumption by EHD and peripheral equipment ranges from 90 to 
5000 kJkg-1 [2] it is still attractive for end used of EHD dryers. The energy-related issues in 
EHD drying have been reviewed by Kudra and Martynenko.[23] 

Aside from purely experimental research on EHD drying of apples, carrot, potato, tomato, 
mushrooms, spinach, rapeseed, grapes blueberry, cranberry, etc., as well as model materials 
such as water, paper tissue, agar gel, wet sand and glass, theoretical studies on EHD drying 
are focused on determination of the ionic wind characteristics, such as space charge and 
corona current distributions [9, 10] or numerical solution of the mathematical model with 
experimental validation through drying experiments.[11-14] 

Electrohydrodynamic (EHD) drying relies on the so-called corona (electric or ionic wind), 
originating from a sharp electroconductive needle or horizontal fine wire under high AC or 
DC voltage.[24] As a result, ions leaving discharge electrode impinge the surface of the 
drying material located on the metallic and electrically grounded plate-type electrode. The 
partially ionized gas molecules along with residual non-charged molecules create a jet-type 
gas flow between the discharge (needle or wire) electrode and the collecting (solid or 
perforated plate) electrode. Since some factors affecting EHD drying (e.g., voltage, current, 
temperature) are well presented in topical literature [25], this paper is focused on less 
elaborated factors, such as desirable geometry of electrodes and air humidity on EHD 
drying. Examples of large-scale dryers are also given. 
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2. Key factors in EHD drying 

2.1. Geometry of discharge electrode 

The fundamental studies on EHD drying were performed mostly with a single pin or wire, 
and only few of them used multi-pin electrodes, yet placed arbitrarily regarding geometrical 
arrangement (e.g., rectangular or triangular) and spacing between pins. However, because 
of conical form of the ionic wind [26], the impact surface of the wind from a single pin 
electrode on the plate electrode is circular unless disturbed by the air cross-flow, for 
example. Referring to multi-pin electrode it is intuitive to expect that the minimum distance 
between pins at a definite pin-to-material gap should result in a series of circular areas on 
the material surface which almost touch each other.[22] 

It should be noted that the gaseous jet of ionic wind impinging the material under drying 
rebounds from the material surface along with the stream of evaporated moisture, which 
affects the aerodynamics of neighboring jets emitted from a multi-needle or multi-wire 
electrode. It means that the optimum spacing of pins is larger than theoretically predicted. 
This conclusion is supported by our own research [26] and literature data which indicate that 
single-pin electrode performs better that the multi-pin electrode.[27] The same effect is 
expected for multi-wire discharge electrode. 

2.2. Effect of air humidity 

Even though the air humidity plays significant role in the process of drying, its effect on the 
EHD performance has rarely been studied. Air humidity was measured in several studies by 
Lai[28] to calculate the Sherwood number but no explicit relationship for relative humidity 
was given. Bai et al.[29] presented results of vacuum freeze drying, which revealed better 
performance of EHD drying at ambient temperature 18oC and relative humidity of 45% 
versus vacuum freeze drying (conditions were not specified, however).  

To fill this gap in the knowledge we performed targeted research on EHD drying of sliced 
white champignons at various humidity levels controlled by dehumidifier.[30] The results 
show that high air humidity is detrimental for the performance of EHD drying. Decreasing 
air humidity from 70 to 30% significantly increased drying rate (drying rate constant 
increased more than threefold from 0.12-0.13 to 0.45-0.5 h-1). These experiments confirmed 
that low air humidity is definitely desirable in EHD drying. 

2.3. Depression of material temperature 

Among various electrically-induced phenomena in EHD drying[2, 25] is a noticeable 
temperature drop in the boundary layer at the liquid-gas interface[31, 32], which was 
identified as large as 8 K per 100 micrometers.[33] Usually temperature depression of wet 
material is a result of water evaporation, which depends on the gradient of water vapor 
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pressure at the liquid-gas interface. The maximum value of temperature depression could be 
calculated through absolute air humidity Y (kg H2O) (kg-1 dry air) 

)( YY
c
H

TT WBTs
H

WB
WBDB −

∆
=−    (1) 

where TDB, TWB denote respectively the dry- and wet-bulb temperatures (K), ΔHWB is the latent 
heat of evaporation at wet bulb temperature (kJ kg-1), cH quantifies the humid heat (kJ kg-1 K-1), 
and YsWBT stands for the absolute air humidity at wet bulb temperature.[34] Our own research 
aimed at measuring temperature of the wet paper towel with thermal imaging camera revealed 
noticeably difference between air/material temperatures during EHD drying under controlled 
humidity of 11% and different air velocities.[35] 

 
Fig. 1 Magnitude of temperature depression for paper towel exposed to forced air flow at 21.6oC 

(blue points) and ionic wind (red points) generated at 9.5-15 kV. 

It is evident that the temperature drop in humid air reflects typical psychrometric curve 
leveling off at high air velocity (above 6 ms-1). Thus, the cooling effect of air flow is 
directly related to air velocity. In contrast, temperature drop due to ionic wind demonstrated 
completely different behavior. The range of ionic wind velocities below 1.0 ms-1 
corresponded to electric field strength 3-4 kVcm-1 (9.5-12 kV), whereas ionic wind velocity 
above 1.0 ms-1 was induced by electric field above 4 kVcm-1 (13-15 kV). Interestingly, 
temperature drop due to ionic wind is larger than the effect of similar air flow at the range 
of low velocities, while is smaller for the velocity above 1.0 ms-1. However, it should be 
noted that EHD-induced temperature of the material surface never attains the wet bulb 
temperature at convective air flow, which in this case is 13oC at RH=11%. Interestingly, the 
cooling effect of EHD was found practically independent of ionic wind velocity up to 1.5 
ms-1 above which the breakdown occurred because of excessively high electric field 
intensity. 
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2. Large-Scale EHD dryers 

2.1. Prototype EHD dryers 

It appears that the first prototype EHD dryer has been designed in Ukraine, in 1989 and 
tested for sliced apples.[36] The dryer has been built as a three-band conveyor unit fed with 
wet material at the upper band and discharged from the lower band. Although the dryer 
operates continuously with respect to material flow down from band-to-band the air in the 
dryer is basically stagnant. It means that moisture released from wet material builds-up air 
humidity and concentrations of volatile compounds and ionization products such as ozone. 
Therefore, after certain period the feeder is stopped and the empty dryer is blown with fresh 
ambient by a draft fan. The drying cycle is then repeated with the new batch of a drying 
material.  The bands 0.8 × 0.3 m are driven at controlled velocity from 0.1 to 1 m/min. The 
needles in discharge electrodes with optimum packing density of 500 needles per 1 m2 are 
made from molybdenum and powered with 10 to 30 kV AC at 50 Hz. The density of 
current about 0.01 A m-2 and power of 100 W m-2 results in apple temperature by 20 deg 
higher than the ambient temperature. Energy consumption for drying apple slices from 85 
to 20% wb is on the order of 0.95-1.1 kWh per kg of evaporated water. 

Another prototype of EHD continuous dryer is based on two belt conveyors 0.3 m wide and 
3 m overall length with inter-stage mixing of the material.[37] Belts tilted at 11.5o are driven 
at fixed velocity of 0.33 ms-1. Wire-type discharge electrode is made from stainless steel 
wire 0.5 mm in diameter with 5 cm spacing between neighboring wires. The wires arranged 
in parallel through a cable bus are connected to reversible polarity DC power supply with 
regulated voltage from 1 to 50 kV and current from 0 to 0.3 mA. 

Tests with wet sand at 8-12 % wb in a 2-cm layer with 2.52 cm gap between discharge 
electrode and the material surface revealed drying enhancement by 1.35 at 12 kV and 
throughput of 3.1 kg of evaporated water per 1 hour. This dryer can be used for processing 
of granular materials in size up to 10 mm such as sand, gravel, preformed (extruded) pastes 
as well as sliced or diced fruits and vegetables. 

2.2. Pilot-scale EHD dryers 

As of year 2018 there is no information on commercially available EHD dryers. However, 
large EHD dryers of various designs have been custom-made in China for research 
purpose[38]. These dryers are basically of two types: (i) multi-band dryer in vertical 
arrangement (GXJ-2) that can be aggregated into one unit (GXJ-16), and (ii) vertical 
cylindrical dryer (GTJ-1.7) with vibrated shelves (Fig. 2). 

The overall size is 1.6×1.7× 2.4 m (for GXJ-2) and 5.2×3.5× 3.1 m for GXJ-16 where 
numbers in the model signify drying area in m2. Depending on the material, drying rate is 
over 3 kg of water per m2h at corona power of 0.4 and 3.2 kW, respectively. The dryer is 
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equipped with dehumidifier with power 0.37 and 5.5 kW, respectively. The dryer GTJ-1.7 
is 1.7 m in diameter with 5 shelves with drying area of 10 m2 vibrated with amplitude 0-4 
mm. Drying rate is over 5 kg of evaporated water per m2h at corona power 2.2 kW. These 
dryers were used to dehydrate various whole and cut fruits and vegetables including 
specific plants used in Chinese medicine. 

 

 

 

 

 

 

 

 

Fig. 2 The picture and schematics of the EHD dryer model GTJ-1.7. [38] 
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Abstract 
Convective drying is a common process for the treatment of particulate solids 
also operated in continuous mode. Continuous operation is characterised by 
operation in steady-state with constant product throughput and constant 
product quality. Due to external influences, i.e. seasonal or local variations 
in the properties of the initial wet material, deviations in the product quality 
can result, for example over- or under-drying, or on-set of unwanted 
reaction. In this contribution a new feedback control concept is developed 
that is robust with respect to variations and uncertainties in the drying 
kinetics of the material and can reject and attenuate process disturbances.  

 

Keywords: Process control; drying kinetics; robustness; fluidized bed; yeast. 

 

83

http://dx.doi.org/10.4995/ids2018.2018.7245
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:andreas.bueck@fau.de


Robust feedback control of continuously-operated convective dryers 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

 
1. Introduction 

Drying, the removal of liquid from a solid material, is one of the major unit operations in 
solids processing, e.g. chemicals, pharmaceuticals, food and paper[1,2]. The liquid can be 
removed mechanically, e.g. draining, wringing, filtering, or thermally by induction of a 
phase change, e.g. by evaporation or sublimation of the liquid. Thermal drying is 
extensively used and is one of the most energy-intensive processes, taking up 
approximately 10-25% of a nation's energy output[1].  

Considering convective drying of particulate solids, characteristic evaporation rates as a 
function of moisture content X, i.e. the mass of liquid per mass of dry solid, are shown in 
Fig. 1: For moisture contents X > Xcr, where Xcr is the material-specific critical moisture 
content, a constant evaporation rate is observed; for moisture contents Xhyg < X < Xcr a 
material-dependent falling rate is observed. If the moisture content reaches Xhyg, 
thermodynamic (adsorption) equilibrium is attained and the evaporation rate vanishes. 

 

Fig. 1. Schematic overview of experimentally observed evaporation rates in drying of solids. 

The first (constant) drying period refers to the surface-wet particle, i.e. direct heat and mass 
transfer between liquid and gas. In this period, the heat and mass transfer is gas-side 
controlled, i.e. the gas conditions, e.g. temperature and mass flow rate, directly determine 
the evaporation rate. In the second drying period, the falling rate period, moisture is mostly 
located in the (porous) interior -- heat and gas now have to penetrate the solid by 
conduction and diffusion first in order to evaporate the liquid; also the vapour has to be 
transported to the particle surface, e.g. by vapour diffusion or capillary pumping, before it 
can be taken up by the main gas flow. The farther inside the moisture is located, the longer 
diffusion and conduction processes take and thereby reduce the evaporation rate in the 
second drying period. 
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From this phenomenological description, two different aspects can be identified that 
influence the drying process: (1) gas-side conditions and (2) material properties. A variation 
of gas-side conditions only will yield different evaporation rates; the material-specific part, 
however, remains the same, i.e. the evaporation rates are qualitatively but not quantitatively 
similar. 

An approachto model this effect is given by the concept of normalized drying curve ν 
(NDC), originally developed by van Meel[3]. Here, the second drying period rate is 
expressed in terms of the (known and constant) gas-side controlled first drying period rate. 
Main advantage of the NDC is that it can be obtained directly from considerably simpler 
measurements than effective diffusivity; main drawback is that it only allows describing the 
evolution of the average moisture content, X. However, as this value is of primary concern 
in many practical applications, the concept of normalised drying curve has found wide-
spread use for dryer design, optimisation and troubleshooting.  

The normalised drying curve is defined as:  

       (1) 

where η denotes the normalised moisture content, with values 0 ≤ η ≤ 1 denoting the 
second drying period. Given experimental data, the normalised drying curve can be fitted 
and used for process modelling and feedback controller design as will be shown in the 
following. 

In this work, we present a general approach to robust feedback control of continuously 
operated convective dryers. In the following section, we present the dynamic drying model 
equations. Afterwards, the robust controller is designed and its main features are discussed. 
In the Results section, the performance of the controller, designed for a nominal operating 
point, is presented with respect to model uncertainties and different operating points. The 
work closes with Conclusions and Outlook on future work. 

2. Process Modelling 

For the purpose of this work, we pose the following assumptions: (i) The particulate phase 
in the apparatus can be (at least theoretically) considered as well-mixed. (ii) The gas-phase 
is also considered as well-mixed, i.e. no spatial gradients. (iii) The particulate phase is 
either mono-disperse or represented by a constant Sauter mean diameter d32, i.e. a particle 
size distribution is not considered. Each particle dries as if it were a single particle. (iv) 
Drying is kinetically-controlled, i.e. drying gas is not close to saturation. (v) Drying takes 
place under approximately adiabatic conditions, i.e. sufficient insulation of apparatus 
provided to avoid significant heat loss to the environment. (vi) Particles enter the apparatus 
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with an average moisture content Xin at a dry mass flow rate m’dry,in. (vii) Evaporation takes 
place from the total surface area of all particles. (viii) The average residence time of 
particles in the continuously operated dryer is τ, which can be regulated, e.g. by speed of 
conveyor, or hold-up mass control. 

Then, starting from a mass balance of the wet solid mwet = X mdry, the following mass 
balances for the dry solid (hold-up) and the average moisture content can be derived: 

  (2) 

The evaporation rate is written as 

    (3) 

wherein A denotes the total particle surface area available for evaporation; and Ysat-Yin the 
maximum drying potential of the gas, which is determined by the inlet gas moisture content 
Yin and the inlet gas temperature Tin. If significant heat losses occur (violation of 
assumption (v)), then Ysat-Yin decreases in value to Yout-Yin; the model structure, however, 
does not change. 

The total surface area of particles can be determined from the hold-up mass  
A = 6mdry/(ρ d32). The mass transfer coefficient β is in general a function of the Sherwood, 
Reynolds, Prandtl and Schmidt number. 

The normalised drying curve is denoted by ν(η); in order to use the normalised drying 
curve in process models, some functional form needs to be fitted. In this work, the 
following form is used: 

         (4) 

The virtue of this functional form is that one fitting parameter p suffices to describe the 
different curvatures. At p=1, corresponding to the linear relation ν(η) = η, a change in 
curvature occurs that can be smoothly related to values 0 < p < 1 and p > 1. It has to be 
noted that all material characteristics are lumped into the parameter p.  

Under the stated restrictions, the presented model is able to calculate the dynamic and 
steady-state behaviour of a continuous convective dryer. 
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3. Robust Controller Design 

The aim of the robust controller is to provide comparable performance of the uncertain 
drying process with respect to the nominal process conditions and parameters. Specifically, 
it should provide at different steady-states the required steady-state output (controlled 
output), provide not too slow process dynamics in doing so, avoid excessive control action, 
respecting known limits of the actuators and operating conditions, e.g. a maximum 
operating temperature. 

These requirements can be met in (linear) controller design within the H∞ framework[4]. 
Within this framework, a (linear) controller with transfer function H∞(s) is determined such 
that a) the closed-loop process is asymptotically stable and b) the following functional is 
minimised: 

       (5) 

Therein, s denotes the variable of the Laplace domain, S denotes the closed-loop sensitivity 
function, T* the closed-loop complementary sensitivity function, and Wi (i = 1, 2, 3) are 
weight functions. 

To assess and quantify the process uncertainty, different models can be used. In this work, 
we restrict ourselves to the multiplicative uncertainty model: Given a linear open-loop 
stable nominal transfer function Gnom(s), and a second, uncertain but open-loop stable 
transfer function G(s)$, the multiplicative model uncertainty can be expressed as 

1( ) ( ( ) ( )) ( )m nom noms G s G s G s−∆ = −        (6) 

A variation in parameters generates a family of transfer functions G(s) and a set of 
multiplicative uncertainty models ∆m(s). Let the upper-bound of ∆m(s) for a given set of 
variations be denoted by Λm(s). 

For design of performance, the weights Wi can be used: W1 is used to design good 
disturbance rejection over a wide frequency region; W2 directly influences the controller 
gain, thus limiting the control energy; and W3 is used to achieve good reference tracking. 
For a multiplicative uncertainty model, W3(s) = Λ(s) is set. 

Given the nominal model, the upper bound on model uncertainty and the weight functions, 
a robustly stabilising feedback controller can be readily computed by established control 
software, e.g. Matlab’s Control System Toolbox. 

87

http://creativecommons.org/licenses/by-nc-nd/4.0/


Robust feedback control of continuously-operated convective dryers 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

4. Results 

In the following, specific results of the design and performance of the controller are 
presented for fluidized bed drying of spherical baker's yeast pellets. Uncertain parameters 
are: p ranges in the interval [0.5, 2.5] with a nominal value of 1.5, and Xcrit, the point of on-
set of the second drying period which is known to slightly depend on drying temperature: 
Xcrit in the interval [0.8, 1.2] with a nominal value of 0.98.  

The manipulated variable is the gas inlet temperature Tgas,in, the controlled output is the 
average moisture content of the yeast pellets, X, i.e. a SISO control problem. Unmeasured 
disturbances are the solids and gas inlet moisture contents, Xin and Yin, respectively. For 
reasons of comparison a standard SISO PI controller and a linear quadratic regulator (LQI) 
are also designed for the nominal case. 

Both controllers are applied to the nonlinear model to assess their performance and 
robustness of the closed-loop. We start the presentation with the discussion of disturbance 
rejection. At the nominal steady state, a stepwise disturbance (Xin -15%) is applied at t= 30 
minutes and ends after additional 10 minutes. At 50 minutes a second disturbance (Yin + 
115%) is applied for 10 minutes. The closed-loop response under both controllers is shown 
in Fig. 2. It can be seen that in the nominal scenario, both controllers have comparable 
performance, i.e. the settling times after a disturbance. 

To investigate the impact of the (uncertain) parameter p, additional simulations were 
performed under otherwise nominal conditions. Figure 3 shows the results of a simulation 
with the maximum value p= 2.5. One can clearly observe that the performance of the H∞-
controller is constant in the parameter range, even at at a different set-point. Contrary, the 
PI-controller and LQI-controller lose performance at a non-nominal set point and the 
decrease in performance is higher with increasing value of p. 

5. Conclusions 

We presented an application of robust controller design to a wide range of continuously 
operated convective drying processes, where the main process uncertainty is in the 
parameters of the kinetics of the second drying period. We could show that these processes 
are asymptotically open-loop stable for practically relevant operating parameters. Suitable 
feedback controllers can be designed in the H∞ framework given the knowledge of a 
nominal operating point and bounds on the parameters.  

Future work will focus on the extension of this approach to MIMO problems, considering 
additional manipulated variables, e.g. the gas mass flow rate, and controlled outputs, e.g. 
product temperature or water activity. 
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Fig. 2. Response of the controlled nominal system (H∞, PI and LQI controller) for the described 
disturbance scenario for the set points X = 350 (g water)/(kg dry solid). 

 

Fig. 3. Response of the controlled system (H∞, PI and LQI controller) for the described disturbance 
scenario for the non-nominal set-point X = 450 (g water)/(kg dry solid) and p= 2.5 (right). 
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6. Main Nomenclature  

A surface area m2 

d particle diameter m 

G, S, 
T* 

transfer functions  

m mass kg 

p parameter of NDC  

t time s 

T temperature °C 

X solid moisture content (d.b.)  

Y gas moisture content (d.b.)  

Greek letters 

β mass transfer coefficient ms-1 

η normalised moisture content  

ν normalised drying rate  

ρ mass density kgm-3 

τ mean residence time s 

Subscripts 

crit critical  

in inlet  

hyg hygroscopic  

sat saturation  
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Abstract 
Two models of foam drying are presented in the paper: single droplet drying 
and perfect mixing of phases spray drying models to describe mechanism of 
drying of droplet containing bubble.  

Analysis of drying curves shows that in constant drying rate period and in the 
falling drying rate period, evaporation rate decreases due to particle 
shrinkage and increasing of resistance of moisture diffusion inside the solid 
crust. Increase of gas pressure in the bubble might cause particle breakage. 

Slight differences between theoretical and experimental results caused by 
disregarding broken particles in the simulations proves accuracy of the 
developed model. 

Keywords: spray drying, modeling, foamed materials, particle morphology 
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1. Introduction 

Foaming of slurry in spray drying processes is a method to control rheological properties of  
feed like viscosity and density and morphology of powder. Powders obtained in foam spray 
drying process are characterized by lower bulk density, high porosity and particle sizes, 
enhanced solubility and wettability in relation to conventional spray drying. However, to 
control product quality, foam spray drying process must to be carried out in specific window 
of the process parameters selected individually for dried material.  

In the literature there is lack of mathematical description of foamed spray drying process; 
existing models refer only to the constant drying rate period [1]. 

The aim of this work was to develop and validate mathematical model of foam spray drying 
process to determine morphological changes of particles and to estimate the quality of the 
product. 

2. Foam spray drying model 

Two models of foam drying were developed in the frame of the work: single droplet drying 
(SDD) model to check correctness of applied correlations and perfect phase mixing foam 
spray drying model to simulate drying process. All calculations were performed in Matlab 
and validated on a base of data obtained from the foam spray drying experiments performed 
at Lodz University of Technology [2]. 

2.1. Single droplet drying model 

SDD model describes moisture evaporation of maltodextrin solution (DE12) from stationary 
droplet which contains a single saturated nitrogen bubble in constant ambient air temperature 
TG, and humidity YG. In constant drying rate period, droplet shrinks due to water evaporation 
whereas in falling drying rate period, particle shrinkage stops because of crust solidification. 
In this period pressure in the gas bubble increases and might cause particle brakeage. The 
model allows to determine drying curves, particle density, porosity, crust thickness and 
pressure in the internal bubble.  

2.1.1. Heat transfer 

Moisture from the particle evaporates to surrounding air in temperature which, taking into 
account heat capacity of air and internal bubble, can be calculated from equation (1): 

𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝑑𝑑

=
𝐴𝐴𝑝𝑝𝛼𝛼𝑝𝑝�𝑇𝑇𝑝𝑝−𝑇𝑇𝐺𝐺�+ℎ�

𝑑𝑑𝑚𝑚𝑝𝑝,𝑎𝑎
𝑑𝑑𝑑𝑑 +

𝑑𝑑𝑚𝑚𝑝𝑝,𝑏𝑏
𝑑𝑑𝑑𝑑 �

𝑚𝑚𝑝𝑝𝑐𝑐𝑝𝑝+𝑚𝑚𝑏𝑏𝑐𝑐𝑏𝑏
 (1) 
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2.1.2. Mass transfer 

Mass transfer model was based on the concept of characteristic drying curves [3]. Overall 
evaporation from the droplet/particle is a sum of moisture evaporation to the surrounding air 
and to the internal bubble, eq. (2): 

𝑑𝑑𝑚𝑚𝑝𝑝

𝑑𝑑𝑑𝑑
= 𝑑𝑑𝑚𝑚𝑝𝑝,𝑎𝑎

𝑑𝑑𝑑𝑑
+ 𝑑𝑑𝑚𝑚𝑝𝑝,𝑏𝑏

𝑑𝑑𝑑𝑑
 (2) 

Evaporation rate to drying air is calculated from the equation: 

𝑑𝑑𝑚𝑚𝑝𝑝,𝑎𝑎

𝑑𝑑𝑑𝑑
= 𝑓𝑓𝑀𝑀𝑤𝑤𝐴𝐴𝑝𝑝𝛽𝛽𝑝𝑝(𝐶𝐶𝑠𝑠 − 𝐶𝐶𝐺𝐺) (3) 

where heat and mass transfer coefficients (αp and βp) were calculated from McAdams 
correlations. Amount of water transferred to the bubble was determined from eq. (4): 

𝑑𝑑𝑚𝑚𝑝𝑝,b

𝑑𝑑𝑑𝑑
= 𝑚𝑚𝑁𝑁

𝑀𝑀𝑤𝑤
𝑀𝑀𝑁𝑁

� 𝑃𝑃𝑠𝑠𝑑𝑑
𝑃𝑃𝑎𝑎−𝑃𝑃𝑠𝑠𝑑𝑑

� 1
𝑑𝑑𝑑𝑑

 (4) 

To take into account decrease of drying rate (eq. (3)) in the falling drying rate period, 
coefficient f defined by relation (5) was used [5]. In constant drying rate period coefficient f  
is equal f = 1. After critical moisture content, due to increase in internal mass transfer 
resistance, f decreases to f = 0 at the equilibrium point. According to Woo et al. [4] coefficient 
f can be expressed as a function of moisture content: 

𝑓𝑓 = � 𝑋𝑋−𝑋𝑋𝑒𝑒𝑒𝑒
𝑋𝑋𝑐𝑐𝑐𝑐−𝑋𝑋𝑒𝑒𝑒𝑒

�
3.22

 (5) 

Critical moisture content for maltodextrin was determined experimentally in a  frame of this 
work and calculated from eq.(5), (TG in °C): 

𝑋𝑋𝑐𝑐𝑐𝑐 = 21555 ⋅ 𝑇𝑇𝐺𝐺−2.106 R2 = 0.976 (6) 

Equilibrium moisture content was calculated from GAB equation [5]: 

𝑋𝑋𝑒𝑒𝑒𝑒 = 𝑋𝑋𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑎𝑎𝑤𝑤
(1−𝑐𝑐𝑎𝑎𝑤𝑤)[1+(𝑐𝑐−1)𝑐𝑐𝑎𝑎𝑤𝑤] (7) 

Where constants c = 10.866 and k = 0.971. Monolayer moisture content (Xmo) for 
maltodextrin is equal to 0.0518 kg/kg. 

 

2.1.3. Particle morphology 

Particle diameter was calculated from the sum of the volumes of liquid and internal gas 
bubble: 
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𝑑𝑑𝑝𝑝 = �6(𝑉𝑉𝐿𝐿+𝑉𝑉𝑏𝑏)
𝜋𝜋

3
 (8) 

In the constant drying rate period, change of liquid shell volume resulting from evaporation 
of moisture can be calculated from equation (9): 

𝑉𝑉𝐿𝐿 = 𝜌𝜌𝐿𝐿,0(1+𝑋𝑋𝑐𝑐𝑐𝑐)
𝜌𝜌𝐿𝐿(1+𝑋𝑋0)

𝜋𝜋
6
𝑑𝑑𝑝𝑝,0
3  (9) 

In the falling drying rate period, particle can shrink due to thermal deformations of solidified 
crust. Particle shrinkage can be determined  using modified equation proposed by Chen [6]: 

𝑉𝑉𝐿𝐿 = 𝜋𝜋
6
�𝑑𝑑𝑝𝑝,𝑐𝑐𝑐𝑐 �𝑏𝑏 + (1 − 𝑏𝑏) 𝑋𝑋

𝑋𝑋𝑐𝑐𝑐𝑐
��
3

 (10) 

Shrinkage coefficient b was calculated as a ratio of particle diameter when particle moisture 
content is equal to critical moisture content, to the final particle diameter measured 
experimentally. Equation (11) describes b as a function of drying air temperature  
(TG in °C): 

𝑏𝑏 = 0.41 + 0.0038𝑇𝑇𝐺𝐺 − 6.97 ∙ 10−6𝑇𝑇𝐺𝐺2 R2 = 0.971 (11) 

Volume of the internal bubble was calculated from the current bubble mass and density (12): 

𝑉𝑉𝑏𝑏 = 𝑚𝑚𝑏𝑏
𝜌𝜌𝑏𝑏

 (12) 

Density of the bubble depends also on the gas humidity and can be determined from equation 
(13): 

𝜌𝜌𝑏𝑏 = 𝑃𝑃𝑏𝑏
𝑅𝑅
𝑀𝑀𝑁𝑁

𝑇𝑇𝑝𝑝
(1 + 𝑌𝑌𝑏𝑏∗)

1

1+𝑌𝑌𝑏𝑏
∗𝑀𝑀𝑁𝑁
𝑀𝑀𝑤𝑤

 (13) 

Equation (12) can be transformed to equation (14)  to calculate bubble diameter: 

𝑑𝑑𝑏𝑏 = �6𝑉𝑉𝑏𝑏
𝜋𝜋

3
 (14) 

Having diameter of particles (dp) and bubbles (db), crust thickness (particle wall thickness) 
can be determined.  

In constant drying rate period, pressure inside the particle was equal to the ambient pressure 
Pb = Pa. To calculate gas pressure inside the bubble in the falling drying rate period, we 
assumed proportional grow of pressure with particle temperature in isochoric process 
according to the equation (15): 
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𝑃𝑃𝑏𝑏 = 𝑃𝑃𝑎𝑎
𝑇𝑇𝑝𝑝
𝑇𝑇𝑝𝑝,𝑐𝑐𝑐𝑐

 (15) 

Selected results of calculations are  presented in Fig. 1. Fig. 1 shows grow of solid 
concentration and drying curve for the same initial bubble diameter and different initial 
droplet diameters.  

 

Fig. 1 Solid concentration and evaporation rate from SDD model. 

We may observe that as bigger droplet contains more liquid to be evaporated (initial bubble 
diameter is the same), particle solid concentration grows slower. Analysis of drying curves 
shows that in constant drying rate period evaporation rate slightly decreases due to particle 
shrinkage; in the falling drying rate period (X < Xcr = 0.5 kg/kg), drying rate falls down due 
to increasing of internal resistance of moisture diffusion inside the solid crust. Shape of 
drying curves is characteristic for evaporation from single droplets which confirms 
correctness of physical model of the process. 

 

2.2. Co-current foam spray drying model 

In co-current foam spray drying model air temperatures, particle velocities and air humidity 
were calculated from the heat, mass and momentum balance, equations (17) - (22) [7]. Foam 
spray drying calculations were carried out for perfect mixing of phases, axisymetrical flow 
of air and particles and monodispersed atomization. Momentum transfer between drying air 
and particles was determined from classical equations:  

 

𝑑𝑑𝑑𝑑𝑝𝑝,𝑥𝑥

𝑑𝑑𝑑𝑑
= 𝑔𝑔 �1 − 𝜌𝜌𝐺𝐺

𝜌𝜌𝑝𝑝
� − 3

4
𝐶𝐶𝐷𝐷

𝑑𝑑𝑝𝑝�𝑑𝑑𝑝𝑝,𝑥𝑥−𝑑𝑑𝐺𝐺,𝑥𝑥�𝜌𝜌𝐺𝐺
𝜌𝜌𝐺𝐺𝑑𝑑𝑝𝑝

 (17) 
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 𝑑𝑑𝑑𝑑𝑝𝑝,𝑐𝑐

𝑑𝑑𝑑𝑑
= −3

4
𝐶𝐶𝐷𝐷

𝑑𝑑𝑝𝑝�𝑑𝑑𝑝𝑝,𝑐𝑐−𝑑𝑑𝐺𝐺,𝑐𝑐�𝜌𝜌𝐺𝐺
𝜌𝜌𝐺𝐺𝑑𝑑𝑝𝑝

 (18) 

𝑑𝑑𝑑𝑑𝑝𝑝,𝑧𝑧

𝑑𝑑𝑑𝑑
= −3

4
𝐶𝐶𝐷𝐷

𝑑𝑑𝑝𝑝�𝑑𝑑𝑝𝑝,𝑧𝑧−𝑑𝑑𝐺𝐺,𝑧𝑧�𝜌𝜌𝐺𝐺
𝜌𝜌𝐺𝐺𝑑𝑑𝑝𝑝

 (19) 

where vp is relative particle velocity. Air humidity was calculated from mass balance: 

𝑑𝑑𝑌𝑌𝐺𝐺
𝑑𝑑𝑑𝑑

= −�̇�𝑀𝐿𝐿
�̇�𝑀𝐺𝐺𝜌𝜌𝐺𝐺

�
𝑑𝑑𝑚𝑚𝑝𝑝
𝑑𝑑𝑑𝑑

(1+𝑋𝑋)

𝑚𝑚𝑝𝑝,0𝐶𝐶0+𝑚𝑚𝑝𝑝,𝑤𝑤
� (20) 

Particle moisture content was determined from equation (21): 

𝑑𝑑𝑋𝑋
𝑑𝑑𝑑𝑑

=
𝑑𝑑𝑚𝑚𝑝𝑝
𝑑𝑑𝑑𝑑 +�𝑌𝑌𝑒𝑒𝑒𝑒∙𝑚𝑚𝑁𝑁−𝑚𝑚𝐺𝐺,𝑊𝑊�(1+𝑋𝑋)

𝑚𝑚𝑝𝑝,0𝐶𝐶0+𝑚𝑚𝑝𝑝,𝑤𝑤
 (21) 

Air temperature was determined from heat balance (22): 

𝑑𝑑𝑇𝑇𝐺𝐺
𝑑𝑑𝑑𝑑

= 1
�̇�𝑀𝐺𝐺𝑐𝑐𝐺𝐺

�−�̇�𝑀𝐺𝐺(𝑐𝑐𝑑𝑑𝑇𝑇𝐺𝐺 + ℎ) 𝑑𝑑𝑌𝑌𝐺𝐺
𝑑𝑑𝑑𝑑

− �̇�𝑀𝐿𝐿(𝑋𝑋𝑐𝑐𝑤𝑤 + 𝑐𝑐𝑠𝑠) 𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝑑𝑑
− �̇�𝑀𝐿𝐿𝑐𝑐𝑤𝑤𝑇𝑇𝑝𝑝

𝑑𝑑𝑋𝑋
𝑑𝑑𝑑𝑑
� (22) 

Selected results of calculations are shown in Fig.2. Figure 2 presents comparison of 
theoretically and experimentally determined wall thickness and particle density for different 
air temperatures and foaming gas rate. Final density of the material determined from the 
mathematical model decreased from 1300 kg/m3 to 600 kg /m3, which is in line with the 
experimental results. Differences in relation to the experiments are caused by disregarding 
broken particles in the simulations. Decrease in the wall thickness depends on the amount of 
gas introduced into the interior of the droplet. The higher degree of foaming, the larger gas 
bubble is trapped in the particle and the less material forms the particle. 

 

Fig.2 Wall thickness and particle apparent density for a different air temperatures and 
different foaming gas rate. 
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3. Conclusions 

Model of co-current foamed spray drying was developed to determine mechanism of droplet 
drying containing a single bubble.  

Analysis of theoretical and experimental results shows that particle solid concentration grows 
slower for bigger droplet as it contains more liquid to be evaporated as initial bubble diameter 
is the same. In constant drying rate period evaporation rate slightly decreases due to particle 
shrinkage which typical for evaporation from droplets and confirms correctness of physical 
model of the process. 

Density of the material determined from the mathematical model decreased twofold in 
relation to the initial which was in line with the experimental results. Decrease in the wall 
thickness is a function of the amount of gas introduced into the interior of the droplet. Particle 
wall thickness and particle density for different air temperatures and foaming gas rate are in 
line with the experimental results. Differences in relation to the experiments are caused by 
disregarding broken particles in the simulations. 

4. Nomenclature  

A surface m3 T temperature °C 

c  specific heat J kg-1 K-1 t time s 

C  vapor 
concentration 

kg mol m-3 v velocity m s-1 

h heat of 
evaporation 

J kg-1 V volume m3 

m mass  kg X moisture content kg kg-1 

M molar weight kg mol-1 Y* saturated 
humidity 

kg kg-1 

P pressure Pa R universal gas 
constant 

J mol-1K-1 

Greek letters 

 heat transfer coefficient Wm-2K-1 

β mass transfer coefficient ms-1 

σ stress Pa 

Subscripts 

0 initial L liquid 

a ambient N nitrogen 

b bubble p particle 
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cr critical s surface 

eq equilibrium st saturation 

G gas w water 
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Abstract 
In this study, we apply the drying model of polymer solution coated on a flat 
substrate to the spray drying granulation process in formulation. In order to 
apply the former model to the drying of this spherical object, we consider this 
spherical object to be a stack of solution films applied on the spherical shell 
and discuss the drying process of each solution film. As a result, we see that 
the smaller the radius of curvature of the droplet, the more the fine particles 
tend to be unevenly distributed on the surface of the droplets during drying. 
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1. Introduction 

Drying process of polymer solution coated on a substrate is very important in various 
industrial applications such as fabricating flat polymer thin films [1] and inkjet printing [2, 
3]. Then we have proposed and modified a model of drying process of polymer solution 
coated on a flat substrate for flat polymer film fabrication [4 – 14]. Then we have proposed 
the method of thickness control of a thin film after drying [15 – 17]. And we have clarified 
dependence of distribution of polymer molecules on a flat substrate after drying on various 
parameters based on analysis of many numerical simulations of the model. 

On the other hand, the demand that a flat polymer film should be formed not only on a flat 
substrate but also on a three-dimensional uneven substrate after drying a polymer liquid 
film coated on the substrate has been increasing with the advancement in microfabrication 
technology. Therefore, we expanded the above-mentioned model into the drying model of a 
polymer liquid film coated on three-dimensional structure. Then we analyzed dependence 
of distribution of polymer molecules on the three-dimensional structure on various 
parameters through many numerical simulations. The results were reported at IDS 2016 
[18]. 

Then, in this study, we apply the drying model to the spray drying granulation process in 
formulation. Spray drying granulation is a type of wet granulation method in formulations. 
In the spray drying granulation, the slurry raw material is made into minute droplets and 
dried. Therefore, the object to be dried is spherical. In order to apply the former model to 
the drying of this spherical object, we consider this spherical object to be a stack of solution 
films applied on the spherical shell and discuss the drying process of each solution film. 
The difference in area between the upper surface and the lower surface in the minute 
volume of each solution film can be represented by the radius from the center of the 
spherical shell and is related to the difference in diffusion in the vertical direction. 

As a result of numerical simulation of this modified model, it was found that the smaller the 
radius of curvature  of the droplet, the more the fine particles tend to be unevenly 
distributed on the surface of the droplets during drying. 
 

2. Model 

2.1. Theory and basic equations 

As mentioned in previous papers, there are two dynamic models of the drying process of 
polymer solution coated on a flat substrate, namely, an evaporation model and a transport 
model for a non-equilibrium polymer solution (Kagami et al., 2002; Kagami, 2011; Kagami 
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and Kubota, 2011). The latter can be divided into two basic types of transport, that is, the 
following two diffusion paths (Kagami et al., 2002): 

(1) Diffusion of solvent containing solutes (polymers) in the direction of evaporation of the 
solvent 

(2) Change in concentration in a solution 

Because details of theory and the basic equations have been reported in previous papers 
(Kagami et al., 2002; Kagami, 2011; Kagami and Kubota, 2011; Kagami, 2014a; Kagami, 
2015), only the basic equations are shown here. 

First, we consider the following evaporation model (Kagami et al., 2002). 

 ( )CG βγ −= 1         (1) 

Here, G  is the evaporation rate, C  is the concentration of the solution, and β  is a constant. 
Furthermore, 

  
02

P
RT

MK
π

γ =        (2) 

is a correction factor, where 0P  is the vapor pressure, M  is the molecular weight, R  is the 
gas constant, T  is temperature, and K  is a correction factor for the theoretical evaporation 
rate (Hickman and Trevoy, 1952). 

Then, the two diffusion models are formulated as follows. First, the diffusion equation for 
solvent containing solutes is written as 

  VK
t
V

v
2∇=

∂
∂        (3) 

where V  is the volume of solvent containing solutes included in a space and vK  is the 
diffusion coefficient of the solvent (Kagami, 2011). An evaporation term (Eq. (1)) is added 
to Eq. (3), which describes the interface between liquid and gas (vacuum), so Eq. (3) is 
modified to (Kagami, 2011) 

  ( )CVK
t
V

v βγ −−∇=
∂
∂ 12       (4) 

Next, the diffusion equation governing the change in concentration in solution is written as 
(Kagami, 2014a; Kagami and Kubota, 2011) 

  ( ) VN
V
K

VKK
V
NNK

t
N C

CVC ∇⋅∇−∇−+∇=
∂
∂ 222    (5) 

where N  denotes the number of solute molecules included in a space and CK  is the 
diffusion coefficient of the solution. 

In this study, we consider a solution containing one type of solute and one type of solvent 
for simplicity. Therefore, we build our model mainly using Eqs. (1)–(5). 
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The diffusion coefficient, CK , of the solution changes with time. As mentioned in previous 
studies,   is written as (Kagami, 2011) 

  
[ ] }1{6 0 +

=
CR

Tk
K B

C ηηπ
      (6) 

where Bk  is the Boltzmann constant, 0η  is the viscosity of the solvent, and [ ]η  is the 
intrinsic viscosity. 

 

2.2. Improvement of the avobe model in the case of spherical dry solution 

Now consider the drying of spherical solution as in the case of sray drying granulation. In 
order to estimate the diffusion in each direction in the minute region in the spherical 
solution, consider the minute region  in the spherical solution between the distance  and 

 from the center  of the sphere.  

For the sake of simplicity, let us consider a circle  of a cross section of this sphere cut by a 
plane passing through the center  of the sphere. Considering the cross section  

 of the micro region  cut off at the deviation angle  in the circle , it is as shown in Fig. 
1, and the length in the circumferential direction and the length in the radial direction of the 
cross section  can be expressed as shown in Fig. 1. 

Fig. 1  The cross section  of the micro region  cut off at the deviation angle  in the circle  

Now, if , the length of the circular arc of radius  and the length of the circular arc 

of radius  in cross section  can be represented as  and , respectively. 

Assuming now that , only the length of the arc of the radius  among the 
lengths in the circumferential direction and the radial direction of the cross section  is 

other  times. 

By replacing the deviation angle  with the solid angle  and doing the similar 
consideration, only the area of the spherical surface with the radius  among the areas 
of each surface formed by cutting the minute region  at the solid angle  is other 
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times. Namely, in diffusion in the spherical object, it is estimated that the ratio of 

the diffusion coefficients of the upper surface and the lower surface is .  

 

3. Results and Discussion 
3.1. Condition of numerical simulation 
In order to discuss the drying of the solution film of thickness  coated on the surface of 
spherical body with curvature radius ,  is regarded as a parameter and . 
Solvent vaporizes only on interface between liquid and gas (vacuum) and boiling is out of 
imagination. Volume of solvent V  and the number of solute N  in solution are 
homogeneous except for surface coming in contact with gas (vacuum). Concerning surface, 
10% unevenness about N  is given only to the upper surface of the solution film by 
homogeneous random number. 
Simulation is ended when total volume of solvent become less than a fixed value, for it is 
thought that drying is completed, that is, solutes can move in solution no more then. 
Initial values of parameters are set as follows; =CK 1.8750×10-8[m2/s], =vK 1.2500×10-

8[m2/s], =γ 5.7000×10-14[m2/s]. 

 
Fig. 2  The   dependence of the amount of solute present in each layer of height  

  from the bottom of the solution film after drying 
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3.2. Results of numerical simulation 
Figure 2 shows the  dependence of the amount of solute present in each layer of height  
from the bottom of the solution film after drying. From this result, it can be seen that as the 
radius of curvature  is smaller, the uneven distribution of the solute (or the fine particles) 
on the surface of the solution (or the slurry) film after drying becomes conspicuous. 
 

4. Conclusions 

In this study, we apply the drying model to the spray drying granulation process in 
formulation. In order to apply the former model to the drying of this spherical object, we 
consider this spherical object to be a stack of solution films applied on the spherical shell 
and discuss the drying process of each solution film. 
As a result, we see that the smaller the radius of curvature   of the droplet, the more the fine 
particles tend to be unevenly distributed on the surface of the droplets during drying. 
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Abstract 
The flow mechanics and heat transfer phenomena within a bed of milli-metric 
size spherical beads rotated and heated by contact in a horizontal drum were 
simulated by means of commercial discrete element software EDEM. Mono-
dispersed and bi-dispersed beds (two particle sizes or two particle densities) 
were considered. The mechanical segregation index (standard deviation of 
local bed compositions) and the thermal segregation index (standard deviation 
of beads temperatures) were calculated for the different types of bed and same 
operating conditions. The thermal segregation was found to be enhanced by 
mechanical segregation and was much stronger for bi-dispersed beds than for 
monodispersed one. 

 

Keywords: rotating drum; particulate solid; segregation; contact heat 
transfer; DEM simulation. 
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1. Introduction 

Modeling and simulation of processes involving stirred beds of particulate solids is a difficult 
task. The classical macroscopic and continuous medium approach gives a global scope of 
average trends but do not provide the local information which in some high added value 
processes like the pharmaceutical ones may be critical. In some cases even tiny processing 
discrepancies between individual particles must be avoided. During drying of granular beds, 
stirring is very often combined with contact heating and the powder flow mechanics is then 
coupled with heat transfer. For instance, vacuum contact heating is widely used in the 
pharmaceutical industry to dry granular products which are sensitive to oxygen and 
temperature. The vacuum contact drying of powder stirred bed has been firstly investigated 
in a macroscopic way (“penetration” model) by Schlünder and Mollekopf[1] for a mono-
dispersed non sticky granular material. Kwapinska et al.[2] compared results obtained by the 
“penetration” analytical method with those obtained by numerical DEM. 

More recently, several authors have independently investigated the effect of operating 
conditions on mixing and heating rates of rotated monodispersed granular material. Figueroa 
et al.[3] have studied various tumbler filling levels and cross-sectional shapes; Chaudhuri et 
al.[4] various revolution speeds, material types and baffles number and shapes; Gui et al.[5] 
and Komossa et al.[6] different revolutions speeds; Emady et al.[7] different revolution speeds 
and material thermal conductivities. However, to our best knowledge, no results were 
published to date concerning dispersed beds composed of particles of different sizes and 
materials. This is a major issue because real, industrial materials, even if carefully controlled 
before processing, are always slightly dispersed. 

Rotating mixing of unperfectly monodispersed solid particulate beds unavoidably leads to 
mechanical segregation, i.e. to accumulation of smaller or/and denser particles in the core of 
the bed. In the previous study[8], radial and axial segregations were experimentally observed 
for a bi-dispersed bed with two particle sizes or two particle densities. The radial segregation 
index was measured for different drum filling ratios and for differnet baffles numbers and 
heights. The axial segregation index was found to be influenced by the friction coefficient on 
both drum front and rear walls. 

It is thus expected that the bed spatial heterogeneities will lead to thermal heterogeneities 
because the beads temperature time evolutions depends on their trajectories and especially 
on their cumulated contact times with the heating wall. The aim of this paper was to 
investigate the impact of mechanical segregation on the thermal segregation in bi-dispersed 
beds as compared to a perfectly monodispersed (not mechanically segregated) bed. DEM was 
applied for modeling and simulation of spherical milli-beads flow and heat transfer in a 
rotating ‘slice’ type (nearly bidimensional) drum. 
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2. Materials and Methods 

The simulations of the stirring and contact heating of milli-beads were realized with the 
commercial software EDEM 2017 (DEM Solutions, Edinburgh, UK). This software is based 
on the discrete elements method (DEM) which is a very powerfull modern tool to investigate 
and develop granular solid processes. In the DEM framework, each particle of the granular 
bed is considered to be distinct and has its own trajectory and speed. The particle-particle and 
particle-boundary interactions are checked at each time step and the resulting individual 
particle positions are updated. The main assumption of DEM modeling is that the particles 
are rigid (nondeformable) solid bodies but have the capability of small interpenetration 
during their contacts. The resulting decrease of the distance between the centers of two 
adjoining particles is called the penetration depth (δ) or overlap. The overlap is the 
fundamental variable which is directly related to the normal contact (interaction) force 
between the particles and the mechanical stiffness of the particles. This overlap is also the 
basis for evaluating the heat conductance between the particles as described in the next 
sections. 

2.1 Mechanical DEM modeling 

The determination of the position and speed of a given particle (identified by index i) is the 
time solution of the Newton second law for translational and rotational movement of a solid 
body. For translation, it writes : 

    mi
d2x�⃗ i
dt2

= ∑ Fij𝑗𝑗 + mig    (1) 

where mi is the particle mass, xi its position vector and the right hand side of the equation is 
the resulting force, cumulating interactions with all adjoining (j) particles (and the wall of the 
vessel) and gravity. A similar equation can be written for the rotational movement. 

For the purpose of this study, default modeling option in EDEM, the Hertz-Mindlin contact 
model[7] was used. In this model, the particle-particle mechanical interaction involves the 
normal impact force and the tangential friction force. The normal force is essentially elastic 
but both normal and tangential forces include damping components. The normal force is thus 
expressed by means of non linear visco-elastic behavior law : 

    Fij = α𝛿𝛿𝑖𝑖𝑗𝑗
3/2 − βvij    (2) 

where α is the elasticity coefficient depending on the material Young’s modulus and particles 
radius, β is the damping coefficient depending on the kinetic energy restitution factor of the 
particles, δij is the overlap between particle i and j and vij is the relative velocity of the two 
particles. The maximal tangential friction force is given by the Coulomb law which involves 
a material dependent friction coefficient. 
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2.2 Thermal DEM modeling 

In tumbler systems, several heat-transfer phenomena coexist between neighboring particles 
and including walls : direct solid-solid heat conduction, conduction and convection through 
the insterstitial fluid and surface radiation. In this study, convection and radiation are 
neglected. The direct particle-particle conduction is expected to largely dominate due to the 
high ratio of conductivity of particles to the conductivity of interstitial gas and due to 
moderate surface temperatures. 

In DEM framework, as already stated in the preceding section, two particles in contact 
interpenetrate each other at a depth depending on theirs dynamics and mechanical properties. 
For spherical particles, the contact radius Rc, which is the radius of the circle resulting from 
the two particles (spheres) overlapping, can be straightly derived from the penetration depth. 
Approximate analytical solutions of the Fourier conduction equation between two smooth, 
elastic particles with a finite small contact area have been proposed in the literature[5,6,7] and 
applied to evaluate the thermal conductance Kij between the two particles centers : 

    Kij = 2λeffRc = 2λij�Rij�δij   (3) 

where λij is the harmonic mean of the thermal conductivities of the two materials, Rij is the 
harmonic mean of the particles radii. The conductive heat flux between particle i and particle 
j writes simply : 

    Q̇ij = Kij(Tj − Ti)    (4) 

The total heat flux transferred to or from a given particle (i) is the sum of heat fluxes 
exchanged with all neighboring (j) particles and the thermal energy balance of a single 
particle writes : 

    micpi
dTi
dt

= ∑ Q̇ijj     (5) 

where cpi is the particle specific heat capacity. The time integration of the above equation 
provides the thermal history of the considered particle. 

2.3 Particulate bed global caracteristics 

In order to caracterise globally and macroscopically the geometrical distribution (mechanical 
segregation) of each kind of beads and their temperature distribution (thermal segregation) 
within the bed, statistical indexes already introduced in the literature[3] were used. The 
mechanical segregation index was defined by : 

   MSI′ = � 1
N−1

∑ (Ci′ − 〈C〉)2N
i=1     (6) 
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where Ci’ is the number fraction of one kind of beads (of the considered size or density) in a 
control volume i among N other control volumes, <C> is the average number fraction of this 
kind of beads in the entire bed divided in N equal size control volumes. By analogy, the 
overall thermal segregation index was defined as : 

   TSI = � 1
N−1

∑ (Ti − 〈T〉)²N
i=1      (7) 

where Ti is the temperature of the bead i among all other beads, <T> is the average 
temperature of all N beads of the bed. This index represents simply the standard deviation of 
beads temperatures. However, in case of bi-disperded beds, two beads populations coexist, 
according to their size or density. These two populations are mechanically separated 
(segregated) by the drum rotations and this will influence directly their thermal dispersion 
(segregation). In order to observe separately the thermal evolution of the two populations, a 
population (density or size) specific thermal segregation index was therefore defined : 

   TSI′ = � 1
M−1

∑ �Tj′ − 〈T〉�²M
j=1      (8) 

where Tj’ is the temperature of bead j of a given kind among M other beads of the same kind. 

2.4 Solver settings, material properties and process parameters 

The simulations were realized on a DELL workstation (T7910) with two 10 cores processors 
(Intel Xeon E5-2660v3). The maximum processing time step was set at 40 % of the 
theoretical Rayleigh time step. This is the time taken for a shear wave to propagate through 
the particle which depends on the particle size and mechanical properties. The adjoining 
particles numerical search distance was set at 5 fold particle radius. The “Hertz-Mindlin with 
Heat Conduction model” was selected and a user defined routine called “Heat conduction for 
Geometry” was incorporated for implementing particles-wall direct heat conduction. 

Table 1. Beads number for different bed types. 
 Mono-dispersed Bi-density Bi-size 

CA-2 - - 27905 
CA-3 16366 8183 8183 
PP-3 - 8055 - 

 
Polypropylene (PP) and cellulose acetate (CA) spherical beads of millimetric size (2 mm and 
3 mm diameter) were used. The compositions of the three studied particulate beds are shown 
in Table 1. All materials mechanical and thermophysical properties needed for EDEM 
simulations are given in Table 2. The friction coefficients for pairs of materials were obtained 
by model identification (fitting experimental data) and are given in Table 3. The drum used 
in this study was a ‘slice’ type one with a large diameter to depth ratio. It had an internal 
diameter of 300 mm and an internal depth of 42 mm. 
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Table 2. Materials thermal and mechanical properties 

a - manufacturers data (M&L, CIPAM and other), b - web data (Azom, Engineers Edge)], c - data from this study 

The front panel was made of glass, the rear one and the peripheral wall were made of stainless 
steel. The drum was equipped with 4 equidistant straight baffles with a height of 15 mm. All 
these dimensions corresponds to the set-up used in the previous experimental study[8]. The 
default revolution speed was 3 rpm which corresponds to very slow rotations often 
encountered for drying of pharmaceuticals. The initial beads temperature was 25 °C and the 
peripheral heating wall temperature was 50 °C. 

Table 3. Solid-solid static friction coefficients 
 Bead-Steel Bead-Glass Bead-Bead 
 CA PP 
CA 0.3  0.2  0.3  0.6  
PP 0.3  0.2  0.6  0.6  

 
3. Results and discussion 
The simulations were realized for the 3 types of bed presented in Table 1. The mechanical 
segregation index (MSI) and the thermal segregation index (TSI), as defined in section 2.3, 
were calculated with MATLAB from EDEM data extracted for each simulation and were 
plotted as function of time on Figures 1 and 2. 

According to Figure 1, except for a very short initial period, thermal segregation was the 
most important for the bi-density bed. Moreover, from the moment the bi-size bed MSI 
approached the bi-density MSI, the bi-size TSI fell below the mono-dispersed TSI. The bi-
density bed TSI was significantly higher than the bi-size TSI, while the the MSI for both bi-

BEADS Property Units CA PP 
 Density a [kg/m3] 1280 910 
 Poisson's ratio a [-] 0.4 0.42 
 Elastic modulus a [MPa] 1.0 1.0 
 Shear modulus a [MPa] 2.8 2.8 
 Thermal conductivity a [W/(m.K)] 0.36 0.22 
 Specific heat capacity b [J/(kg.K)] 1200 1700 
 Coefficient of rolling friction c [-] 0.01 0.01 
 Coefficient of restitution c [-] 0.3 0.3 
DRUM   Steel Glass 

 Density b [kg/m3] 7800 2500 
 Poisson's ratio b [-] 0.3 0.21 
 Elastic modulus b [GPa] 182 94.3 
 Shear modulus b [GPa] 70 39 
 Thermal conductivity b [W/(m.K)] 15 0.93 
 Specific heat capacity b [J/(kg.K)] 502 / 
 Coefficient of rolling friction c [-] 0 0.01 
 Coefficient of restitution c [-] 0.3 0.3 
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dispersed beds were rather close to each other near the simulation end. The correlation 
between MSI and TSI is thus not straightforward and must be further investigated. 

Fig. 1 Mechanical and thermal segregation indexes for different bed types. 

As observed on Figure 2, the small beads specific TSI followed closely the overall TSI. The 
reason could be that the bi-size bed contained much more small than big beads (see bed 
compositions in Table 1). Therefore small beads thermal dispersion would have a much larger 
impact than the dispersion of big beads. 

Fig. 2 Mechanical and thermal segregation indexes for the bi-size bed. 

For the bi-density bed, the overall TSI was practically the average of the two specific TSIs 
(Figure not shown) because there was an equal number of light and heavy beads. As concerns 
average bed temperatures, plotted on Figure 3, the heating rate (curve slope) was stronger for 
the bi-size bed than for bi-density and mono-disperded beds and this deviation increased with 
time. This seemed rather odd because for the bi-size bed the small beads were in the core and 
the big ones at the periphery. 
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Fig. 3 Average temperatures for different bed types. 

As there was much more small beads than big ones in the whole bed, one could expect that 
the average bed temperature would rather follow the temperature of the small ones which 
were colder and that the overall heating rate would be slower than for a bi-density bed. These 
results must be confirmed by carrying out the simulations for much longer times. 

4. Conclusion 
The mechanical segregation index (standard deviation of local bed compositions) and the 
thermal segregation index (standard deviation of beads temperatures) were calculated for 
mono-dispersed, bi-size and bi-density beds of spherical milli-beads submitted to same 
operating conditions. The thermal segregation was found to be enhanced by mechanical 
segregation and was much stronger for bi-dispersed beds than for monodispersed one. The 
bi-density bed exhibited unexpectedly stronger thermal segregation than the bi-size one. 
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Abstract 
The aim of present research was to measure and analyze the dynamic 
changes of internal pressure in shrinking  vs.  non-shrinking materials during 
convective drying for the use as a possible process control method.  

Drying experiments were carried out on wet and fired clay at 50°C and 60°C. 
In addition, the shrinkage curve was investigated. Experimental 
measurements show the existence of 4 stages of the process. The comparison 
of the results for wet and fired clay shows differences in pressure trends. 

During drying the internal pressure changes from underpressure to 
overpressure at the level of 3÷5kPa, what correlates well with transition from 
the first to the second drying period. 

Keywords: ambient pressure drying; clay; shrinkage; pressure evolution 
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1. Introduction 

Ceramics is one of the oldest man-made materials and finds wide applications eg. in 
building sector (bricks, tiles), electric power industry (insulators), home and garden utensils 
(pottery) and advanced industries (ceramic filters, refractory materials etc.) [1]. 
Traditionally the cost of a product of the ceramic industry includes 30-40% of energy costs.  
The mass of which green ceramics is formed is based on clay, a natural aluminosilicate 
mineral, with necessary additives and water.  
The removal of water from green ceramics consists of several stages, each of them requires 
properly selected drying process parameters in order to avoid deformation and cracking of 
the preformed elements [2].  Although the shrinkage of green ceramics in drying is small it 
is enough to cause these adverse effects if the evaporation rate is too high or uneven. 

The losses caused by cracking in the production of ceramic tiles in the EU countries alone 
are estimated as 200 million euro per annum. Losses due to cracking and deformation are 
also inevitable in the production of decorative ceramics – stove tiles, ornaments or 
sculptures [3]. 

Literature survey and industrial experience indicate that this negative outcome of drying 
can be eliminated by slow or better intermittent drying. In intermittent drying the ceramics 
is dried in two repeating cycles: in hot air and in ambient air. During hot air drying the 
processs is fast, which causes shrinkage and resulting build-up of internal stresses, while in 
ambient air the process is slow and the stresses relax.  The cycles are repeated and may be 
of equal or of variable duration. The time of each cycle is set on the basis of on-line 
measurement of drying kinetics and/or the exiting air temperature and humidity. The time 
of the cycle is calculated on the basis of an earlier developed drying model [4].  

Drying related stresses in shrinking solids are important in drying many industrial products. 
Gradient of moisure content and related stresses lead to deformation and cracking [5]. 

From theoretical analysis it follows that internal pressure in the wet solid varies during the 
process of drying.  So far the values of capillary and liquid pressure in the wet solid were 
predicted [6,7]. The direct measurement of this pressure was difficult. One of the first 
works published in 1996 used a complex experimental procedure to measure drying 
induced stresses in colloidal capillary-porous solids such as peat. To measure the internal 
pressure 4 to 5 mm rubber hollow spheres filled with water were placed in the sample 
during casting. They were connected by thin lines to external manometers. Stresses were 
measured with microtensometers. The distributions of capillary and internal pressure as a 
function of moisture content were presented [8]. Experimentally the internal capillary 
pressure was measured by Holt [9] in autogeneous shrinkage of concrete. Using a thin tube 
immersed in the middle of the block height and an external pressure transducer it was found 

116

http://creativecommons.org/licenses/by-nc-nd/4.0/


Adamska, A.; Pakowski, Z.;Adamski, R 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

that the internal pressure is initially negative in the CRP and then turns positive in the FRP 
and at the end of the proces this pressure relaxes to the ambient value. In general, due to 
wide variety of wet solids an universal method of internal pressure measurement and 
interpretation is still being sought. Such measurement may provide valuable information on 
development of stresses in the material during drying [10].  

The aim of this work is the analysis of transport of moisture in drying using the evolution 
of experimentally measured internal pressure in both wet green and fired clay. By using 
minature pressure transducers and telemetry such pressure can be messured in situ an the 
results transmitted to the required place. The obtained results may be used for control of the 
drying air parameters in response to the developing stresses in industrial scale, possibly also 
for many other shrinking materials. 

2. Materials and Methods 

2.1. Material specification 

In the experiments performed in this work a clay material produced by Bolesławiec 
Refractory Materials Works, Bolesławiec, Poland was used. It is commonly used for 
manufacturing of artwork pieces, sculptured tiles etc. As plastifier 0.25 to 0.3% w.b. of 
water glass is added to mineral clay by the manufacturer. 

The skeletal density of dry (non fired) clay measured by helium pycnometer is 2626.96 
kg/m3 and its porosity 0.3. The purchased press formed clay block of moisture content 0.3 
kg/kg was directly used (in order to eliminate introduction of additional stresses) to cut 
cylindrical samples of 32.2 mm diameter and 27 mm tall. 

2.2. Drying experiments 

The convective drying experiments were preformed in a drying tunel described in detail 
elsewhere [11]. 

Two samples were used simultaneously in the experiment. One of them was placed on 
a rotating tray suspended under an electronic balance. This sample was armed with two 
thermocouples, one with its bead close to the periferal surface of the sample and the other 
placed axially. Both were connected to a transducer/transmitter situated on the tray and 
their signal transmitted to the computer. Both bases of the clay cylinder were covered 
tightly by perspex disks to eliminate heat and mass transfer to these surfaces. 

The tray slowly rotated in order to equalize heat and mass transfer of the peripheral surface. 
The actual mass of the sample was continuously monitored by an electronic balance. The 
other sample was stationary and had a syringe needle with miniature pressure transducer 
inserted axially to measure axial pressure variations in time.  Accurcy of measurements 
was: weight 10 mg, temperature ±1°C, pressure ±16 Pa. 
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Drying experiments were performed in temperatures of 50°C and 60°C with air velocity 1 
m/s. Each experiment continued for ca. 10 hrs until equilibrium. The dried samples were 
then dried in an oven at 105°C to measure the remaining moisture. The difference of 
measured internal absolute pressure and actual atmospheric pressure was used for the 
analysis in Section 3. 

3. Results and discussion  

3.1. Shrinkage curve 

The value of moisture content where shrinkage stops is on the level of critical moisture 
content ca. 0.19 kg/kg.  All data points show a characteristic linear shrinkage behavior 
which is reported in literature for many other clays[13,14].  
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Fig. 1. Shrinkage curve 

 
The dependence of sample dimension on its moisture content can be approximated with a 
straight line of the following form: 
 X

L
L 4852.0855.0

0

+=  (1) 

By theory the linear shrinkage coefficient εL=0.4852 which will be used in drying process 
simulation, is one third of the volumetric shrinkage coefficient εV. During drying the linear 
shrinkage is only ca. 5%, yet it is enough to create stresses above the strength of the solid. 
 
3.2. Results of drying experiments 

Fig. 4 presents the experimenal results (only data points –no curves fitted) for green clay at 
50°C and 60°C. Fig. 4a and 4c contain the internal pressure (gray), moisture content (blue) 
and solid temperature in the axis of the sample (red) evolution. Fig. 4c and 4d show the 
external conditions in the tunnel. The air temperature was the only controlled parameter. 
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(a)  (c)  

(b)  (d) 

Fig. 4. The results for green clay drying at: (4a) 50°C (4c) 60°C where internal pressure (gray), 
moisture content (blue) temperature in the axis of the sample (red) and drying agent parameters 

for (4b) 50°C (4d) 60°C where atmospheric pressure (gray), water activity (black) gas temperature 
(red) 

Four distinct stages can be identified in the process. First for 1.5 hr (from 0 to M1) an 
overpressure up to 2 kPa at 50°C and 3kPa at 60°C develops during the heating-up period 
when the sample reaches the wet-bulb temperature and during a short CRP. It is a result of 
sample heating and thermal expansion of water. Second stage begins at transition from CRP 
to FRP (Xcrit=0.19 kg/kg) when a rapid fall of internal pressure is observed leading finally 
to underpressure (M1 to M2). Third stage (M2 to M3) starts after the shrinkage ceases i.e. 
after ca. 2 hrs and pressure begins to rise again simultaneously with solid temperatrure, 
which approaches the external temperature. The maximum of pressure is observed after 6-7 
hrs and reaches 3 kPa at 50°C and 5kPa at 60°C. In the final stage pressure is relaxed to 
atmospheric pressure. For the fired clay wetted with distilled water, which shows no drying 
shrinkage, the results are shown in Fig.5. In this case three characteristic stages are 
observed. Here during heating stage (0 to W1) the internal pressure rises rapidly (there is no 
initial sustained overpressure as for green clay) and then falls to underpressure of -2kPa at 
50°C and -0.8 kPa at 60°C which is less than for green clay. CRP begins after ca. 0.5 hr and 
lasts longer thn for green clay. At that stage the internal pressure begins to rise. When FRP 
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is reached (Xcrit= 0.165 kg/kg)) rises to a maximum of 2.5 kPa at 50°C and 3 kPa at 60°C, 
however, at 60°C the maximum is reached at the final segment of this stage when the solid 
temperature approaches air temperature (W1 to W2).  

So far the evolution of internnal pressure was only predicted by some advanced models. No 
experimental work, including [9], so far has presented the evolution of internal pressure in 
such detail as the present work. 

        (a)        (c) 

       (b)       (d) 

Fig. 5. The results for fired clay drying at : (4a) 50°C (4c) 60°C where internal pressure (gray), 
moisture content (blue) temperature in the axis of the sample (red) and drying agent parameters 

for (4b) 50°C (4d) 60°C where atmospheric pressure (gray), water activity (black) gas temperature 
(red) 

4. Conclusions 

Based on the presented results, it can be concluded that the internal pressure is more 
sensitive to changes occurring in the material than the temperature or mass changes are. 
The analysis of pressure changes inside the drying both in non-shrinking and shrinking 
material, enables more precise observation of phenomena of moisture transport and changes 
in the nature of stresses generated in the dried material (initially compression and then 
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stretching of the material). The obtained results will enable us to build a mathematical 
model to describe the convective drying process taking into account the internal pressure 
rate of change. Due to that, it will be possible to monitor the drying stresses generated in 
the material on a regular basis and control the process parameters so as to obtain the desired 
product without defects. Due to miniaturization of pressure sensors and the use of 
telemetric measurements, the method can be easily applied in an industrial scale to control 
the drying process.  

5. Nomenclature  

L sample length m 

t time h 

P pressure kPa 

T temperature °C 

X moisture content kgkgd.b.
-1 

Greek letters 

ε shrinkage coefficient - 

Subscripts 

L linear  

V volumetric  

0 initial value  
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Abstract 
Due to the ongoing development and implementation of process control and 
observation techniques in production processes of particulate products, the 
research on complexly designed process apparatuses has become of great 
interest. The work presented in this paper is focused on a model-based study 
on a multi-chamber horizontal fluidized bed apparatus for fluidized bed 
layering granulation. The model for the solid phase is extended by a new 
drying model. Because of the great variety of parameters that influence this 
complex system a preliminary model-based study on a simplified setup shall 
show which construction or process parameters influence the product quality. 

Keywords: fluidized bed granulation; population balance modeling; surface 
moisture content; drying 
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1. Introduction 

The demands on industrial processes in terms product quality are increasing due to continuing 
implementation of process control and observation techniques in production processes. In 
order to meet the quality requirements developed particulate products should consist not only 
of specified composition, but they should also have defined size distribution and structure. 
One process widely used for particle size enlargement and coating is the fluidized bed 
layering granulation process [1]. In earlier works on this issue a multi-zone and multi-
compartment model for the dynamic simulation of a horizontal fluidized bed spray granulator 
has been derived and described [2,3]. In this paper the extension of this model by an 
additional drying model considering the wetted surface area is presented. The novel drying 
model is integrated in the existing dynamic multi-zone and multi-compartment layering 
granulation model. 

2. Dynamic model and parameter study 

The full model for the fluidized bed granulation plant includes the dynamic model for the 
time dependent particle and gas properties in the fluidized bed. The purpose of the fluidized 
bed model is to calculate quality features of the product, e.g. particle size distribution 𝑛𝑛, 
particle moisture content 𝑋𝑋𝑝𝑝 and relative wetted surface area of the particles 𝜓𝜓𝑝𝑝, as well as 
the outlet gas properties such as temperature 𝑇𝑇𝑔𝑔 and moisture content 𝑌𝑌𝑔𝑔. A detailed 
description of the population balance model of the multi-zone and multi-compartment model 
for spray layering granulation used in this study can be found in [2,3]. 

Most dynamic drying models for fluidized bed drying and granulation contain mass and 
energy balances for the description of gas and particle phase. Greatest differences between 
these models can be found in the calculation of the evaporating mass flow rate or the assumed 
gas flow pattern. Established drying models for fluidized bed drying and layering granulation 
are presented in [5, 6, 7]. In this work a novel drying model is presented which takes the size 
of the initial spray droplets and the geometry of sessile droplets on the particles surface into 
account. In contrary to common models it allows a consideration of the wetted surface area 
as transfer area of the heat and mass flow due to evaporation. 

In the following the main assumption and simplifications of the regarded model are stated. 
The particles of each compartment are considered to be ideally mixed. The gas phase in each 
chamber is also assumed to be ideally mixed. Heat losses to the environment are neglected. 
The spray droplets are distributed monodipersly. They will exclusively attach to the dry 
particle surface in a monolayer; overlay of sessile droplets is not considered. Also no 
percolation or diffusion of surface water into the core particle takes place. The impact area 
of single droplets on the particle surface as well as the contact area between gas and liquid 
remains constant during the drying process. Evaporation will only change the number of 
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droplets deposited on the particle surface and therefor the total wetted surface area. Sessile 
droplets have the shape of a ball scraper, therefore three parameter are sufficient to describe 
the geometry of the sessile droplet, the maximum height of the droplet ℎ𝑑𝑑𝑑𝑑 , the contact angle 
𝜃𝜃𝑑𝑑𝑑𝑑 and the radius of the impact area 𝑎𝑎𝑑𝑑𝑑𝑑 . 

Mass and energy balances for the solid phase, the liquid film and the gas phase for each 
chamber and compartment have been derived. Heat transfer coefficients between either the 
dry particle surface and the gas phase and the liquid film and the gas phase are calculated by 
standard Nusselt correlation for forced convection around a sphere under fluidized bed 
conditions. Whereas the heat transfer between the liquid film is assumed to be free convection 
around a sphere and the respective heat transfer coefficient is calculated with 𝑁𝑁𝑁𝑁 = 2. The 
corresponding transfer areas are determined by the geometric specifications of the sessile 
droplets and water mass of the film. 

To investigate the influence of the separation properties and the novel drying model on the 
product quality a parameter study is carried out. The model system consists of an apparatus 
divided in two chambers. 

 
Fig. 1. Schematic representation of the apparatus used in parameter study. 

Each chamber is divided into two compartments. The lower compartment is the spray zone, 
i.e. only particles contained in this compartment are directly in contact with the spray solution 
or suspension. In the upper compartment, the drying zone, particles are mixed and dried. In 
presently studied case the particle transport between the chambers can only take place 
between the upper compartments, the drying zones, of the chambers accounting for the use 
of overflow weirs. 

In order to evaluate the influence of the shape factor of the separation function and the outlet 
probability on the product quality are studied. To show the dependencies of the drying model 
water mass flow rate of the spray, the initial droplet diameter, and contact angle of the sessile 
droplets are varied. 

The following particle properties and process conditions at steady-state are observed within 
the scope of the parameter study. To represent the product particle size distribution particle 
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Sauter diameter and standard deviation are chosen. Furthermore the properties of the outlet 
flow, temperature and moisture content, as well as the product moisture content and the 
relative wetted surface area are recorded to show the main influence of the introduced drying 
model.  

3. Results and Discussion 

This section shows selected results of the 14 simulations that have been carried out. In this 
paper the results for the three influencing factors, 𝑘𝑘, �̇�𝑀𝑠𝑠𝑠𝑠𝑠𝑠,𝑤𝑤 and 𝑑𝑑𝑑𝑑𝑑𝑑 , are shown and discussed 
in the subsequent paragraphs. 

The shape factor of the SF 𝑘𝑘 has an effect on particle Sauter diameter and the particle 
diameter standard deviation. The model results for particle Sauter diameter and the 
corresponding standard deviation of particle inlet, chamber 1 and 2, as well as particle outlet 
for the three examined shape factors for the SF are presented in Figure 2 and 3. Particle 
processing leads to an increase of particle Sauter diameter and standard deviation of the 
particle diameter. During the process the particle Sauter increases in each subsequent 
chamber and reaches the highest value at the outlet. Due to the separation effect of the weirs 
between the chambers and at the outlet the standard deviation of the particle dimeter 
decreases on the particles’ path through the plant. Increasing the shape factor 𝑘𝑘 leads to more 
narrow separation functions and results in higher product Sauter diameters and decrease of 
the standard deviation particle diameter on the particles’ path through the plant. The 
manipulation of the shape factor 𝑘𝑘 shows no significant effect on gas outlet conditions, 
particle moisture content and wetted particle surface. 

  

Fig. 2. Particle Sauter diameter for different 
shape factors of SF. 

Fig. 3. Standard deviation of particle diameter 
for different shape factors of SF. 

Figure 4 to Figure 7 show the simulation results for outlet gas temperature and outlet gas 
moisture content, product moisture content and wetted surface area depending on the mass 
flow rate of water contained in the spray. Increasing the mass flow rate of water in the spray 
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decreases the outlet gas temperature and increases the outlet gas moisture content due to the 
increased evaporation rate. 

  

Fig. 4. Gas outlet temperature depending on 
water mass flow rate. 

Fig. 5. Gas outlet moisture content depending 
on water mass flow rate. 

Product moisture content and the corresponding wetted surface area are increasing with 
higher water mass flow rates of the spray. Due to the enhanced relative humidity of the 
process gas at higher water mass flow rates more water accumulates on the particle surface. 
Thus both product moisture content and wetted surface area are increasing. 

The model results for product moisture and wetted surface area depending on the initial 
droplet diameter are presented respectively in Figure 8 and Figure 9. An increase of the initial 
droplet diameter leads to an increase of the product moisture content and wetted surface area. 
A reduction of the initial droplet diameter increases the contact area between the liquid film 
and the gas phase which leads to an enhancement of the evaporation rate and consequently 
to a reduction of particle moisture content and wetted surface area. An effect of the initial 
droplet diameter on gas outlet conditions cannot be observed. 

  

Fig. 6. Product moisture content depending on 
water mass flow rate. 

Fig. 7. Wetted surface area depending on 
water mass flow rate. 
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Fig. 8. Product moisture content depending on 
initial droplet diameter. 

Fig. 9. Wetted surface area depending on 
initial droplet diameter. 

4. Conclusions 

The aim of the presented preliminary study was to identify what and how the chosen model 
parameters influence the most important product properties. 

Manipulation of the parameters of the separation function only affects the particle growths 
and has no influence on thermal gas phase and particle properties, such as gas outlet 
conditions, product moisture content and wetted particle surface. However, a significant 
effect of the shape factor of the SF on the particle size distributions of the chambers and the 
product has been observed. Additionally a variation of the thermal process conditions in form 
of the water mass flow rate of the spray solution has been performed. The introduced water 
mass flow rate affects the outlet gas properties as well as the product moisture content and 
wetted surface area. Furthermore the influence of the initial droplet diameter on the product 
properties has been examined. Results show that the variation of the spray droplet features 
only influences product moisture content and wetted surface area and has no significant effect 
on the gas outlet conditions. 

5. Nomenclature 
 

𝑎𝑎 Radius of impact area m 

𝑑𝑑 Diameter m 

ℎ, 𝐻𝐻 Height m 

𝑘𝑘 Shape factor of separation 
function 

- 

𝑙𝑙 length m 

𝑀𝑀 Mass kg 

�̇�𝑀 Mass flow rate kg s-1 
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𝑛𝑛 Number distribution m-1 

�̇�𝑛 Number distribution rate m-1 s-1 

𝑁𝑁 Number - 

𝑝𝑝 Pressure bar 

𝑃𝑃 Discharge probability s-1 

𝑇𝑇 Temperature °C 

𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝 Separation function - 

𝑤𝑤 Width m 

Greek letters 

𝛼𝛼 Relative size of drying zone -1 

𝜃𝜃 Contact angle ° 

𝜌𝜌 Density kg m-3 

𝜎𝜎 Standard deviation m 

𝜏𝜏 residence time s 

Subscripts 

0 Start  

32 Sauter  

bed Fluidized bed  

d diameter  

dr droplet  

g Gas phase  

in inlet  

out outlet  

p particle  

ref reference  

sep separation  

sh shell  

sus suspension  

w water  
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Abstract 
The reaction engineering approach (REA) has been proposed and 
implemented for modeling a number of challenging drying cases. While the 
modeling is simple and accurate, it is effective to generate the drying 
parameters. The relative activation energy is the fingerprint of the REA 
which describes the changes of internal behaviors inside the materials during 
drying. In this paper, a new method, based on combined heat and mass 
balance, is proposed and implemented to retrieve the relative activation 
energy of flat materials. The results indicate that the new approach can be 
used to retrieve well the activation energy of flat materials. The relative 
activation energy retrieved by the new approach is independent on the 
external drying conditions. This new approach can also potentially be used to 
evaluate the change of surface area of materials during drying  

 

Keywords: reaction engineering approach (REA); modeling; relative 
activation energy; mass transfer;, heat transfer. 
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1. Introduction 

The reaction engineering approach (REA) is a ‘middle path’ approach to model drying in 
which the changes of material structure during drying is encapsulated in the relative 
activation energy. It has been successfully applied to model a number of challenging drying 
cases including intermittent drying, infared-heating drying and microwave drying [1]. 
While the modeling is accurate, it has been found that the REA is effective in terms of 
generating the drying parameters. The relative activation energy calculated based on one 
accurate drying run can basically be used to project drying at other conditions since the 
relative activation energy is independent on the drying conditions. The relative activation 
energy of different drying conditions would collapse to the similar profiles  [2]. In these 
studies, the activation energy is retrieved based on the mass balance where measurements 
of surface area, temperature and surface area of materials being drying are required.  

In this study, for the first time, a new approach based on combined heat and mass balance is 
proposed and implemented for retrieving the activation energy of flat materials. The study 
is aimed to evaluate the applicability of the new approach to generate the relative activation 
energy as well as assess its applicability to mode drying kinetics of flat materials. Initially, 
the reaction engineering approach is reviewed briefly followed up by the proposal of new 
approach and applications of the new approach for generating the relative activation energy 
and modeling of drying of flat materials.  

2. Materials and Methods 

The reaction engineering approach (REA) was first proposed as a lumped parameter model 
where the drying rate (flux multiplied by surface area) of the moist materials can be 
expressed as the following:

 
      (1) 

Equation (1) is basically correct for all cases where water leaves solid in vapor form. Even 
in the case of the lumped approach, there is no assumption of uniform moisture content in 
this REA approach. It was characterized with the mean moisture content.  

The surface vapor concentration (ρv,s) can be correlated in terms of saturated vapor 
concentration of water (ρv,sat) by the surface relative humidity (RHs) in the following 
equation [3]: 

     (2) 

 
One can see that the surface RH is represented in an Arrhenius form. ΔEv represents the 
increasing difficulty to remove moisture from materials as moisture content reduces (in 
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addition to the free water effect). Being a semi-empirical model, ΔEv is ideally to be the 

mean moisture content ( ) dependent. Ts is the surface temperature of the material being 
dried (K). For a small temperature range say from 0ºC to just over 100°C, ρv,sat (kg.m-3) can 
in fact be approximated with the following equation [3]: 

       (3) 

The approach of the activation process for moisture removal is thus claimed. On the other 
hand, condensation is a kind of precipitation process thus is not an activation process. The 
activation energy of the pure water evaporation reaction is equivalent to the value of the 
latent heat of water evaporation, which is also in line with the classical physical chemistry.  

By using the REA, equation (1) can be expressed as:
 

     (4) 

 
Noting that the above equation has a parameter that is the surface temperature (Ts) for the 
moist porous material being dried, it can be troublesome to measure under certain 
circumstances.  

It has been found, based on many previous practical experiences of using the REA 
approach, that drying experiments for generating the REA parameters need to be conducted 
where the air (or gas) humidity is very low in order to cover the widest possible range of 

versus .  

The dependence of the additional activation energy on moisture content can then be 
normalized as: 

        (5) 

where ζ is a function of moisture content difference (the current moisture content less the 

final equilibrium one), ΔEv,∞ is the maximum when the moisture concentration of the 

sample approaches relative humidity and, for convective drying, the temperature of the 
drying air (gas): 

       (6) 
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X∞ is the equilibrium moisture content corresponding to RH∞ and T∞, which can be 

related to one another using the equilibrium isotherm. It is noted again that so far the 
experiments for gaining the relevant equation (7) has to be under the very dry condition so 
the final water content attained in experiments is usually fairy small.  
For convective drying, the lumped energy balance can be represented as: 

      (7) 

The relative activation energy is usually found by rearranging equation (4) into: 

      (8)             

If the surface area A and the mass transfer coefficient hm are known, or measured by 
separated experiments, one good run of drying experiment under the same drying air (gas) 
condition is sufficient for establishing equation (6), which is the core of the REA approach. 

Here, now, we introduce another kind of approach based on the temperature-moisture 
content relationship. The lumped energy balance can be written as: 

        (9)               

On both sides, we now divide them with the rate of drying, incorporating equation (9), we 
can obtain: 

       (10)   

For flat sample geometry and parallel flow, one may have: 

       (11) 

       (12) 

Combining equations (10) and (12) results in the expression of relative activation energy 
retrieved by the new approach:  
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 (14) 

3. Results and discussion 
The new method (based on equation (14)) is implemented to generate the relative activation 
energy of a mixture of polyvinyl alcohol (PVA) during drying at 35 and 55 ⁰C [4-5]. The 
experimental details are presented previously [4-5] and reviewed briefly here in order to 
better understand the modeling framework. Materials used in this experiment were a 
mixture of equal proportion of partially hydrolyzed polyvinyl alcohol (80 wt%) and 
glycerol which has 88 wt% of water. 8 mL of the mixture was poured into a 90 mm 
diameter of Petri dish so that the initial thickness of sample was 1.3 mm. The velocity of 
the drying medium was set to 1 m.s-1. The experiments were undertaken at drying air 
temperature of 35ºC and 55ºC.  

Figure 1 indicates the relative activation energy of polyvinyl alcohol (PVA) during drying 
at drying air temperature of 55 ⁰C. By using the new method (combined heat and mass 
balance, equation (14)), the relative activation energy of drying at drying air velocity of 1 
and 2.8 m s-1 collapses to the similar profiles. As expected, similar profiles are also 
produced based on the calculation using the mass balance only (equation (6)). Comparing 
the relative activation energy retrieved using the heat and mass balance with the mass 
balance only indicates that the profiles are very similar. The results suggest that the new 
method can produce well the relative activation energy of polyvinyl alcohol at drying air 
temperature of 55 ⁰C.  

Figure 2 shows the relative activation energy of polyvinyl alcohol (PVA) during drying at 
drying air temperature of 35 ⁰C. The new method generates the very similar profiles of the 
relative activation energy for drying at drying air velocity of 1 and 2.8 m s-1. In addition, 
the profiles of relative activation energy generated using the combined heat and mass 
balance collapse to those retrieved using the mass balance only. 

The relative activation energy generated by the new method can be represented as: 

])(0794.1exp[ 6874.1

,
b

bv

v XX
E
E

−−=
∆
∆  

The similar expression is also shown for the relative activation energy retrieved by the mass 
balance only [6]. This is also supported by the profiles of relative activation energy 
generated by both methods as show in Figures 1 and 2. Therefore, the expression of the 
relative activation energy is independent on the retrieving method.  
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 Figure 1. The relative activation energy of PVA mixture during drying at 55 ⁰C 

 
Figure 2. The relative activation energy of PVA mixture during drying at 35 ⁰C 

Based on the generated relative activation energy, the new method can also be used to 
evaluate the change of surface area of materials during drying. Measurements of areas of 
materials (such as dairy droplets, fruits and leafy vegetables) can sometimes be difficult due 
to highly deformation during drying and irregularity of the materials. The accuracy of the 
measurements is needed in order to project the drying kinetics accurately. This new 
approach offers advantage of ability to measure the surface area during drying by 
combining the generated relative activation energy of specific materials with the mass 
balance or heat balance. Nevertheless, it is still uncertain whether the new approach can be 
implemented to generate the relative activation energy for spherical or cylindrical materials 
where the heat and mass transfer correlations are more complex.  
4. Conclusions 

 In this study, the new approach to generate the relative activation energy of the reaction 
engineering approach (REA) is proposed and implemented. In the new approach, the heat 
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and mass balance is combined to yield the activation energy. Only a set of experimental 
data of moisture content and temperature during drying time is required to generate the 
relative activation energy. The results indicate that the new approach is applicable to 
retrieve the relative activation energy of flat materials. Different drying conditions result in 
the similar profiles of the relative activation energy. It is independent on external drying 
conditions which has also been highlighted for the relative activation energy retrieved using 
the mass balance only. The relative activation energy retrieved using combined both heat 
and mass balance gives the similar profiles of that evaluated based on mass balance only. 
Implemented in the REA, the relative activation energy evaluated by the new approach 
projects well the drying kinetics of flat materials. 

5. Nomeclature 
X   Moisture content on dry basis, kg.kg-1 

X    Mean moisture content on dry basis, kg.kg-1 
N   Drying flux, kg.m-2.s-1 
A   Surface area of single droplet or particle, m2 
Bi   Biot number (for heat transfer Bi = hL/k) 
Ch-Bi  Chen-Biot number   
D   Diffusivity, m2.s-1 
Dv   Vapor diffusivity in air, m2.s-1 
E   Activation energy, J.mol-1 
f   Relative drying rate function 
g   Gravitational acceleration, m.s-2 
Hdrying  Heat of drying/wetting, J.kg-1 
h   Heat transfer coefficient, W.m-2K-1 
hm   Mass transfer coefficient, m.s-1 
k   Thermal conductivity, W.m-1.K-1 
M   Molecular weight, g.mol-1 
ms   Mass of solids, kg 
Nu   Nusselt number (Nu = hL/k)  
Pr   Prandtl number  
R   Ideal gas law constant 
Re   Reynolds number (Re = µρ /uL ) 
RH   Relative humidity 
Sc   Schmidt number (Sc = ν/D) 
Sh   Sherwood     
T   Temperature, K 
t   Time, s 
Ts   Surface temperature, K 
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Tsat   Adiabatic saturation temperature of drying air, K 
u   Gas velocity, m.s-1 
X∞   Equilibrium moisture content on dry basis, kg.kg-1 
 
Symbols 
 
ρ   Density or concentration, kg.m-3 
µ   Dynamic viscosity, Pa.s 
δ   Thickness, m 
τ   Dimensionless time 
ρv   Vapor concentration, kg.m-3 
Φ   Dimensionless water content 
ς   Relative activation energy function 
ξ   Relative rate of drying 
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Abstract 
Dryers are used for removal of moisture from an raw materials (such as 
effluent) to form a dried solids as per the requirements. For removal of the 
moisture, energy requirement is huge. Therefore, in this paper, methodology 
for heat recovery in one of the type of dryers as spray dryers is developed, 
which is simple and easy to apply. The proposed methodology is illustrated 
with the help of an example taken from literature. It is observed that the 
indirect heat recovery method could save energy maximum up to 82 % as 
compared to literature and 41 % higher than without heat recovery. 

 

Keywords: Spray dryer, pinch analysis, heat recovery, effluent drying, energy 
saving. 
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1. Introduction 

Spray dryer has been used for the removal of liquids by evaporation from concentrated 
solid solutions giving product out in the form of powder with various grain sizes. In recent 
years, it also become part of waste management treatment employed for removal of water 
part from effluent getting dried solid waste. Industrial effluents (dissolved liquid wastes) 
are produced as a waste from industrial and commercial activities from diversed field such 
as food, textile, oil, chemicals, pesticides etc. [1]. Effluents production in India will rise per 
capita rate of around 1 to 1.33 % annually from 2021 to 2031 [2]. In spray dryers, fluid 
atomized through the atomizer in the form of fine droplets, which instantly comes into 
contact with a flow of hot air, results in vaporization of liquid part of it. Spray dryers 
consume substantial thermal energy around 10 - 20 % of total industrial energy usage in 
most of the developed countries [3]. It is observed that a significant heat energy is wasted in 
the form of gases, exhaust from industrial effluent dryers. Many researchers have studied 
recovery of waste heat by different methods such as partial recirculation of exhaust gases as 
direct heat recovery, heating inlet fresh air by exhaust gases as indirect heat recovery, etc. 
Kilkovsky et al. [4] studied indirect heat recovery from flue gases of waste and biomass 
incinerator plant. Ogulata [5] investigated the potential of heat recovery in textile drying by 
using heat exchangers such as recuperators, regenerators and heat pumps. The methodology 
proposed for the determination of Performance characterstics and efficiency of heat 
exchanger, heat pump and combined system (heat exchanger and heat pump) are desciribed 
in details [6]. Johnson et al. [7] discussed various techniques of thermal system analysis to 
optimize drying process for spray dryer of air and superheated steam types and illustrated 
with case study of milk powder plant. Golman and Julklang [8] reported exhaust gas heat 
recovery through partial recirculation of exhaust air in spray dryer of alumina slurry plant. 
In this plant, alumina slurry is atomized and dried in spray dryer, recovering value added 
product from it. Bade and Bandyopadhyay [9] proposed methodology for targeting the 
thermal oil required for process heating using pinch analysis and extended it for integration 
of other thermal systems. There is a paucity of information in literature for heat recovery 
and energy analysis of industrial effluents spray dryer. The purpose of the current work is 
to develop mathematical model of spray dryer based on mass and energy balance equations 
and to propose simple methodology for indirect heat recovery of spray dryers depends on 
pinch analysis. 

Feed supplied to dryer contents moisture in range of 30-40 % reduced from as high as 99 % 
[1] present in effluent by concentration in mechanical vapour recompression (MVR) and/or 
thermal vapour recompression (TVR). To analyze the energy performance of the dryers and 
to have simplicity for individual mass balance of solids in waste feed and dried powder as 
well as water in waste feed and moisture in exhaust and fresh air, each stream is shown 
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with mass of individual constituent content in it as shown in Fig. 1. Further, complete spray 
dryer is considered as control volume boundary with inlet and outlet streams and energy 
interaction with surrounding systems. The mathematical model is formulated on the basis of 
overall mass and energy balance equations applied to control volumes of dryer. 

 

Fig. 1 Illustrative diagram of spray dryer. 
 

2. Model of spray dryer without heat recovery 

One of the approach to improve energy efficiecy of spray dryers is by recovering waste heat 
in exhaust either by indirectly or directly and recirculation of this thermal energy in to 
dryer. This energy recovery will be best analysed by developing the model of spray dryers. 
Model developed here is simple based on mass and energy balance equations. Overall mass 
and energy balance equations for the spray dryer is denoted as: 

( ) ( ) ( ) ( ) m+m+m+m=m+m+m+m dpw,dps,eada,eawv,hada,hawv,wfs,wfw,     (1) 

( ) ( )refhawv,hawv,hawv,refhada,hada,hada,in T-T *Cp*m+T-T *Cp*m=Q     (2) 

Energy content in various streams of total control volume of spray dryer and energy transfer 
for spray drying system are summarized as follows: 

Heat input; hawv,hada,wfw,wfs,in Q+Q+Q+Q=Q      (3) 
Heat Output; dpw,dps,eawv,eada,out Q+Q+Q+Q=Q      (4) 

Where,  
( )ref.wfs,wfs,wfs,wfs, T-T *Cp*m=Q ; (3a) ( )ref.wfw,wfw,wfw,wfw, T-T *Cp*m =Q  (3b) 

( )ref.hada, hada,hada,hada, T-T*Cp*m =Q ; (3c) ( )
( )

awv,ha wv,h wv,ha wv,ha sat@dpt

wv,ha vap@dpt wv,ha wl dpt ref.

Q = m *Cp * T -T + 

m *L +m *Cp * T - T

 (3d) 

( )ref.eada,eada,eada,eada, T-T *Cp*m =Q  (4a) ( )
( )ref.dptwleawv,vap@dpteawv,

sat@dpteawv,eawv,eawv,eawv,

T -T* Cp*m+L*m
+T-T *Cp*m =Q  (4b) 

( )ref.dps,dps,dps,dps, T-T *Cp*m =Q  (4c) ( )ref.dps,dps,dpw,dpw, T-T*Cp*m =Q  (4d) 

141

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Energy analysis and conservation opportunities in spray dryers 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

The difference between the quantity of water in the waste feed and water in the dry product 
is termed as water evaporated from the dryer. Mass of dry air is constant at inlet and outlet 
shown in Eq. (6a), only mass of water vapour are changing in air stream. Relations of 
humidity and dry air at various locations in the dryer are given by Equations (6b, c) and (7). 

eada,hada, m=  m         (6a)        hada,hahawv, m*=  m ω         (6b)       hada,ha wevap.eawv, m*m=  m ω+         (6c) 

The humidity ratio at exhaust is given as:   ( ) hada,,.ea m  hawvwevap mm +=ω    (7) 

However, the minimum mass flow rate of dry hot air at inlet to drying chamber can be 
determined by simplifying mass and energy balance equations as: 

( ) ( )( )
( ) ( ) ( )( ) ( )( )

( ) ( ) ( ) ( )( )
( )( ) ( ) ( ) 











−−−−−

−−−++−+












−−−−−−+−

+−++

earefdptpwlhaeavap@dpthasat@dpteada,eapwv,ha

refeada,eapda,harefdptpwlhahavap@dpt,hasat@dpthada,hapwv,harefswfhapda,

refwfs,wfpw,wfw,refswfwfps,swfrefdps,dppw,dpw,,,

dps,earefdptpwlwevap.vap@dptwevap.sat@dpteada,eawv,wevap.

hada,

TT*C*ωL*ωTT*C*ω

TT*CTTC*ω*LωTTC*ωT-TC
TTC*mTTCmTTC*m*

m)T(T*C*mL*mT-T*pC * m

=  m refdpsdpps

ea

TTC         (8) 

The proposed methodology for evaluating the mass flow rate of hot air (mha) and humidity 
ratio at exhaust air (ɷea) are summarized in the form of flowchart in Fig. 2. This 
methodology is validated by illustrative example 1 [8] for without heat recovery (base case) 
taken from literature in following sub-section 2.1. 
 
2.1. Illustrative example 1: Without heat recovery [8] 

An illustrative example 1 taken from literature [8] to explain and validate proposed 
methodology. Process parameters in Table 1 are reproduced from [8]. Problem is to 
determine minimum mass flow rate of drying air keeping moisture removal constant. In this 
calculation, the exhaust gas temperature is assumed to be constant.  

As hot air inlet temperature increases, the mass flow rate of hot air and total heat supplied 
to the dryer reduces resulting in increasing efficiency of drying process as shown in Fig. 3. 

 

 

Fig. 2 Flow chart of spray drying computation. 

Yes 

Calculate mda,ha by eq. (8) 

Using mda,ha calculate mwv,ha 
& ɷea by eq. (6b) & (7) 

Using Psychrometric chart 
calculate Tdpt,ea at ɷea & Tea 

Difference between 
new Tdpt,ea within 
limits 

Calculate heat required 
for evaporation & 
efficiency 

No Assume Tdpt,ea in eq. (8) 

Property variables: 
Cpda, Cpwv, Cpwl, Cpdp 

Known variables: mwf, 
mdp, Twf, Tdp, Tea, Tha 

Process variables: 
mwf, mdp, mea,  

Unknown variables: 
mwv,ea, mha 

Input process data 

Mass & Energy 
balance eq. (1) & (2) 

Categorising variables 

Design variables: Tea, 
mwv,ea, mwv,dp, mha 
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Table 1. Process parameters [8]. 

Parameters Data  Parameters Data  
Drying air temperature 230 °C Temperature of slurry 20 °C 
Slurry feed rate 50 kg/h Reference temperature 20 °C 
Slurry water content 40 % Relative humidity  70 % 
Ambient temperature 30 °C Moisture content in dried prod. 3 % 
Vol. flow rate of drying air 3200 m3/h   

 

 

Fig. 3 Effect of temperature on mass flow rate of hot air, heat load and efficiency of the dryer. 

 

3. Model of spray dryer with indirect heat recovery 

Indirect heat recovery (IHR) is applicable when mixing of exhaust air is not permitated 
with feed or direct mixing of exhaust air is not possible. Heat exchager is assumed as 
counter flow with suitable minimum approach temperature between exhaust air and inlet 
fresh air. The schematic diagram of IHR is shown in Fig. 4. Heat energy is transferred from 
hot fluid to cold fluid. Subsequently, temperature of preheated air is raised up to required 
by heater. In this case, heat is recovered from entire exhaust air with minimum approach 
temperature. The main drawback of IHR is deposition of agglomerates on the surface of the 
tubes, which is high mainly when the mass flow rate and moisture content of exhaust air is 
higher causing increased operating and maintenance cost of the heat exchanger. 

3.1. Methodology for indirect heat recovery 
The proposed methodology for determination of total heat supplied by heater and drying 
efficiency are summarized in Fig. 5. In this methodology, to determine maximum possible 
heat recovery from exhaust air, pinch analysis a well known heat recovery tool is applied 
[10]. Property data such as specific heat of water vapour and dry air is taken from property 
table, which is used to calculate enthalpy change for water vapours and dry air as: 

[ ])T-(T*Cp*m+L*m+)T-(T*Cp*m=H refdptwleawv,vap@dpteawv,sat.eawv,eawv,eawv,ω∆   (9) 

)T(T*Cp*m  refeada,eada,eada, −=∆H                   (10) 
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Start 

Data extraction for process streams: 
supply temperature, target temperature 
mass flow rate of streams, & specific 
heat of water vapour and dry air. 

Calculate heat capacity flow rate 
Selection of approach temperature (∆Tmin) 
then shifting of stream temperatures with 
the subtraction and addition of (∆Tmin/2) in 
hot and cold stream respectively. 

Construction of hot and cold composite 
curve  

Calculate heat recovery and minimum 
hot and cold utility requirement End 

With the help of Illustrative example 1 applicability of proposed methodology given in 
Section 3.1 is demonstrate as following section. 
 

 
Fig. 4 Schematic diagram of indirect heat recovery through heat exchanger. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Flowchart for indirect heat recovery through pinch analysis. 
 
3.2. Illustrative example 1 revisited: Indirect heat recovery [8] 
Input process data is same as given in Section 2.1. As outlet temperature of exhaust gas is 
higher than the dew point temperature, only sensible heat will be recovered from exhaust. 
Using pinch analysis hot composite curve (HCC) and cold composite curve (CCC) are 
plotted [3] as shown Fig. 6. After matching of the HCC and CCC for minimum approach 
temperature of 50 °C, the overlapping between the composite curves represents the 
maximum heat recovery 27.372 kJ/s between hot exhaust air and incoming fresh air and the 
uncovered upper section of the cold composite curve shows external heating requirement of 
10.38 kJ/s for the fresh air. It is observed that the indirect heat recovery method could save 
energy maximum up to 82 % as compared to literature (for same without heat recovery 
configuration) and 41 % as compared to without heat recovery (base case) as shown in 
Table 3 for spray dryer with inlet hot air temperature of 240 °C. 
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Table 2. Illustrative example 1 revisited for indirect heat recovery. 

Streams 
Actual temp. (°C) Shifted temp. (°C) Mass flow  

rate (kg/s) 
Humidity ratio  
(kg/kg dry air) Ts Tt Ts Tt 

Exhaust air, dry 186 70 161 45 0.2225 0.037 
Water vap.,ea 186 70 161 45 0.00834  
Fresh air, dry 20 180 45 205 0.2225 0.019 
Water vap.,fa 20 180 45 205 0.00422  

 
Table 3. Comparative results for drying air temperature of 240 °C 

S.N. 
Methods Without heat 

recovery (Literature) 
Without heat 

recovery (Base case) 

Indirect heat 
recovery (pinch 

analysis) 
Parameters 

1 Heat load (kJ/s) 60 35.29 10.38 
2 Mass flow rate of 

hot air at inlet (kg/h) 2100 813 813 

3 Energy saving (%) -- 41 82 
 

 
Fig. 6 Hot and cold composite curve for illustrative example 1 revisited. 

 

4. Conclusions 

In the present work, fundamental approach of mass and energy balance equations is 
applied to develop the mathematical model of spray dryer. Proposed methodology for 
indirect heat recovery of spray dryers is based on pinch analysis. Each process stream 
is divided into separate stream for constituents content in, which is helpful to apply 
pinch analysis and to consider variation in heat capacities mainly of moisture and dry 
air. It is observed that heat recovery could reach up to maximum of 82 % as compared 
to literature results for same case. Additonally, this approach helps to reduce the 
operating cost of dryers by reducing the flow rate of air and the capital cost by 
reducing heat transfer area. Further, compared to base case (without heat recovery), 41 
% energy saving is possible with reduction in mass flow rate of hot air. 
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5. Nomenclature  
 

m mass kg/h or kg/s T Temperature  °C 
Q Heat load kJ/s H Enthalpy kJ/kg 
Cp Specific heat kJ/kgK °C L Latent heat of vaporization kJ/kg 
CP Heat capacity flow rate kJ/K °C    

Greek letters 

ɷ Humidity ratio kg water/kg dry air 
Subscripts 

da dry air in input vap vaporization 
dp dry product min minimum w water 
dpt dew point temperature out outlet wf waste feed 
ea exhaust air ref reference wv water vapour 
evap evaporation s solid   
ha hot air sat saturation   
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Abstract 
A thermodynamic model employing the UNIFAC (Dortmund) method was 
developed to determine the currently unavailable partial vapor pressures of 
the binary gas mixture of water and tert-butyl alcohol (TBA) in equilibrium 
with their frozen solid mixtures. The results agree satisfactorily with the 
experimental data and indicate that TBA has higher vapor pressures which 
lead to higher total pressures at the moving interface that could result in 
larger total pressure gradients and convective mass transfer rates in the 
dried layer during primary drying. But the higher total pressures reduce the 
magnitude of the bulk diffusivity of the gas mixture and combined with the 
smaller Knudsen diffusivity of TBA could significantly impact the competing 
mass transfer mechanisms during freeze drying. 

 

Keywords: Freeze drying; Water and tert-butyl alcohol (TBA); UNIFAC 
(Dortmund); Partial vapor pressures; Convective flow and bulk and Knudsen 
diffusion 
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1. Introduction 

The presence of organic solvents as co-solvents with water in pharmaceutical and 
biological solutions could reduce the degradation rate of the pharmaceutical/biological 
product in water and/or increase its solubility. It has been shown experimentally [1] to 
affect the freezing characteristics of the solution during the freezing stage as well as during 
the primary and secondary stages of the freeze drying process. In the production of a 
number of anti-cancer drugs, the tertiary butyl alcohol (TBA, or 2-methyl-2-propanol) 
represents the organic co-solvent in the water solutions with varying concentrations 
dependent on the biotechnology method of production and the nature of the anti-cancer 
drug. Currently due to strict quality and toxicity standards required by the Food and Drug 
Administration (FDA), most of TBA is removed prior to the freeze drying of the drug 
solution. In order to ascertain if this is the only or best strategy, it is of paramount 
importance to acquire both physical and quantitative knowledge of the unsteady state 
variations and their interactions that occur during the freeze drying process in the (i) 
temperature and heat transfer rates in the frozen and porous dried layers of the product, (ii) 
mass transfer mechanisms and rates in the porous dried layer, (iii) relative residual amounts 
of frozen water and TBA in the frozen solid layer which affect the partial pressures of the 
vapors of water and TBA at the moving interface separating the frozen and porous dried 
layers during the primary drying stage, and (iv) the amounts of sorbed (bound) water and 
TBA on the surface of the pores of the dried layer during the primary and secondary drying 
stages. Because these data cannot be measured experimentally during the freeze drying 
process, it becomes necessary to construct and solve an unsteady-state and multi-
dimensional in space mathematical model of the freeze drying process in order to 
determine, evaluate, and analyze the dynamic behavior of items (i) – (iv) for ascertaining 
whether or not the presence of TBA in the drug solution could reduce the drying times of 
the primary and secondary drying stages of the freeze drying process and, furthermore, 
whether the presence and distribution of the residual TBA in the three-dimensional space of 
the product being freeze dried could result in the violation of the strict quality and toxicity 
standards required by the FDA for the freeze drying of pharmaceuticals.  

The mathematical model required to be constructed and solved for the freeze drying process 
of frozen solutions of pharmaceuticals involving water and an organic co-solvent like TBA 
has now to consider the vapor pressures and mass transfer rates of a ternary gas mixture 
(inert gas, water, and TBA) in the porous dried layer of the product, which is more complex 
than the models [2-6] for a binary mixture (inert gas and water) system. The off-diagonal 
terms of the diffusivity tensor for the three species will require careful examination of the 
relative concentrations of water and TBA vapors in the pore structure of the dried layer at 
different temperatures, in order to ascertain whether or not these off-diagonal terms and 
their effects on the heat and mass transfer processes need to be included in the structure of 
the mathematical model. The construction and solution of this new class of freeze drying 
models and the achievement of its aforementioned purposes require the following two 
pieces of fundamental physical information: (a) the thermodynamic model whose 
expressions provide the partial pressures of water and TBA vapors in equilibrium with the 
binary frozen mixtures of water and TBA as a function of temperature and of the mole 
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fractions of water and TBA in the frozen solid phase, and this necessary information also 
provides the important partial pressures of the vapors of water and TBA at the moving 
interface separating the frozen and dried layers of the product being freeze dried during the 
primary drying stage of the freeze drying process, and (b) the equilibrium 
adsorption/desorption isotherms of the sorbed (bound) binary mixtures of water and TBA 
on the surface of the pores of the dried layer which provide the concentrations of water and 
TBA in the binary sorbed (bound) mixture as a function of the temperature and of the 
partial vapor pressures of water and TBA in the gas phase in the pores of the dried layer, 
and this provides in the mathematical model the quantitative expressions needed to 
represent binary competitive adsorption/desorption through which the residual amounts of 
sorbed water and TBA as well as their distributions in the three-dimensional space of the 
dried layer of the product at any given time and especially at the end of the secondary 
drying of the freeze drying process could be calculated, so that we can determine whether 
the strict quality and toxicity criteria of the FDA are properly satisfied. 

In this work the UNIFAC method coupled with the Dortmund parameter values for the 
subgroups of the binary mixture comprised of the species of water and TBA  is employed 
and a thermodynamic equilibrium model is constructed. This model can provide the partial 
pressures of the vapors of water and TBA in equilibrium with the frozen solid phase of the 
binary mixture of frozen water and TBA, as a function of the temperature and of the mole 
fractions of water and TBA in the binary mixture of the frozen solid phase. The results 
obtained from the thermodynamic equilibrium model constructed and solved in this work 
are compared with the experimental results of Kasraian and DeLuca [7] and the agreement 
between the theoretical and the experimental results is found to be good. Therefore, this 
work considered the necessary and very important research problem stated in item (a) 
above and provides a satisfactory solution to this important research problem. 

2. Thermodynamic Models and Methods 
The thermodynamic equilibrium of a species between its pure liquid phase and its frozen 
mixture can be represented by  

( ) tri tri tri tri

tri

ln 1 1
fus sl

P
i i

H T T TCx
RT T R T T

γ
 ∆ ∆   ≈ − − − +    

    

*

ln    ,                       (1) 

where xi and γi are the mole fraction and activity coefficient of species i, respectively, and 
l* represents its subcooled liquid state at a temperature below its triple point (Ttri). Equation 
(1) has also been used as a means to predict solid-liquid equilibrium for mixture systems. 
For the binary frozen mixture of water and TBA, its experimental solid-liquid equilibrium 
phase diagram as demonstrated by Kasraian and DeLuca [7] is quite complex and has two 
eutectic points. The water-rich region forming pure solid ice and the TBA-rich region 
forming pure solid TBA were first read from the phase diagram [7] to estimate γi based on 
Eq. (1) and compared with those estimated by the modified UNIFAC (Dortmund) group 
contribution method [8]. For this purpose, the needed triple point and molar heat of fusion 
at Ttri (∆Htri) are 273.16 K and 6004 J/mol for water and 298.96 K and 6700 J/mol for TBA 
(National Institute of Standards and Technology, NIST WebBook), respectively. Within the 
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temperature ranges, the heat capacity difference, sl l s
P P PC C C∆ = −* * , for water is correlated 

into ( )234 784 69 924 0 1051 8 323
229 760

T
T
 + − + − 

. . . .
.

 J/mol-K, T in K, while for TBA it is based 

on tri
l l
PC C= =* 2125.37 J/mol-K (NIST WebBook) and s

PC  interpolated from the reported 
experimental data [9]. The activity coefficients are shown in Fig. 1 where the levels of 
agreement could be considered practically satisfactory, especially for the water-rich region, 
when there is a lack of both experimental data and an alternative theoretical approach.  
 
Despite their importance to the freeze drying operation as well as to the intended 
mathematical modeling, the partial pressures of the water and TBA vapors above their 
frozen binary mixtures appear not to have been measured experimentally or reported in the 
literature. Instead, only the total pressures of the eutectic mixtures at 90 wt% TBA (xTBA = 
0.6863) have been measured and correlated [10]. In order to further verify the practical 
usefulness of the thermodynamic methods and models employed and presented in this 
work, the UNIFAC (Dortmund) method was applied in the following approach to estimate 
the total eutectic pressures,           

( )tot W TBA W W W TBA W TBA1l lP P P x P x Pγ γ= + = + −* *    .                                (2a) 

( )W
45054 1 1Pa 612exp

273 16
lP

R T
  = − −    

*

.
    ,   T in K   .                  (2b) 

( )TBA
5583 5Pa exp 27 925lP

T
 = − + 
 

* . .     ,    T in K   .                            (2c) 

It is clear from the results presented in Fig. 2 that the thermodynamic approach presented 
here is able to produce the eutectic pressures satisfactorily within the ranges measured by 
experiments. The approach presented here could thus be considered a useful and reasonable 
one, especially in the absence of experimental thermodynamic data as currently is the case, 
for estimating the partial pressures of water and TBA vapors at other compositions in 
equilibrium with their  binary frozen solid mixtures. 
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Fig. 2 Total pressure of eutectic mixtures at 
xTBA = 0.6863 
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The partial pressures of water and TBA vapors resulting from the approach presented here 
at different temperatures and water mole fractions in the binary frozen solid phase are 
plotted in Fig. 3, while the total pressure resulting from adding the two partial pressures 
together is plotted in Fig. 4. It should be noted that the highest temperature selected to be 
considered here is -8.3 °C because this is the lower eutectic temperature below which the 
binary mixtures are frozen solids over the entire compositional range [7,10]. To incorporate 
the results of the partial vapor pressures into a future mathematical modeling study of the 
freeze drying process, well-correlated analytical expressions are much more desirable. For 
this purpose, only the activity coefficients, as indicated by Eqs. (2a)-(2c), need to be 
correlated. The functional form of the Non-Random Two-Liquid (NRTL) activity model 
was found to provide excellent correlations for the partial pressures with the following 
temperature-dependent parameters where R is the ideal gas constant and T is in K, 

( )

2
2W 21 21 12 12

W TBA 2
W W TBA 21 TBA W 12

/ln ln P b G G b RTx
x RT x x G x x G

γ
    
 = = +   + +     

     ,                  (3a) 

( )

2
2TBA 12 12 21 21

TBA W 2
W TBA W 12 W TBA 21

/ln ln
1
P b G G b RTx

x RT x x G x x G
γ

    
 = = +   − + +     

     ,             (3b) 

12
12

21
21

exp

exp

bG
RT
bG
RT

α

α

  = −   


  = −   

  ;  ( )
( )

5 2

2
12

2
21

1.628 0.00992 1.860 10
J/mol-K 11874.652 101.182 0.120

J/mol-K 7429.529 58.534 0.108   

T T
b T T

b T T

α − = − + ×


= − + −
 = − + −

  .  (3c) 

 

It is worth noting here that, as pure species or as components with the same mole fractions 
in the frozen solid mixtures, water has noticeably lower sublimation partial pressures (see 
Fig. 3) than those of TBA vapor and the resulting total pressure in the porous dried layer of 
 

 

 

 

 

 

 

 

 

 
Fig. 3 Partial vapor pressure as a function of 
temperature and water mole fraction in the 
binary frozen solid mixture    

  Fig. 4 Total vapor pressure as a function of 
 temperature and water mole fraction in the  
binary frozen solid mixture 
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the product being freeze dried is significantly higher than in the case where water was the 
only solvent and, thus, the resulting total pressure gradient between the moving interface 
and the drying chamber pressure could be larger and provide an increase in the total 
convective mass transfer rate of the water and TBA gas mixture due to the presence of 
TBA. Therefore, TBA could sublime faster during primary drying and facilitate the mass 
transfer of water vapor from the frozen product and possibly reduce the primary drying 
time. But there are additionally two diffusion mass transfer mechanisms occurring 
simultaneously with convective mass transfer in the porous dried layer of the product, 
namely Knudsen and bulk diffusion. The Knudsen diffusivity is independent of total 
pressure, but it has dependencies on temperature and molecular mass. Taking a 
representative pore radius of 1000 Å, the Knudsen diffusivities [11] of water and TBA 
vapors in the porous dried layer were calculated and plotted in Fig. 5. As expected, water 
being lighter than TBA  by a factor of approximately 4, has a Knudsen diffivisity about two 
times larger than that of TBA. The binary bulk diffusivity [11] is affected by both 
temperature and total pressure, which are both varying during freeze drying. Given the low 
total pressure condition (see Fig. 4) and considering the effective collision diameters of 
water and TBA being 2.64 Å [12] and 5.40 Å [13], respectively, the binary bulk 
diffusivities were calculated [11] and are represented by solid curves in Fig. 6 where the 
total vapor pressures are also included (dashed curves) for reference. Even the lowest bulk 
diffusivity in the range occurng at -8.3 °C and xTBA ≈ 0.85 is still 50-100 times greater than 
the Knudsen diffusivities of water and TBA vapors.       

Enthalpically, water and TBA have very similar heats of sublimation, both around 51 
kJ/mol [10,14], so their frozen binary mixtures also require a similar heat of sublimation 

[10].  This fact likely reduces the number of variables to control when devising an optimal 
heating strategy for the freeze drying process. In this respect, the system temperature cannot 
exceed -8.3 °C as it is the lowest melting temperature of the frozen water-TBA mixtures 
over the entire compositional range, which is also an eutectic point [7] occurring at 17.8 wt% 
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Fig. 6 Binary bulk diffusivity and total vapor 
pressure as a function of temperature and water 
mole fraction in the binary frozen solid mixture 
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TBA (xTBA = 0.05). Similar heats of sublimation also attest, from the viewpoint of the 
Clausius–Clapeyron equation, the constantly higher pressures of TBA vapor over those of 
water vapor, and hence faster removal of TBA than water could occur during the primary 
drying stage of the freeze drying process. But the above data still point to water being a 
major process controlling species with respect to system constraints that have to be satisfied 
in the freeze drying process of pharmaceutical water solutions with TBA as a co-solvent. 

3. Conclusions 

Due to the limitations of current experimental techniques, a new class of physicochemical 
mathematical models is needed in order to enable rational physical and quantitative 
evaluation of the freeze drying process of pharmaceutical water solutions involing tertiary 
butyl alcohol (TBA) as a co-solvent. The construction and solution of such models require 
knowledge of the vapor pressures of water and TBA in equilibrium with their binary frozen 
solid mixtures, but these pressure data were not available to date. A thermodynamic 
approach based on the UNIFAC method coupled with the Dortmund parameters was 
developed to provide the needed pressure data as a function of temperature and of the mole 
fraction of the binary frozen solid mixture of water and TBA. The results have further been 
correlated into analytical expressions using a NRTL type model function. The results 
indicate the TBA vapor pressues to be constantly higher than those of water vapor and this 
leads to higher total pressure gradients in the porous dried layer of the product that could  
increase the convective mass transfer rates and support the experimental observation that 
TBA is removed relatively faster than water during the primary drying stage. When the  
bulk and Knudsen diffusion coefficients were evaluated under the temperatures and total 
vapor pressures that could be encountered in freeze drying, the former was found to be at 
least 50-100 times higher in magnitude than the latter. But the higher in magnitude total 
pressures of the binary gas mixtures of water and TBA which are due to the significantly 
larger vapor pressures of TBA, reduce the magnitude of the bulk diffusion coefficient. 
Furthermore, the Knudsen diffusion coefficient of TBA vapor is significantly smaller than 
that of water vapor. These effects on the magnitudes of the diffusivities could affect the 
mass transfer rates due to bulk and Knudsen diffusion during the primary and secondary 
drying stages. To ascertain the relative importance of the competing mass transport 
mechanisms of convection and bulk and Knudsen diffusion on the drying rates, one has to 
construct and solve an unsteady-state and spatially multi-dimensional freeze drying model 
that accounts for the effects of TBA presented here, while the thermodynamic expressions 
developed and presented in this work are a necessary component of the mathematical 
physics structure of such a model.  
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Abstract 
Most of the CFD simulations of spray dryers reported in the literature utilizes 
a fixed air inlet temperature numerical framework.  In this paper, a numerical 
framework was introduced to model spray drying as an outlet air temperature 
controlled process.  A P-controller numerical framework was introduced 
which allows the inlet temperature to be automatically adjusted based on the 
required outlet temperature set point.  This numerical framework was 
evaluated with a simulation of a two-stage pilot scale spray drying system at 
the Davis Dairy Plant (South Dakota State University) which is used for 
commercial contract spray drying operation.  
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1. Introduction 

Spray drying is a popular unit operation in drying industry in which dry powder can be 
produced by removing moisture from a liquid material using a hot gas. This is a preferred 
method where heat sensitive material are used in food and dairy industries. The spray drying 
involves multiphase flow with heat, mass and momentum transfer between drying gas flow 
and the discrete phase. Therefore, controlling and designing spray dryers is time-consuming 
and complicated task particularly where the intent is large-scale production volume [1].   

The use of CFD simulations for the design and analysis of spray dryers have been widely 
reported in the literature [2-5]. A survey of the simulation reported so far revealed that all the 
simulations employed a fixed inlet conditions (temperature) from which the outlet conditions 
(temperature) will be predicted.  In actual commercial operations, the spray dryer is mainly 
outlet temperature controlled where the inlet temperature is adjusted (by the control system 
or sometimes manually), accounting for the evaporation within the chamber, to meet the 
desired outlet temperature.  Such backward computation of the inlet temperature is not trivial 
in a CFD simulation.  Therefore, there is a need for the development of a numerical 
framework to capture the outlet controlled operation of spray dryers.    

In this work, to address this gap in knowledge, a numerical P-Controller was developed for 
implementation in a CFD simulation of a spray drying system.  An industrial scale two-stage 
spray drying system at Davis Dairy Plant located at South Dakota State University (SDSU) 
with an external vibrating fluidized bed was modelled where the operation was outlet 
temperature controlled.  In the operation of the SDSU dryer, spraying micellar casein 
concentrate, the desired temperature of side outlet was set at 82.2oC.  Numerical challenges 
in the development of the P-Controller framework will be further discussed in this paper.  

2. Description of the SDSU spray dryer system 

Fig. 1 shows the dimensions of the spray drying unit modelled in this paper.  The bottom 
outlet from the chamber leads to the external vibrating fluidized bed as the second stage 
dryer.  The actual mass flow rate of the drying air entering the chamber was not measured or 
monitored as part of the control system.  From the manufacturer’s blower performance curve 
and the measured average pressure at the chamber inlet, the air mass flow rate was determined 
to be 1.1 kg/s.   

The combined operation of the inlet air blower and the main outlet suction blower was used 
to maintain a negative pressure of approximately 677 Pa (gauge) within the chamber.  This 
negative pressure was measured at approximately the middle elevation of the top conical 
region of the drying chamber. The bottom outlet pressure was unknown. Simulation of
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airflow and particles trajectories ratios between two outlets revealed that the -250 Pa pressure 
would be a reliable prediction for the bottom outlet [6].  

In the startup of the spray dryer, the dryer is firstly heated up with the inlet hot air without 
spray. At this stage, the automatic system will be manually overridden and a higher 
temperature, typically at around 161.1-214.4°C to achieve an outlet temperature of 82.2°C, 
will be used depending on the intended spray rate. Once the dryer reaches the desired outlet 
temperature, feed spray will be initiated and the automated inlet temperature control will be 
activated.  By intuition, evaporation would have provided cooling to the hot air stream and 
this would have led to the need for a higher temperature to compensate in maintaining the 
outlet air temperature. The automatic control system will then increase the inlet air 
temperature to maintain the outlet temperature at the set point.                

3. Modelling approach 
 
The 3D simulations (Fig. 1) of spray dryer with a mesh size of 275764 elements were 
undertaken using ANSYS Fluent V17.1. [7]. The details of mesh dependency is described in 
[6]. Boundary condition for air inlet was mass flow inlet that was entered according to the 
manufacturer’s blower air flow specifications (mass flow rate=1.1 kg/s). The walls of the 
chamber were specified as non-slip insulated wall boundaries.  The side outlet (-677 Pa) and 
the bottom outlet (-250 Pa) were specified as pressure outlets. This approach allowed 
numerical capturing of the negative pressure within the drying chamber. The pseudo tracer 
analysis and how to predict the bottom outlet pressure is explained in [6]. Convergence 
criteria was 1x10-3 for all scaled residuals. 

Transient simulations were undertaken. The Reynolds-time averaged Navier–Stokes 
conservation equations were used to describe the airflow field. The turbulence in the air was 
modelled using the standard k–ɛ model. It has been demonstrated that k–ɛ model performs 
much better in transient simulations than steady-state simulations particularly in spray drying 
systems [8]. For pressure–velocity coupling, the coupled algorithm was used.  The transport, 
turbulence and species equations were discretized using a second-order upwind scheme. 
Pressure equation was discretized using the PRESTO scheme.  A time step size of 0.05s with 
10 iterations per time step was sufficient to capture the transient self-sustained central jet 
flapping behavior of the flow field.  This time step size was also adopted by past reports 
simulating industrial scale spray dryers with inlet air flow of the same magnitude in velocity 
[9,10]. Particle injection time step sizes were set 0.05s. The “escaping wall” boundary 
condition was employed at the dryer walls, which assumes that all the particles deposit at the 
wall upon collision with the wall.
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                                               Fig. 1 Dimensions of spray drying chamber 

3.1. Equations 

Continuity equation is described in Equation (1): 
𝜕𝜕(𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞)

𝜕𝜕𝜕𝜕
+ ∇. �𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝑣𝑣𝑞𝑞� = 0                                   (1) 

where q is either gas or solid. 
Gas phase-momentum is described in Equation (2): 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑣𝑣𝑔𝑔)+∇. �𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑣𝑣𝑔𝑔𝑣𝑣𝑔𝑔�= ∇. 𝜏𝜏�̿�𝑔 − 𝛼𝛼𝑔𝑔∇P + 𝛼𝛼𝑔𝑔𝜌𝜌𝑔𝑔𝑔𝑔 ���⃗ + 𝛽𝛽(𝑣𝑣𝑠𝑠 − 𝑣𝑣𝑔𝑔)                         (2) 
Droplet trajectories were captured by the Lagrangian framework. This formulation 
(Equations (3) to (5)) tracks each discrete droplet individually within the air flow by 
integrating the motion equations governed by Newton’s second law and including the 
influence of the relevant drag force interaction with the air.  
𝑑𝑑𝑣𝑣𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐷𝐷
18µ
𝜌𝜌𝑠𝑠𝑑𝑑

×
𝑅𝑅𝑅𝑅
24 �

𝑣𝑣𝑔𝑔 − 𝑣𝑣𝑠𝑠� + 𝑔𝑔(
𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑔𝑔
𝜌𝜌𝑠𝑠

)                                           (3)                

𝐶𝐶D =
24
𝑅𝑅𝑅𝑅

[1 + 0.15(𝑅𝑅𝑅𝑅)0.687]                                                         (4) 

where  

𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑔𝑔𝑑𝑑 �𝑣𝑣𝑔𝑔 − 𝑣𝑣𝑠𝑠�

𝜇𝜇𝑔𝑔
                                                        (5) 

The heat transfer model is explained in Equation (6): 

𝑚𝑚𝐶𝐶𝑝𝑝
𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

= ℎ𝐴𝐴�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠� − ∇.𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝𝑚𝑚𝑠𝑠
𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

                                             (6) 

The heat transfer coefficient was calculated using Ranz-Marshall equation: 

𝑁𝑁𝑁𝑁 = 2 + 0.6𝑅𝑅𝑅𝑅0.5𝑃𝑃𝑃𝑃0.33                                             (7) 
The distribution of droplet diameters in the spray is assumed to obey the Rosin–Rammler 
distribution function [11]. The Rosin-Rammler model is given by Equations 8-9:
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𝑌𝑌𝑠𝑠 = 𝑅𝑅−(𝑑𝑑 𝑑𝑑�� )𝑛𝑛  
𝑛𝑛 = 𝑙𝑙𝑙𝑙(−𝑙𝑙𝑙𝑙𝑌𝑌𝑠𝑠)

ln(𝑑𝑑 𝑑𝑑�� )
                                                                                   

                                                                               (8) 
                                                               (9) 

where 𝑌𝑌𝑠𝑠  is retained mass fraction of particle, 𝑑𝑑  is the particle diameter, 𝑑𝑑�  is the mean 
particle diameter and is 394×10-7µm, 𝑛𝑛 is the size distribution parameter and is 2.4. The 
corresponding maximum and minimum droplet size are taken as 200×10-8µm and 672× 
10-8µm. User-defined functions (UDFs) in Fluent were developed to describe the shrinkage 
behavior of particles and Reaction Engineering Approach (REA) models. The particle 
mixture density was modified using linear shrinkage model [12, 13] (see Equation 10): 
𝑑𝑑
𝑑𝑑0

= 𝑏𝑏 + (1 + 𝑏𝑏) 𝑋𝑋
𝑋𝑋0

                                                                (10) 
where 𝑑𝑑0  is the initial diameter of the particle/droplet, 𝑋𝑋0  is the particle/droplet initial 
moisture (kg kg-1) on dry basis, and for MCC particles,  𝑏𝑏  is 0.59 [14]. The Reaction 
Engineering Approach (REA) [15] model for 20 wt% solid content MCC is presented in 
Equation (11): 

∆𝐸𝐸𝑒𝑒
∆𝐸𝐸𝑒𝑒,𝑒𝑒

= 0.012(𝑋𝑋 − 𝑋𝑋𝑒𝑒)6 − 0.142(𝑋𝑋 − 𝑋𝑋𝑒𝑒)5 + 0.6142(𝑋𝑋 − 𝑋𝑋𝑒𝑒)4 − 1.2944(𝑋𝑋 − 𝑋𝑋𝑒𝑒)3 + 1.483((𝑋𝑋 − 𝑋𝑋𝑒𝑒)2 − 1.0771(𝑋𝑋 − 𝛸𝛸𝑒𝑒) + 1.0023    (11) 

This equation was determined from single droplet measurements in SDSU.  The equilibrium 
moisture content (𝛸𝛸𝑅𝑅) for MCC was calculated using Guggenheim-Anderson-de Boer (GAB) 
model. The constants were taken from [16], and described in Equation 12: 

𝛸𝛸𝑒𝑒 =
(0.564 × 𝑅𝑅𝛨𝛨)

1 + 6.01𝑅𝑅𝛨𝛨 − 5𝑅𝑅𝛨𝛨2 
                                                             (12) 

  
4. Results and Discussion 

4.1. Development of the P-Controller numerical scheme 

As mentioned in Section 2, the essence of the P-Controller is the continuous adjustment of 
the inlet temperature based on the outlet temperature relative to the desired outlet temperature 
set point. In this study, the desired outlet temperature was 82.2oC.  In the Fluent framework, 
the UDF is implemented (hooked) to provide input to the air inlet temperature.  The first key 
aspect of the numerical implementation is that there is a proportional gain parameter 
embedded into the code which subsequently translates to the step adjustment to the inlet 
temperature.  From trial and error, there was a need to implement an arbitrary maximum 
possible change to the inlet temperature to ensure stable numerical computation.  This limiter 
to certain extent will be affect by how the simulation is initialized prior to the activation of 
the P-controller (in case the initial outlet temperature difference relative to the set point is 
large).  The second key aspect to the 
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numerical implementation is that a response time of the controller was embedded into the 
framework.   
A ‘counter’ approach was used in the current code corresponding to the enforced number of 
flow field iterations per time step in the simulation.  Both parameters, proportional gain (and 
the arbitrary limiter) and the response time will affect the simulation time required to achieve 
a stable air flow outlet temperature.  In this work, only the response time was evaluated while 
keeping the proportional gain parameter constant.     

4.2. Evaluation on the effect of different controller response time 

Preliminary transient simulations with a fix inlet temperature (without P-controller) showed 
that characteristic response time of the simulation was approximately 10 seconds. In other 
words, it takes 10 seconds until the outlet temperature reaches 82.2oC. Therefore the number 
of time steps to receive a feedback from P-Controller, between the initial inlet temperature 
and the calculated outlet temperature was 200, as each time step size was set 0.05 second. 
The time-step response of 10 seconds was taken as the base study, and the 25s and 35s time-
step responses were also investigated. For the brevity, the 25s time-step results were not 
presented here. Fig. 3 (a-d) shows the inlet and side outlet temperature profiles where time 
responses are 10s and 35s respectively. 

 

 

  

  

   

           

 

 

                 

 

 Fig. 3 Temperature profiles (a) inlet temperature: 10s time-step response (b) side-outlet 
temperature: 10s time-step response (c) inlet temperature: 35s time-step response (d) side outlet 
temperature: 35s time-step response 

As can be seen from Fig. 3(a,b), the temperature profiles kept fluctuating where the time-step 
response is 10s and the final inlet tempeture is not predictable. However, at 35s time-step 
responses (Fig.3(c,d)) the temperature profiles were stabilized after approximately

(a)  

 

(b) 

 

(c)  

 

(d) 
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750seconds. The temperature profiles were stabilized after 970 seconds where time-step 
responses were 25s (For the brevity the figures are not shown here). The measured 
experimental inlet temperature was 447K, and the predicted CFD inlet temperature was 463K  

(Fig. 3(c)). The corresponding error is 3.5%, and it could be due to the uncertainties in other 
parameters of the simulation such as the atomization parameters or the estimation of the 
bottom outlet pressure.  Nevertheless, this is the first reported attempt in the implementation 
of the P-Controller for a CFD simulation of spray dryers. 

3. Conclusions 

CFD simulations of two-stage spray dryer were performed where the inlet temperature was 
estimated using a P-Controller. The crucial step to estimate the inlet temperature was to 
predict the proper time-step responses between the inlet and the side-outlet. Comparison of 
three different time-step responses showed that the longer the time-step responses are the 
shorter the time required to achieve stabilized temperature profiles. It was found that the 
time-step response of 35s is adequate to achieve the stabilized temperature profiles. It was 
proved that the presented P-Controller approach was reasonably able to predict the inlet 
temperature, however the corresponding error can be due to the uncertainties in obtaining 
operating parameters from the semi-commercial plant.  Future applications of this approach, 
for faster computation, may require an initial overall black-box mass and energy balance to 
provide the initial inputs to the dryer from which the P-Controller can then be used for further 
refinement to the CFD analysis. 

Nomenclature P pressure, [Pa] 
A Area, [m2] 𝑅𝑅𝑅𝑅 Reynolds number, [-] 
𝑏𝑏 constant value in Eq. 10 RH relative humidity 
𝐶𝐶𝐷𝐷 drag coefficient, [-] 𝑑𝑑 time, [s] 
𝐶𝐶𝑝𝑝 specific heat capacity, [J.kg-1.K-1] 𝑇𝑇 Temperature, [K] 
𝑑𝑑 diameter, [m] 𝑣𝑣 velocity, [m s-1] 
�̅�𝑑 mean diameter, [m] Greek symbols 
∆𝐸𝐸𝑒𝑒 apparent activation energy, [J.mol-1] 𝛼𝛼 volume fraction, [-] 
𝑔𝑔 acceleration due to gravity, 9.81 [ms-2] µ dynamic viscosity, [Pas] 
ℎ heat transfer coefficient, [Wm2K-1] 𝜌𝜌 density, [kgm-3] 
𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝 Heat of evaporation [J.kg-1] �̿�𝜏 stress tensor, [Pa] 
𝑚𝑚 mass, [kg] Subscripts 
𝑁𝑁𝑁𝑁 Nusselt number, [-] 𝑅𝑅 equilibrium 
𝑃𝑃𝑃𝑃 Prandtl number [-] 𝑔𝑔 gas phase 

  𝑠𝑠 particle phase 
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Abstract 
A new Process Analytical Technology (PAT) has been developed and tested for 
on-line process monitoring of a vacuum freeze-drying process. The sensor uses 
an infrared camera to obtain thermal images of the ongoing process and 
multivariate image analysis (MIA) to extract the information after automatic 
detection and segmentation of the region corresponding to the product in every 
vial. A reference model was built, using the information of six batches, and 
different kind of anomalous events, involving either single vials in the batch or 
the whole batch, were simulated to test the capacity of the MIA-based 
monitoring system to promptly identify them.  

Keywords: freeze-drying; process monitoring; infrared image; multivariate 
image analysis. 
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1. Introduction 

Vacuum freeze drying (VFD) is a highly attractive process for the water removal in thermal 
sensitive products, mainly pharmaceutical ones, since water is removed at low temperature 
by sublimation. Monitoring of critical quality attributes of the product, e.g. its temperature, 
is required to guarantee that the desired characteristics are obtained in the final product. 
Besides, it is required that the monitoring system does not interfere with product dynamics. 

In the past, many approaches to this problem, based on the measurement of product 
temperature, sublimation rate, heat flux to the product, among the others, were proposed and 
tested [1], in particular at lab-scale. The measurement of the temperature of the product, 
possibly in a well-defined position (e.g. the bottom of the vial), was studied in detail and 
successfully applied for process monitoring and control [2]. The main drawback, up to this 
moment, of this approach is that the temperature measurement has to be performed using a 
thermocouple stuck into the product and this does not guarantee neither the sterility 
requirements nor that the sensor is not interfering with the ongoing process.   

In this work we used an infrared camera, instead of a thermocouple, for temperature 
measurement. Differently from the system proposed in the literature, we placed the camera 
inside the chamber, thus being able to monitor the vials in several positions, and not only on 
the top shelf of the freeze-dryer [3], thus extending the monitoring capacity of the system. 
Unfortunately, thermal images include a lot of useless (i.e. everything that is outside the vial) 
information and also the one directly related with the process is highly noisy, redundant and 
correlated. The first problem is a matter of gray-scale image segmentation, and traditional 
image analysis, as well as computer vision, supply a lot of tools for working out this kind of 
matters; the second is a frequent problem when dealing with real industrial data, and latent 
based multivariate statistical techniques can easily deal with this kind of problems.  

The idea underlying the development of a latent variable multivariate monitoring system is 
that only a few underlying events are driving the process, and all the measurements we obtain 
are just a different sight on this underlying driving force. Multivariate statistical methods 
allow us to obtain a model of the process by projecting the information into a low dimensional 
space defined by latent variables and, in this reduced space, we can build control charts able 
to detect any deviation from the normal operating conditions [4]. Principal component 
analysis (PCA) has been widely studied and applied for this purpose being also able to 
successfully deal with the highly auto-correlated and cross-correlated data typical of batch 
processes [5] such as VFD intrinsically is. Multivariate control charts for batch process 
monitoring have been proposed by Nomikos and MacGregor [6]. 
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2. Materials and Methods 

2.1. Experimental 

Drying experiments were carried out using a lab scale equipment LyoBeta 25™ freeze-dryer 
(Telstar, Spain). In all tests ten vials (ISO 8362-1 8R) were placed at 30 cm from the camera, 
and a new image was acquired every five minutes. Each vial in the batches has been assigned 
with a number referring to the position in the shelf as Figure 1 shows. 

The normal operating conditions (NOC) set was obtained processing a solution of 10% b.w. 
sucrose (Sigma Aldrich, 99.5%), 5 ml per vial, at -20°C and 20 Pa. Six batches were 
processed in the same operating conditions, thus obtaining 60 observations, corresponding to 
the 10 vials monitored in the 6 tests. The detection ability of the system was evaluated in four 
additional batches (i.e. observations from 61 to 100). In batch 7, after 5 hours of drying, 
chamber pressure was raised to 50 Pa; in batch 8 the shelf temperature was set to -10°C while 
in batch 10 a solution 5% b.w. of sucrose was used. Batch 9 aimed to prove the ability of the 
model to detect faults affecting the single vials and, while shelf temperature and chamber 
pressure were set to the NOC values, only four vials (corresponding to observations 81, 88, 
89 and 90) were filled with the 10% solution. A piece of glass was inserted into two vials, 
one was filled with pure water, one with the same 5% b.w. solution used for batch 10 and the 
remaining two with respectively 2.5 and 7.5 ml of solution.   

Due to the vibrations of the equipment, during batch three, vial 7 felt down and was 
considered as a fault, while the remaining nine vials were considered successfully dried. 

2.2. Image segmentation and data acquisition 

The thermal images are 256x320 pixels. The camera is equipped with a 63°x50° lens which 
leads to a slight optical distortion, known as barrel effect. This second order deviation from 
the ideal rectilinear projection can be compensated remapping the pixels according to the 
following equation:  

                                                         𝑟𝑟𝑛𝑛𝑛𝑛𝑛𝑛 =  𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑓𝑓 ∙ 𝑟𝑟𝑜𝑜𝑜𝑜𝑜𝑜2                                                                               (1) 

where r is the distance from the center of the image of a generical pixel and f a correction 
factor (negative in this kind of optical aberration) depending on the distance between the 
camera and the object [7]. In all our tests the same distance was used this factor is 
approximately constant and equal to -1.5. 

After optical correction, the Hough transform [8] was used to detect the position of the vials 
in the images, as shown in Figure 1. Being known the diameter of the vials bottom and the 
length of the line detected by the Hough transform we were able to infer the width of a single 
pixel and thus, as we know also the height of the vial, the height of the mask.  

165

http://creativecommons.org/licenses/by-nc-nd/4.0/


Application of Multivariate Image Analysis to Thermal Images for on-line Monitoring of the Freeze-Drying 
Process 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 
 

 

 

The whole portion of the image corresponding to the product into every vial was segmented 
and, to study the evolution over time of the temperature distribution, mean, standard deviation 
(std), skewness and kurtosis of the temperature in this region were measured. The results 
were collected into a three-dimensional data structure X (I × J × K) where I is the number of 
observation, being each vial intended as a single observation, J is the number of variables 
measured, and K is the number of time instants. 

2.3. Batch process monitoring 

The data structure was batch-wise unfolded obtaining a matrix X(I×JK) [5]. After mean 
centering and scaling X, a PCA model with A principal component was built using the 
available observations, obtained in batch 1 to 6. 

                                                            X = T ∙ P′ + E                                                           (2) 

where T is the I×A score matrix, P is the A×JK loading matrix and E is the I×JK residual 
matrix. The number of principal components that maximizes the classification skills of the 
model was determined as that who maximizes the following function:  

                                               𝑓𝑓𝐴𝐴 =  (1 − 𝛼𝛼) ∙ (1 − 𝛽𝛽)                                                         (3) 

where α is the overall type I error rate (i.e. false positive rate) and β is the overall type II error 
rate (i.e. false negative rate). Once the latent variable sub-space is known, unusual behaviors 
can be detected using two multivariate control charts: Hotelling T2 (T2) and the squared 
prediction error (SPE) defined by equations 4 and 5 for each observation: 

                  𝑇𝑇2 =  ∑ 𝑡𝑡𝑎𝑎2

𝜆𝜆𝑎𝑎
𝐴𝐴
𝑎𝑎=1         (4)                                   𝑆𝑆𝑆𝑆𝑆𝑆 =  ∑ 𝑒𝑒𝑐𝑐2

𝐾𝐾𝐾𝐾
𝑐𝑐=1            (5) 

where ta is the a-th score and ec is the error obtained after predicting the measurement of 
variable c for a certain observation. Upper control limits (UCL) for these charts were 
computed both empirically, that is taking the percentile of the actual values measured for the 
same NOC observations, and using their theoretical statistical distributions [6]. Once the 
number of principal components has been fixed, the possible outliers that would contribute 
to raise the control limits have been detected and purged. Due to the reduced number of 
batches available, a one-batch-out cross-validation approach was used: each batch is in turn 
removed from the NOC data set used to build the PCA, all the observations are projected, 
and those observations that prove to be outliers are removed. 

The main issue when dealing with on-line multivariate SPC is the imputation of the missing 
information [6], a good approach being regression on the available NOC data used to build 
the PCA model [9]. In this work the Trimmed Score Regression (TSR) method has been used 
[10]. In on-line monitoring the SPE is computed only on the information measured at instant 
k, and for this reason is called instant SPE (SPEI): 
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                                                        𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐 =  ∑ 𝑒𝑒𝑐𝑐2
𝐾𝐾𝐾𝐾
𝑐𝑐=1+(𝑘𝑘−1)𝐾𝐾                                              (6) 

Nomikos and MacGregor proposed to use the errors on a moving window of five instant 
measurements to compute the UCL limits for this statistic [6]. The percentage of time instants 
that SPEI overtake the UCL in in-control batches, also called Overall type I (OTI) risk, should 
be lower than the imposed significance level (ISL = 0.5%) and for this reason the UCL have 
been manually tuned [11]. Nf is the number of instantaneous faults for the overall trial set. 

                                                       𝑂𝑂𝑇𝑇𝑆𝑆 = 100 ∙  𝑁𝑁𝑁𝑁
𝐼𝐼∙𝐾𝐾

%                                                         (7) 

3. Results 

Figure 2 reports an example of the 10 trajectories, one for each vial, described by the four 
variables measured during the drying process in one of the reference batch. Average 
temperature shows an asymptotic behavior up to the thermal equilibrium. The standard 
deviation (std), after a sudden decrease, grows up until a maximum is reached at almost 9 h; 
then, it slowly decreases again until reaching an almost constant value at 36 h. Both skewness 
and kurtosis show a maximum, followed by a local minimum around 9 hours. An almost 
constant value is kept from 36 h to the end. The local maxima (or minima) seems to 
correspond to the first slope change of the Pirani/Baratron pressure ratio. The constant values 
at the end indicates that the thermal equilibrium has been reached and the primary drying is 
over. Significant differences in these thermal trajectories may reveal an abnormal heat 
transfer, that is an anomalous drying kinetic and a lower product quality.  

From the analysis of the scree plot and the cumulative variances plot (not reported) we 
decided to evaluate fA for a number of components going from 5 to 13, that is from 83.9% to 
95.4% of the whole variance. Figure 3 shows that fA clearly shows a maximum when 10 PC 
are used (93.6% variance explained). Observation 21 appeared as the only outlier during the 
one-batch-out cross-validation step, and for this reason has been removed from the final data 
set. The UCL for T2, depending only on the number of PC extracted and the number of 
observations, are constant but there is a remarkable difference between the theoretical and 
the empirical value; being the former (20.9) always lower than the latter (36.3). On the other 
hand, the UCL for SPEI computed with the theoretical distribution and the one obtained 
taking the percentile of 99.5% are always very similar. After tuning the control limits, the 
obtained OTIs were 0.496% for SPEI and zero for T2.  

The classification performance of this monitoring system has been evaluated by projecting 
all the batches (one hundred vials/observations) on the obtained model. Tuned empirical 
limits performed slightly better than the theoretical ones and have been used. Figure 4 shows 
an example of the resulting control chart for three observations: number 5, a vial of the NOC 
set, always below the UCL; number 21 that was removed as an outlier and has been detected 
as a fault by the SPEI control chart only; and number 75 dried at a higher shelf temperature 
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and lies over the control limits of both statistics almost all the time. The control charts for 
SPEI detected 10 false positives observations in the trial set (6, 9, 10, 15, 16, 19, 25, 31, 40, 
50). Observations 21 and 27 (the one that felt down in batch 3) have been detected as faults 
as well as all the observations of the anomalous batches 7, 8 and 10. In batch 9 six vials were 
tampered and all of them have been correctly discriminated, while all the remaining good 
vials resulted into false positives. The T2 control chart reported thirteen false negatives. Only 
two of the four vials of batch 9 dried with the original 10% sucrose solution (observations 81 
and 90) have been correctly found to be successful drying tests. Observations 88 and 89 have 
been highlighted as faults.  

Looking at the observations that appeared as false positives in SPEI (they are 6, 9, 10, 15, 
16, 19, 25, 31, 40, 50) we can notice a certain periodicity in the results. Position 1 and 10 in 
every batch corresponds to the external vials, directly radiated by the chamber walls. 
Observation 21, as well as 81 and 90, appear to support this hypothesis. In the first three 
batches a thermocouple was located inside the vials in position 5 and 6, see Figure 2. This 
slight difference into the data structure of observation 6, 15, 16 and 25 might be due to the 
influence of the thermocouple on the drying kinetics.   

These observations overtake the control limits on a limited number of time instants. If we 
accept these spurious errors as part of the unavoidable statistical error rate, that is, we 
consider the phenomena responsible for these instantaneous faults cannot jeopardize the 
quality of the resulting product, the fault detection performance could be further optimized. 
This new relaxation of the control limits was achieved by considering faults only the 
observations that cross the control limits in more than 5% of the time instants. In this way all 
the false positives in SPEI where properly classified as successful tests except observations 
81 and 90. No further improvement was possible for Hotelling T2 control charts since 
lowering the UCL to include the false negatives raises new false positives. This lower 
detection ability of T2 control charts, when dealing with data from batch processes, has 
already been reported in the literature and is basically due to the strong auto-correlation in 
the data [11]. 

 

Fig. 1: Image preprocessing and segmentation. 
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Fig. 2: Pirani Baratron ratio and temperature trajectories 
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Fig. 4: Control charts for observation 5 (black line) and 21(signaling only in SPEI, green line) and 
75 (signaling in SPEI an T2, blue line). Red line tuned empirical UCLs. 

169

http://creativecommons.org/licenses/by-nc-nd/4.0/


Application of Multivariate Image Analysis to Thermal Images for on-line Monitoring of the Freeze-Drying 
Process 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 
 

 

 

4. Conclusions 

In this work MIA techniques have been applied to thermal images of the VFD process and a 
PAT for real time monitoring have been developed and successfully tested. The sensor, using 
an infrared camera, is completely non-invasive and have no side-effects on the process 
kinetics. This technology proved to be quite sensitive being able to discriminate the slight 
effect on the product of either a thermocouple inserted into some vials or chamber walls 
radiation. Future works will aim to prove the possibility to use this PAT and the infrared 
imaging technology for process control and optimization purposes. 
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Abstract 
Drying is a complex, dynamic, unsteady and nonlinear process that, when not 
optimized on a system level, may be responsible for (1) significant quality 
degradation and (2) energy wastage. Consequently, new drying technologies 
must be designed combining non-invasive at-/on-/in-line advanced 
measurement and control systems with models cross-linking all relevant 
aspects of product quality changes and heat and mass transfer phenomena.  

This paper presents preliminary results on the use of RGB imaging, NIR 
spectroscopy and Vis-NIR hyperspectral imaging for real-time monitoring of 
physicochemical changes of apples and carrots during drying. 
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1. Introduction 

Commercial drying of apple and carrot produce is generally conducted according to drying 
strategies developed decades ago. These strategies operate to a large degree based on strict 
control of the characteristics of raw material at the input stage. This strict sorting, however, 
results in a significant proportion of produce being wasted prior to any processing. This 
coarse sorting at the input stage, however, does not guarantee that, after the set drying 
process, the entire produce will be of the same quality or will even fulfill the minimum 
quality required by consumers. In recent years, the organic sector has put significant efforts 
into the development of clear definitions for gentle and quality oriented ways of processing 
plant based foodstuffs to supplement existing regulations and guarantee premium quality of 
the product whilst reducing resource depletion [1]. 

The use of non-invasive measurement and control systems have shown a great potential for 
improvement of the product quality [2]. Simple solutions can readily be implemented into 
existing processes (e.g. dynamic control of product temperature [3]), while integration of 
advanced solutions is not possible nor financially viable in practice. Thus, there is a need 
for smart processing systems which allow for simultaneous multi-factor control (i.e. air 
temperature, velocity, humidity) to guarantee high-value end products, while enhancing 
energy demand and resource efficiency, by implementing innovative and reliable 
microcontrollers, sensors, resources, tools and practices at low cost and embracing various 
R&D areas (e.g. computer vision, hyper-/multispectral imaging, deep learning, etc.) [4]. 

Aim of this study was, therefore, the development of non-invasive measurement systems 
based on RGB imaging, Vis/NIR Hyperspectral imaging and NIR spectroscopy in 
combination with analysis algorithms to determine colour development, water content and 
chemical components throughout the drying process. These technologies and techniques are 
essential to provide inputs for the development of product quality driven adaptive control 
systems for drying. Eventually, these systems are intended to be transferred to simpler 
solutions and integrated into smart control systems for product quality oriented drying. 

2. Materials and Methods 

2.1 RGB imaging study on apples 

Organic apples var. Red Delicious with the origine Italy were sourced from a local supplier 
(Trondheim, Norway) and stored at 8°C until processing. For the trials slices of 5 mm were 
cut. Core and skin were not removed.  

Drying experiments were conducted at 20 and 40 °C with relative air humidities of 25, 40 
and 60 % using an experimental drying chamber built at SINTEF. The chamber was 
equipped with a camera system, including an LED barlight for illumination. Details on the 
experimental set-up and conduction of trials are presented by Bantle [5]. 
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Analysis of optical alterations was conducted using the OpenCV libraries for image 
processing, using images taken every 5 minutes during the drying tests. RGB values were 
transformed into CIE-XYZ color space according to the ISO Standrad 13655 and then 
further processed to receive the CIE-L*a*b values. A detailed procedure is given by Bantle 
et al. [5]. 

2.2 Vis/NIR Hyperspectral imaging study on apples 

Apples var. Golden Delicious were sourced from a local retailer (Witzenhausen) and stored 
at room temperature until use. The apples were de-cored and sliced to 5mm thickness and 
cut to a uniform outer diameter of 65mm. Drying was conducted in a hot air convection 
oven at 50°C. 

Drying tests were conducted using a convective air cabinet dryer (HT-Mini, Innotech 
Ingenieurgesellschaft mbH, Altdorf, Germany) at 50 and 70°C. Measurement protocols 
followed those described by Crichton et al. [6].  

Samples were imaged using a Specim V10E PFD hyperspectral camera (Schneider Optics 
Xenoplan 1.9/35) in conjunction with a linear translation stage (Specim Spectral Imaging 
Ltd., Finland). Three 60W halogen GU10 bulbs were used for illumination. A detailed 
description of the image processing moisture content prediction protocols followed is given 
by Crichton et al. [6].  

2.3 Near infrared spectroscopy study on carrots and apples 

Organic carrots (Daucus carota L., var. Romance) and apples (Malus domestica B. var. 
Gala) were purchased and immediately stored at 4 ± 1 °C until processing. Carrot slices and 
apple wedges were prepared by washing and cutting samples using a sharp ceramic knife. 
The slices and wedges were subjected to 8-h hot-air drying and batch sampling was 
performed at every hour of drying. The dehydration process was conducted at 40°C (carrot) 
and 60°C (apple). Samples were divided into two groups, one of which was subjected to a 
blanching pre-treatment before hot-air drying and one that was dried without pre-treatment 
(i.e. hot-water blanching at 95°C for 1.45 min for carrots and microwave blanching at 
850W for 45 sec for apples). Each batch was subjected to both NIR spectral data 
acquisition and determination of CIELab colour, moisture content (wet basis), water 
activity (aw), soluble solids content and total carotenoid content (carrot only). 

Absorbance spectra were acquired using a spectrophotometer mod. Luminar 5030 
(Brimrose Corp., Baltimore, USA) (range 1100-2300 nm, 2-nm resolution). Each sample 
was measured in duplicate on two opposite sides of each slice/wedge (i.e. 4 spectra per 
sample). 

Chemometric analysis was performed following spectral pre-treatments including Standard 
Normal Variate, Multiplicative Scatter Correction, Savitzky-Golay first and second 
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derivatives with a second or third order polynomial fitted over a window of five, seven, 
nine or eleven features, as well as Mean Centering [7, 8]. 

Regression models were computed using the partial least squares (PLS) regression through 
the SIMPLS algorithm [9]. The samples were randomly split as calibration set (C) and the 
prediction set (P). The venetian blinds cross-validation with 10 data splits was performed. 
Root Mean Square Error (RMSE), BIAS and coefficient of determination (R2) were 
employed as model performance metrics [10]. PLS models were computed to predict 
changes in chemical and physicochemical attributes during 8-h dehydration process. 

3. Results 

3.1 RGB imaging-based analysis of color changes in apples 

The employed camera system and associated developed codes allowed for the reliable real-
time measurement of changes in product quality at the set measurement intervals. Fig. 1 
shows the impact of drying conditions on the resulting changes in the a* and b* values. It is 
evident that all settings led to an increase of both a* and b* values, signifying the change of 
visual appearance of the samples. The most beneficial drying conditions for maintenance of 
the appearance were at 20 °C (T) and 25 % RH.  

The developed real-time monitoring system for color (and shape) changes will make it 
possible to include information of the current color changes in the control consideration of 
a smart drying system. This is of particular importance as consumers tend to judge a 
product’s quality by its visual appearance. 
 

 

Fig 1: Development of CIE-a* as a function of CIE-b* for different drying conditions, tempertures 
are given as T and relative humidity as RH in the graph
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Vis/NIR hyperspectral water content determination in apples  

PLSR analyses with the full reflectance spectra were carried out across the complete data 
set. For both conditions PLSR was performed for models varying from 1-20 components 
with 10-fold creation and testing. The 3-component [540 nm, 817 nm, 977 nm] PLSR 
model satisfied the minimal RMSE criterion. Table 1 gives an overview of the results for 
full and reduced spectra. 

Table 1: Performance of moisture content PLSR models 
Full Spectrum Reduced (3-wavelength set)

Setting (°C) Calibration Test Calibration Test

r2 RMSE (g/g) r2 RMSE (g/g) r2 RMSE (g/g) r2 RMSE (g/g)

[M.C. %] [M.C. %] [M.C. %] [M.C. %]

50 1.00 0.01 [0.12] 1.00 0.11 [1.32] 0.99 0.18 [2.16] 1.00 0.09 [1.08]

70 1.00 0.03 [0.36] 1.00 0.07 [0.84] 1.00 0.18 [2.16] 0.98 0.05 [0.60]  

For the deeper understanding of the drying behavior of foodstuffs in terms of heat and mass 
transfer, and the performance analysis of the applied drying devices, a spatial and temporal 
evaluation of moisture content development during the drying process is intrinsic. Thus, the 
spatial variation of reflectance spectra at different times of the drying process was used to 
visualize the development of moisture content throughout the drying process as well as the 
spatial difference of said moisture content (Fig. 2).  

 

Fig 2: Normalised moisture distribution for apple slices before (left), during (middle) and at the 
end of the drying process. 

Further studies using hyperspectral imaging on apples [11], meat [12] and potatoes [13, 14] 
show similarly promising results. A reduction of the wavelengths needed for detection of 
product features will allow for the transfer to simpler systems, e.g. colour or black and 
white cameras in combination with either selective lighting or band pass filters. This could 
then also be combined with full color detection described above, as well as physical feature 
detection, as described by Bantle et al. [5] if sequential feature detection is implemented. 
This method will in turn open new possibilities for deeper analyisis of the drying process 
and consequentlythe integration of feature analysis into smart drying process control.  
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3.2 Near infrared spectroscopy study on carrots and apples 
3.2.1 Regression models (carrots) 

Poor results (R2 < 0.70) were obtained for the prediction of soluble solids content for the 
unblanched treatment. Conversely, regression models with good (R2 ≥ 0.80), very good (R2 ≥ 
0.90) or excellent (R2 ≥ 0.95) predictability were obtained to monitor changes in soluble solids 
content (only for blanched carrots), aw (Fig. 3a), moisture content (Fig. 3b), total carotenoids 
content (Fig. 3c) and color changes (Fig. 3d) of carrot slices during drying, regardless of 
thermal treatment. Except for the calibration model for color changes, the coefficient of 
determination (R2) was higher than 0.90 for the parameters. Thus, for the test set validation 
with one quarter of the data (randomly selected) RMSEPs ranging from 0.03-0.04 for aw, 
0.03-0.04 for moisture content and 22.62-29.51 for total carotenoids content were obtained. 

 

Fig 3: PLS regression plots of Y-measured (reference) and Y-predicted (NIR) values for water 
activity (column a), moisture (column b), total carotenoids content (column c) and colour changes 
(column d) monitored during 8-h drying in both unblanched (row 1) and blanched (row 2) carrots. 

PLS regression plots refer to models based obtained from the full spectrum. 
 

3.2.2 Regression models (apples) 

PLS regression models with good or excellent predictability were obtained to monitor 
changes in aw (Fig. 4a), moisture content (Fig. 4b), chroma (Fig. 4c) and SSC (Fig. 4d) of 
apples wedges during drying, regardless of  type of  thermal treatment. Except for the 
calibration model for chroma, the coefficient of determination (R2) was higher than 0.96 for 
all the aforementioned quality parameters. Thus, for the test set validation with one quarter 
of the data (randomly selected) RMSEPs ranging from 0.03-0.04 for aw, 0.04-0.05 for 
moisture content and 4.54-4.99 for SSC were obtained. The latter performance parameter 
was comparable with both calibration and cross-validation results. 
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Fig 4: PLS regression plots of Y-measured (reference) and Y-predicted (NIR) values for water 
activity (column a), moisture (column b), chroma (column c) soluble solids content (column d) 
monitored during 8-h drying in both control (row 1) and microwave (row 2) treated apples. PLS 

regression plots refer to models based obtained from the full spectrum. 
 

4 Conclusions 

In this study, the potential of single-point NIR spectroscopy, Vis/NIR hyperspectral 
imaging and RGB imaging was evaluated to proactively and non-destructively detect and 
monitor changes in quality parameters (i.e. water activity, moisture content, total 
carotenoids content, colours and SSC) of both apples and carrots. For this purpose, 
regression and classification models were successfully developed obtaining either very 
good or excellent results in terms of R2 and RMSE. These promising results encourage 
additional research to develop low-cost dynamic multi factorial process control strategies 
(based on a Quality by Design approach) using machine learning architectures to produce 
quality dried products while reducing the environmental impact of the drying processes. 
Future research should include features not covered by the instrumentation used for this 
study, increasing the light-beam intensity, and/or combining other chemometric methods, as 
these could improve the performance of the measurement systems and, thus, the robustness 
of the smart-drying system under development. 
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Abstract 
A mathematical model that simulates atmospheric freeze-drying for apple 
slices was developed based on the classical mass and heat balance equations. 
When operated above the glass transition temperature, product shrinkage and 
micro-collapse due to the glass-rubber transition occurred. So, instead of 
assuming formation of dried and frozen zones, a glassy matrix with particular 
vapor pressure was assumed. Apparent vapor pressure of apple slices in the 
glassy state was experimentally measured and summarized in a diagram, and 
the values in this diagram were employed for the simulation. This approach 
well predicted drying kinetics with reasonable accuracy with simplified 
equations. 

 

Keywords: atmospheric freeze-drying; food; mathematical model; glassy state 
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1. Introduction 

Freeze-drying is known as one of the best drying methods in terms of preservation of product 
qualities. Vacuum freeze-drying (VFD) process is widely implemented in food and 
pharmaceutical industries, and variations of products are commercialized. Atmospheric 
freeze-drying (AFD) is basically equivalent to vacuum freeze-drying, where the ice 
sublimation is the major dehydration mechanism. The water vapor pressure difference 
between the frozen zone and the ambient gas is the driving force of the mass transfer. In order 
to operate drying at below sub-zero temperature, the air humidity must be low at appropriate 
level. A heat-pump system is commonly used to make low humidity air. The condenser 
temperature of the heat-pump unit is necessarily set lower than the product temperature 
during drying, and the dehumidified air must properly be heated up to realize appropriate 
drying rate. Numbers of studies on AFD process were motivated to optimize this heat-pump 
drying system in terms of the energy consumption and drying rate.[1-4]  

Drying temperature (air temperature) applied for AFD is usually at around –10 to 0ºC. So, 
the product temperature during drying, that could be several degrees lower than the drying 
temperature depending on the drying rate, is much higher than the case of VFD. When drying 
agricultural products, a typical AFD run places the products above their glass transition 
temperatures (T’g). For example, the T’g value of strawberry ranges from –33 to –41ºC, that 
of apple is at around –42ºC, and peach at around –36ºC.[5] Considering that the drying rate is 
not rapid as the case of a hot air drying, product temperature could be several degree below 
the air temperature that is far above the glass transition temperature. At this temperature, the 
product deformation such as shrinkage and/or micro-collapse occur as a consequence of the 
glass-rubber/ glass-liquid transitions. In such cases, the dried cake layer, that commonly 
forms during a typical freeze-drying run, does not clearly separate from the frozen zone. In 
order to simulate this drying system, it is necessary to develop a model that is different from 
commonly employed two zone models consisted with frozen and dry zones.  

In this study, mathematical model that simulates atmospheric freeze-drying for apple slices 
was developed. This study was targeted for an atmospheric freeze-drying process operated 
far over the glass transition temperature of the products, where we must admit the product 
deformation such as shrinkage and micro-collapse due to glass-rubber transition.  

2. Mathematical Model 

A product placed in the atmospheric freeze-dryer is dried by convective air. A product (i.e. a 
slice of apple) has porous structures derived from cellular microstructures. The external and 
some parts of the inner pore surfaces contact to the external air flow. Whereas, the other parts 
of the surfaces contribute to the convection with the internal air flow (Fig. 1). The surface 
that contributes to the internal convection is written with the total product surface, namely: 
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𝐴𝐴in = γ𝐴𝐴total         (1) 

Here, γ is the coefficient that gives the surface that is not influenced by the convective air. 
The surface that effectively contributes to the external convection can be written as: 

𝐴𝐴eff = (1 − γ)𝐴𝐴total         (2) 

The mass transfer equation of the vaporized water vapor can be written with the mass transfer 
coefficients of the external and internal boundary layers, namely: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑃𝑃i

𝑇𝑇i� −𝑃𝑃air 𝑇𝑇air�
1

(1−γ)𝐴𝐴total𝑘𝑘gex� +1 γ𝐴𝐴total𝑘𝑘gin�

𝑀𝑀
𝑅𝑅

      (3) 

The heat transfer equation can be written with the heat transfer coefficients of the external 
and internal boundary layers:  

𝑄𝑄 = 𝑇𝑇i−𝑇𝑇air
1

(1−γ)𝐴𝐴totalℎex� +1 γ𝐴𝐴totalℎin�
       (4) 

Assuming that the system is at a quasi-steady state, the heat flow is balanced with the mass 
flow.  

𝑄𝑄
∆𝐻𝐻� = 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=

𝑃𝑃i
𝑇𝑇i� −𝑃𝑃air 𝑇𝑇air�

1
(1−γ)𝐴𝐴total𝑘𝑘gex� +1 γ𝐴𝐴total𝑘𝑘gin�

𝑀𝑀
𝑅𝑅

= 𝑇𝑇i−𝑇𝑇air
1

(1−γ)𝐴𝐴totalℎex� +1 γ𝐴𝐴totalℎin�
1
∆𝐻𝐻

   (5) 

The solution of this equation provides the value of Ti. The calculation was performed with 
spreadsheet software (Microsoft Excel®) by non-linear regression using solver add-in. It 
should be noted that the water vapor pressure Pi at the temperature Ti was given as a function 
of the moisture content of product as the detail explained in the later section. 

 

 

Fig. 1 Schematic illustration of AFD model. 
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3. Materials and Methods 

3.1. Atmospheric freeze-drying  

The atmospheric freeze-dryer that composed with a condenser and heating devise was set-up 
as schematized in Fig. 2. The condenser temperature was set at around –30ºC, and the out-
gas temperature could be controlled by the heating devise in the range of –20 to 5ºC. The air 
flow rate in the drying room was controlled by an electric fan in the range of 0.1 to 0.5 m/s. 
Four slices of apple (15×15×5 mm) were set in a plastic tray and suspended from a load-cell 
(A&D, Japan). The weight loss during drying was monitored with the load-cell. Apple slices 
were first frozen with the convective air at –30ºC, and then the air temperature was increased 
at a selected heating rate from –10 to 5ºC and the weight loss was recorded with data logging 
system.  

 
Fig. 2 Drying apparatus. 

 
3.2. Ice sublimation test 
The ice sublimation test was conducted in order to determine mass and heat transfer 
coefficients. Distilled water was filled in a plastic tray and frozen in the devise. Weight losses 
were monitored at selected temperature and air velocity settings. The temperature of the 
sublimating ice (Tp) and the sublimation rate (dm/dt) were collected with the selected 
operating conditions. The obtained values were applied to Equation 5 to estimate kgex and hex 
values by applying Ain=0,  Aex=Atotal.  
 
3.3. Measurement of apparent water vapor pressure of apple slice 

The use of apparent water vapor pressure as a function of the temperature and moisture 
content was a key part of this study. The relationship among these parameters were 
determined by the pressure rise test with a specially designed experimental set as illustrated 
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in Fig. 3. An apple slice was first vacuum freeze-dried, and then placed in a desiccator with 
a solution saturated with various salts (LiCl, MgCl2, KNO3 and Mg(NO3)2) in order to 
humidify the dried product. The moisture content of the humidified sample was measured by 
a moisture meter (A&D, Japan), and the other portion was set in the sample room and the 
measurement devise was immersed in a cooling bath of which temperature was set at a 
selected temperature in the range of –30 to 0ºC. The external room that was separated with a 
bellows valves was first evacuated with a rotary type vacuum pump. After stabilizing the 
temperature and pressure, the bellows valve was rapidly opened for 2–3 seconds and 
immediately closed. The pressure rise due to the vaporization was monitored for 1 hour with 
a pirani gauge that was set in the sample room.  

 
Fig. 3 Pressure rise measurement set-up. 

 

4. Results and Discussions 

4.1. Apparent water vapor pressure of apple slices 

Some selected results of the pressure rise test were shown in Fig. 4. One can clearly see that 
the pressure rose just after opening the bellows and stabilized at a certain pressure level. Fig. 
4A shows the dependency of the vapor pressure on the temperature; the pressure, as expected, 
was higher at higher temperature. However, the absolute values of the pressure were 
significantly lower than the equilibrium vapor pressure value of pure water. It means that 
several hours was not enough for the system to reach at an equilibrium state. Fig. 4B 
suggested that the time required for reaching at an equilibrium state was greatly affected by 
the moisture content of the apple slice; the apparent vapor pressure was higher for the sample 
with higher moisture content. The effective vapor pressure that a product shows during drying 
could be the pressure that was measured by the pressure rise test. We thus employed the value 
of the pressure from the pressure rise test at the point of 1 hour, and the values were plotted 
as a function of temperature and solid content (converted from the moisture content value). 
As summarized in a diagram in Fig. 5, this is a key characteristic of the present apple that is 
distinguished from the other products showing different drying kinetics. The solid line in the 
diagram correspond to the glass transition line; the closer the glass transition line, the 
apparent vapor pressure significantly decreases. 
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Fig. 4 Pressure rise of apple slice under sub-zero temperature. 

 

 
Fig. 5 Apparent water vapor pressure contour lines as a function of temperature and solid content. 

 

4.2. Freeze-drying run 

A result of the atmospheric freeze-drying run is shown in Fig. 6. The air flow temperature 
was operated as shown in this figure by the present drying apparatus, and the consequence of 
the weight loss was plotted in the same figure. Air temperature was programmed to increase 
as the progress of drying in order to reduce total drying time. A simulation was carried out 
based on the mathematical model by applying the experimentally obtained air flow 
temperature. The water vapor pressure value, that is dependent on the temperature and 
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moisture content, was estimated from the surface plots shown in Fig. 5 by applying a 
simulated product temperature and moisture content values. The parameters applied for the 
simulation were listed in Table 1. The simulated drying curve is compared in Fig. 6 with the 
experimental curve. It was obvious that the simulation well predicts the experimental drying 
kinetics. The present simulation is based on a mechanistic mathematical model, so it 
simultaneously gives the other important values such as product temperature, mass and heat 
flow rates, etc. The simulated product temperature during drying plotted in Fig. 6 suggested 
that the drying progressed far above the glass transition temperature of apple, so some 
phenomena that may occur in a rubbery system (e.g. shrinkage, micro-collapse) are not 
avoidable in this drying system. The simulation could thus be more accurate by introducing 
a variable drying surface area instead of mean total surface area (Atotal) and mass transfer 
coefficient values (kgin). The air temperature was well programed to realize the driving force 
for heat transfer until the final stage of the drying. This simulation approach would be useful 
to design favorable drying protocol. 

 
Fig. 6 Drying curves; comparison between experimental and simulated curves 

 

Table 1. Parameters for simulation 
Parameter Value Parameter Value 

Atotal [m2] 9.7×10-2 hgex [Wm-2K-1] 49.2 
γ [-] 0.99 hgin [Wm-2K-1] 13.7 
kgex [ms-1] 1.01×10-2 Pair [Pa] 104.9 
kgin [ms-1] 1.47×10-2 R [J mol-1K-1] 8.314 
ΔH [J kg-1] 2.4×106 Tair [K] 253 
M [kg mol-1] 1.8×10-2   
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5. Conclusions 

A mathematical model that simulates atmospheric freeze-drying for sliced fruits was 
developed and applied to apple slice drying. Apparent vapor pressure of the apple slice was 
measured by the pressure rise test and the obtained values were summarized in a diagram. 
The pressure values were dependent on the temperature and moisture content; the closer the 
glass transition line, the apparent vapor pressure significantly decrease. Simulations carried 
out with this diagram well predict drying kinetics with reasonable accuracy with simplified 
equations.  

6. Nomenclature 
Atotal total surface area m2 
γ [-] inner surface ratio - 
kgex mass transfer coefficient ms-1 
kgin mass transfer coefficient ms-1 
ΔH latent heat of vaporization J kg-1 
hgex heat transfer coefficient Wm-2K-1 
hgin heat transfer coefficient Wm-2K-1 
M molar mass of water kg mol-1 
m mass of product kg 
Pair water vapor pressure in the air flow Pa 
Pi water vapor pressure at the drying interface Pa 
Q heat flow J s-1 
R ideal gas constant J mol-1K-1 
Tair temperature of the air flow K 
Ti temperature at the drying interface K 
t time s 
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Abstract 
Food dehydration is one of a main process to preserve meal. In order to 
optimaze a freeze-drying operation a physic model is needed to well describe 
the thermodynamic behaviors involved in this process. In this work, a 
thermographic camera and different physico-chemical determinations are 
used to monitor many phenomena that occur during the lyophilization of 
poultry breast. Finally, a non-continuous irreversible thermodynamic model, 
based on thermal infrared measures and in shrinkage/swelling mechanism, has 
been developed, wich explains the behaviours produced throughout the meat 
freeze-drying process. 

 

Keywords: freeze-drying, thermodynamic model, infrared thermography, 
poultry. 
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1. Introduction 

Lyophilization is a drying process that consists in sublimate ice into vapour, producing water 
desorption, and one possibility can be to bring the product below the triple point (273.16 K 
and 611.73 Pa) of the water state diagram. This process gets very low water activities and 
does not heat the product, which is an advantage when thermolabile compounds are 
present[1,2,3]. Once the product has frozen below its eutectic point and generated vacuum, the 
product begins the elimination of water in two consecutive phases: sublimation and 
evaporation. When the frozen product reaches the vapor pressure, the freezing water fraction 
of the product is sublimated starting from the surface, creating a sublimation front that 
advances towards the center. With the advance of the front, there is a zone that has sublimated 
the freezing water, but still has water adsorbed as liquid phase[4,5]. The steam, coming from 
the front, causes a mechanical drag of the adsorbed water, which removes it and causes its 
desorption by evaporation. 

Considering the importance of dehydration processes to conserve food, it is necessary to 
study them closely. For this, the process can be modeled with equations such as the Gibbs 
free energy, which can describe the thermodynamic behavior of the food throughout the 
process. These equations have been used previously in orange peel[6] and pork meat[7]. The 
water transport its also modeled in pork meat[8] and tomato[9]. Also, another freeze-dried 
products has been modeled like Strawberries[10] or black currant juice[11] as well as generic 
mathematical models[12]. 

Infrared thermography is a technique that allows to predict the temperature along a surface 
by receiving the flow of photons emitted by a body. Therefore, the possibility of monitoring 
the process with this technology gives us the ability to develop kinetic models of drying, 
thanks to the possibility of follow the temperature distribution over a surface, over a period 
of time[13]. 

The aim of this research is the development of a thermodynamic model of freezedrying 
process of poultry meat using infrared thermography. 

 

2. Materials and Methods 

2.1. Experimental procedure 

For the experimental phase, poultry breast samples (Pectoralis major) were used. Cylinders 
of 2 cm in diameter and 2 cm in height were obtained by a punch. The cutting of the cylinders 
was perpendicular to the fibers. Two cylinders were used for each lyophilization and this 
operation was carried out in triplicate. The samples were frozen at -40 °C and introduced into 
the dry chamber of the lyophilizer, at a distance of 1.5 cm between them. During the 
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lyophilization, the temperature of the surface in one of the two chicken cylinders, as well as 
the reference material and the environment was controlled by type K thermocouples. In 
addition, the thermographic camera was introduced inside the lyophilizer for a continuous 
recording of the process. 

In order to characterize the samples, this determinations were made before and after the 
lyophilization: mass, water activity, humidity and volume. In addition, the density of frozen 
and lyophilized product was determined. 

2.2. Physico-chemical measurements 

The mass of the samples was determined with a Mettler Toledo AB304-S balance, with an 
accuracy of ± 0.001 g. The humidity of the sample was obtained following the ISO 1442 
(1997) standard for meat products, drying the samples at 110 ºC and atmospheric pressure 
for 48 hours until reach a constant mass. The water activity was determined with a dew point 
hygrometer Aqualab®, series 3 TE, with an accuracy of ± 0.003. The volume was determined 
by image analysis, using Adobe © Photoshop © CS6 software. The density of frozen and 
lyophilized sample was determined by the pyknometer method. All measurements were made 
in triplicate. 

2.3. Freeze drying operation 

The thermographic camera was placed at 15 cm from the samples, with an angle of 0° and 
focusing the flat surface of the cylindrical samples. A reference material of known emissivity 
(ɛ = 0.95) (Optris GmbH, Berlin, Germany) was placed between both samples. 

The control of the temperature during the lyophilization, the inside, the reference material 
and the sample, was carried out with three K-type thermocouples, all of them connected to 
an Agilent 34901A multiplexer (Agilent Technologies, Malaysia); for the automatic 
recording of the measurements, the Agilent data acquisition equipment 34972A (Agilent 
Technologies, Malaysia) was used. The internal pressure control was carried out with the 
lyophilizer's own pressure sensor. 

The lyophilizer used for the experimental was the Lioalfa-6 from Telstar, Germany. With a 
working pressure of 35 to 50 Pa and a cooling circuit at -45 ºC. All the cables and sensors 
necessary for the data collection were introduced in the dry chamber replacing the original 
stopper of the lyophilizer with one of rubber, and filled in with silicone to achieve the 
necessary vacuum. 

2.4. Medida de infrarrojos 

The thermal images were acquired using the Optris PI 160 termographic camera (Optris 
GmbH, Berlin, Germany). It uses a two-dimensional focal plane array with 160x120 pixels, 
a spectral range of 7.5 to 13 μm, a resolution of 0.05 °C and an accuracy of ± 2 %. The camera 
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covers a temperature range of -20 to 900 °C. It has a field of vision of 23°x17° with a 
minimum distance of 2 cm. The camera uses Optris PI Connect software (Optris GmbH, 
Berlin, Germany). 

 

3. Results and discussion 

The temperature values obtained from the thermographic camera are not real, therefore, the 
correction developed by Traffano-Schiffo et al., 2014[7] was applied. 

When the sublimation front advances, it alters the composition of the sample. The areas that 
have already been sublimated reduce their heat transmission because a loss of water, which 
causes a change in trend in the evolution of temperature with respect to time. Figure 1 shows 
this change in trend. So, the sublimation temperature and the process time can be extracted 
for each point of the sample’s profile. 

 

Fig. 1 Evolution of the temperature for different points of the profile over time. 

With the sublimation temperature it is possible to calculate the water activity (aw) using the 
Fontan and Chirife equation (1981) (Eq. 1). 

−ln(aw) = 9.6934 ∙ 10−3 ∙ ∆Tf + 4.761 ∙ 10−6 ∙ ∆Tf2  (1) 

Where: ΔTf = difference between the initial freezing temperature and the the sample (K). 

From this aw and the poultry sorption isotherm at low temperatures, it is possible to obtain 
the non-freezeable water fraction (xw

NF) of the product at the sublimation time. The isotherm 
parameters modeled by GAB are xw0 = 11.009 - 0.4589T + 0.0116T2; C = -3423.2 + 1144T 
– 77.248T2 + 1.4357T3; K = 0.9419 – 0.0034T + 0.0006T2 – 0.00001T3. Substracting to the 
overal water fraction, the non-freezeable water, it is possible to obtain the ice fraction. 
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Once the lyophilization process has begun, sample can be divided in two volumetric areas: 
the sublimated zone (partially dehydrated) and frozen zone, separated by the sublimation 
front (Fig. 2). When the frozen water sublimates, appears a vapour flux from the sublimation 
front to the surface, crossing the sublimated zone and evaporating a part of adsorved water 
by mechanical dragging. Mass of each zone throughout the process has been estimated using 
the volume difference between cylinders and the density of freeze-dried and frozen product. 

 

Fig. 2 Diagram of the different zones and phenomena.  Sublimated area;  Sublimation front; 
 Frozen zone. The limits of the system are highlighted in red, enlarged to the right with the 

molar and energy balances. 

In order to obtain the different mechanism involved in the freezedry process, it is necessary 
to estimate the water flux, using a molar water balance in the sublimated zone (Eq. 2). 

𝐽𝐽𝑣𝑣𝑇𝑇 · 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐽𝐽𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠 · 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 + 𝜕𝜕𝑀𝑀𝑤𝑤
𝑑𝑑𝑑𝑑𝑑𝑑

𝜕𝜕𝑒𝑒·𝑀𝑀𝑟𝑟𝑤𝑤
    (2) 

When the vapor flux comes from the sublimation can be calculated as follows (Eq. 3): 

𝐽𝐽𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑒𝑒𝑤𝑤
𝑓𝑓 ∙𝜌𝜌𝑤𝑤𝑓𝑓∙∆𝑟𝑟

∆𝑒𝑒·𝑀𝑀𝑟𝑟𝑤𝑤
     (3) 

Where: Jv
T = overall vapour flux leaving the system (mol·s-1·m-2); Sext = external surface of 

the cylinder (m2); Jv
sub = sublimated vapour flux (mol·s-1·m-2); Ssub = surface of the 

sublimation front (m2); Mw
des = evaporated water mass (kg); t = process time (s); xwf = freezed 

water mass fraction (kg·kg-1); ρwf = density of frozen water (kg·m-3); Mrw = Molecular water 
mass (18 g·mol-1). The last term of mass balance represents the negative accumulation of 
adsorved water molecules induced by mechanical drag of these molecules by the strong 
vapour streams produced in the sublimation front.  

In order to continue determine the mechanism of water dehydration, the equation 4 that 
describes the free energy variation was applied[14]. 

𝑑𝑑𝑑𝑑 =  −𝑆𝑆𝑑𝑑𝑆𝑆 + 𝑉𝑉𝑑𝑑𝑉𝑉 + 𝐹𝐹𝑑𝑑𝐹𝐹 +  ѱ𝑑𝑑𝑑𝑑 + ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖   (4) 
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Where: SdT = entropic term related to heat flux; VdP = mechanical energies related to the 
variation of pressure; Fdl = mechanical energies related to the elongation force (resistance of 
the tissue to expand); ѱde = effect of the electric field induced by ions; ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖 = sumatory 
of the chemical potentials of the species "i", with the rest of the variables state are constant. 

When the variation of free energy is represented per mole of water, the extended water 
chemical potential is obtained (Eq. 5). 

𝛥𝛥𝜇𝜇𝑤𝑤 =  𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥𝑤𝑤

    (5) 

Where: Δμw = water chemical potential (J·mol-1); ΔG = Gibbs free energy variation (J); Δnw 
= water moles (mol). 

Combining the equations 4 and 5, the equation 6 is obtained, which describes the water 
chemical potential in the system described in figure 2 (sublimated zone) . In this equation, 
the last term is not included, because the desorption caused by the difference between water 
activities in the sample is negligible compared with the entropic term and those of mechanical 
energies. Moreover, ѱde term also is negligible since the sample only presents native ions. 

𝛥𝛥𝜇𝜇𝑤𝑤𝑑𝑑𝑒𝑒𝑠𝑠 = 𝑠𝑠𝑤𝑤∆𝑆𝑆 + 𝑣𝑣𝑤𝑤∆𝑉𝑉 + 𝐹𝐹𝑤𝑤𝑑𝑑𝐹𝐹    (6) 

Where: sw = partial water molar entropy (J·K-1·mol-1); ΔT = gradient of temperature between 
surface and sublimation front (K); ʋw = partial water molar volume (m3·mol-1); ΔP = pressure 
variation (Pa); Fwdl = elongation force (J). It is possible to estimate the entropic and the 
pressure term by using the sublimation temperature and its corresponded sublimation 
pressure obtained from Fig. 2.   

Applying the Onsager relations[14], the water molar flux is related to the water chemical 
potential, working as a driving force for water transport, through the phenomenological 
coefficient (Eq. 7). 

𝐽𝐽𝑤𝑤𝑇𝑇 =  𝐿𝐿𝑤𝑤 ∙ ∆µ𝑤𝑤     (7) 

Where: Jw = water molar flux (mol·s-1·m-2); Lw = phenomenological coefficient (mol2·J-1·s-

1·m-2); Δμw = water chemical potential (J·mol-1). 

From the equation 7 it is possible to calculate the phenomenological coefficient after 200 
min, where value remains constant because the sublimation front is reaching the center and 
the swelling resistance of the tissue is negligible  (Lw = 1.14·10-5 mol2J-1s-1m-2). Therefore, 
applying this value along the treatment it is possible to estimate the elongation term (Fig 3a). 
Using the expansion of the sublimated area, and estimating the ice space loosed in the 
sublimation it is possible to calculate the increment of the porosity (∆ε). Fig. 3b shows the 
relation between the elongation term and the increment of the porosity, where it is possible 
to observe that the swelling process of tissue is proportional to the reduction of the elongation 
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term, reducing the swelling resistance of the tissue reaching its maximum expansion in its 
minimum resistance. 

 

Fig. 3a Elongation term vs process time; 3b Elongation term vs increment of the porosity. 

 

4. Conclusions 

Has been developed a non-continuous irreversible thermodynamic model based in thermal 
infrared measures and in shrinkage/swelling mechanism that explains the behaviours 
produced throughout the meat freeze-drying process. 
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Abstract 
This study models the internal fluid flow from the center to the edge of a rotary 
atomizer wheel, the flow out of the atomizer, including the film, rivulet and 
ligament formation, as well as the subsequent atomization process associated 
with the atomizer outflow using computational fluid dynamics with a volume 
of fluid approach. 

The model shows how fluid exits through the overflow and not through the 
bushing at high inlet fluxes and can reproduce experimental results of power 
consumption. Furthermore, the drop-size distribution at a given distance from 
the bushing exit is in good agreement with experimental results.          

Keywords: Spray drying; Rotary Atomizer; CFD; Droplet size; Volume of 
Fluid. 
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1. Introduction 

Feed atomization is one of the most important process steps in spray drying. In the chemical 
industry, rotary atomizers are often used because they are flexible, can handle abrasive 
materials and operate at very large capacities. Although development of atomizer wheels is 
usually based on a trial and error approach current designs are very advanced. New tools, like 
tailored computer simulations, are therefore needed to design a new and significantly 
improved generation of atomization wheels. These wheels will reduce atomizer power 
consumption, suffer less wear and can operate at higher capacity while avoiding overflow as 
described below. All this while improving the droplet size distribution which is the most 
important output from the atomizer. The size distribution influences every downstream 
aspect of the powder production process, ranging from drying chamber depositions to 
cyclone and bag filter efficiency and further on to packing, and of course, final powder 
characteristics and properties [1,2].  

The fluid flows into the rotary wheel nearly at the center, from here the fluid enters narrow 
channels or bushings. From the entrance into the bushings to the exit of the atomizer the fluid 
and the air is accelerated towards the exit due to the centrifugal force and is at the same 
subject to a substantial Coriolis force. In addition, there are internal forces within the fluids 
e.g., surface tension and viscous forces. The combination of these forces and the complex 
geometry makes understanding of the fluid flow within a rotary atomizer extremely difficult.  

Computational Fluid Dynamics (CFD) as a numerical method for solving the equations of 
motion gives an opportunity to directly simulate the flow under various operating conditions 
and various geometries. This will be the focus of this paper and will be thoroughly elaborated 
in the next section. Previous studies where CFD is used to model various aspects of spray 
drying includes [3,4,5,6]. 

The results obtained from this study is then compared to existing in-house atomization 
experiments where the power usage and droplet size distribution are measured. Furthermore, 
it should be noted that this study is a continuation of previous studies [7,8,9,10]. Here 
information about the method used in the experiments, that are referred to in this study, can 
be found.  

2. Materials and Methods 

Albeit, several different wheels have been modelled, and results will be presented 
accordingly. We will, in this paper, only present the CFD-model for one geometry.  We will, 
however, present results for other geometries since these have been simulated in a similar 
way. The differences in geometry for the rotary atomizer wheels presented in this paper 
consists of different diameters of the rotary wheel, different number of bushings in the rotary 
wheel, as well as slight deviations in the geometry of the cavity of the wheel.  
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One of the wheels modelled consists of eight bushings equally distributed over the 
circumference of the wheel. Hence, symmetry considerations allow us to model a subdomain 
of the wheel, i.e., θ∈ [-π/8: π/8] with a bushing at the center of the domain, i.e., θ=0, where 
θ represents an angle (rad).  

 

Fig. 1 Illustration of the geometry of the simulated part of a wheel. Indicated by numbers and 
arrows are 1) inlet, 2) overflow, 3) cavity, 4) bushing 5) exit. Notice, how water enters through the 

inlet and exits through the overflow and the bushing. 

In Fig. 1 the geometry of the modelled domain is shown. The modelled domain consists of 
the inlet, the wheels cavity of the wheel, the bushing, the ‘overflow area’ and the outside of 
the bushing, i.e., the drying chamber.  

To give realistic flow distributions to the inlet, the flow in the liquid distributor prior to the 
inlet has, although not shown in this paper, been modelled for different feed rates. The 
solution to these prior investigations have been used as boundary conditions for the inlet 
flow.   

Under normal operating conditions the fluid will move from the inlet through the cavity of 
the wheel, through the bushing and out into the drying chamber. Under abnormal operating 
conditions, i.e., very high values of the feed rate, part of the fluid will exit the wheel through 
the overflow. In the small part of the drying chamber included in this model, the breakup of 
the exiting jet and thin film annulus is modelled. Here the resulting drops are accounted for 
and the size distribution a size distribution is calculated.  

All simulations presented in this study have been performed using ANSYS Fluent with a 
volume of fluid (VOF) approach.  

2.1 Governing equations 
The governing equations for fluid and the air are the Navier-Stokes equation and continuity 
equation of fluid and air where subscript 𝑗𝑗 represents one of the fluid phases air (a) or water 
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(w) and 𝜀𝜀, is the fraction of component j. Note that there are only two phases – hence, 𝜀𝜀𝑎𝑎 +
𝜀𝜀𝑤𝑤 = 1.     

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜀𝜀𝑗𝑗𝜌𝜌𝑗𝑗� + ∇ ∙ �𝜀𝜀𝑗𝑗𝜌𝜌𝑗𝑗𝒖𝒖� = 0 (1) 

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜀𝜀𝑗𝑗𝜌𝜌𝑗𝑗𝒖𝒖� + ∇ ∙ �𝜀𝜀𝑗𝑗𝜌𝜌𝑗𝑗𝒖𝒖𝒖𝒖� = −𝜀𝜀𝑗𝑗∇𝑝𝑝 + ∇ ∙ �𝜀𝜀𝑗𝑗𝝉𝝉𝑗𝑗� + 𝜀𝜀𝑗𝑗𝜌𝜌𝑗𝑗𝒈𝒈 + 𝒇𝒇. (2) 

Here, 𝒖𝒖, is the velocity field (m/s), 𝜌𝜌, is the density (kg/m3), 𝜀𝜀, is the volume, 𝑝𝑝 is the pressure 
(Pa) and 𝒈𝒈, is the gravitational acceleration (m/s2) and 𝒇𝒇 (N/m3) represents forces per unit 
volume, not accounted for by the motion of the fluid, i.e., centrifugal force, surface tension 
and the Coriolis force. Here, the stress tensor, 𝝉𝝉𝑗𝑗, is given by 

𝝉𝝉𝑗𝑗 = 𝜇𝜇𝑗𝑗 �[∇𝒖𝒖 + ∇𝒖𝒖𝑇𝑇] −
2
3

(∇ ∙ 𝒖𝒖)𝑰𝑰� , (3) 

where, 𝜇𝜇, is the viscosity (Pa∙s) and 𝑰𝑰 represents the unit matrix. Note that the water is 
modelled as incompressible whereas the air is compressible. Turbulence is modelled with a 
RANS (k, ω) model.  

2.2 Boundary conditions 
2.2.1 Walls 
On the walls we impose a no flux condition in direction of the normal vector and a no-slip 
condition in tangential direction. I.e., there is no transport of fluid through solid walls and the 
relative velocity between the fluid and a solid wall is zero.  

2.2.2 Outlet 
At the surface of the domain where the fluid exits into the drying chamber a zero gauge 
pressure boundary condition is imposed. 

2.2.3 Periodic boundary conditions 
At all boundaries normal in the direction of the rotation has a periodic boundary, i.e., what 
exits on one side enters on the other. Hence, 

𝛼𝛼 �𝑟𝑟,−
𝜃𝜃
8

, 𝑧𝑧� = 𝛼𝛼 �𝑟𝑟,
𝜃𝜃
8

, 𝑧𝑧� . (4) 

Here 𝛼𝛼 represents conserved properties, i.e., velocity field, 𝒖𝒖, the pressure, 𝑝𝑝, the volume of 
fluid fractions, 𝜀𝜀𝑓𝑓, as well as the turbulence parameters 𝑘𝑘 and 𝜔𝜔. 

198

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Joensen, T.; Kuhnhenn, M.; Vinther, F.; Reck, M.; Tropea, C. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

2.2.4 Inlet 
As mentioned the velocity field at the inlet for different volumetric inlet fluxes, �̇�𝑉 (m3/s) and 
different geometries, Ω, has been determined in a previous study. The velocity field, 𝒗𝒗 (m/s) 
at the inlet for different feed flows are used as a boundary condition at the inlet. Hence, 

𝒖𝒖𝑖𝑖 = 𝒗𝒗𝑖𝑖��̇�𝑉,Ω�. (5)
2.3 Mesh  

The mesh used is a swept mesh with the special ability of adapting size according to the 
gradient of volume of fluid, i.e., the mesh has small elements in the interface between fluid 
and air. This adaptive mesh ensures that the resolution of the air-water interface improved 
without compromising the simulation time. An illustration of the mesh and the size adaption 
is shown in Fig. 2.  

 

Fig. 2 Illustration of the mesh as well as how the mesh is refined depending on the VOF-gradient. 
The red part of the figure represents water and the blue is air. 

2.4 Drop size calculations 
To estimate the drop size in the simulations, a virtual surface is included at a given distance 
from the bushing exit. The volume of fluid droplets that passes through this virtual surface is 
then directly related to the volume of a sphere and the radius is calculated accordingly. The 
observation of droplets passing through the virtual surface is collected for enough time to 
give a reasonable size distribution.    

3. Results and discussions 

As mentioned in the introduction the results from the CFD-simulations are compared to 
experimental results. Firstly, we shall relate the findings from the simulations to experimental 
power consumptions. Secondly, we shall relate the droplet size distribution from the 
simulations to experimental results. 

3.1 Power consumption and wheel capacity  
The equation governing the power consumption is given by, 

𝑃𝑃 = �̇�𝑚𝑏𝑏(𝜔𝜔𝑅𝑅𝑏𝑏)2 = ��̇�𝑚𝑓𝑓 − �̇�𝑚𝑜𝑜�(𝜔𝜔𝑅𝑅𝑏𝑏)2. (6) 
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Here, 𝑃𝑃 is the power (W), �̇�𝑚𝑏𝑏, is the liquid mass-flux (kg/s) through the bushing, 𝜔𝜔 is the 
angular velocity (rad/s), 𝑅𝑅𝑏𝑏 (m) is the radius at the bushing exit, �̇�𝑚𝑓𝑓 is the mass-flux of feed 
(kg/s) and, �̇�𝑚𝑜𝑜 is the mass-flux of liquid through the overflow (kg/s). Hence, a linear 
dependency of power versus inlet flux is expected if no fluid passes through the overflow, 
i.e., �̇�𝑚𝑜𝑜 = 0. Furthermore, a larger power consumption is needed for larger angular velocities 
of the rotary atomizer. Trivially, the linear dependence between power and feed flow ceases 
to exist when fluid passes through the overflow – which will happen at a sufficiently high 
inlet-fluxes. 

It is, however, not trivial that simulations from CFD and experiments performed on the 
wheels simulated are able to produce overflow for the same values of the influx.  

The power distribution is a function of inlet flux, both experimental and from simulations, 
are presented in Fig. 3 for three different angular velocities. As seen there is a good agreement 
between experiment and simulations. For small values of the inlet flux there is a linear 
tendency between power consumption and inlet flux. Increasing the inlet flux even further 
causes a higher fraction of the fluid to pass through the ‘overflow’ inducing a larger deviation 
from the straight line. 

 
Fig. 3 Power consumption as a function of feed-rate for CFD simulations and experimental data 

for three different RPM – increasing from bottom to top. 

It can also be seen from Fig. 3 that the critical inlet flux is increasing for increasing angular 
velocity of the wheel. This is expected due to the larger acceleration of the fluid in radial 
direction due to an increase in centrifugal force. As seen from the figure there is an excellent 
agreement between the CFD simulations and experiments made on the wheel simulated at 
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corresponding angular velocities. In figure Fig. 1 it is illustrated how fluid passes through the 
overflow during simulations.    

3.2 Prediction of atomization and droplet size distribution 
Experimental results of the drop-size distribution as well as measured drop-size distribution 
from the simulations are shown in Fig. 4. As seen there is a good qualitative agreement 
between the two. The droplet-size depends among other things on the exiting jet from the 
bushing. The exiting jet and breakup from a simulation and experiment are shown in Fig. 5. 

 

Fig. 4 Droplet size distribution from CFD simulations and experimental results measured at 110 
mm from the bushing exit at an angular velocity of 29000 RPM. 

 

Fig. 5 Snapshot from the CFD-simulations (left) and experiment (right) of the breakup of the thin 
film and exiting jet into droplets. 

The ability to reproduce experimental results serves as a validation of the model. This 
validation is a first step for future research, where extraction of valuable information, e.g., 
total wall shear stress, mixing, rivulet height, film thickness for different fluids and different 
operating conditions. This in return allows for topology optimization, power consumption 
and essentially optimized conditions for drying and end-product.  

The inclusion of CFD in our production line allow us to design new geometries for rotary 
wheels, and operate them at optimal feed rates and angular velocities in terms of power 
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consumption. Furthermore, the ability to estimate the droplet size distribution for any given 
fluid makes it possible to give optimal conditions for the final product. Hence, enables us to 
produce tailor made solutions for a given product and increasing value for industry.    

4. Conclusions 

The CFD model presented in this study gives valuable insight in the fluid flow and interaction 
between fluid and air in a rotary atomizer. The model can reproduce experimental results for 
power consumption and droplet size-distribution.  
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Abstract 
CFD-DEM approach is applied to investigate circulation motion of particles 
in a mono-disperse system under both dry and wetting conditions. Good 
agreement between simulation results and measurement data is observed, in 
terms of cycle time and residence time in dry condition. The deposition of 
droplets on the particle surface is modeled by a Monte Carlo approach. The 
influence of cohesion forces on the macroscopic particle circulation is 
discussed. In addition, information about coating coverage, the layer thickness 
and particle size distribution can be predicted by this integrating approach. 

 

Keywords: CFD-DEM; Wurster coater; Monte Carlo; cohesion force; 
residence time. 
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1. Introduction 

Particle coating is widely applied in pharmaceutical, food and fertilizer industry. The Wurster 
coater can be used as a batch or a continuous fluidized bed to precisely control the quality of 
the coated product [1]. The entire coating process is considerably complex, caused by a large 
number of sub-processes, including wetting, drying and film formation; and by the presence 
of different zones with different controlling parameters (such as gas velocity, gas 
temperature, and spray rate), as shown in Fig. 1. The enhanced understanding of particle 
dynamics in different zones is significant to optimize drying kinetics that governs particle 
formation in coating.  

 
Fig. 1 Modeling of particle behavior by CFD-DEM for particle motion integrating Monte Carlo 

for droplet deposition (The Wurster coater is divided into 5 process zones; and the droplet 
deposition takes place in the region marked by the light blue rectangle). 

The circulation motion of particles under dry conditions has been investigated in experiments 
and simulations [2, 3]. However, published studies of the influence of cohesion forces 
existing in spray zone on the circulation motion are very limited. In this study, computational 
fluid dynamics-discrete element method (CFD-DEM) was used to investigate the particle 
motion in the Wurster coater, under both dry and wetting conditions. The influence of 
cohesion forces, relating to wetting properties and process parameters, on the residence time 
and the cycle time are discussed based on the analysis of all individual particle trajectories. 
For the prediction of particle size, a two-zone population balance modeling is usually used 
to predict the growth of particles during the coating process. In this work, the event of droplet 
deposition modeled by a Monte Carlo approach [4] was integrated with the particle motion 
predicted by the CFD-DEM approach, which creates a relatively cost-effective multiscale 
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numerical method to predict particle size distribution and coating coverage during the coating 
process. The effect of cohesion forces in the Wurster tube on particle size distributions for 
different process times is discussed. 

2. Methodology 

2.1 CFD-DEM approach 

The CFD-DEM approach has been widely applied to investigate the complex granular flow 
in chemical applications. The CFD-DEM approach can capture the macroscopic particle 
dynamics in the multiphase flow, simultaneously providing an insight into behavior of 
individual particle scale including particle-particle interactions, as shown in Fig. 1. The open 
source code OpenFoam+LiGGGHTS (CFDEM®project) was used for this study. The 
detailed governing equations of solid and gas phase, Gidaspow drag model, Hertz soft sphere 
contact model and rolling model can be found in our previous works [3, 5]. 

 
Fig. 2 Flow chart of the Monte Carlo integrated with CFD-DEM including required random 

numbers (𝑁𝑁𝑝𝑝,𝑚𝑚 is the number of particles in the Monte Carlo domain). 

2.2 Cohesion model 

The capillary force and viscosity force have been implemented into the DEM code [6]. The 
equation for calculating the capillary force 𝐹𝐹𝑐𝑐 (N) of a specific particle-pair geometry was 
obtained by fitting the set of discrete solutions of the Laplace equation, expressed as: 

𝐹𝐹𝑐𝑐 = 𝜋𝜋𝜋𝜋�𝑅𝑅𝑖𝑖𝑅𝑅𝑗𝑗 �𝐶𝐶 + 𝑒𝑒𝑒𝑒𝑒𝑒 �𝐴𝐴
𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

max (𝑅𝑅𝑖𝑖,𝑅𝑅𝑗𝑗)
+ 𝐵𝐵��, (1) 

where 𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑗𝑗 are radii of two particles (m), 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the inter-particle distance (m), and 𝜋𝜋 
is the surface tension of lqiud (N/m). The coefficients 𝐴𝐴, 𝐵𝐵 and 𝐶𝐶 are functions of liquid 
volume 𝑉𝑉𝑙𝑙 (m3), contact angle θ (radians) and larger particle radius 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑒𝑒 (𝑅𝑅𝑖𝑖 ,𝑅𝑅𝑗𝑗) [6]. 
The liquid volume between two particles is assumed to be evenly distributed when the inter-
particle distance is larger than the rupture distance 𝐷𝐷𝑖𝑖 = (1 + 0.5𝜃𝜃) ⋅ 𝑉𝑉𝑙𝑙

1/3 (m).   

207

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Modeling of Particle Behavior in a Wurster Fluidized Bed: Coupling CFD-DEM with Monte Carlo 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

The viscosity force 𝐹𝐹𝑣𝑣 (N) can be calculated as: 

𝐹𝐹𝑣𝑣,𝑖𝑖 = 6𝜋𝜋𝜋𝜋𝑅𝑅∗𝑣𝑣𝑖𝑖
𝑅𝑅∗

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
, 𝐹𝐹𝑣𝑣,𝑖𝑖 = 6𝜋𝜋𝜋𝜋𝑅𝑅∗𝑣𝑣𝑖𝑖 �

8
15

𝑙𝑙𝑙𝑙
𝑅𝑅∗

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
+ 0.9588�, (2) 

where 𝜋𝜋 is the fluid dynamic viscosity (Pa·s), 𝑅𝑅∗ = 𝑅𝑅𝑖𝑖𝑅𝑅𝑗𝑗/(𝑅𝑅𝑖𝑖 + 𝑅𝑅𝑗𝑗) is the equivalent radius; 
and 𝑣𝑣𝑖𝑖 and 𝑣𝑣𝑖𝑖 are relative velocity of two particles in normal and tangential directions (m/s), 
respectively. The capillary force and viscosity force are included into Newton’s law of 
motion for individual particle. Note that these two forces only exist in the Wurster tube and 
wall boundaries are assumed in dry condition. 

2.3 Monte Carlo approach 

According to the geometry of spray zone, the simulation domain for Monte Carlo is the 
cylinder with the height of 75 mm and the radius of the Wurster tube, and the bottom of the 
domain is aligned with the tip of the spray nozzle, as shown in Fig. 1. The particles in the 
Monte Carlo domain were determined by the CFD-DEM data. The overview of the Monte 
Carlo integrated with CFD-DEM is given in Fig. 2. In each Monte Carlo time step ∆𝑡𝑡𝑚𝑚, one 
droplet deposition  event  is guaranteed to happen in the Monte Carlo domain. The time step 
can be calculated from the number flow rate of droplets injecting into the system, expressed 
as: 

∆𝑡𝑡𝑚𝑚 = −(
6�̇�𝑀

𝜋𝜋𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑3
)−1 ln 𝑟𝑟1, (3) 

where �̇�𝑀 is the mass flow rate of solution and 𝑟𝑟1 is a uniformly distributed random number 
for the interval (0,1). The droplet diameter is constant. Once the total Monte Carlo process 
time 𝑡𝑡𝑚𝑚 exceeds 0.01 s, CFD-DEM simulation was advanced for 0.01 s and number of 
particles in the Monte Carlo domain 𝑁𝑁𝑝𝑝,𝑚𝑚 was updated based on new CFD-DEM data. 

To evaluate the individual droplet deposition, two more random numbers are required: 𝑟𝑟2 to 
pick up the particle from the domain and 𝑟𝑟3 to choose deposition position on the single 
particle surface. In current work, each particle in the domain has the same possibility to 
receive the droplets.  Based on the work of Rieck et al. [4], the number of positions (with 
same size) per particle 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 is calculated by 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑑𝑑𝑝𝑝2/𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖𝑚𝑚𝑐𝑐𝑖𝑖2 . The diameter 𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖𝑚𝑚𝑖𝑖  is the 
diameter of contact area, which depends on the contact angle and droplet volume. 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 was 
rounded to an integer value in the code. Each position can have four statuses labeled by four 
numbers in the model: 1) no droplet (initial), 2) with wetting droplet, 3) with dry droplet and 
4) no droplet (new). In cases of label 1, 3 and 4, the droplet deposition event can occur. If a 
wetted position (2) is selected, a new random number 𝑟𝑟3 is generated until the requirement 
of deposition is satisfied.  

The criterion for determining dry or wet position is related to the drying process of the 
deposited droplet, expressed as: 
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Table 1. Summary of the setup for CFD-DEM integrating with Monte Carlo 
Parameters Value Unit 

Particle phase (DEM) 
Particle diameter 𝑑𝑑𝑝𝑝,0 1.75 mm 
Particle density 𝜌𝜌𝑑𝑑 1420 kg/m3 
Particle number 50 000 - 

Gas phase (CFD) 
Gas density 𝜌𝜌𝑔𝑔 1.2 kg/m3 
Dynamic viscosity 1.84×10-5 Pa·s 
Gas flow rate (fluidization 𝑉𝑉�̇�𝑔/atomization)  80.3/3.5 m3/h 
Gas temperature 50 oC 
Moisture content of fluidization gas 𝑌𝑌𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖  1 g/kg 

Liquid phase (Monte Carlo) 
Droplet diameter 𝑑𝑑𝑑𝑑 50 μm 
Droplet density 𝜌𝜌𝑑𝑑 1000 kg/m3 
Solid density of coating solution 𝜌𝜌𝑝𝑝 1000 kg/m3 
Mass flow rate �̇�𝑀 0.25 kg/h 
Solid mass fraction 𝜖𝜖𝑝𝑝 0.3 - 
Porosity of coating layer 𝜑𝜑𝑝𝑝 0.5 - 
Liquid content 𝛼𝛼𝑙𝑙 0.001  - 
Surface tension 𝜋𝜋 0.072 N/m 
Contact angle θ 30 ° 
Liquid viscosity 𝜋𝜋 10-4 Pa·s 

CFD-DEM simulation parameters 
CFD time step 5×10-5 s 
CFD cell number (structured hexahedral) 81600 - 
DEM time step 10-5 s 
Integrate time Monte Carlo and CFD-DEM 0.01 s 
Simulation time 20 min 

 

𝑡𝑡𝑚𝑚 ≥ 𝑡𝑡𝑑𝑑𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖 + ∆𝑡𝑡𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑔𝑔, (4) 

where 𝑡𝑡𝑑𝑑𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖 is the moment the droplet deposition happens, and ∆𝑡𝑡𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑔𝑔 is the drying 
time of the deposited droplet. Considering the first drying period only, the ∆𝑡𝑡𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑔𝑔 can be 
calculated by [4]: 

∆𝑡𝑡𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖𝑖𝑖𝑔𝑔 =
�1

6𝜋𝜋𝑑𝑑𝑑𝑑
3� ⋅ 𝜌𝜌𝑑𝑑 ⋅ (1 −  𝜖𝜖𝑝𝑝)

𝛽𝛽𝑚𝑚𝐴𝐴𝑑𝑑𝑖𝑖𝑝𝑝𝜌𝜌𝑔𝑔(𝑌𝑌𝑝𝑝𝑚𝑚𝑖𝑖 − 𝑌𝑌)
, (5) 

where 𝛽𝛽 is the mass transfer coefficient (m/s), 𝑌𝑌𝑝𝑝𝑚𝑚𝑖𝑖  is the adiabatic saturation moisture content 
of fluidization gas (g liquid/kg dry gas), and 𝑌𝑌 = 𝑌𝑌𝑖𝑖𝑖𝑖𝑙𝑙𝑖𝑖𝑖𝑖 + �̇�𝑀 ⋅ (1 −  𝜖𝜖𝑝𝑝)/(𝑉𝑉�̇�𝑔 ⋅ 𝜌𝜌𝑔𝑔 ) is the 
moisture content of bulk gas. 𝐴𝐴𝑑𝑑𝑖𝑖𝑝𝑝 is the curved area of deposit droplet in contact with the 
gas (m2), which can be calculated by: 
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𝐴𝐴𝑑𝑑𝑖𝑖𝑝𝑝 =
1
2
𝜋𝜋 ⋅ 𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖𝑚𝑚𝑐𝑐𝑖𝑖2

1 + cos 𝜃𝜃
. (6) 

The thickness of solid layer in single position on particle surface ℎ𝑖𝑖 can be calculated as: 

ℎ𝑖𝑖 = �
𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖3

8
+

3
4

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 ⋅ �
1
6𝜋𝜋𝑑𝑑𝑑𝑑

3� ⋅ 𝜌𝜌𝑑𝑑 ⋅ 𝜖𝜖𝑝𝑝𝜌𝜌𝑝𝑝 ⋅ 𝜑𝜑𝑝𝑝
𝜋𝜋

�

1/3

− 𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖 , (7) 

where 𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖 is the diameter of core particle.  The coating coverage Ψ can be evaluated by: 

Ψ =
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖𝑝𝑝𝑖𝑖 − 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝,𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖𝑝𝑝𝑖𝑖
, (8) 

where 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝.𝑖𝑖𝑝𝑝𝑖𝑖 and 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝.𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖  are total number of positions and number of positions without 
droplet, respectively. With the average coating thickness ℎ𝑚𝑚, the particle diameter can be 
expressed as:  𝑑𝑑𝑝𝑝 = 𝑑𝑑𝑐𝑐𝑝𝑝𝑖𝑖𝑖𝑖 + 2ℎ𝑚𝑚. 

2.4 Simulation setups 

The mesh of Wurster coater was built by O-grid method [3], according to the configuration 
used in PEPT experiments [2]. The initial particle diameter 𝑑𝑑𝑝𝑝,0 is 1.75 mm. All important 
simulation parameters in the sub-models of CFD-DEM integrating with Monte Carlo are 
summarized in Table 1. The coupling interval between DEM and CFD is 100 time steps of 
DEM; and the integrating interval with Monte Carlo is 0.01 s, which is approximately 
2𝑑𝑑𝑝𝑝,0/𝑣𝑣𝑚𝑚 (mean particle velocity in the Wurster tube). 

3. Results and discussion 

3.1 Particle circulation motion 

As shown in Fig. 3, the global circulation of particle from simulation with cohesion forces 
(0.1 %) is very similar to that in dry condition; however, the particles tend to be clustered in 
the Wurster tube. The detailed value of mean cycle time and mean residence time are listed 
in Table 2.  The ideal cycle time and residence time in the Wurster tube were found to be in 
good agreement with PEPT measurement data in dry condition. However, the non-ideal cycle 
was underestimated in the simulation. With the effect of cohesion forces, the ideal cycle time 
and the fractions of ideal cycle are decreased, resulting in the increase of total cycle time. 
The decrease of the fractions of ideal cycle may cause by upwards and downwards motion 
of particle clustering in the Wurster zone. 

3.2 Particle coating 

Figure 4 left) shows the coating coverage of a sample particle after 70 s and the spherical 
particle was mapped into 2D space based on number of deposition positions. The gray level 
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dry condition 

 

𝛼𝛼𝑙𝑙 = 0.1 % 

 
Fig. 3 Influence of cohesion forces on particle motion in the Wurster coater. 

Table 2. Comparison of ideal cycle time, overall cycle time, residence time  

Variable CFD-DEM simulation Measurement [2] 
dry 𝛼𝛼𝑙𝑙 = 0.1% dry 

𝑡𝑡𝑖𝑖𝑐𝑐 [s] 4.98 (52.8) 4.25 (33.5) 4.84 (99.0) 
𝑡𝑡𝑐𝑐 [s] 5.82 (61.5) 6.42 (73.3) 6.14 (89.8) 
𝑟𝑟𝑖𝑖 [%] 78.3 60.2 55.3 
𝑡𝑡𝑖𝑖,𝑖𝑖 [s] 0.96 (33.7) 0.90 (44.6) 1.00 (-) 
𝑡𝑡𝑖𝑖,𝑝𝑝 [s] 0.15 (22.1) 0.14(28.3) - 

∗ 𝑡𝑡𝑖𝑖𝑐𝑐  is mean ideal cycle time, 𝑡𝑡𝑖𝑖𝑐𝑐 is mean total cycle time, 𝑟𝑟𝑖𝑖 is number ratio of ideal cycle, 
𝑡𝑡𝑖𝑖,𝑖𝑖 and 𝑡𝑡𝑖𝑖,𝑖𝑖 are mean residence times in Wurster tube and spray zone; the coefficient of 
variation (CV) is in the brackets. 

 

  
Fig. 4 Coating coverage and layer thickness of sample particle from wetting simulation: left) 

droplet deposition on single particle, right) layer thickness and CV with respect to time. 

represents the number of deposition droplets in each pixel. According to Eq. (8), the coating 
coverage at this moment is 67 %. However, the coating coverage cannot roundly measure the 
uniformity of coating layer. The coefficient of variation (the ratio of standard deviation to 
mean) of the layer thickness is 1.05 at this moment. Figure 4 right) shows that the mean layer 
thickness increases and the coefficient of variation decreases. The variation only happens 
when the particle passes through the Wurster tube.  Figure 5 show the size distributions under 
dry and wetting conditions. There are wider distributions of particle diameter 𝑑𝑑𝑝𝑝 for 
simulations with cohesion forces for different process times. 
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Fig. 5 Particle size distributions of 50000 particles in different process time (both dry and 

wetting). 

4. Conclusion 

Cohesion forces scatter distributions of cycle time, residence time and particle size. It is 
important to provide enough drying capacity in fluidization gas to prevent the appearance of 
particle agglomeration and achieve high product quality in the Wurster coating process. 
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Abstract 
In this study the operation of spray drying chambers fitted by the multi-stream 
monodisperse atomizer was simulated by the previously developed CFD model 
of skim milk spray drying. A series of CFD simulations of skim milk 
monodisperse spray drying were performed. The influence of different nozzle 
positions, initial droplet diameters (180 μm and 167 μm) and the way of air 
introduction (vertical or swirling with 30° or 60° angle) on the drying process 
were checked. Parameters like drying air and particle residence time, wall 
deposition, inter-particle collisions, protein thermal deactivation, air velocity 
and temperature profiles were compared for each case.  

Keywords: CFD, spray drying, skim milk, monodisperse atomizers, 
optimization. 
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1. Introduction 

Spray drying process for powder production and dehydration is widely used in many sectors 
of industry. Low content of solids in the liquid feed sprayed inside the drying chamber results 
in a large amount of energy required for particle solidification and evaporation of moisture. 
Therefore, the spray drying process consumes much energy used for preparation of the drying 
agent. Continuous growth in the demand for spray dried products makes improvements in 
the spray drying process necessary, not only in regard of energy and substrates consumption 
but also of product quality. 
Modern technologies of computational simulation allow to design or optimize the production 
process of powders with properties directly specified by the customers. Spray drying process 
optimization performed by CFD techniques can also be used to solve production problems in 
certain regions of the drying chamber. An example has been given by a series of CFD 
simulations of a detergent counter current spray drying tower performed by Wawrzyniak [1]. 
In this work a theoretical solution of problems related to powder baking near the hot air inlet 
area was proposed. Particle deposition on the wall and its effect on spray drying tower 
operation has been widely studied in the literature [2]. Especially, the effects of flow 
hydrodynamics and air flow direction on the trajectories of particles, residence time and 
deposition inside of the drying chamber has been studied [3]. In CFD studies of air 
hydrodynamics in spray drying towers mostly the effect of different ways of air introduction 
on flow stability inside of the chamber has been checked [4]. Simulations with swirl air 
distribution were verified on the basis of experimental investigations [5]. Not only airflow 
and drying efficiency can be simulated by the CFD models. More advanced studies on 
particle morphology allow to include into the CFD simulations models of agglomeration, 
particle formation or material degradation during the spray drying. 
Particle agglomeration occurs mostly in counter current and mixed flow spray dryers, having 
significant influence on particle size distribution in the final product. In some production 
processes full control of the size of particles in the dried powder is required. For this reason 
CFD simulations are used to identify theoretically regions where agglomeration can take 
place [6] or to predict final particle size distribution in the product [7]. In food industry, like 
skimmed milk powder production, it is also necessary to take into account influence of 
process parameters on product quality. CFD simulations of the influence of drying 
parameters on lysine loss were performed for example by Schmitz-Schug [8].  
In the presented article the influence of drying conditions, swirl flow, monodisperse multi-
stream atomizer configurations and droplet diameter on the drying efficiency, product 
quality, agglomeration probability and wall deposition will be predicted by the developed 
CFD skimmed milk spray drying model. All simulation results are compared to show the 
impact of each parameter on the drying process and to show which configuration and 
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parameters can give optimal results in spray drying of skimmed milk when using novel 
monodisperse multi-stream atomizers. 

2. Materials and Methods 

The presented manuscript is a summary of the European project ENTHALPY whose task is 
to optimize skim milk powder production via spray drying. Design of new spray dryer can 
be supported by the CFD simulations and for this reason mathematical model of skim milk 
drying and thermal inactivation of the proteins need to be developed.  

2.1. CFD model of skim milk spray drying 

Development of the CFD model of skim milk spray drying process starts with the series of 
single droplet drying (SDD) experiments performed for milk and milk components in wide 
range of operating conditions [10]. Based on obtained data advanced model of single droplet 
drying was developed. This model takes into account internal circulation of liquid in droplet, 
spatial gradient of solid concentration, temperature and moisture distribution and calculation 
of inflation and deflection of particle in elevated temperatures [11]. Next developed model 
was simplified and implemented into the CFD solver. To verify correctness of performed 
simulations calculation results were compared with experimentally obtained data from the 
test spray drying installation constructed on Otto von Guericke University in Magdeburg 
[12]. The test installation will later colled OVGU dryer. Additionally, evaporation model was 
combined with the protein inactivation model to calculate degradation of the skim milk 
powder during the spray drying process [13]. A full mathematical description of the models 
and details of the dryer geometry and settings of the CFD solver can be found in the quoted 
articles. Here only brief description of CFD simulations is presented. 

2.2. Geometry and nozzle configurations 

Tested spray drying tower is a co-current installation with narrow drying chamber: total 
height is 6.5 m with 0.4 m inner diameter [12]. Instead of a standard two-fluid spray nozzle 
the newly designed monodisperse multi-stream droplet atomizer was used [14]. It was 
assumed that dryer will be feeded by four monodisperse atomizers. Each printing head has a 
base plate with 150 outlets placed in one line. Each outlet generates a single stream of droplets 
with constant initial diameter which depends on the size of the outlet and on the frequency 
of the piezo element inside the printing head. In CFD simulations special arrangements of 
the heads, which lead to a variation in the shape and dimensions of their supporting plates, 
were tested. Each configuration of the printing heads has a different denotation which will 
be used further in the description of results: 

• CI_1 – four printing heads arranged one next to the other. Heads are mounted on 
the round base (diameter 214 mm) plate used in the OVGU dryer. 
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• SQ_2 – four printing heads arranged one beside the other. Heads are mounted on 
the rectangular (188 mm x 188 mm) base plate. 

• RI_3 – four printing heads arranged on a ring support plate (internal 
diameter = 150 mm, external diameter = 290 mm, distance of printing head from 
the axis = 80 mm) 

• CR_4 – four printing heads mounted on an equal-armed cross with arms of length 
133 mm and breadth 42 mm. 

To distinguish different air inlet directions additional markings were added to the name of 
the geometry: 

• Ax – axial flow of air (example Cl_Ax). 
• 30 – airflow with 30° swirl (example Cl_30). 
• 60 – airflow with 60° swirl (example Cl_60). 

ANSYS Meshing software was used for grid generation. Near the wall area, where the highest 
gradients of velocity are predicted, a five-step boundary layer was generated. Finally, a fine 
mesh with 385k tetrahedral elements was generated. For every case, with different printing 
head configurations, a new mesh was generated with different computational elements on the 
atomizer support plate and air inlet surface. Those differences change the mesh structure near 
the air inlet area. However, all mesh quality parameters and number of mesh element were 
kept constant.  

2.3. Operating parameters 

Skimmed milk with initial solid mass fraction equal to 45% was used as the feed in the 
simulations. Initial diameter of the droplets injected into the drying chamber depends on the 
frequency of the piezo element inside of the printing head. In this report two frequencies were 
tested, 12 kHz and 15 kHz which generate droplets with diameters of 180 microns and 167 
microns respectively. The mass flow rate of skimmed milk solution was equal to 0.018 kg/s, 
with an inlet temperature of 55°C. Initial velocity of the droplets was 18.7 m/s.  
Air inlet on top of the dryer was set up as mass flow inlet boundary condition. In every 
simulated case the mass flow rate of air was constant and equal to 0.1 kg/s. Air was assumed 
as dry ideal gas with initial temperature of 200°C. In simulations with vertical airflow 
direction, inlet air vectors were set as normal to the boundary. In simulations with swirl 
airflow, air direction vectors were inclined to the inlet surface by an angle of 30° or 60°. 
Centre of rotation was the tower axis. 
To calculate the number of inter-particle collisions it was necessary to perform all 
calculations in transient state. The number of time steps maintained for every simulation was 
400 with time step size of 0.1 s. In simulations with axial flow of air the realizable k-ε 
turbulence model was used. However, in simulations with rotary movement of air the 
turbulence model was changed to the RNG k-ε turbulence model with switched on option of 
swirl dominated flow, which is recommended for calculations with rotary airflow. 

216

http://creativecommons.org/licenses/by-nc-nd/4.0/


Jaskulski, M.; Tran, T.T.H.; Tsotsas, E. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

2.4. Simulations results 

Simulations results were summarized in Table 1. Swirling air distribution has a significant 
impact on particle flow trajectories. Particles rotation increases their residence time inside 
the drying chamber.  

Table 1. Summary of the CFD simulations results 
Case 
study 

Particle residence 
time, s 

Outlet air 
temperature, °C 

H2O removed, % 

 180 μm 167 μm 180 μm 167 μm 180 μm 167 μm 
CI_Ax 3.08 3.23 62.61 63.01 92.32 91.93 
CI_30 3.95 4.24 64.96 63.39 95.15 98.65 
CI_60 5.46 4.83 70.09 68.11 87.91 89.06 

SQ_Ax 2.92 3.21 62.65 63.04 93.08 98.47 
SQ_30 3.97 4.30 62.86 63.12 98.69 98.66 
SQ_60 6.80 4.55 68.58 67.48 95.98 96.57 
RI_Ax 3.87 4.17 63.48 63.52 98.77 98.89 
RI_30 4.23 4.23 74.06 72.91 86.97 88.06 
RI_60 4.76 4.51 72.8 72.27 95.56 96.17 

CR_Ax 4.24 4.24 63.57 64.15 96.25 96.69 
CR_30 6.12 5.75 66.11 65.95 97.72 98.02 
CR_60 6.39 6.55 72.62 71.29 86.03 85.88 
Case 
study 

Probability of 
collision, % 

Wall deposition, 
% 

Protein activity 
level, % 

 180 μm 167 μm 180 μm 167 μm 180 μm 167 μm 
CI_Ax 5.27 5.13 0.47 0.42 96.05 95.83 
CI_30 2.85 1.98 0.84 0.89 94.21 94.67 
CI_60 7.78 8.33 2.15 2.06 95.54 97.14 

SQ_Ax 5.77 4.91 0.60 0.44 91.62 95.26 
SQ_30 1.77 1.76 0.82 0.85 94.97 94.66 
SQ_60 8.65 8.72 2.07 2.11 96.07 97.21 
RI_Ax 5.32 5.66 0.41 0.48 90.76 94.68 
RI_30 9.07 9.05 1.76 1.75 96.03 96.15 
RI_60 9.47 9.26 3.30 3.41 95.00 96.02 

CR_Ax 5.88 6.56 0.44 0.45 93.51 94.56 
CR_30 3.38 3.16 1.17 1.13 96.81 96.45 
CR_60 7.93 8.76 3.27 3.39 94.31 94.67 

 

Based on the evaporation model, temperature distribution inside the spray dryer was 
obtained. The temperature of the continuous phase decreases along the tower because the 
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heat is transferred to the discrete phase for moisture evaporation. Swirling flow of the air and 
particles shows an interesting relationship with the temperature drop due to moisture 
evaporation. Comparison of time average outlet air temperature shows that in cases with 
higher swirl air movement the final air temperature is higher. This phenomenon can be 
explained as follows: In cases of axial flow of air particles are falling in the whole volume of 
the dryer, which results in a low temperature region near to the tower axis. With increasing 
swirl angle particles are moving to the dryer wall and the low temperature region is also 
moved from the dryer centre near to the dryer wall. For 60° swirl angle all particles are 
flowing near the wall where due to evaporation and heat loses to the environment air 
temperature is lowest. Due to this, in cases with swirl movement of air the evaporation rate 
of particle moisture is lower and the overall consumption of energy decreases. From the 
analysis of changes in evaporation rate of particles following conclusions can be drown:  
For vertical flow in cases Cl_1 and SQ_2 where particle injections are concentrated near to 
the tower axis, the highest concentration of water source terms can be observed in the middle 
of the drying tower. In RI _3 and CR_4 nozzle configurations particles are better distributed 
in the volume of the dryer. 
Swirling introduction of air significantly changes the pattern of evaporation regions inside 
the dryer. With axial air flow evaporation takes place in the middle of the dryer. With an 
increase in the angle of air rotation the centrifugal force that pushes the particle toward the 
walls of the dryer also increases. Near to the wall evaporation rate is lower due to lower air 
temperature. However the drying process is much longer, due to longer residence time of 
particles inside the drying chamber. Analysis of drying efficiency shows that 30° swirl 
increases the residence time and this improves drying efficiency. However too strong rotation 
pushes particles into the low temperature region and decreases drying efficiency. 
From the CFD simulations we determined regions, in which inter-particle collisions can take 
place. With axial air flow particle collision regions are distributed in the whole volume of the 
drying chamber. With increasing angle of air rotation collision regions are moved to the dryer 
wall. With small swirl angles (30°) when particles are not reaching the dryer wall, rotary 
movement decreases the  inter-particle collision probability. 
Powder deposition on the dryer walls is an undesirable process during spray drying. This 
phenomenon can reduce the product quality or, in extreme case, stop the drying process by 
clogging the drying chamber. Analysis of contours where powder can be deposited and 
overall percentage of feed storage on the dryer wall shows that in such a narrow spray dryer 
swirling movement of air is not recommended and strongly increases powder deposition on 
the dryer walls. According to the deactivation model, the two parameters that control the 
activity of the protein in skimmed milk are moisture content and temperature of particles. 
From the point of view of protein deactivation analysis, strong swirling movement of air 
decreases deactivation rate despite the longer residence time of particles inside the drying 
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chamber. Near to the wall particles are dried slower in low temperature region which results 
in lower protein deactivation. 
3. Conclusions 

Series of CFD skimmed milk drying simulations of the co-current spray dryer fitted by multi-
stream monodisperse atomizer were performed. Comparison of obtained simulations results 
shows: 

• The use of monodisperse atomizer allows to obtain a more orderly flow of particles inside 
the drying chamber than in the simulations with standard polidisperse nozzle. 

• Greater spacing between atomizer heads (like in the suggested ring or cross configuration) 
increases drying efficiency. 

• In co-current spray towers with narrow diameter of chamber swirling air flow is not 
recommended due to: 

o Creating centrifugal forces which increase wall deposition and particle collision 
rate. 

o Much energy from the air is not used for the evaporation process. Dryer has lower 
efficiency. 

o Less uniform radial distribution of air velocities and temperatures. 
• Dryers with axial movement of air fitted by monodisperse atomizer have lower 

probability of powder agglomeration and wall deposition than dryer with standard two-
fluid spray nozzles. 

• Powders obtained from dryers with monodisperse atomizers have higher protein activity 
level than products obtained from standard production. 

• Produced powder will have uniform particle size. 

Simulation of OVGU dryer shows that for the new monodisperse atomizer the best 
construction is a high and narrow co-current spray dryer. Axial air flow without recirculation 
prevents agglomeration, wall deposition and overheating of particles. Co-current spray 
drying allows for better control by changing flow the rate and temperature of the drying agent. 
The optimal diameter of the tower depends on the number of installed printing heads. 
However it is recommended that each printing head should be separated by an air inlet to 
increase drying efficiency and prevent collisions between the particle streams. 
CFD simulations of skimmed milk spray drying feeded by monodisperse atomizer show big 
advantages over other drying processes performed by standard nozzles. Produced powder is 
expected to have high quality and uniform particle size which can be of crucial in 
pharmaceutical, cosmetic and food powders production. 
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Abstract 
The pore scale progression of the sublimation front during primary freeze 
drying depends on the local vapor transport and the local heat transfer as 
well. If the pore space is size distributed, vapor and heat transfer may 
spatially vary. Beyond that, the pore size distribution can substantially affect 
the physics of the transport mechanisms if they occur in a transitional 
regime. Exemplarily, if the critical mean free path is locally exceeded, the 
vapor transport regime passes from viscous flow to Knudsen diffusion. At the 
same time, the heat transfer is affected by the local ratio of pore space to the 
solid skeleton. The impact of the pore size distribution on the transitional 
vapor and heat transfer can be studied by pore scale models such as the pore 
network model. As a first approach, we present a pore network model with 
vapor transport in the transitional regime between Knudsen diffusion and 
viscous flow at constant temperature in the dry region. We demonstrate the 
impact of pore size distribution, temperature and pressure on the vapor 
transport regimes. Then we study on the example of a 2D square lattice, how 
the presence of micro and macro pores affects the macroscopic progression 
of the sublimation front.  

 

Keywords: pore size distribution; transitional vapor transport; pore network 
model; fractured sublimation front. 
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1. Introduction 

Primary lyphilization, or freeze drying, is a coupled process of heat and mass transfer 
through frozen matter, which is usually a block of a frozen solution or a packing of frozen 
particles, e.g. [1]. The heat of sublimation is usually provided by contact of the frozen 
material to a shelf with higher temperature and by radiation. The heat transfer from the 
shelf to the sublimation front, at lower temperature (usually saturation temperature is 
anticipated at the sublimation front), occurs mainly by heat conduction through the ice 
phase, if the thermal condutivity of the solid is assumed to be low (usually λ λice solid ). It 
is thus plausible that the local distribution of solid and ice phase significantly affects the 
transport of heat. Especially in case of a strongly heterogeneous distribution of solid and 
ice, the heat transfer rate can vary locally and affect the structure of the sublimation front. 
Similarly, vapor transport from the sublimation front to the surface of the frozen material is 
affected by the distribution of solid and pores, which emerge from sublimation of the ice 
phase. It is basically expected that more vapor can be transported through larger pores 
while the occurrence of smaller pores results in the decelaration of drying, e.g. [2]. From 
this it can be concluded that the drying process might be optimized in terms of drying time 
and capacity of the dryer based on the control of the distribution of ice crystal sizes (in 
regard of heat transfer through the ice saturated region of the frozen material) and the 
distribution of pore sizes (in regard of vapor transfer through already dry regions). For this 
reason, frozen solutions are foamed to obtain a heterogeneous distribution of pores [3]. 
Foamed frozen matter is characterized by smaller pores which are saturated with ice at the 
start of drying and larger unsaturated pores which result from the admixion of gas to the 
liquid solution before and during the first stage of freezing. As shown in [3] by experiments 
with a frozen aqueous solution of mannitol stabilized by a mixture of skim milk and sodium 
carboxymethylcellulose, drying can be much faster using this method, because the transport 
of vapor is positively affected in presence of the large pores.  

It will be discussed in this paper that the simulation of vapor transport through a 
heterogeneous porous medium of interconnecting and interpenetrating large and small 
pores, such as in the experiment of [3], represents a special situation in which traditional 
model approaches or empirical models might rather be substituted by pore network models. 
The motivation behind that, is the assumption of a transitional vapor transport regime 
between Knudsen diffusion (in smaller pores) and viscous flow (in larger pores), which 
cannot be captured by the traditional continuous models or empirical approaches, which 
essentially blur the different transport properties into effective parameters. Basically, 
different flow regimes, i.e. either based on a gradient in total pressure (viscous flow) [4] or 
based on a gradient in vapor pressure (Knudsen diffusion) [5-9] underly the classical 
models of freeze drying. The distinction between the different flow regimes is generally 
based on the Knudsen-number,  
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Λ
=Kn

d
,    (1) 

with pore diameter d  and the mean free path of the diffusing molecules 

2
µ πΛ =

RT
P

.    (2) 

In Eq. (2) µ  denotes the dynamic vapor viscosity in Pa s-1, P  the pressure in Pa, R  the 
ideal gas constant in J kmol-1 K-1 and T  the temperature in K. 

Continuum flow (i.e. Darcy flow with no-slip conditions) is expected for Kn  < 0.001, 
while slip flow is expected for 0.001 < Kn  < 0.1. Molecular (Knudsen) flow, based on a 
concentration gradient of the diffusing substance, occurs for Kn  > 10, e.g. [10]. In the 
transitional range between Kn  > 0.1 and Kn  < 10, neither the Darcy equation of viscous 

flow ( ( )ρ µ= − ∇ vm k P ) nor the molecular flow equation ( ( )= − ∇  v Kn vm D M RT P ) can 

provide an exact approach. However, in many situations this range is relevant for freeze 
drying because of the occurrence of very low pressures, i.e. highly diluted gases. In this 
range, the approach e.g. presented in [10] can be applied. This is further elaborated in the 
following section in conjunction with the pore network model.  

 

2. Pore network model 

The pore network model is based on the concepts e.g. given in [11]. In the simplest case, 
the porous medium can be represented by a square lattice of pores and throats of varying 
width and length. Here, we present the results from drying of a pore network with 50x51 
pores (4949 throats) of length L  = 100 µm and with the pore size distribution given in Fig. 
1. Note the bimodal distribution of pore sizes, i.e. the presence of pores with smaller radius 
(peak in Fig. 1) and the tailing of the curve to throats with greater radius (similar as in 
experiments discussed in [2]). The pores are arranged in a way, that the radii of vertical 
throats and the pores in every fifth vertical column (i.e. columns [1, 6 11, 16, 21, 26, 31, 36, 
41, 46, 51] as indicated by the inlet of the figure) are three times larger than the remaining 
throats and pores.  
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Fig.1 Pore size distribution of the investigated 2D pore network. Note the tailing of the curve 
towards greater radii (i.e bimdodal pore size distribution). 

 

The simulation is realized with constant temperature *T T= =  -38°C and pressure inside 

the drying chamber vP P∞ = =  10 Pa. The parameters of water are vM  = 18.02 kg kmol-1 

(molar mass), ice density iceρ  = 918 kg m-3 and dynamic viscosity of the vapor phase vµ  = 
2.5 ⋅ 10-6 Pa s-1. The equilibrium vapor pressure is computed from 

( ) ( )( ) ( )( ) ( )( )
( )

10 0 10 0 0

10 0

1 1*
v

*
v ,

log P mbar a T / T K b log T / T K c T / T K

log P

= ⋅ − + ⋅ + ⋅ −

+
, (3) 

with 0T  = 273.15 K, 0
*
v ,P  = 6.1071 mbar and a  = -9.09718, b  = -3.56654, c  = 0.876793. 

[12]. It is ( )38* *
vP T C= − ° =  16.0580 Pa.  

Computation of vapor transport through the dry zone of the pore network (white throats and 
pores in Fig. 3 below) follows the semi-empirical approach proposed e.g. in [10] based on 
the works of Knudsen. The mass flow rate is given by 

( )1 v
v

M PM kg s KA
RT L

∆− = −





,    (4) 

with cross sectional area A  in m2, pressure gradient between two neighbor pores P∆  in Pa 
and throat length L  in m. The transport coefficient K  is computed from 

( ) ( )
2

2 1 21 8 88 4 96
32
d PK m s . Kn . Kn
µ

− = + +     (5) 

[10] and Kn  from Eq. (1). Each term in Eq. (5) can be related to the contribution of the 
different flow regimes: the first term of Eq. (5) represents the contribution of Poisseuille 
flow, the second term of slip flow and the third term of Knudsen flow. Note that the 
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calculation of K  is an iterative problem if it is assumed that vP P= , i.e. the total pressure 

gradient is equal to the vapor pressure gradient. Then pressure varies with position x  (also 
refer to Fig. 3) and K  varies accordingly (Eq. (5)).  

Figure 2 shows the dependency of K  on pore sizes in the range between r  = 1 µm and r  
= 1 mm with pressure and temperature as in the pore network simulation (Fig. 2a) and for 
constant pore radii r  = 10 µm and varying ratio T P  (Fig. 2b). As can be seen, Knudsen 

flow dominates as long as pore radii are smaller than approximately 10 µm; however for 
radii r  > 10 µm slip flow and Poisseuille flow become increasingly important (Fig. 2a). In 
the range between r  = 1 µm and r  = 25 µm (Fig. 1), K  increases almost linearly by about 
32 %. A similar picture is drawn for constant radius, r  = 10 µm: In the range 0.01 < T P  

< 100 K Pa-1 transitional flow occurs if pressure varies between ~ 2 Pa and ~235 hPa, 
leading to a global minimum at T P ≅  0.48 K Pa-1 (given T  = - 38°C). 

 

  

a) b) 

Fig. 2 Contribution of flow regimes to vapor transport a) for constant temperature and pressure 
and b) for constant radius. 

 

The pore network simulation is started from an initially fully saturated network. The vapor 
pressure field is computed from the boundary conditions of each pore [11] and the vapor 
flow rate between two pores is computed from Eq. (4). The sublimation rate from ice 
saturated pores and throats at the sublimation front is then calculated from 

sub vM M= −  .    (6) 

The vapor pressure field as well as the transport parameters (essentially K ) are updated 
after the complete emptying of either a throat or a pore.  
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3. Simulation Results 

Figure 3 shows the distribution of ice phase and dry solid phase resulting from a pore 
network simulation realized with the parameters specified above. Most striking is the 
structure of the sublimation front evolving in the pore network with bimodal pore size 
distribution (Fig. 1). Obviously, in the transitional regime vapor flow through larger pores 
(in every 5th column) is accelerated compared to the flow through smaller pores (in the 
neighbourhood). This leads to the erosion of the sublimation front and faster progression of 
the gas phase in pores with greater diameter. 

 

 

Fig. 3 Freeze drying of a 2D pore network. The ice phase appears in blue, empty pores in white and 
the solid in gray. Vapor escapes from the top edge.  

 

Figure 4a shows the least advanced position of the sublimation front (measured from the 
open side of the pore network) as a function of the total ice saturation, i.e. the sublimation 
front velocity. As can be seen, the macroscopic velocity of the sublimation front is 
approximately constant in this representation. However, the saturation profiles in Fig. 4b 
indicate that the front is significantly broadening with progressive invasion of the pore 
network. This is a result of the assumption of transitional flow in a pore network with 
bimodal pore structure (Fig. 1) and the higher vapor transport rates in pores with greater 
radius which allow for higher sublimation rates according to Eq. (6). This is in agreement 
with experimental results reported in [2]. Furthermore, as indicated by the dashed lines in 

Fig. 4b, the slice averaged relative humidity, ( )* *
v vP P Tϕ = , is approximately ϕ  = 1 in 

the region of the fractured front and decreases only slightly towards the network surface 
due to the low spread of vapor pressures ( *

v vP P P∆ ∞= − ). This shall further be elucidated in 
future research related to collapse phenomena, e.g. [13].  
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a) b) 

Fig. 4 Analysis of drying kinetics and sublimation front structure: a) sublimation front velocity in 
terms of ∆ ∆x S , b) slice average saturation profiles (solid lines) and relative humidity (dashed 

lines) for different overall network saturations S  with ice phase. 

 

4. Summary and outlook 

We have presented the results of a pore network simulation of freeze drying applying a 
bimodal structure of the pore space. It could be shown that in the transitional regime 
between molecular diffusion and viscous flow, drying can be accelerated due to the 
presence of macro pores. The interpretation of this outcome is twofold: on the one hand, 
drying performance can be positively affected by pore design (i.e. in terms of drying time 
and capacity), on the other hand, higher demands are imposed on process control if the 
occurance of material collapse is associated with the local drying rate or rather the spatial 
variation of the velocity of the sublimation front. We thus aim to study in more detail in a 
future work freeze drying in the transitional regime by 2D and 3D pore network models 
with different structures of the pore space. 
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Abstract 
The aim of the present work is to determine the moisture diffusion coefficient 
in peas applying, in a first step, a methodology previously published in the 
literature by Uddin et al.[1] for determining constant diffusion coefficients 
taking in account the volume reduction associated to the drying process. 
Then, in a second step, refine it by means of an optimization step. The 
optimization step is justified because the methodology of Uddin et al. is based 
in a solution of the diffusion equation that is not mathematically valid for the 
drying-shrinking problem. 

Keywords: : moisture diffusivity; drying-shrinking; peas drying. 
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1. Introduction 

Usually bio-products such as fruits and vegetables have high initial moisture content and 
present appreciable volume shrinkage during the drying process. Shrinkage of biological 
materials takes place simultaneously with moisture diffusion during drying and thus may 
affect the drying rate. It is important to take into account the shrinking phenomena when 
determining the moisture diffusion coefficients. When this phenomenon is not negligible 
there are not analytical solutions available for the equations describing this moisture 
diffusion process. In these cases changes in radius should be taken into consideration when 
predicting moisture profiles and, also when estimating diffusion coefficients. Not taking 
into account volume shrinkage leads to over-estimated diffusion coefficients (Xianxi et 
al.[2]; Guohong et al.[3]).   

A simple method for determining diffusion coefficients taking into account the variation in 
radius was proposed by Uddin et al.[1]. It is based on a modification to the one term 
truncated infinity series solution that takes into account the reduction in radius. Examples 
of its application to drying can be found in Hawlader et al.[4], Giovanelli et al.[5], García et 
al.[6], Martínez et al.[7, 8]. 

The aim of the present work is to determine the moisture diffusion coefficient in peas 
applying, in a first step, the methodology previously published in the literature by Uddin et 
al.[1] for determining constant diffusion coefficients taking into account the volume 
reduction associated to the drying process. Then, in a second step, the diffusivity values are 
adjusted in order to satisfy a more rigorous model of the drying-shrinking problema by 
means of an optimization procedure. The optimization step is justified because the 
methodology of Uddin et al. is based on a solution of the diffusion equation that is not valid 
for drying-shrinking problems. Finally, in a third step, by means of another optimization 
step, the model of the shrinking phenomena is improved.  

2. Materials and Methods 

2.1. Uddin methodology 

Mass transfer processes are commonly described by the second Fick’s law, the 
phenomenological parameter in this equation is the mass diffusion coefficient. Analytical 
solutions to the diffusion equation for mass transfer in solids are available for some cases 
under certain assumptions among which could be mentioned constant volume and constant 
diffusivity. In particular, for unidirectional mass transfer in slabs or spheres with a 
symmetry boundary condition at the centre and a Dirichlet boundary condition at the 
external border, with uniform initial diffusant content,  these solutions are given in the form 
of infinite Fourier series and are the departing point for the determination of constant 
moisture diffusion coefficients at a constant temperature from the truncated to just one term 
or at most to a few terms of the series when volume shrinkage is not relevant. A method 
presented in the literature for determining diffusion coefficients taking into account the 
radius variation was proposed by Uddin et al.[1]. It is based on a modification of the one 
term truncated infinity series solution to take into account the reduction in radius.  
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In the Uddin et al. methodology the moving boundary condition is introduced a posteriori in 
the solution for the fixed boundary condition. As signalled properly by Hawlader et al.[4] 

this approach is a simplified one and the diffusivity coefficient determined by his method 
can be considered an effective diffusivity. However, the methodology provides an effective 
diffusion coefficient of the specimen under given drying conditions which is valid for the 
assumed model.  

The Uddin et al.  approach departs from an approximated solution to the moisture transfer 
in the solid when the shrinkage is neglected. The analogous equations for spherical 
coordinates analogus to those presented by Uddin et al. for a slab are : 

    (1) 

Where c indicates de volumetric moisture concentration (kg/m3), ceq the equilibrium 
moisture content, c0 the initial moisture content, R the particle radius (m) Then D, the 
moisture diffusion coefficient, could be obtained from the slope of a plot of Ln(ω/ω0) 
versus t or t/R2 for those cases in which the shrinkage is negligible. For those cases for 
which this condition is not sustainable the proposed methodology proceeds as follows. The 
reduced radius R’ at time t was related to the moisture content at each time instant by the 
following equation: 

     (2) 

Where R0 is the radius at the initial time, R’ is the reduced radius, ω0 is the initial moisture 
content (kg water/kg dry mass) and ωt is the moisture content at time t. n is an exponent to 
be found which makes that the plot of Ln(ω/ω 0) versus t/ R’ 2 results in almost a straight 
line. A value of n equal 0 means there is not shrinkage and a value of n=1 would indicate 
that the reduction in volume is equal to the volume of the water transferred to the air.  

In the present work we start with the diffusion coefficients obtained with the Uddin et al. 
approach. In the second step the drying process is posed, as a direct moving boundary 
problem in which the diffusion coefficient is assumed as known and with experimental 
radius-time data. The model (given below) is numerically solved, the average moisture 
concentration at each integration time step is obtained and the average moisture content 
profile is compared with the experimental results. If the difference between the 
experimental and the predicted profile is beyond certain tolerance according to a predefined 
norm the diffusion coefficient is improved through an optimization algorithm until the 
desired tolerance is satisfied. The model is implemented in the software Berkeley Madonna 
discretizing the spatial variable of the distributed parameter model by finite differences and 
integrating the set of ordinary differential equation with one of the integration methods 
available in the software. The optimization step is carried on by means of the optimization 
algorithm with which Berkeley Madonna is provided with experimental radius-time data. 
The optimization procedure is carried on taking as objective function the minimization of 
the difference between the predicted moisture content and the experimental one at the time 
for which this difference is higher. After finding the optimal diffusion with experimental 
radius-time data, in the third step, by means of another optimization procedure, the model 
of the shrinking phenomena is improved taking as objective function the minimization of 
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the difference between the predicted radius and the experimental one at the time for which 
this difference is higher. 

2.2. Model of the drying process considering shrinkage 

Assuming that the drying process is described by the diffusion equation, considering that 
the concentration is a function of volume and time, that the volume is as well a function of 
time and, after transforming the moving boundary problem into a fixed boundary problem 
by means of a change of variable (z=r/R) in order to have variations of the dimensionless 
spatial variable between 0 and 1 (Crank[10]), the following equation is obtained:   

    (3a) 

where r denotes the radial distance from the centre of the sphere (m).The consideration of a 
spherical particle leads to a symmetry condition at the centre of it: 

             (3b) 

An equilibrium condition is assumed at the solid-gas interface: 

      (3c) 

A uniform moisture content profile inside the solid is assumed at the initial time: 

        (3d) 

Assuming that the solid´s volume reduction is proportional to the volume of water lost by it 
(Aguerre et al.[11]), the following equation gives the shrinking rate 

              (3e) 

Where 𝛽𝛽 is a proportionality constant introduced in order to fit the model predictions with 
the experimental data to be found. The initial condition for this equation is: 

            (3f) 

The average volumetric moisture concentration  is given by 

      (4) 

In order to solve the above equations when the diffusion coefficient is assumed to be 
known, the spatial variable is discretized by finite differences leading to a set of ordinary 
differential equations which are integrated with a proper method for stiff equations.  
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3. Results and discussion 

This work departs from experimental data obtained in a small scale batch fluidized bed 
drier for drying of peas (Gómez et al.[12]). Peas were dried at three different temperature 
levels of the air fed to the drier: 50, 60 and 70 °C. The moisture content and the diameter of 
the peas were recorded along the drying time. These data were fitted by analytical 
expressions in order to have available the moisture content and the diameter at each time 
instant during the drying process. 

Table 1. Diffusion coefficient and adjusted exponent in eq. (2) obtained with the Uddin method. 
T [°C] n Def x108 [m2s-1] 

40 0.75 3.04 

50 0.55 4.053 

60 0.55 3.04 

70 0.45 1.013 

The effective moisture diffusion coefficients of peas dried at each one of the temperature 
levels at which the experiments were carried on were determined applying the methodology 
proposed by Uddin et al. described above. The values obtained are presented in Table 1 
(Martínez et al.[8]). Posteriorly, the constant values obtained were tested in the more 
rigorous model of the drying process represented by equations (3a-3d and 4).  These 
equations were solved discretizing the spatial variable (radius) by finite differences and the 
set of ordinary differential equations were integrated together with the boundary conditions 
by means of an integration method proper for stiff equations.  In these simulations the 
experimental radius values corresponding to each integration time step were provided by 
the corresponding fitted expression to the radius-time experimental values. These values 
ofthe diffusion coefficients, as expected, led to poor predictions of the moisture evolution 
as shown by the dashed lines in Figs. 1, 2 and 3 which can be compared with the solid ones 
which represent the experimental values. The diffusion coefficients obtained are between 
1x10-8 and 4x10-8 m2s-1.  

 
Fig. 1. Moisture content profiles and experimental and predicted radius profiles at inlet air 

temperature of 50° C. 
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In a second step the diffusion coefficients were improved in order to give a better 
agreement with the experimental moisture content profiles when the model given by 
equations (3a-3d and 4) was employed. This was done by an optimization procedure 
utilizing the optimization tool included in the software Berkeley Madonna. In this 
optimization step the experimental radius values given by the radius-time fitted expression 
were employed. The objective function to be minimized was the absolute value of the 
difference between the moisture content experimental value and the predicted one at each 
integration time step. The variable to be optimized was the effective diffusion coefficient. 
The profiles obtained with the optimized values in the rigorous model but still with the 
experimental radius values are shown in figures 1, 2 and 3 by the dash-dot-dot-dash lines. 
The improvement in the agreement between the experimental moisture content profile and 
the predicted by the simulations can easily be appreciated. 

 
Fig. 2 Moisture content profiles and experimental and predicted radius profiles at inlet air 

temperature of 60° C. 

However, even though the moisture content predictions were quite acceptable, the radius 
evolution predictions given by equations (3e-3f) were quite poor. Therefore, a third step 
was carried on in order to improve the particle size predictions. This was done through a 
second optimization step with the optimization algorithm included in the software Berkeley 
Madonna in which the variable to be optimized was the parameter 𝛽𝛽 introduced in equation 
(3e). The objective function to be minimized was the absolut value of the difference 
between the experimental radius and the predicted one at the time in which this difference 
was bigger before the optimization. The results in the moisture content are shown in figures 
1, 3 and 5 by the short dash-dot-short dash lines. It can be appreciated that the predictions 
of the moisture content profiles employing the experimental radius values and those 
obtained with radius values given by the model does not differ appreciably. The radius 
profiles obtained with equations (3a-3f and 4) and the experimental ones are shown, for 
each temperature level considered in this work, in figures 1, 2 and 3. It can be seen that, 
even though, the particle size predictions are not as good as the moisture content 
predictions, they are acceptable.  
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Fig. 5 Moisture content profiles and experimental and predicted radius profiles at inlet air 

temperature of 70° C. 

4. Conclusions 

A methodology proposed by Udin and Hawlader for the determination of moisture 
diffusion coefficients taking into account the shrinkage of the stuff being dried that is easily 
applied provides diffusivity values that are taken as first guesses of an optimization 
procedure under a more rigorous model. Having obtained the optimal moisture diffusion 
coefficients employing the experimental radius evolution data a second optimization step is 
carried on in order to obtain an acceptable prediction of the radius evolution. The results 
obtained shows a very good agreement with the experimental moisture content evolution at 
the three temperature levels analysed and an acceptable agreement with the experimental 
radius evolution.  
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Abstract 
A new model describing the variation in the rehydration ratio with 
rehydration time for yam slices is presented here. Also presented, is a new 
model for the rehydration kinetics of yam slices. Mass and moisture content 
rehydration data were collected while rehydrating 3.0 mm thick dehydrated 
yam slices. Regression analysis established that the mass rehydration data 
better fitted a two-term exponential equation rather than a second-order 
polynomial equation. Also, for the rehydration kinetics, the moisture content 
rehydration data was better fitted to a new empirical model rather than the 
Weibull, Peleg, and Exponential models.  

Keywords: Rehydration Ratio Models; Rehydration kinetic models; Yam; 
Weibull, Peleg, and Exponential models. 
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1. Introduction 
White yams (Dioscorea rotundata) are very nutritious and are an excellent source of energy 
and dietary fiber [1,2,3,4,5,6]. Yams are eaten routinely and they constitute a dominant portion 
of the standard diet for many people. They are used, worldwide, in many different recipes. 
For this reason, there is a need for these commodities to be transported to the many 
locations where they are consumed. However, they are heavy, constituting of at least 70% 
water. Dehydrating yams like most foods and agricultural products are becoming an 
essential method of processing before being shipped to where they will be consumed. 
Dehydration is also performed for preservation purposes. 

The dependence of many dehydrated food and agricultural commodities in the present 
marketplace is increasing as this is a means of extending the length of time that the 
products may be stored without becoming unfit for future use. Rehydration operations, 
therefore, are gaining importance as these dried products will need to be rehydrated before 
use. There is, therefore, need to understand the issues relating rehydration operations 
concerning the design and the operations of these processes. 

 Mathematical modeling has been useful in the study, design, optimization, and operations 
of these rehydration processes [7, 8]. This study involves investigating the rehydration 
kinetics and estimating other rehydration characteristics of the dehydrated products.  

The models that have been used to study the rehydration characteristics of foods are the 
Peleg model [9], the Weibull distribution model [10, 11, 12] and the exponential model [9, 13]. 
However, for accurate use of these models, more knowledge, in addition to the rehydration 
data and knowledge of some physical parameter(s) of the product being studied, is required. 
For the Peleg, [14], Weibull distribution and Exponential models knowledge of the initial 
moisture content before rehydration is required. For the Exponential model, the equilibrium 
moisture content also, needs to be known; and for the Weibull model, knowledge of scale 
and shape parameters of the samples are required [15]. Presented in this study is a new 
rehydration model for yam that requires only the moisture content rehydration data, and a 
comparison of all the four (4) rehydration models are performed.  

2. Materials and Methods 
2.1 Sample Preparation 

White yam tubers acquired from the local market were washed, peeled, cut into 3 mm thick 
slices. The slices were dried in a Refractance WindowTM dryer until the moisture content 
was about 0.03g-water/g-solid. The dehydrated samples were kept in air-tight polyethylene 
bags and stored in a refrigerator until further use in the rehydration experiments. 
 
2.2 Rehydration experiments 

The dried samples were brought to room temperature before starting the rehydration 
experiments. Rehydration of the samples was done in 250-mL beakers filled with distilled 
water. The beakers were immesed in a thermostatically controlled water bath, and each set 
of experiments was performed at 27 oC, 40 oC, 60 oC and 80oC (+0.5oC). Approximately 
3.75 + 0.25g was immersed in 100 ml of distilled water for periods of 10, 20, 30, 40, 50, 
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60, 80, 100, 120, 150, 180, 210 and 240 minutes. The temperature of the water inside the 
beakers was determimed with a thermocouple. A perforated plexiglass cup was used to 
cover the samples to ensure they were entirely immersed in the water in the beakers during 
rehydration. After rehydration, the water was drained from the flask, and excess water on 
the samples was removed using tissue paper. The samples were then weighed. The moisture 
content of the samples was determined using an OHAUS moisture analyser [16]. Every 
experiment was done in triplicate. 
 
2.3 Modelling The rehydration ratio 

The rehydration ratio (RR) was calculated according to equation 1.  

RR = Wt/Wo 1 
where Wt is the mass of rehydrated sample at time t and Wo is the initial mass of 
sample to be rehydrated. 

The rehydration ratios and rehydration times were correlated first according to the two term 
exponential equation of the form given in equation 2 and then with the second order 
polynomial equation of the form given in equation 3 [17].  

RR = = p1*exp(p2*t) + p3*exp(p4*t) 2 
where p1, p2, p3, and p4, are constants observed from regression analysis and t is the 
rehydration time in minutes. 

 
RR = p5*t2+ p6*t+ p7 3 

where p5, p6, and p7, are constants observed from regression analysis and t is the 
rehydration time in minutes. 
 

2.4 Modelling The rehydration data 

The experimental rehydration kinetics data were fitted to the equations 4, 5, 6 and 7 to 
determine the model that best describes the rehydration kinetics of the yam slices.  
 
Peleg Mt = Mo + (t/(a+bt) 

 
4 

Weibull Mt = Mo [1 – exp(-(t/α)β)] 
 

5 

Exponential ( ) ( ) e
d

et MctMMM +−= exp0
  6 

New Model Mt = g exp(h t) + j exp(q t) 
 

7 

where Mt is the moisture contents at time t, Mo is the initial moisture content, Me is the 
equilibrium moisture content, and α, β, a, b, c, d, g ,h, j, and q are constants observed from 
regression analysis 

For quality fit, the coefficient of determination (R2), should be closest to unity while the 
sum of square-error (SSE), and the root-mean-square-error (RMSE) should closest to zero. 
The methods of estimating R2, SSE and RMSE are discussed extensively in the literature [18, 

19]. In this work, the software package from Matrix Laboratory (MATLAB) was used to 
perform the statistical analysis. 
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3. RESULTS AND DISCUSSIONS 

3.1 Evaluation of the Rehydration Ratio models 

Four sets of rehydration experiments were performed at rehydration water temperatures of 
27, 40, 60, and 80oC. The rehydration ratio at each rehydration time was calculated 
according to equation 1 using the weight data obtained during the rehydration experiments. 
Table 1 presents the statistical parameters when the rehydration ratios were correlated with 
rehydration time according to equations of the form given in equation 2 and 3. Table 1 
clearly indicates that the two-term exponential model fits the rehydration ratio vs. time data 
better than the polynomial model. For the two-term exponential equation form, the R2 
values were closer to unity and the SSE and RMSE values were closer to zero than the 
polynomial equation form. Table 2 shows the constants obtained with a 95% confidence 
bound, by fitting the rehydration ratio data to the exponential equation form presented in 
equation 2. 

Table 1 Statistical Parameters for Yam when correlating Rehydration Ratios with Rehydration 
Time at different temperature 

  Exponential Equation Form Polynomial Equation Form 
S/N Water Temp. R2 RMSE SSE R2 RMSE SSE 
1 27oC 0.9966 0.0180 0.0032 0.9245 0.0808 0.0719 
2 40oC 0.9860 0.0311 0.0097 0.9447 0.0591 0.0384 
3 60oC 0.903 0.0214 0.0046 0.9420 0.0501 0.0276 
4 80oC 0.9864 0.0317 0.0100 0.9803 0.0364 0.0146 
 

Table 2 Constants For The Models Obtained By Fitting Rehydration Data The Exponential 
Equations and Polynomial Model For Yam Slices 

S/N Temp. Exponential Model Constants Polynomial Model Constants 

1 27oC 

p1 = 1.921 + 0.052 
p2 = 0.000752 + 0.00015315 
p3 = -0.8875 + 0.09005 
p4 = -0.04318 + 0.00888 

p5 = -2.041e-05 + 1.07E-05 
p6 = 0.00813 + 0.002628 
p7 = 1.45 + 0.1255 

2 40oC 

p1 = 2.077 + 0.114 
p2 = 0.0006457 + 0.0002971 
p3 = -0.6219 + 0.13385 
p4 = -0.03468  +  0.017725 

p5 = -1.543e-05 + 7.80E-06 
p6 = 0.006547 + 0.00192 
p7 =  1.691 + 0.092 

3 60oC 

p1 = 2.116 + 0.04 
p2 = 0.0008455 + 0.00011835 
p3 = -0.4871 + 0.23 
p4  = -0.0761 + 0.044295 

p5 = -5.903e-06 + 5.90E-06 
p6 = 0.003884 + 0.0016265 
p7 = 1.975 + 0.078 

4 80oC 

p1 = 2.152 + 0.1395 
p2 = 0.0009701 + 0.00033105 
p3 = -0.3082 + 0.1325 
p4 = -0.0285 + 0.0284985 

p5 = -7.178e-06 + 4.815E-06 
p6 = 0.004868 + 0.0011835 
p7 =1.936 + 1.993 
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Fig. 1 shows a plot of the variation in the experimental and the predicted (Exponential) 
rehydration ratio with drying time at different temperatures for white yam. The plots of the 
experimental and predicted rehydration ratios vs. time are observed as expected to be a 
good fit as expected from the regression analysis shown in Table 1. 

3.2 Evaluation of the Rehydration kinetics models  

The moisture content data obtained from the rehydration experiments were fitted to the 
New Model, the Weibull model, the Peleg model, and the Exponential model presented in 
equations 4, 5, 6 and 7. Table 3 presents the statistical results of correlating the moisture 
content rehydration data using the Peleg, Weibull, and Exponential and New models. For 
quality fit, the model chosen to best fit the rehydration kinetics of the yam slices is the one 
that meets the following three criteria: R2 is closest to unity, and SSE and RMSE are closest 
to zero. While most of the models fitted the moisture content experimental data with a 
coefficient of variance values exceeding 0.9600, the R2 for the New model was the one 
closest to unity for all the temperatures. For the experiments performed at 27oC, 40oC, 
60oC, and 80oC, R2 exceeded 0.995 for the New model.  
 

 
Fig. 1 Variation in Rehydration Ratio with Drying Time at Different Temperatures for white yam 

 
Table 3 Regression constants correlating the moisture content rehydration data using Different 

Models 
S/N Temp Models R2 RMSE SSE S/N Temp R2 RMSE SSE 

1 27oC 

New  0.997 1.511 15.00 

3 60oC 

0.996 1.596 25.46 
Peleg  0.995 2.772 92.19 0.952 4.866 284.15 
Weibull  0.977 6.089 444.92 0.976 3.454 143.19 
Exponential  0.976 6.234 466.40 0.976 3.473 144.73 

2 40oC 

New  0.996 1.842 33.91 

4 80oC 

0.993 2.248 50.53 
Peleg  0.988 3.050 111.59 0.881 8.195 805.82 
Weibull  0.966 5.174 321.28 0.982 3.171 120.63 
Exponential  0.965 5.224 327.42 0.982 3.152 119.22 

 
Also, for the temperatures considered, the SSE, and RMSE, values were the least for the 
New model. The implications are that the New model best fits the rehydration data among 
the models examined. However, the SSE, and RMSE values are large. This implies that the 
model should only be used in the range of process conditions studied and should not be 
used for predictions outside that range. The coefficients obtained by fitting rehydration 
moisture content data to the new model for the yam slices is presented in Table 4.  
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Table 4 Coefficients Obtained By Fitting Rehydration Moisture content Data to the New Model For 
Yam Slices 

S/N Temp 27oC 40oC 60oC 80oC 
1 α 99.76 46.11 24.63 17.3 
2 β 0.5035 0.335 0.2729 0.3065 
3 a 0.1588 0.06158 0.0321 0.03559 
4 b 5.133e-3 5.282e-3 05.215e-3 4.904e-3 
5 c -0.0935 -0.2692 -0.408 -0.4084 
6 d 0.5118 0.339 0.2757 0.3096 
7 g  136.1 154.6 164.2 176.1 
8 h 1.177e-3 8.899e-4 7.985e-4 8.05e-4 
9 J -128.4 -116.8 -85.58 -59.72 
10 q  -0.03772 -0.06141 -0.06353 -0.03705 
 
To further validate that the new rehydration model best fits the moisture content 
rehydration data, a simple linear regression analysis was performed between the 
experimental and predicted rehydration values. The relationship between the experimental 
and predicted rehydration moisture content values is also presented in Table 5. 
 

Table 5 Relationship Between the Experimental and Predicted Rehydration Moisture Content 
Values 

S/N Temp. Equation R2 
1 27 PMC = 0.9991EMC 0.9945 
2 40 PMC = 0.9997EMC 0.9962 
3 60 PMC = 1.0018EMC 0.9977 
4 80 PMC = 0.9998EMC 0.9925 

where PMC is the predicted moisture content and EMC is the experimental 
moisture content 

Fig 2 shows the variation in moisture content of the yam samples with time rehydrated at 
different temperatures.  

Fig 2 Variation in Moisture contents of yam with rehydration time at 27,40, 60, and 80oC 
 
The plots show that for any given time, the moisture content of the yam sample is higher as 
temperature increases. The plots show that as the rehydration temperature increases the 
extent of rehydration increases. In the first ten minutes, the moisture content of the yam 
slices for rehydration temperatures of 27, 40, 60 and 80oC are 46.69, 91.53, 120.41, and 
137.87 g-water/g-solid respectively. There is a 3-fold magnitude in the moisture content of 
the samples rehydrated with a water temperature of 80oC over the moisture content of 
sample rehydrated at 27oC.  However, after about 240 minutes, the difference in the 
magnitude of the moisture contents decreases; the moisture content ranged from 179.02 - 
212.60 g-water/g-solid for rehydration done in the temperature range of 27 -80 oC. 

4 Conclusions 
White yam (Dioscorea rotundata) slices, 3.0 mm thick, were dehydrated in a Refractance 
WindowTM dryer. The dehydrated yam slices were rehydrated at 27, 40, 60 and 80oC. Mass 
and moisture content variation data with time were collected. By fitting the mass 
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rehydration data to rehydration ratio models and the moisture content rehydration data to 
rehydration kinetics data, the following are the conclusions,. 

The two-term exponential equation fits the rehydration ratio variation data better than the 
second order polynomial equation proposed by Singh and Pandey[17]. For the rehydration 
temperatures considered, the R2 values for the two-term exponential equation were closest 
to unity in all cases. For the samples rehydrated at 27, 40, 60 and 80oC, R2, for the two-term 
exponential equations was 0.9966, 0.9860, 0.9903, and 0.9864 respectively as opposed to 
0.9245, 0.9447, 0.9420 and 0.9803 for the second-order polynomial equation. Also, for the 
samples rehydrated at 27, 40, 60 and 80oC, the root-mean-square-error (RMSE) were 
0.0180, 0.0311, 0.0214 and 0.0317 respectively and the sum-of-squared-error (SSE) were 
0.0032, 0.0097, 0.0046 and 0.0100 respectively. All the RMSE and SSE values are close to 
zero. 

When rehydrating the slices, the mass (Fig. 1) and moisture content (Fig. 2) values reached 
higher values for the same rehydration time as the temperature increased. The rehydration 
ratio and moisture content for the slices rehydrated at 80oC were about 50% higher for 
samples rehydrated at 27oC after ten minutes.  

For the moisture rehydration data, the new model better fits the rehydration kinetics than 
the Peleg, Weibull and Exponential rehydration models for the process temperatures 
studied. Among the models investigated, the R2 value for the new models was closest to 
unity for all the process temperatures studied.  
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Abstract 
A discrete thermo-mechanical drying model is developed to investigate the 
interaction between the porous structure and the drying characteristics of 
dense particle aggregates. The solid phase consists of polydisperse spherical 
particles in the micrometer range and the void space is constructed by a 
complementary network of tetrahedral pores. A modified version of the 
classical invasion percolation algorithm is set up to describe the preferential 
evaporation of the confined liquid in the pores. Thus, the evolution of the liquid 
distribution throughout the complex disordered medium can be simulated. In 
a one-way coupling scheme, capillary forces caused by both fluid pressure and 
surface tension are computed over time from the filling state of pores and they 
are applied as loads on each primary particle in the discrete element method. 
Based on this robust approach the drying kinetics and the mechanical behavior 
of several different aggregates with various fractions of small and large 
particles are simulated and quantified.  

 

Keywords: Pore network model; discrete element method; Solid-fluid 
interaction; capillary force, Convective drying. 
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1. Introduction 

Drying in porous media has been subjected to a wide range of scientific investigation, from 
soil layers [1] to a porous wick in loop heat pipe [2] or a membrane in a fuel cell [3]. This 
process consists of various complex events, such as two-phase flow together with phase 
change, or the interaction between fluid and solid phases, which may cause some undesired 
mechanical effects. These effects mainly depend upon moisture distribution, which is 
affected by drying conditions and the porous media skeleton. Substantial efforts have been 
made to numerically investigate the drying problem at the pore scale. After the pioneered 
work by Prat [4], many other studies have been conducted to take into account many physical 
effects, e.g. liquid viscosity [5], gravity [6] or liquid film [7].  

In addition, the pore network modeling method has been combined with discrete element 
method (DEM) to account for the solid phase geometry explicitly [8]. Therefore, local effects 
on a solid phase (such as cracks or shrinkage) has been described for the case of monosized 
aggregates having regular [9] or irregular [10] pore structure. Such effects are caused by 
capillary forces, which depend on the evolution of the liquid-gas interface as well as surface 
tension during the drying process. The solid phase is defined as a particle aggregate and based 
on this a pore network is generated using the Voronoi tessellation that can approximate the 
void phase [11]. However, this Voronoi graph has a shortcoming when applied for a 
polydisperse aggregate, which is a packing composed of primary particles with different 
sizes. In this case, regular Delaunay triangulation generates the graph to weighted points, 
which are the radii of particles [12]. This regular Delaunay triangulation method has been 
used in a pore assembly approach developed by Bruno et al. [13] in order to study the fluid 
flow problems in granular porous media. The fluid flow model has been coupled with DEM 
to calculate the capillary force exerting on each particle of the aggregate. This approach has 
been further improved and applied for several applications. Based on this approach, Catalano 
et al. [14] investigated the fluid-solid interaction for the case of oedometer test; Chao Yuan 
et al. [15] studied the hydromechanical response (shrinkage and swelling) during drainage; 
Sweijen et al. [16] simulated swelling of super absorbent polymers.  

The goal of this work is to develop a versatile discrete model that can simulate the mechanical 
behavior of particle aggregates during convective drying. In this meso-scale model, the solid 
phase is explicitly described as an assembly of spherical primary particles. The fluid flow 
within the void space structure is modeled using the pore assembly method while the 
geometrical representation and the mechanical behavior of the solid skeleton are simulated 
by DEM. The coupling between these two parts is achieved by handling the interfacial 
interaction between the fluid and the solids phase. Impact of the internal structure of the 
porous media on the drying kinetics, for the case of 3D particle aggregates with various 
fractions of coarse and fine primary particles, has been presented.  
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2. Materials and Methods 

2.1. Aggregate generation - solid phase representation 

The solid phase is represented by a packing of particles. This particle aggregate is generated 
by using YADE [17], which is an open-source software based on the discrete element 
method. A set of very loose particles with a uniform size distribution is enclosed in a 
parallelepiped. The resulting packing conforms in a gas-like state with no contacts between 
particles. Mechanical loading is subsequently applied to confer a solid-like nature to the 
packing.  

 

Fig. 1 Representation of monodisperse (left), bidisperse (middle), and polydisperse (right) particle 
aggregates. 

2.2. Pore network generation - void space representation 

The void space between primary particles is represented by a network of pore bodies and 
pore throats (see Figs. 2 and 3). This pore network is defined by a weighted Delaunay 
tessellation of the granular assembly. The pore body is subtracted from the finite volumes of 
the corresponding tetrahedral cell, which has its vertices locating at centers of associated 
particles (Fig. 2a), by the part of the solid volume of these associated particles locating within 
the domain of the tetrahedral cell. Each pair of pore bodies is connected to each other through 
one common facet (pore throat) between them (Fig. 2b). This pore throat has no volume and 
serves as the capillary threshold between the two corresponding pore bodies. Therefore, at a 
given time, the geometry of the packing defines an open network of connected voids.  

  

Fig. 2 Representation of a pore body and associated neighboring particles (a) and of two 
neighboring pore bodies sharing one mutual pore throat (b). 
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Fig. 3 Pore network triangulated based on the particle aggregate. 

2.3. Drying algorithm 

The isothermal discrete drying algorithm used in this work was based on the work of Metzger 
et al. [18]. The drying phenomenon is interpreted as an invasion percolation driven by 
evaporation of liquid into vapor. Vapor diffusion in gas-filled pore bodies is governed by 
diffusion with Stefan correction. The boundary conditions are applied here for the vapor 
pressure as saturation value at liquid-gas interface and value of bulk air at top of boundary 
layer. Besides, the pore size is big enough (more than 100 µm) so that the Kelvin effect, i.e. 
the reduction of equilibrium vapor pressure over a curved liquid-vapor interfaces may be 
neglected [18]. The movement of this menisci is not tracked continuously since the time is 
discretized based on each complete emptying of one single pore in each simulation step.  This 
is due to the assumption that the movement of the liquid-vapor interface, which can be 
referred to as a Haines jump [19], is much faster than the duration of the evaporation 
occurring at that meniscus. During each calculation step, vapor flow rates are assumed as 
constant without accounting for local accumulation of vapor in the gas phase. Additionally, 
in the gas-filled section of the partially saturated pore bodies, it is assumed that the gas is 
saturated with vapor (local equilibrium), hence neglecting any vapor resistance in this 
section. Then, the following mass balances are applied for all gas-filled pore bodies of 
unknown vapor pressure pv:  
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Due to the random spatial distribution of the pore size, the liquid phase in the liquid-filled 
region of the network tends to be gradually separated into numerous isolated liquid clusters 
[6]. In the absence of viscous and gravity forces, liquid flow within these isolated clusters is 
totally controlled by capillary pressure, which is the pressure difference at the liquid-gas 
interface in each pore body locating at the boundary of each liquid cluster. If it is assumed 
that the gas pressure is the same everywhere within the gas-filled section of the void space, 
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then due to capillary pumping effect there is only one pore body in each liquid cluster, whose 
saturation changes in each calculation step. This pore body is the one having the highest 
liquid pressure, i.e. lowest capillary pressure, and it will hereafter be referred as entry pore. 
For every moment of the simulation, each liquid cluster has one entry pore and different entry 
pores can have different pore volume, pore saturation and evaporation rate. Consequently, 
the time required to totally invade these entry pores will be different. Therefore, the time step 
of the drying simulation is determined based on the liquid cluster which has its entry pore 
empty totally first.  

2.4. Capillary force calculation 

The capillary force exerting on each particle consists of two contributions. The first 
contribution is induced by the fluid pressure in pore bodies. It is calculated based on the gas 
and liquid pressure and the surface area of the solid particle being in contact with each 
corresponding fluids. The second capillary force contribution is the result of interfacial 
tension acting on the three phase (solid-liquid-gas) contact line. The method used for 
calculating this capillary force follows the work in [16]. 

3. Simulation results  

We consider here a three-dimensional pore network initially saturated with single-component 
liquid (pure water). In this network the effects of gravity and liquid viscosity are neglected. 
The water vapor can only elude from the network through the boundary layer locating at the 
top surface of the sample while a zero-flux condition is applied at other surfaces. It is also 
assumed that the bulk air is totally dry, i.e. vapor pressure is equal to zero. The temperature 
of the entire network is uniform at 20 oC. We also neglect the liquid film effect – which can 
be significant for pores with square or polygonal cross section [21].  
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Fig. 4 Normalized drying curves of mono, poly and bidisperse particle aggregates. 
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The drying curves obtained for four different particle size distributions, i.e. mono, poly and 
two bidisperse aggregates with different volume fractions of coarse and fine particles, are 
presented in Figure 4. These curves show similar drying characteristics: a sharp drop at the 
beginning followed by a semi-constant evaporation rate period and ended with the falling 
rate period. These observation is in agreement with previous works [20]. Besides, the total 
time required to dry the aggregates are also presented. Although these four aggregates have 
approximately equal porosity and the same physical size of the whole domain, they still have 
differences in the spatial distribution of the fluid channel within the network. The liquid 
distribution obtained from the fluid flow calculation in each invasion step is the input for the 
calculation of capillary force in DEM module. Dynamic simulations are run to visualize the 
evolution of capillary forces during the drying process of the polydisperse aggregate (Fig. 5). 
Such capillary forces will subsequently be loaded to primary particles as external loads, and 
thus the particle motion shall be computed using DEM. We conjecture that different local 
distributions of fluid can lead to different mechanical responses. Detailed and systematical 
analysis will be addressed in the near future. 

 

Fig. 5 Evolution of capillary force field (shown by arrows) in a polydisperse particle aggregate 
during drying.  

4. Conclusion  

A new discrete pore network model has been developed to investigate the fluid flow problem 
in dense particle aggregates consisting of spherical particles. The proposed approach 
integrates the pore assembly method with DEM. The aggregate was first generated using 
DEM based on given micro-scale properties, i.e. porosity, geometrical dimension and particle 
size distribution. Then, a numerical algorithm is developed to solve the fluid flow problem 
for the case of convective drying. It was shown that the developed model is capable of 
capturing the typical characteristic of this classical drying problem, i.e. constant rate period, 
falling rate period. Moreover, the obtained liquid distribution is then used as an input for 
calculating the capillary force field exerting on each particle of the aggregate. This is the first 
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step to couple the fluid flow model with DEM in order to simulate the thermo-mechanical 
behavior of polydisperse particle aggregates during drying.   

5. Nomenclature 

M  Mass flow rate kgs-1 

A Area of cross section m2 

L Distance between the center of 
two adjacent pore bodies  

m 

p Atmospheric pressure Pa 

M~  Molar mass kgkmol-1 

R~  Ideal gas constant Jkmol-1K-1 

T Temperature K 

Greek letters 

δ  Vapor diffusivity m2s-1 
γ  Surface tension Nm-1 

Subscripts  

v vapor  
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Abstract 
To validate the particle motion in flighted rotating drum (FRD), a laboratory 
FRD was built and operated at 15% filling degree and 10 rpm rotation speed 
using plastic balls as bed material. The particle tracking velocimetry (PTV) 
and magnetic particle tracking (MPT) techniques were applied to investigate 
the particle flow behavior. The 3D particle flow was modeled by Discrete 
Element Method (DEM) with LIGGGHTS. The height of the barycenter for 
overall particles and particle instantaneous velocity were calculated from 
PTV and DEM data. The 3D time-averaged particle velocity distribution 
obtained from MPT experiment and DEM simulation was compared. 

 

 Keywords: flighted rotating drum; particle motion; particle tracking 
velocimetry; magnetic particle tracking; DEM simulation. 
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1. Introduction 

Flighted rotary drum (FRD) has been widely used in food and mineral industries for drying 
or cooling processes, as flights lift up particles and give them a higher chance to contact 
with gas. In last decades, much work has been carried out on FRD including particle 
mixing behavior, residence time distribution and discharge characteristics of flights [1]. 
However, few papers reported on particle movement, which is closely related to drying or 
cooling performance of drum. This is perhaps due to the limitation of experimental 
conditions and the complicated particle motion.  

In order to investigate the characteristics of particle movement in FRD, particle tracking 
velocimetry (PTV) technique was utilized in current work to provide detail information of 
particle distribution and instantaneous velocities. Moreover, the magnetic tracking 
technique (MPT) was applied to evaluate particle velocity distribution in 3D. To simulate 
the particle motion, a 3D DEM model was developed, and the results obtained were 
compared with experimental data. 

2. Materials and Methods 

2.1. Experimental setup 

The experimental setup consisted of a laboratory FRD, a high-speed camera system, and a 
magnetic tracking system as Fig. 1 schematically depicts. 

 

Fig. 1 Sketch of experimental setup, including a flighted rotating drum (middle),                              
a high-speed camera system (left) and a magnetic particle tracking system (right). 

2.1.1. Flighted rotating drum (FRD)  

Figure 1 shows the horizontally placed drum with inner diameter of 194 mm and length of 
150 mm. Four rectangular flights were installed with a flight-length-ratio of 1.0. Fine sand 
(0.1 - 0.3 mm) was glued on inner wall to prevent particle slippage; but end walls were kept 
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smooth and transparent. The drum was made of acrylic glass, flights were made of 
aluminum. Spherical plastic balls were used as bed material with a diameter of dp=6 mm 
and a bulk density of ρb = 596 kg/m3. The experiments were conducted at 15% filling 
degree (volume based) and 10 rpm of drum rotating speed.  

2.1.2. High-speed camera system 

A high-speed camera system including a Photron high-speed camera (LaVision, CMOS 
chip) and a DaVis image acquisition software (LaVision) were used. Detailed parameters of 
the image system are listed in Table. 1. Two continuous illuminating 400 W halogen lamps 

Table 1. Parameters of the image system. 
Parameters Value Unit 

Display resolution                                                      
Frame rate 
Exposure time 
Dynamic range 
Local length 
f-number 

1024 ×1024 
500 
1/11,000 
10 
60 
2.8 

pixel 
fps 
s 
bit 
mm 
- 

were utilized to provide sufficient light, as shown in Fig. 1. The camera was positioned in 
front of the drum and adjusted to get a full view field of drum with 200 × 200 mm2. With 
this setting, an approximate spatial resolution scale factor Sf of 5.17 pixel/mm was obtained 
from the standard geometry calibration process in the DaVis software. The experiment 
lasted 19.2 s with a number of 9600 images, which was sufficient to represent the 
periodicity of particle flow in the FRD. The experiments were repeated three times. 

2.1.3. Magnetic tracking system 

In the magnetic tracking system, 12 Anisotropic Magneto Resistive (AMR) sensors were 
installed on three acrylic glass plates, which provided a closed tracking volume of 300 mm 
× 400 mm × 130 mm as shown in Fig. 1. The sensors were arranged and calibrated to 
provide an optimal measurement of the magnetic field strength. All sensors were connected 
to a data acquisition device, which recorded data and sent them to a lab computer via USB 
interface. Online visualization and data evaluation were achieved by associated software 
‘MagDat’ and ‘MagCal’, respectively. 

2.2. Measurement techniques 

2.2.1. Particle tracking velocimetry 

The particle tracking velocimetry (PTV) is a non-intrusive, image-based measurement 
technique to acquire particle velocities. By combining particle segmentation and tracking 
algorithms, a large number of particles could be tracked simultaneously. 
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The particle-mask correlation method was applied to identify and determine the positions 
(coordinates x and y) of individual particles [2, 3]. A template particle matrix (m × m 
pixels), a key parameter in this process, was defined with the size of dp•Sf  pixels (rounding 
down to the nearest even number). The value of template matrix was averaged from 20 
template particles that were selected manually. Then, a tracking algorithm named 
probability relaxation method was utilized to establish particle trajectories by tracking 
particle positions in consecutive image frames [3, 4]. During this process, three radiuses -  
the maximum displacement radius, neighboring radius and the quasi-rigidity radius - were 
defined as 1.2•Umax • Sf  • Δt , 1.0•Umax •Sf  •Δt  and 0.1 2•Umax•Sf • Δt  pixels, to search 
candidate particles and neighboring particles in the 1st or 2nd frame. The Umax was calculated 
based on the particle velocity during free fall in gas. 

2.2.2. Magnetic tracking technique 

The magnetic monitoring is based on continuous tracking of the magnetic marker. The 
evaluation of the measured data provides accurate information about the movement of 
tracer and, thus, enables investigating particle motion in a dense granular bed [5]. In this 
work, a 5 mm long cylindrical neodymium-iron boron with diameter of 3 mm was used as 
the magnet. By embedding it into a plastic ball, the tracer kept the same shape and size with 
other particles. With a measuring frequency of 250 Hz, the MPT system could record the 
Cartesian coordinates x, y, z of tracer every 6 ms. One experiment lasted 6 minutes and was 
repeated three times.  

2.3. Discrete element method (DEM) simulation 

In the current work, the open source software LIGGGHTS was adopted for the DEM 
simulation. The motion of each particle in the Lagrangian framework was calculated by 
the Newton’s second law with ignoring the particle-fluid interaction due to the big 
density difference between particle and gas phase. Based on a filling degree of 15% in the 
experiment, 3474 particles were inserted into the simulation chamber as shown in Fig. 2.  

 

Fig. 2 Snapshot of particle distribution in the DEM simulation. 

The particle interactions were calculated by the Hertzian contact model with tangential 
history tracking [6]. In this soft-sphere contact model, the effect of spring and dash-pot 
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appear through stiffness κ and damping coefficient η, which were determined by the 
physical material properties of Poisson ratio σ, Young’s modulus E and the coefficient of 
restitution e. The detailed material properties of particles are listed in Table. 2. DEM 
simulation was run for 120 s in total, but only from the last 30 s data was extracted at 
0.002 s intervals for further analysis.  

Table 2. Material properties and model parameters for DEM simulation. 
Parameters Value Unit 

Young’s modulus E [7] 107 Pa 
Poisson ratio σ 0.3 - 
Rolling coefficient κr 

[8] 0.01 - 
Coefficient of restitution e [9] 0.68 - 
Friction coefficient μf

 [10] 0.2 - 
Time step ΔtDEM   5 × 10-6 s 
Simulation time tsim 120 s 

2.4. Post-processing of experimental and simulation data 
2.4.1. Barycenter calculation 

To describe the location of the overall particles in the FRD, the barycenter rc was used as 
calculated from Equation (1a). The r represents the particle coordinates value x, y or z. The 
mi denotes the mass of particle i and n the particle number. Considering that the plastic 
balls are regular spheres with uniform density, the equation is simplified as Equation (1b).  

 
(a); 

 
(b); (1)    

2.4.2. Particles velocity calculation 
The particle instantaneous velocity was calculated from the particle coordinates r(t2) and 
r(t1) for the case t2 → t1 by Equation (2).  With the spatial velocity components vx, vy and vz, 
the total particle velocity can be determined by Equation (3) in 3D.   

 (2) 

 (3) 

3. Results and Discussion 

3.1. Barycenter migration 

Due to the pushing force of the flights, the position of the overall particles was raised 
increasing the particle-gas contact and, thus, heat transfer. Figure 3 represents the 
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normalized Y coordinate of the barycenter for overall particles over time for two drum 
rotations (12 s duration) as obtained from the PTV measurement and DEM simulation. As 
the figure illustrates, the barycenter rotated every 1.5 s corresponding to a quarter of one 
rotation of the flights. Furthermore, the DEM data agreed well with the PTV measurement. 

 

Fig. 3 Normalized Y coordinate value of particles barycenter in 12 s duration time (two rotating 
circles) by PTV method and DEM model. 

3.2. Particle instantaneous velocity 

Figure 4 shows the particle instantaneous velocity fields from PTV measurement and DEM 
simulation for the flight positions of 0°, 30°, 60°to the horizontal, respectively.  

 

Fig. 4 Instantaneous particle distribution (a1-a3) and velocity vectors from PTV measurement (b1-
b3) and DEM model (c1-c3) at the time of 0 s (a1, b1, c1), 0.5 s (a2, b2, c2) and 1.0 s (a3, b3, c3).  
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Since the PTV is limited to 2D studies, the particles located in the fist layer behind the front 
plate were chosen in DEM simulation to generate the particle velocity fields. The figures 
a1-a3 show the images of instantaneous particle distributions. The vortex in the dense phase 
at the bottom is clearly visible in Fig. 4 b1-b3 and c1-c3. The passive phase on flights 
presented a relatively homogeneous velocity distribution as they moved synchronous with 
the rotating wall. It is important to notice that, with different location of the flights, not only 
the position of vortex center dynamically changes but also the thicknesses of active and 
passive layers. This effect greatly accelerates the mixing of dense phase and, thereby, the 
heat transfer.  The DEM data are in good agreement with PTV data. 

3.3. Particle velocity distribution 

Considering that PTV is limited to 2D, the 3D time-averaged and normalised velocity 
distributions were compared between MPT and DEM data in Fig. 5 to further validate 
particle motion in the FRD. 

 

Fig. 5 Probability density distribution of particle translational velocity components by MPT 
measurement and DEM simulation: (a) Vx; (b) Vy; (c)Vz; (d) total velocity V. 

It should be noted that the MPT data was obtained from 18 mins (three repeated 
experiments) to ensure a high accuracy of data distribution. While, due to computational 
limitations, the data from all particles (3,474 in total) were chosen from the last 30 s (5 
rotating circles) of the DEM simulation for comparison. For radial velocity Vx and Vy, 
very similar distributions were obtained from MPT and DEM data, see Fig. 5a, b. The 
curves are asymmetric in shape which may be due to the influence of flights. Whereas, the 
axial velocity distribution Vz shows symmetry (Fig. 5c). Furthermore, the DEM data 
display a narrower distribution and a sharper peak. Potential reason for this difference could 
be attributed to the collision model selected in DEM. The total velocity distribution of the 
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MPT and DEM data show a comparable trend in lower velocity region, but apparent 
differences in higher velocity region, as shown in Fig. 5d. In general, there is reasonable 
agreement in the velocity distribution between MPT experiment and DEM model. 

4. Conclusion 

To investigate the particle motion in the FRD, two experiment techniques, PTV and MPT, 
were applied. The particle motion was modeled by using the DEM. A periodically upward 
movement of particles was confirmed. Moreover, the position of the vortex generated in 
dense phase varied over time, and the particle transient velocity distributions displayed 
asymmetric profiles. All these effects are caused by the flights. In addition, the DEM 
results agreed well with the PTV and MPT measurements.   
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Abstract 
Lignite is a domestic strategic reserve of low rank coals in many countries 
for its abundant resource and competitive price. Combustion for power 
generation is still an important approach to its utilization. However, the high 
moisture content always results in low efficiencies of lignite-direct-fired 
power plants. Lignite pre-drying is thus proposed as an effective method to 
improve the energy efficiency. The present work focuses on the flue gas pre-
dried lignite-fired power system (FPLPS), which is integrated with fan mill 
pulverizing system and waste heat recovery. The thermo-economic analysis 
model was developed to predict its energy saving potential at design 
conditions. The pre-drying upgrade factor was defined to express the 
coupling of pre-drying system with boiler system and the efficiency 
improvement effect. The energy saving potential of the FPLPS, when applied 
in a 600 MW supercritical power unit, was determined to be 1.48 %-pts. It 
was concluded that the improvement of boiler efficiency mainly resulted from 
the lowered boiler exhaust temperature after firing pre-dried low moisture 
content lignite and the lowered dryer exhaust gas temperature after pre-
heating the boiler air supply. 

 
Keywords: lignite; pre-drying; thermodynamic analysis; thermo-economics. 
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1. Introduction 

Lignite is still considered as a domestic and abundant energy source for many countries. [1] 
Power generation is an important approach to utilization of lignite resources. However, the 
high moisture content always results in low efficiencies of lignite-direct-fired power plants. 
Pre-drying is an effective method to improve the energy efficiency because it removes the 
redundant moisture and increases the heating value of the lignite entering the furnace. [2,3] 

Many works have been performed concerning the performance analysis of the pre-dried 
lignite-fired power systems (PLPSs) based on energy and exergy criteria and/or economic 
and environmental indicators. In China, Liu et al. [4] conducted process modeling of the 
steam pre-drying power system using Aspen Plus, and investigated the exergy destruction 
distributions of a 600 MW unit under nominal and partial loads. Moreover, biomass pre-
drying [5] and solar pre-drying [6] were studied, respectively, to further demonstrate the 
energy saving potential of pre-drying. Zhu et al. [7] carried out an energy analysis of a 
lignite steam pre-drying power system with an efficient waste heat recovery system. Xu et 
al. [8] modeled a lignite power system integrated with boiler exhaust gas pre-drying, and 
analyzed the energy saving potentials with different lignite types and pre-drying degrees. 
Recently, different configurations of solar pre-drying were proposed by Xu et al. [9] The 
selection of drying heat source is gradually extended to renewable energy sources, which 
aims to further improve the energy efficiency of low rank coals. In Greece, Atsonios et al. 
[10] examined various scenarios of lignite drying and utilization depending on power load 
variation of the plant during certain periods of the day, in order to simultaneously increase 
the plant efficiency and reduce the electricity cost. Rakopoulos et al. [11] assessed different 
lignite-fired plant configurations for combined heat and power production for use in district 
heating networks, in terms of environmental, technical, and economic criteria. Avagianos et 
al. [12] presented a thermodynamic methodology for the prediction of lignite fired boilers 
at low power loads; even below the current technical minimum, when pre-dried lignite is 
employed. Drosatos et al. [13] conducted numerical simulation of a lignite-fired boiler 
using pre-dried lignite as supporting fuel for flexible operation. As summarized by 
Agraniotis et al. [14], state-of-the-art lignite pre-drying technologies can not only improve 
the energy efficiency but also operation flexibility. Energy saving of lignite pre-drying also 
attracts other researchers worldwide lately. For example, Fushimi et al. [15] developed 
drying process based on self-heat recuperation technology and evaluated the thermal 
efficiency penalty and costs. Kambara et al. [16] compared the thermal efficiencies for an 
existing 316 MWe power plant with and without steam tube dryers (STDs), and found that 
the improvement can be up to 4.2 %-pts. Giuffrida et al. [17] presented a detailed analyses 
based on mass and energy balances of lignite-fired air-blown gasification-based combined 
cycles with CO2 pre-combustion capture. Akkoyunlu et al. [18] carried out an economic 
assessment of drying prior to grinding mill process in lignite-fired thermal power plants. It 
was indicated that the growth in the boiler efficiency ranged between 3.9-12.6% when there 
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was a 10% decrease in moisture content. Moon et al [19] developed a combination of low 
rank coal drying with power generation, and investigated the influences of steam extraction 
point and amount of drying coal on the thermal efficiency. In brief, an agreement has 
reached that pre-drying can improve the efficiency of lignite power generation, but system 
optimization still requires specifications and methodologies. 

The authors have reported earlier predicted energetic performance of the FPLPS at off-
design conditions [20] and suggested possible performance improvement through the energy 
matching in the drying process [ 21]. It is necessary to provide a comprehensive idea of 
technical and economic feasibility of lignite pre-dying. The major objective of this study is 
thereby to be a demonstration of a detailed thermo-economic analysis of flue gas mill pre-
drying concept. It is continuation of works associated with lignite pre-drying power systems. 

2. Materials and Methods 
2.1. System Layouts 
A conceptual schematic of the FPLPS system is depicted in Fig. 1. The common features of 
the FPLPS include the use of flue gas as drying agent in the drying tubes and fan mills, the 
integration of an open pulverizing system with the boiler, the concentration of water vapor 
in the dryer exhaust gas, and the air pre-heating by the dryer exhaust gas. More specifically, 
the flue gas dryer exhaust gas, containing a large amount of water vapor, is not recycled to 
the furnace but led to the heat recovery system, in which the waste heat is utilized to pre-
heat the air supply of the boiler. 

 
Fig. 1. System layout of the FPLPS. 

2.2. Thermo-economic analysis model 
Raw lignite is fed into the dryer, in which a part of the moisture content is removed and the 
heat supply is basically conserved with the latent heat of moisture evaporation △M·hv. 
Accordingly, the LHV of the pre-dried lignite is derived as: 
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pc ar vLHV (LHV ) (1 )M h M∆ ∆= + ⋅ −  (1) 
where ΔM is the mass of evaporated moisture per kg raw lignite (kg·kg-1), also defined as 
pre-drying degree, and hv is the water latent heat of vaporization. 

ar pc pc( ) (100 )M M M M∆ = − −  (2) 
where Mar and Mpc are the moisture contents in the raw and pre-dried lignite, respectively. 
The moisture content of pre-dried lignite can be calculated as: 

0.46
pc ar 90 de0.048M M R t −= ⋅ ⋅ ⋅  (3) 

In the present work, a dimensionless pre-drying upgrade factor is defiend as: 

pd v ar1 LHVk M h= + ∆ ⋅  (4) 
In this way, boiler efficiencies on different basis can be derived as: 

ref 0 ref apb, pd b,t t t tkη η= == ⋅  (5) 

The plant thermal efficiency, ηtot, can be calculated by the combined product of the 
efficiencies of the main components, and is expressed as follows: 

tot b p sc m gη η η η η η=  (6) 
where ηb is the boiler efficiency (t0 basis), ηp the heat supply pipe efficiency, ηsc the steam 
cycle efficiency, ηm the mechanical efficiency, and ηg the electric generator efficiency. 
The plant thermal efficiency improvement, △ηtot, is calculated as: 

tot tot FPLPS tot CLPS, ,∆η η η= −  (7) 

3. Results and Discussion 
3.1. Case Study 
3.1.1. Benchmark parameters 
To evaluate the energy saving potential of the FPLPS comprehensively, simulation 
calculations on a 600 MW water-cooled supercritical unit were carried out based on the 
simulation algorithm introduced above. Detailed specifications in simulation and 
calculation, such as the thermal parameters of the heat regenerative system, can be found in 
Ref.[21]. The properties of the Chinese Yimin lignite, with 39.5% moisture content are 
given in Table 1. 

Table 1. Properties of Chinese Yimin lignite 
Mar, % Aar, % Car, % Har, % Oar, % Nar, % Sar, % LHV, MJ·kg-1 
39.50 12.09 34.59 2.03 11.30 0.35 0.14 11.79 

To conduct thermodynamic analysis, it is firstly necessary to determine the moisture 
content of pre-dried lignite with given parameters. According to the empirical correlation 
(Eq.1), the moisture content after grinding and milling can be obtained, as a function of pre-
drying degree and R90 (Fig. 2). Mpc is calculated as 9.82% when tde equals 110 °C. The 
heating value can also be calculated, as shown in Fig. 3. The HHV and LHV are elevated 
by 49.1% and 59.5%, respectively. Obviously, with higher pre-drying degree, the rank of 
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the lignite is improved. The plant efficiency benefit is expected. As summarized in Table 2, 
compared with conventional lignite-fired power system (CLPS), the plant thermal 
efficiency can be improved by 1.48 %-pts. 
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Fig. 2. Mpc in terms of R90 and tde. Fig. 3. Heating value in terms of ΔM. 

Table 2. Comparison of the parameters and thermo-economics of the CLPS and FPLPS 
Items Unit CLPS FPLPS 

Boiler exhaust temperature, tbe °C 144 110 
Air pre-heating temperature, tap °C - 55 
Dryer exhaust temperature, tde °C 150 110 

Boiler efficiency on tap basis, 
ref apb,t tη =  % - 89.49 

Pre-drying upgrade factor, kpd - - 1.07 
Boiler efficiency on t0 basis, 

ref 0b,t tη =  % 92.59 95.76 

Steam cycle efficiency, ηi % 47.67 47.67 
Plant thermal efficiency, ηtot % 43.26 44.74 

3.1.2. Thermodynamic analysis 
The joint influences of boiler exhaust temperature (tbe), dryer exhaust temperature (tde), air 
pre-heating temperature (tap) on the energy efficiency improvements are depicted in Fig. 4. 
It can be seen in Fig. 5 that the plant efficiency improvement varies with tbe, tde, and tap 
linearly. The △ηtot increases by 0.09 %-pts when tde decreases by 10 °C, 0.18 %-pts when 
tbe decreases by 10 °C, and 0.16 %-pts when tap increases by 10 °C. To sum up, the decrease 
of tde, tbe and increase in tap contribute to the total △ηtot by 0.38 %-pts, 0.62 %-pts, and 
0.48 %-pts, respectively. 
The pre-drying upgrade factor (kpd) is defined in the present work to demonstrate the energy 
saving mechanism of pre-drying from energy analysis perspective. It is shown in Fig. 6 that 
the kpd increases linearly with the pre-drying degree (ΔM) with given lignite properties. It is 
calculated as 1.07 for Yimin lignite, which means that the boiler efficiency is increased by 
7%. The kpd increases by 0.02 with 0.1 kg·kg-1 increase in ΔM. As a result, the boiler 
efficiency increases with the pre-drying degree (Fig. 7). 
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Fig. 4. Schematic of the key temperatures in FPLPS. Fig. 5. Influence of tbe, tde, and tap on Δηtot 
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Fig. 6. kpd as a function of ΔM. Fig. 7. Boiler efficiencies in terms of ΔM. 

3.2. Parametric analysis 
Apart from the key temperatures above, the plant efficiency improvement also depends on 
drying process parameters. Pre-drying degree and dryer efficiency are the parameters, from 
the perspectives of moisture removal and thermal conversion, respectively. The uncertainty 
in the calculation of the moisture content should be taken into consideration, as well as the 
dryer efficiency. Therefore, it is necessary to investigate the variations of the improvement. 
3.2.1. Influence of pre-drying degrees 
It is shown in Fig. 8 that the Δηtot increases ΔM linearly. Moreover, the slope increases with 
tbe. It means that for lignite-fired boilers with high exhaust temperature, the energy saving 
potential is remarkable. For example, when tbe is equal to 144 °C and 110 °C, respectively, 
the △ηtot increases by 0.12 %-pts and 0.05 %-pts, with 0.1 kg·kg-1 increase in ΔM. 
3.2.2. Influence of dryer efficiency 
The dryer efficiency influences the energy saving potential significantly, as shown in Fig. 9. 
When the dryer efficiency drops below the design value, the Δηtot decreases sharply. 
Especially, there exit critical dryer efficiencies with given boiler exhaust temperature. For 
example, when tbe is equal to 144 °C, the ηd,cri is approximately 80%. When the dryer 
efficiency gets lower than that, the FPLPS does not save coal any more. It can be attributed 
to the fact that although kpd does not change with dryer efficiency, the heat load of the 
dryer increases with decreasing dryer efficiency and the boiler efficiency drops. 
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Fig. 8. Δηtot as a function of ΔM. Fig. 9. Δηtot as a function of ηd. 

4. Conclusions 
A theoretical framework of modeling and thermo-economics on lignite pre-drying is 
presented in the present work, which offers a comprehensive idea of economic feasibility of 
lignite utilization integrated with flue gas fan mill pre-drying. The main conclusions are: 
1) A pre-drying upgrade factor was defined to decouple the drying and boiler systems. 
When the moisture content decreased from 39.5% to 9.82%, the pre-drying degree was 0.33 
kg·kg-1, and pre-drying upgrade factor was calculated to be 1.07. As a result, the plant 
thermal efficiency improvement of the FPLPS compared with CLPS can be up to 1.48 %-
pts, when the boiler exhaust gas temperature, the dryer exhaust gas temperature and the air 
pre-heating temperature were set as 110 °C, 110 °C, and 55 °C, respectively. 
2) Through parametric analyses, the contributions of key design temperatures and pre-
drying conditions to the energy saving potential of the FPLPS were analyzed. Results 
showed that the plant efficiency improvement resulted from pre-drying and air supply pre-
heating increased by 0.09 %-pts, 0.16 %-pts, and 0.18 %-pts with 10 °C increase in the 
dryer exhaust temperature, 10 °C decrease in the air pre-heating temperature, and 10 °C 
decrease in the boiler exhaust temperature, respectively. 
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Abstract 
In order to conserve cuminum cyminum L. during long storage periods, the 
drying kinetics of this seed undergoing microwave-assisted fluidized bed 
dryer at various microwave output power (300, 600 and 900w), air velocity 
(10, 15 and 20 m/s) and air temperatures (45, 55 and 65ᵒc) were studied. The 
main aim of this research is developing a mathematical model of mass 
transfer to investigate the microwave-assisted fluidized bed drying of 
cuminum cyminum L. seed. In this paper, we tried to discover a good model 
to evaluate moisture effective diffusivity (Deff). 

 

Keywords: cuminum cyminum L, microwave-assisted drying, mathematical 
modeling,  
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1. Introduction 
Cumin (cuminum cyminum) is one of the functional and valuable spices in food 
preparations. It is popular for its strong, sweet aroma and slightly bitter taste. In addition to 
its seasoning application, its pharmaceutical properties are influential. Cumin name 
originally derived from the Greek word “kyminon”.Several functional benefits of cumin 
consumption are: hypolipidemic, digestion stimulating, antispasmodic, wound-healing, 
anti-microbial, anti-oxidant, carminative and anti-inflammatory agent. Ground cumin is 
commonly used in Iranian culinary and confectionary, meaty Moroccan foods and classic 
German foods [1-4]. Iran was among the countries that devote themselves to the large 
surface area of the land was cultivated cumin, and its production in this area was about 
12,000 tons per year [5]. 

Drying is frequently used in agricultural and food processing. Essential oils are important 
part in herbs, due to thir importance and thermal sensitivity they have to dried at moderate 
thermal condition and short time [6]. Fluidized bed drier has high thermal efficiency in 
solid drying. Direct intact between samples and heating medium leads to simultaneous as 
well as rapid heat, and mass transfer. However conductive heat transfer from surface to the 
inside of materials is still slow. This may be solved by using microwave assisted fluidized 
bed drier. This article focuses on mathematical modeling of cumin as an assumed 
cylindrical shaped seed, dried undergoing various treatment in order to assess water loss 
procedure. 

2. Materials and Methods 

2.1. Dying procedure 

Cumin seeds were purchased from local grocery in Karaj city (north of Iran) in October. At 
first they were cleaned manually then got uniformed by a sieve having 20 meshes. 
Predetermined amount of water added to a certain quantity of samples obtain determained 
moisture content. A pilot-scale microwave- assisted fluidized bed dryer was applied for 
dehydration experiments. For each test, 50 g cumin seeds slightly poured into drying dish to 
make them uniform. The drying tests were conducted at three levels of power (300, 600, 
900w), air temperature (45, 55, 65ᵒC) and air velocity (5, 7.5, 10 m/s) to reach a specific 
moisture content (5.66% d.b). V=4.5 m/s is experimentally determined as the minimum 
fluidization velocity. Moisture ratio was calculated based on following equation [7]:  

  

 

 

(1) 
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Table.1 independent variables 
Factor Name Units Minimum Maximum Mean 
A=X1 temperature ᵒc 45 65 55 
B=X2 Microwave power w 300 900 600 
C=X3 Air velocity m/s 10 20 15 

2.2. Mathematical modelling and Moisture diffusivity determination 

In order to facilitate the calculation of the effective diffusion coefficient, a new method was 
designed and developed. In this case, the oval shaped cumin seed was considered as a 
cylinder with the surface are a similar to the elliptical cumin seed. So firstly, side surface 
area of elliptical cumin particles were calculated by circulating equation (2) around 
horizontal “a” axis (fig 1) [8].  

 

Figure 1. Cumin seed scheme for the model geometry 

For an entire ellipsoid: 

Then via equating ellipsoid surface area with cylinder surface area, the radius (rc) was 
calculated from following equation: 

 

(4) 

Large radius of 20 seeds were measured by digital caliper with an accuracy of 0.01 mm 
(Mitutoyo, Japan) and their average value was considered as’ a’ factor in above equation.  

 

(2) 

 

(3) 
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Water loss process during solid dehydration consists of several complex mechanisms. With 
regard to this fact, Fick’s second low effective diffusivity have been considered as a 
combination of mentioned mechanisms [6, 9].  

 

(5) 

Initial and boundary conditions of eq (9) with ignoring shrinkage are defined as follow: 

  

 
 

  

Fickian equation solution could be simplified to infinite slab and cylinder and finite 
cylinder by assuming the first part in series expansion of their equation respectively [9, 10]: 

 

(6) 

 

(7) 

 

(8) 

   Wherein: 

 
(9) 

 
(10) 

 

(11) 

Where Dslab and Dcyl are the moisture diffusivities that were assumed equal. L and rc are the 
real length of cumin seed and the computed radius of the cylinder in eq (4) in the order 
given and β1=2.4048 was obtained from the tables of the first kind of zero order Bessel 
function (Jo(aαn)=0) [10]. The constant B can be determined by plotting ln(MR) against 
drying time (s) for any experiment. 
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3. Results and discussion 

3.1. Drying kinetic 
The Cumin samples (M0 =35.44% (d.b)) were dried to M=5.66% (d.b). Central composite 
design (CCRD) with three indepenfdent variables includes microwave output power, air 
temperature, air velocity, on three levels, at the central point plan was applied. As expected, 
moisture content kept decreasing by increasing drying time, temperature and microwave 
power, (fig.2 a and b). In table.2 drying rate values based on different test conditions, are 
provided. During microwave heating, water components due to their higher dielectric loss 
factor, absorb a greater amount of microwave energy and reach the boiling temperature, 
consequently the pressure in the interior of the material develops, this causes the moisture 
to move from the inside to the surface [11, 12]. At first, internal heating caused by 
microwave, moves liquid water towards surface of samples (Darcy’s law). With the 
progress of the drying procedure, internal moisture supply is not able to provide the surface 
evaporation process. Thus, after this stage, dehydration is driven by vapor diffusion and 
Darcy’s flow [13].  As can be seen in fig.2c, air flow rate increase to more than minimum 
fluidization velocity (15 m/s) has no effect on drying rate and drying time, because 
increasing air velocity, increases bed pressure drop. 

   

 

Fig.2 effect of microwave power (a: v=15m/s, T=55ᵒC) air temperature (b: p=600w, v=15m/s) and 
air velocity (c: p=600w, T=55ᵒC) on drying rate. 
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From a certain speed onwards, the amount of pressure drop has been stabilized and there 
isn’t much change in it. Constant pressure drop is due to change in the nature of the bed 
particles from fixed state to fluid state, so from this point on, pressure drop will be same as 
liquid static pressure drop and depend on height of bed [14]. 

3.2. Effective moisture diffusivity and activation energy 

Effective moisture diffusivity: Radius value obtained from eq (8) is 0.373 mm. by using 
slope of fig.3 graphs and putting them in eq (15), effective moisture diffusivity under 
various test conditions was determined. The measured Deff values for cumin seeds are 
presented in table.2.  

As shown, Deff values were ranged from 3.820×10-11 to 2.746×10-10 m2/s. This result is in 
accordance with results obtained from most food stuffs (10-12 -10-8 m2/s) [15, 16]. It is 
observed that the highest amount of Deff is related to P=900w and T=65ᵒC and the lowest 
amount of Deff is related to P=300w and T=45ᵒC. It was observed that increasing the 
temperature of drying air and microwave power, increased the effective moisture 
diffusivity. 

 

  
Fig.2 effect of microwave power (a: v=15m/s, T=55ᵒC) air temperature (b: p=600w, v=15m/s) and 

air velocity (c: p=600w, T=55ᵒC) on drying rate. 
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These results are in agreement with the results of microwave drying of pandanus leaves 
[17] and hot-air and microwave drying of pineapple [15] and fluidized bed drying of canola 
[16]. There is  no significant effect of various velocity of drying air on slope of fig.3c  and 
consequently on Deff  was observed. As mentioned earlier, this action is due to the 
mechanism of pressure drop during drying procedure. 

Table. 2 Amounts of  DR, RMSE, SSE and Deff of cumin seed undergoing different 
drying condition 

Microwave 
power (w) 

Air temperature 
(ᵒC) 

Air velocity 
(m/s) 

Drying rate 
(1/s) 

Deff (m2/s) 
×10-10 

R2 

300.00 65.00 10.00 0.004 0.883 0.9813 
900.00 45.00 10.00 0.005 1.074 0.8936 
300.00 65.00 20.00 0.004 0.955 0.891 
300.00 45.00 10.00 0.002 0.382 0.9661 
600.00 55.00 20.00 0.005 1.051 0.9587 
900.00 65.00 20.00 0.011 2.746 0.9694 
900.00 55.00 15.00 0.009 1.886 0.9918 
300.00 45.00 20.00 0.002 0.405 0.9581 
900.00 65.00 10.00 0.01 2.459 0.9997 
600.00 65.00 15.00 0.006 1.552 0.9572 
300.00 55.00 15.00 0.0035 0.668 0.9745 
900.00 45.00 20.00 0.005 1.218 0.9342 
600.00 55.00 15.00 0.005 1.062 0.9601 
600.00 55.00 10.00 0.004 0.883 0.924 
600.00 45.00 15.00 0.002 0.573 0.9429 

4. Conclusion 

Drying specifications of cumin seeds were assessed during microwave-assisted fluidized 
bed drying at various levels of air temperature, microwave power and air velocity. The 
entire dehydration process occurred in the falling rate period. Applying higher values of 
microwave output power, air temperature and air velocity enhanced drying rate and Deff. 
Although increased to more than the minimum fluidization velocity of air flow rate, did not 
show a significant impact on drying rate. Simulation elliptical cumin seed to cylinder, to 
obtain Deff and Ea offered good results with high amount of R2. Usage of RSM ensured that 
the selected factors had significant effect on responses and on each other as well.   
Increment in air temperature and air velocity used in this study, caused decrement in EC 
value but microwave power affected on EC in increasing manner. And finally optimum 
condition obtained by RSM offered that operating minimum fluidization velocity, 
maximum value of microwave power and air temperature, maximize drying rate value and 
minimize energy consumption value.    
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Abstract 
Osmotic dehydration of apple was modeled considering the mechanisms 
involved in the solutes transfer within the plant matrix: impregnation and 
diffusion. The model mathematical writing includes the impregnation layer 
thickness, the diffusion thickness, a water bulk flow and the convective 
resistance. Apple cylinders were dehydrated at 30, 50 ° C and 30, 50 ° Brix 
and a motion of 0.15 m/s. The Reynolds number was of 250 for 30°C-30°Bx 
and 500 for 50°C-50°Bx. Schmidt numbers was of 4000 for 30 ° C-30 ° Bx 
and 4200 for 50 ° C-50 ° Bx. 
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1. Introduction 

The understanding of the mechanisms involved in the solutes transfer within the food is 
fundamental to develop a predictive model of the osmotic dehydration operation. The 
mechanisms present in the solute transport of the osmotic solution within the plant tissue 
have not been elucidated. The solute transfer models developed so far, describe the osmotic 
solution migration by calculating a global transfer coefficient that considers a gradient of 
solute concentration uniform inside the food, limiting the identification of the mechanisms 
involved: diffusion or impregnation (Muñiz and others, 2017). 

 These models apply Crank's solutions to Fick's law to determine the transfer coefficient 
and they suppose some simplifications that contradict experimental findings that show the 
presence of solutes concentrated layers  on the material surface, particularly when 
saccharides and sweeteners are used as osmotic solutions, which are evidence of an unequal 
distribution of  osmotic solution within the plant matrix (Assis and others, 2015; Seguí and 
others, 2012). 

Unlike the models available in the literature that consider a global solute transfer 
coefficient, this work proposes a model that describes the mechanisms involved in the 
transfer of the solute within the plant matrix: impregnation and diffusion and assumes 
boundary conditions that they take in counts the effect of external and internal resistances 
in the fruit-osmotic solution interface. 

 

2. Materials and Methods 

2.1. Boundary conditions for the modeling of solute transfer in osmotic dehydration.  

 Apples samples were considered as slab and solute transported was assumed to occur in 
one direction. For boundary conditions the overall solute transfer process depend of the 
relationship of internal and external resistances in the osmotic solution-apple interface, 
determined by Reynolds and Schmidt numbers. 

2.2. Movement velocity and dimensionless numbers. 

Apple samples were moved in a vertical in a vertical direction at frequencie of 100 
cycles/minutes about 0.15 m/s. 

Solution movement was affected significantly by solute movement, therefore the interface 
resistance was not negligible. Thus at the solution-apple interface the boundary conditions 
is: 
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                                  (1) 

K-mass transfer coefficient (m/s), C∞- solution concentration far from the interface (kg/m3) 
and CS-solution concentration at the interface apple-osmotic solution (kg/m3).  

The velocity was determined by the equation (2): 

                                   (2) 

U-verticalvelocity (m/s), ω-frequency (cycles/minutes),R- radius (0.015 m) and tm-time of 
the movement (s).  

The relative velocity of apple sample and solution was supposed to be the average velocity 
of apple. This velocity was used for calculation of Reynolds (Re) and Schmidt (Sc) 
numbers. 

                                                 (3) 

                                                 (4) 
L-diameter of apple sample (m), ρs-solution density (kg/m3), μ-viscosity of the sucrose 
solution (kg/ms), D-binary diffusivity (m2/s). Sucrose solution viscosity and density were 
estimated from the literature. 

2.3. Penetration depth of the solute or active zone. 

The penetration depth of the solute (zp) was determined experimentally using the scanning 
electron microscopy (SEM) technique. The apple sample was analyzed in cross section 
from the surface to the center. The thickness of the area where structural changes are 
observed was determined and used to estimate the penetration depth of the solute or active 
zone. In addition, the tissue area beyond the zone of structural change was observed to 
check if it remained as at the beginning of the treatment. 

Prior to SEM examination, the materials were osmotically dehydrated by applying a 
factorial experimental design at two levels for temperature (30, 50°C), a sucrose osmotic 
solution concentration (30, 50 °Bx) and a motion level of 0.15 m/s. Three replicates for 
each treatment were conducted.  High-quality stereo images and surface parameters were 
recorded from samples osmotically dehydrated and cut in cross section. For the study by 
SEM, the cross section of the apple sample was analyzed dividing it into 5 areas from the 
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outermost layer to the center. Area 1 corresponds to the outermost surface of the sample 
and area 5 to the material center. 

2.4. Modelling of transport mechanisms during osmotic dehydration of fruit in 
sucrose solution. 

Modifying the mathematical writing of the equations that describe the solutes transport in 
OD requires an analysis of the mechanisms involved: impregnation and diffusion. For this 
it is necessary to take into account the following considerations: water bulk flow acts as a 
resistance that opposes the transfer of the solute and limits it to migrate mostly in the 
superficial layers of the food; the water flow from food is greater than the flow of solutes 
entering the plant matrix;  water flow is the sum of: water in the pores (free water) + water 
in the extracellular volume + water in the intracellular volume (bound water); water that 
leaves the plant matrix is transferred mainly by capillary diffusion; solute flow is the sum 
of: solute in the pores + solute in the extracellular volume concentration of the osmotic 
solution inside the food changes; the highest concentration of the solute is impregnated on 
the surface of the plant matrix when solutions of saccharides and natural sweeteners are 
used; hydrodynamic boundary layer influences the initial concentration of the impregnation 
layer Ci; thickness of the impregnation layer δimp changes with the time of the process. 
Based on the above assumptions, the following equations are proposed to determine the 
transfer of solutes in OD: 

      (5) 

                                 (6) 

            (7) 

-solute flow potential; -water flow potential; C-concentration (kmol/m3), t-

time (s), -coefficient. 

 

3. Results and discussions 

Reynolds number (Table 1) for the experiment was found to be approximately 205 and 500 
for 30°C-30°Bx and 50°C-50°Bx respectively with 0.15 m/s of motion level. The flow 
regime for both experience were thus laminar flow. The calculation of dimensioanles 
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numbers showed the average Reynolds number of all the experiments was small (<600) and 
very high Schmidt numbers (4000 for 30 ° C-30 ° Bx and 4200 for 50 ° C-50 ° Bx). 

Table 1. Properties of the osmotic solution to determine the Reynolds number 

Temperature 
(°C) 

Concentration 
(°Bx) 

Diameter  
(m) 

Velocity 
(m/s) 

Re Sc 

30 30 0.015 0.10 250 4000 

50 50 0.015 0.10 500 4200 
 

During osmotic fruit dehydration, sucrose or synthetic osmotic solutions are generally used, 
in a mass fraction of 60% w / w or more. These solutions have high viscosity and have low 
diffusion. These operating conditions imply high Sc numbers and low Re numbers, 
generally in laminar flow regime (Bui and others, 2009). 

From the thickness of the zone where the structural change was observed, the value of the 
penetration depth of the solute zp was estimated. Scanning electron microscopy turned out 
to be an efficient technique (Figures 1 and 2) for the detection of structural changes areas in 
the osmotically dehydrated apple tissue. 

 
Fig. 1. Micrograph of dehydrated apple in sucrose 50 ° C-50 ° Bx. Increase 50x (S1-surface; S5-

center). 
 

 
Fig. 2. Micrograph of dehydrated apple in sucrose 30 ° C-30 ° Bx. Increase 50x (S1-surface; S5-

center). 

In 1 and 2 areas the greatest structural changes are observed, these being the closest to the 
external surface of the material. In these areas, we observed certain zones where the 
structure of the tissue is collapsed with the presence of solids that clog the pores and the 
intercellular spaces disappear. In areas 3, 4 and 5 closest to the center of the sample, small 
and irregularly shaped intercellular spaces are observed, very similar to those presented in 
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the microscopy of the fresh apple. The values of the solute penetration depth estimated 
were 3.03 and 3.68 mm for the conditions of 30 °C-30 °Bx and 50 °C-50 °Bx.  

 

4. Conclusions 

This model can be useful for the design and optimization of the industrial osmotic 
dehydration process since it will be able to successfully predict the area where the 
superficial impregnation of the sucrose occurs and the area where the solute diffuses. 
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Abstract 
The objective of this work was to establish a three-dimensional measuring 
method for the size, morphology and distribution of internal structure such as 
ice crystals, bubbles and solids content within an ice cream sample by using a 
cryogenic microtome spectral imaging system (CMtSIS). The 3-D images of 
ice crystals, bubbles and milk solids were recognized by reconstructing the 
circles in 2-D images into 3-D spheres; and the Overrun by Volume (ORV) 
was obtained by incorporating the area of bubbles on integrated image and 
the volume of bubbles in the 3-D image. 

Keywords: Ice crystal, Bubble, Internal structure, Spectral imaging, Micro- to 
macro-scale, Freeze-Drying 
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1. Introduction 

Most food materials are composed of limited structural elements such as a solid content, 
bubble and ice crystal. The internal structure in frozen food materials undergoes metamorphic 
changes due to recrystallization process which increases the size of ice crystals during frozen 
storage. The size and shape of internal structure formed in a frozen material strongly 
influence the final quality as well as the freezing rate or heat flux and the direction of heat 
flow within the material during freezing. For a proper understanding of the behavior of heat 
or mass transfer in frozen food materials and the behavior of freeze-drying, knowledge of the 
internal structure of frozen food materials is required. Ice cream is considered as a complex 
multiphase system consisting of bubbles, ice crystals and milk solids, and the final quality of 
which is influenced by the correlation between the size, morphology and distribution of the 
multiphase formed during the manufacturing process. Attempts have been made to observe 
bubbles and ice crystals on the cross sections of ice cream by using an optical microscope [1] 
or by indirect methods using SEM [2] or Cryo-SEM [3]. The SEM and Cryo-SEM allow the 
identification of morphological difference between bubbles and ice crystals by the micro 
asperity of a sublimated sample surface, but it is difficult to determine whether a sublimated 
seam is caused by an ice crystal or by a bubble. Furthermore, the measurement of bubble size 
by traditional methods would result in misleading numbers due to limitations in observing 
the entire volume of a bubble. Different cross sections would provide different diameters for 
the same bubble. And the values of the diameters reported by traditional methods might not 
correlate well with the final quality of  ice cream since the measurements on bubbles, ice 
crystals and milk solids were taken from separate samples. X-ray micro-computed 
tomography (X-ray μCT) has been applied to three-dimensional (3-D) structural elements of 
frozen food materials [4, 5]. It is based on the contrast in X-ray images generated by 
differences in X-ray attenuation arising from differences in the density of material within a 
sample. Also, frozen food materials that contain water are freeze-dried to clarify density 
contrast. The objective of this work was to establish a 3-D measuring method for the size, 
morphology and distribution of internal structure such as ice crystals, bubbles and solids 
content within ice cream samples prepared at three different overrun levels. 

 

2. Experimental Equipment and Materials 

2.1. Cryogenic microtome spectral imaging system 

The CMtSIS [6] consists of a microtome unit, an automatic high-precision XY stage, an 
image acquisition unit (visible, fluorescence and spectroscopic), and a 3-D image processor 
(Fig. 1). The CMtSIS allows consecutive image acquisition of the cross sections of a frozen 
sample exposed by multi-slicing with a minimum thickness of 0.25 μm. The temperature of 
the heat exchanger is controlled from room temperature to –160°C by regulating the flow 
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rate of liquid nitrogen and the power to 
an electric heater installed in the heat 
exchanger. Microscale and macroscale 
images can be obtained with a high-
power objective lens of a microscope 
installed on the automatic high-
precision XY stage (ALD-106-H1P, 
Chuo Precision Industrial Co., Ltd., 
Japan) that can be mechanically 
adjusted with a resolution of 6 µm 
within a maximum area of 60×60 mm2. 
The image of each cross section is 
captured with a highly sensitive CCD 
and an NIR camera, and is recorded by 
the 3-D image processor. A 3D image 
is reconstructed from a series of 
consecutively acquired 2-D images. 

2.2 Materials and methods 

A lump of vanilla ice cream mix (from ZAO, Yamada milk Co., Ltd. Miyagi, Japan) with a 
formulation of 8% milk fat, 10% milk solids-not-fat, sugar, honey, stabilizer and an 
emulsifier was taken from a commercially available soft ice cream. Ice cream samples at 
three different overrun levels (low, medium, and high) were produced by an automatic batch 
preezer (191 P/SP/N, Carpigiani group, bologna, Italy).  Ice cream agglomerate shaped into 
a cylindrical sample with a diameter of 10 mm and a height of 10 mm was shock frozen in 
liquid nitrogen. The sample was embedded in an optimal cutting temperature (OCT) 
compound and a ring of dry ice. The sample, OCT compound, and the ring of dry ice fixed 
on the heat exchanger were sliced together, and cross-sectional images were then captured 
by the CCD camera through a microscope. Bubbles, ice crystals and milk solids in the ice 
cream sample were identified from the CMtSIS iamges by the  microscale to macroscale 
measurement method previously  reported by Do et al. [6].   

 

3. Results and Disussion 

3.1. Overrun by weight 

Overrun is the industrial term for the amount of air added to frozen dessert products, and the 
percent overrun of ice cream by weight can be calculated by the following equation [7]: 

NIR/CCD 
camera 

Sample 

LN2 

Automatic 
XY stage 

Heat exchanger     Microtome 

Fig. 1 Schematic diagram of cryogenic microtome 

spectral imaging system (CMtSIS). 
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% Overrun by weight (OR) =  
𝑊𝑊𝑊𝑊. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚 −𝑊𝑊𝑊𝑊. 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠 𝑣𝑣𝑜𝑜𝑣𝑣. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑖𝑖𝑠𝑠 𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝑚𝑚

𝑊𝑊𝑊𝑊. 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠 𝑣𝑣𝑜𝑜𝑣𝑣. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑖𝑖𝑠𝑠 𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝑚𝑚  × 100     (1) 

 

The overrun of commercial ice cream 
can range from 24% (super-premium) to 
94% (light and fluffy). Percent overrum 
by weight was measured for the ice 
cream samples prepared at three overrun 
levels and the mean values were 11.5%, 
44.0% and 73.8% for low, medium, and 
high overrun levels, respectively (Table 
1).  

3.2. Measurement of bubble 

A total of 36 image frames was obtained from a sliced surface by using the CCD camera, the 
×50 magnification lens, and the automatic high-precision XY stage. Each frame covered an 
area of 194×154 µm2. The 36 frames were integrated into a single image by a 3-D image 
processor. Fig. 2 shows an integrated raw image and a binary image representing the 
boundaries of identified bubbles covering a measurement area of 1164×924 µm2 with a total 
of 7800×6180 pixels. Fig. 3 shows the distribution of equivalent circle diameters of the 
bubbles in the sample of 11.5% OR (low overrun). A total of 480 bubbles was recognized 
from the integrated image: the equivalent circle diameters ranged from 1.1 to 101.9 μm with 
a mean of 24.8 μm, and the measured areas ranged from 0.9 to 8144.9 μm2 with a mean of 
637.8 μm2. Fig. 4 shows the distribution of equivalent circle diameters of the bubbles found 
in the sample of 44.0% OR (medium overrun). A total of 1988 bubbles was recognized from  

 

 

 

 

 

 

 

 

 

Table 1.  Precent overrun  by weight 

Statistics 
Overrun levels 

Low Medium High 

OR 

Maximun 
Minimun 
Mean 
SD 

12.7 
10.3 
11.5 
1.0 

46.7 
40.9 
44.0 
1.4 

75.7 
72.0 
73.8 
1.9 

200 μm 

                           a) Raw iamge                                                b) Boundaries of bubbles 

Fig. 2 Binarization of an integrated image to identify the bubbles in an ice cream sample. 
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the integrated image: the equivalent circle 
diameters ranged from 1.1 to 140.4 μm with 
a mean of 25.8 μm, and the areas ranged from 
0.9 to 15479.8 μm2 with a mean of 749.0 
μm2. Fig. 5 shows the distribution of the 
equivalent circle diameters of the bubbles in 
the high overrun sample (73.8% OR). A total 
of 692 bubbles was recognized from the 
integrated image: the equivalent circle 
diameters ranged from 1.1 to 248.2 μm with 
a mean of 40.3 μm, and the areas ranged from 
0.9 to 48362.0 μm2 with a mean of 2035.9 μm2. The actual size of the integrated images was 
1164×924 µm2  and from these images the range of the areas of the recognized bubbles was 
determined to be from microscale of 0.9 to macroscale of 48362.0 μm2.  

3.3. Overrun by volume 

The CMtSIS has functions to capture the cross-sections exposed by multi-slicing of a frozen 
sample with a minimum thickness of 1 µm and to reconstruct a 3-D image utilizing a series 
of consecutively acquired 2-D images. The volume rendering method was employed as the 
optimum one for the system to measure internal structures. Using this method the volume 
can be determined from the surface areas of quantitative 2-D information. Overrun can be 
determined as the percentage increase in volume or area of the mix that occurs as a result of 
air addition, and can also be calculated by the following equation [7]: 

 

% Overrun by volume (ORV)  =  
𝑉𝑉𝑜𝑜𝑣𝑣. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑖𝑖𝑠𝑠 𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝑚𝑚 −  𝑉𝑉𝑜𝑜𝑣𝑣. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚 𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢

𝑉𝑉𝑜𝑜𝑣𝑣. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚 𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢
 × 100       (2) 

 

Fig. 4 Equivalent circle diameter of 
bubbles in the sample of 44.0% OR. 

n : 1988 

Fig. 3 Equivalent circle diameter of 
bubbles in the sample of 11.6% OR. 

n : 480 

Fig. 5 Equivalent circle diameter of 
bubbles in the sample of 73.8% OR. 

n : 692 
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Fig. 6 compares the OR values calculated from 
the weight measurements and the ORV values 
obtained from the area of bubbles on integrated 
image analysis using the CMtSIS for the ice 
cream samples prepared at three overrun levels. 
The means of obtained ORV values were 
10.5%, 42.8%, and 77.7% for low, medium, and 
high overrun levels, respectively; whereas the 
corresponding OR measurements were 11.5%, 
44.0%, and 73.8%. Thus, the measurement 
accuracy of the CMtSIS was verified in 
estimating the percent overrun by volume for frozen ice cream samples. 

3.4. Three-dimensional measurement of the internal structure of ice cream 

An ice cream sample of 12.7% OR was prepared to measure the 3-D internal structure. 
Although the bubbles, ice crystals and milk solids could be recognized from an original 2-D 
image (Fig. 7) by visual evaluation, it was difficult to obtain a binary image of these only by 
applying automatic thresholding techniques. Therefore, the boundaries of individual bubbles, 
ice crystals and milk solid were traced manually on a digitizing board (Cintiq 21UXTZ-2100, 
WACOM Ltd, Japan) as shown in the upper row of Fig. 7. After extracting the pixels within 
the traced boundaries and obtaining binary images, the volumes of each bubble and ice crystal 
were calculated to represent the morphology. The 3-D images of bubbles, ice crystals and 
milk solids were reconstructed using 100 cross-sectional images (slicing thickness: 4 µm). 
The 3-D images of bubbles, ice crystals and milk solids (the lower row of Fig. 7) were 
reconstructed based on the binary images. The dimension of each 3-D image was 260 μm in 
length, 206 μm in width and 400 μm in height. By using an image processing software 
(TRI/3D VOL, Ratoc Ltd, Japan), the volumes of each bubble and ice crystal were calculated 
from the 3-D images. A total of 1178 bubbles was recognized by reconstructing the circles 
in the 2-D images into 3-D spheres and their volumes ranged from 0.125 mm3 to 490.421 
mm3 with a mean of 2.342 μm3 as shown in Fig. 8. Furthermore, an ORV of 14.8% was 
obtained by incorporationg the volume of bubbles in the 3-D image for the ice cream sample 
of 12.7% OR. A total of 186 ice crystals were recognized by reconstructing the circles in the 
2-D images into 3-D spheres and their volumes ranged from 0.125 mm3 to 5493.684 mm3 
with a mean of 34.483 mm3 as shown in Fig. 9. By observing the 3-D images (Fig. 7-b, c), it 
is recognized that the bubbles are evenly distributed in the ice cream sample, but the ice 
crystals are less evenly distributed. Milk solids are observed in the form of a retinal structure 
circumscribing bubbles and ice crystals as shown in Fig. 7-a.d. The bubbles are observed 
within ice crystals and milk solids.  

Fig. 6 OR and ORV for different overrun 
levels. 
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Measurement of bubbles is difficult when using SEM or Cryo-SEM because of sublimation 
at the sample surface. Ice crystals and bubbles within a sample can be resolved by the vacant 
spaces left after freeze-drying. Since all vacant spaces are treated as ice crystals and bubbles 
in the analysis of a freeze-drying process, some questions may be raised to the identification 
of ice crystals and bubbles. Therefore, a 3-D measuring method for the size, morphology and 
distribution of internal structure such as ice crystals, bubbles and solids content within an ice 
cream sample was established in this research by using the CMtSIS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 

A novel technique was developed for the detection of 3-D internal structure of ice cream 
samples produced at different overrun levels and its high accuracy was verified by using the 
CMtSIS. The following conclusions were reached: 

50 μm 

Bubble  Ice crystal   Milk solid 

a) Ice cream                        b) Bubble                       c) Ice crystal                   d) Milk solid 

Fig. 7 Morphology and distribution of internal structure of ice cream. 

Fig. 8 Distribution of volume of bubbles. 

n : 1178 

Fig. 9 Distribution of volume of ice crystals. 

n : 186 
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1. The actual size of the integrated images was 1164×924 µm2  and from these images the 
range of the areas of the recognized bubbles was determined to be from microscale of 
0.9 to macroscale of 48362.0 μm2. 

2. The means of obtained ORVs were 10.5%, 42.8%, and 77.7%, whereas the means of 
the measured ORs were 11.5%, 44.0% and 73.8% for the ice cream samples produced 
at three overrun levels (low, medium, and high, respectively). 

3. The estimated volumes of bubbles ranged from 0.125 mm3 to 490.421 mm3 with a mean 
of 2.342 μm3, and those for ice crystals ranged from 0.125 mm3 to 5493.684 mm3 with 
a mean of 34.483 mm3 in the 3-D image for the ice cream sample of 12.7% OR. 

4. The ORV of 14.8% was obtained by incorporating the volume of bubbles in the 3-D 
image in the case of the ice cream sample of 12.7% OR. 
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Abstract 
Microwaves are a fast way to dry moist goods through volumetric heating. 
During the drying process, materials change their electrical properties. As a 
result, the impedances at the feed port of the applicator will change and the 
microwave source is not matched anymore. The amount of reflected power 
increases and the process efficiency reduces. New semiconductor high power 
sources can perform a dynamic impedance matching. A lab scaled functional 
model with two sources was designed and realized. For measuring the 
scattering parameters during the process run, an embedded two-port vector 
network analyzer was added. Measurement results confirm the feasibility of 
the concept. 

 

Keywords: Microwave drying, dynamic efficiency optimization, multichannel 
feed, solid state based microwave source  
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1. Introduction 

Microwaves (mw) allows a volumetric heating method used to dry moist goods. The 
volumetric heating is faster than conventional drying as soon as the surface of the good 
becomes dry and the core is still wet [1]. The most common method for an mw source in 
industrial applications today is the magnetron. It builds on proven technology, is cost-
effective and can also produce power in the kW range. But it also has some disadvantages 
such as the need of a high tension power supply and an output signal at a fix frequency.  For 
optimum power transfer, the source is impedance matched to the load. However, during the 
drying process, materials change their electrical properties. And this will change the wave 
distribution inside the microwave applicator too. As a result, the impedance at the feed port 
of the applicator will change and the source is not matched anymore. The amount of reflected 
power increases and the process efficiency reduces. Figure 1 shows the measured reflected 
power in percentage in relation to the moisture content in a drying process. Underneath a 
certain moisture content, the reflected power increases. This is led by means of a circulator 
to an artificial load and converted into heat. 

 

Fig. 1 increasing power reflection of a magnetron heating system due to load change 

Frequency synthesizers and semiconductor power amplifiers for the 2.45 GHz ISM band are 
becoming available for industrial applications. An mw source based on these components is 
able to change the frequency and phase of the created signal. This enables dynamic 
impedance matching, based on a search for the best frequency and phase condition.  

Three dimensional finite element electromagnetic field simulations of several microwave 
chambers and drying goods have shown, that two feed ports are especially a benefit in a 
drying process [2]. This comes from the fact that a two port applicator allows a smoother 
electromagnetic field distribution, even if the volume of the good is shrinking over the drying 
process. In addition, during the drying process the impedance matching of two ports must be 
adapted continuously. Simulation results presented in previous papers showed that the 
optimum frequency and the optimal phase shift between two feeds can be estimated by means 
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of complex scattering parameters [3] [4]. The objectives of our work were to verify the 
various simulation results by means of a lab scaled functional model of a two port applicator. 
In addition, we show the feasibility of a tunable mw source based on semiconductor 
components. Such a source is a prerequisite for searching the optimum operating point in the 
drying process. 

Chapter two lists the applied methods and materials we used in our work. Chapter three 
describes the measurement and optimization algorithm. In the following chapter four, the 
system architecture of the two port mw source is explained. In chapter five measurement 
results are explained and discussed. The final chapter six contains the conclusion and hints 
for further work. 

2. Materials and Methods 

For the functional model of a semiconductor based two port mw source with frequency 
synthesizer, phase adaptation and embedded vector network functionality for measuring the 
scattering parameters (s-parameter), a suitable printed circuit board based microwave circuit 
was designed and produced. Although the available microwave output power was limited to 
250 mW the measurement principles and the verification of the optimization algorithm could 
be done.  

The two port mw source was connected to the applicator by means of WR340 waveguides. 
The applicator is made of aluminum and has a box type shape with the size of 0.61*0.69*0.51 
m. It works as a multimode oven [1]. The test good is placed on a weighing system in the 
center of the applicator, which allows to continuously weight the good during the drying 
process. In order to avoid the condensation of water vapor on the walls of the applicator, a 
ventilation system was installed. 

In order to check the quality of the measured s-parameters with the built-in measuring device, 
all parameters were additionally measured with a Rhode & Schwarz commercial network 
analyzer. 

The used test good was a mixture of flour and water.  

3. Algorithm for efficiency calculation 

The overall efficiency 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡  of a microwave heating system depends on various efficiency 
factors of the subsystems.  

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔 𝜂𝜂𝑓𝑓𝑔𝑔𝑔𝑔𝑓𝑓  𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 𝜂𝜂𝑡𝑡𝑎𝑎𝑎𝑎𝑙𝑙      (1) 

The efficiency of the microwave source 𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔 is mainly determined by the efficiency of the 
solid state power amplifier. The factor of feeder network efficiency 𝜂𝜂𝑓𝑓𝑔𝑔𝑔𝑔𝑓𝑓  covers the losses 
of coupling elements, waveguides, power combiner and feeder antennas. The efficiency 
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factor of transmission 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 is a figure of how good the impedance matching works. The 
efficiency factor 𝜂𝜂𝑡𝑡𝑎𝑎𝑎𝑎𝑙𝑙 from the applicator describes the losses due to heating up the metal 
walls by means of electrical induction.  

The focus of our work is the optimization of 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡. This factor strongly dependents on the 
impedance matching between the feeder and the applicator with its drying good. For 
optimizing the transmission efficiency, we define two ways how to measure and calculate it. 
Both methods are applicable for a microwave applicator with two feeds.  

The first method is suitable if both sources are simultaneously active and the electromagnetic 
fields are overlapped. The efficiency is calculated from the ratios between the reflected waves 
𝑏𝑏1,2  and the input waves 𝑎𝑎1,2  at the individual feeder ports of the microwave applicator. The 
indices gives the individual port number. Because these waves represent voltage waves, the 
square of them are proportional to the power which leads directly to the needed power 
efficiency figure. The wave 𝑏𝑏1 is a superposition of the reflected wave at port one and the 
through connection part from port two. In the same way the wave 𝑏𝑏2 consists of the reflected 
wave at port two and the part which is transferred from port one. 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 will be maximized if 
the individual wave reflection at the ports can be minimized and the feed trough parts can be 
minimized. To find the optimal operation point the measurement and calculation for 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 
must be done separately for every frequency and phase difference between the two sources.  

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 = 1 −
1
2
�
𝑏𝑏1
𝑎𝑎1
�
2

−
1
2
�
𝑏𝑏2
𝑎𝑎2
�
2

     (2) 

The second method is based on the s-parameters and thus only on source must be active 
during the measurement process. This method is more complex but needs less measurements 
[4]. This is possible because the phase information for the superposition of the two sources 
is included in the s-parameter. The s-parameter is defined as a ratio between an input wave 
𝑎𝑎 and a reflected wave 𝑏𝑏. The index gives the individual port number. The first index of an 
s-parameters gives the number of the destination port and the second index the number of the 
source port. The s-parameters are complex numbers. 

𝑠𝑠11 =
𝑏𝑏1
𝑎𝑎1

 ,𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑎𝑎2 = 0     (3) 

𝑠𝑠12 =
𝑏𝑏1
𝑎𝑎2

 ,𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑎𝑎1 = 0     (4) 

𝑠𝑠21 =
𝑏𝑏2
𝑎𝑎1

 ,𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑎𝑎2 = 0     (5) 

𝑠𝑠22 =
𝑏𝑏2
𝑎𝑎2

 ,𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑎𝑎1 = 0     (6) 
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The transmission efficiency for a desired phase difference ∆𝜑𝜑 can now be calculated by 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 = 1 −
1
2
�𝑠𝑠11 + 𝑠𝑠12𝑒𝑒𝑗𝑗∆𝜑𝜑�

2 −
1
2
�𝑠𝑠22 + 𝑠𝑠21𝑒𝑒−𝑗𝑗∆𝜑𝜑�

2     (7) 

For finding the optimal operating point with the highest 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡, measurements must be done 
over all frequencies and calculations over all phases and frequencies. 

4. Architecture of the system 

To proof the concept that a microwave heating system based on semiconductor components 
allows a high transmission efficiency for several goods and moisture levels, a test hardware 
was built. The architecture of the system is shown in figure 2.  

 

Fig. 2 block diagram of the functional prototype 

The two sinewave signals are created with high performance, wideband rf synthesizers 
LMX2582 from Texas Instruments. This synthesizers are able to adjust both the output 
frequency and phase with a 32-bit resolution. 

As for proofing the concept a high power is not needed, the two sinewave signals are only 
amplified with a driver amplifier MGA-30489 from Avago. The amplifier delivers 250 mW 
of microwave power.  

For executing the s-parameter measurement the forward and the reflected signal wave must 
be separated first. A high power integrated directional coupler X3C26P1 from Xinger is used 
for this task. Only -30 dB of the individual signal waves are decoupled for the measurement.  

The s-parameter measurement is done with an rf gain and phase detector AD8302 from 
Analog Devices.  In the system control part a microcontroller is used for calculating the 
efficiency parameter. It also calibrates the measured values [5] and controls the other sub-
systems such as sinewave generation, phase shifting and amplification. 
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5. Results and Discussion 

To validate the concept and the prototype hardware several measurements with various 
material mixtures as indicated in table 1 have been done.  

Table 1. Material mixtures 

Moisture level: Water: Flour: 

80% water 400 g 100 g 

50% water 100 g 100 g 

20% water 25 g 100 g 

 

For the different measurement campaigns the frequency range from 2.4 GHz till 2.5 GHz 
with a step size of 1 MHz was swept through. For each frequency point the s-parameters 
where measured.  With these set of s-parameters the efficiency for all frequencies and phase 
differences with a resolution of one degree where calculated with (7). Subsequently the 
highest efficiency 𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡 over all phase differences is searched for each frequency. This 
maximum efficiency for all frequencies of the three moisture levels are depicted in figure 3.  

 

Fig. 3 calculated transmission efficiencies based on s-parameter measurements  

296

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Zuber, S.; Joss, M.; Tresch, M.; Kleingries, M. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

The optimal frequency and phase difference changes during the drying process. Table 2 
shows the best values found for the three moisture levels. The efficiency value remains 
almost on the same high level over all three measurement series. 

Table 2. Ideal parameters 

moisture level: best efficiency: frequency: phase difference: 

80% water 0.984 2.452 GHz 190° 

50% water 0.997 2.451 GHz 202° 

20% water 0.993 2.450 GHz 201° 

 

For validating the measurement accuracy of the prototype hardware, a comparison of the 
calculated efficiency values have been done. The results are illustrated in figure 4. The blue 
color curve shows the calculated values with (7) based on s-parameter measurements done 
with the vector network analyzer ZVL6 from Rhode&Schwarz. The yellow curve shows the 
results calculated with (7) based on s-parameter measurements of the prototype hardware. 
And the green curve are the results based on the calculation method of (2). All three methods 
are very close to each other if the reflected power is small. However, the calculated efficiency 
values differ with increasing reflections. 

 

Fig. 4 comparison of measurement methods (mixture with 50% moisture level) 
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6. Conclusions 

A microwave heating system is a fast and efficient way to dry goods. The classical solution 
based on a magnetron as microwave source gets problems to put the energy into the dry good 
if electrical properties changes at low moisture levels. A heating system based on a 
semiconductor solution as microwave source shows promising results. Such a system allows 
the adaptation of operation frequency and phase and offers an impedance tuning function 
during the running process. With an s-parameter measurement the optimal frequency point 
and phase difference can be determined and allows a maximization of the transmission 
efficiency. For a proof of concept, a lab scaled functional model was developed. An 
embedded system with two frequency synthesizers generates the two feeder signals. The 
power, frequency and phase of the signals can be controlled by means of a microcontroller 
system. For measuring the s-parameters during the process, an embedded two-port vector 
network analyzer was added. The obtained measurement results fulfill the expectations. 
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Abstract 
In this work, an isothermal pore network model has been utilized to 
investigate ion transport and crystallization in layerd porous media during 
drying. Said network consists of two distinct layers each  with a different 
pore size distribution. One-dimensional approximation at the throat level 
describes transport phenomena for liquid, vapor, and dissolved salt. An 
explicit time stepping scheme has been used to obtain fluid pressure fields 
and ion concentration. Various simulations are carried out which indicate 
the effect of mean pore size disparity in the top and bottom layer, as well as 
the effect of drying rate on final crystal distribution. 

 

Keywords: pore network modeling, composite material, drying porous media, 
crystallization, ion transport. 
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1. Introduction 

Layered materials are among the most essential products influencing our lives ranging from 
everyday use to construction and industrial processes. Painted surfaces, interior wallpapers, 
composite materials, and fuel cell membrane-electrode combination are among many 
examples of layered materials. Depending on the application these layered materials may be 
exposed to a solution (or suspension) at one or several stages of their lifetime. Additionally 
in the majority of cases said exposure is accompanied by drying that has varying effects 
which also depends on production and applications of these materials. To this goal, it is 
paramount to study and identify factors affecting each scenario. In order to provide more 
context as to which parameters influence precipitation pattern several studies will be looked 
into in this section.  

Preservation of masonry and cultural heritage is an important area where undesired 
crystallization within porous material is to be avoided. In this framework Pel et al.[1] studied 
one-sided drying of fire-clayed bricks contaminated by salt solution. In that work, nuclear 
magnetic resonance technique was used to measure moisture and NaCl content within the 
material. In the end it has been concluded that in historical objects generally the formation 
of efflorescence cannot be avoided. In a similar study the effect of crystallization inhibitors, 
whose function is to allow a higher degree of supersaturation before nucleation, on drying 
of fired-clay bricks and Granada limestone is studied by Gupta et al.[2]. Satisfactory results 
were achieved as the mass percentage of the nondestructive efflorescence has been 
dramatically elevated in the presence of inhibitors. Norouzi Rad et al.[3] studied the pattern 
of efflorescence formation depending on the spatial distribution pores sized at the surface of 
a packing of sand grains. Observations indicate that salt crystals are more inclined to form 
at the small pores as they stay wet for a longer time during drying as pores are sufficiently 
large to avoid blockage. That study points to the importance of porous media heterogeneity 
in crystal formation. 

With sufficient context on drying induced crystallization in porous media, several studies 
on crystallization in layered porous structures will be reviewed here. One-sided drying of 
plaster/substrate systems, where evaporation happens always at the plaster surface, was 
studied through various experiments by Petković et al.[4]. Small pores are at the evaporating 
side when plaster is paired with Bentheimer sandstone. This leads to the majority of salt 
crystals to form at the surface or within the plaster layer. On the other hand, in a 
plaster/calcium-silicate brick system (smaller pores located in the substrate) although some 
salt crystallized in the plaster layer, a significant amount of crystals was found within the 
brick. The aforementioned nuclear magnetic resonance technique is used to study the effect 
of paints on drying behavior of plaster/substrate systems and stone specimens by Diaz 
Gonçalves et al.[5]. It is concluded that crystallization pattern varies depending on many 
variables such as the pore size of the interior region, hydrophobicity of the paint, and the 
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salt itself. This indicates that for such systems any kind of predictive statement should be 
limited to the specific framework and conclusions should be drawn very cautiously. 

In this work, a 3D pore network represents the void space of the porous material. The bi-
layered structure is modeled by two networks stacked on top of each other leading to a so-
called “near surface” (top) and “interior” (bottom) region. Each region has its distinct pore 
size distribution which is sampled from a normal distribution. The entire network is initially 
filled with salt solution and evaporation takes place from the top. Simulations are carried 
out for various combinations of pore size distribution in the bottom and top layer as well as 
various drying rates. For the sake of comparison the top layer is kept identical among all 
simulations. Results are presented as solid deposit mass as well as saturation profiles. 

2. Model description 

The selected pore network model consists of two different types of pore geometry. The 
volume of the liquid in the network is located in the cylindrical pore-throats which are 
positioned perpendicular to one another. The connection between the throats is established 
via pore-nodes with no volumes. The nodes provide the computational gird required for 
vapor and liquid pressure calculation.  

2.1. Pore network drying model 

Drying is considered only from the top, therefore the vapor flow out of the network is 
modeled in a diffusive boundary layer above the network. The liquid and vapor flow in the 
entire network are considered quasi-stationary within the network time-steps. It is important 
to mention that all colligative properties of the salt solution is neglected or in other words 
the liquid is considered as pure water for liquid flow calculations. This leads to variation of 
several physical properties, in the course of drying, to be neglected. Said physical 
parameters include: liquid-gas surface tension, vapor pressure, liquid viscosity, etc. 

Vapor diffusion within each throat in the gas-side network is calculated using Stefan 
correction coupled with the isothermal conditions. The equation can be written as follows: 

Ṁv,ij = Aij
δ
L
PM�v
R�T

ln �P−pv,i

P−pv,j
�,    (1) 

where δ is the binary diffusion coefficient between water vapor and air (m2/s), Aij and Lij 
the throat cross-sectional area and length (m2 and m) respectively, P the gas pressure (Pa), T 
the air temperature (K), M�v molar mass of water (kg/kmol), R� universal gas constant 
(J/kmolK), and pv partial pressure of water in the gas phase. 
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The vapor pressure field is calculated by using Equation (1) in mass conservation law for 
every gas pore with unknown vapor pressure coupled with pores at Pv

* and Pv,∞ as boundary 
conditions, which leads to a system of algebraic equation. 

Liquid flow rate in the network is governed by the Hagen-Poisueille equation which is 
written for a throat as follows:  

Ṁw,ij =
πrij

4

8µwL
�Pw,i − Pw,j�,  (2) 

where rij represents the throat radius (m), μw the dynamic viscosity of water (Pa·s), and Pw 
the liquid pressure at the nodes. Similar calculation procedure as for the vapor pressure is 
considered here for liquid pressure field. The boundary conditions are defined as pressure 
level for moving menisci and liquid flow rate for stationary menisci. More detailed 
discussion on the basic drying model can be obtained in Metzger et al.[4]. 

2.2. Ion migration model 

Salt concentration in liquid throats in the network is modeled by a 1D advection-diffusion 
equation. Advection term is assumed to follow a plug flow and Fick’s law governs 
diffusion in the throats. Discretizing said equation over the space in the throat-node 
geometry leads to the following: 

𝑑𝑑𝐶𝐶𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑈𝑈 �𝐶𝐶𝑖𝑖−𝐶𝐶𝑖𝑖𝑖𝑖
𝐿𝐿𝑖𝑖𝑖𝑖

� + 2𝐷𝐷 𝐶𝐶𝑖𝑖−2𝐶𝐶𝑖𝑖𝑖𝑖+𝐶𝐶𝑖𝑖
𝐿𝐿𝑖𝑖𝑖𝑖2

, (3) 

where C is the concentration of salt in the solution (kg/m3), U the superficial velocity of 
liquid in the element (m/s), and D the binary diffusion coefficient between solute and 
solvent (m2/s). Indices i and j refer to nodes on either side of the throat ij with liquid flow 
from node i to node j. 

2.3. Crystallization 

During drying, enrichment of salt takes place due to evaporation of solvent. In this model, 
salt concentration is tracked over time steps and rises as time goes by. At the end of every 
time step all liquid throats in the network are scanned and throats that exceed a certain 
degree of supersaturation (C*+) are subject to crystallization. In that case the excess amount 
of salt is precipitated until salt concentration falls below the saturation concentration (C*-). 
Therefore, said amount of precipitated salt is calculated as follows: 

𝑀𝑀𝑠𝑠,𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑖𝑖𝑖𝑖(𝐶𝐶𝑖𝑖 − 𝐶𝐶∗+).    (4) 

It is assumed that the time scale for crystallization is significantly shorter than that of the 
ion migration which leads to an instant crystallization model in this case. 
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3. Simulation results 

Pore network simulations are carried out with a 3D cubic pore network comprised of 15 
(lateral)×15 (lateral)×19(vertical) nodes. This network is constructed as two distinct layers 
stacked on top of each other with each layer containing 9 counts of slices in the vertical 
direction. Throats throughout the network have a uniform length of 6 μm whereas their 
radii are sampled from a different normal distribution function for each layer. The top layer 
is kept identical across all simulations with a mean throat radius of 1000 nm whereas the 
bottom layer has 2 different variations presented in Table 1. 

 

Table 1. Throat radii distribution of the bottom layer 
network 1 2 

mean radius (nm) 100 1500 
standard deviation (nm) 20 150 

 

The physical parameters used in the simulations are shown in Table 2. 

Table 2. Physical parameters. 
μw (Pa.s) ρl (kg/m3) σl (N/m) δ (m2/s) D (m2/s) C* (kg/m3) 

1×10-3 1.27×103 7.2×10-2 2.5×10-5 1×10-9 1×102 

 

3.1. Network 1 

Network 1 is comprised of two layers with monomodal pore size distributions. In this case 
the bottom layer has smaller throats compared to the top layer. Final crystal mass profile 
obtained by slice averaging is presented in Fig. 1 for 3 different drying rates. These various 
drying rates are simulated by adjusting the value of saturation vapor pressure (Pv

*) until the 
desired drying times, as shown in Table 3, are achieved.  

Table 3. Drying rate date 
drying rate slow moderate fast 

Pv
* (Pa) 160 1600 7384 

drying time (s) 1200 120 24 
Low initial salt concentration of 10 kg/m3 is considered for the first set of simulations 
which provides enough room for ion diffusion in the liquid before saturation concentration 
is reached. It is observed that the profile for the case of slow drying (Fig. 1 (a)) is far more 
homogeneous and the gradient increases as drying rate speeds up. Moreover, looking 
directly at the first slice (at the surface) it can be seen that almost double the amount of 
crystals are found at the surface for the case of fast drying (Fig. 1 (c)) compared to slow 
drying. Another important factor that can play an important role depending on the 
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application is the amount of solid deposit found at the interface between the two layers. 
This value seems to remain unchanged between these sets of simulation yet it is quantified 
as a moderately low amount.  

Fig. 1. Final crystal mass profile of network 1 with initial salt concentration of 10 kg/m3 for (a) 

slow drying, (b) moderate drying, and (c) fast drying. 

Elevating the initial salt concentration to 90 kg/m3 (very close to saturation) drastically 
alters the final solid distribution in the system. It can be seen that such high initial 
concentration eliminates final gradient in crystal distribution except for the top and 
interfacial slices (Fig. 2). 

Fig. 2. Final crystal mass profile of network 1 with initial salt concentration of 90 kg/m3 for (a) 
slow drying, (b) moderate drying, and (c) fast drying. 

Fig. 3. Saturation proflies in the course of drying for network one obtained from simulations with 
(a) slow drying and (b) fast drying. 
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Additionally the profiles look much more alike for the three different drying rates. These 
effects are attributed to the lack of ion diffusion caused by high initial concentration. This 
significant similarity also hints at lack of change in the liquid transport regime between for 
the various drying rates. This has been confirmed by comparing saturation proflies for the 
cases of slow and fast drying which look close to identical (Fig. 3). 

3.2. Network 2 

The final set of simulations are carried out with network 2 where the bottom layer has 
considerable larger throats and the top layer. In this case the trend of crystal mass profile 
for varying drying rate is very similar to that of the network 1 as no viscous stabilization of 
the drying front is achieved. Therefore a comparison of network 1 and 2 is presented here 
which is more fruitful. 

Fig. 4. Final crystal mass profile of network 2 with initial salt concentration of 10 kg/m3 for (a) 
slow drying, (b) moderate drying, and (c) fast drying. 

The important characteristic of the network 2 is that once breakthrough to the bottom layer 
takes place in the absence of viscous stabilization the majority of the evaporated liquid is 
supplied by large throats in the bottom layer due to high capillary pressure. This continues 
until the connection between the liquid in the top and bottom layer is lost and capillary 
pumping is not possible. This behavior is completely opposite to that of the network 1 (Fig. 
1) where almost no capillary pumping from the bottom layer to the top layer is possible. 
This explains the significantly lower amount of solid deposit in the bottom layer and the 
elevated amount in the top layer for network 2 (Fig. 4). The fact that liquid connection is 
almost entirely lost at the early stages of drying explains lack of crystal mass gradient in the 
bottom layer as ion back diffusion from evaporation site to the this region is not possible. 

The results for increased concentration demonstrate significant accumulation of crystals at 
the top slice (Fig. 5) which was also observed for network 1 (Fig. 2). However it is the clear 
difference between the two networks is observed at the interface of the two layers. Almost 
no accumulation of crystals at the interface is observed for network 2 (Fig 5). The 
accumulation that is observed at the interface for network 1 is due to the fact that the 
bottom is almost fully saturated as the top layer dries out (a result of small pores with low 
capillary pressure). This means that as the drying front arrives at the interface, the bottom 
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layer starts to dry in a similar fashion as to the top layer. In case of network 2 at the 
moment that drying front reaches the interface the liquid connection in the bottom layer has 
already been lost (due to capillary pumping to the surface). Consequently recession of 
drying front continues without a halt to the end of drying. 

Fig. 5. Final crystal mass profile of network 2 with initial salt concentration of 90 kg/m3 for (a) 
slow drying, (b) moderate drying, and (c) fast drying. 

4. Conclusions 

In this work, a 3D pore network model has been utilized to run simulations for drying of 
layered porous materials in the presence of dissolved components. The majority of salt 
crystals are accumulated in the top layer for network with large pores in the bottom. For 
low concentration similar amount of crystals is obtained in both layers for network with 
smaller pores in the bottom. Moreover, enrichment at the interface between two layers is 
achieved only with high initial concentration and network with smaller pores in the bottom 
layer.  
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Abstract 
Pore-network simulations are carried out for monomodal and bimodal pore 
structures with spatially correlated pore-size distributions. The internal and 
surface relationships between the partial vapor pressure and saturation as 
well as the moisture transport coefficient for these model porous structures 
are identified from the post-processing of the corresponding pore-network 
model solutions. The simulation results show that the deviation of the partial 
vapor pressure from the saturation vapor pressure in the presence of liquid – 
which is referred to as non-local equilibrium effect – in the bimodal pore 
structures is less pronounced than in the monomodal pore structures. For the 
monomodal pore structures the moisture transport coefficient profile is not 
unique over the entire drying process, whereas this profile depends 
marginally on the drying history of the bimodal pore structures. Finally the 
ability of the continuum model to predict the results of the pore-network 
simulations for multiple realizations of the pore space is assessed. 

Keywords: Scale transition, Moisture transport coefficient, Pore structure, 
Discrete model, Continuum model 
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1. Introduction 

The drying characteristics of porous media can essentially be described via modeling on 
two different length scales: at the effective-medium scale, continuum models (CM) based 
on volume averaging have been developed, in which the underlying transport phenomena 
are described by gradients in spatially averaged quantities and controlled by nonlinear 
effective parameters [1]. While the CMs are readily competent on the application side, they 
require macroscopic parameters and suffer from major shortcomings in theoretical aspects. 
The alternative approach operates at the pore scale and is referred to as discrete pore-
network modeling. Discrete network models with different representations of the pore 
space have been developed, which can be divided into two categories: In the work of Yiotis 
et al. [2] the entire pore space is represented by pore bodies, leaving the throats as 
conductors and capillary barriers. This representation is suitable for the large pore volume. 
It may however fail to represent properly the structures with small pores. Prat et al. [3] and 
Metzger et. al. [4] approximated the void space with hydraulic pore throats and numerical 
pore nodes. This model is referred to as throat-node-model (TNM) in this work.  

Metzger et al. [4] investigated how important is the role of pore structure (with monomodal 
pore size distribution (PSD) and bimodal PSD) on the intraparticle heat and mass transfer 
and thus drying kinetics. Vey recently, Moghaddam et al. [5] assessed the classical 
continuum model by the help of pore network simulations. In these simulations pore 
networks were generated with a throat radius distribution of 250±25 µm, resulting in a 
network porosity of 0.594. In these networks the pore space volume is overestimated due to 
the throat overlaps at nodes. This void space overestimation is avoided in throat-pore-model 
(TPM), which is developed in this work. Moghaddam et al. [5] calculated the continuum 
model parameters from TNM simulations. The results indicated that the moisture transport 
coefficient and the vapor pressure-saturation relationship are not unique over the entire 
drying process.  

The relationships between the pore structure and the CM parameters are unknown. The aim 
of this work is to study the dependence of the parameter functions – the internal and surface 
relationships between the partial vapor pressure and saturation as well as the moisture 
transport coefficient – on the spatially correlated structures by means of the TPM. The 
ability of the continuum model to predict the results of the TPM simulations for multiple 
realizations of the pore space is also assessed. 

2. Model descriptions 

2.1 The continuum model 

Assuming isothermal condition and constant gas pressure during the entire drying process, 
the mass transport is dominated in the direction perpendicular to the medium surface which 
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provides the evaporation demand. According to the total conservation of moisture (liquid 
and vapor phases), the continuum model is thus expressed by: 
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∂ε ,        (1) 

with the boundary condition of no accumulation at the interface: 
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where ε, S, and t (s) denote the porosity, the local saturation (0 < S ≤ 1) and the time, 
respectively; Pv∞ (Pa) the vapor pressure in the bulk air, P (Pa) the atmosphere pressure, δ 
(m) the thickness of the diffusive mass boundary layer, which is located between the 
network open surface and the bulk air. The time-dependent moisture transport coefficient D 
(m2/s) as well as the boundary conditions need to be known in order to solve Eq. 1. Two 
parameters D and φ, which is called the vapor pressure-saturation, are estimated from pore 
network simulations.  

2.2 Pore network drying model 

The pore network model is defined on a three-dimensional regular lattice of pores and 
throats. The pores are spherical space and throats are cylindrical tubes (Figure 1a). The 
throat and pore radii are randomly set from normal distributions with corresponding means 
and standard deviations. The pore radii are chosen such that the pore radius is larger or 
equal with the largest radius of neighboring throats. Initially all throats and pores are 
saturated with liquid existing as free water. Periodical boundary conditions are applied on 
the lateral faces of the network. The extended boundary layer is considered in this model, 
which is a playground for the external mass transfer of vapor. 

Figure 1 Schematics of throat-pore-model (TPM) in 3D (a) and in 2D (b). 
(a) (b) 
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Three kinds of pores and three kinds of throats are classified in the algorithm: empty pores 
and throats; full pores and throats; and partially filled pores and throats. The pores contain 
variables of interests, namely the liquid pressure and the vapor partial pressure. Transport 
phenomena are described at the discrete level of pores and throats in one spatial dimension. 
In this model, the center distance between two pores (i and j in Figure 1b) are fixed 
(L=1000 µm). The radii of pores (Rp) and throats (Rt) are drawn randomly from normal 
distributions. The throat length (Lt) depends on the radii of two pores located at throat ends.  

The Stefan law is used to describe the vapor transport in the gas-filled region of the 
network and the boundary layer. The quasi-steady vapor diffusion between two pores is 
described by: 
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where Ap,  and At (m2) denote the cross section area of pore (i.e. πRp
2) and of throat (i.e. 

πRt
2), Dva (m2/s) the diffusion coefficient of vapor in air, R~ (J/kmol K) the universal gas 

constant, 
vM~  (kg/kmol) the molar mass of vapor and T (K) the temperature. Pv is the vapor 

pressure at pores.  

The Poiseuille’s law is used to describe the liquid viscous flow as: 

∑∑ −=
j

j
w

i
wijw

j
ijw PPgM )(,,

 , 

)(

1
8

444

l
,

pj

pj

t

t

pi

pi
ijw

R
R

R
L

R
Rg

++
=

µ
πρ ,   (4) 

where ρl (kg/m3) denotes the liquid mass density, and µ (m2/s) the liquid viscosity. 
Considering the viscous and capillary forces at the same time, stationary and moving 
menisci are determined in an iterative manner. The evaporation drives the drying process 
leading to drainage of moving menisci. The reimbibition can locally occur depending on 
the local liquid pressure. The time steps forward when one meniscus empties or (re)fills at 
every moment during drying. In the next steps the mass balance for vapor and liquid phases 
are solved again. Details on the algorithm can be found in Metzger et al. [4].  

In this paper, we generated two pore network structures with monomodal PSD and bimodal 
PSD. The TPM was applied to generate these two structures. In the network with 
monomodal PSD, throat and pore radii are drawn randomly from a normal distribution with 
the given values of standard deviation and mean radius. The network with bimodal PSD is 
constructed with micro- and macro-channels. The macro-channels are placed vertically in 
the network.  
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2.3 Parameter functions 

The PN simulations yield the vapor and liquid pressure fields as well as the liquid 
distribution over time. This information is used to determine both the internal and surface 
relationships between vapor pressure and saturation φ as well as the moisture transport 
coefficient D. The finite volume method is applied to determine these parameter functions. 
A three-dimensional network is virtually divided into horizontal slices with constant 
thickness ∆z at distinct times during the drying process. Details of this method is explained 
in Moghaddam et al. [5].  

3. Simulation results   

The continuum model parameters are determined from the simulations conducted for 
monomodal and bimodal pore structures with spatially correlated pore-size distributions. In 
order to reduce the level of uncertainty on parameter estimates, 10 realizations of pore 
network were considered. The structural characteristics of PN are given in Table 1.  

Table 1 Structural characteristics of pore networks. 

Structural property Monomodal PSD Bimodal PSD 

Network size (pore) 25 × 25 × 51 25 × 25 × 51 

Boundary layer size (node) 25 × 25 × 10 25 × 25 × 10 

Mean radius (µm) 250 
micro-channel: 200 

macro-channel: 350 

Standard deviation (µm) 25 25 

Center distance between two pores (mm) 1 1 

Network porosity 0.35 0.337 

 

Figure 2 shows the calculated moisture transport coefficient for the two pore structures. As 
can be seen, the D-S curves depend strongly on the drying history in the networks with 
monomodal PSD. This dependency is however less pronounced in the networks with 
bimodal PSD. Similar moisture transport coefficient profiles are identified by Moghaddam 
et al. [5], but only for the pore structures with monomodal PSD. As can also be seen, the 
value of moisture transport coefficient increases when altering the pore structure from 
monomodal PSD to bimodal PSD, especially in the period during which moisture transport 
occurs mainly through the liquid phase (Snet = 1.0-0.7). In the network with bimodal PSD 
the local saturation varies rather uniformly and confines within a small range of S = 1.0-
0.65 due to the presence of macro-channels. However, in the network with monomodal 
PSD the dry region develops rather early due to the presence of strong viscous effect. 
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Hence the saturation profiles vary with a broad range of S = 1.0-0.2 during the first drying 
period (Snet = 1.0-0.7). In the work of Moghaddam et al. [5], conducted with the pore 
structures of monosized PSD, the range of local saturation variation is wider S =1.0-0 
during the first drying period. One reason for this wide variation could be due to the 
overestimation of the throat volume in the TNM.  

 

Figure 2 Simulated moisture transport coefficients D for the pore structures with (a) monomodal 
PSD and (b) bimodal PSD.  The values are averaged over 10 realizations for local saturation S 

intervals. 

The coefficient profiles are similar for the both pore structures when moisture transport 
occurs mainly through the vapor phase. This is so because the moisture transport in the 
vapor phase is driven by the vapor pressure difference, which is related to the liquid 
structure (or interfacial area).  

The behavior of moisture transport coefficient in the vapor phase can be better understood 
from the vapor pressure-saturation relationship (φ). Moghaddam et al. [5] observed a none-
local equilibrium (NLE) effect, i.e. the deviation of the vapor pressure from the saturation 
vapor pressure in two-phase zone, in the pore network simulations. This effect is also 
observed in the both pore structures (Figure 5). The NLE is strong in the network with 
monomodal PSD. The liquid controlled range is enlarged in the networks with bimodal 
PSD due to an efficient capillary pumping. Figure 5 indicates that the vapor pressure 
deviates significantly from the saturation pressure at low saturation in the both pore 
structures. The NLE effect appears at early time of the drying process (Snet = 1.0-0.65) in 
the networks with monomodal PSD. This is so because of the drying front stabilization by 
viscous force. However, this effect appears later (Snet = 0.55-0.45) in the networks with 
bimodal PSD.  

The two parameter functions calculated from the PN simulations are plugged into the 
continuum model (Eq. 1). The results obtained from the solution of the CM and from the 
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PN simulations are shown together in Figure 6. For the network with monomodal PSD, the 
CM predicts fairly the saturation profiles, except those profiles at high network saturation 
where the moisture transport coefficient values are scattered. This discrepancy may 
nonetheless be reduced when the parameters are determined for more realizations of larger 
pore networks.   

A fairly good agreement between the CM predictions and the discrete simulations of the 
pore structures with bimodal PSD is observed (see Fig. 6b). The fact that at high saturation 
the variation of the moisture transport coefficient value is limited to a small range has led to 
this good match.  

 

Figure 5 The vapor pressure-saturation relationships for the pore structures with (a) monomodal 
PSD and (b) bimodal PSD. The values are averaged over 10 realizations. 

 

Figure 6 The continuum model predictions and the pore network simulations: (a) monomodal PSD 
and (b) bimodal PSD. The saturation profiles of PN are averaged over 10 realizations. From top 

the profiles belong to network saturation of 0.99, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1, 
respectively. 
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4. Conclusions  

In this paper, two different pore network structures (with monomodal and bimodal PSDs) 
are constructed. The values of moisture transport coefficient in the networks with bimodal 
PSD are large and confined into a narrow range of saturation in the first drying period. 
During the receding period of drying, the viscous drag forces dominate the capillary forces 
in both models. In this period, moisture transport mainly occurs in the vapor phase. 
Therefore, the moisture transport coefficient profiles are similar in the both pore structures 
during this drying period. The internal resistance for moisture transport is induced by the 
formation of liquid clusters and single menisci. The non-local equilibrium effect is 
observed for the both pore structures and it is more pronounced in the networks with 
monomodal PSD.  

The continuum model is solved and assessed for the both pore structures. It has been seen 
that the one-equation CM is able to predict the saturation profiles obtained from the pore 
networks with monomodal PSD, except those profiles at high local saturation. This is 
because a small scatter of the moisture transport coefficient value can significantly impact 
the solution of the CM. The possible reasons for the scattered values could be due to both 
small network size and averaging method. Nevertheless, the agreement between the CM 
solutions and the PN simulations is improved when the networks with bimodal PSD are 
used.  
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Abstract 
Freeze-drying is a dehydration method suitable for the stabilization of heat-
labile pharmaceutical products, such as vaccines. Due to the vial-to-vial 
variability of heat and mass transfer during the process, the value of the 
critical process parameters (e.g., product temperature, sublimation rate) may 
be different between vials and batches often present significant product quality 
heterogeneity. The aim of this work was the development of a dynamic, multi-
vial mathematical model making it possible to predict risk of failure of the 
process, defined as the percentage of vials potentially rejected by quality 
inspection. This tool could assist the design of freeze-drying cycle. 

Keywords: lyophilization; vaccines; heat and mass transfer; mathematical 
modeling; design space 
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1. Introduction 

Freeze-drying is a discontinuous process used to dry heat sensitive products by means of 
sublimation of the previously frozen product (primary drying), followed by desorption of the 
unfrozen water (secondary drying). Due to the use of low temperature, freeze-drying process 
is often the only solution to produce pharmaceutical and biological products (e.g., vaccines) 
with acceptable characteristics of stability, shelf-life, and potency. During the process design, 
two main constraints need to be taken into account in order to guarantee acceptable quality 
attributes of the final product, such as the visual aspect of the freeze-dried cake and the 
moisture content. Firstly, the product temperature has to be maintained below a critical value 
(namely collapse temperature) during the sublimation and desorption steps, to avoid the loss 
of the porous product structure. Furthermore, the desorption step should be carried out long 
enough to reach the target value of residual moisture content in the final product. However, 
due to the vial-to-vial variability of heat and mass transfer, the value of the critical process 
parameters (e.g., product temperature, sublimation rate and desorption rate) may be different 
between vials and the process can often result in vial batches presenting a significant 
heterogeneity in the product quality. Several mathematical models [1-5] were developed for 
the design of the primary drying and secondary drying steps. Most of these models were 
based on average values of the model parameters (e.g., product resistance, vial heat transfer 
coefficient, characteristic desorption time) over the vial batch and only few of them took into 
account the variability of the model parameters [2, 3] due to differences in heat and mass 
mechanisms between vials processed in the same or different batches. The understanding and 
quantification of the mechanisms responsible for product quality variability can lead to a 
better prediction of the process parameters distribution and consequently of the risk of failure 
associated to the process.  
Our goal in the present study was to develop a multi-vial dynamic mathematical model for 
freeze-drying for the process design, taking into account sources responsible for heat and 
mass transfer variability among vials. The developed model was then used to propose a new 
quality risk-based approach for the design of the primary and secondary drying steps of the 
freeze-drying process, which includes the evaluation of the percentage of vials potentially 
rejected for specific combinations of operating variables.  
 
2. Theory 

2.1. Mathematical model 

The heat flux received during the process by the vial is assumed to mainly serve for the ice 
sublimation during primary drying and for the water desorption in secondary drying, the 
difference being responsible for temperature variation of product and vial in transient 
regimes. The evolution of product temperature 𝑇𝑇𝑝𝑝 (assumed to be the same as the vial) during 
primary and secondary drying can be determined as: 
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𝐶𝐶𝑝𝑝
𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝑑𝑑

= �̇�𝑄𝑆𝑆𝑆𝑆 − ∆𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠�̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠 − ∆𝐻𝐻𝑑𝑑𝑑𝑑𝑠𝑠�̇�𝑚𝑑𝑑𝑑𝑑𝑠𝑠   (1) 
 

Heat transfer during primary drying 
The heat transfer between the shelf and the vial �̇�𝑄𝑆𝑆𝑆𝑆 depends on the temperature difference 
between the shelf ( 𝑇𝑇𝑆𝑆) and the product (𝑇𝑇𝑝𝑝), and can be expressed in term of vial heat transfer 
coefficient 𝐾𝐾𝑆𝑆:  

�̇�𝑄𝑆𝑆𝑆𝑆 = � 1
𝐾𝐾𝑉𝑉

+ 𝑙𝑙𝐼𝐼(𝑑𝑑)
𝜆𝜆𝑖𝑖𝑖𝑖𝑖𝑖

�
−1
𝐴𝐴𝐵𝐵𝑆𝑆(𝑇𝑇𝑆𝑆 − 𝑇𝑇𝑝𝑝)    (2) 

 
The term 𝐾𝐾𝑆𝑆 depends on the vial bottom dimensions (vial–shelf contact area 𝐴𝐴𝑐𝑐 and depth of 
bottom curvature 𝑙𝑙𝐵𝐵𝑆𝑆) and the chamber pressure 𝑃𝑃𝐶𝐶  and can be defined as:[6] 

 
𝐾𝐾𝑆𝑆 = 𝐶𝐶1𝐴𝐴𝑐𝑐 + 𝐾𝐾𝑟𝑟 + 𝐶𝐶2𝑃𝑃𝐶𝐶

1+𝐶𝐶2
𝑙𝑙𝐵𝐵𝑉𝑉
𝜆𝜆𝑣𝑣

𝑃𝑃𝐶𝐶
     (3) 

 
𝐾𝐾𝑟𝑟  being the radiation contribution of the top and bottom shelf.[6] 
 

Mass transfer during primary drying 
During primary drying the sublimation flux can be defined by the difference between the 
equilibrium pressure at the ice-vapour interface 𝑃𝑃𝑣𝑣𝑖𝑖 and the partial vapour pressure in the 
chamber 𝑃𝑃𝑣𝑣𝐶𝐶: 

�̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴𝑖𝑖
𝑅𝑅𝑝𝑝

(𝑃𝑃𝑣𝑣𝑖𝑖  − 𝑃𝑃𝑣𝑣𝐶𝐶)     (4) 

 
where 𝑅𝑅𝑝𝑝 is the the mass transfer resistance of the dried layer, which depends linearly on the 
dried layer thickness for the considered product:[7] 
 

𝑅𝑅𝑝𝑝 = 𝑅𝑅𝑝𝑝0 + 𝑙𝑙𝑑𝑑𝑅𝑅𝑝𝑝1     (5) 
 

𝑃𝑃𝑣𝑣𝑖𝑖 can be calculated from the Clausius Clapeyron equation from the sublimation interface 
temperature,[6] and 𝑃𝑃𝑣𝑣𝐶𝐶 is defined as in Trelea et al.[8] assuming ideal gas law for water 
vapour in the drying chamber:  
 

𝑑𝑑𝑃𝑃𝑣𝑣𝐶𝐶
𝑑𝑑𝑑𝑑

= 𝑅𝑅𝑔𝑔 𝑇𝑇𝐶𝐶
𝑆𝑆𝐶𝐶 𝑀𝑀𝑊𝑊

(∑ (�̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠 + �̇�𝑚𝑑𝑑𝑑𝑑𝑠𝑠) − �̇�𝑚𝐶𝐶𝐶𝐶)𝐶𝐶𝑉𝑉
1     (6) 

 
Finally, the fraction of ice 𝑓𝑓 contained in the product evolves with time as a function of the 
sublimation rate �̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠 as: 

𝑚𝑚0
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −�̇�𝑚𝑠𝑠𝑠𝑠𝑠𝑠      (7) 
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 Mass transfer during secondary drying 
The multilayer model developed by Trelea et al.[9] was used to describe the desorption 
kinetics in secondary drying.  

2.2. Heat and mass transfer variability in freeze-drying 

Four sources of inter-vial product quality variability were considered in this study:  
 Vial geometry: 𝐾𝐾𝑆𝑆 is influenced by the shelf-vial contact area 𝐴𝐴𝑐𝑐 and the depth of bottom 
curvature 𝑙𝑙𝐵𝐵𝑆𝑆 (Equation 3). Thus, differences in these dimensions among the vials can results 
in variability of the heat transfer among the vials on the shelf. In the present study, the 
distributions of 𝐾𝐾𝑆𝑆 at different chamber pressures over the vial batch were calculated based 
on the normal distributions of 𝐴𝐴𝑐𝑐 and 𝑙𝑙𝐵𝐵𝑆𝑆, as previously proposed by Scutellà et al.[6]  
 Edge vial effect: It is well known that vials located at the periphery of the shelf receive an 
additional heat transfer by radiation from the wall and the rail and conduction through the 
gas between the chamber wall, the rail and the side wall of the vials. This phenomenon is 
known as edge vial effect. In the present study, the additional radiation heat flow rates from 
the wall and rail to the edge vials were calculated for edge vials using the Stefan-Boltzmann 
equation, as proposed in the 3D simplified radiation model developed by Scutellà et al. [10] 
 Mass transfer resistance: The product resistance variability in a large batch of vials was 
previously quantified as normal distributions of 𝑅𝑅𝑝𝑝0 and 𝑅𝑅𝑝𝑝1 in Scutellà et al.[7] 
 Desorption kinetics: The variability of the desorption kinetics was previously quantified 
as normal distributions of characteristics desorption times in Scutellà et al. [11] 
 

2.3. Prediction of the risk of vial rejection 

The developed mathematical model was used to propose a quality risk-based approach for 
the design of the primary and secondary drying steps of the freeze-drying process. The risk 
of failure of the primary drying step was calculated in terms of vials potentially rejected by 
considering two main constraints: (i) the product temperature had to be maintained at any 
time below a critical value (i.e., the glass transition temperature for amorphous products); (ii) 
the sublimation had to be completed at the end of primary drying (i.e., 𝑓𝑓 = 0). For the design 
of the secondary drying step, the constraints were: (i) the final moisture content had to be 
equal or lower than the target moisture content (1.5 %) and (ii) the temperature at any moment 
had to be lower than the glass transition temperature of the dry product. The range of 
acceptable combinations of operating variables (i.e., 𝑇𝑇𝑠𝑠,  𝑃𝑃𝐶𝐶 , operating time) was then 
identified based on the target level of risk. The capability of the pilot freeze-dryer was 
considered to be not limiting regardless of the operating conditions. 
 

2.4. Numerical solution 

The developed model was solved using Matlab R2014b software provided of the Statistics 
Toolbox (The MathWorks, Inc., Natick, MA). The analysis of the effect of the heat and mass 
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transfer variability on the critical process parameters during freeze-drying was performed 
using the Monte Carlo method. This method consisted in simulation of batches of 100 
representative vials with random normal distributions of the considered model parameters 
(𝐴𝐴𝐶𝐶 ,𝑙𝑙𝐵𝐵𝑆𝑆, 𝑅𝑅𝑝𝑝0, 𝑅𝑅𝑝𝑝1, 𝜏𝜏𝑟𝑟𝑑𝑑𝑑𝑑1 and 𝜏𝜏𝑟𝑟𝑑𝑑𝑑𝑑2). Due to computer limitations, the number of simulated 
vials (100) was significantly smaller than the actual number of vials in the freeze-dryer 
(2310).  

3. Simulated system 

In the present work, the model was used to simulate freeze-drying process performed in the 
pilot freeze-dryer REVO (Millrock Technology, Kingston, United States). The equipment 
was composed of a drying chamber equipped with three shelves and a condenser running at 
temperature of -75 °C. A total of 770 glass tubing vials (Müller + Müller, Holzminden, 
Germany) were supposed to be loaded on each shelf. The vials had a total volume of 3 mL 
and were all filled with 1.8 mL of 5 % aqueous sucrose solution. Furthermore, the vial array 
was surrounded by a metallic rail (shielding 70 % of the lateral wall of the vials). The shelf 
was considered to be at a temperature of -50 °C at the beginning of primary drying.  

4. Results 

The developed model was used to predict the risk of failure of the process in terms of 
percentage of vials potentially rejected. Potential vial rejection of the primary and secondary 
drying steps were predicted for different combinations of operating variables (shelf 
temperature, chamber pressure, operating time) to select the best cycle at the maximum 
allowed risk (1 %). Figure 1A presents the percentage of vial rejection due to a product 
temperature higher than 𝑇𝑇𝑔𝑔′ observed performing a primary drying of 84 hours in function of 
the chamber pressure and shelf temperature. Typical ranges of chamber pressure and shelf 
temperature used in the pharmaceutical industry were explored, respectively between 4 and 
10 Pa, and -40 °C and -10 °C. The results shows that, if a value of shelf temperature higher 
than -27 °C is applied during primary drying, the percentage of vial rejection become higher 
than 1 % for most of the pressures tested. Furthermore, Figure 1B presents the percentage of 
vial rejection due to the sublimation not completed at the end of primary drying observed 
performing a primary drying step of 84 hours in function of the shelf temperature and 
chamber pressure. A shelf temperature higher than -30 °C has to be considered to avoid the 
presence of ice at the end of the primary drying time. Thus, the use of a shelf temperature of 
-27 °C and a chamber pressure between 4 and 9.3 Pa during primary drying step of 84 h 
results in a percentage of vial rejection lower than the maximum allowed one (1 %). Figure 
2A presents the risk of vial rejection associated to the secondary drying step due to a product 
temperature higher than 𝑇𝑇𝑔𝑔. A range of shelf temperatures between 0 °C and 40 °C was 
explored, and the pressure was maintained constant at 6 Pa. The product temperature remains 
below the critical value regardless of the shelf temperature applied during the secondary 
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drying step, because the product dries enough during the shelf temperature ramp (1°C min-

1). Figure 2B presents the risk of vial rejection of associated to the secondary drying step due 
to a final moisture content in the product higher than the target value of 1.5 %. A shelf 
temperature higher than 4 °C will lead to no vial rejection if secondary drying is carried for 
at least 45 h. As product temperature remains below the critical value regardless the shelf 
temperature value used, the optimal operating conditions for secondary drying will be a shelf 
temperature of 40 °C and an operating time of 4 h, which leads to a vials rejection lower than 
1 %. 

 
Fig. 1 Potential vial rejection (%) in primary drying performed at different chamber pressures 

and shelf temperatures due to (A) a product temperature higher than the critical value (𝑻𝑻𝒈𝒈’ ) and 
(B) sublimation not completed after 84 h of primary drying. 

 

 
Fig. 2 Potential vial rejection (%) in secondary drying due to (A) a product temperature higher 

than the critical value (𝑻𝑻𝒈𝒈) during the whole duration of the secondary drying step and (B) 
product moisture content higher than the target value (1.5 %) for different shelf temperatures 

and operating times. 
 

5. Conclusions and perspectives 

In this work, a multi-vial, dynamic mathematical model of the primary and secondary drying 
steps of the freeze-drying process was developed, including the heterogeneity of parameters 
such as the vial dimensions, the vial position on the shelf and the random nucleation process. 
The model was used to calculate the risk of failure of the primary and secondary drying steps 
for a 5 % sucrose solution processed in a pilot freeze-dryer, expressed in terms of percentage 
of vials potentially rejected. In the future, the proposed model will be experimentally 
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validated and used to calculate the design spaces of primary and secondary drying for the 
cycle transfer and scale-up of the process. 
 
Nomenclature 

𝐴𝐴 Cross sectional area (𝑚𝑚²) 
𝐶𝐶1,𝐶𝐶2 Parameters of Equation 3 (𝑊𝑊 𝑚𝑚−4𝐾𝐾−1), (𝑊𝑊 𝑚𝑚−2𝐾𝐾−1 𝑃𝑃𝑎𝑎−1) 
𝐶𝐶𝑝𝑝 Heat capacity (𝐽𝐽 𝐾𝐾−1) 
𝛥𝛥𝐻𝐻 Latent heat (𝐽𝐽 𝑘𝑘𝑘𝑘−1) 
𝑓𝑓 Mass fraction of ice in the product 
𝐾𝐾 Heat transfer coefficient (𝑊𝑊 𝑚𝑚−2𝐾𝐾−1) 
𝑙𝑙 Layer thickness (𝑚𝑚) 
�̇�𝑚 Water vapour flow rate (𝑘𝑘𝑘𝑘 𝑠𝑠−1) 
𝑚𝑚 Mass (𝑘𝑘𝑘𝑘) 
𝑀𝑀𝑊𝑊 Molecular mass of water (𝑘𝑘 𝑚𝑚𝑚𝑚𝑙𝑙−1) 
𝑁𝑁 Number of vials 
𝑃𝑃 Pressure (𝑃𝑃𝑎𝑎) 
�̇�𝑄 Heat flow rate (𝑊𝑊) 
𝑅𝑅𝑔𝑔 Ideal gas constant (𝐽𝐽 𝐾𝐾−1𝑘𝑘𝑚𝑚𝑚𝑚𝑙𝑙−1) 
𝑅𝑅𝑝𝑝 Product resistance (𝑃𝑃𝑎𝑎 𝑚𝑚² 𝑠𝑠 𝑘𝑘𝑘𝑘−1) 

𝑅𝑅𝑝𝑝0,𝑅𝑅𝑝𝑝1 Parameter of Equation 5  (𝑃𝑃𝑎𝑎 𝑚𝑚2𝑠𝑠 𝑘𝑘𝑘𝑘−1), (𝑃𝑃𝑎𝑎 𝑚𝑚 𝑠𝑠 𝑘𝑘𝑘𝑘−1) 
𝑡𝑡 Time (𝑠𝑠) 
𝑇𝑇 Temperature (𝐾𝐾) 
𝑉𝑉 Volume (𝑚𝑚3) 

Greek 
𝛽𝛽 Mass transfer parameter (𝑠𝑠 𝑘𝑘𝑘𝑘−1 𝐾𝐾−1) 
𝜆𝜆 Thermal conductivity (𝑊𝑊 𝑚𝑚−1 𝐾𝐾−1) 
𝜏𝜏𝑟𝑟𝑑𝑑𝑑𝑑 Characteristic desorption time at reference temperature (𝑠𝑠) 

Subscripts and Superscript 
              0 Initial 

𝐵𝐵 Bottom 
𝐶𝐶, 𝑐𝑐 Chamber and contact, respectively 
𝐶𝐶𝑁𝑁 Condenser 
𝑑𝑑 Dried 
𝑑𝑑𝑑𝑑𝑠𝑠 Desorption 
𝑓𝑓 Frozen 
𝑖𝑖 Interface 
𝑖𝑖𝑐𝑐𝑑𝑑 Ice  
𝑃𝑃 Product 
𝑟𝑟 Radiation 
𝑆𝑆, 𝑠𝑠 Shelf and solids, respectively 
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𝑠𝑠𝑠𝑠𝑠𝑠 Sublimation 
𝑇𝑇 Top 
𝑉𝑉, 𝑣𝑣 Vial and vapour, respectively 
𝑤𝑤 Water 
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Abstract 
Three numerical methods, finite differences, finite volume and finite element, 
were compared to know their convenience in the simulation of convective 
drying of fruit slices. The mathematical treatment, the stability, the 
convergence and the sensibility were analysed for each method. The data of 
the simulations were compared with the data of feijoa dried at 60°C, 5 mm of 
thickness and air velocity of 0.5ms-1. The error was 7%, 13% and 17% for 
finite element, finite volume and finite differences respectively. The method 
selection depends on the software, the required data precision and the use of 
the model.   

Keywords: mathematical model; convective drying; numerical methods 
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1. Introduction  

Feijoa fruit (Acca Sellowiana Berg) is a crop adapted from Brazil and North Uruguay to the 
Colombian Andes [1] [2]. In Colombia, there are 1000 ha planted. Drying is an alternative 
to extend the shelf life of the fruit and to preserve the functional characteristics of the fruit.  
The convective drying of fruits is the most used drying technique to remove the moisture of 
the fruits because of its simplicity and low cost [3, 4]. The mathematical modelling is a 
useful tool to predict and understand the mass, heat and momentum transfer during drying. 
The theoretical models are based on the fundamental physics of drying. The  use of the 
theoretical models is increasing thanks to the availability of the advanced numerical 
computation and to its relevance for the fruit drying understanding.  

Choosing the numerical method to solve the PDEs system is a key step in the modelling of 
convective drying. Three common numerical methods applied are finite differences, finite 
volume and finite elements, also known as gridbased methods [5]. The finite differences 
method use the decomposition of the differential terms of PDE in discrete representations 
through the domain discretization in a rectangular grid. This method generates time 
evolution chains linked to initial conditions. The finite volume method also discretizes the 
domain generating several polyhedral volumes. Those volumes are controlled by numercal 
methods related to differential and integral approximations [6]. The finite elements method  
uses the same type of domain decomposition as finite volume, but the approximation is 
different. The weak formulation of the model is necessary for the generation of the 
algorithm. The aim of the present study is the comparison between the finite differences, 
finite volume and finite element methods for the modelling of convective drying of feijoa 
slices. 
 
2. Materials and Methods 

2.1 Mathematical modelling 
Three numerical methods to simulate the convective drying of fruit slices were compared. 
The model was formulated with the following assumptions:(i) the geometry is a slab ; (ii) 
the model is in 2D; (iii) mass transfer inside the fruit is performed by diffusion and the heat 
transfer by conduction; (iv) the evaporation occurs only at the surface; (iv) thermophysical 
properties of fruit dependent of composition and temperature; (v) effective diffusion is 
constant and (v) shrinkage is accounted. Eqs (1) and (2) represent the heat and mass 
transfer equations [7, 8].  

 
(1)                            (2) 

 
At initial time (t=0), the moisture content and the temperature of the slice correspond to its 
initial values. Xo= 5.53 Kg water/Kg dry solids. To= 305K. The boundary conditions for 
moisture transport are represented by Eqs 3 and 4. 
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  (3)                                                                          (4) 
 

The signs depend on the position of the boundary. In an analogous way, boundary 
conditions for heat transfer were considered. The concentration of water vapor in the air 
and in the fruit surface (Cair,Co) were determined with the equations reported for the 
ASHRAE. [9]. The shrinkage was included with the approximations used by [8,10,11] . 
 
2.2 Numerical methods 
The finite difference method was applied with two approaches, the explicit, where the 
derivative of the temperature and moisture with respect to the position was based on the 
information of the previous time. Through central finite differences an equation with an 
only unknown variable was obtained, which is easy to solve. The second approach was the 
implicit method where the Crank- Nicholson method was applied to the second term of Eqs. 
1 and 2. Here, the derivative was performed in the next level of time. Algebraic equations 
expressed through tridiagonal matrices were obtained and thus solving the system. This is 
repeated until complete the time of simulation. This method was implemented through an in 
house code programmed in Matlab 8.3. 
 
The volume finite method started with the prediction of the moisture and temperature at the 
boundaries. For this purpose, a triangular and regular mesh through the domain was 
established. Then, a recursion algorithm that uses the information of the previous time was 
employed. Then the moisture and temperature distribution inside the domain was calculated 
by the Green theorem application. This theorem solves the right side of Eqs 1 and 2. With 
this approach a volume integral is converted in a line integral. The PDEs system in 2D 
passes to 1D facilitating the implementation of the numerical method. The moisture content 
and temperature at the center of each triangle of the mesh was determined. Then, the 
moisture and temperature values were determined at the vertices and so on until complete 
all the triangles of the mesh. This process was repeated for each time step during the 
simulation time. This approach uses linear equations system that lead to the creation of 
tridiagonal matrices. This method was implemented through an in house code programmed 
in Matlab 8.3. 
 
The finite element method was implemented in the software FreeFem++ 3.46. For the 
implementation the weak formulation of the mass and heat transfer problem was required. 
The software uses an algorithm based on the Gauss theorem which is applied to the right 
side of  Eqs. 1 and 2. This theorem is a generalization of integration by parts. It allows to 
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rewrite a line integral which is related with the boundary conditions of the PDE. This 
approach allowed the equations solution with algebraic methods. 

The simulation data was compared with moisture content curves of feijoa slices of 5mm, 
dried at 60°C, air velocity of 0.5ms-1 and parallel to the samples.  The convective dryer 
(EDIBON) was used. The goodness of fit was evaluated through the mean relative 
deviation modulus. 

3. Results and discussion 
The averaged experimental and predicted moisture content by the three numerical methods 
are presented in Fig.1. The relevance of the numerical solution method for accurate 
simulations was observed. First, the moisture content curve obtained by the finite difference 
method was lower than the experimental values at the beginning of the process. Then, in the 
middle of the drying, the predicted data were higher than the experimental data. The error 
fot the finite diference method  was 17%. Second, the volume finite method showed a curve 
over the experimental data, but closer than the finite differences. The error of finite volume 
method was 13%. Finally, the simulated curve by the finite elements method was slightly 
over the experimental values. Then, as the drying time progresses, the simulated and 
experimental values are closer. The error was of 7%. The simulations behavior can be 
explained through the numerical approximation employed by each solution method. Also, 
by the assumptions and parameters of the mathematical model.  
 
The explicit finite difference method is easy to apply. However, this method was unstable 
in time intervals partitions of space because the derivative is based on the information of 
the previous time. On the other hand, the implicit method establishes that the derivative of 
the temperature or moisture with respect to the position is not performed in the previous 
time [13]. The derivative is performed in the next level of time. This numerical 
approximation is more stable against time jumps, partitions of space and variable 
parameters of the model such as physicochemical and transport properties. Also this 
method allows to couple the mass and heat transfer with acceptable accuracy. A 
disadvantage is the rectangular grid structure. This does not allow better data accuracy. 
Also it is not suggested for irregular geometries. This is important because the kwnoledge 
of the simulation conditions are related with the existence of a solution to the PDEs system 
and good convergence of the model[14]. 
 
The application of the volume finite method allowed a better simulated data than finite 
differences. This indicates that the numerical approaches used by this method and the 
model parameters allowed good data accuracy. With the use of an in house code and 
accessible software an initial moisture transfer analysis can be done. However, the coupling 
between mass and heat transfer was more difficult with the use of an in house code. To 
overcome this problem the finite elements method is suggested. 
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Fig 1. Averaged moisture content predicted by the three numerical methods compared to 
the experimental data. 
 

The simulated curve obtained by the finite element method had a good agreement with the 
experimental data. Also, the use of the method and the software allowed the consideration 
of more real drying parameters for the model such as variable physicochemical, transport 
properties and shrinkage. Also, it was possible to optimize the convective transfer 
coefficients obtaining better results that the programation of the finite volume which 
constant transport properties were considered. 
 
The Fig. 2 represents the evolution of moisture content in function of the slice thickness 
during drying time. This figure was determined through the finite differences method. As 
exécted, the boundaries are first dried and finally the center of the product. 

 
Fig 2. Moisture content evolution in fruit slice during drying by finite difference method 

The Fig. 3 also shows evolution of moisture content in function of the slice thickness 
during drying time. This figure was obtained with the volume finite method in 2D. It is 
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observed a representative drying behavior which corresponds to the initial loss of moisture 
in the boundaries followed by the inner of the product. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. Moisture content evolution in fruit slice during drying by volume finite method 

Simultaneous heat nad mass transfer was predicted by the finte elemtents method. The Fig. 
4 shows the temperature distribution inside the slice during drying by the finite elements 
method. The heat transfer from the surface of the product to its interior was observed. This 
corresponds to the sensible heat transferred by convection from the air to the product and its 
transport inside the product by conduction. Then, the temperature increases close to the air 
temperature.  

 

 

 

 

 

 

Fig 4. Temperature distribution inside the slice during drying simulation by the finite elements 
method. (a) 3000 s. (b) 6000 s. (c) 12000 s. (d) 15000 s. 
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4. Conclusions 

The method of finite differences allowed to coupled the heat and mass transfer but with 
stability and convergence problems. However it is recomendable for apply the approaches 
of the numerical solutions at initial stages of drying studies. 

The coupling of the system with an in-house code was more difficult for the finite volume 
method. The finite volume method was suitable to predict moisture diffusion as a first step 
in drying modelling. 

The finite element method was the most suitable method. The model can be improved and 
the parameters of the model can be optimized with this method.  

The finite volume and finite elements methods require strong mathematical treatment which 
increases the computational costs. However, these methods present less convergence and 
stability problems than finite differences. Also, they are recommended for multi-scale 
studies. 

The three methods have disadvantages for modelling irregular geometries, deformable 
boundaries and large deformations due to the ‘grid’ nature of those methods. 

The understanding of the numerical method allowed to know the numerical approximations 
to solve the PDEs and therefore to know the benefits and challenges of the method. 

5. Nomenclature  
C concentration of water 

vapor  
kg m-3 x,y,

z 
cartesian oordinates  m 

Co concentration of water 
vapor on the product 
surface  

kg m-3 X moisture content  kg water 
kg-1 dry 
product 

Deff effective moisture 
diffusivity  

m2s-1 Greek letters 

hm mass transfer coefficient  m s-1 α thermal diffusivity  m2s-1 
L product thickness  m ρs density of solid 

product=dry 
mass/total volume  

kg m-3 

M lenght of the product  m Subscripts 
t drying time  s air air  
T absolute temperature  K in initial  

 

Acknowledgements 
This research was founded by the Universidad de La Sabana, Project ING-161. The author 
A.M. Castro would like to thank COLCIENCIAS for the grant awarded for her doctoral 
studies (2015).  
 

329

http://creativecommons.org/licenses/by-nc-nd/4.0/


Comparison between the finite differences, finite volume and finite element methods for the modelling 
of convective drying of fruit slices 
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

References 
[1] Parra-Coronado, A; Fischer,G and Camacho-Tamayo,J. Development and quality 

of pineapple guava fruit in two locations with different altitudes. Bragantia 
Campinas. 2015, 74 (3), 359–366. 

[2] Weston,R.J. Bioactive products from fruit of the feijoa (Feijoa sellowiana, 
Myrtaceae): A review. Food Chem. 2010. 121 (4), 923–926. 

[3] Wojdyło, A; Figiel, P; Legua, K; Lech, Á; Carbonell-Barrachina, and Hernández, 
F. Chemical composition, antioxidant capacity, and sensory quality of dried jujube 
fruits as affected by cultivar and drying method. Food Chemistry.2016.207, 170–
179. 

[4] Castro, A.M; Mayorga, E.Y and Moreno F.L. Mathematical modelling of 
convective drying of fruits: A review. J. Food Eng. 2018. 223,152–167. 

[5] Rathnayaka C.M; Karunasena, H.C; Gu, Y.T; Guan, L and W. Senadeera. Novel 
trends in numerical modelling of plant food tissues and their morphological 
changes during drying – A review. J. Food Eng. 2017. 194, 24–39. 

[6] Moukalled, F; Mangani, L and Darwish, M. The finite volumen method in 
computational fluid dynamics, 1st ed. Springer International Publishing, 2015. 

[7] Esfahani, J.A; Majdi, H and Barati, E. Analytical two-dimensional analysis of the 
transport phenomena occurring during convective drying: Apple slices. J. Food 
Eng. 2014. 123,  87–93. 

[8] Tzempelikos, D.A; Mitrakos, D; Vouros, A.P; Bardakas, A.V; Filios, A.E and  
Margaris, D.P. Numerical modeling of heat and mass transfer during convective 
drying of cylindrical quince slices.  J. Food Eng. 2015. 156, 10–21. 

[9] ASHRAE. Handbook-Fundamentals. American Society of Heating, Refrigeration 
and Air-Conditioning Engineers Inc. Atlanta, 2009. 

[10] Ben Mabrouk, S; Benali, E and Oueslati, H. Experimental study and numerical 
modelling of drying characteristics of apple slices. Food Bioprod. Process.2012, 90 
(4), 719–728. 

[11] Guiné, R.P. Pear drying: Experimental validation of a mathematical prediction 
model. Food Bioprod. Process.2008, 86 (4), 248–253. 

[12] Lomauro, C.J; Bakshi, A.S and Labuza, T.P. Evaluation of food moisture sorption 
isotherm equations. Part I: Fruit, vegetable and meat products. Leb. und-
Technologie. 1985,18 (2), 111–117. 

[13] Kulkarni, N and Rastogi, K. Comparison of Explicit Finite Difference Model and 
Galerkin Finite Element Model for Simulation of Groundwater Flow. Int. J. Innov. 
Res. Adv. Eng. 2014,1 (2), 23–30. 

[14] Mayorga, E and Giniatoulline,  A. On the Existence , Uniqueness, Stabilization and 
Limit Amplitude for Non- Homogeneous System Modelling Internal Non-
Stationary Waves in Stratified Flows. Pacific J. Appli Math. 2011, 3 (4),45–62. 

 

330

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7455 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

The role of boundary conditions on the dynamics of green coffee beans 
in a rotated dryer 

 
Machado, M.V.C.; Resende, I.A.; Lima, R.M.; Brandão, R.J.; Pivello, M.R.; Nascimento, 
S.M.; Duarte, C.R., Barrozo, M.A.S.a* 
a Federal University of Uberlândia, Chemical Engineering School, Uberlândia/MG, Brazil.  
 
*E-mail of the corresponding author: masbarrozo@ufu.br 
 

Abstract   
Coffee drying and roasting are usually performed in rotated dryers; therefore, the 
study of particle dynamics in this equipment is of great relevance to improve their 
efficiency and hence the quality of the final product. Thus, this work aimed to 
investigate experimentally and numerically the dynamics of coffee beans in a rotary 
dryer. The Euler-Euler model was employed to reproduce the particle velocity 
profile in the rolling regime under different boundary conditions. The results shown 
that the lower specularity coefficient (0.01), which characterizes the smooth wall 
and free slip condition, reproduced the bed behavior that most resembled the 
experimental one. On the other hand, the other coefficients (0.1 and 1.0) showed an 
increasing deformation in the bed surface, different from the observed experimental 
behavior. It was also verified that, as the filling degree increases, the bed surface 
deformation becomes more pronounced. 

Keywords: coffee; rotated dryer; simulation; specularity coefficient. 
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1. Introduction 

During the processing of coffee beans, roasting and drying can be performed in rotary drums. 
These equipment also have a wide range of applications in the industry, such as mixing, drying, 
granulation, milling and coating. Rotary drums can process many types of raw materials, with 
large size distributions and different physical properties. 

The efficiency of rotatory drums, depending on the process in question, is highly dependent on the 
granular movement in the interior, which in turn is related to the energy, mass and momentum 
transfer rates [1]. Therefore, to improve the efficiency of these equipment requires detailed 
information about the movement of the particles inside.  

Rotating drums can show seven different flow regimes (sliding, surging, slumping, rolling, 
cascading, cataracting and centrifuging), which depend on the rotational speed, filling degree, 
physical properties of granular materials and drum geometry[2]. Each one with its own specific 
flow behavior, which increase the complexity in its study. 

Cristo et al. [3] recommend the rolling regime for coffee roasting, in order to ensure a uniform heat 
transfer within the equipment. This regime, which is studied in the present work, is characterized 
by two different regions: a passive region, found near the drum wall, where particles move as a 
solid body, and an active region, found near the bed material surface, where the particles 
avalanche and cascade downward. The physical mechanisms such as, mixing and segregation, heat 
and mass transfer, and so on, mainly occur in the active region. 

Parallel to experimental studies, the numerical simulations arise as a complementary tool in the 
granular flows investigation. In the present paper, the granular flow was simulated using the Euler-
Euler approach along with the kinetic theory of granular flow. In this kind of simulation both 
phases are treated as interpenetrating continua and the Eulerian approach solves a set of moment 
and continuity equations for each phase. However, the simulated results are very sensitive to the 
selected boundary conditions. So, the proper choice of these boundary condition on the wall is of 
crucial importance to represent the experimental behavior.  

In the context of the multiphase granular model, the specularity coefficient appears as one of the 
boundary conditions to be used. The specularity coefficient is a representation of the fraction of 
collisions between the particle and wall (contour), which transfer lateral momentum to the wall [4]. 
This coefficient is closely related to the flow conditions and the properties of the wall and there are 
no experimental determination about it reported in the literature. The value of the specularity 
coefficient (φ) depends on the sliding condition of the wall and its roughness. Thus, it can range 
from 0, for perfectly specular collisions, with a smooth wall condition and free slip, and 1, for 
perfectly diffuse collisions with rough wall and zero slip [5]. 

Despite the relevance of the boundary conditions for Eulerian simulations, there are few studies 
about the influence of interactions between particles and the wall on the behavior of the solid 
phase in rotary dryers. Therefore, the present paper aims to investigate the effect of the boundary 
conditions on the simulation results of the movement of coffee particles during the rolling regime  
in a rotating dryer, comparing the simulation with the experimental behavior. 
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2. Materials and Methods 

2.1. Experimental Setup 

Green coffee beans were the particulate material used in this study, with the following 
specifications: average diameter 5.24 mm, density 1368.3 kg/m³, sphericity 0.88, moisture (dry 
base) equal to 12.15 and angle of repose of 38.4°. The experimental tests were conducted in a 
stainless steel rotating dryer, with the following dimensions: diameter 21.5 cm and length 50 cm. 
The front and back walls of the cylinder are made of transparent glass that allows the visualization 
of the coffee beans movement inside the drum. The inner wall of the dryer was coated with a P80 
sandpaper. 

The particle velocity profiles were obtained by the image analysis technique using a high speed 
camera (up to 2000 frames/s). The videos were recorded for the following filling degrees:10, 20, 
30, 40 and 50% and at a rotational speed of 12.5 rpm, which characterizes the rolling regime. 
Using ImageJ® and MeazureTM softwares, it was possible to trace the particles individually in 
different picture frames. Thus, the velocity of each particle was determined by subtracting the 
positions of the same particle in two distinct frames. That is, immediately after x2 and y2 (see 
Figure 1); and before x1 and y1 of the reference line, and then dividing this result by the time 
interval between the respective frames (t2-t1). Figure 1 shows the positioning of the reference line 
over the bed radius (r), along which the velocity were measured. From these profiles, it is possible 
to find the location of the interface between the active and passive layers along the reference line, 
determined by the point of inversion of the direction of displacement of the particles. In other 
words, the point where the particles velocity is nearly zero and delimits the transition between the 
two regions of rolling regime (active and passive) [8]. 

 
Fig. 1: Methodology for particle velocity measurement during the rolling regime. 
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2.2. Numerical Methodology 

All simulations were performed in Fluent® 14.0 software, using the Eulerian methodology and the 
Eulerian Granular Multiphase Model to characterize the fluid and the granular phase behavior 
inside the rotating dryer. To describe the interactions between the solid phases (particle-particle 
and particle-wall), it was used the Granular Kinetic Theory. For the granular viscosity, the model 
of Syamlal et al. [6] was used. For the bulk granular viscosity, the solids pressure and the radial 
distribution function, the models of Lun et al. [7] were used.  

The no-slip condition was used to describe the boundary conditions in the wall relative to the fluid 
phase. Meanwhile, for the solid phase, it was used the boundary conditions given by the 
specularity coefficient [5]. Equation 1 expresses the tangential velocity of the solid phase at the wall 
( )swu  in terms of specularity coefficient ( )ϕ . 

,max

0,

6
3

S S sw
sw

S S S ss

uu
ng

α µ
θ πϕρ α
− ∂

=
∂

 (1) 

Where Sα   and Sρ  are the volume fraction and the solid phase density, respectively. Sθ  and Sµ  
are the granular temperature and solid viscosity,  0,SSg  is the radial distribution function. 

3. Results and Discussion 

3.1. Analysis of the wall boundary conditions: specularity coefficient 

For the purpose to verify the effect of the wall boundary conditions, different values of specularity 
coefficient (φ) were analyzed in the Eulerian simulation of the coffee beans in a rotary dryer. 
Hereafter, it is presented a qualitative analysis of the experimental and numerical results, the latter 
being obtained for the specularity coefficients equal to 1.0; 0.1 and 0.01. Figures 3, 4, 5, 6 and 7 
show the distribution of the solid phase in the front wall of the dryer and also in the transverse 
plane located in half the length, for filling degrees of 10, 20, 30, 40 and 50 %, respectively. 

From the Figures 2, 3, 4, 5 and 6, it is possible to note that the simultions with the lowest 
specularity coefficient value, which characterizes the smooth wall and free-slip condition, better 
reproduced the experimental behavior, for all filling degrees values evaluated. Concerning to the 
other specularity coefficients values (0.1 and 1.0), it also can be observe an increasing in bed 
surface deformation, presenting a divergence from the observed experimental behavior. This is due 
to the fact that the highest specularity coefficient (1.0) characterizes the rough wall condition, 
resulting in a high friction between the wall and the particles, and carrying the particles at higher 
heights. Also, it can be verified that as the filling degree increases, this bed surface deformation 
becomes more pronounced. 

Comparing the solid fraction distributions in the front wall and in the plane at the half length of the 
dryer, it can be observed a difference in the bed behavior only for the specularity coefficient equal 
to 1.0. For low values of this parameter, this wall effect is not perceived, since the solid 
distribution in the wall and in the plane in the middle are practically coincident. 
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Fig. 2: Solids volume fraction for different values of specularity coefficient at 10%f =  

ϕ  1.0 0.1 0.01 
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Fig. 3: Solids volume fraction for different values of specularity coefficient at 20%f =  

ϕ  1.0 0.1 0.01 
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Fig. 4: Solids volume fraction for different values of specularity coefficient at 30%f =  
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Fig. 5: Solids volume fraction for different values of specularity coefficient at 40%f =  

 
ϕ  1.0 0.1 0.01 

 

Experimental 

Wall 

   

 
Half of lenght 

   

Fig. 6: Solids volume fraction for different values of specularity coefficient at 50%f =  
 
3.2. Particle velocity profiles 

In addition to the qualitative analysis, it was also present a quantitative analysis of the particle 
velocity obtained by the simulation using different values of specularity coefficients. Figure 7 (a), 
(b), (c), (d) and (e) show the experimental and simulated results of the velocity profile of coffee 
beans, for filling degrees of 10, 20, 30, 40 and 50%, respectively.  

Figure 7 results show that, for all filling degrees, the transition from the passive to the active layer 
obtained by simulation occurs at radial positions smaller than those obtained experimentally. Thus, 
the point of inversion of the direction of displacement of the particles is underestimated by the 
numerical model. This evidence is more pronounced for the lower specularity coefficient (0.01), 
which is justified by the greater slippage in the wall, characterized by this condition. 

Moreover, it is noted that for the greater filling degrees, the behavior of the simulations performed 
with the higher specularity coefficients values (0.1 and 1.0), becomes more similar in the passive 
region. Such similarity is also observed for the active region in all evaluated filling degree values. 
Although there is a large difference between these two specularity coefficients values, the results 
presented by them are quite similar, suggesting that simulations performed within this range of 
values (0.1 - 1.0) would not result in different information.  
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Fig. 7: Experimental and numerical particle velocity profiles for different filling degrees. 
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4. Conclusions 

This work assessed the boundary conditions effects on the coffee beans dynamics inside a rotating 
dryer by comparing numerical results with experimental data. It was observed that the lower 
specularity coefficient (0.01), which characterizes the smooth wall and free slip condition, 
reproduced the qualitative bed behavior that most resembled the experimental one. On the other 
hand, the other coefficients (0.1 and 1.0) showed an increasing deformation in the bed surface, 
different from the observed experimental behavior. It was also verified that, as the filling degree 
increases, the bed surface deformation becomes more pronounced. However, the particle velocities 
profiles obtained by simulation with this lower specularity coefficient lead to a transition from the 
passive to the active layer at radial positions smaller than those obtained experimentally.  
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Abstract 

Modeling of dring of capillary porous media is difficult due to the complex 
and coupled heat and mass transfer that occur at dynamic liquid-gas-sold 
interface. Thus far, drying was simulated using either continuum models or 
pore-network models, both of which have limitations. In this work, the 
Lattice Boltzmann Method (LBM) is used to simulate the drying in porous 
media. The LBM is ideal for such simulations as it can incorporate complex 
effects in a simple way to exhibit realistic fluid-gas interface during drying of 
capillary porous media. 

Keywords: Lattice Boltzmann Method; Capillary Porous media; Drying, 
Pore Network. 
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1. Introduction 

Drying of porous media is one of the most energy intensive operations in numerous 
industries such as textile, food, agriculture and etc. Experimental methods have been 
established to understand the macroscopic drying kinetics, whereas experimentation for the 
detailed micro scale transport behavior such as phase and temperature distributions and the 
corresponding micro-macro interactions still need significant scientific development. 
Modeling and simulation provides an efficient method for investigating such microscopic 
behavior. Simulation of the drying of porous media is a challenging task as it involves 
mass, momentum and heat transfer in a three-phase system (solid, liquid and gas) [1]. 
Various modeling techniques have been used in the past to simulate such complex 
processes including classical continuum methods [2], discrete Pore Network Models (PNM) 
[1] and more recently, the Lattice Boltzmann Method (LBM) [3]. Classical continuum 
models simulate the complex behavior of the fluid in the porous media macroscopically. 
These models are derived from either homogenization [2] or volume averaging techniques 
[4]. The continuum assumption in these models imposes an additional length scale 
constraint on its application. Moreover, models based on Darcy’s law ignore non-
equilibrium and inertial effects as the flow is at low Reynolds numbers. 

A more promising alternative is the discrete pore network model, which is derived from 
statistical physics concepts like percolation theory, fractal concepts and scaling theory[1]. 
These involve representing the void space in a porous medium as a pore network and 
solving the governing equations on this network. Discrete pore network models are 
especially useful when the effects of pore space or long-range correlations are strong. 
Despite its various advantages, the pore network models have numerous shortcomings that 
need to be addressed. For one, the actual porous media has to be converted into a pore 
network before simulating which is a complex and time-consuming process, especially for 
more complicated and broad pore size distribution. Further, such models have always 
assumed either the pore or the throats to be of zero volume which is unrealistic [1]. The 
fluid-air interface develops dynamically with time and depends on the capillary pressures 
and the pore and throat geometry. The inclusion of these effects is necessary to improve the 
accuracy of the pore network model. The Lattice Boltzmann Method provides an alternative 
by accommodating the actual geometry of porous media. 

The LBM is a relatively new mesoscopic method [3] which has repeatedly proven its ability 
to simulate transport in porous media. It involves solving the discrete Boltzmann equation 
to reproduce the Navier-Stokes equation in the continuum limit. This can be shown by 
conducting a Chapman Enskog expansion of the Boltzmann equation [5]. It is simple and 
accurate to incorporation of complex geometries. And LBM is efficient with parallelization 
capabilities which make it ideal for simulations in porous media. Further, due to its roots in 
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statistical physics, it can easily simulate multi-physics processes including multiphase and 
multi-component flow, cavitation etc. without explicitly tracking the interface as is done in 
continuum and pore-network models.H. El. Abrach, et. al.[6] investigated the drying of 
deformable porous media using LBM, macroscopically. Sukop et.al. [7] demonstrated the 
applicability of the Lattice Boltzmann method in simulating several micro-scale porous 
phenomenon such as adsorption, wetting, liquid retention and capillary condensation. The 
present work explains on how LBM can simulate the intricate microscopic interactions 
between such phenomenon, leading to complex fluid behaviour, such as capillary pumping 
and haines jumps [8], in non-deformable porous media.  

2. Lattice Boltzmann Method (LBM) 

In LBM, the motion of fluid is described by a set of particle distribution functions (PDF), 
which helps quantify the number of particles with a particular velocity at a certain location 
in space. The evolution of this PDF with time is described by the lattice Boltzmann 
equation (LBE) with, in this case, the Bhatnagar-Gross-Krook (BGK) collision operator [9]. 
The LBE is written as 

 kk
i

k
k

k Ff
x
fc

t
f

+Ω=
∂
∂

+
∂
∂ )(        (1) 

Where, fk is the particle distribution function in the kth direction, ck is the velocity in the 
kth direction, Fk is the forcing term and Ωk is the collision operator given by 
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Where, τ is the relaxation time and  is the equilibrium distribution function given by the 
Maxwell Boltzmann Distribution, which can be approximated into the following simple 
form: 
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The LBE is solved by discretizing the space, time and the velocity. Various different 
velocity discretization schemes have been developed. In this study, we use the two-
dimensional nine velocity model (D2Q9). 

For this scheme, the discrete velocities,  and  are given by: 
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The macroscopic properties we require, such as the density and velocity are derived from 
the PDF as 
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 2.1. Incorporating Phase Change Models 

In LBM, phase separation is achieved by incorporating a force on the particles at a node 
based on the particle density in the adjacent nodes, i.e., fluid in one node will experience a 
force in the direction with the higher neighboring density. In this study, the interaction 
force is incorporated into the model by shifting the velocity in the equilibrium distribution 
as given below: 

)(
int
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It is also possible to incorporate the interaction force via direct body forcing, where an 
additional term is added after the collision process [10]. The most commonly used method 
is the one proposed by Shan and Chen for Multiphase simulation[11]The inter-particle 
force is then taken as: 

k
k

kkk eexwxGxF ∑
=

+−=
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int )()()( ψψ       (7) 

Where, G is an interaction strength constant and is either negative or positive for attraction 
and repulsion respectively, kw is the weight function given in equation 4 and ψ is the 

effective mass, a function of density. This formulation results in an equation of state given 
by: 

 202 )]([
2

ρψρ gccP s +=                       (8) 

Where, cs is the velocity of sound, 0c is a parameter determined by the chosen lattice 

structure and   is a parameter that controls the magnitude of the inter-particle forces.  
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The formulation of ψ can be designed to incorporate a more accurate Equation of State if 
required[12]. Equation 8 can be rearranged to give: 

gc
cp sEOS

0

2 )(2)( ρρψ −
=        (9) 

Here, PEOS is the equation of state used, which, in this case, is the Carnahan Starling 
equation of state, given by: 
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Applying to equation 7 and combining the numerical approximations of the gradient [13], 
we get: 

 2/)()1()()( 2
00int xGcxGcxF ψβψβ ∇∆−−∇=     (11) 

Where G is taken as -1 to ensure a positive value under the root and   is a weighting factor 
that can be tuned for each equation of state. For the CS equation of state β is taken as 1.16. 

Here, wall interaction is incorporated in a similar way, by assuming the walls to have 
density equal to the liquid density. Therefore, liquidwall ρρ = . This gives the formulation: 
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3. Simulation Results and Discussion 

In this study, we simulated the drying of two types of porous media: structured and 
irregular. The structured porous medium consisted of equally spaced horizontal and vertical 
throats intersecting in circular pores, while the irregular porous media did not exhibit any 
observable pattern. Figure 1 shows the simulated results obtained using Lattice Boltzmann 
method. In the porous medium as shown in Figure 1A, the radius of the pores are much 
higher than that of the throats. This implies that there is a sudden and large increase in 
radius of the meniscus, thereby making it unstable/instabilities during drying. Therefore, 
the interface moves rapidly to the next stable orientation. This causes the surrounding liquid 
to be pumped outward and thus causing smaller pores and throats to be filled. This 
phenomenon can be observed in Figure 1A. The emptying of the pore circled in red leads to 
the refilling of the vertical throat circled in blue. Such effects are more prominent and 
discernable near the edges of the porous media where the pumping is only possible in 
limited directions. This phenomena of Haines jump events can significantly change the 
liquid orientation in the porous media as well as cause fluctuations in drying rate. 
Predicting such phenomenon is therefore essential to creating accurate models of drying. 
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Figure 1: A) Occurance of Haines jump (red) leads ot refilling of vertical throat (blue). B) Effect of 
surface tension impedes the emptying of pore (blue). C) Large extend of sluster formation. 

Apart from the geometry of the porous media, the properties of the wetting fluid also plays 
a crucial part in the drying. One such property, the surface tension, can prevent the invasion 
of a pore even though its adjointing throats are empty, as shown in Figure 1B. It can be 
seen that the pore (circled in blue) does not invade for a considerable amount of time even 
though two of its adjacent throats are empty. As explained, emptying of pores creates 
unstable intermediate interfaces. This unstability is due to the high surface energy present at 
the interface. Therefore, to invade a pore, the surface energy of the interface has to become 
equal to or larger than the intermediate interfacial energy. This is usually achieved due to 
reduction in pressure above the interface, and so, increase in surface tension and energy. 
Hence, pores are not invaded until the surface energy of the pore reaches a threshold value. 

The structured porous media shown above is merely an approximation of the actual porous 
media, which vary widely in shape and size of both pores and throats. Figure 1C shows a 
more random type of porous media where the drying phenomena is simulated. Here, the 
wide range of sizes and shapes lead to clusters formation (red). These clusters may be very 
small and local to single throats, or large and spanning several pores. These clusters of 
liquid are bounded by interfaces of high capillarity. This implies that such clusters remain 
idle until and unless the surrounding pressure reduces sufficiently. It is therefore possible 
for clusters to exist even after the drying completes. Such bounded liquid can lead to 
significant problems in drying efficiency and quality of products and so, have to be 
accounted for. 
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4. Conclusions 

Modelling of drying of porous media has been done in the past using various techniques 
such as Pore Network Models and Continuum models and have met with some success. 
Here, we used a Carnahan Starling equation of state based high density ration Lattice 
Boltzmann Method to model the same under realistic operating conditions. The following 
key observations were made from this study: 

1. Haines jumps cause significant changes in liquid orientation and can lead to 
unexpected variations in drying rate. 

2. Surface energy of the interface plays an important role in deciding which pore to 
invade and when. 

3. Highly randomized and realistic porous media exhibit high levels of liquid entrapment 
and cluster formation 

It can be concluded that the Lattice Boltzmann Method provides an accurate and plausible 
alternative to continuum and pore network models when it comes to modeling in porous 
media. 
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Abstract 
Cellulose nanofibers (CNF) is used in various pharmaceutical applications 
due to its unique characteristics i.e., biodegradability, mechanical and 
biological properties. CNF is often produced by spray drying process, 
knowledge of the drying kinetics in terms of mass and heat transfer on the scale 
of single droplet is important for process development and model validation. 

Acoustic levitator was used to study drying process of CNF suspension at 
different air temperatures and initial CNF concentrations. The unique 
property of acoustic levitation to hold single droplet contactless in the air, 
enables to study particle morphology during drying process, calculate 
evaporation rate and estimate particle porosity. Results show that packed 
particles result at lower initial concentration and temperature has a moderate 
influence on mean porosity of CNF dried particles. 

Keywords: acoustic levitation; droplet; drying kinetics; Cellulose Nanofibers. 
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1. Introduction 

Cellulose nanofibers (CNF), is a promising biopolymer. The high surface area of CNF makes 
it suitable as a nanofiller to enhance the mechanical properties of composite materials [1]. 
The rheological and physio-chemical properties, allow CNFs to stabilize emulsions of 
different types and improve the drug delivery of active materials in poor soluble aqueous 
solutions [2]. The strength with low weight and high surface area make CNF a good candidate 
for capsule reinforcement [3], on the other hand CNF can play a significant role in producing 
sustained drug release formulation, the CNFs form a fiber network that hinder the diffusion 
of drug [3].  

Cellulose nanofibers are mainly produced form cellulosic botanical sources such as wood, 
cotton, hemp or flax. The isolation of Cellulose nanofiber is achieved via mechanical or 
chemical processes, which result in gel-like liquid suspension that held cellulose 
nanostructures. CNFs are extracted from the aqueous medium via evaporation of the solution 
through lyophilization [4], supercritical drying and spray drying [5].  

Spray drying is widely used in many industries, e.g. chemical, food and pharmaceutical 
processing. In spray drying, droplets generation is followed by solvent/liquid evaporation 
leading to a final powder product. The short retention time in spray drying, makes it ideal for 
heat sensitive materials. Controlling the drying kinetics is decisive to minimize the liquid 
amount in the particles and enhance good mechanical properties. Physico-chemical 
properties of the solution together with operating parameters, greatly influence drying 
kinetics.  

Since experiments on real sprays are difficult to interpret and only integral information about 
an ensemble of droplets can be obtained, simple and idealized configurations considering 
single droplets are often preferred for investigation of such spray drying situations.  

The experimental work presented in this paper deals with the drying process of individual 
CNF suspension droplets. The focus of drying experiment was to determine the drying 
kinetics at various process parameters i.e., gas drying temperature, CNF loading. The 
acoustic levitation has been used, exhibiting an almost steady positioning of the sample; 
hence providing a unique opportunity to observe a droplet throughout the entire drying 
period.  The imaging technique allows for accurate measurement of temporal change of 
droplet diameter and vertical size, that were used to calculate drying rate and mass of the 
droplet during the drying process and estimation of dried particle porosity. 

The paper is organized as follows: in the next section, materials and methods i.e. acoustic 
levitation are described and the influence of the acoustic streaming on liquid evaporation is 
discussed, thereafter, the experimental and theoretical results are presented. The paper ends 
with the conclusions. 
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2. Materials and Methods 

2.1. Materials 

The CNF used for the microparticles production was obtained from Process Development 
Center University of Maine (Orono, USA) in form of 3.0% aqueous gel. The nominal fiber 
diameter is 50 nm and fiber length up to few hundred micrometers. Deionized distilled water 
was used to prepare CNF suspension. 

2.2. Methods 

2.2.1. Preparation of CNF suspension for single droplet drying 

The CNF aqueous gel solid content was proofed by drying 10 different samples of CNF 
aqueous gel in an oven at 60 °C for 10 hours, the mass fraction of dry fibers was estimated 
to be 3.5%±0.13. The desired suspensions were prepared by diluting CNF aqueous gel using 
deionized distilled water. CNF suspension was homogenized using magnetic stirrer for 30 
mins to assure homogeneity of the cellulose fibers suspensions. The desired concentrations 
of CNF suspension were 2,4 and 6 mg(CNF)/ml (water). 

2.2.2. Single droplet drying apparatus 

The ultrasonic levitator was used for the drying experiments; the main setup is sketched in 
Fig. 1, it consists of an acoustic levitator which operates at 58 kHz sound frequency. The 
emitted ultrasonic waves leave the transducer and propagate througth the gas mesdium to hit 
the concave reflector and then bounce to the transducer forming the so-called standing wave. 
The acoustic force generated by this standing wave is capable of stable positioning of the 
liquid or solid samples. The levitatator is equiped with heating chamber, and drying 
temperature up to 120 °C of the gas can be achieved. The imaging system consists of a CMOS 
camera connected to a macro lens, it allows for monitoring the droplets. The droplet is 
illuminated via LED back light, the shadow image captured by the camera is anaylzed online 
to calculate droplet equivalent diameter, vertical position and aspect ratio. A microliter 
syringe with long needle is used to insert axially the droplet into the acoustic field.  

Influence of the acoustic field 

The interaction between the acoustic field and CNF droplets suspended by the acoustic force 
generates streaming flow around the droplet. Several authors [6, 7] studied the induced flow 
and quantify its effect on the evaporation of the liquid. The acoustic streaming were first 
defined Schlichting [8], these streaming are divided into two categories; the inner acoustic 
streaming which drives the mass and heat transfer between the droplet surface and the 
surrounding gas medium [6, 9]. 
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Fig. 1 Schematic picture of the acoustic levitator. 

The second streaming flow is called outer acoustic streaming which represent toroidal 
vortices, these vortices trap the evaporated liquid from the droplet. Therefore, the vapor is 
accumulated around the droplet and alter the far-field vapor concentration. As more vapor is 
trapped by the outer acoustic streaming, the evaporation rate is reduced and comparison with 
model become rather difficult. A depletion of the accumulated vapor from such vortices 
becomes mandatory to have reproducible results and enable model validation. An air flow of 
0.85 l/min is inserted surrounding the droplet to destroy the outer acoustic streaming and 
remove the vapor accumulated around the droplet [10]. 

3. Results and Discussion 

3.1. NFC Microparticle production  

CNF has strong affinity to water, at very small CNF concentration ca. 3.5% wt., a slurry is 
formed, in order to generate small droplets using the microliter syringe, suspension at very 
low CNF loading were prepared, namely 2,4, and 6 mg CNF per ml of water. 

The drying temperature was varied in the range (20-80 °C), droplets of 1.0-2.0 µl of the 
suspension was introduced into the acoustic field, once the drying experiment finished the 
particle was collected to study its morphology and surface structure under scanning electron 
microscopy. As shown in Fig. 2, the drying of CNF suspensions droplet results in water 
evaporation and an agglomerate of fibrous structure is formed. The initial droplet size was 
1.5 mm. at the end of drying course in the acoustic levitator, the dried particle size is reduced 
to ca.~200-300 µm diameter and an agglomerate of the nanofibers was obtained. It can be 
seen that particles are not spherical, Fig. 2a shows the surface morphology of the particle 
where the nanofiber consolidated together, Fig. 2c depicts the internal structure of the particle 
after it has been broken, the porous structure and the random alignment of the fibers can be 
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easily noticed, despite the length of the cellulose nanofibers, they have been folded inside the 
droplet due to high surface tension of the water comparing to the soft cellulose nanofibers 
structure. 

  

Fig. 2 Scanning Electron Microscopy images of dried cellulose nanofibers suspensions a) 6mg/ml at 
80°C b) 6mg/ml at 60 °C and c) internal structure of broken particle. 

3.2. Evaporation rate and porosity estimation 

The drying rate and the mean porosity of dried particle is disused in this section. Four 
different temperatures were investigated, the surface decay of the droplets is shown in Fig. 3, 
the higher the temperature is, the droplet drying rate becomes faster. The experiments in Fig. 
3 were conducted with the same initial volume namely 2µl and different loading of CNF was 
used. The drying curves in terms of normalized surface area decay can be divided into two 
stages, the first one, where the loading of CNF is very low, mass fraction of CNF is less than 
0.05% wt., the evaporation rate here follows the well-known d2-law. Actually, for small CNF 
loading, the drying curve is similar to the evaporation of pure water, once the loading of CNF 
increases, it starts competing with the available sites for water evaporation, as more of the 
solids accumulated on the surface, the evaporation of the liquid becomes slower i.e., second 
stage begins. Finally, the droplet forms an agglomerate of cellulose nanofibers, the size of 
the particle remains constant.  
The evaporation rate was calculated from the slope of the temporal evolution of the surface 
decay curves and represented by a solid line in Fig. 3. 

The porosity of the dried particle is an important parameter for modelling drying kinetics, the 
water passes through particle voids to reach the surface. On the other hand CNF can play a 
significant role in producing sustained drug release formulation, the CNFs form a fiber 
network that hinder the diffusion of drug [3]. At lower particle porosity, the drug diffusion 
become slower, porosity is calculated using the equation:  

𝜀𝜀 = 1 −
𝑚𝑚𝑠𝑠

𝜌𝜌𝑠𝑠𝑉𝑉𝑝𝑝
 (1) 

 

a) 

 

b) 

 

c) 
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Where, ε is the porosity, ms, ρs is the mass and density of solids respectively, Vp is the volume 
of the particle in m3. As depicted in Fig. 3, higher porosity is obtained for lower initial CNF 
concentration, while temperature has a moderate influence on mean particle porosity. 

Fig. 3 Temporal evolution of surface area decay of CNF suspension droplet for a) 4mg CNF/ml, b) 
6mg CNF/ml at 20,40,60 and 80 °C, the initial droplet volume is 2.0 µl. c) & d) calculated mean 
porosity of dried CNF particle as a function of CNF loading and drying temperature, respectively. 

3.3. Constant and falling rate periods 

Suspension of CNF droplet exhibit upon course of drying changes in physical properties, i.e., 
density of the droplet increases as more liquid is evaporated, the shape of the droplet changes 
until the final morphology evolves at the end of the drying. In case of mass transfer rate, 
droplet drying shows in general two regimes, the first one is called constant rate period and 
the second one is falling rate period [11, 12]. 

In constant rate period the evaporation of the liquid occurs from a wet particle surface. As 
depicted in Fig. 4, evaporation of the liquid is accompanied by size reduction i.e., droplet 
normalized surface area decreases with time. The shrinkage of droplet continues, and the 
concentration of CNF increases until a small particle or grain of CNF is formed. During the 
constant rate period the evaporation rate occurred occurs at constant wet bulb temperature, 
the evaporation rate is calculated form the volume change of the droplet of the liquid: 

𝑑𝑑𝑚𝑚𝑑𝑑,𝑐𝑐

𝑑𝑑𝑑𝑑
�
𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐

= −𝜌𝜌𝑑𝑑
∆𝑉𝑉
∆𝑑𝑑

 (2) 

Where V is the volume of the droplet in m3 and 𝜌𝜌𝑑𝑑 is droplet density in kg/m3.  

a) b) 

c) d) 
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As the liquid evaporates, the droplet alters its vertical position in the acoustic field. The 
vertical position is function of droplet’s volume and weight [6], it rises in the acoustic field 
towards pressure node as shown in Fig. 4. 

Once the volume and aspect ratio of the droplet/particle seized, the constant rate period 
comes to its end and the falling rate period starts, this is marked by constant surface area in 
Fig. 4, here, the shadow image technique is not able any more to deliver information about 
the mass transfer rate because the particle/grain has now a constant volume that is calculated 
from its meridional section. 

The evaporation of the liquid continues and by monitoring the vertical position of the grain 
in the acoustic field, further information about the mass transfer can be found. The acoustic 
force acts against gravity force and once the droplet volume is constant, any decrease in 
particle weight due to liquid evaporation force the droplet to move upwards to the adjacent 
pressure node. 

The mass of the particle can be easily found by interpolation of the vertical position in the 
falling rate period, knowing that the rise of the particle in the acoustic field is now only 
function of the density. 

𝑚𝑚𝑑𝑑,𝑓𝑓(𝑑𝑑) =
∆𝑚𝑚𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚

∆𝑦𝑦𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚
∙ �𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑. 𝑝𝑝𝑝𝑝𝑝𝑝(𝑑𝑑) − 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑. 𝑝𝑝𝑝𝑝𝑝𝑝�𝑑𝑑𝑓𝑓0�� + 𝑚𝑚𝑑𝑑,𝑐𝑐 (3) 

Where, md,f is the mass of droplet in the falling in kg, ∆𝑚𝑚𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚 and ∆𝑦𝑦𝑓𝑓,𝑚𝑚𝑚𝑚𝑚𝑚  are maximum 
difference of particle mass and particle vertical distance respectively and calculated between 
the beginning and the end of the falling rate period. 𝑚𝑚𝑑𝑑,𝑐𝑐 is the mass of droplet at the end of 
constant rate period. The mass of the liquid at the end of falling rate period is approximately 
zero, tf0 is the time in seconds when falling rate period begins. 

 

Fig. 4 Vertical position of the droplet (CNF 6 mg/ml TE 40 °C) during the course of drying, the first 
stage of drying is designated by volume reduction of the droplet and the second stage of drying is 
designated by rise in the acoustic field at constant volume.  
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The above results show the importance of the acoustic levitator to measure the drying kinetics 
of CNF suspension droplets, and its ability to measure particle’s drying rate in both constant 
and falling rate periods. The estimated porosity of dried particle which is an important 
product property and was obtained for different drying temperatures and CNF loadings. 

4. Conclusions 
The drying kinetics and porosity of CNF dried particle has been investigated, a series of 
experiments were conducted in the acoustic levitator to mimic the spray drying process 
occurred in spray dryer. Drying rates and the evolution of particle morphology were 
monitored using the shadow imaging technique. Particle shape and inner structure of 
cellulose nanofibers were analysed by SEM technique. The drying rate of droplet increases 
at high temperatures. The porosity of the dried particles shows an increase for higher CNF 
initial concentrations and drying temperature has a moderate influence on particle porosity. 
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Abstract 
Air drying kinetics of Bifurcaria bifurcata brown seaweed at 35, 50, 60 and 
75°C were determined. Experimental drying data were modelled using two-
parameter Page model (n, k). Page parameter n was constant (1.28) at tested 
temperatures, but k increased significantly with drying temperature from 35 to 
60ºC and was invariant at higher temperatures (up to 75ºC). Drying 
experiments allowed the determination of the critical moisture content of 
seaweed (1.6 ± 0.2 kg water (kg d.b.)−1). Mass transfer coefficients during 
constant drying rate period and effective coefficients of water diffusion during 
falling drying rate period were evaluated, assuming cyclindrical geometry and 
considering volumetric shrinkage. 

Keywords: algae, diffusivity, drying kinetics, modelling, shrinkage 
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1. Introduction 

Bifurcaria bifurcata is a brown seaweed geographically distributed in the Western Europe 
and Sahara coasts. The main use is the extraction of compounds (alginates and other 
products) used by pharmaceutical, cosmetics and food industries [1]. Although the human 
consumption of this seaweed is not as extended as other seaweeds such as Laminaria spp., 
Undaria pinnatifida, its high content of polysaccharides, proteins and minerals [2] and 
antioxidants [3] makes attractive the use of this seaweed as food product. In fact, the direct 
human consumption worldwide in recent years is increasing. 

Drying is a very employed operation in order to obtain stable food products whose storage 
as fresh product can be difficult. In the case of seaweeds, traditionally the water removal is 
carried out by solar drying, but the increasing demand of more homogenous and better quality 
dried products must be satisfied by means of the use of other industrial methods like 
convective hot air drying. In this sense, the experimental determination of the more adequate 
drying conditions is necessary to obtain a final dried product with acceptable characteristics. 
A scarce number of studies on mathematical modelling of drying kinetics of seaweeds can 
be found in literature. In example, Lemus et al. [4] studied the drying kinetics of the red 
seaweed Gracilaria chilensis and Vega-Gálvez et al., [5] the drying of brown seaweed 
Macrocystis pyrifera. However, no studies on drying kinetics of fresh Bifurcaria bifurcata 
were found. The aim of this work was to determine the drying kinetics of Bifurcaria bifurcata 
at different temperatures and the corresponding modelling of the drying periods. 

2. Materials and Methods 

Fresh brown Bifurcaria bifurcata seaweeds (4.59 ± 0.28 kg water·(kg dry solid)-1, d.b.)  
selected with similar sizes (100-150 mm length and 1.5-2.0 mm diameter) were dried in a hot 
air convective dryer (Angelantoni, Challenge 250, Italy), at four air temperatures (35, 50, 60 
and 75ºC). Relative humidity (30%) and air velocity (2 m·s-1) remained constant. Seaweeds 
were placed on a metallic mesh (45x45 cm2) allowing the transversal air flow during drying. 
A thin layer configuration involving the use minimum amount of seaweeds to cover initially 
the drier tray (load density of 2.04 ± 0.02 kg·m-2) was employed. 

Samples were weighed using a balance (Cobos D-6000-CS, ± 0.1 g, Spain), during drying 
until achieve a constant weight. All experiments were performed, at least, in triplicate. 

Drying kinetics were modelled by Page model [6], Eq. (1): 

𝑀𝑀𝑀𝑀 = 𝑒𝑒−𝑘𝑘𝑡𝑡𝑛𝑛                                    (1) 

where k (min-n) and n (-) are the model parameters. The dimensionless moisture content or 
moisture ratio, MR (-), was calculated by Eq. (2): 
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𝑀𝑀𝑀𝑀 = 𝑋𝑋𝑡𝑡−𝑋𝑋𝑒𝑒𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒𝑒𝑒

                                                                             (2) 

where Xt is the moisture content (d.b.) at any drying time, X0 is the initial moisture content 
(d.b.) and Xeq is the equilibrium moisture content of the sample (d.b.). 

2.1. Sample surface area and shrinkage determination 

Sample surface area and shrinkage of seaweeds were estimated following the same 
procedure.Samples (0.5-1.5 g) dried at several times were immersed into n-heptane at 21ºC. 
The initial volume (V0, m3) of the samples and the volume at different drying times (V), were 
measured applying Archimedes' principle.A volume shrinkage with moisture content (V/V0 
vs X) relationship was obtained. External surface area of the monolayer was estimated 
assuming cylindrical geometry of the seaweed and the tray surface is fully covered initially. 
The initial radius of  seaweed branches was determined (2.3 ± 0.3 10-3 m). Volume shrinkage 
was mainly governed by radius decrease (L/r0 > 100) and Eq. (3) was obtained: 

𝑉𝑉
𝑉𝑉0

= 𝜋𝜋𝑟𝑟𝑥𝑥2𝐿𝐿
𝜋𝜋𝑟𝑟0

2𝐿𝐿
→ 𝑟𝑟𝑥𝑥 = �𝑉𝑉𝑟𝑟0

2

𝑉𝑉0
                                                                                                     (3) 

where L (m) is the length, r0 and rX (m) the initial and the radius of sample at different 
moisture content. The surface area ratio of monolayer can be calculated by Eq. (4): 

𝑆𝑆𝑋𝑋
𝑆𝑆0

= 2𝜋𝜋𝑟𝑟𝑋𝑋 𝐿𝐿𝑁𝑁𝑠𝑠
2𝜋𝜋𝑟𝑟0 𝐿𝐿𝑁𝑁𝑠𝑠

= 𝑟𝑟𝑋𝑋
𝑟𝑟0

                                                                                                               (4) 

where SX (m2) is the surface area of seaweed monolayer at each moisture content, S0 the 
initial surface area of the monolayer and Ns is the number of seaweed samples that can be 
placed in the monolayer (L/(2 r0)). Employing the Eq. (3), the relationship between surface 
area of seaweed monolayer and volumetric seaweed shrinkage resulted on Eq. (5): 

𝑆𝑆𝑋𝑋
𝑆𝑆0

= �𝑉𝑉
𝑉𝑉0

                                                                                                                                (5) 

The determination of surface area of seaweeds monolayers allowed the specific drying rate, 
ws (kg water kg dry solid-1 m-2 min-1), evaluation by means of Eq. (6): 

𝑤𝑤𝑠𝑠 = 1
𝑆𝑆𝑋𝑋

𝑋𝑋𝑡𝑡𝑛𝑛−1−𝑋𝑋𝑡𝑡𝑛𝑛
𝑡𝑡𝑛𝑛−𝑡𝑡𝑛𝑛−1

                                                                                                                    (6) 

The ws vs X curve was used for the critical moisture content (Xc, d.b.) evaluation at tested 
temperatures and the end of the constant drying rate period. 

2.1.1. Constant drying rate period modelling 

During the constant drying rate period the coefficients of mass transfer (Kt, m s-1) and the 
convective heat transfer (ht, W·m2·K-1), were determined by Eqs. (7) and (8): 
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𝑤𝑤 = 𝑋𝑋𝑡𝑡𝑛𝑛−1−𝑋𝑋𝑡𝑡𝑛𝑛  

𝑡𝑡𝑛𝑛−𝑡𝑡𝑛𝑛−1
=  𝐾𝐾𝑡𝑡 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎

𝜌𝜌𝑠𝑠
(𝑌𝑌𝑖𝑖  −  𝑌𝑌𝑎𝑎𝑖𝑖𝑟𝑟)                                                                        (8) 

𝑤𝑤 = ℎ𝑡𝑡 𝑎𝑎
∆𝐻𝐻𝑣𝑣 𝜌𝜌𝑠𝑠

(𝑇𝑇𝑖𝑖  −  𝑇𝑇)                                                                                                  (9) 

where w (kg water·kg dry solid-1·s-1) is the mass flow of evaporated water, Yi and Yair (kg 
water (kg dry air-1)) are the interphase and bulk absolute moisture content of air, respectively, 
ρair (kg·m3) is the air density at drying temperature, ρs (kg dry solid·m-3) is the apparent 
density of seaweed layer, a (m2·m-3) is the total interfacial surface (assuming water transfer 
by both sides of the layer) per unit of layer volume, Ti and T (ºC) are the interphase and dry 
temperature of air, respectively and ∆Hv (J·kg-1) is the latent heat of vaporization of water at 
the interphase temperature. The interphase properties (Yi and Ti), during pre-critical drying 
period, were considered as the wet-bulb properties of the air employed for drying. 

2.1.2. Falling drying rate period modelling 

The falling drying rate period of drying was modelled employing the analytical solutions to 
Fick's diffusion equation to determine the effective coefficients of water diffusion through 
the sample under some assumptions [6]. Briefly, the distribution of the moisture within the 
product is uniform; at t > 0 surface reaches equilibrium moisture and all resistances to water 
removal are inside the material (the external resistances are negligible). Moreover, the 
shrinking effect on the characteristic dimension (rx) of seaweeds was taken into account. The 
fitting of the experimental data of the falling drying rate period was carried out employing 
the following ratio, Eq. (10):  
𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 𝑋𝑋−𝑋𝑋𝑒𝑒
𝑋𝑋𝑐𝑐−𝑋𝑋𝑒𝑒

                                                                                                               (10) 

where Mt (g) is the amount of water removed at time t (min), M∞ (g) is the total amount of 
water removed until the equilibrium is reached. The analytical solutions associated to the 
cylindrical geometry for short Eq. (11) and long Eq. (12) times are:  

Mt
M∞

= 4
𝜋𝜋1/2 �

Deff·t
𝑟𝑟𝑥𝑥2

�
1/2

− Deff·t
𝑟𝑟𝑥𝑥2

− 1

3·𝜋𝜋
1
2
�Deff·t

𝑟𝑟𝑥𝑥2
�
3/2

 when   0 < Mt/M∞ < 0.6                     (11) 

Mt
M∞

= 1 − ∑ 4
𝛼𝛼𝑛𝑛2

∞
𝑛𝑛=1 𝑒𝑒−𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒·𝛼𝛼𝑛𝑛2 ·𝑡𝑡/𝑟𝑟𝑥𝑥2                        when   0.4 < Mt/M∞ < 1                     (12) 

where αn (-) are the roots of the first order Bessel function for each term n. In this case, three 
terms (α1, α2 and α3 are 2.405, 5.520 and 8.654) of the Eq. (12) were considered enough to 
fit the experimental data. Water diffusivity values for short and long times were obtained 
using Microsoft Excel (Solver add-on) by means of nonlinear programming in which the root 
mean square error, ERMS, between experimental and calculated data is minimized. The final 
values of water diffusivity for the whole falling rate period were calculated by the weighted 
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arithmetic mean (as function of the number of data for each time) of the water diffusivity 
obtained with the corresponding models for short and long times. 

3. Results and Discussion 

Figure 1 (left) shows the drying kinetics of Bifurcaria bifurcata at different temperatures. As 
it can be seen, a temperature increase from 35ºC to 60ºC decreased the drying time. The 
necessary drying time to achieve a MR of 0.03 was shortened from 100 to 60 min with no 
differences between drying at 60ºC or 75ºC. 

  

Fig. 1 Experimental drying (left) and specific drying rate curves (right) for Bifurcaria bifurcata at 
35ºC (♦), 50ºC (■), 60ºC(▲) and 75ºC (●). Lines correspond to Eq. (13) (right) and to diffusional 

model (postcritical period) and Eq.(8) (precritical period) for cylindrical geometry (right). 

Drying kinetics experimental data were satisfactorily (R2 ≥ 0.999) fitted employing Page 
model, Table 1. No significant differences existed between drying at 60ºC and 75ºC which 
means that regarding drying time, the  drying at 60ºC is more adequate. Moreover, n 
parameter of Page model was constant for all drying temperatures. This fact, allowed the 
establishment of a unified model able to fit drying kinetics throughout the range of 
temperatures tested (35-60ºC): 

𝑀𝑀𝑀𝑀 = 𝑒𝑒−(−1.36·10−3−2.90·10−4𝑇𝑇)𝑡𝑡1.28                                                                                    (13) 

Table 1. Values of the Page model parameters (k, n), Eq. (2) and statistical coefficients (R2, ERMS) 
for drying curves of Bifurcaria bifurcata.♣ 

T (ºC) k·103 (min-n) n (-) ERMS (-) R2 
35 8.7±0.08c 

1.28 

0.01 0.999 
50 12.8±1.15b 0.01 0.999 
60 17.8±0.65a 0.01 0.999 
75 18.6±0.77a 0.01 0.999 

♣. Data value of each parameter with different superscript letters in columns are significantly different (P≤0.05). 
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Comparing with other brown seaweeds dried in similar conditions it can be said that 
Bifurcaria bifurcata has a similar behavior with drying temperature of the one observed for 
Fucus vesiculosus (FV) [7]. However, this behaviour was different of the one observed for 
other brown seaweed such as Ascophyllum nodosum and Undaria pinnatifida where 
temperatures higher than 60ºC significantly decreased drying time [8]. 

3.1. Sample surface area and shrinkage during drying determination 
The specific drying rate in thin layer configuration was evaluated using Eq. (6) considering 
that Sx varied with seaweed moisture content according to a empirical non-linear relationship: 
𝑆𝑆𝑥𝑥
𝑆𝑆0

= √−1.0 + 1.06𝑒𝑒−0.11𝑋𝑋                                                                                               (14) 

The shrinkage of samples during drying significantly reduced the characteristic dimension 
(r) of seaweeds. r from 1.2±0.1·10-3 to 5.8±0.3·10-4 m at Xc. No significant differences on 
shrinkage behavior of seaweeds with temperature were observed indicating that these 
properties are more related to moisture content than to air drying rate. Experimental shrinkage 
data in terms of variation of characteristic dimension with time were correlated with moisture 
content as follows: 

𝑟𝑟𝑥𝑥 = �−1.0 + 1.06𝑒𝑒−0.11𝑀𝑀𝑀𝑀 · (1.2 · 10−3)2                                                                    (15) 

where MR is evaluated by Page model,  Eq. (1). 

The specific drying rate vs moisture content for all tested temperatures is shown in Figure 1 
(right). It can be clearly observed the common drying periods. Namely, at high moisture 
content the constant drying rate period and below Xc begins the falling rate period. No 
noticeable variations were observed on Xc with temperature (1.6±0.2 d.b.). 

3.2. Constant drying rate period: mass and heat transfer coefficients 
The modelling of constant drying rate period employing Eqs. (8) and (9) showed that no 
significant differences were found in the convective mass (Kt) and heat (ht) transfer 
coefficients with temperature.  

In the case of Kt ((21.8 ± 2.0)·10-3 m·s-1) the values are higher than those observed by da 
Silva et al. [9] who reported values of Kt from 0.8±10-3 to 1.9±10-3 m·s-1 for pear drying in a 
forced air oven at higher temperatures (between 68 and 92ºC).  

The corresponding values of ht (19.9±0.9 W·m-2·K-1) are in the range reported by Bird et al. 
[10] who indicated that a typical magnitude of convective heat transfer coefficient varies 
from 3 to 20 W·m-2·K-1. 
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3.3. Falling drying rate period: effective coefficient of water diffusion through the 
seaweed 

During the falling-rate period the shrinking effect on the characteristic dimension was taken 
into account in order to obtain the water diffusion coefficient through the seaweed. 
Diffusional modelling of drying during post-critical period was satisfactorily performed (R2 

> 0.986 and ERMS < 0.03) by diffusional model for cylindrical geometry (Eqs. (11) and (12)), 
Table 2. 

Table 2. Effective coefficients of diffusion of water (Deff ) and statistical coefficients (R2, ERMS) for 
Bifurcaria bifurcata seaweed drying at different temperatures.♣ 

T (ºC) Deff·1012 (m2·s-1) ERMS (-) R2 
35 12.43±0.64c 0.02 0.988 
50 18.14±0.92b 0.03 0.998 
60 21.97±0.27a 0.03 0.986 
75 20.35±1.31a 0.03 0.989 

♣Data value of each parameter with different superscript letters in columns are significantly different (P≤0.05). 

Water diffusion coefficient (Deff) significantly increased with drying temperature below 
60ºC, but no differences were observed between drying at 60ºC and 75ºC. This trend of Deff 
with temperature could be related to seaweed biopolymers could be washed away by the 
water flow and placed in the cell walls. This fact could make diffusion of water more difficult 
when drying above > 60ºC takes place and consequently the typical increase of water 
diffusion with drying temperature is lost. 

Compared with other works employing the same geometry, the obtained values were lower 
than those reported by Vega-Gálvez et al. [5] (2.8 to 22.4·10-9 m2·s-1) for drying temperatures 
from 30 to 70ºC for Gracilaria chilensis seaweed. Despite of this difference, it can be said 
that the values are in the range of the typical values for food stuff (10-9 to 10-11 m2·s-1 [11]). 

4. Conclusions 

Bifurcaria bifurcata drying experiments in thin layer configuration (from 35ºC up 75ºC) 
indicate that drying temperature increase up to 60ºC significantly decrease drying time in 
order to achieve the same moisture content, but no differences exist between drying at 60ºC 
75ºC. There are no significant differences on mass transfer coefficient with drying 
temperature increase during the constant drying rate period. However, the water diffusion 
coefficient during falling drying rate period shows a significant increase from 35 to 60ºC, 
with no differences between drying at 60ºC and 75ºC which may be related to seaweed 
biopolymers washed away by the water flow and placed in the cell walls when drying above 
> 60ºC takes place. 

361

http://creativecommons.org/licenses/by-nc-nd/4.0/


Convective air drying of brown seaweed Bifurcaria bifurcata in thin layer configuration 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

5. Acknowledgements 

The authors acknowledge the financial support of the Ministry of Economy and 
Competitiveness of Spain and European Regional Development Fund (ERDF) of European 
Union by the research project (CTQ 2013-43616/P). 

6. References 

[1] Mabeau, S.; Fleurence, J. Seaweed in food products: biochemical and nutritional 
aspects. Trends in Food Science & Technology 1993, 4, 103–107. 

[2] Gómez-Ordóñez, E.; Jiménez-Escrig, A.; Rupérez, P. Dietary fibre and physicochemical 
properties of several edible seaweeds from the northwestern spanish coast. Food 
Research International 2010, 43, 2289–2294. 

[3] Nagai, T.; Yukimoto, T. Preparation and functional properties of beverages made from 
sea algae. Food Chemistry 2003, 81, 327–332. 

[4] Lemus, R.A.; Pérez, M.; Andrés, A.; Roco, T.; Tello, C.M.; Vega-Gálvez, A. Kinetic 
study of dehydration and desorption isotherms of red alga Gracilaria. LWT-Food 
Science and Technology, 2008, 41, 1592–1599. 

[5] Vega-Gálvez, A.; Tello-Ireland, C.; Lemus, R. Mathematical simulation of drying 
process of chilean gracilaria (Gracilaria chilensis). Ingeniare. Revista chilena de 
ingeniería 2007, 15, 55–64. 

[6] Page, G. E. Factors influencing the maximum rates of air drying shelled corn in thin 
layers. Ph.D. thesis, Purdue University, 1949. 

[7] Moreira, R.; Chenlo, F.; Sineiro, J.; Arufe, S.; Sexto, S. Journal of Food Processing and 
Preservation 2017, 41: e12997. 

[8] Chenlo, F.; Arufe, S.; Díaz, D.; Torres, M.D.; Sineiro, J.; Moreira, R. Journal of Applied 
Phycology 2018, (in press) DOI 10.1007/s10811-017-1300-6. 

[9] da Silva, A. N.; Coimbra, J. S.; Botelho, F. M.; de Moraes, M. N.; de Faria, J. T.; 
Bezerra, M.; Martins, M. A.; Siqueira, A. M. Pear drying: Thermodynamics studies and 
coefficients of convective heat and mass transfer. International Journal of Food 
Engineering 2013, 9, 365–374. 

[10] Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport phenomena. John Wiley & Sons 
Inc., 2nd ed. New York, 2002. 

[11] Rizvi, S. Engineering properties of food, chap. Thermodynamics of foods in 
dehydration. Marcel Dekker: New York, 1986, 133–214. 

362

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7521 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Hybrid solar-gas-electric dryer optimization with genetic 
algorithms 

 
El Ferouali, H.a; Gharafi, M.b; Zoukit, A.a; Doubabi, S.a; Abdenouri, N.a* 
a LSET, Cadi Ayyad University, Marrakech, Morocco. 
b Department of Mathematics, Laboratory of Applied Mathematics and Computer Science, Cadi 
Ayyad University, Marrakech, Morocco. 
 
*E-mail of the corresponding author: n.abdenouri@uca.ma 
 

Abstract 
To promote the hybrid solar dryers for use even under unfavorable weather 
and to overcome the intermittance state issue, the energy consumption should 
be optimized and the response time should be reduced. This work concerns a 
drying chamber connected to a solar absorber where the air can be heated 
also by combustion of gas and by electric resistance. To optimize the control 
parameters, an evolutionary optimization algorithm simulating natural 
selection was used. It was combined with a predictive model based on the 
artificial neural networks (ANN) technique and used as a fitness function for 
the genetic algorithm (GA). The ANN is a learning algorithm that needs 
training through a large dataset, which was collected using CFD simulation 
and experimental data. Then a GA was executed in order to optimize two 
objectives: The energy consumption and the t95% response time in which the 
drying chamber temperature reaches its set point (60°C). After optimization, 
a 30% decrease of the t95% response time, and 20% decrease of the energy 
consumption were obtained. 

 

Keywords: hybrid solar dryer; artificial neural network; temperature 
regulation; energy consumption; genetic algorithm. 
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1. Introduction 

The solar drying process offers a promising alternative way of preservation foods and crops 
at a favorable energy cost unlike conventional energy sources. However, at night and in the 
cloudy time, the dehydration process slows extending the drying time. Even more, multiple 
rehydration of products harms their quality. Hybrid version of solar dryers can offer a wide 
respond to a wider demand. It reduces energy costs and the drying process is ensured in 
spite of the alternation of the climatic conditions. The hybrid dryer can ensure a continuous 
and controlled drying process by using a secondary energy sources [2]. 

The electric heating resistance was combined to solar air heater in previous works where  a 
prototype was designed in a favorable conditions for optimized power consumption [3].  
Unfortunately, this dryer is efficient just for the low air flow rates. In fact, the energy 
contribution by using the auxiliary heater increased from 74.92% to 86.78% by increasing 
the air flow rate from 1m/s to 2m/s. 

The auxiliary heating system based on gas combustion has been studied in many cases. It 
was employed in a tunnel dryer by using a heat exchanger connected the gas burners and 
placed inside the drying chamber [4]. In addition, López-Vidaña et al. [5] suggested putting 
the burner inside the drying chamber. However, in most cases, the flue gases released by 
combustion affect the dried products. 

In this work, a heat exchanger placed inside the solar collector with a separated exhaust of 
flue gases was considered. This new configuration seems to be practical, safe and easy to 
handle. 

Modeling of the dryer is one of the most important aspects of drying technology. Most of 
these models were established by using several techniques such as: computational fluid 
dynamics (CFD), artificial neural network, Fuzzy, thermal modeling and energy balance 
mathematical modeling [6]. Computational Fluid Dynamics CFD is usually used to model 
and predict the temperature and velocity fields in the studied area.  

The aim of this work is to optimize the control parameters in order to reduce the cost and 
the response time of drying. This case requires multi-objective optimization of a relatively 
complex system. Genetic algorithms are best suited for such application, since they allow 
the approximation of global optimums while avoiding local ones[7]. The flip side of a 
genetic algorithm is that it need a large number of design points for an accurate estimate 
output parameters. The design points were noted by using CFD tools as a predictive method 
of the dryer [8]. 
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2. Materials and Methods 

2.1. The hybrid solar-gas-electric dryer 

The hybrid solar-gas dryer consists of a solar-gas collector where the air is heated by solar 
radiation and by 9 gas burners fitted in the collector (Fig.1). Geometric and thermophysical 
specifications of the solar-gas collector are given in [9]. The electric heating consists of two 
electric resistances of 2000W each one, positioned inside the drying chamber (Fig. 2). The 
drying chamber’s volume is 1m3, and its walls are insulated by 5cm of mineral fiber. 

 
Fig. 1 Solar-gas collector. 

 
Fig. 2 Design and simulation of the hybrid solar-gas-electric dryer. 

2.2. CFD modeling 

3D simulations were done on SolidWorks Flow Simulation. The software solves Navier-
Stokes equations with the Finite Volume Method (FVM). The κ−ε model was used in this 
calculation. Solar radiation is modeled to be perpendicular to the glass of the solar-gas 
collector. Whereas, the flames of the burners are modeled as volume heat sources located 
under a metallic sheet (exchanger). The electric auxiliary heater is modeled by two volume 

Electric heating 
 

Solar gas collector 

Drying chamber 
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heat sources of 2KW each as maximum value. Simulations were performed in forced 
convection at an air flow rate of 0.025kg/s in transient state for 90 min. The input 
parameters are solar radiation [0-900W/m²], gas power [0-5000W], and electric power [0-
4000W]. The mean drying chamber temperature was controlled at 60°C. Hence, the electric 
and gas heaters are not always activated during the time dependent simulation. Their 
activation is dependent on the mean drying chamber air temperature that represents the goal 
value. They were turned on until the goal value is bit greater than the specified control 
value (60°C). The value of the dead band is considered as equal to 3°C, Thus, the volume 
heat sources is turned off until the control value became lower than 57°C. 

The following specifications were used in the CFD modeling: 
The solar-gas collector is oriented southward under an angle of 30° versus the horizontal. 
• The model uses the discrete ordinates (DO) radiation model. 
• The wind velocity is equal to 5m/s and its direction is 40°. Ambient temperature is 

equal to 25°C. 
• Local refinement of the mesh is used in this model in order to take into account the 

peculiarities of the model’s geometry; the mesh is composed from 304179 cells. 

2.3. Predictive modeling and optimization 

A genetic algorithm (GA) was used to optimize the control parameters. This method starts 
by creating a population of random members of the same species as the optimized object. 
Then, the performance of each member of the population was evaluated according to fitness 
function. Upon the evaluation phase members with higher scores proceed to the crossover 
operation, where their control parameters can be transferred to next generation. To monitor 
the (GA) optimization process, the overall score of the population were tracked, and its 
distribution along with the best fit score. This case corresponds to a multiobjective 
optimization: quality (q), response time (t) and the cost (c). Many variants of the (GA) were 
used in order to get the best results, the Table 1 shows the used options in each variant: 

Table 1. Genetic algorithms configurations. 
(GA) ID Fitness function Population size Mutation rate Best fit criterion 

1 Min(q, t, c)* 2000 0.3 Lowest score 
2 RMS(Q,T,C)* 2000 0.4 Lowest score 
3 Centroid of 3 objectives* 500 0.2 Lowest score 
4 Sum of the objectives 

scores 
500 0.2 Lowest score 

*q, t, c: output of the dryer’s performance, the normalized to the worst possible output. 

*Q, T, C: the raw output of the dryer’s performance. 

*The centroid method is based on a geometric tool which is the CENTROID of equilateral 
triangle, where its summits are the objectives. Each summit is weighted by the performance 
of the dryer in the objective. The fitness function is evaluated by calculating the distance of 
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a performance output centroid and the geometrical center. Loweer the distance is, better the 
members fits the solution. The fit is evaluated as follows: 

Let q, t and c be the quality ratio, the time response ratio and the cost ratio respectively: 

   (1) 

  (2) 

  (3) 

The Euclidian distance of the generated point to the geometrical center of the triangle can 
be written as: 

  (4) 

The implementation of the genetic algorithm was done on MatLab, using the “GA” built in 
function. However, this method requires the evaluation of the output of a large number of 
control points. Since a CFD simulation response time is inadmissible big, the Artificial 
Neural Networks (ANN) method developed here is more suitable to predict the solar dryer 
response for each input parameters. A neuron is fundamentally a node that accepts weights 
inputs and fires an output from 0 to 1 depending on whether the weighted sum of the inputs 
exceeds a threshold or not. The threshold is called the bias of the neuron. The neural 
networks method is a learning algorithm, it consists of changing the weights of each neuron 
proportionally to their contribution to the error and with smoothing ratio, called learning 
rate. It can be used for both regression and classification, but according to our modeling 
problem, it performs well in classification. To do so, an encoding method was established 
to transform a floating value into one hot binary string. Which is a string of zeros and one 
in one spot, this spot indicate the class of the value. 

For instance, assuming that a temperature variable is within a range of 10 to 50°C, the value 
of 25°C can be represented as: 0 1 0 0 , with a bin of 10°C. To define a deep neural net, the 
following arguments are required: The number of layers, the number of nodes per layer, the 
learning rate, the feed forward batch size, the number of epochs, the cost function and the 
optimizer. 

In our case, a neural network of two terminal layers (input and output) was used. In 
addition to that we defined 3 hidden layers. The numbers of nodes per layer are respectively 
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3, 350, 400, 350, 30. The dataset size is 27 000 record. 10% of this data is used for testing. 
The number of runned epochs in a training session is 100 000 epoch. AdamOptimizer was 
used to change the weights of the nodes with a learning rate of 0.001. In order to avoid the 
overfitting problem, the data was shuffled every epoch. The implementation of the neural 
network model was done with tensorflow running on a CPU. The algorithm was written in 
Python. The average training time was about 72 hours on a machine of the following 
specifications: 8Gb of memory, Intel i7 Quad Core processor of a processing frequency of 
3.40GHz. 

3. Results and discussion 

The proposed method consists of generating data using CFD simulation along with 
experimental results to train a neural network model. The generated data was validated 
against the experimental data, the reached accuracy level was about 95%. The size of the 
dataset collected is 27000, with 7 columns: solar radiation, electric power, gas power, 
absolute error on the temperature inside the dryer, the t95% response time, and the electric 
and gas energy invested. 

The generated data is then transformed in order to train a classification model based on the 
neural networks method, the method allowed us to predict the performance output data in 
any control point in a few hundred milliseconds with an accuracy of 95%. The generated 
data is then transformed in order to train a classification model based on the neural 
networks method, the method allowed us to predict the performance output data in any 
control point in a few hundred milliseconds with an accuracy of 95%. Fig 3 shows the 
evolution of the accuracy during the training session. The accuracy in the beginning of the 
training is very low, but as the steps increase the accuracy increases but at a decelerating 
rate. 

The predictive model was exported and served to the genetic algorithm written in MatLab 
to execute the optimization code, the Table 2 shows the results for 4 cases using the sum of 
the objectives as fitness function which yielded the best results. 

The average gain on the cases studied is about 20%. it is calculated assuming that the 
electric energy cost approximately twice as the gas energy. The following formula is used 
to evaluate the gain on the cost after optimization: 

  (5) 
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Fig. 3 cost and accuracy of the predictive model during a training session. 

Table 2. results of the optimization 
Solar 
radiation 

Electric  
Power 
(W) 

Gas 
power 
(W) 

Absolute 
Error 
(°C) 

Response 
Time 
(min) 

Electric 
energy 
(Wh) 

Gas 
Energy 
(Wh) 

900 2543.0 5000.0 0.5 2.0 607.5 1803.75 
500 3982.0 5000.0 0.5 2.3 948.0 1470.0 
200 4000.0 4152.0 2.0 4.0 3199.0 2963.0 
0 2411.0 5000.0 1.2 6.0 2015.0 3946.0 

4. Conclusions 

In this paper an optimization method of a solar dryer performance is proposed. A predictive 
model was built with artificial neural networks technique. In order to generate the training 
dataset for the learning session of the model, several CFD simulations were conducted to 
determine the gas and electric consumptions, and the 95% response time of the dryer while 
its drying chamber temperature is controlled at 60°C. After the training session, the 
predictive model reached an admissible level of accuracy about 95%, in about 50000 
epochs. Then a genetic algorithm was performed in order to optimize two main goals that 
were defined as follow: The energy consumption and the t95% response time in which the 
drying chamber temperature reaches its set point (60°C). The size of the population is 500, 
with a mutation chance of 2%. ANN model was used to calculate the fitness function. After 
150 generations, we obtained a 30% decrease of the t95% response time, and 20% decrease 
of the energy consumption.  

5. Nomenclature 

q  Quality ratio  

t  Reponse time ratio  

c  Energy cost ratio  

Gcost  Gain on the energy cost after optimization  

Number of Steps Number of Steps 
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EOpt,Elec  Consumed electric energy after optimization (Wh) 

EElec  Consumed electric energy before optimization (Wh) 

EOpt,Gas  Consumed gas energy after optimization (Wh) 

EGas  Consumed gas energy before optimization (Wh) 
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Abstract 
The main goal of this paper, is to propose a multivariable control model (MM) 
issued from CFD study of an innovative hybrid solar-gas dryer to simulate the 
drying chamber temperature in three modes of operation: Solar mode, Gas 
mode and hybrid mode. There is an indirect heating of drying air instead of 
direct heating inside the drying chamber. The air temperature obtained by 
CFD is still closed to one obtained by multivariable model (MM) with an 
RMSE under 2.31. the proposed multivariable model leads to a quick output 
parameters estimation related to each clilmate conditions and so, to an easy 
control of a hybrid solar dryer. 

 

Keywords: Hybrid dryer; Multivariable model; solar dryer simulation; solar 
dryer control; Least square methods. 

 
  

371

http://dx.doi.org/10.4995/ids2018.2018.7523
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:n.abdenouri@uca.ac.ma


 Multivariable modeling of an innovative hybrid solar-gas dryer  
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

1. Introduction 

Currently, solar energy is an important alternative source of energy. It is free, abundant, 
inexhaustible and non-polluant in comparison with higher price and shortage of fossil fuels 
[1]. Solar drying of agriculture products is one of the most important potential applications 
in the countries in development [2]. Actually, framers and citizens dry crops such as (date, 
grapes, tea, menth  and tomato) by spreading them in thin layers, on mats, paved ground or 
in the field, exposing them directly to the sun radiation. The drying by his archaic way affect 
strongly the quality of dried product and leads to a large post-harvest deterioration [3]. 
Indirect solar dryer can easily overcome these issues while using solar radiation as energy 
source for drying process [4].  

In the other hand, the solar dryers are still limited by the intermittent fact and it could not be 
effective without the presence of another source. However, to enhance the quality of dried 
products and to optimize energy consumption, many works were carried out to design a dryer 
where the hot air is produced regularly and where the drying parameters (temperature, 
humidity and airflow) are under control.  

In contrast, hybrid solar-gas dryers are widly used for drying a variety of products. They 
operate with solar energy in addition to an other energy source which is gas power. According 
to the literature survey, many works used an external boiler where the gas is burned and the 
hot air is produced and conducted to the drying chamber [5]. This technique  requires a huge 
operational space and regular maintenance which make the drying system more complex. In 
other works [6,7], conceived a hybrid solar-gas dryer using a gas burner inside the drying 
chamber where the dried product adsorb many gaseous species resulting from the combustion 
of the gas.  

Some reaserchers have already employed CFD to simulate the temperature, air velocity and 
relative humidity at various locations inside the drying chamber [8,9,10]. However, due to 
the complexity in the drying chamber, obtaining accurate results by CFD study requires a 
high level of grid density so a performing computational ressources [11].  

This paper is proposed to design and simulate a hybrid indirect solar-gas dryer to best 
controlling drying process. The indirect heating of air inside the drying chamber guarantees 
the safety and improves the quality of the dried product. CFD modeling of the hybrid dryer 
is established in order to investigate its thermal performances in term of the threshold of 
drying temperature. A multivariable model issued from CFD simulation was developed based 
on non linear least square methods. The developed model leads to predict the drying 
temperature inside the drying chamber with a huge reduction in simulation time and leads 
also to easly synthesize a control system of the drying temperature. 
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2. Materials and Methods 

The hybrid solar-gas dryer was designed and simulated using Solidworks Flow simulation 
developed by Dassault systems Solidworks crops. The dryer consists of a cubic drying 
chamber of (1m * 1m * 1m), fitted with perforated plate trays of stainless steel. The drying 
chamber is combined with a solar-gas collector used to generate regularely the hot air. The 
solar part of the collector is a finned plate solar air heater, the absorber’s length is L= 2m and 
its width is W = 0.95m and it is made from aluminium. The top side of the absorber is painted 
with matt black glycerpphtalic lacquer. The absorber containes 24 fins made from 1 mm thick 
aluminium. The top side of the absorber is covered by 3mm glass with a separation of 0.05m 
with the absorber. The solar collector is fitted with a heat exchanger (metallic sheet) placed 
under the absorber. The back up heating system is a set of 9 burners located under the 
exchanger and monitored by a valve. The drying air passes through the flat plate collector 
between the absorber and the exchanger. The synoptic of the hybrid dryer is presented in Fig. 
1.   

 

Fig. 1 Synoptic of the hybrid solar-gas dryer 

3. Simulation appraoch 

CFD is used for air temperature and airflow distribution inside the drying chamber 
accomplished by 3-dimentional governing equation (mass, momentum and energy equation) 
along with initial and boundary conditions under transient and turbulent flow assumptions. 
Since the small temperature variations, the  hot air is considered as incomprehensible flow. 

3.1 Simulation model 

Fig. 2 demonstrates the 3-D solar-gas hybrid dryer simulation model. This model used single 
component model with assumptions of incompressible and unsteady-state flow. Simulations 
were conducted using a grid density of (1,906,000).  

Fan 

Tray 

Solar-gas collector 

Drying chamber 

Flue gases outlet 

Valve 
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Fig. 2 CFD conception of the hybrid dryer 

3.2 Initial and boundry conditions. 

The initial temperatures of chamber walls, surface of tubular burners and inside air were 
taken equal to 25°C. The inlet air velocity was 0.025kg s-1 calculated from the flow rate of 
the ventilating fan while the inlet temperature and the relative humidity were assumed to be 
at 25°C and 50% respectively. These values are typical average ambient ones in Marrakesh 
at Morocco. The flames of the burners are modeled as volume heat sources located under a 
metallic sheet. The flames’ diameter is 1cm and their number is 216 (24 flames for each 
burner). Hence, the power of each flame is Pg/216, with Pg is the total gas power (W). The 
solar-gas collector is fitted with apertures in the both sides and in the outlet allowing the 
natural circulation of the necessary air for total combustion. 

4. Multivariable model of the hybrid solar-gas dryer 

In this paper, a hybrid solar-gas dryer designed in SolidWorks is consedred as a non linear 
multivariable system. Solar radiation (G), gas power (Pg) and airflow (�̇�𝑚) are considered as 
the main inputs of the dryer and the drying chamber temperature (Tch) is considered as output 
parameter.  

4.1 Static characteristics 

The static characteristics of the dryer are necessary for a description of the behavior of the 
system. It consists on measuring the output on the basis of inputs in steady state. Statics 
characteristics of the dryer lead to easily identify the linear zones and operating points which 
help for shapping the input signals for modeling the system. 

The average drying temperature (Tch) was measured on the basis of solar radiation, gas 
power and airflow. The measurements were carried out in the steady state. 

The static characteristic of (Tch) on basis of (G) was built varying the solar radiation in a 
range of 0-1200W m-2 while considering gas power and airflow constant (Pg = 2kW and �̇�𝑚= 
0.025kg s-1). wherease, the static characteristic of (Tch) on basis of (Pg) was built varying 
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the gas power in a range of (0-5 kW) while considering solar radiation and airflow constant 
(G = 700 W m-2 and �̇�𝑚= 0.025kg s-1). The static characteristic of (Tch) on basis of (�̇�𝑚) was 
built varying the airflow in a range of (0.005-0.07 kg s-1) while considering solar radiation 
and gas power constant (G = 700 W m-2 and Pg = 3kW) (Fig. 3). 

 

 

Fig. 3 Static characteristics of the hybrid dryer 

4.2. Generation of input signals 

The used input test signals for modeling the dryer are Pseudo Random Binary Sequences 
(PRBS). The PRBS is a two state signal varying between the maximum and the minimum 
points of each linear zone. In addition, at least one of the PRSB pulses should be greater than 
the system rise time [12].  

The measurements were conducted in transitory state. The time simulation was set to 20 
hours of operation. 

The obtained input/output were loaded into the system identification Toolbox of Matlab 
environment using (Ident) in order to identify the linear model of the hybrid dryer. The 
system identification provided using Matlab allows building mathematical models of a 
dynamic system based on non-linear least squares estimation method. 
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The simulation result of the identified linear multivariable model fitted the CFD simulation 
with 90% of accuracy. for control purpose, this is an accurate model. 

The hybrid dryer state space multivariable model is represented by: 

𝐴𝐴 = �−0.0030 −0.0202
−0.0141 −0.1701� ;𝐵𝐵 �−0.00046 6.87𝑒𝑒−6 4.959𝑒𝑒−6

−0.00180 2.66𝑒𝑒−5 −0.00039
� ;  𝐶𝐶 = [238.4 − 0.56] 

To verify the validity and the effectiveness of the proposed multivariable model. The 
temperature profile inside the drying chamber obtained by CFD simulation is compared with 
the temperature predicted by multivariable model. The CFD average drying chamber 
temperature at three operating modes of the solar dryer (solar mode (900W m-2), gas mode 
(3kW) and hybrid mode (600W m-2; 2kW)) was considered for comparison with the 
multivariable model simulation. CFD and Multivariable model simulation results were 
plotted against clock time as shown in Figs. (4a-4b-4c). The temperature profile of CFD 
simulation was almost similar to that of Multivariable model. The root main square error 
RMSE remains under 2.31. 

 

 

Fig. 4 Comparison between the simulated CFD and MM output; a. solar mode; b. hybrid mode; c. 
gas mode 

(a) (b) 

(c) 
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5. Conclusion 

 A multivariable model of the hybrid dryer for predicting the drying temperature was 
developed based on nonlinear least square methods taking into account solar radiation, gas 
power and airflow as the main input parameters. The predicted temperatures by multivariable 
model were compared with the CFD ones based on mean root square error (RMSE). From 
the values of RMSE (0.91-2.38), it is inferred that the predicted values by multivariable 
model are in harmony with the observed values by CFD. The multivariable model leads to 
predict the temperature with a remarkable reduction in simulation time. The threshold of 
drying temperature has been investigated in three operating modes of the dryer: solar mode, 
gas mode and hybrid mode.  The range of the reached temperature ( 45.2°C, 53.4°C and 
62.4°C) is suitable for drying a wide variety of products. The developed multivariable model 
will be useful to synthesize a temperature controller in order to control the drying temperature 
in a suitable range for the product to be dried and improves their quality. 
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Abstract 
Gypsum is a popular building material. Drying and rewetting of gypsum is a 
process of practical importance. This work presents the experimental results 
of kinetic of drying, heating and internal pressure development in rewetted 
gypsum cylinders. Analysis of the observed changes is presented. 
Additionally sorption isotherms, permeability and dependence of Young’s 
modulus on moisture content were measured. These data will be used in the 
model of the process under development.  
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1. Introduction 

Gypsum is commonly used as a building material in the form of gypsum blocks, 
plasterboards, fillers and renders. It is also used by other industries e.g. ceramic industry for 
making molds. In buildings moisture in gypsum materials is present both during setting and 
normal use due to its hygroscopicity. It influences energy consumption, air quality in 
houses and durability of the material. It is therefore important to know more about the 
mechanism of heat and moisture exchange with surroundings and their transfer in the 
gypsum materials. Literature of the subject is abundant in models which serve for 
prediction of spatial and temporal variations of temperature and moisture content in 
building materials. The models usually require performing experimental determination of 
model parameters like specific heat, heat conductivity, moisture diffusivity [1,2] and 
permeability [3,4]. The knowledge of microstructural changes and interactions of water and 
the material of crystalline structure like gypsum, especially in heat and mass transfer 
processes is one of key issues influencing mechanical properties of the gypsum products. 
Gypsum materials change their mechanical properties depending on their wetness and the 
reason are week bonds of crystalline adhesions. Repeating cycles of humidification-
dehumidification may lead to shrinkage, deformations and cracks as described in numerous 
publications [5]. Several works concentrate on heat and mass transfer during drying of 
building materials like plasterboard, and wood [6], brick and render including 
determination of moisture content profiles [7], analysis of external parameters as pressure 
[8], wind speed [9] and analysis of the determination of the influence of drying kinetics 
[10] on distribution of stresses in the material. 

The aim of this work is to experimentally analyses the drying process of gypsum by 
measuring its kinetics of mass, temperature and internal pressure in drying and measure 
necessary parameters i.e. sorption/desorption isotherms, Darcy permeability and Young’s 
modulus of wet gypsum. These observations will be used in the model of drying including 
stress development in the solid (under construction). 

2. Materials and Methods 

Commercial gypsum powder of building grade produced by Piotrowice company under a 
brand name Alpol. It is destined for using as building material and filler as well as for 
casting of prefabricates. The powder was mixed with recommended water/gypsum ratio 
equal to 0.65. Cast gypsum is a material that doesn’t shrink during drying. 

2.1 Sorptional equilibrium 

Desorption isotherms at low temperature were measured by a standard method of saturated 
salt solutions at 20°C and 50°C and atmospheric pressure. Additionally experiments were 
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made in superheated steam in the range of temperatures of 120°C to 200°C in a separate 
set-up also at atmospheric pressure  

2.1 Drying kinetics 

Drying experiments were performed in a drying tunnel described elsewhere [18]. 
Cylindrical samples 28 mm in diameter and  54 mm high were used. Drying was performed 
at  50°C and air velocity of 1 m/s.  Air humidity was not controlled. 

2.1 Permeability  

Permeability was measured by hydraulic method described elsewhere [12] using 
compressed air permeation. Gypsum disks 13 mm in diameter and 2 mm thick were used. 
Experiments were made on dry gypsum which was then soaked . Measurements were made 
in duplicate. 

2.1 Mechanical properties 

For modeling of drying stresses the dependence of Young’s modulus on moisture content is 
required. The dependence was measured using seasoned gypsum samples of given moisture 
content and standard Instron testing machine. The experiments were made in duplicate.  

3. Results 

3.1 Sorptional equilibrium 

The results are shown in Fig. 1 in the form of 3D dependence of moisture content X on 
water activity aw and temperature T. Two isotherms for 20°C and 50°C and an isobar in the 
range 120°C-200°C are shown. It is visible that equilibrium moisture content rapidly 
increases with water activity and slowly decreases with temperature. This indicates that 
gypsum is only slightly hygroscopic.  

The data points were fitted with Chen and Clayton equation (1) with coefficients available 
in Table 1. The fit is of satisfactory quality. 

 ( )( )XTaTaa aa
w

42
31 expexp=  (1) 

 

Table 1. Coefficients of equation (1) 

C
he

n&
C

la
yt

on
 Coeff. value Confidence interval R2 

a1 -14,107 -26,516 -1,698 

0.963 a2 -0,344 -0,575 -0,112 
a3 -1.283e6 -2.221e6 -3.461e5 
a4 -2,515 -2,732 -2,298 
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Fig. 1 Dependence of equilibrium moisture content on water activity and temperature 
  1-isotherms 20°C and 50°C, 2-isobar. 

4.1 Drying kinetics 

  An exemplary test run results are shown in Fig. 2. Fig. 2a shows how air parameters: 
atmospheric pressure, temperature and water activity vary during the process.  
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Fig.2. a) Air parameters, b) Drying kinetics at 50°C  

A sample of initial MC=0.67 kgkg-1
dm and temperature 12⁰C is dried with air of temperature 

50⁰C and RH=3.5%. In the time range from 0 to S1 the solid heats up to the wet-bulb 
temperature. During that time MC decreases to 0.57 kgkg-1

dm+ and internal pressure rapidly 
decreases to -400 Pa and then rises to +900 Pa. The initial pressure drop may be a result of 
fast evaporation at still initial axial temperature. The mass flux “drags” water from the 
inside creating underpressure. When the axial temperature increases thermal expansion of 
liquid causes pressure to rise. At the end of this time drying rate reaches 2.75e-4 kgm-2s-1. 

In  this phase of the process the solid is saturated and the dominating mechanism is Darcy 
flow. It is worth noticing that while the axial pressure is negative, the inner part of the 
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sample is compressed and when positive it is stretched. If the resulting stress should exceed 
material strength the solid would crack. 

The time range from S1 to S2 corresponds to CRP where MC decreases from initial value 
0.57 kgkg-1

dm down to 0.47 kgkg-1
dm, The dominating mechanism is Darcy flow in liquid 

phase. From S2 to S3 we have the FRP -  drying rate decreases, the temperature increases to 
25⁰C and internal pressure increases to +1200  Pa, reaching maximum. In this range mass 
transport takes place in liquid phase, vapor phase and gas phase of water vapor and air, and 
a penetration of the evaporation front is observed.  As proposed in [11] the transport fluxes 
are: water in liquid phase where the driving force is pressure gradient in liquid phase, flux 
in vapor-gas phase driven by pressure gradient, diffusional flux in gas phase driven by 
vapor concentration gradient and finally flux of bound water with MC as the driving force. 
The last two fluxes govern the range from S3 to S4 where MC decreases to the equilibrium 
value, pressure decreases to +900 Pa and temperature increases. In the remaining time all 
parameters remain constant except temperature which increase further reaching the external 
air temperature. 

5.1 Permeability 

Permeability was measured according to the Polish National Standard PN-EN 993-4. The 
governing Darcy equation has the form: 

 
( ) ( )kpp

p
ppA

hηQk Gg
21

1

21

21
+−

=  (2) 

1 2 3 4 5 6 7 8 9
2x10-14

3x10-14

4x10-14

5x10-14

6x10-14

7x10-14

kg
 [m

^2
]

Nr

N = 32 Mean = 4,40186E-14
SD = 9,59251E-15

Min = 2,9602E-14 Max = 6,145E-14

Mean
4,40186E-14

+1 SD
5,36111E-14

-1 SD
3,44261E-14

 

Fig.3. Permeability of samples  (black - dry, blue - wet) 

In this work actual pressure varies in time while in PN-EN 993-4 is steady. Another 
difference is that the quoted standard requires samples of cylindrical shape 50x50 mm 
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while in our experiments samples were much smaller. Experimental error was estimated as 
less than 6 %. The results are shown in Fig. 3 both for dry and wet samples of MC=0.65 
kg/kg. The straight blue line is the mean value of 4.40∙10-14 m2 and the red lines are at 1 
standard deviation off this value. The entire range of results for wet sample was 3∙10-14m2 
to 6∙10-14m2. Similar values were obtained in [13] by the method of PN-EN 993-4 [3,14]. 
The values for wet samples were in the range 3∙10-14m2 to 5∙10-14m2. 

6.1 Mechanical properties 

Strength of plaster is a results of bonds between the forms of gypsum (anhydrite, 
semihydrate and dihydrate), sulfur compounds, water and residuals [15]. Typically 
compression and bending strength are measured, rarely the Young’s modulus [16]. 
Mechanical characteristics of plaster depend mainly on porosity, placement and structure of 
gypsum crystals formed during hydration of calcined gypsum [17]. On the other hand they 
also depend on the actual condition of plaster resulting from ambient conditions like 
temperature and humidity. Although gypsum sets in ca 25 min after mixing with water it 
reaches full mechanical strength after 28 days according to ASTM C215, 1991. Only then 
the mechanical tests can be performed. The results of this work are shown in Fig. 4. 

 

Fig.4. Young’s modulus dependence on moisture content of rewetted gypsum 

The approximating equation has the form: 

 ( )( )[ ] 81032736.6exp13157.3189332.0 ⋅−+= XE  (3) 

3. Conclusions 

Results of this work indicate that hardened gypsum is slightly hygroscopic as sorption 
isotherms indicate and bound water range at room temperature is below MC of ca. 0.03 
kg/kg. It also shows negligible shrinkage in drying. Yet MC significantly influences the 
Young’s modulus, which exponentially decreases with increasing MC.  
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During convective drying gypsum exhibits the initial drying period (IDP), constant-rate 
period (CRP) and falling drying period (FRP). However the internal pressure is only partly 
related to these periods. In the IDP pressure first rapidly decreases to ca. -400 Pa and then 
increases to +900 Pa. Ic CRP the pressure first stabilizes and at the final stage of CRP 
begins to increase. It continues to increase in FRP reaching the maximum of +1200 Pa and 
at the end of the FRP it falls again to +900 Pa. These variations cause changes in internal 
stresses. The observed changes of pressure shed some light on moisture transport in the 
solid which only can be explained with a suitable model. The work on the model is in 
progress.  

Nomenclature  
 

A 

E 

Q 

T 

X 

area 

Young’s modulus 

flow rate 

temperature 

moisture content 

m2 

Pa 

m3s-1 

°C 

kgkg-1 

h 

k 

p 

flow path length 

correction coefficient 

pressure 

m 

 

Pa 

Greek letters 

ηG Viscosity of air Pa s 

Subscripts 

1 in  

2 out  
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1. Introduction 

Drying process of polycaproamide granules is one of the stages of technological chain 
during production of polyamide fiber caprone. Rather high level of dehydration of granules 
during drying process should be provide to obtain high quality fiber. Average final moisture 
content of the material should be not more than 0.1%. We know that at low values of 
moisture content drying process of polycaproamide is sharply slows down and the 
distribution of moisture content is substantially nonuniform. In this case calculation of 
kinetics of granules dehydration should be provide using local coefficient values of mass 
transfer (diffusion of moisture). Results of calculations which illustrate features of heat and 
mass transfer processes during convective drying of cylindrical granules are presented. Two 
local parameters of mass transfer are using for calculation – coefficient of moisture 
diffusion in polycaproamide (in the form of a liquid) am and criteria of phase transfer ε. 
These parametres are depends on material moisture content and temperature in given point 
of material at certain point in time. 

2. Materials and Methods 

The object of drying is polycaproamide. Average degree of polymerization is 130-200, 
average molecular weight is 15000-23000. The structure of samples was research by three 
independent methods. Method of mercury porosimetry, electron microscopy and sorption 
method were used.  

The predominant pore radius is 1000 Å. Such pores are filled only at direct contact with 
liquid phase but not during sortion process and its presence in polycaproamide associated 
probably with mechanical impact during preparation of a substance but not with 
supramolecular structures. Photos of fracture of polycaproamide crumb obtained using an 
electron microscope confirm the presence of large pores in the material.  

The specific volume of pores is 0.022 cm3/g. Isotherm of sorption of moisture vapor by 
polycaproamide was obtain using vacuum sorption installation with weights of Mac-Ben-
Bakr. Maximum hygroscopic humidity at 22оС is about 8%. The existence of a loop of 
sorption hysteresis the appearance of which indirectly indicates partial swelling of 
polycaproamide in water is established. 

Drying kinetics curves for samples of polycaproamide received in convective dryer 
equipped with devices for monitoring and controlling the parameters of the drying agent  
The radius of the granule was Rgr=1.375.10-3 m, length - Lgr=4.10-2 m. The relative humidity 
of the environment was maintained equal to ϕc~3%. The speed of drying agent was 25 m/s. 
Kinetic curves at different temperatures in the range from 90 to 150оС are rpesented on Fig. 
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1. The set air temperature was maintained with accuracy 0,1оС. The weighing accuracy was 
10-6 kg/m3. 

Character of experimental kinetics curves allow to draw a conclusion about essential 
nonlinearity of effective coeficient moisture conductivity in the granule of polycaproamide 
which is associated with the specific nature of phase transitions in macromolecular systems. 
The intensity of vaporization here depends not only on the amount of heat supplied but also 
on the rate of arrival of the volatile component to the evaporation surface (the outer surface 
of the granule and the interphase boundary of liquid-vapor in microcracks and pores). 
Diffusion transfer in polymer systems at low solvent contents is limiting for interfacial 
mass transfer [1]. 

3. Mathematical model 

Nonstationary nonlinear axisymmetric 2D model similar [2] which generalizes the well-
known mathematical model of the diffusion-filtration heat and moisture transfer of A.V. 
Lykov [3] using for description of heat and mass transfer processes during drying. It is 
constructed as the limiting case of models based on the mechanics of multiphase systems 
[4-5]. The mathematical model includes transfer equations averaged over the microvolume 
of the material: 

- liquid phase transfer equation 

 ( ) ( ) 12
m m 0

3 3

u 1 u u s jra u,T a u,T
t r r r z z α ρ

∂ ∂ ∂ ∂ ∂   = + −   ∂ ∂ ∂ ∂ ∂   
; (1) 

- heat transfer equation 

 ( ) ( ) 12
T 1 T T ucρ rλ u,T λ u,T L ερ
t r r r z z t

∂ ∂ ∂ ∂ ∂ ∂   = + −   ∂ ∂ ∂ ∂ ∂ ∂   
; (2) 

 1 1 2 2 3 3λ α λ α λ α λ= + + ; 1 p1 1 2 p2 2 3 p3 3cρ α c ρ α c ρ α c ρ= + + ; 

- equation for vapor-gas phase pressure 

 
2

1 13 1 1 1 1 12
1 2

1

p K 1 p p p T p L ε ucρ p r  
t μ r r r z cρT t cT t

 ∂ ∂ ∂ ∂ ∂ ∂ = + + + +  ∂ ∂ ∂ ∂ ∂ ∂  
 

 1 1 1 1 12 1 1 12 12

1 1 1 3 3

p B p α s jTB p L ε s j
B t α t α cT α ρ

∂ ∂
+ − + − ⋅

∂ ∂
; (3) 

- equation for the concentration of the vapor component. 
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( )( ) ( )( ) ( )1 1 r r

1 1 1 1g

α ρ 1 χ 1 r α ρ 1 χ v w
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∂ − ∂  = − + + ∂ ∂
 

 ( ) ( )z z
1 1 1 1gα ρ 1 χ ) v w 0

z
∂  + − + = ∂

; 1v

1

ρχ
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= ; 1g

1

ρ
1 χ  

ρ
− = . (4) 

Where: am - water  diffusion  coefficient, m2/s; B - individual gas constant, J/(kg.K); c - 
thermal capacity, J/(kg.K); j - rate of evaporation, kg/(m2.s); Kij - coefficient of i-phase 
penetrability in j- phase m2 ; L12 - latent heat of evaporating water, J/kg; t – time, s; p – 
pressure, Pa; T – temperature, K; r - radial coordinate, m; R - universal gas constant, 
J/(mol.K); s12 - specific surface area of the section of phases, m-1; u - moisture content, kg/ 
kg; v – velocity, m/s; w - diffusive velocity, m/s; z - axial coordinate, m; α - volumetric 
content, m3/m3; ε – criterion of phase transitions; ϕ - relative humidity; λ - thermal 
conductivity, W/(m2.K); ρ - density, kg/m3; χ - concentration of steam in a gas mixture, kg/ 
kg. Subscripts: 1 - gas vapour mixture; 2 - fluid phase; 3 - solid phase; g – gas; v – vapor; 0 
- initial state. Superscripts: r, z - components of vectors. 

The transfer equations (1-4) are supplemented by the equation of the sorption polytherm, 
the equations of state for the vapor and gas components, the Fick diffusion law, the Darcy 
filtration law, the Dalton law for calculating the intensity of phase transitions, the Antoine 
formula for determining the saturated vapor pressure at a defined temperature: 

( )u f T,φ  = ; 1 1 1ρ TBp = ; 1g 1g 1g    p ρ TB= ; 1v 1v 1vp ρ TB= ; 1 1v 1gρ ρ ρ= + ; 
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∂
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∂
; 

z 13 1
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∂
; 

( ) ( )sat 1v
2

atm

p T p T
j κ

p
−

= ; s
sat s

s

Bp exp A
T C

 
= − + 

; (5) 

where: D - diffusion coefficient m2/s ; µ - dynamic viscosity, Pa.s; ν  - fluid molar volume, 
m3/mol; As, Bs, Cs – empirical coefficients. Subscripts: atm – atmospheric; sat – saturation. 

The initial and boundary conditions have the form: 

 ( ) 0T 0, r,z T= ; ( ) 0u 0, r,z u  = ; ( )1 10p 0, r,z p= ; ( ) 0χ 0, r,z χ= ; (6) 

 ( )cΓ
Γ

Tλ α T T
n

h∂
− = −

∂
; eqΓ

u u= ; Γ cχ χ   = ; 1 cΓ
p p= . (7) 
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Subscripts: eq – equilibrium; 0 - initial state; c - surrounding  medium;  Γ  - external 
boundary of a granule; n – normal. Parameter αh - coefficient of heat transfer, W/(m.K). 

Important elements of the model are the original computational formulas for calculating the 
time-varying local diffusion coefficients of liquid am and the values of the phase transition 
criterion ε. These formulas were obtained by analyzing a more general mathematical model 
of heat and mass transport of transport constructed on the basis of the mechanics of 
multiphase systems [4-5]: 

 23
m

2

K RTu 1 φa
μ ν φ u

∂
= −

∂
; v1 sat

12

c T Tε
L 1 u

−
=

+
.  (8) 

The nonstationary nonlinear mathematical model (1-8) has been researched numerically. 
The equations are solved by an implicit method of finite differences using the control 
volume approach as described by [6]. 

4. Results of experiments and numerical analysis 

Calculations were carried out at the values of the thermophysical parameters of water, 
water vapor, air according to [7]. For other parameters, the values are: ρ3=1150 ; 

K13=1.0.10-16 m2; K23=1.5.10-23 m2; 2κ =1.7.10-12 kg/(m2.s); s12=6.6.106 m-1; λ3=0.25 

W/(m2.K); cp3=2100 J/(kg.K). The heat transfer coefficient αh was determined taking into 
account the drying agent's speed according to known empirical relationships. The 
polytherm of sorption of polycaproamide was obtained on the basis of experimental data:  

 
φ

0
maxu=u (T)φa k ; 0max T 0u u(T )-α (TT )) -T( = . 

The values of the parameters of the sorption polytherm are determined as follows: 
a0=0.9567; k=4.796; T0=295 K; u(T0)=0.08891; αT=0.0002517 K-1. 

The results of numerical calculations of drying kinetics of the polycaproamide granule 
satisfactorily coincide with the experimental curves of high-temperature drying (Fig. 1). By 
increasing the temperature of the air in the drying chamber, the duration of the process of 
dehydrating granules of polycaproamide can be significantly reduced. The drying of the 
granules at the temperature of the drying agent Tс=423 K is approximately 4 times faster 
than at Tс=383 K. The influence of the ratio Rgr/Lgr on the dewatering intensity of the 
granule is shown in Fig. 2. It should be noted that the main contribution to slowing down 
the drying process with increasing Rgr/Lgr is not the shape of the granule (tablet or elongated 
cylinder), but its volume, which also increases. 
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Fig. 1. The change in time with the average 
volume of moisture content of the 

polycaproamide granule with Rgr = 1.375.10-3 
m, Lgr = 0.04 m at φс=0.03 for Tс=373 K – 1, 

383 – 2, 403 – 3, 423 – 4. 

Fig. 2. The change in time with the average 
volume of moisture content of the 

polycaproamide granule at Tс=423 K, φс=0.03, 
Lgr = 0.04 m for Rgr/Lgr=5 – 1, 1 – 2, 0.5 – 3, 0.1 

– 4, 0.005 – 5.  
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Fig. 3. The change with time of the local values of the diffusion coefficient (a) and the intensity of 
vaporization (b) in the cross section of the polycaproamide at Tс=423 K, φс=0.03% for Rgr/Lgr=0.1, 

txap= 15456 s, am xap =1.63.10-11 m2/s, jxap =3.06.10-6 kg/(m2.s). 

 

The moisture transfer in this process is carried out as a transfer of the liquid phase due to 
the gradient of the disjoining pressure in the boundary layers of water, if the moisture 
content of the material is below the maximum hygroscopic humidity, and also as the 
transfer of the vapor component, the production of which occurs throughout the volume of 
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the granule. Fig. 3 illustrates how the contribution of different moisture transfer 
mechanisms at individual points of the cross section of the granule varies with time. The 
motion of the liquid phase, characterized by the value am> 0, begins after the stage of 
material heating and intensive removal of moisture in the form of vapor. After a decrease in 
the value of u below the maximum hygroscopic moisture content, a flow of liquid from the 
region with a higher saturation to a region of lower saturation begins at this temperature, 
with the diffusion coefficient am increasing, reaching a maximum (Fig. 3a). The intensity of 
vaporization decreases (Fig.3b), which is associated with a decrease in saturated vapor 
pressure above the interphase surface and a decrease in its activity. 
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Fig. 4. The distribution in the plane r-z moisture content (a,c) and local diffusion coefficient of 
liquid phase (b,d) at the instants t = 13138 s – (a,b), 19722 – (c,d) during drying the granules with 

Rgr = 1.375.10-3 m, Lgr = 0.04 m at Tc = 383 K, φc = 0.15, T0 = 295 K, u0 = 0.013. 

 

The distribution of the water diffusion coefficient over the granule cross-section and the 
corresponding moisture content distribution during drying are shown in Fig. 4 for different 
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instants of time. In the early stages of dehydration in the central zone of the granule, the 
moisture content exceeds the maximum hygroscopic humidity. Mass transfer occurs here 
due to evaporation, the coefficient of diffusion transfer of water is practically zero (Fig. 4a). 
Over time, this area is reduced (Fig. 4c), and at the end of the process it disappears. The 
distribution of the water diffusion coefficient across the cross-section of the granule am 
transforms with time (Fig. 4b, d) and gradually equalizes at low moisture content. 

5. Conclusions 

Comparison of the results of mathematical modeling of heat and mass transfer in the 
granule and data from the laboratory experiment on the kinetics of drying granules of 
polycaproamide showed good agreement between the calculated and experimental data. 
The constructed mathematical model allows to form energy-efficient regimes of granule 
polycaproamide drying. 
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Abstract 
 

Self-sustained fluctuating airflow behaviour in spray drying chambers is in 
essence an unsteady phenomenon requiring the transient CFD simulation 
framework. There is currently, however, a mixture of steady state and transient 
CFD simulations of spray dryers practised and reported in the literature. The 
choice between steady state and transient approach significantly affects the 
computation time of the simulation and subsequently the adoption of this 
approach by industry. This paper firstly examines in detail the bottleneck in 
computation time of the transient simulation approach. Based on past reports, 
this review paper then presents a discussion and provides several 
recommendations on the use of steady state and transient simulation approach 
for spray dryers. 
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Computational fluid dynamics simulation of spray dryers: transient or steady state simulation? 

1. Introduction 

The start-up of an industrial spray drying operation typically involves an initial heating of 
the chamber with hot air, followed by the spray of water to mimic the evaporation rate of the 
intended product feed. Once the outlet air conditions are approximately achieved, the product 
feed spray is introduced. This is then followed by a short period of operation, during which 
the product is diverted and operation adjustments are made, until stable outlet air and product 
conditions are achieved. These stable conditions are called the steady state operating 
condition. Examining the overall spray drying process from such a macro plant-wide view, 
beyond the initial start-up phase, the a spray drying process is typically operated indeed in a 
steady state mode.  

There are experimental evidences to suggest that even if the overall operation is steady state, 
the airflow pattern within the spray drying chamber may exhibit significant transient 
fluctuations [1][2]. Such transient air flow behaviour manifests in form of a self-sustained 
flapping from side to side. Such self-sustained transient behaviour was experimentally 
observed even for spray dryers fitted with nozzle and rotating disc atomizers (the latter would 
have significant swirl in the airflow pattern) and in large scale dryers with an internal static 
fluidized bed [3]. It is noteworthy that the self-sustained fluctuations were observed on 
relatively long time scales and were spatially coherent fluctuations; incontrast to small time 
scale and small length scale turbulent fluctuations.  

Against the backdrop of a steady state spray drying operation, one may naturally raise the 
following question: Is it important for us to account for the self-sustained transient airflow 
behaviour in the analysis of spray dryers? Answering this question with a straightforward 
“yes” or “no” would naturally instigate a long debate and legitimate dispute, since it always 
boils down to the purpose of the simulation. However, if the interest is on the overall process 
i.e. mass and energy balance of the process, the answer is most likely “no”. On the other 
hand, for specific studies such as those on detailed drying behaviour, wall deposition, 
agglomeration etc. particularly with the development in the application of the Computational 
Fluid Dynamics (CFD) technique for spray drying analysis, which currently allows detailed 
analysis of the flow field within the chamber to be performed, accounting for the self-
sustained transient behaviour may become crucial. Reports available in the literature, 
however, are not conclusive on whether or not this phenomenon should be accounted for. 
The former, in essence, is unable to capture the self-sustained behaviour. This review paper 
provides a discussion and analysis based on these reports with the aim of providing a 
guideline for future works in selecting a suitable approach for CFD modelling of spray dryers. 

2. Steady versus transient CFD analysis and its implications 

It is important to firstly define the structure of a steady and a transient CFD analysis of spray 
dryer, so that the subsequent discussion can be made on the same benchmark. This review 
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paper centres around the Euler-Lagrangian framework. Within this framework, the hot 
dehydrating air is computed in the Eulerian framework as a continuous medium while the 
particles are numerically injected into the simulated flow field as discrete Lagrangian phase. 
In this review, the term ‘particles’ refers to droplet or solid particles interchangeably. Two-
way coupling is normally used in the simulation framework where the air imparts momentum, 
mass (moisture content) and energy change to the particles and vice versa; the latter two 
parameters are due to the drying process that the droplets are subjected to. Details on this 
aspects of a CFD simulation of spray dryers can be found in other publications [4].  

Adopting the Euler-Lagrangian framework, Figure 1 shows two different numerical 
approaches in which a steady and a transient spray dryer simulation can be undertaken. 
Solutions with the transient framework will certainly involve higher computational 
requirements and longer computation time. From the authors’ experience, however, given 
the computing power available nowadays, such differences may not be the significant factor 
affecting the potential selection between the steady and the transient framework. As a 
comparison, a steady state flow field simulation may take several hours while a transient flow 
field simulation may take a few days. The key difference lies in how the particles are injected 
into the flow field and in the way the two-way coupling is incorporated in both frameworks.  

In the steady state framework, each particle is introduced into the flow field and tracked 
throughout the flow field until it leaves the simulation domain. This is then repeated 
depending on the number of particles specified to be injected to capture the stochastic 
behaviour of the particle movement and the particle size distribution of the spray. In essence, 
even though the source terms determined from the tracking of particles are accumulated for 
the subsequent incorporation into the steady state solution, there is only one particle 
numerically present in the simulation at any point. Therefore, the number of numerical loops 
required to achieve a converged solutions (Figure 1) is only dependent on the number of 
particle injection specified (which is fixed) and the ‘numerical’ speed at which the source 
terms are incorporated into the flow field solution. This ‘numerical’ speed is certainly 
dependent on the two-way coupling algorithm used and it is not the intention of this review 
paper to focus on any particular scheme. 

Conversely, in the transient framework, particles are injected continuously at each discrete 
time step. During this time step, the particles injected into the simulation domain are only 
tracked and moved by one spatial step size. As opposed to steady state simulations, they are 
not tracked throughout the domain until those leave the chamber. Hence, as the simulation 
progresses in time, denoted by the loop in Figure 1, the number of particles within the 
chamber progressively increases leading to a further increase in the computational 
requirements at each time step. A fully developed flow field in this case, needs to account for 
not only the development of the temperature, momentum and humidity profile within the 
chamber, but also the development of the number of particles within the chamber. A well 
developed flow filed should have a relatively stable number of particles indicating that the 
system has ‘truly’ entered the steady state operation behaviour. The simulation time required 
to achieve such fully developed simulation is, therefore. significantly determined by the 
physical characteristics and the size of the spray dryer (larger drying chamber will expect to 
have more particle accumulation and vice versa) and not merely by the coupling algorithm, 
as in the steady state simulations. From the authors’ experience, this takes significantly longer 
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time, in the order of weeks for large scale industrial dryers, when compared to the steady 
state simulations.  

The transient simulation framework also warrants significantly different approach to the post-
processing analysis of the particle drying history, which is one of the primary results from 
the CFD simulations. In the steady state approach, as each particle is tracked throughout the 
simulation domain until it leaves the domain, it is straightforward and easy to track and 
monitor the drying history of each particle. Determination of the particle conditions at the 
outlet of the dryer will only require collating the conditions of all the injected particle (those 
that leave the domain via the outlet) tracked one-by-one in the simulation. On the other hand, 
similar tracking and monitoring of the particle history in the transient framework will require 
large and simultaneous storage of all the particles within the simulation domain. For 
comparison, in a steady state simulation, an injection of hundreds or thousands of particles 
will normally be sufficient to account for the size distribution of the feed spray [5]. In a 
transient simulation, depending on the size of the dryer, the number of accumulated particles 
may be in the range of tens of thousands or hundreds of thousands of particles [6][7]. 
Determination of the particle conditions at the outlet will then require further time averaged 
sampling of particles leaving the system [6][7]. Even though the implemented parcel tracking 
method in the Eulerian-Lagrangian framework, which allows a parcel representing a group 
of identical particles having the same fate to be tracked in lieu of tracking each individual 
particle, eases the conundrum of tracking and storing information about so many particles, 
the remaining computational and postprocessing effort required still is far from negligible. 

In order to overcome these limitations in transient simulation post-processing, a pseudo-
steady analysis method was developed in which the flow field is developed with fully 
transient airflow computation accompanied by transient particle tracking for a low velocity 
spray dryer. Particle history is then analysed and obtained by adopting an instantaneous 
snapshot of the developed flow field and undertaking steady state particle tracking through 
the flow field [8][9]. The premise of this post-processing approach assumes that, in view of 
the self sustained fluctuating behaviour, a snap shot at any particular flow time is 
representative of the overall flow behaviour in the system. Comparison on using snapshots 
at different flow time provided compelling evidence to support this assumption. Further 
comparison is, however, required with full transient analysis and with dryers of different 
configurations to better validate this technique. Even if this could be fully resolved or 
verified, the transient simulation framework would still need long computation time to fully 
develop the flow field incorporating transient simulation tracking (Figure 1). An earlier report 
can also be found adopting this approach excluding the two-way coupling [10] i.e. no build-
up of humidity or reduction of the air temperature due to droplet evaporation could be 
predicted and fed back to the solution. 
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Fig. 1 Numerical approaches to undertaking steady or transient CFD simulations of spray dryers 
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Based on the comparison presented above, it can be concluded that it is obviously more 
attractive to adopt the steady state simulation approach. This will then allow the CFD 
simulation technique to be used in a more routine-manner, which will be particularly 
important for the adoption of this technique by industry. Nevertheless, the same question still 
prevails: How accurately do steady state simulations capture the reality of a potentially 
fluctuating flow field in spray dryers? At any rate, the ensuing question will be: in what 
situation can we employ a steady state simulation?  In an attempt to answer these important 
questions, detailed comparison were undertaken based on past reports in the literature.  
However, this part of the review was not included here due to page limitation. 
 
3. Understanding the numerical source of self-sustained fluctuation 

The fact that self-sustained fluctuations discussed in this review may occur even in 
symmetrical geometries suggests that it must be initiated from some ‘imbalance’ in the 
system. There is a series of numerically based reports elucidating the self-sustained 
fluctuation behaviour based on the sudden flow expansion theory. The premise of this theory 
is that a certain flow regime characterized by the Reynolds or Swirl number and the 
expansion ratio will have the propensity to exhibit self-sustained flow behavior 
[11][12][13][14]. The jet feedback mechanism was proposed later on, expanding on the 
theory of expansion to elucidate the potential unbalanced pressure within the chamber, 
leading to the self-sustained fluctuation behavior [15].  

In a real physical system, there are many factors which may contribute to such imbalance 
such as slight asymmetry in the drying chamber or in the inlet flow of air (no perfect system 
in reality). These imbalances are then sustained or propagated and consequently reflected by 
the inherent propensity of the system for self-sustained fluctuations, as discussed in the 
preceding section. For a numerical system, however, where the geometry and the input 
parameters for a CFD simulation can be perfectly symmetrical, such asymmetric physical 
seed for the initiation of self-sustained fluctuation will not be available. One may argue that 
even though the geometry and the inputs are symmetrical, the meshing of the system, 
particularly if tetrahedral meshes are used, may lead to numerically asymmetric solution to 
the flow field. However, it must be noted that self-sustained fluctuations were predicted even 
when very structured symmetrical hexahedral meshes were used [14]. Basing our discussion 
on the solution of the turbulent flow field with the Reynolds Averaged Navier Stokes (RANS) 
equations and its subsequent closure models, there is no stochastic element in the 
mathematical framework. Hence, if the mesh used is symmetrical, the RANS framework 
should theoretically provide a symmetrical solution. What is then the source of asymmetry, 
which provides the seed for the occurrence of self-sustained fluctuation behaviour in a 
numerical model?  

Eliminating the possible influence of the physical geometry, meshing and mathematical 
model as discussed, the seed for or the instigation of ‘numerical’ self-sustained fluctuation 
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must then be attributed to numerical imbalance during the solution of the flow field. Such 
numerical imbalance may propagate into imbalances predicted in the physical flow field, 
building up the potential for self-sustained fluctuations. If this argument is to be further 
extended, it can be noted that perhaps, the numerical coupling with particles introduced into 
the simulation may also contribute to such instability, as was reported by Jubaer et al. [16]. 
Whether or not such imbalances propagate into self-sustained flow behaviour will certainly 
depend on the propensity of the spray drying chamber for ‘dampening’ such physical or 
numerical imbalances.  The understanding on the numerical source of self-sustained 
fluctuation is important in guiding the numerical approach employed in the CFD simulation 
of spray dryers. Perhaps, as a ‘robust’ approach to encompass all the possibilities to capturing 
the self-sustained fluctuation, there may be a need for an element of numerical imbalance in 
the simulation domain; a system which inherently is not self-sustained in fluctuation would 
damp the imbalance anyway and vice versa. 

 

5. Conclusions 

A key numerical bottleneck in transient CFD simulation of self-sustained fluctuating flows 
in spray dryers is the long computation time required for two-way coupling during flow 
development. There is a strong need for future numerical development to overcome this 
limitation so that the CFD technique can be used in a more routine manner. From the reports 
available in the literature, there is currently no clear guidelines on the use of steady or 
transient simulation approach when analysing pilot or industrial scale spray dryers. This 
paper recommends to ascertain the significance of the fluctuating behaviour with the transient 
simulation framework, on a case-by-case basis. This is particularly important if an 
asymmetric flow field was predicted for a symmetrical simulation domain. A few numerical 
guidelines are proposed.  It was further reasoned that numerical imbalance may be the seed 
for self-sustained fluctuations observed in CFD simulations of spray dryers. Whether or not 
this numerical imbalance propagates into physical imbalances leading to flow fluctuation 
behaviours, depends on the characteristics of the spray drying geometry relative to its 
operating conditions, which may or may not contribute to dampening these imbalances. 
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Abstract 
We compared a semi empirical and an empirical model. The empirical model 
is a multilayer ANN. The semi empirical model is a custom multilayer ANN. 
It is a structured model, and we define the structure by hand before the 
training of the network. The influence of the neuron numbers on the accuracy 
of the models was also investigated by statistical approach. 

We found that the custom multilayer ANNs developed like this, are suitable 
for modelling the drying process of agricultural materials. They also provide 
the ability to improve the applicability of the empirical models. Furthermore, 
the semi empirical model has a higher sensitivity on neuron number applied.  

 

Keywords: drying; energetics; artificial neural network; semi-empirical 
model. 
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1. Introduction 

The complexity of the water removal process, and the inhomogenities of the process 
variables both in time and space make the modelling of the drying process of agricultural 
products difficult. The usability of theoretical models is limited due to the stochastic 
material properties. [4] In these cases, the application of empirical models is essential. [5] 
However, in the most cases we have theoretical information about the process. Applying 
this information to the model it will became semi-empirical and possibly improve the 
usability compared to the pure empirical. [3] 

Artificial intelligence techniques are also found in drying. [6] They are used for process 
variable prediction [10][12][15], process control [9][11][13] or for soft sensors[14]. 
Artificial neural networks (ANN) are sucsefully applied on all these fiels on their own, or 
combined with other AI or conventional techniques. [8] The use of ANN requires attention 
and awareness as the structure, the training and data preparation have significant effect on 
usability of the model. [7] 

Earlier we found that artificial neural networks (ANN) are suitable to model the drying of 
agricultural products. [1] They are empirical models, but can be turned into semi-empirical 
when we use the combination of smaller ANNs in a suitable structure instead of one 
unstructured model. [2] 

It can happen that we have a priori information about the structure of the system (to be 
modelled), but don’t have the data to train the subsequent ANNs that make up the semi-
empirical model as a combination of smaller individually trained networks. In this case a 
single, but structured ANN can be created. The ANN can be defined by hand. It is called a 
custom artificial neural network. It can have a structure like the combination of smaller 
ANNs have, but the model can be trained without having any data for the internal 
connection. 

The statistical approach that we used earlier [1] can help us to find the optimal structure of 
the network. The models’ performance can be highly influenced by the applied number of 
the layers, and the number of the neurons in the layers. There are structures and neuron 
numbers that will never ever provide us an accurate model. On the other hand, there are 
structures what provide us accurate model with a high probability. 

This paper is about the semi-empirical ANN models made from structured analytical neural 
networks and it is looking for answers to the following questions: Is it possible to construct 
such a model? Is it possible to find an optimal model? Is it better than the pure empirical? 
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2. Materials and Methods 

The measurement data is taken from an experimental drying of tomato pomace in a 
laboratory dryer. The drying apparatus is a convective batch dryer. The dried material is 
placed into the drying chamber on perforated sheet metal trays in three layers. The 
psychrometric properties of the drying air are measured before and after each layer, the 
flow rate is measured with an orifice at the duct inlet. The water removal is measured with 
gravimetric method. For data acquisition five-minute sampling rate was used. 

Electric heater

Drying chamber

Bypass valve
Regulated fan

F

Bypass duct

T,H

T,H

T,H

T,H

m

T,H

q

 

Fig. 1. Schematic of the dryer. (T-temperature, H-humidity, F-flow rate, m-mass, q-heat flow) 

The wet-base moister content of the raw material was about 80% at the begining and 6% at 
the end of the drying experiment. The flowrate of the drying air was 370m3/h and the 
temperature was set according to table 1. 2 kg tomato pomes was put on each tray in a 40 
mm thick layer. 

Table 1. Temperature of the drying air 
experiment temperature [°C] 

1 40 
3 110 
5 75 
6 55 

 

From the preliminary data analysis four data sets have been chosen for the models: 
experiment 1, 3, 5 and 6. From these data sets experiment 1 has systematic error, and not 
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used for training the models but for test. It is required that the model shall approximate 
experiment 1 with a significantly higher error. 

The first model constructed is purely empirical. According to the earlier works on this topic 
[1], a two-layer ANN has been chosen. Two such models were defined and we use the 
simpler one as it can be found on figure 2 below. The simplified model does not deal with 
the layers; it is like a one-layer dryer. 

Dryer

q

T0

T1

H0

H1

T4
H4

mw

 

Fig. 2. Empirical model of deep bed dryer. (mw-water removal rate, T0-ambient air temperature, T1-
air temperature at drying chamber inlet, T4-air temperature at drying chamber outlet, H0-ambient 

air humidity, H1-humidity at drying chamber inlet, H4-air humidity at drying chamber outlet) 

The semi-empirical model is considering that the dryer consists of a burner and a drying 
chamber. The connection of the two components is the flow rate of the drying media. 

Burner

q

T0

T1

H0

H1

Drying 
chamberT4

H4

ma

mw

 

Fig. 3. Semi-empirical model of the deep bed dryer. (ma-flow rate of the drying air) 

For the burner a one-layer ANN was used. For the drying chamber and the simplified 
empirical model, a two-layer structure was used. For the determination of the optimal 
neuron numbers in each layer the statistical approach was used. [1] We compared several 
networks with different neuron numbers in each. Table 2 contains the neuron numbers we 
used. 

406

http://creativecommons.org/licenses/by-nc-nd/4.0/


Bessenyei, K.; Kurják, Z.;Beke, J. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

After the training of the ANN models, we tested them. All the experiment data was given to 
the model inputs and the model output was compared to the measured data. For each 
simulation the cumulated squared error was calculated as the measure of model 
performance. 

( )∑ −= 2__ simulatedmeasurederrorsquaredCumulated  (1) 
Table 2. Neuron numbers per layer 

model layer neurons 
empirical 1st 1-15 

 2nd 1-15 
semi empirical burner 1-10 

 drying chamber 1st 1-15 
 drying chamber 2nd 1-15 

We also checked the correlation of the model output with the measured data. Figure 4 
shows the algorithm of the whole process. Each structure was trained and tested 5 times. At 
the end, the results were shown in diagrams and the optimal model structure was chosen. 
The optimal model is the model with the smallest expected value and little standard 
deviation of cumulated squared error. The optimal models output should also have a good 
correlation with the measurement data. 

Start

Set neuron numbers

Construct ANN

Prepare data

Train ANN

Test ANN Test same 
structure?yes

no

Increase neuron 
numbers?yes

no

Build statistics

Show statistics

Find optimal model

End

 

Fig. 4. Workflow of finding the optimal model 
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3. Results and Discussion 

The empirical model has 2 hidden layers. We used the method on Figure 4 to construct 
empirical models with different neuron numbers according to Table 2. The results can be 
observed on Figure 5. The structure of the optimal empirical model and its performance is 
shown in Table 3.  

Table 3. Optimal models 
model layer neurons error 

empirical 1st 7 0.862 
 2nd 9  

semi empirical burner 1 2.6 
 drying chamber 1st 13  
 drying chamber 2nd 11  
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Fig. 5. Performance of the empirical model with different neuron numbers. 

The semi empirical model always has 3 hidden layers: one for the burner and two for the 
drying chamber. We used the same method as for the empirical model thus on Figure 4. 
The results cannot be shown on one diagram as the 3 layers of neurons span a 3-
dimensional space rather than a 2-dimensional. But it is possible to show on several 
diagrams. We need as many diagrams, as many neurons we have in a chosen layer. We 
choose the burner layer, because it has less possible number of neurons than the others. 
This way we got the smallest number of diagrams. Figure 6 contains the optimal structure. 
The structure of the optimal semi empirical model and its performance can be found in 
Table 3. 
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Fig. 6. Performance of the semi empirical model with a single neuron in the burner layer. 

There are several near optimal structures on figure 6. On the other hand there are structures 
with significantly higher error what probably make the model unusable. If the burner has 
one neuron the 1st chamber layer should have at least 3 or 4 neurons. The diagrams with 
higher neuron numbers for the burner show significantly higher error. Because of the 
limited space we did not include in this paper all the diagrams but they are very similar to 
Figure 7 in the aspect that the model with all those neuron numbers has significantly higher 
error. 
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Fig. 7. Performance of the semi empirical model with 2 neuron in the burner layer. 

4. Conclusions 

Empirical and semi empirical models both approximated the measurement data with 
acceptable error. 

It was possible to construct a semi empirical model with a custom ANN that is suitable for 
modelling the drying process of tomato pomace. 

There are significant differences in model performance depending on the model structure 
and the number of neurons used in its layers. 
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The statistical method we used can highlight the unusable and potentially usable structures.  

With the statistical method we used it was possible to find the optimal model structure. 
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Abstract 
In a freeze drying process, the freezing step determines the pore size 
distribution within the product, which, in turn, affects the sublimation rate. 
Traditionally, pore analysis is carried out on SEM images by means of a 
manual, time-consuming approach. Here, an image segmentation technique 
was used to automatize this process and improve its reliability. A 3D structure 
of the cake was then reconstructed from the distribution of the super-pixels. 
We show that the approach herein proposed can remarkably improve 
prediction of the sublimation rate with respect to traditional methods.  

Keywords: Freezing; Freeze-Drying; Image Segmentation; 3D Reconstruction 
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1. Introduction 

During freeze drying, water is removed by sublimation and desorption from a previously 
frozen product. When designing a freeze drying process, it is well-known that the freezing 
step is extremely relevant for both process performance and product quality [1]. In fact, 
different freezing protocols result in different pore size distributions within the product, 
affecting both sublimation and desorption rates. More specifically, the nucleation event, and, 
in particular, the temperature at which the first ice crystal nuclei are formed, is of major 
importance in the freezing process, as it determines the pore size distribution which will then 
be formed in the dried sample. In particular, a low nucleation temperature will result in the 
formation of small pores. These small pores will then offer a large resistance to water vapor 
flow during primary drying, thus decreasing the sublimation rate. From this viewpoint, a 
problem with the traditional freezing approaches, such as shelf ramped freezing, is that they 
do not allow control of the nucleation temperature, which will therefore be stochastically 
distributed. However, some techniques have been developed to overcome this problem [1,2]. 
Among them, vacuum induced surface freezing (VISF) was demonstrated to be beneficial for 
both product homogeneity and process performance [3,4]. In fact, VISF can be used to induce 
nucleation at a higher temperature in all the vials being processed. This higher nucleation 
temperature results in the formation of larger pores within the dried samples, boosting the 
sublimation rate. For instance, in Figure 1 two Scanning Electron Microscopy (SEM) images 
are shown, representing a 5% w/w mannitol sample after freeze drying. In the case of Figure 
1a, VISF was used, while the sample in Figure 1b was processed using the conventional 
shelf-ramped freezing protocol.  

 

Fig. 1 SEM images of 5% w/w mannitol samples obtained using VISF (a) or 
shelf ramped freezing (b). 

 

The huge difference in sample morphology which can be observed translates into remarkably 
different cycle performance; it is therefore clear that the information on the pore size 
distribution is crucial for the proper design of a freeze-drying process.  Although many other 
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approaches have been proposed in the past, such as X-ray tomography [5], the most common 
technique remains off-line SEM analysis. This is generally achieved by means of a manual 
analysis of the resulting images. The manual approach is, however, highly time consuming, 
and the results obtained are subjective and, therefore, poorly reliable. Therefore, we recently 
proposed a method based on the segmentation of SEM images to automatically determine the 
pore size distribution [6]. In the above-mentioned work, we showed that image segmentation 
could quickly and reliably allow resolution of the porous structure of the sample under 
investigation. Here we propose a further improvement of this technique, which combines the 
analysis of the levels of grey-tones to the detection of edges between different domains. 
Moreover, we will show that, from the super-pixels distribution obtained as a result of 
segmentation, a 3D structure of the cake may be reconstructed by means of a stochastic 
approach. We will prove that the reconstruction obtained can fairly well represent the main 
features of the real dried cake. This result is important, since the generated structure may then 
be used within a computational fluid dynamics (CFD) simulation, to estimate the tortuosity 
of the sample [7]. Since both the pore size distribution and the tortuosity factor enter into the 
definition of the mass transfer resistance to vapor flow, the approach herein proposed could 
remarkably improve prediction of the sublimation rate, which is at the basis of any model for 
the freeze-drying process.  

 

2. Materials and Methods 

2.1 Freeze drying cycles and SEM analysis 

The formulation investigated in this work was a 5% w/w mannitol solution, prepared from 
distilled water and mannitol powder (Sigma Aldrich). The vials employed (type 1, 10R, 
45x24 mm, Schott AG, Germany), where filled in with 3 ml of sample solution, and loaded 
onto the shelves of a freeze-dryer LyoBeta 25 (Telstar, Terrassa, Spain). For the conventional 
(shelf ramped) freezing tests, the refrigerating fluid temperature was decreased to -45°C at 
0.7 °C/min. 

As regards VISF, the product was first equilibrated at −5°C for 45 min and, then, the chamber 
pressure was reduced to 130 Pa until nucleation was observed. The pressure was then quickly 
released to the atmospheric value, and the product was equilibrated at −10°C for 1 h. To 
complete the freezing of the product, the refrigerating fluid temperature was subsequently 
decreased to −45°C at 0.7°C/min and held for 1 h. Finally, drying was performed at 10 Pa, 
and -10°C. The internal structure of the resulting cake was analyzed by means of a Scanning 
Electron Microscope (SEM, FEI type, Quanta Inspect 200, Eindhoven, the Netherlands). 
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2.2 Image Segmentation for the processing of SEM images 

In [6], we described a segmentation approach, based on the analysis of the levels of grey-
tones, for the determination of the pore size distribution in freeze dried samples. Here, we 
propose an improved version of this technique, in which the detection of the edges between 
the pores and the surrounding scaffold is included in the analysis. First, the SEM image is 
processed to enhance the edges in it, that is processed to detect the regions where we have a 
large gradient in the topography. Among the methods for edge detection, the Retinex filter, 
which is available in GIMP (the GNU Image Manipulation Program [8]), was chosen. Then, 
this information is merged to that concerning the topography itself and the image converted 
into a binary black and white map (Figures 2a and 2b). From the resulting map, the pores are 
automatically selected, as described in [6], and as shown in Figures 2c and 2d.  

 

Fig. 2 (a) SEM and (b) binary images corresponding to mannitol 5% w/w, freeze dried using VISF. 
(c) Segmentation of the original SEM image, where the domains are represented by different colors. 
(d) Distribution of the super-pixels (in logarithmic scales), obtained by counting them according to 
their area (in pixels). 

 
2.3 Prediction of the resistance to mass transfer 

The resistance to mass transfer, Rp, was calculated from the average pore dimension Dp, as 
calculated using either the manual approach, or the image segmentation technique, by means 
of the following equation, 
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(1) 

where R and Mw are the universal gas constant and water molecular weight, respectively. As 
can be seen, Rp is a function of the dried layer thickness Ld, and depends on the product 
temperature T, and on the dried product tortuosity factor τ and porosity ε, as well.  

2.4 Stochastic reconstruction of 3D structures 

Using the information obtained from image analysis, a 3D structure of the dried cake was 
then reconstructed, for the case of the product obtained by VISF (Figure 1a). To do this, 
spherical pores were stochastically built into an 800 x 800 x 800 µm original bulky cube. The 
dimension of the spheres was chosen so as to reproduce the pore size distribution obtained 
from image segmentation (Figure 2d). As shown in Figure 3 this procedure was iterated until 
the desired value of porosity was reached. No constraints were imposed on the position of 
the sphere centers, so that interpenetration of the pores was possible, as illustrated in Figure 
3. This was done in order to better reproduce the real structure of a freeze-dried product, 
where the porous structure is, generally, highly interconnected. 

 

Fig. 3 Reconstruction of a lyophilized cake with different void fraction. 
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3. Results and Discussion 

The image segmentation technique described in section 2.2 was applied to the SEM images 
shown in Figure 1. As illustrated in a previous work [6], this technique allows calculation of 
the super-pixels distribution within the SEM image, from which an average pore size can be 
extracted. For instance, using segmentation, average pore dimensions of 140±30 μm and 
36±6 μm were obtained for VISF (Figure 1a) and shelf ramped freezing (Figure 1b), 
respectively. By contrast, using the traditional approach, that is, manually selecting and 
measuring a sufficiently large number of pores, the conventional freezing protocol and VISF 
resulted in an average diameter of 20±8 μm and 120±36 μm, respectively. As can be seen, 
both techniques measured a larger average pore size in the case of VISF, which was expected, 
because of the higher nucleation temperature in the case of controlled nucleation. However, 
the pore dimension is not sufficient for an accurate estimation of the resistance to mass 
transfer Rp, since another required parameter is the tortuosity factor τ, whose value is 
generally only roughly hypothesized. Typically used values span between 1.2 and 3.8 [9], 
and this range translates into a large uncertainty in the value of Rp, as shown in Figure 4. 

 

Fig. 4 Uncertainty in the value of Rp as function of the dried layer thickness Ld, due to the uncertainty 
on τ. The range 1.2−3.8 was considered for τ. (a) conventional freezing, and (b) VISF. : Values 
calculated using Eq. 1, in which the pore dimension Dp was obtained by the image segmentation 
approach; : Values calculated using Eq. 1, in which the pore dimension Dp was obtained by the 
traditional manual approach.  
 

A possible solution to this problem can be found combining image analysis and CFD 
simulations. In fact, as described in section 2.4, a 3D structure of the dried cake might be 
reconstructed using the super-pixels distribution obtained from image segmentation. An 
example of reconstructed structure, for varying values of porosity, is shown in Figure 3. The 
stochastic approach used for the 3D reconstruction was validated against the original SEM 
image, as outlined in Figure 5. A 800 x 800 x 400 µm slice was isolated from the 
reconstructed cube, and a 2D section (Figure 5b) was obtained from this slice, using a grey-
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tone scale ranging from white to black to represent perspective. This was done in order to 
simulate the same type of representation obtained in a typical SEM analysis. As can be seen 
comparing Figures 5a and 5b, there was a striking similarity between the original SEM image 
and the 2D section obtained from the 3D reconstruction. To further confirm this similarity, 
Figure 5b was analyzed using image segmentation, and  the super-pixels distribution was 
calculated (Figure 5c). Remarkably, the resulting distribution compares fairly well with that 
obtained for the original SEM image (Figure 2d). This means that the 3D reconstruction 
preserves most of the features of the original sample, and could therefore allow an easier 
analysis of the properties which influence the sublimation rate; for instance, by a CFD 
simulation of water vapor flow through the reconstructed 3D structure.  

 
Fig. 5 Validation of the 3D reconstruction approach: a) SEM image, b) upper view of a slice of the 
3D structure and c) super-pixels distribution in Fig. 5b.  

 

4. Conclusions 

In the present work, a new approach has been proposed for the estimation of both the pore 
size distribution and the tortuosity factor within a freeze dried sample. Work is in progress to 
simulate the fluid dynamics in the 3D reconstructed matrix. Subsequently, analysis of the 
velocity vectors for the water vapor during the simulation would make it possible to estimate 
the tortuosity of the sample, and, thus, to calculate a more accurate value for the mass transfer 
resistance; the same procedure discussed in [7] for granular beds obtained by spray-freezing 
can be adopted. The described method may allow a significantly improved fitting of 
experimental data with respect to other traditional modeling techniques. We are therefore 
convinced that the approach herein outlined could be extremely beneficial, paving the way 
for a more robust design of the freeze drying process.  
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Abstract 
Cellular and non-cellular-solid food systems were used to obtain experimental 
data of aw and Tg as a function of moisture content during drying. GAB, 
Gordon-Taylor, and Khalloufi-Ratti models were used to obtain the state 
diagrams of the four food systems investigated. The results suggest that the 
GAB and Khalloufi-Ratti models can successfully be used to capture the 
experimental data. In terms of plasticizing effect, it seems that cellular and 
non-cellular systems have comparable values. Although the number of food 
samples explored in this study was limited, it is suggested that the chemical 
composition could have more impact on Tg and stability than the presence of 
cell structures.     

 

Keywords: Isotherms; Glass Transition; Cellular and Non-Cellular Food 
Systems; Modeling. 
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1. Introduction 

Several mathematical models are available for describing sorption isotherms. The widely 
used model for food matrices is Guggenheim-Anderson-de Boer (GAB) [1]. This model is 
based on the monolayer moisture concept, and may be used to provide estimative values of 
critical moisture content and relative humidity for safe storage of dried foods [2]. With repect 
to bio-material, the Flory-Huggins model has been also able to properly describe sorption 
isotherms [3, 4].  

The concept of glass transition has been widely applied to food, polymer, material and 
pharmaceutical sciences to relate physical, chemical and structural changes to the physical 
state of the material [2]. In general, the Tg value depends on the thermal history of the 
material, the molecular weight of the polymer chains, the presence of a plasticizer, the degree 
of crystallinity and sample composition [5]. Water, with low molecular weight and low Tg (-
135oC) [6], is the most important plasticizing agent in foodstuffs, increasing the flexibility of 
matrix and decreasing Tg. Water plasticization effect may be well represented in foods by 
the Gordon-Taylor (G-T) equation [7] and, for polymer blends, by the Couchman and Karasz 
(C-K) equation [8]. Khalloufi et al. (2000) developed an equation to represent glass transition 
temperature of fruit powders as a function of water activity, which proposes a sigmoid rather 
than linear representation of Tg in the whole range of water activity [9]. 

Both water activity and glass transition have been used extensively in the literature to 
evaluate storage stability [10, 11]. The combination of these two parameters can be used to 
obtain the state diagram. [12] which can help to select packaging material and optimizing 
ingredient in food formulation. Furthermore, the state diagram can be used to design and 
optimize drying equipment, as well as to model and control processing, i.e. determination of 
the end-point of drying or assessing the energy requirement by choosing optimum 
temperature and moisture content to avoid undesirable effects [13]. So far, the state diagrams 
for various foodstuffs have been reported in literature [2, 14, 15, 16]. However, none of this 
data compared cellular to non cellular systems. In addition, state diagams for maltodextrins, 
carrots and potatoes are rare in the open littertaure [17].  

The objective of the current study was to develop the state diagrams for potato, carrot and 
two agar-maltodextrin model systems (AM DE19 and AM DE36), by measuring the glass 
transition temperature and water sorption isotherms. The GAB and Flory-Huggins equations 
were used to describe the sorption isotherms, while the G-T equation, for the glass transition 
temperature. The relationship between Tg and aw was established from Khalloufi-Ratti model 
[9]. State diagrams for the four products were built from mathematical representations for 
Tg, aw and moisture content and compared with experimental data.  
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2. Materials and Methods 

2.1. Material and processing 

Maltodextrin was provided by Laboratory Mat (Quebec city, Canada). Agar was delivered 
by Becton Dickinson and Company (Sparks, MD 21152 USA). White potatoes (W1386 
variety) were provided by Gosselin G2 Inc. (Quebec City, Canada). Carrots were purchased 
directly from a local market in Quebec, Canada (ATV farms, Quebec).  Two cellular systems 
(potato and carrot) and two non-cellular systems (water-agar-maltodextrin: AM DE19 and 
AM DE36) were used in this study. The non-cellular models were prepared in a mass 
proportion of water/agar/maltodextrin of 1/0.015/0.15. Cylindrical samples were made and 
cut from random positions within the sample with a hollow punch in 1cm-diameter by 4cm-
long cylinders. Samples were dried by convection in an Armfield tunnel dryer (Model UOP8-
G, Hampshire, UK) with air at 55oC and air speed of 1.6m/s, until constant weight.  

2.2. Sorption Isotherms  

Materials with various moisture contents and water activities were obtained by re-
humidification of powdered air-dried samples at various relative humidity levels over 
saturated salt solutions in desiccators at 25°C. Relative humidity of the saturated solutions 
was checked by measuring their water activity with an Aqualab (model series 3, Decagon 
Devices Inc, USA).  

2.3. Glass transition temperature (Tg) 

The glass transition temperature of equilibrated samples was measured with a Differential 
Scanning Calorimeter DSC Pyris 1 (Perkin Elmer, Shelton, CT, USA).  

2.4. Mathematical modeling 

The mathematical relationships used in this contribution are presented in Table 1. 

Table 1. Mathematical relationships between moisture content (X) , water activity (aw), and/or  
glass transition temperature (Tg) 

Model & Refernce Mathematical expression Eq. 
GAB [1] 𝑋𝑋 =  

(𝑋𝑋𝑚𝑚 𝑌𝑌 𝐾𝐾 𝑎𝑎𝑤𝑤)
(1 − 𝐾𝐾 𝑎𝑎𝑤𝑤)(1 −𝐾𝐾 𝑎𝑎𝑤𝑤 + 𝑌𝑌 𝐾𝐾 𝑎𝑎𝑤𝑤) (1) 

Flory-Huggins [3] 𝑙𝑙𝑙𝑙 𝑎𝑎𝑤𝑤 = ln�1 − 𝜙𝜙𝑝𝑝� + 𝜙𝜙𝑝𝑝 −
𝜙𝜙𝑝𝑝
𝑁𝑁 + 𝜒𝜒𝜙𝜙𝑝𝑝2 (2) 

Gordon-Taylor [7] 𝑇𝑇𝑇𝑇 =  
(1 − 𝑤𝑤) 𝑇𝑇𝑇𝑇𝑠𝑠 + 𝑘𝑘 𝑤𝑤 𝑇𝑇𝑇𝑇𝑤𝑤

(1 − 𝑤𝑤) + 𝑘𝑘 𝑤𝑤  (3) 

Khalloufi-Ratti [9] 
𝑇𝑇𝑇𝑇 =  

𝐴𝐴 𝑎𝑎𝑤𝑤2 + 𝐵𝐵 𝑎𝑎𝑤𝑤 + 𝐶𝐶
𝐷𝐷 𝑎𝑎𝑤𝑤2 + 𝐸𝐸 𝑎𝑎𝑤𝑤 + 1 

(4) 
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3. Results and discussion  

Figure 1 shows the results obtained by using the Flory-Huggins model to describe water 

activity as a function of volume fraction. The Flory-Huggins model was satisfactory for 

carrot, but not for other food systems investegated in this contribution (e.g. AM DE19, AM 

DE36 and potato). According to Kocherbitov (2016), the Flory-Huggins equation is not able 

to describe the glassy part of water sorption isotherms of some polymers [4]. As the Flory-

Huggins model was not suitable for all the four food systems, the GAB model model will be 

used for the next steps of this study (Figure 2 and Table2).  

 
Figure 1. Comparison between experimental data and predictions of Flory-Huggins model 

 

The Tg values for carrots and potatoes, obtained in this investigation, are close to those 

reported by Karmas et al. (1992). Georget et al. (1999) detected two glass transition 

temperatures for carrot material associated with two phases: a sugar-rich phase and a cell 

wall-rich phase. The Tg value found in the current study is considered to be in agreement 

with those of the sugar-rich phase but lower than those of the cell wall rich phase [17]. Three 

main saccharides occurring commonly in carrot roots are glucose, fructose and sucrose [18], 

thus the glass transition temperature in carrots are related to Tg for those three types of sugars. 

The Tg value of carrots is also similar to the one of rich glucose-fructose fruit such as 

raspberry (Tgs = 42.62oC) [2].  In the case of potato, the Tg value in both native or non-native 

potato starch reported in literature (120oC) is much higher than the experimental data found 

in the present study (49.8 ±12.3oC) for dry potato [5, 19]. Significant differences between Tg 

Volume fraction of polymer

0.0 0.2 0.4 0.6 0.8 1.0

aw

0.5

0.6

0.7

0.8

0.9

1.0

AM DE19
Potato
AM DE36
Carrot
Predicted AM DE19
Predicted Potato 
Predicted AM DE36 
Predicted Carrot 

422

http://creativecommons.org/licenses/by-nc-nd/4.0/


Nguyen, T. K.; Khalloufi, S.; Ratti, C. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

values of dried potato tuber and potato starch was also observed by Chirife et al. (1996). 

According to Biliaderis et al. (1986), the absence of a clearly detectible glass transition in 

native starch is due to the amorphous chains locked by crystalline domains, the decrease of 

mobility of the amorphous chain by physical crosslinks and the presence of inter-crystalline 

phases that do not follow normal thermal behavior. The constants Tgs and k of the Gordon-

Taylor model (Eq. 3) were estimated by non-linear regression for the four types of sample 

materials, which results are shown in Table 2. The k values of the four products studied in 

the present work were in the range reported for fruits and vegetables such as onion (k = 4.3), 

raspberry (k = 4.7), strawberry (k = 4.3), mango (k = 4.5), kiwifruit (k = 4.9), gooseberry (k 

= 5.7) and banana (k = 6.1) [2, 14, 15, 16, 20, 21]. The k value is an estimate of the 

plasticization effect of water, which means the strength of interaction between water and the 

food solids. Higher values indicate a greater plasticizing effect of water on solids [12]. From 

Table 2, it can be observed that water has a greater plasticizing effect on potato than on carrot. 

For carrot, this plasticizing effect of water was the lowest among the four products.  

Table 2. Parameters involved in the Gordon-Taylor model (Eq. 3, Table 1)  

 Tg (oC) k r2 

AM DE19 108.4 4.9 0.97 

AM DE36 81.9 5.2 0,99 

Potato 76.2 6.8 0.99 

Carrot 35.2 4.3 0.96 

 

State diagrams (Figure 2) was built by using experimental data and the predictions obtained 

from the mathematical model of GAB expression (for water sorption) and from Khalloufi-

Ratti model (for glass transition temperature). As it can be seen, the predictions obtained by 

both models are in agreement with the experimental data. The monolayer water content (Xm) 

obtained from the GAB equation is an important parameter for stability of foods, which 

depends on chemical composition and temperature of the material. A product is most stable 

below Xm where rates of deteriorative reactions are minimal [22]. At temperature of 25oC, 

the estimated values of the parameter Xm is 0.049 kg/kg (db) for AM DE19, 0.065 kg/kg (db) 

for AM DE36, 0.056 kg/kg (db) for potato. These values were found to be lower than the one 
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for carrot, which was 0.195 kg/kg (db). These results are close to those reported by 

Kiranoudis et al. (1993) which found that the Xm value of potato was 0.087 and that of carrot 

was 0.21 kg/kg (db).  

 
Figure 2. State diagram of cellular and non-cellular food materials. Lines are predicted data 

obtained by using GAB and Khalloufi-Ratti models 
 

The relationship between aw and Tg has been reported to be sigmoid [11]. The  Khalloufi-

Ratti model [9] allows capturing this sigmoidal profile for all the food sytems investigated in 

this study (Figure 2). This model is a combination of paramters obtained previously from 

Gordon-Taylor and GAB models (Table 1).  

Table 2 shows the critical water content and critical water activity of four products at 4°C 

and 25°C obtained from state diagram (Figure 2). The critical water content (CWC) and 

critical water activity (CWA) are the value at which the glass transition occurs, at a 

determined storage temperature of the product. These value are helpful to show the 

dependence of Tg of product on moisture content or water activity. For example, if the AM 

DE19 is conserved at 25°C, the CWC and CWA at which the glassy system AMDE19 

transformed to a rubbery state is 0.096kg/kg dm and 0.536, respectively. According to the 

water activity concept, foods are most stable at their monolayer moisture content. While the 

glass transition concept propose that amorphous matrix are more stable at or below the 

corresponding Tg [10, 13]. 
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Table 3. Critical water activity (awc) and Critical water content (Xc)  
 4oC 25oC 

awc Xc awc Xc 
AM DE19 0.6765 0.1336 0.5389 0.0966 
AM DE36 0.4883 0.0865 0.3439 0,0567 
Potato 0.3416 0.0711 0.1453 0.0450 
Carrot 0.3303 0.0493 0.1105 0.0145 

 

4. Conclusions 

Water activity (aw) and glass transition temperature (Tg) are relevant concepts to predict the 
stability of food products. The Flory-Huggins model was able to describe the sorption 
isotherm of carrot but not for other food systems investigated in this study. GAB and 
Khalloufi-Ratti models were succusfuly able to capture the experimental profile of cellular 
and non cellular food systems. These two mathemetaical models can be used to construct the 
state diagrams which describes the physical states as a function of water activity and water 
content of foods. This state diagram can be used as a significant tool to help food scientists, 
food engineers and food-packaging researchers to develop processing protocols and selecting 
storage conditions. In terms of plasticizing effect of water, it seems that cellular and non-
cellular systems have comparable values. Although the number of food samples used in this 
study was limited, this contribution suggests that the chemical composition of food systems 
could have more impact on their Tg and stability than the presence of cell structures. Further 
investigations with diverse food systems are required to confirm this preliminary finding.   
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Abstract 
The aim of this work was determine the sorption isotherms in roasted beans of 
specialty coffee at temperatures of 25, 30 and 40 °C and water activities 
between 0.1 and 0.8 using the dynamic dew point method. The experimental 
sorption data were modeled using 12 different equations to represent the 
dependence of equilibrium moisture content with aw and temperature. The net 
isosteric heat of sorption was determined from the experimental sorption data 
using the Clausius-Clapeyron equation. The Weibull model satisfactorily 
modeled the effect of the temperature on the hygroscopic equilibrium in 
roasted coffee beans (R2

adj
 =0.902 and RMSE = 0.005 kg·kg-1d.b.). The net 

isosteric heat of sorption increase with increased moisture content.  

Keywords: water activity; sorption properties; equilibrium moisture content; 
hygroscopicity. 
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1. Introduction

Coffee beans are a highly hygroscopic matrix and could readily take up moisture when 
exposed to the environment during storage [8], this condition may affect the coffee bean 
freshness. For proper handling of roasted coffee beans, it is necessary to know, among other 
properties, the water sorption isotherms, which describe the relationship between the 
equilibrium moisture content and the water activity at constant temperature and pressure [2]. 
There are many sorption models proposed in literature to represent the water sorption in foods 
[16], some models are empirical or semi-empirical equations. Due to the complex in the food 
matrices, there are not a unique model to describe entirely of the agri-food products [3]; 
therefore, is necessary to validate from experimental data the best model for both the material 
and the air conditions. 

The objective of this work was to determine and model the moisture isotherms of roasted 
coffee beans at temperatures of 25, 30 and 40 °C and water activities between 0.1 and 0.8 
using the dynamic dew point method. 

2. Materials and Methods

2.1 Coffee samples 

Nine samples of wet processed coffee (Coffea arabica L.) from Huila region (Colombia) 
were sensory analyzed to SCAA (Specialty Coffee Association of America) methodology in 
the South Colombian Coffee Research Center (CESURCAFÉ) by four experts panelists [12]. 
The coffee beans were roasted in a laboratory equipment (TC-150R,Quantik, Colombia). 

2.2. Experimental determination of the sorption isotherms 

Sorption isotherms were determined at water activities between 0.1 and 0.8 and temperatures 
of 25, 30 and 40 °C by the dynamic dew point method (DDI). The measurements were carried 
out in a Vapor Sorption Analizer (VSA Aqualab Decagon Device, Inc. Pullman, WA) at 
water-activity intervals of 0.01 and 0.05 for adsorption and desorption, respectively, and a 
flow rate of 100 ml·min-1.  

2.3 Modeling sorption isotherms 

The sorption isotherms of roasted coffee beans were represented mathematically using the 
12 models shown in Table 1, where Xe  is the equilibrium moisture content (kg·kg-1, dry 
basis), aw is the water activity, K, C, C0 and K0 are GAB model parameters, Hm is the 
monolayer sorption heat (kJ·mol-1), Hn is the multilayer sorption heat (kJ·mol-1), 𝜆𝜆 is the 
evaporation enthalpy of water (kJ·mol-1), T is the absolute temperature (K), R is the universal 
gas constant (kJ·mol-1·K-1) and bi  are empirical model parameters.  

428



   Collazos-Escobar, G.A; Gutiérrez-Guzmán, N.; Váquiro-Herrera, H.A.; Cortes-Macias, E.T. 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

Table 1. Mathematical model to define roasted coffee beans isotherms 
Model Reference Mathematical expression Equation 

GAB [6, 10] 

𝑋𝑋𝑒𝑒 =
𝑋𝑋𝑚𝑚𝐶𝐶𝐶𝐶𝑎𝑎𝑤𝑤

[(1 −  𝐶𝐶𝑎𝑎𝑤𝑤)(1 − 𝐶𝐶𝑎𝑎𝑤𝑤 + 𝐶𝐶𝐶𝐶𝑎𝑎𝑤𝑤)]

𝐶𝐶 = 𝐶𝐶𝑜𝑜 exp �
𝐻𝐻𝑚𝑚 − 𝐻𝐻𝑛𝑛
𝑅𝑅𝑅𝑅

� 

𝐶𝐶 = 𝐶𝐶0 exp �
𝜆𝜆 − 𝐻𝐻𝑛𝑛
𝑅𝑅𝑅𝑅

� 

(1) 

(2) 

(3) 

Oswin [1] 
𝑋𝑋𝑒𝑒 = 𝑏𝑏1 �

𝑎𝑎𝑤𝑤
1 − 𝑎𝑎𝑤𝑤

�
𝑏𝑏2        (4) 

Smith [13] 𝑋𝑋𝑒𝑒 = 𝑏𝑏1 + 𝑏𝑏2 ln(1 − 𝑎𝑎𝑤𝑤) (5) 

Chung-
Pfost 

[11] 𝑋𝑋𝑒𝑒 = 𝑏𝑏1 + 𝑏𝑏2ln(−ln𝑎𝑎𝑤𝑤) (6) 

Kunh [15] 
𝑋𝑋𝑒𝑒 = �

𝑏𝑏1
ln𝑎𝑎𝑤𝑤

� + 𝑏𝑏2
(7) 

Caurie [9] 𝑋𝑋𝑒𝑒 = 𝑒𝑒xp(𝑏𝑏1 + 𝑏𝑏2𝑎𝑎𝑤𝑤) (8) 

Iglesias and 
Chirife 

[5] 𝑋𝑋𝑒𝑒 = 𝑏𝑏1 + 𝑏𝑏2 �
𝑎𝑎𝑤𝑤

1 − 𝑎𝑎𝑤𝑤
� (9) 

White and 
Eiring 

[15] 𝑋𝑋𝑒𝑒 =  
1

(𝑏𝑏1 + 𝑏𝑏2𝑎𝑎𝑤𝑤)
(10) 

Peleg [14] 𝑋𝑋𝑒𝑒 = 𝑏𝑏0𝑎𝑎𝑤𝑤𝑏𝑏1 + 𝑏𝑏2𝑎𝑎𝑤𝑤𝑏𝑏3  (11) 

DLP [14] 𝑋𝑋𝑒𝑒 = 𝑏𝑏0 + 𝑏𝑏1𝑥𝑥 + 𝑏𝑏2𝑥𝑥2 + 𝑏𝑏3𝑥𝑥3 
𝑥𝑥 = ln (− ln𝑎𝑎𝑤𝑤)    

(12) 

Polynomiall [11] 𝑋𝑋𝑒𝑒 = 𝑏𝑏0 + 𝑏𝑏1𝑎𝑎𝑤𝑤 + 𝑏𝑏2𝑎𝑎𝑤𝑤2 + 𝑏𝑏3𝑎𝑎𝑤𝑤3 (13) 

Weibull [17] 𝑋𝑋𝑒𝑒 = 𝑏𝑏1 + exp𝑏𝑏2(1−𝑎𝑎𝑤𝑤)𝑏𝑏3  (14) 

*It has been considered that the parameters of the empirical equations have a linear
dependence with the temperature (biTabs+bi.1). 
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2.3.1 Parameter estimation and statistical analysis 

The tool Curve Fitting of Matlab® R2017b (The MathWorks Inc., Natick, MA, USA) was 
used to identify the model parameters and calculate the 95% confidence intervals of 
parameters. The adjusted determination coefficient (R2

adj) and the root mean square error 
(RMSE) were used as goodness-of-fit statistics.  

2.4 Determination of the net isosteric heat of sorption 

Sorption heats were calculated through the direct use of moisture sorption isotherms by 
applying the Clausius–Clapeyron equation (15). Estimations of net isosteric heat of sorption 
have been found in literature integrating Equation (15) between two temperatures (Eq.(16)). 
It is reported in literature that Riedel equation (17) adequately describes the influence of 
temperature on water activity. By combining Equations (16) and (17), another expression to 
estimate net isosteric heat of sorption may be considered (Eq. (18)) [7]. 

𝑞𝑞𝑠𝑠𝑛𝑛 = −𝑅𝑅 �𝜕𝜕(ln 𝑎𝑎𝑤𝑤)

𝜕𝜕�1𝑇𝑇�
 �x    (15) 

𝑞𝑞𝑠𝑠𝑛𝑛 = 𝑅𝑅 � 𝑇𝑇1𝑇𝑇2
𝑇𝑇2−𝑇𝑇1

ln 𝑎𝑎𝑤𝑤2
𝑎𝑎𝑤𝑤1

 �  (16) 

ln(𝑎𝑎𝑤𝑤2
𝑎𝑎𝑤𝑤1

) = 𝐴𝐴𝑟𝑟 exp(−𝐵𝐵𝑡𝑡𝑊𝑊)( 1
𝑇𝑇1
− 1

𝑇𝑇2
)  (17) 

𝑞𝑞𝑠𝑠𝑛𝑛 = 𝐶𝐶𝑟𝑟exp (−𝐵𝐵𝑟𝑟𝑊𝑊)  (18) 

When Ar, Br are constants of the riedel equation and Cr being Ar·R. 

3. Results and Discussion

The Table 2 presents the four mathematical models with the best fit of the experimental data, 
considering the effect of temperature; the Weibull model could be considered the which best 
represent experimental data, since reached high value of the R2

ajs coefficient 0.902 and RMSE 
lower than 0.01 kg·kg-1 d.b; the others eight mathematical models (Smith, Chung pfost, White 
and Eiring, Caurie, Iglesias and Chirife, Kunh, Oswin y Peleg) they resulted with values of 
the R2

ajs coefficient below 0.8 and RMSE higher than 0.1 kg·kg-1 d.b. 
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Table 2. Estimated model parameters and statist 

Models Parameters Confidence Intervals 
95% 

R2adj RMSE 

Polynomial 

b3 = 0.677  
b2.1 = 7.201×10-3 K-1 
b2 =  -0.975   
b1.1 = -4.753×10-3 K-1 
b1 = 0.396   
b0.1= 9.488×10-4 K-1  
b0 =  -0.028 

[0.596, 0.757] 
[4.972×10-3, 9.43×10-3] 
[-1.11, -0.84] 
[-6.883×10-3, -2.622×10-3] 
[0.313, 0.479] 
[4.761×10-4, 1.421×10-3] 
[-0.044, -0.012] 

0.881 0.006 

DLP 

b3 = -0.016   
b2.1 = -0.296   
b2 = 9.784×10-4  K-1  
b1 = 5.263×10-3   
b0 = 8.071×10-5 K-1 

[-0.018, -0.014] 
[-0.323, -0.269] 
[8.903×10-4, 1.066×10-3] 
[3.739×10-3, 6.787×10-3] 
[7.718×10-5, 8.425×10-5] 

0.895 0.005 

Weibull 

b3.1 = 4.071 
b3 = -9.532×10-3 K-1 
b2.1 = -162.1  
b2 = 0.47   
b1.1 = -0.074   
b1 = 3.25×10-4 K-1 

[1.731, 6.41] 
[-0.017, -1.941×10-3] 
[-230.3, -93.84] 
[0.25, 0.69] 
[-0.106, -0.042] 
[2.198×10-4, 4.301×10-4] 

0.902 0.005 

GAB 

Hm= 3.24x104 kJ·mol-1

Hn= 4.50x104 kJ·mol-1 
C0 = 1.983x104 K-1   
K0= 1.032 K-1   
Xm=0.019 kg·kg-1 d.b 

[-1.849x105, 2.498x105] 
[3.696x104, 5.305x104] 
[-1.649x106,1.689x106] 
[-2.372, 4.436] 
[0.015, 0.022] 

0.661 0.009 

The figure 1 presents the experimentals isotherms and the values obtained with the Weibull 
model at 25, 30 and 40 °C. The resulting isotherms are of the type III form, accord with 
classification of Brunauer [4]. The type III Isotherms obtained for roasted coffee beans, could 
be due to Maillard reactions in the roasting coffee process. 
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Fig 1. Experimentals Sorptiom Isotherms in roasted coffee beans at 25°C, 30°C y 40° 

Net isosteric heat of sorption (qsn) 

The Table 3 presents the parameters and the fit coefficients for Riedel equation in the net 
isosteric heat of sorption estimated for roasted coffee beans. The results showed that the 
Riedel model not provide a good fit; besides this, in the Figure 2 showed just a similar trend 
but not a good fit. 

Tabla 3. Estimation of the net isosteric heat of sorption with the Riedel equation 

Model Parameters Confidence Intervals 95% R2adj RMSE 

Riedel(x) = Ar*exp(-
Br*x)*0.00016 

Ar = -7.578x104    
Br = 120.3   

[-2.261×10-5,7.458×10-4] 
[58.03, 182.5] 

0.629 0.071 
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Fig 2. Variation of net isosteric heat of sorptiom diferecnial and integrated in roasted coffee beans 

4. Conclusions

The equilibrium moisture content increases when temperature increases at constant water 
activity. The Weibull model was considered the best equation for describing sorption 
isotherms of roasted coffee beans. The isotherms behaved in a way typical of food rich in 
soluble components. The net isosteric heat of sorption increases with increments of 
equilibrium moisture content, indicating a strong bond energy. The trends of the sorption 
isotherms were similar to those reported for roasted coffee beans of others cultivars. 
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Abstract 
The hygroscopic equilibrium of Warionia saharae was studied, which 
allowed getting an idea of the equilibrium water content relative to a given 
humidity. The results of this study made it possible to have the sorption 
curves. The results of this study made it possible to obtain the sorption curves 
necessary for know the storage conditions of the plant and the study of its 
drying kinetics. The static gravimetric method was used to determine 
sorption isotherms of Warionia saharae leaves at 30and 40 ◦C and in the 
range of water activity varying from 0.063 to 0.898.  The Gab, Peleg models 
was found to be the most suitable for describing the sorption curves. The 
isosteric heat calculated by applying the Clausius–Clapeyron equation .The 
desorption isosteric heat was higher than the isosteric heat of adsorption and 
both decreased continuously with increasing of the equilibrium moisture 
content. The experimental results obtained allowed us to determine the 
temporal evolution of the drying kinetics as a function of the moisture 
content. The curve of the evolution of the water content as a function of time 
shows the absence of the phases product temperature and constant drying 
rate 
Keywords: Sorption isotherm, isosteric heats, modelling, kinetics, Warionia 
saharae. 
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1. Introduction 

The Warionia saharae, which belongs to the important composite’s family, is an endemic 
species of North Africa, characterized by a discerning odour [1]. The leaves of Warionia 
saharae are used in traditional medicine to treat inflammatory diseases, gastrointestinal 
disorders and against epileptic crisis [2,3]. Crude extracts of this plant showed anti-
inflammatory and cytotoxic activities against a cancer cell line (KB cells) [4,5]. The 
methanolic soluble fraction of the dichloromethane extract of Warionia saharae afforded 
cytotoxic and anti-inflammatory sesquiterpene lactones [3-6], while hexanoic extract 
showed the presence of several hydrocar bon acid derivatives [7].Like many other herbs, is 
highly seasonal in nature. In order to preserve this seasonal and highly perishable plant and 
make them available to consumers all year round at low prices, it is subjected to post 
harvest technological treatments [8].Several process technologies have been employed on 
an industrial scale to preserve food products; the major ones are canning, freezing, and 
dehydration. Among these, drying is especially suited for developing countries with poorly 
established low-temperature and thermal processing facilities. It offers a highly effective 
and practical means of preservation to reduce postharvest losses and offset the shortages in 
supply. Drying is a simple process of moisture removal from a product in order to reach the 
desired moisture content and is an energy intensive operation. The prime objective of 
drying apart from extended storage life can also be quality enhancement, ease of handling, 
further processing and sanitation and is probably the oldest method of food preservation 
practiced by humankind [9].In the literature several methods are mentioned to analyze the 
drying of hygroscopic products (theoretical, empirical and semiempirical).The empirical 
models of drying show a direct relationship between average moisture content and drying 
time.  

2. Materials and Methods 

The leaves of Warionia saharae, used for the drying experiments were collected from the 
region of southwest Algeria (Jebel Anter, wilaya of Bechar). In the period of May 2012.The 
moisture content was measured and the equilibrium moisture contents of Warionia were 
determined at temperatures of 30 and 40 ◦C over a water activity range of 0.063–0.89 using 
the static gravimetric method. For prevent destroy plant chemical components like essential 
oils, the leaves of Warionia saharae, were drying in shade. 
 

2.1. Equilibrium moisture content determination 

The desorption equilibrium moisture contents of Warionia saharae leaves were determined 
at temperatures of 30 and 40 ◦C over using the static gravimetric method. This method 
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involves the use of saturated salt solutions to maintain constant relative humidity (aw) in 
enclosed still moist air at a certain temperature to obtain the complete sorption isotherms. 
The mass transfer between the product and the ambient atmosphere was assured by natural 
diffusion of the water vapor and the water activity of the product equals the relative 
humidity of the atmosphere at equilibrium conditions. Seven saturated salt solutions (KOH, 
KF, K2CO3, NaNO3, NaCl, KCl and BaCl2). 
 
3. Modeling of the drying curves 

Four models were used to describe the sorption isotherms (table.1). The goodness of fit for 
each model can be evaluated based on the relative percent error (P), which compares the 
absolute difference between the predicted moisture contents with the experimental moisture 
contents. Relative percent errors values lower than 10 % indicate a good fit [11]. 
 

Table 1 .Mathematical models applied to drying curve 

Model name Formula 

Peleg Xeq= C+B(aw)D 

Gab 

 

Caurie  

Bet modifie 

 

Xeq, moisture content, % (kg/kg d.b.); aw, water activity (decimal); t, absolute temperature a,b,c and 
d constants specific to individual   equations [12]. 

 

4. Result and discussion 

4.1. Sorption isotherms  
In this study, models were used in predicting the sorption isotherms of Warionia leaves. 
Based on the statistical analysis, average relative error and standard error estimation were 
used to select the best model describing the shade drying curves of Warionia saharae 
leaves. Peleg and Gab models has a correlation coefficient value of 0.998, which is higher 
than Bet and Caurie. This means that Peleg and Gab models are the most suitable models 
for describing the relation between equilibrium moisture content and water activity. It was 
observed also that the moisture content decreases with time and drying rate increases with 
increasing temperature.  
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Table 2. Modeling parameters of Warionia Saharea 
  

                                                   (1)                                                          (2) 
 
 
4.2.Net isosteric heat of sorption  

The isosteric heat of sorption, were calculated from the equilibrium data at different 
temperatures using The Clausius –Clapyron equation .The curve shows that the heat of 
desorption decreased with increase in moisture content. The decrease in the isosteric heat 
with the increase in sorbed water content may be attributed to the fact that sorption initially 
occurs on the most active sites such as hydrophilic polar groups giving rise to the greatest 
interaction energy. With increase in the moisture content, as these sites become occupied, 
sorption occurs on the less active sites viz., peptide bonds or hydrophobic hydration sites 
resulting in lower heats of sorption [13,14].The heat of desorption is greater than that of 

Pa
ra

m
et

er
s  

T 

°C 

Table 2.a. Estimated parameters of the different 
models fitted to the desorption data  

Table2.b.Estimated parameters of the 
different models fitted to the adsorption   

Peleg Gab Caurie Bet modifie Peleg Gab Caurie Bet 
modifie 

A 30 

40 

1.880 

1.666 

0.085 

0.070 

-5.119 

-6.003 

-0.015 

-0.015 

0.122 

0.833 

0.085 

0.063 

-4.940 

-4.663 

-1.50E+2 

-1.55E+2 

B 30 

40 

0,101 

8.073 

0.0143 

2.5E+001 

5.510 

6.453 

0.498 

0.498 

0.205 

6.186 

19.59 

31.74 

-5.133 

4.425 

0.498 

0.4.984 

C 30 

40 

0.2706 

0.144 

1.004 

1.024 

- 

- 

8.115 

3.402 

1.325 

0.104 

0.986 

0.982 

- 

- 

4.10E+1 

7.81E+1 

D 30 

40 

0.5380 

0.3669 

- 

- 

- 

- 

- 

- 

6.650 

0.243 

- 

- 

- 

- 

- 

- 

r 30 

40 

0.996 

0.998 

0.998 

0.997 

0.968 

0.983 

0.998 

0.994 

0,988 

0.987 

0,992 

0.980 

0.979 

0.966 

0,989 

0.978 

P(%
) 

30 

40 

8.605 

3.044 

3,622 

8.204 

38.085 

36.856 

3.616 

19.731 

17,220 

10,227 

13,945 

10,620 

44,728 

31.183 

14,922 

12.362 

SEE 30 

40 

0,005 

0.001 

0,002 

0.001 

0,037 

0.032 

0,001 

0.005 

0,030 

0,001 

0,034 

0.001 

0,006 

0.019 

0,047 

0.002 

P is average relative error (Eq. 1); SEE: is standard error estimation (Eq. 2); r is correlation coefficient; A, B, C, 
Dare parameters of the equations; T is temperature (°C). 
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adsorption at low moisture contents for all the samples studied. This indicates that energy 
required in the desorption process is greater than that in the adsorption process [15]. The  
isosteric heats of desorption and adsorption of water in Warionia saharae  leaves can be 
expressed mathematically as a power function of moisture content(3and 4): 

                          (3) 

             (4) 

Fig.1 Adsorption isosteric heat 

Fig .2 Desorption isosteric heat 

4.3. Drying rate: 

As seen in figure 5  the drying rate decrease rapidly in the first period of drying and slowly 
as drying progresses .The constant rate period is absent in the drying curves of Warionia 
saharae. Similar results were obtained for all agricultures and medicinal products [16]. 
These results can be explained by diffusion phenomena in the solid. This is a complex 
mechanism involving water in both liquid and vapour states, which is very often 
characterised by a so-called "effective diffusivity" [17]. 
The dimensionless drying rate  was determined by the relation (3)  : 
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               (3) 

Where ,  ,the initial drying rate . 

 
The figure 3and 4 illustrate de variation of moisture ratio as a function of drying time. It is 
clear from these figures that the moisture content has an exponential decrease; it decreases 
continuously with the drying time.To determine the ratios of moisture during drying we 
used the following expression (4): 

                      (4) 
Where 
X*: moisture ratio; X(t) : water content of product (% d.b.); Xi: initial water content of the 
product (% d.b.); Xeq : equilibrium water content of the product (%d.b.). 

 
Fig.3 moisture ratio as a function of drying time 

Fig .4 moisture ratio as a function of moisture content 
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Fig.5 Drying rate as a function of drying time 

 

Fig.6 Drying rate as a function of moisture content 
 

5. Conclusions 

The sorption isotherms of Warionia saharae leaves were determined with the static 
gravimetric method .Peleg and Gab models were found the most suitable to describe the 
relationship between equilibrium moisture content and water activity .the isosteric heat of 
sorption were using the Clausius–Clapeyron equation. The heats of sorption increased with 
decreasing moisture content. The drying rate was characterized by the absence of the period 
(0) and (1) which corresponds to the period of drying at increasing rate and at a constant 
rate respectively and the presence of the single period of the decreasing rate. That have 
been observed in the drying of different fruits and vegetables. The modelling of kinetics 
curves will be established in our next paper. 
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Abstract 
In this paper, we introduce a novel energy-efficient dryer that uses hot air as 
a combined heating method of heat conduction and convection heat transfer. 
The dryer consisting of rotary cylinders and arched jackets is structurally 
different from conventional dryers. We designed and built a hybrid 4-cylinder 
dryer for sheet-form materials. The energy consumption to evaporate unit 
water is about 930 kcal/kg moisture from the experimental results of a hybrid 
4-cylinder dryer. The hybrid 4-cylinders dryer has a compact structure with 
about 1/3 of the size of a conventional dryer for the drying of sheet-form 
materials. 

 

Keywords: Dryer; Hot Air; Sheet-form; Energy Efficiency; Hybrid 
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1. Introduction 

Research and development (R&D) in industrial drying systems has been focused primarily 
on technological advances that improve drying efficiency and lower energy costs. 
According to the survey, the annual energy consumption of domestic industrial dryers is 
about 7% of the total industrial energy consumption. Since the energy consumed in the 
drying process for textile/paper is about 30% to 50% of the total energy consumption, it is 
urgent to increase the energy efficiency of dryers for textile/paper. Domestic fabrication 
technology for dryers is at the level of advanced countries, but the domestic core 
technologies such as system design, control technology, and post-processing are about 70% 
compared to advanced countries and still depend on advanced technology. It is expected 
that the development of high energy efficiency and commercialization technology in the 
domestic drying field have a significant effect from the viewpoint of energy saving. 

This study proposes a new type of a dryer with high energy efficiency using hot air. The 
dryer consisting of rotary cylinders and arched jackets is structurally different from 
conventional textile/paper dryers. The rotary cylinder in contact with the sheet-form 
materials is thermally optimized through numerical methods. The arched jacket allows the 
hot air coming from the rotary cylinder to come into contact with the sheet-form materials. 
The energy consumption to evaporate unit moisture for the proposed dryer is about 930 
kcal/kg water from the experimental results of a hybrid 4-cylinder dryer.  

 

2. Drying wet materials and numerical analysis 

2.1. Drying wet materials 

The drying characteristics of drying wet materials may be determined by a drying curve. 
Figure 1 shows the drying curves of various textile samples. As shown in Fig. 1, the change 
in the moisture content of the textile is apparent, but the first and second falling drying-rate 
period are not clearly distinguished. The feature of the drying curves of the textiles in 
which the falling drying-rate period is not clearly shown is important in the design of a 
dryer. 

 

2.2. Thermal design of a rotary cylinder 

A rotary cylinder in this study uses hot air differently from a conventional cylinder using 
steam and has fins on the cylinder inner surface for the purpose of improving the heat 
transfer. Heat flowing into the center of the cylinder is conducted to the cylinder outer 
surface, and the heat is transferred to the drying wet material in contact with the cylinder 
outer surface. In this study, numerical analysis is used to calculate the heat transfer 
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according to the number and shape of fins. For the shape design of fins, case studies are 
carried out under the same conditions as Table 1. The optimal shape of the cylinder selected 
in this study is shown in Fig. 3. The cross-sectional area of the cylinder decreases along the 
direction of hot air flow and the fin is wavy shape. 

 

 
Fig. 1 Drying curves of textile samples. 

 

 

Fig. 2 Rotary cylinder and simulation domain. 

 

Table 1. Constraints for simulation of a rotary cylinder 
Inlet temperature of hot air 180 ℃ 

Outer radius of cylinder  0.25 m 
Inner radius of cylinder 0.125 m 
Length of cylinder 2.0 m 
Hot air velocity 4.5 m/s 
Fin material Aluminium 6063-T5 
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 Fig. 3 Temperature variation according to the flow direction of hot air in single fin. 

 

2.3. Arched jacket 

The hot air exhausted through the cylinder is brought into contact with the drying wet 
material in the arched jacket. When designing an arched jacket, it is important to have 
uniform velocity distribution in the direction perpendicular to the flow in terms of drying 
quality. The numerical analysis approach is used to design the arched jacket. Figure 4 (a) 
shows that the flow tends to lean toward one side of the jacket in the original design. In 
order to make the flow of hot air uniform, numerical analysis is conducted to introduce 
guide vanes and flow analysis according to the change of guide vane shape. The numerical 
results are shown in Fig. 4 (b). 

 

  

(a)     (b) 
Fig. 4 Velocity distribution in the arched jacket. 

 

3. Results and discussion 

3.1. Dryer with 4-cylinders 

Based on the results from numerical analysis, the dryer with 4-cylinders is fabricated as 
shown in Fig 5. The dryer has four rotary cylinders, a burner, blowers and other elements. 
In addition, the dryer is configured to facilitate the management of the apparatus. The hot 

446

http://creativecommons.org/licenses/by-nc-nd/4.0/


Kim, S.I.; Oh, S.H; Chun W.P.; Park, G.H.; Yu, B.H. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

air flow was controlled for the purpose of minimizing the moisture content deviation of 
drying products in the horizontal direction after drying, and the active control tensioner was 
installed to reduce the tension acting on the drying wet materials due to the cylinders. 

 

 

Fig. 5 Dryer with 4-cylinders 

 

3.2. Temperautre deviation of the drying system 

In this study, the deviation of hot air temperature means the difference between the values 
of the measured temperature over a certain period of time. The temperature deviation is to 
confirm the temperature uniformity of the hot air supplied to the drying system and the 
basic system stability such as the energy efficiency evaluation of the dryer and the 
temperature stability of the system. The test is performed by measuring the temperature at 
the inlet of the cylinder for 1 hour, and checking whether the temperature deviation 
between the maximum temperature and the minimum temperature is within ± 5 ° C. In the 
test results, since the temperature deviation is ± 2.9 ° C, it can be judged that the 
temperature stability of the system is excellent. 

 

3.3. Drying efficiency 

Drying efficiency is used to evaluate the energy savings of a dryer. The energy saving of 
the dryer is compared with the energy consumption of a conventional dryer and the 
developed dryer. a conventional dryer is a through-flow drying method in which hot air hits 
onto the surface of textiles. Table 2 shows experimental conditions and drying efficiency. 
The initial moisture content of the textiles is about 55 w.t% and the drying capacity is 200 
kg/hr. Energy consumption is measured using an integrating wattmeter and a gas meter. 
The drying efficiency is defined as Eq. (1).  
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Table 2. Comparison of drying efficiency 
 Existing dryer Novel dryer 

Initial M.C 55 w.t%(w.b) 
Final M.C 3 w.t%(w.b) 
Hot air temp. 180 ℃ 

Drying capacity 200 kg/hr 
Drying efficiency 30.4 % 58.1 % 

 

[ ]100 %Latent heat of evaporated moisture
Total energy of heat and electricity

ε = ×    (1) 

As shown in Table 2, the drying efficiency of the developed dryer compared to the 
conventional dryer shows a great difference. It can be seen that the developed dryer in this 
study has a drying efficiency twice as high as that of the conventional dryer. The energy 
consumption to evaporate unit moisture is about 930 kcal/kg water from the experimental 
results of the hybrid dryer. The dryer has a compact structure with about 1/3 of the size of 
the conventional hot air dryer. 

 

4. Conclusions 

The purpose of this study is to develop a dryer for sheet-form materials with high energy 
efficiency. The novel dryer is a cylinder type using hot air. While a conventional dryer 
using only direct heating or indirect heating, the proposed dryer adopts a multiple heating 
system. The developed dryer dramatically increased the drying efficiency and is a unique 
device that differentiates from the conventional dryer in the usage of the heat source. In 
order to utilize a combined heating method of direct heating and indirect heating, precise 
analysis and complicated design should be performed. We have successfully developed the 
200kg/hr dryer with  4-cylinders through R&D. The energy consumption to evaporate unit 
water is about 930 kcal/kg water from the experimental results of a hybrid dryer. 
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Abstract 
This investigation examines and compares the water sorption isotherms and the 
thermodynamic properties of two pharmaceutical preparations (Hypril and Azix) intended to 
be manufactured with the same process plant and equipment. The moisture equilibrium 
isotherms were determined at 50, 60 and 70 °C using a gravimetric technique. Five isotherm 
models were explored for their fitting to the experimental data. Azix showed sigmoid type II 
isotherms while Hypril showed type III isotherms according to the BET classification. All 
investigated models fitted well the water sorption isotherms of Hypril. By contrast, only GAB 
and Adam and Shove equations gave appropriate fit to the experimental data of Azix. For 
both formulations, the isosteric heat and the differential entropy decreased sharply with the 
increase of equilibrium moisture content to minimum values and thereafter remain constant. 
In the case of Azix, the integral enthalpy decreased with equilibrium moisture content while 
the integral entropy increased until reaching a constant value. Contrariwise, Hypril showed 
decreasing of the integral enthalpy and entropy with the equilibrium moisture content.  

Keywords: sorption isotherm, enthalpy, entropy, spreading pressure, pharmaceutical 
formulations 
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1. Introduction 

Tablets are the most popular advantageous drug dosage form used today. They ensure best 
protection to the drug against temperature, humidity, oxygen, light and stress during 
transportation. They present also the best-combined properties of chemical, mechanical and 
microbiological stability of all the oral form. The manufacture of tablets involved several 
steps: mixing of therapeutic agents with exipients, granulation of the mixed powders, mixing 
the obtained granules with other excipients such as lubricants and finally compression into 
tablets. Wet granulation is a widely applied process in the pharmaceutical industry used to 
improve powder flow characteristics thereby enhancing the compressibility of the drug. In a 
typical wet granulation, the water is initially added to the mixed powders to form  large 
agglomerates which will be dehydrated in order to remove water. The drying operation is a 
crucial step, usually accomplished in fluid-bed dryers, whereby a warmed and low humidity 
air passed through the agglomerates via a gill plate. Water interacts with pharmaceutical 
solids not only at this level but also at all stages of manufacture. Therefore, water–powder 
interaction is a major factor in the formulation, processing, and performance of solid dosage 
forms. Determination of sorption isotherms of pharmaceutical preparations and deduced 
thermodynamic properties allows the control of corresponding drying process and modeling 
of their drying kinetics. 

1. Material and Methods 

Azix (Azithromycine- 500 mg, Anhydrous Dibasic Calcium Phosphate, Pregelatinised 
starch, Sodium starch glycolate,  Magnesium stearate) and Hypril (Enalapril  maleate-20 mg, 
Hydrochlorothiazid -12, 5 mg , Sodium bicarbonate, Lactose Monohydrate, Maize starch, 
Microcrystalline cellulose, Sodium starch glycolate, Magnesium stearate) preparations are 
provided from Pharmaghreb® company (Tunisia).  
 
2.1. Determination of sorption isotherms  

The experimental sorption isotherms of Azix and Hypril preparations were established using 
the static gravimetric method.  The experimental setup consisted of 11 air-sealed glass jars 
provided with  perforated  supports in which triplicate samples weighing 0.1 g (± 0.0001g) 
were exposed to the humid atmospheres. Sulfuric acid solutions of known concentration were 
used to reach  0.06 to 0.95 water activity values. The prepared glass jars were then placed in 
temperature controlled cabinets maintained at 50, 60 and 70 °C ± 1 C. Each sample was 
weighed at the beginning of experiment and at intervals of 24 h until constant mass was 
reached. The equilibrium moisture content was determined according to the AOAC official 
method [1].  
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2.2. Sorption models and statistical analyses 

The equilibrium moisture data were fitted with five mathematical models shown in  Table 1. 
The nonlinear regression analysis (MATLAB®) was used to estimate the constants of the 
models from the experimental results. To evaluate the goodness of fit of each equation, the 
coefficient of determination R2 , the adjusted R2, the roots mean squared error (RMSE) and 
the sum of squares due to error (SSE) were determined by using the following equations [2] 
(Eqs 1 to 6): 

The coefficient of determination R2 measures the model adequacy , (0≤R2≤1) : 

𝑅𝑅2 =  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒 𝑣𝑣𝑜𝑜 𝑦𝑦
𝑣𝑣𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒 𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒𝑒𝑒𝑣𝑣𝑒𝑒𝑣𝑣𝑒𝑒 𝑣𝑣𝑜𝑜 𝑦𝑦

=  𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆𝑆𝑆

       (1) 

SSR is the regression sum of squares which reflects the amount of variation in y explained 
by the model:  
 

𝑆𝑆𝑆𝑆𝑅𝑅 =  ∑ (𝑒𝑒
𝑒𝑒=1 𝑦𝑦𝚤𝚤� − ȳ)2  (2) 

 
SST is the total sum of squares: 

𝑆𝑆𝑆𝑆𝑆𝑆 =  ∑ (𝑒𝑒
𝑒𝑒=1 𝑦𝑦𝑒𝑒 − ȳ)2  (3) 

 
Where yi is the equilibrium moisture content at observation i, ȳ is the mean value of yi of the 
n observations  and ŷi is the value of y estimated from the regression model for observation 
i.  
The corrected or adjusted R�2: 
 

𝑅𝑅�2 = 1 − (1 − 𝑅𝑅2) (𝑒𝑒−1)
(𝑒𝑒−𝑘𝑘)

  (4) 
 
Where n is the total number of observations and k is the number of model parameters.  

𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅 =  �𝑆𝑆𝑆𝑆𝑆𝑆
𝑒𝑒−𝑘𝑘

�
1/2

  (5) 
 
Where  SSE is the error sum of squares or sum of the residuals which reflects the variation 
about the regression line: 

𝑆𝑆𝑆𝑆𝑅𝑅 =  ∑ (𝑦𝑦𝑒𝑒𝑒𝑒
𝑒𝑒=1 −𝑦𝑦𝚤𝚤�)2 (6) 

 
 
2.3. Calculation of thermodynamic properties  
The net isosteric heat (net enthalpy) of sorption (qst)  was obtained from the moisture sorption 
data using the Clausius-Clapeyron equation [3] : 
 

𝑒𝑒(𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤)

𝑒𝑒�1𝑇𝑇�
= −�𝑞𝑞𝑠𝑠𝑠𝑠

𝑆𝑆
�          (7) 

In which   𝑞𝑞𝑠𝑠𝑣𝑣 =  𝑄𝑄𝑠𝑠 − ∆𝐻𝐻𝑣𝑣𝑒𝑒𝑒𝑒  where aw is the water activity, qst is the net isosteric heat of 
sorption (kJ mol-1), Qst is the isosteric heat of sorption (kJ mol-1), ΔHvap is the heat of 
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vaporisation (kJ mol-1 water), R is the universal gas constant (8.314 J mol-1 K-1) and T is the 
absolute temperature (K). The value of qst was calculated from the slope of the plot between 
values of ln(aw) and 1/T at constant moisture content. The differential entropy (Sd) of sorption 
can be calculated from Gibbs–Helmholtz equation as follows: 

Sd = qst−G
T

           (8) 
Where G is the  Free Gibbs energy calculated as:  

G = RTln(aw)      (9) 
Substituting Eq. (9) into Eq. (8), and after rearranging, the final form is : 

−ln(aw)|W = −qst
RT

+ Sd
R

              (10) 
By plotting ln(aw) versus 1/T, for a constant moisture content (W), the Sd can be determined 
from the intercept (Sd/R). The Sd values at different moisture contents are found from the 
determination of the relation between Sd and moisture content.  The net integral enthalpy, qeq 
is an integral molar quantity and is calculated in a similar manner to the isosteric heat of 
sorption but at constant spreading pressure instead of constant moisture content . 

qeq = −R �d(lnaw)
d�1 T� �

�
ϕ

                   (11) 

ln(aw) was plotted against 1/T at constant spreading pressure. The net integral enthalpy was 
determined from the slope of the straight line and plotted against moisture content. The net 
integral entropy of sorbed water, ΔSeq, is given as: 

∆Seq = − qeq T⁄ − Rln(aw)∗                       (12) 
(aw)* is the geometric mean water activity obtained at different temperatures and at constant 
spreading pressures. 
 
3. Results and Discussion  
3.1. Water sorption isotherms 

The moisture sorption isotherms of Azix and Hypril at different temperatures are displayed 
in Fig. 1.  

 
 
 
 
 
 
 
 
 
 

 

Fig. 1a  Experimental moisture sorption 
isotherms of Azix at 50 °C, 60 °C ,70 °C 

Fig. 1b Experimental moisture sorption 
isotherms of Hypril  at 50 °C, 60 °C ,70 °C 
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The moisture sorption isotherms of Azix showed moisture levels from 1.5% to approximately 
5% over  water activity range from 0.06 to 0.95 at the examined temperatures (Fig 1.a). These 
findings are in line with those of [4] who reported the same trend for spray- dried pure 
azithromycin, the active ingredient of Azix preparation. Indeed, the moisture behavior of pure 
azithromycin determined using a dynamic vapour sorption system showed 6 % of water 
absorbed at relative humidity of 90%. Hypril exhibited the same moisture levels as Azix over 
water activity range from 0.06 to 0.44. Thereafter, the level of adsorbed water increased 
sharply from 7% to approximately 50% (Fig1.b) . This behavior could be ascribed to the 
degradation of Enalapril maleate in the presence of lactose and magnesium stearate at very 
high humidities and temperatures.  Enalapril maleate powder is stable under moderate heat 
and humidity (40°C - 75% RH) [5]. However, when it is prepared  in tablet formulations by 
wet granulation with lactose, starch and magnesium stearate enalapril maleate would degrade 
to form a diketopiperazine by dehydration and the diacid by hydrolysis. These degradates 
increase with temperature. 
Inspection of Fig. 1a and Fig. 1b indicates that there is no significant effect of temperature 
on the sorption isotherms of Azix and Hypril formulations. The same behavior was observed 
on the moisture isotherms of crystalline, amorphous and predominantly crystalline lactose 
powders established at 12, 20, 30 and 40 °C [6]. 

3.2. Mathematical modelling  

The results of nonlinear fitting of sorption models are shown in Table 1. All the examined 
models provided a good description of the isotherms of Hypril, the optimal one is the Oswin 
model which presented the most suitable fitting. As to Azix formulation, only GAB and 
Adam and Shove models gave appropriate fit between the experimental and the predicted 
data.  
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Table 1.Estimated parameters of the different models fitted to the sorption data for Azix and Hypril  

 

3.3. Isosteric heat of sorption and sorption entropy 

The results in Fig. 2 illustrate a progressive decrease in the net isosteric heat of sorption (net 
enthalpy) with increasing moisture content for both formulations. The values of net isosteric 
heat of sorption are high for equilibrium moisture content < 0.10 kg/kg and then decreased 
rapidly until equilibrium moisture contents reach respective values of 0.15 and     2 kg/kg d.b 
for Azix and Hypril, and then they decreased smoothly with increasing moisture content. 
Azix showed higher values of net isosteric heat than Hypril. This suggests that the energy to 
be supplied to dehydrate Azix would be higher than the energy needed to dehydrate Hypril. 
The differential entropy as a function of moisture content, illustrated by Fig. 3, shows the 
same tendency as the net isosteric heat. The sorption entropy of Azix exhibited higher 
magnitude than that of Hypril. 

  

Models Constants Azix Hypril 
50 60 70 50 60 70 

 
GAB (Berg and Bruin 1981) 
𝑤𝑤 = 𝐴𝐴 + 𝐵𝐵𝑎𝑎𝑤𝑤 + 𝐶𝐶𝑎𝑎𝑤𝑤2 + 𝐷𝐷𝑎𝑎𝑤𝑤3  

C 136.10 5778.0 122.40 9.5030 2.0670 1.0010 
K 0.5872 0.5540 0.3592 0.9173 0.8944 0.7963 
wm 0.0201 0.0153 0.0258 0.0413 0.0504 0.1133 
SSE 4.25e-5 3.12e-5 1.87e-5 2.88e-3 0.0106 0.0044 
R2 0.9615 0.9282 0.9541 0.9868 0.9481 0.9773 
RMSE 2.30e-3 1.97e-3 1.53e-3 0.0189 0.0364 0.0236 

 
Peleg (Peleg, 1993) 
𝑤𝑤 = 𝐴𝐴(𝑎𝑎𝑤𝑤)𝐵𝐵 + 𝐶𝐶(𝑎𝑎𝑤𝑤)𝐷𝐷 

A -2.0400 -246.6 -11.09 0.08489 3.4720 0.4728 
B 0.8992 1.1900 0.8758 0.4787 3.6130 3.0790 
C 2.0840 246.60 11.130 0.4059 -3.0510 -0.0481 
D 0.8883 1.1900 0.8727 8.5820 3.5340 3.1430 
SSE 2.39e-4 3.00e-3 1.39e-4 7.42e-4 0.0183 8.80e-3 
R2 0.7837 -5.903 0.6594 0.9966 0.9102 0.9554 
RMSE 5.84e-3 0.0207 4.46e-3 0.0103 0.0512 0.0354 

 
 
 
Adam 
and Shove 
(Chirife and Iglesias 1978) 
𝑤𝑤 = 𝐴𝐴 + 𝐵𝐵𝑎𝑎𝑤𝑤 + 𝐶𝐶𝑎𝑎𝑤𝑤2 + 𝐷𝐷𝑎𝑎𝑤𝑤3  

A 0.0151 0.0181 0.0177 -0.0367 -0.0316 -0.0023 
B 0.03983 0.0114 0.0432 0.8998 0.7664 0.4558 
C -0.04789 0.0369 -0.0484 -2.5500 -2.1730 -1.2620 
D 0.04141 0.0093 0.0273 2.1510 1.8690 1.2490 
SSE 4.234e-5 2.63e-5 1.75e-5 0.0045 0.0110 1.46e-3 
R2 0.9617 0.9395 0.9571 0.9792 0.9460 0.9926 
RMSE 2.45e-3 1.94e-3 1.58e-3 0.0254 0.0397 0.0144 

 
Modified Henderson 
 (Thompson et al. 1968) 

𝑤𝑤 = �−
ln (1− 𝑎𝑎𝑤𝑤)
𝐴𝐴(𝑆𝑆 + 𝐵𝐵)

�
1
𝐶𝐶�

 

A 465.20 3141.0 3621.0 0.0298 0.0239 0.0312 
B 231.80 2820.0 3289.0 -90.94 -80.630 -120.5 
C 3.6430 4.3260 4.7900 0.7836 0.6787 0.8895 
SSE 5.08e-5 5.22e-5 2.95e-5 4.26e-3 7.94e-3 3.32e-3 
R2 0.9315 0.7856 0.9076 0.9461 0.9216 0.9692 
RMSE 2.69e-3 0.0027 0.0020 0.02469 0.03368 0.0218 

 
Oswin  (Oswin 1946) 

𝑤𝑤 = �−
ln (1− 𝑎𝑎𝑤𝑤)
𝐴𝐴(𝑆𝑆 + 𝐵𝐵)

�
1
𝐶𝐶�

 

A 0.0282 0.0216 0.0296 0.0611 0.0521 0.0813 
B 5.6320 8.0180 8.9340 1.6370 1.5120 1.8020 
SSE 4.083e-5 4.12e-5 3.17e-5 1.05e-3 3.77e-3 2.38e-3 
R2 0.9450 0.8307 0.9006 0.9867 0.9628 0.9780 
RMSE 2.26e-3 0.0022 1.99e-3 1.14e-2 0.0217 0.0172 
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3.4. Integral enthalpy and entropy  

The variations in net integral enthalpy with the moisture content for Azix and Hypril are 
shown in Fig. 3.  On the whole range of equilibrium moisture content, the integral enthalpy 
of both products decreases as a function of equilibrium moisture content  until  reaching 
minimum values then  they remains constant. 

 

Fig. 3a  Net integral enthalpy of Azix formulation 

 

Fig. 3b Net integral enthalpy of Hypril  

Formulation 

Variations of the net integral entropy (Fig.4) of Azix and Hypril showed different trends. 
Values decreased with equilibruim moisture content for Hypril and increased for Azix. The 
better conditions to assure stability to the powders during storage [7] are those corresponding 
to lower entropy values. 
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Fig. 2a  Net isosteric heat of Azix and Hypril 
formulations 

Fig. 2b  Sorption entropy of Azix 
and Hypril formulations 
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Fig. 4a  Net integral entropy of Azix formulation Fig. 4b  Net integral entropy of Hypril 
formulation 

4. Conclusions  

This study affords an understanding of the sorption isotherms and the thermodynamic 
properties of two powders with different compositions. The obtained results suggest that the 
two products could be dehydrated at lower temperature (50°C) since the isotherms of sorption 
are independent of temperature. Azix preparation seems to be less hygroscopic and more 
stable than Hypril preparation which requires less energy to be dehydrated.  
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Abstract 

The two-phase theory has been frequently used to model fluidised bed drying. 
At high air velocities, a transition from the bubbling regime to the turbulent 
regime may occur. In this work, we compare a bubbling model and a turbulent 
model for the simulation of a two pharmaceutical powders drying in a pilot 
plant and an industrial plant fluidised bed. The bubbling model was based on 
a discrete variable bubble size. Heat and mass transfer coefficients were based 
on the Kunii and Levenspiel correlation [1]. Flow regime was supposed to be 
completely mixed for the emulsion phase. For the turbulent model, the bubble 
size is not anymore discrete but continuous and bubble phase is less 
distinguishable than in the bubbling regime. Heat and mass transfer were 
those proposed by Foka[2]. In addition, the freeboard section was considered 
since high entrainment is specific of this regime. Gas backmixing was taken 
into account by considering a plug flow with axial dispersion for the interstitial 
gas flow. The bubble phase being dilute,  was modeled by a plug flow. A plug 
flow was also considered for the freeboard gas. The solid phase was supposed 
to be completely mixed. The bubbling regime simulation gave good agreement 
with experiment in the case of the pilot plant experiment, while the turbulent 
model better simulated the industrial scale experiment. 

Key words: batch fluidized bed, pharmaceutical powder, drying, modeling, 
bubbling, turbulent 
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1. Introduction 
Drying of pharmaceutical products is frequently carried in batch fluidized bed dryers. 
Fluidisation offers the advantage of high heat and mass transfer rates due to the elevated 
specific surface area created. Generally, the drying end is determined by analyzing the 
moisture content at different times. Several works [3-4] proved that more rigorous control 
could be obtained by mathematical modeling. Models proposed considered either bubbling 
regime or turbulent regime fluidisation. The transition between these two regimes, at high air 
velocities, should be better experimentally determined. Correlations proposed to determine 
the transition velocity depend generally on experimental system used. In this work, a 
bubbling regime model based on the two phase theory is compared to a turbulent regime 
model for the simulation of the drying kinetics of an A type particles and a B type particles 
pharmaceutical powders. Sorption isotherms determined experimentally were used to 
describe the falling drying rate period.  

2. Experimental study 

2.1. Material properties 

The drying experiments were carried with two pharmaceutical products supplied by 
Pharmaghreb  industry (Tunisia), an  A type particles (Hypril) and a  B type particles (Azix).  

2.2. Equilibrium sorption study 

Sorption isotherms of the two products were determined by contacting the solid samples with 
air at a variety of relative humidity at a fixed temperature. Equilibrium water sorption was 
measured, at different temperatures, by static gravimetric method with sulfuric acid solutions 
at different concentrations. 

2.3. Drying kinetic study 

Fluidized bed-drying experiments for group A type particles were carried in a Diosna 
MinilabXP (Germany). conical laboratory scale bed. Drying kinetics for group B type 
particles were obtained from a Glatt WSD-CD-30(USA) conical industrial scale fluidized 
bed . Experimental conditions are listed in table 1. Air heated at the desired temperature was 
supplied at the bottom of the conical chamber. The bed temperature was on line measured. 
The solid moisture content was determined by a moisture analyser (Mettler Toledo, 
Switzerland).  

At the beginning of the fluidized bed experiments, the A type powder was initially very 
cohesive showing a Geldart C powder characteristics. The entire bed mass rose as plug when 
hot air was blown into the bed. After a short time of drying, the moisture content decreased, 
the Geldart C type cohesive powder shifts to a Geldart A powder. The plug was broken 
manually and a fluidization state was attained. The same trend was obtained for B type 
particles. 
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Table 1. Experimental conditions and physical materiel properties 

 

3. Mathematical modeling 

3.1. Bubbling regime model 

The behaviour of the fluidized bed dryer is based on the two-phase theory: a bubble phase 
and an emulsion phase [1, 3]. The emulsion phase is at minimum fluidisation conditions and 
consists of interstitial gas and solid phase. Due to the buoyancy force, all the gas in excess of 
minimum fluidisation by passes the particles and rises through the bed as bubbles containing 
very small amount of solids. The governing equations are the equations of mass and heat 
conservation for bubble phase, interstitial gas and solid emulsion phase. These equations are 
detailed in [3,4]. The bubble diameter is a key parameter in the modeling of a bubbling 
fluidised bed and have a great importance on its performance. Several correlations were 
proposed to calculate the bubble diameter. For B type particles, the Darton’s  [5] correlation  
is largely used, it takes account of bubbles coalescing as they rise in the bed.  

For A type particles, the correlation proposed by Horio and Nonaka [6] is selected. The 
authors proved that, for fine particles, a stable equilibrium bubble size could be obtained 
due to their successive coalescence and splitting. 

Geldart group A B 

Mean diameter( µm) 48.8  384.72  

Density(kg/m3) 649.35  702  

Superficial air velocity (m/s) 0.97  2.26 

Inlet air temperature (°C) 47  50  

Initial air temperature (°C) 24 18.4  

Relative humidity(%) 60 60 

Initial solid moisture ( dry basis,% ) 29.55 19.74 

Critical moisture (dry basis,% ) 13,00 4.00  

Solid mass (wet basis, kg) 1  36.9  

Column diameter(m) 0.16 0.5  

Column height (m) 0.5  2.0  
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3.2. Turbulent regime model 

The turbulent regime is characterised by a breakup of coalesced bubbles to smaller ones. 
The large bubble renewal frequency caused by coalescing and splitting leads to a better 
interchange between bubbles and interstitial gas. The bubble size decrease reduces the 
short cut leading so to less gas back mixing and an increase in the gas solid contact. At the 
same time, the solids back mixing is also violent in turbulent fluidization.  Experimental 
evidence [7] proved that gas flow is intermediate between an ideal plug flow and ideal 
agitated flow. As the bubbles erupt at the bed surface, they burst and particles splash into 
freeboard above the bed. At high velocities, high entrainment is produced. The particles 
are carried over in the freeboard. Two regions coexist in the bed: 

• A bottom dense bed region with a high solid concentration and overall voidage ε 
• An upper dilute freeboard region with an axial variable voidage εz 

3.2.1. Dense bed balance equations 

The equations for the bubbling regime can be extended to the turbulent fluidization with 
no distinct bubble phase, but rather low and high-density phases with a different bubble 
phase voidage. 

Dense phase interstitial gas mass balance 

The dense phase is no longer at the minimum fluidisation conditions and voidage εd is 
greater than εmf because of solid entrainment.  Axial dispersion is considered and mass and 
heat transfer coefficients between the low and high density phases are different than those 
used for discrete bubbles. 

𝜌𝜌𝐺𝐺𝑢𝑢𝑑𝑑
𝜕𝜕𝑥𝑥𝑒𝑒
𝜕𝜕𝜕𝜕

+ 𝐷𝐷𝑎𝑎𝑎𝑎𝜌𝜌𝐺𝐺𝜀𝜀𝑑𝑑(1 − 𝛿𝛿𝑏𝑏)
𝜕𝜕2𝑥𝑥𝑒𝑒
𝜕𝜕𝜕𝜕2

− 𝐾𝐾𝑏𝑏𝑒𝑒𝜌𝜌𝐺𝐺𝛿𝛿𝑏𝑏(𝑥𝑥𝑒𝑒 − 𝑥𝑥𝑏𝑏)

+ (1 − 𝜀𝜀𝑑𝑑)(1 − 𝛿𝛿𝑏𝑏)
6
𝑑𝑑𝑝𝑝
𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑒𝑒� = 𝜀𝜀𝑑𝑑(1 − 𝛿𝛿𝑏𝑏)𝜌𝜌𝐺𝐺

𝜕𝜕𝑥𝑥𝑒𝑒
𝜕𝜕𝜕𝜕

 

(1) 

Where xe is the moisture content of the dense phase interstitial gas on dry basis (kg/kg) and 
x*p is the moisture content of drying gas on particle surface. σ is evaporation coefficient 
(kg m−2 s −1 ). εd is the dense phase voidage and δb is the lean phase voidage. Dax is the 
axial dispersion coefficient (m2/s). 

 At the bed entrance and exit the Danckwerts Boundary conditions were used for the axial 
dispersed low.  
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Dense phase interstitial gas  energy balance 

−𝜌𝜌𝐺𝐺𝑢𝑢𝑑𝑑(𝑐𝑐𝐺𝐺 + 𝑥𝑥𝑜𝑜𝑐𝑐𝑣𝑣)
𝜕𝜕𝑇𝑇𝑒𝑒
𝜕𝜕𝜕𝜕

+ 𝑘𝑘𝑔𝑔𝜀𝜀𝑑𝑑(1 − 𝛿𝛿𝑏𝑏)
𝜕𝜕2𝑇𝑇𝑒𝑒
𝜕𝜕𝜕𝜕2

− 𝐻𝐻𝑏𝑏𝑒𝑒𝜌𝜌𝐺𝐺𝛿𝛿𝑏𝑏(𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑏𝑏)

− (1 − 𝜀𝜀𝑑𝑑)(1 − 𝛿𝛿𝑏𝑏)
6
𝑑𝑑𝑝𝑝
�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑝𝑝��𝑐𝑐𝑣𝑣𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑒𝑒�

+ ℎ𝑝𝑝�−
1

𝐴𝐴𝑐𝑐𝑑𝑑𝜕𝜕
ℎ𝑤𝑤𝑆𝑆𝑤𝑤(𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑤𝑤) = 𝜀𝜀𝑑𝑑(1 − 𝛿𝛿𝑏𝑏)𝜌𝜌𝐺𝐺(𝑐𝑐𝐺𝐺 + 𝑥𝑥𝑒𝑒𝑐𝑐𝑣𝑣)

𝜕𝜕𝑇𝑇𝑒𝑒
𝜕𝜕𝜕𝜕

 

(2) 

The interphase mass transfer coefficient (s-1) is given by a correlation proposed by [2] 

𝐾𝐾𝑏𝑏𝑒𝑒 = 1.631 𝑆𝑆𝑐𝑐0.37𝑢𝑢𝑜𝑜  (3) 

The heat transfer coefficient Hbe (w/m3.K)  determined by the Chilton-Colburn analogy. 

The dense bed voidage and Peclet number are correlated as proposed by   [7]: 

Dense phase solid mass balance 

The axial dispersion in the turbulent regime increases largely with the gas velocity giving up 
an homogeneous solid phase in the bed. The following equations describe mass and heat 
transfer between solid and interstitial gas. 

−
𝜌𝜌𝑠𝑠

1 + 𝜌𝜌𝑠𝑠
𝜌𝜌𝑤𝑤

𝑥𝑥𝑐𝑐

𝜕𝜕𝑥𝑥𝑝𝑝
𝜕𝜕𝜕𝜕

=
6
𝑑𝑑𝑝𝑝
𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑒𝑒� +

𝜌𝜌𝑠𝑠
1 + 𝜌𝜌𝑠𝑠

𝜌𝜌𝑤𝑤
𝑥𝑥𝑐𝑐
𝐷𝐷𝑠𝑠
𝜕𝜕2𝑥𝑥𝑝𝑝
𝜕𝜕𝜕𝜕2

 
(4) 

6
𝑑𝑑𝑝𝑝
ℎ𝑝𝑝�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑝𝑝� −

6
𝑑𝑑𝑝𝑝
𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑒𝑒��𝛾𝛾𝑜𝑜 + 𝑐𝑐𝑣𝑣�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟� − 𝑐𝑐𝑤𝑤�𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑟𝑟𝑒𝑒𝑟𝑟�� + 𝑘𝑘𝑠𝑠

𝜕𝜕2𝑇𝑇𝑝𝑝
𝜕𝜕𝜕𝜕2

=
𝜌𝜌𝑠𝑠

1 + 𝜌𝜌𝑠𝑠
𝜌𝜌𝑤𝑤

𝑥𝑥𝑐𝑐
�𝑐𝑐𝑝𝑝 + 𝑥𝑥𝑝𝑝𝑐𝑐𝑤𝑤�

𝜕𝜕𝑇𝑇𝑝𝑝
𝜕𝜕𝜕𝜕

 

(5) 

3.2.2. Freeboard balance equations 

The plug flow model is used to describe the drying upper dilute region or freeboard. The 
mass and heat balance for the gas phase are: 

−𝜌𝜌𝐺𝐺𝑢𝑢𝑜𝑜
𝜕𝜕𝑥𝑥𝑟𝑟
𝜕𝜕𝜕𝜕

+ +(1 − 𝜀𝜀𝑧𝑧)
6
𝑑𝑑𝑝𝑝
𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑟𝑟� = 𝜀𝜀𝑧𝑧𝜌𝜌𝐺𝐺

𝜕𝜕𝑥𝑥𝑟𝑟
𝜕𝜕𝜕𝜕

 
(6) 

−𝜌𝜌𝐺𝐺𝑢𝑢𝑜𝑜(𝑐𝑐𝐺𝐺 + 𝑥𝑥𝑜𝑜𝑐𝑐𝑣𝑣) − (1 − 𝜀𝜀𝑧𝑧)
6
𝑑𝑑𝑝𝑝

�𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑝𝑝��𝑐𝑐𝑣𝑣𝜎𝜎�𝑥𝑥𝑝𝑝∗ − 𝑥𝑥𝑟𝑟� + ℎ𝑝𝑝� 

−
1

𝐴𝐴𝑐𝑐𝑑𝑑𝜕𝜕
ℎ𝑤𝑤𝑆𝑆𝑤𝑤�𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑤𝑤� = 𝜀𝜀𝑧𝑧𝜌𝜌𝐺𝐺(𝑐𝑐𝐺𝐺 + 𝑥𝑥𝑒𝑒𝑐𝑐𝑣𝑣)

𝜕𝜕𝑇𝑇𝑟𝑟
𝜕𝜕𝜕𝜕

 

(7) 

Several correlations were proposed to determine solid decay in the freeboard, but they give 
predictions that differs each from others. However, it is largely accepted that concentration 
in the freeboard decreases exponentially with height. 
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𝜀𝜀∗−𝜀𝜀𝑧𝑧
𝜀𝜀∗−𝜀𝜀

= exp (−𝑎𝑎𝑧𝑧 ∗ (𝜕𝜕 − ℎ𝑖𝑖) (8) 

ε is the de dense bed voidage. εz is the freeboard voidage at z. ε* is the asymptotic voidage at  
z → ∞ in the dilute region.  

𝜀𝜀𝑧𝑧 = 𝜀𝜀∗ − (𝜀𝜀∗ − 𝜀𝜀)exp (−𝑎𝑎𝑧𝑧 ∗ (𝜕𝜕 − ℎ𝑖𝑖) (9) 

The position of the point of inflexion hi separating the dilute and dense bed regions can be 
calculated in a trial manner using the solids inventory in the dryer.  

4. Results and discussion 

The set of ordinary derivatives thus obtained was solved with Matlab solver(MALAB 
R2012b). For the group A type particles and B type particles, the moisture sorption isotherms 
obtained experimentally were fitted by the modified-Hendersen correlation: 

RH is the relative humidity, Tp is the particle temperature and Xp is solid  moisture content 
on dry basis (kg/kg). 

The comparison between solid moisture content simulations as function of time for bubbling 
and turbulent regime models to experimental results is illustrated in Fig.1 and Fig.2. For A 
type particles, bubbling regime gives better fitting of experimental results than turbulent one. 
The latter regime overestimates the drying rate. The completely mixed flow is more realistic 
than the axially dispersed flow. For B type particles, the bubble diameter was calculated by 
Darton correlation. [1] suggested that a constant bubble diameter value of 0.05 m could be 
convenient for the simulations. [4] obtained good predictions with a constant bubble diameter 
of 0.06m and an air superficial velocity of 2.4m/s. The equivalent bubble diameter value 
obtained with (2) for A type particles was also 0.06m. A simulation with this diameter was 
so tried. It is noted that Darton correlation largely underestimated the drying rate. This is due 
to the growth of bubble size by coalescence as they rise in the bed which causes mass and 
heat transfer decrease. At high superficial velocities, splitting of bubbles occur and constant 
equivalent bubble diameter is more realistic. However the turbulent regime is more 

𝑅𝑅𝐻𝐻𝐴𝐴 =
𝑃𝑃𝑣𝑣
𝑃𝑃𝑤𝑤

= 1 − exp (−0.0298 ∗ (𝑇𝑇𝑝𝑝 − 90.94)𝑋𝑋𝑝𝑝0.78) 

 𝑅𝑅𝐻𝐻𝐵𝐵 = 𝑃𝑃𝑣𝑣
𝑃𝑃𝑤𝑤

= 1 − exp (−465.2 ∗ (𝑇𝑇𝑝𝑝 + 231.8)𝑋𝑋𝑝𝑝3.64)          (11)  

 

(10) 
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convenient for this powder and gives the better prediction of experimental data. This regime 
is characterised by considerable solid entrainment in the freeboard zone. 

  
Fig.1 Simulated and experimental solid 
moisture as function of time (A type particles) 

Fig.2 Simulated and experimental solid moisture 
content as function of time(B type particles)  

While the solid concentration in this section is very dilute relatively to the dense region (Fig. 
3), drying continues in the freeboard region. From Fig.4, it can be noted that air moisture 
content in the dense bed is higher than that in the freeboard zone. Moisture is driven more 
efficiently to air in the dense bed but freeboard contributes also to performing drying kinetics. 
Freeboard contribution becomes more important as the product is dried in the falling rate 
period where there is no more surface water.  The same trend was found by [8]. 

To ensure homogenous solid moisture content in the bed, axial dispersion was added to solid 
mass and heat balances. To test the influence of axial solid dispersion coefficient, four values 
were assigned to Ds: 10, 1, 0.1 and 0.01 m2/s. The simulations results of solid moisture 
content variation with time and with axial coordinates are presented in Fig.5 and Fig.6.  
Closer inspection of these figures shows that for Ds values, 0.1,1 and 10 m2/ s solid particles 
are perfectly mixed and there is no influence of Ds value on solid moisture content as function 
of time. This is in well agreement with the results of [9] where Ds values were stated to be 
in the range 0.5-10m2/s. In this work a Ds value of 1m2/s was used for all simulation as 
suggested by [2]. For the lowest Ds value 0.01 m2/s, an axial solid moisture content dispersion 
appears and a little deviation from experimental data is obtained. 

5. Conclusions 

A comparison between bubbling regime and turbulent regime batch-fluidized bed drying of 
an A and a B pharmaceutical powders has been made. Simulation results show that the 
experimental drying kinetic is better predicted by the bubbling regime in the case of the A 
type particles while for the B type particles turbulent regime model is more convenient 
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Fig.5: Simulated solid moisture content   as 
function of time at  different Ds  

Fig.6: Simulated solid moisture content   as 
function of axial distance  at  different Ds  
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Abstract 
This study aimed at the modeling and simulation of intermittent drying to be 
applied to highly deformable moist foods such as apples. Mass transport 
modeling considered two stages: the first at 95, 85 and 75ºC air temperatures, 
and the second at 60ºC. The shrinkage was correlated with the sample 
moisture and included in the model that was solved by the finite differences 
method. The first stage temperatures affected the water diffusivity in the second 
stage. This model was suitable for simulating the water profiles during the two-
stage intermittent drying, showing an efficient fitting to the experimental data. 

Keywords: thermal intermittence; coefficient diffusion effective; shrinkage; 
apple drying. 
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1. Introduction 

Drying is an antique unit operation widely used by the food industry and it is based on moving 
of water from high to low moisture zones until reach a frontier and to be removed in the form 
of vapor. This operation favors the stability of the foods because it increases their shelf life 
due to the considerable decrease in the water activity of the material [1-3]. However, the 
energy demand of the drying operation is very high and besides that, can promote 
undesirable nutritional and organoleptic losses. 

The recent literature has reported the intermittent drying processes as an alternative to 
decrease these negative impacts and to minimize energetic costs [4,5].  Intermittent drying 
consists in changing of the operational conditions during drying. In the case of the 
temperature variation during the process, referred as thermal intermittence, a high 
temperature is used in the beginning of the process favoring the evaporation. During this 
period the surface of the product is saturated and the water evaporation ensures its low 
temperature [6]. When instauration zones begin to appear on the surface, the drying air 
temperature is reduced.  

The knowledge and control of the heat and mass transfer phenomena during drying is 
fundamental to establish process conditions that promote improvement in the quality of the 
product. In the case of variable process conditions, such as in the intermittent drying, the 
recent literature [4] has reported the necessity of intense investigation and understanding of 
the moisture and temperature evolution during the whole process. Mathematical models can 
be used to estimate physical and transport parameters, and to predict spatial and temporal 
moisture and temperature profiles. However, it is necessary that appropriate conditions be 
considered. In this sense, this study proposes modeling and simulation of temporal and spatial 
profiles of the water content in apple slices during intermittent drying in two stages. 

2. Materials and Methods 

2.1. Sample preparation: The Fuji cv. apples (Malus domestica) were sanitized with water 
and then sliced (5 mm thick) using a slicer (ECO, Brazil). The slices were placed between 
two metallic screens to avoid deformation during the drying. 

2.2. Convective dryer: The drying experiments were carried out using two identical tray 
dryer with forced convection as described by Filippin et al. (2018) [5]. The air flowed parallel 
to the samples. Dryer 1 was kept at 75, 85 or 95 ºC and dryer 2, at 60 ºC. 

2.3. Drying tests: During the first stage of intermittent dryings, the trays were placed in dryer 
1. After 45 minutes, they were removed from the dryer 1 and immediately inserted into the 
dryer 2, where remained until the samples reached constant weight. In both dryers the drying 
air velocity was 2 m∙s-1. The samples were weighed successively during the drying using a 
semi-analytical balance (Gehaka, BK 4000, Brazil).  
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2.4. Experimental determination of sample shrinkage: The shrinkage was described as a 
linear function of the moisture content on dry basis. The thickness was measured at each trial 
at the beginning and end of drying by using a micrometer screw (Mitutoyo, MDC-25SB, 
Japan). 

2.5. Analytical methods: The total solids content of fresh and dried apple slices were 
gravimetrically determined in triplicate by drying in a vacuum oven at 60 ºC and 10 kPa to 
constant weight. The water activity of the samples was measured in triplicate at 25 ºC in a 
hygrometer (Aw sprint; Novasina, Switzerland). 

2.6. Mathematical modeling: Considering that drying can be described by the falling-rate 
period and that liquid diffusion is the principal mass transfer mechanism, the drying kinetics 
were evaluated based on Fick’s second law [7] presented in Eq. 1 in its modified form, in 
terms of the mass fractions (dry basis, d.b.). It was assumed a constant solids concentration. 
The slice was considered as a flat plate with mass flow along the thickness of the apple (z-
axis). 

2

eff 2
X X = D
t z

∂ ∂
∂ ∂

                                                                                                             (1) 

where X is the mass fraction of water on a dry weight basis (kg·kg−1) Deff represents the 
effective diffusivity (m2·s−1), z is the thickness and t is the time (s). 

Initial conditions for the first and second stage of the intermittent drying are presented in Eq. 
2 and 3, respectively. 

t = 0  

0
1X  = X  (2) 

0
2 2X  = X (z)  

(3) 
where the sub index 1 and 2 represent the first and the second stage, respectively, and the 
super index 0 represents the initial condition. At the second stage, the initial water mass 
fraction is a function of de distance z, because there is a spatial distribution profile of water 
content in the sample at the end of the first stage. 

Eqs. 4 and 5 represent the spatial conditions. 

z = L/2±  eqX = X  (4) 
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z = 0  
X  = 0
z

∂
∂

     (5) 

where L is the initial thickness of the apple slice and z = 0 refers to the central position on 
the z-axis (symmetry condition) and eqX  is the water mass fraction in equilibrium. Eq. 4 and 

5 were employed in both drying stages.  

In this study, the thickness shrinkage was described by a linear equation as a function of 
moisture and, therefore, included in the Eq. 1  

The parabolic partial differential equations were solved by finite differences method using 
MATLAB software (MathWorks Inc., Natick, Massachusetts, USA). The moisture profile 
generated in the first stage was the initial condition of the second stage. The effective 
diffusion coefficients (Deff) were determined by minimizing the (relative) deviations between 
predicted and observed average water contents in the slices. For this, the predicted water 
profiles were integrated and compared with the observed values.  

The estimated parameter Deff was evaluated based on the best fit using statistical indicators 
as such as the coefficient of determination of the fit (R2), the mean relative error (P%) and 
on the root mean square error (RMSE).  

exp caln

exp
1

100 |X  - X |P(%) = 
N X∑                                                                                       (6) 

( )
1

n 22cal exp

1

1RMSE = MR  - MR
N
 
 
 
∑                                                                         (7) 

where Xcalc represents the water content on a dry basis, Xexp is the experimental value, MRexp 
is the experimental moisture ratio, MRcalc the calculated moisture ratio and N represents the 
number of observations or residuals. 

3. Results and Discussion 

The moisture and water activity of the samples for the treatments are shown in Table 1.  

Table 1. Moisture and water activity of the fresh and dried samples 

Treat. Moisture aw 
Fresh sample Dried Sample Equilibrium Dried sample 

T1 0.869 ± 0.002 0.047 ± 0.001 0.033 ± 0.001 0.275 ± 0.016 
T2 0.860 ± 0.002 0.043 ± 0.001 0.032 ± 0.001 0.237 ± 0.013 
T3 0.863 ± 0.002 0.050 ± 0.001 0.032 ± 0.002 0.248 ± 0.016 

 

 

468

http://creativecommons.org/licenses/by-nc-nd/4.0/


Filippin, A.P; Tada, E.F.R.; Thomeo, J.C.; Mauro, M.A.. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

The experimental curves of the intermittent drying are shown in Fig.1.  

 

Fig 1. Experimental curves of the intermittent drying 

 

It was observed that the intermittent drying curves exhibit a discontinuity between the first 
and second stages, indicated by the vertical dashed line. The relation between the drying rate 
and the air temperature is evidenced by the difference between the curves in the first stages, 
in which higher drying air temperature promoted a more pronounced slope of the curve. In 
addition, after 45 min at 75°C, the sample average moisture reached 75% on wet basis (or 
2.97, d.b.), while at 95°C the average moisture was 62% (1.63, d.b.). 

Table 2 shows the effective diffusivity obtained at each stage of the intermittent drying 
treatments and the statistical parameters evaluated. 

Table 2. Diffusion coefficients (Deff,) R², P(%) and RMSE 

Treatment T 
(ºC) 

Deff  × 1010 

(m²·s-1) R² P(%) RMSE 

T1 95 7.00 0.990 3.1 0.032 
60 3.40 0.999 28.7 0.005 

T2 85 5.90 0.992 2.3 0.027 
60 3.10 0.999 25.0 0.004 

T3 75 4.50 0.985 2.8 0.034 
60 2.75 0.999 22.4 0.011 

 

The P(%) values obtained in the second stage were higher than those obtained in the first 
stage and they were above 10%, which is considered as a reference value [8]. However, since 
the P(%) value is calculated as a relative residual, the error value is amplified as the moisture 
content decreases through the second stage of drying. The values of RMSE, a non-relative 
parameter, were satisfactory for both stages as well as the coefficient of determination (R²), 
indicating that the proposed model presented a good fit to the experimental data.  

Experimental and simulated curves are shown in Fig. 2. 
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Fig. 2. Experimental (Exp) e simulated (Sim) drying curves 

It is important to highlight that drive forces are not only related to mass concentration 
gradients, although this is the main driving force of the phenomenon [7]. Temperature 
gradients, which are more significant in the beginning of the process, will also influence the 
water transport [6]. However, in the case of a single-parameter model, Deff encompasses all 
possible parameters that effectively influence the mass transport. 

The effective diffusion coefficients of the first stage (Table 2) showed exponential 
temperature dependence, which was empirically represented by an Arrhenius type equation, 
as described in Eq. 8. This equation has been reported in the literature to describe the Deff  as 
a function of the air-drying temperature [9,10]. For the first stage, the activation energy was 
23.59 kJ·mol-1 (R2 = 0.987), as follows: 

-23.596 RT
effD 1.57 10 exp−= ×                                                                                               (8) 

in which Deff assumes the value of 1.57×10-6 m-²·s-1 when the temperature (T) tends to infinite 
and R is the universal gas constant in kJ·mol-1·K-1.  

Although the air-drying temperatures of the second stages were the same (60ºC), the Deff 
values were different. Therefore, a dependence on the first stage air-drying temperature was 
found. The increase of 10°C in the first stage temperature led to an increase of about 11% in 
the Deff of the second stage. This result indicates that the first stage temperature contributed 
to the second stage efficiency, probably because of modifying the vegetable structure that 
would make the water exit easier in the later stage.  

The drying has been represented in the literature through empirical models such as the Peleg, 
Page, Handerson and Pabis and Lewis and fundamental mathematical models [4,11]. 
Regarding the intermittent drying, some authors model the initial condition of subsequent 
stages by considering a homogeneous spatial distribution of the water [9,12]. This 
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consideration is reasonable when tempering times are used between the stages, since this 
procedure provides redistribution of the water content in the solid during the holding time. 
Therefore, a moisture profile of the initial stage could be used to calculate the ideal tempering 
time required for the moisture to become homogeneous [13].  

 

Fig. 3. Spatial distribution of water in the apple slice at the end of the first stage at 75, 85 and 95ºC. 

 

In the case of the thermal intermittence applied in this study, at the end of the first stage the 
profile of spatial water distribution was evident, as shown in Fig. 3. At the end of the first 
stage at 95ºC, the water content was about 9 times larger at the centre of the sample than at 
the surface, which highlights the need to consider the moisture profile in the initial condition 
of the second stage. Thus, the approximation of moisture profile to experimental mean 
moisture would be a misconception that could underestimate the Deff  values.  

Consideration of the shrinkage in the model also contributed to the good fit of the model. In 
this study, it was assumed that only the thickness dimension varied. In fact, as variation of 
the radial dimension of the slices was small, the mass transfer area could be neglected without 
considerably affecting the accuracy of the model fitting. 

4. Conclusions 

The proposed diffusive model was appropriated to simulate water profiles during two-stage 
intermittent drying of deformable foods, since it presented a good fit to the experimental data. 
The effective diffusion coefficients found in the second stage depended on the first stage 
temperature.  
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Abstract 
During hot melt fluidized bed coating, particle agglomeration leads to non-
uniform particle size. In this study, Population Balance Model (PBM) is used 
to establish the conservation of the size of particles in the system. In order to 
solve the population balance model, it is discretized. The aggregation kernel 
of the particles can be described by the Equi-partition of Kinetic Energy 
(EKE) kernel based on the gas dynamics theory. The EKE kernel is 
incorporated into a discrete population balance (DPB) model, and the 
effective aggregation rate constant is obtained by fitting with the 
experimental data.  

 

Key words: Hot melt fluidized bed, PBM, DPB, EKE kernel, Aggregation 
rate constant. 
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1. Introduction 

Hot melt fluidized bed coating is an advanced technology for the preparation of 
microcapsules and it is commonly used in the food, pharmaceutical, and chemical 
industries. The coating process involves the agglomeration and breakage of the particles. In 
most studies of the model, the agglomeration model is used to describe the coating process. 
Tan et al (2004c) [1] showed that the agglomeration rate of the particles was much greater 
than the breakage rate in the melt granulation experiments. For the coating process of 
particle groups, particles of different sizes are transformed into each other through 
nucleation, growth, and breakage. Through the introduction of the particle population 
balance model (PBM), a conservation relationship is established between particles of 
various sizes in the system. Anette et al[2] established a theoretical model to quantitatively 
explain the agglomeration growth rate, which was in good agreement with the experiment; 
C.F.W. Sanders et al[3] predicting high shearing granulation behavior in the granulation 
process based on discrete population balance (DPB) model; Tan et al[4,5] deduced the EKE 
kernel based on particle growth kinetics theory to describe the net growth rate of hot melt 
spray fluid bed coating. In these models, the growth process of the particles is reflected 
from different aspects. However, the study on the constant of aggregation rate in the 
process of hot melt fluidized bed coating is rare. 

This study only considers the agglomeration process in the coating process of hot melt 
fluidized bed. The main purpose is to incorporate the EKE kernel into a discrete population 
balance (DPB) model and use MATLAB for numerical simulation. The experimental data 
is fitted to a discrete population balance model to obtain an effective constant for 
aggregation rate. 

2. Simulation Methods 

2.1 Establishment of a population balance model (PBM) 

In the process of hot melt fluidized bed coating, the agglomeration and breakage of 
particles resulted in non-uniform particle size. A population balance model (PBM) is 
introduced to establish a conservation relationship for each size particle in the system, 
describe the change of particle size distribution with time or space during the coating 
process, and reflect the process of particle growth and extinction. PBM is expressed by 
describing the rate of change of the particle size distribution density function. The model 
equation is: 
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where ),( vtn is a number density function, v  and ε  are the mass of particles or granules, 

B is the nucleation rate, G is the growth rate, β  is an aggregation kernel, S  is a selection 

function, b  is a breakage function. 

The aggregation kernel uses the EKE kernel described by Hounslow (1998) [6] based on the 
theory of gas dynamics. Expressed as: 

                  33
2

0,
11))((
ji

jiji ll
llt ++= ββ                        (2) 

where 0β  is the second-order rate constant, and il  and jl  represent particles of size i and 

j. This model uses the particle flow dynamics theory described by Goldschmidt et al[7] to 

provide a theoretical basis for the particle collision frequency in a fluidized bed. 0β  can be 

expressed as: 

                        
ρ
θψβ s

ijgt 3)(0 =                            (3) 

where ψ is defined as the ratio of the aggregation rate to the collision rate, ijg is the particle 

radial distribution function, ρ is the particle density, sθ is the particle temperature. Based 

on this work, it is considered that 0β should be a constant for any set of experimental 

conditions, so in all the work here, 0β can be described by the value of a single time-

independent parameter. 

2.2 Solution to the population balance equation 

In order to solve the equation of population balance model, this study uses the method of 
discretization[8].It ensures correct prediction of particles number and volume for the 
aggregation terms. In the discretization scheme used, the length domain is divided into 
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geometric intervals where the ratio of the upper and lower limits of each size interval is 
3 2=r . By assuming that the system is well-mixed, the discrete equation that gives the 

rate of change of the number of particles in the i th interval is: 
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N is the number of particles in a particular size class. Use MATLAB to solve the 
discretized numerical model. 

2.3 Calculation of the aggregation rate constant 0β  

The rate extraction problem is treated as a simple chi-square minimization process in the 
manner of Press et al[9]. In considering only the aggregation model, assuming that the 
aggregation rate is independent of time, the equation (2), (4) is simultaneously fitted with 

the mass-based experimental data to obtain the aggregated rate constant 0β for the entire 

experiment. Using the integral fitting technique to minimize the chi-square method 2χ : 

                  })],(~)(ˆ{[)( 22 ptWtWp kik
i k

i −=∑∑χ                   (5) 

Where P is the fitting parameter vector, iŴ  is the mass-weighted particle size distribution 

of the experiment, and iW~ is the predicted particle size distribution. 

3. Experimental 

Using the method of spray cooling granulation, the citric acid is subjected to granulation 
experiments using a fluidized spray granulation device. Experimental device flow chart 
shown in fig 3-1: 
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Fig 3-1 Citric acid experiment flow chart. 1, Air compressor; 2, Water separator; 3, Air flow meter; 
4, Constant temperature water bath; 5, Spray fluidized bed; 6, Lipid; 7, Fan. 

The experimental materials selected citric acid particles and lipid (butter), citric acid 
particles as the core material, and lipid as the wall material. 150 g of citric acid particles are 
weighed and frozen in a freezer at -30°C for 24 hours. The lipid is heated and melted and 
sent to the nozzle, mixed with air in the nozzle, and then atomized into droplets. The citric 
acid particles are placed in a spray fluidized bed and the fluidized citric acid particles 
collide with the atomized droplets to wet, coat, and granulate. 

The absolute pressure of atomization during the experiment is 0.6 MPa. The flow rate of 
citric acid particles is 0.5m/s. The experiments are divided into 4 groups. The fluidization 
time is 0.5min, 1.0min, 1.5min and 2.0min respectively. Each set of experiments is repeated 
3 times. At the end of the experiment, the fan is turned off and the nozzle spray is stopped. 
The experimental sample is taken out and sieved. The percentage of mass is used as an 
important criterion for evaluating granulation, and the particle size distribution of each set 
of experimental samples is determined. 

4. Results and discussion 

The particle size distribution of each experimental sample is shown in fig 4-1: 
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(a)t=0min                             (b)t=0.5min 

 
(c)t=1.0min                           (d)t=1.5min 

 
(e)t=2.0min                          (f)Mean Size 

Fig 4-1 Particle size distribution based on mass at different time.The last figure shows the 
change mean size. 

As shown in fig. 4-1, at t = 0min, that is, the citric acid particles are not embedding with 
lipid at the initial time. The distribution of particles is observed to be concentrated between 
60 mesh and 200 mesh, with a particle size of 100 mesh particles having the highest mass 
percentage, accounting for 23%. 
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As shown in fig (b), the lipid is atomized and coated on citric acid particles. After spraying 
for 0.5 min, the experiment is ended and the particle size distribution is analyzed. 
Compared with fig (a), the particle size distribution range is larger, mainly distributed 
between 12 and 200 mesh, with the largest distribution of citric acid particles between 60 
mesh and 100 mesh. However, the percentage of particles with a particle size of 100 mesh 
is still the largest, accounting for 28%. This is because the  lipid is applied atomically to the 
fluidized citric acid particles so that the particles are coated and the diameter of the particles 
increases. However, when the coating is applied for 0.5 min, the percentage of the particles 
between 4 and 6 mesh was almost zero. 

In fig (c), the experiment is performed for 1.0 min. It can be observed from the figure that 
the particle size distribution is mainly concentrated between 12 mesh and 100 mesh, among 
which the citric acid particles distributed between 24 mesh and 100 mesh are the most, and 
the citric acid particles with particle size 35 mesh are the most distributed, accounting for 
21%, Compared to fig (b), the percentage of particles in each particle size range increased. 
Particles between 115 mesh and 200 mesh gradually decreased with increasing 
experimental time. This is due to the fact that as the experimental time increases, more lipid 
and citric acid particles contact and collide, so that the particles are sufficiently 
agglomerated, the particles in a small size range are reduced, and the particle size is 
increased. Relative to fig (b), the particle size distribution of fig (c) is relatively uniform, 
showing a normal distribution as a whole. 

Fig (d) shows that the entire experiment is 1.5 minutes. Compared to (c), large granules of 
citric acid are present, with an increase in granule size of 4 mesh citric acid particles, and 
few particles between 115 mesh and 200 mesh. The particle size range of the particles is 
also concentrated between 12 mesh and 100 mesh. At this point, the particle size 
distribution is 60 mesh with the largest percentage of particles, accounting for 22%. 

The particle size distribution in fig (e) is similar to that of fig (d). The particle size 
distribution range is basically the same and is mainly concentrated between 12 mesh and 
100 mesh. However, the particle size distribution of 24 mesh particles is the largest, 
accounting for 23%. 

With the increase of the experimental time, citric acid is embedded in lipid, and the average 
particle diameter increases. This is because the lipid is sprayed onto the fluidized particles 
after atomization and the particles are coated.When the experiment time increases, the 
quality of the atomized wall material increases, while the quality of the core material does 
not change. Then, the mass-based particle size distribution of citric acid particles at 
different times is fitted to a discrete population balance model. Solve using MATLAB to 

get 0β =7.5*10(-6) kg m-1/2 s-1. 
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5. Conclusion 

A hot melt fluidized bed coating experiment using lipid-citric acid as the research object. 
The agglomeration of particles leads to non-uniform particle size, The particle size 
distribution range is larger, mainly concentrated between 12 mesh and 100 mesh, and the 
mass-based particle size distribution as a whole shows a normal distribution. 

The experimental data is fitted to a discrete population balance model, and the aggregation 

rate constant 0β =7.5*10(-6) kg m-1/2 s-1. 

The authors acknowledge Projects supported by the National Natural Science Foundation of 
China (Grant No.21506163 & No. 31571906). 
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Abstract 
Food drying is one of the main unit operations for food preservation and it is 
based on the difference of chemical potential between the product and a fluid 
with lower chemical potential. The objective of this work was the development 
of a thermodynamic model of chicken meat drying process using infrared 
thermography; also the viability of using dielectric spectroscopy as a 
monitoring system was analyzed. A thermodynamic model has been developed 
to predict the expansion/contraction phenomena of poultry meat throughout 
the drying process. Moreover, it was demonstrated that permittivity is a non-
destructive method to monitor the evolution of drying process. 

Keywords: Poultry meat, hot air drying, permittivity, infrared, drying kinetics. 
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1. Introduction 

Food drying is one of the main unit operations to preserve food[1]. The process is carried out 
by the difference of chemical potential between the product and a fluid (hot air) with lower 
chemical potential. Drying is based on three stages: induction period, period of constant 
drying speed and period of decreasing drying speed. During the first stage, the water transport 
occurs due to the difference of chemical potential between the food and the hot air, increasing 
the temperature of the surface. In the second stage, all the heat is used to evaporate the water, 
which comes from the inside faster than it evaporates from the surface, therefore, its 
temperature does not change. After this, the product is dried until the speed with which the 
water reaches the surface is less than the rate of evaporation and the heat received is used to 
evaporate the water as well as to heat the product. 

Given the importance and extended use of hot air drying in the food industry, to model the 
behavior of the sample that occurs during dehydration is very useful to optimize the industrial 
process. A similar thermodynamic model was already reported for hot air drying process of 
pork meat[2]. Several authors have modeled the water transport of other products like red 
pepper[3], salty pork meat[4,5], apple[6] and sweet potato[7]. 

The permittivity (ɛ*) is the physical property that describes the interaction between a flux of 
photons and the medium through which photons circulate. Thus, the analysis of the electrical 
properties of a flux of photons when it passes through a biological system allow determining 
the quantity and state of the chemical species of the system. Infrared thermography is a 
technique that provides information about the heat transfer in meat tissues[8] and consists in 
the measurement of the infrared radiation emitted by a body surface getting an image of its 
thermal distribution. Thus, infrared thermography and the permittivity analysis, offer the 
possibility to analyze the process by a non-destructive way. 

The objective of this work is the development of a thermodynamic model of the chicken meat 
drying process using infrared thermography; also the viability of using dielectric 
spectroscopy as a monitoring system is analyzed. 

2. Materials and Methods 

2.1. Raw Material 

The experiments were carried out using boneless broiler breasts (Pectoralis major) obtained 
from a local supermarket. Cylinders of poultry breast were used for each analysis (2 cm of 
diameter and 1 cm of height); the cylinders were cut in perpendicular direction to the fibers. 

2.2. Experimental procedure 

Two samples were placed inside the hot air dryer. The drying operation was carried out, for 
a period of 67 hours, at a temperature of 40 °C and an air velocity of 1.5 m·s-1. One of the 
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samples was hung from a Mettler Toledo PG503-S balance (precision of ± 0.01 g) in order 
to register the mass throughout the drying process. The other sample was placed on the right 
side of the dryer on a grid. This sample allow controlling continuously the surface 
temperature. Moreover, two needle electrodes sensor was placed on this sample to measure 
the permittivity by continuous radiofrequency spectrophotometry.  The flat face of both 
cylindrical samples was located in perpendicular to the drying air. A reference material of 
known emissivity (ε = 0.95 - Optris GmbH) was placed next to the samples. Also, the 
temperature of the drying air, sample, reference material and environment were measured 
with K-thermocouples connected to an Agilent multiplexer 34901A (Agilent Technologies, 
Malaysia) and registered by an Agilent Data Acquisition equipment 34972A (Agilent 
Technologies, Malaysia). After the drying treatment, the samples were kept in aqualab® 
disposable sample cups, sealed with parafilm® for further analysis.  

Water activity, moisture and volume were measured in fresh samples and also in dried 
samples. Mass, permittivity and thermal images were registered continuously as was 
explained above. 

2.3. Infrared measurements 

The infrared analysis was carried out following the method decribed by Traffano-Schiffo et 
al. (2014)[9], using an infrared camera (Optris PI® 160 thermal imager, Optris GmbH, Berlin, 
Germany) installed in front of the sample, at an angle of 0º relative to the plane in which the 
samples were placed. The camera uses a two-dimensional Focal Plane array with 160x120 
pixels, a spectral range of 7.5-13 μm, resolution of 0.05 °C and an accuracy of ± 2%. The 
camera covers at a temperature range of -20 to 900 ° C. It has a field of vision of 23 ° x17 ° 
with a minimum distance of 2 cm. The camera uses Optris PI Connect software (Optris 
GmbH, Berlin, Germany). 

2.4. Radiofrequency measurements 

The sensor used was developed by the Dielectric Properties Laboratory (Instituto 
Universitario de Ingenieria de Alimenos para el Desarrollo IuIAD) and the Instituto de 
Instrumentación para Imagen Molecular (I3M) both belonging to the Universitat Politècnica 
de València (UPV), Valencia, Spain. It consists of two needle electrodes located on both 
sides of the cylindrical face of the sample. The sensor is connected to an Agilent 4294A 
impedance analyzer. The measuring frequency range is from 40 Hz to 1 MHz and the 
calibration is performed in open and short-circuit. 

2.5. Physico-chemical measurements 

Water activity was determined with a dew point hygrometer Aqualab®, series 3 TE, with an 
accuracy of ± 0.003. The mass of the samples was determined with a Mettler Toledo AB304-
S balance, with an accuracy of ± 0.001 g. The volume was determined with Adobe © 
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Photoshop © CS6 software by image analysis. Moisture was obtained with the ISO 1442 
(1997) standard for meat products, drying the samples at 110 ºC and atmospheric pressure 
until reaching a constant mass. 

3. Results and discussion 

The monitoring of the process with the termographic camera need a correction in the 
temperature values, that made Traffano Schiffo et al., 2014[9]. 

With the evolution of the real temperature obtained by the camera and the physicochemical 
determinations, it is possible to apply irreversible thermodynamics to model the drying 
process, in order to analyze the influence of the structure in the water transport during drying. 
For this purpose, the Gibbs free energy variation (Eq. 1)[10] was applied in the system 
interface described in figure 1. 

𝑑𝑑𝑑𝑑 =  −𝑆𝑆𝑑𝑑𝑆𝑆 + 𝑉𝑉𝑑𝑑𝑉𝑉 + 𝐹𝐹𝑑𝑑𝐹𝐹 +  ѱ𝑑𝑑𝑑𝑑 + ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖   (1) 

Where: SdT represents the entropic term related to heat fluxes; VdP represents the 
mechanical energies related to the variation of pressure; Fdl represents the mechanical 
energies related to the elongation force; and ѱ𝑑𝑑𝑑𝑑 represents the effect of the electric field 
induced by solved ions. The term ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖 corresponds to the activity term and is the 
addition of the chemical potentials of the “i” component, being constant the rest of state 
variables. 

 

Fig. 1 Diagram of the interface of the chicken sample during drying. 

Considering the variation of free energy per mole of water, it is possible to define the 
extended chemical potential of water according to the equation 2. 

𝛥𝛥𝜇𝜇𝑤𝑤 =  𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥𝑤𝑤

     (2) 

Where: Δμw = chemical potential of water (J·mol-1); ΔG = variation of Gibbs free energy (J); 
Δnw = moles of water (mol). 
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Φair 
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484

http://creativecommons.org/licenses/by-nc-nd/4.0/


Tomas-Egea, J.A.; Castro-Giraldez, M.; Colom, R.J.; Fito, P.J. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Combining the last two equations, the equation 3 is obtained. The terms Fdl and ѱde of the 
equation 1 could be neglected, since the muscle tissue is elastic and the meat only has native 
ions. 

𝛥𝛥𝜇𝜇𝑤𝑤 =  − 𝑠𝑠𝑤𝑤  �𝑆𝑆𝑎𝑎𝑖𝑖𝑎𝑎 −  𝑆𝑆𝑚𝑚 � + 𝑣𝑣𝑤𝑤  � 𝑉𝑉𝑎𝑎𝑖𝑖𝑎𝑎 −  𝑉𝑉𝑚𝑚 � +  𝑅𝑅𝑆𝑆𝑚𝑚 ln 𝑎𝑎𝑤𝑤𝑚𝑚

𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎
         (3) 

Where: sw = partial molar entropy of the water (J·K-1·mol-1); T = temperature (K); ʋw = partial 
molar volume of water (m3·mol-1); P = pressure (Pa); R = constant of ideal gases (8.314472 
J·K-1·mol-1); aw = water activity of sample; φ = relative ambient humidity. Being the 
superindexes: m = sample; air = air. 

With the temperatures obtained by means of infrared thermography and the evolution of the 
moisture of the sample, estimated with the variation of mass during the process and the initial 
moisture, the entropic term can be calculated. For the activities term, a sorption isotherm of 
poultry was obtained and modeled by GAB (x0

w = 0.077, C = 420, K = 0.98) (Fig. 2). Finally, 
the term of mechanical energies of the equation 3 (second term) can not be calculated, since 
the pressure variation of the sample can not be measured. 

 

Fig. 2 Poultry sorption isotherm. 

According to Onsager's relations[10], the molar water flux is related to its chemical potential, 
which acts as a driving force for water transport, by means of the phenomenological 
coefficient (Eq. 4). The phenomenological coefficient is constant in reversible processes, but 
if the storage of mechanical energy produces irreversible breaks in the medium, the 
phenomenological coefficient will evolve as a function of the transformation suffered by the 
tissue. 

𝐽𝐽𝑤𝑤 =  𝐿𝐿𝑤𝑤 ∙ ∆µ𝑤𝑤     (4) 

Where: Jw = molar flow of water (mol·s-1·m-2); Lw = phenomenological coefficient (mol2·J-

1·s-1·m-2); Δμw = chemical potential of water (J·mol-1). 
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In order to obtain the phenomenological coefficient, water flux was estimated as follows (Eq. 
5): 

𝐽𝐽𝑤𝑤 =  𝛥𝛥𝛥𝛥𝑤𝑤
𝑚𝑚 ·𝛥𝛥0

𝑚𝑚 

𝛥𝛥𝛥𝛥 ·𝑆𝑆𝑚𝑚  𝛥𝛥𝑎𝑎𝑤𝑤
     (5) 

Where: Jw = water flux (mol·s-1·m-2); ∆Mw
m  = variation of water mass of the sample (kg); M0

m 

= initial mass of the sample (kg); Δt = time of the process (s), Sm  = surface of the sample 
(m2); Mrw = molecular mass of water (18 g·mol-1). 

As was explained above, it is not possible to calculate the mechanical term of the chemical 
potential, therefore the chemical potential of water was determined without considering the 
mechanical terms (∆µ𝑤𝑤∗ ). With the water flux and the chemical potential of water was 
determined without considering the mechanical terms, the phenomenological coefficient was 
estimated (Eq. 6). 

𝐿𝐿𝑤𝑤∗ =  𝐽𝐽𝑤𝑤
∆µ𝑤𝑤∗

     (6) 

In figure 3 it can be apreciated that there is a linear relation between Lw
∗  and Jw after 15 

minutes of drying. Therefore, following that linear prediction of the phenomenological 
coefficient it is possible to estimate the mechanical terms with the equation 7 (Fig. 4). 

𝑣𝑣𝑤𝑤  ∆𝑉𝑉 =  ∆µ𝑤𝑤 −  ∆µ𝑤𝑤∗     (7) 

 

Fig. 3 Relation between the phenomenological coefficient, without considering the mechanical 
terms, and the water flux from 15 minutes of drying until the end of the treatment. 

The evolution of the mechanical energy indicates that there is an expansion of the tissue 
during the first 400 minutes, followed by a contraction associated with the remaining 
functioning of the muscle from that time (Fig. 4). 
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Fig. 4 Evolution of mechanical energy, developed from the thermodynamic model, throughout the 
drying treatment. 

The permittivity in radiofrequency was measured throughout the drying treatment. It was 
found a linear relation between the dielectric constant in α-dispersion (40 Hz) and the number 
of water molecules when the sample still presents liquid phase, since this dispersion is 
fundamentally related to the mobility of the ions dissolved in meat liquid phase. With the 
drying time, the content of the liquid phase begins to decrease (samples with adsorbed water 
only) and also the mobility of the ions. The value of the dielectric constant in this dispersion 
becomes practically null. 

4. Conclusions 

It has been demonstrated that infrared thermography is a good technique to monitor the 
process of drying in poultry meat, providing information of heat transfer in biological tissues, 
being possible to obtain the evolution of the emissivity of the meat. Thus, with this technique, 
it is possible to non-invasively obtain the surface temperature of the sample during the 
treatment. 

A thermodynamic model has been developed to predict the expansion/contraction 
phenomena of poultry meat throughout the drying process, as well as to evaluate the driving 
forces of the drying process. 

Finally, a direct relation between the permittivity in α-dispersion with regard to the number 
of water molecules has been demonstrated. It can be concluded that the permittivity is a non-
destructive and rapid method to monitor the evolution of the drying process. 
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Abstract 
In this study, an experimental investigation was carried out on solar system 
consists of many main components; solar air collector, drying chamber and 
air blower. Manufacturing and an analysis of two active double-pass solar 
air collector integrated with unfinned and helical finned absorbers have been 
carried out. The helical fins increased the standers solar collector (unfinned) 
efficiency by about 6%. In five hours for 2 kg of apple slices drying, the final 
weight of the dried product is 1.237 kg using an unfinned solar collector, 
while 1.039 kg using helical finned solar collector. 

 

Keywords: solar drying, air heater, thermal performance, helical fins. 

 
 
 
 
 
 
 
 
 
 
 
 
 

489

http://dx.doi.org/10.4995/ids2018.2018.7767
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Farkas.Istvan@gek.szie.hu


 Flat plate solar air heater with helical integrated fins for drying processes 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

1. Introduction 

Drying is a complicated process including the transient transfer of mass and heat with 
several rate processes, such as physical or chemical transformations, which, in turn, may 
cause changes in product quality as well as the mechanisms of heat and mass transfer [1]. 

Air heater is the essential equipment through which solar energy is converted into heat 
energy. However, how to increase the thermal efficiency of solar air heaters becomes a 
significant challenge. In this paper, the design of different solar air heater with different 
absorber plate is discussed. Many parameters are affecting significantly on thermal 
performance of the solar collector, such as area of absorber, shape of absorber, speed of air, 
number of flow passes, number of glasses, material of absorber,…, etc. The major 
parameters which discussed in this paper is the absorber shape and absorber area. Solar air 
collectors are classified basically into two types: bare plate and cover plate solar air heaters.  

The bare plate solar air heaters consist simply of an air duct, the upper surface of which 
operates as the solar-energy absorber plate and the back surface insulated. For covered-
plate solar air-heating collectors, to reduce upward heat losses from solar air heaters 
transparent cover materials above and usually parallel to the absorber plate are used of one 
or more [2]. The performance of solar collectors under low-temperature conditions 
measured and simulated. The experimental results showed that for temperatures below 
ambient and for cases without irradiance, unglazed collectors performed better than glazed 
ones, with considerable heat gains from condensation and frost. The glazed collectors are 
not suitable to operate at temperatures below the dew point as condensation and frost 
conditions might lead to deterioration of materials, compromising the reliability and 
durability of this type of collector [3]. 

The performance of a double pass solar air heater tested in the previous studies, and the 
results showed that the thermal efficiency of double pass solar air collector with the porous 
material is 20–25% and 30–35% higher than that of double-pass solar collector without 
porous material and single pass collector respectively [4]. The effect of the cross-sectional 
configurations on the thermal performance of the plastic solar air heater is examined. The 
results indicated that the highest efficiency was achieved for the circular shape about 80% 
at a flow rate of 0.18 kg/s and average solar radiation of 925 W/m2 [5]. The solar radiation 
incident on solar collector has little effect on the efficiency of the collector, although it has 
a significant impact on the ambient air temperature around the collector. The outlet air 
temperature in flow channel increases almost linearly with insolation [6]. 

According to the above brief review for past literature, in the recent paper, manufacturing, 
and analysis of active double-pass solar air collector integrated with helical shaped finned 
absorber is done to be carried out.  
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2. Materials and Methods 

In this study, an experimental investigation was carried out on solar system consists of 
many principal components to achieve study goals. The solar system includes mainly of 
solar air heater, drying cabin and inline air blower. Insulated air ducts have connected the 
elements. The system designed, manufactured and tested in the laboratory of the 
Department of Physics and Process Control, Szent István University, Gödöllő, Hungary. 

 

2.1. Solar air collector  

A simple double air-pass solar air collector had been manufactured with 120×50×15 cm 
length, width and thickness (external dimensions) respectively. The outer case of solar air 
collector is made from wood sheets and bars with different thicknesses with dimensions. 
For study purpose, two absorbing surfaces are made from copper sheet with 1.5 mm 
thickness and thermal conductivity 385 W/mK (see Fig. 1). A black matt paint used to 
enhance these surfaces properties (selective surface). A polystyrene material with thermal 
conductivity 0.038 W/mK is used as back insulation. Back insulation thickness is 2 cm, and 
dimensions are 120×50 cm length and width respectively. The sides of the body were well 
insulated to prevent heat loss by using self-adhesive rubber foam tape with a thickness of 3 
mm. A transparent cover fixed on the top edges of the collector wood case and thermal 
insulation at the bottom base side of the wooden case. A 4 mm thick plastic glass sheet used 
to cover solar collector. 

  

Fig. 1. Wooden case and absorbing surface of solar air heater 
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The first absorber is flat absorber (un-finned) with dimensions 46.2×121.8 cm, while the 
second absorber had made with the same aspects of the first surface with helical Aluminum 
fins to increase its area of surface. The dimensions of attached fins are shown in Fig. 2. Fins 
function is expanding air streams length with the absorber surface to improve the useful 
heat transfer to the air. The space between every two buffers is 17 m. Areas of air heater 
inlet, exit and second channel entrance are the same, to avoid pressure reduction through 
the solar collector.  

 

 

Fig. 2. Helical extended surfaces dimensions  

 

The air recirculated from first to second air channel through 25 holes, which made on the 
absorber. Second air channel designed using many wood buffers which fixed on the back 
surface of a solar collector as shown in Fig. 1. Air circulates through the solar collector, 
inline air blower in air duct between solar heaters and surrounding has been used. 
According to Duffie and Beckman, flat-plate solar collector tilted in a way that it receives 
maximum solar radiation during the day and to be perpendicular to solar radiation rays at 
noon. The best stationary orientation is due South in the northern hemisphere and due North 
in the southern hemisphere. Therefore, the two solar air heaters in this work are oriented 
facing South line and tilted at 45o to the horizontal according to the solar chart for Budapest 
region (Budapest 47.5o N, 19.05o E) [7]. 

 

2.2. Drying cabin 

The drying chamber is made with five trays where the different products items are placed. 
The external chamber dimensions are 50×50×100 cm length, width, and height 
respectively, as shown in Fig. 3. Dryer walls have been made from polystyrene with 5 cm 
thickness and thermal conductivity 73 W/mK, except the front wall of chamber made from 
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4 mm plastic glass sheet for observing. The five trays made from plastic nets and fixed with 
10 cm distance between each. The chamber integrated with the solar air heater by a small 
duct (indirect drying) with 10 cm diameter.  

All air leakages from drying space closed totally as possible. The product sample which 
used through this study is apple. Apple selected as a sample because of its high initial 
moisture content and its high maximum allowable temperature. The initial moisture content 
and maximum allowable temperature for an apple during drying process are 80% (wet base) 
and 70 oC respectively [8]. 

 

  
 

Fig. 3. Layout of drying chamber   
 

 

3. Results 

Two sets of results are collected, the first set shows the experimental results of the double 
air pass unfinned solar heater test, the second set shows the experimental results of double 
air pass helical finned solar heater test.  Airspeed for these tests is 2.3 m/s with air duct 
cross-section area 0.00635 m2. Properties of air which considered for performance 
calculations are 1.2 kg/m3 and 1000 J/kgK density and air specific heat at constant pressure 
respectively. The tests carried out on 2nd and 9th of October 2017. The daily efficiency for 
unfinned solar collector was 54.8%. The helical fins increased the standers solar collector 
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efficiency by about 6%. Fig. 4 and Fig 5 showed the relative humidity and temperature 
stratification in drying chamber by using unfinned solar air collector. Fig. 6 and Fig 7 
showed the relative humidity and temperature stratification in drying chamber by using 
helical finned solar air collector. 

 

 

Fig. 4. Relative humidity distribution in drying chamber by using unfinned collector   

 

 

Fig. 5. Temperature distribution in drying chamber by using unfinned collector   
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It is clear that the product loses of its moisture in a short time at the beginning of the 
process, and much time is needed for the remaining water content to be lost. Humidity 
stratification is more obvious with using unfinned collector. In five hours for 2 kg of apple 
slices drying, the final weight of the dried product is 1.237 kg using an unfinned solar 
collector, while 1.039 kg using helical finned solar collector. 

 

 

Fig. 6. Relative humidity distribution in drying chamber by using helical finned collector   

 

 

Fig. 7. Temperature distribution in drying chamber by using helical finned collector   
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4. Conclusions  

1. The daily efficiency for unfinned solar collector was 54.8%. 

2. The helical fins increased the standers solar collector efficiency by about 6%. 

3. In five hours for 2 kg of apple slices drying, the final weight of the dried product is 
1.237 kg using an unfinned solar collector, while 1.039 kg using helical finned solar 
collector. 

4. The costs of designing and manufacturing process of solar drying system are low 
compared with other drying methods. 

5. The maintenaces costs are uncomplicated and cheap. 

6. Clean process with low electricity consumption. 
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Abstract 
One-phase model have been reported to describing the simultaneous heat 
and mass transfer in a horizontal drum partially filled by sugarcane bagasse 
with attention to the loss of water promoted by the increase of temperature. 
Mass and energy balances were written in MatLab language and solved by 
finite difference method. Predicted temporal and spatial profiles of moisture 
content and temperature are shown. Experimental tests were carried out in a 
horizontal drum and the temporal profiles were obtained. Great adjustments 
between experimental and predicted data were observed, indicating that the 
model is able to describe the transport phenomena in this system. 

 

Keywords: horizontal drum; heat and mass balances; sugarcane bagasse; 
solid-state fermentation process. 
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1. Introduction 

Rotary drums are widely employed in several industrial processes involving particulate 
systems. Specifically in solid-state fermentation processes, the use of rotary drum 
bioreactors have been investigated because these equipments offer more mechanisms to 
control of operational conditions during the fermentation process [1]. 

Solid-state fermentation (SSF) is a prodigious technology that it enables the obtention of 
high-value compounds from solid cultive of microorganisms in wet agro-industrial residues 
[2], as such the fibers of sugarcane bagasse [3]. Promissors results have been reported by 
literature in laboratorial scale on the yield of compounds through FES [4]. However, the 
industrial scale yet is not available to use due to difficulties related to scale-up of 
bioreactors for FES, such as the undesirable increases of temperature during the process. 
Considering the use of rotation in intermittent regime as a mechanism of heat removal, the 
particles bed keeps static during long periods and then are periodically moved. This allows 
tha analysis of this process from a static bed in a horizontal drum. 

The increase in the temperature observed during SSF process can promote other 
phenomena that deserve attention, such as the loss of water in heated regions of the bed. 
The recent literature has reported that the moisture content of the organic particles is 
directly related to bed properties as porosity and efficient thermal conductivity [5,6]. 
Fundamental studies have been reported about the no-reactional particulate systems in 
geometries similar to bioreactors and are important to understand some aspects about 
transport phenomena in these systems [7,8]. In this context, this work aims the proposition 
of heat and mass balances to descrive the temperature and water profiles in a partially filled 
horizontal drum by a sugarcane bagasse bed, in attention to possible water remotion due to 
increases on the temperature. 

 

2. Materials and Methods 

2.1. Phsysical situation 

The physical situation in this case study is presented in Fig. 1. The horizontal drum was 
built in stainless stell and has 10 cm of inner dimeater and 20 cm of length. The inner wall 
of the drum was kept at constant temperature (45 ºC or 65 ºC) and the bed was initially at 
25 ºC. The bed was continually heated by heat penetration through of the wall and the water 
removal occurried simultaneously as a response to increases in the temperature. The fibers 
of sugarcane bagasse were employed at 3 kg-water/kg-dried solid, which is corresponding 
to the operational condition for a solid-state fermentation process [3,9]. 
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Fig. 1. Physical situation to verify the water removal in a partially filled horizontal drum due to 
increase in the temperature. 

 

2.2. Mathematical model 

A one-dimensional and one-phase model was proposed to describing the temporal and 
spatial temperature and water profiles in a partially filled horizontal drum. The water 
balance is shown in Eq. (1). In this equation, the first therm of left hand represent the 
temporal variation of water in the bed, the first therm of the right hand represent the spatial 
variation of water in the radial direction and the last term represent the water removal due 
to increase in the temperature. In this term, it was assumed that the moisture of the particles 
was carried by the air amidst the porous bed. The air was continuously heated and it 
described radial flow thorugh of the bed with velocity Vr. 

2
a

eff r2
s

ρX 1 X X dT=D + + V f
t r r r ρ dr

 ∂ ∂ ∂
 ∂ ∂ ∂ 

   (1) 

The energy balance is shown in Eq. (2).  

( )
2

b b a a r2
T 1 T T Tρ Cp =K + + Cp -λf ρ V
t r r r r

 ∂ ∂ ∂ ∂ 
   ∂ ∂ ∂ ∂  

   (2) 

The initial and boundary conditions are shown in Eqs. (3) to (8). 

t = 0,  
0T = T  (3) 

0X = X  (4) 

   

i(θ)r = r ,  

TK  =  - α (T - T )
r ∞

∂
∂

 (5) 

eff eq
XD  = - β (X - X )
r

∂
∂

 (6) 
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r = R,  
wT = T  (7) 

eff
XD  = 0
r

∂
∂

 (8) 

in which r = ri(θ) is the superfitial position and r = R represents the wall of the drum. 

For the solution, the spatial variation were discretized by finite difference method. The 
resultant equations were written in MatLab® language and solved by ode15s for a geometry 
of a partially filled cincunference, as described by [8].  

2.2.1. Parameters of the model 

The effective diffusivity of the water through the bed have been experimentally determined 
by [10] as a function of the temperature. The effective thermal conductivity of sugarcane 
bagasse bed as a function of moisture content of the fibers was extracted from [5]. 

The coefficients α and β were teorically estimed using correlations available in the literature 
for the parallel flow of a fluid above the surface of a rugous flat plate. The velocity Vr was 
estimed using correlations for free convection through a packed-bed constituted by 
spherical particles. 

2.2.2. Simulations and verification of the model 

Simulations were carried considering the temperature of the wall (Tw) at 45 or 65 ºC and 
the temporal predicted profiles were compared with experimental profiles. The 
experimental tests were carried out in a jacketed horizontal drum (inner diameter: 10 cm, 
length: 20 cm). The inner wall of the drum was kept at 45 or 65 ºC and the fibers of 
sugarcane bagasse were insered in the drum at 25 ºC and about 3 kg-water/kg-dried solid in 
filling degree 0.5. Samples of the bed were collected to determination of moisture content 
in a drying oven at 105 ºC until constant weight. The quality of adjustment was evaluated 
thorugh statistical indicators such as the coefficient of determination (R²) and the root mean 
square error (RMSE). 

 

3. Results and Discussion 

The temporal mean temperature profiles for Tw at 45 and 65 ºC are shown in Fig. 2.  
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Fig. 2. Temporal mean temperature profiles of a sugarcane bagasse bed in a horizontal drum 
with temperature of the wall drum at 45 and 65 ºC. 

 

The temperature increases subtly in the first hour as reported by [11] for a bed compoused 
by dried fibers of sugarcane bagasse in this same horizontal drum. Discrete increase on the 
temperature were observed for the interval from 1 to 4 hours and the thermal equilibrium 
was obtained around t = 4 h of process for all conditions. It indicates that the initial no-
isothermal problem becomes an isothermal problem along the time and it could be 
approximated and solved just through a mass balance for the equilibrium temperature in the 
interval from t = 4 h to t = 10 h. The spatial moisture content profiles for Tw at 45 and 65 ºC 
for t = 1 hour (on left hand) and 10 hours (on right hand) are shown in Fig. 3. 

45 ºC 

  
65 ºC 

  
Fig. 3. Spatial moisture profiles (kg/kg-ds) of a sugarcane bagasse bed in a horizontal drum with 

temperature of the wall drum at 45 and 65 ºC. 
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The mass flux was observed in the radial direction from the wall to the surface of the bed. 
The presence of the air in the headspace promoted discrete variation on the moisture 
content in the surface of the bed because the air was partially satured on water vapor and its 
capacity to carry water was reduced. After 10 hours of process, the simulated profiles show 
that the system is near to the mass equilibrium. 

The verification of the model is shown in Fig. 4 and 5 for the temperature and moisture 
profiles, respectively, for Tw at 45 and 65 ºC. Good agreements were observed between 
experimental and predicted profiles and them were supported by statistical indicators (R² > 
0,95 and RMSE < 0,62). 

 
(a) 45 ºC; R² = 0.96; RMS = 0.21 

 
(b) 65 ºC; R² = 0.95; RMSE = 0.62 

Fig. 4. Predicted and experimental temperature profiles in a horizontal drum partially filled by 
fibers of sugarcane bagasse (Tw = 45 ºC (a) or 65 ºC (b); T0 = 25 ºC). 

 

 
(a) 45 ºC; R² = 0.99; RMS = 0.06 

 
(b) 65 ºC; R² = 0.97; RMSE = 0.06 

Fig. 5. Predicted and experimental moisture profiles in a horizontal drum partially filled by fibers 
of sugarcane bagasse (Tw = 45 ºC (a) or 65 ºC (b); T0 = 25 ºC). 
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4. Conclusions 

The proposed model to describing the simultaneous heat and mass transfer in a sugarcane 
bagasse bed in a horizontal drum presented great adjustment with the experimental data (R² 
≥ 0.95 and RMSE ≤ 0.62) for temperatures of the drum wall at 45 and 65 ºC. The temporal 
temperature profiles shown that the thermal equilibrium is reached and the problem could 
be solved just through a isotherm mass balance. The loss of water in the regions near to the 
drum wall was visible in the spatial moisture profiles, indicating that the mass balance is 
sensible to increase in the temperature. 

 

5. Nomenclature 
 

Cp specific heat  J Kg-1 K-1 

Deff effective diffusivity  m² s-1 

f air capacity to carrier water Kg Kg-air-1 

K effective thermal conductivity W m-1 K-1 

r radial coordinate m 

t time s, min or h 

T temperature ºC 

V velocity m s-1 

X moisture content in dried basis Kg Kg-ds-1 

Greek letters 

α convective heat transfer 
coefficient 

W m-2 K-1 

β convective mass transfer 
coefficient 

m s-1 

ρ density Kg m-3 

λ latent heat of evaporation of 
water 

J Kg-1 

Subscripts 

0 initial i(θ) surface 

∞ headspace s solid 

a air r radial 
direction 

503

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Drying of sugarcane bagasse in a partially filled horizontal drum 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

b bed w wall 

eq equilibrium   
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Abstract 
The goal of reducing energy consumption (EC), losses and waste (FL) in the 
food processing is a challenges in the worldwide. The use of active solar 
greenhouse dryers (GHD) for EC and FL reductions has increased due to its 
capacity, and low operating costs. In this work the effective diffusivity (Deff) 
and the moisture content modeling were analized for basil (Ocimum basilicum) 
and blackberry pulp (Rubus rosoideae) dried in a conventional stove (CD) and 
an GHD coupled to an additional air solar heating system (SCHa). The loss of 
water and the drying rate in food materials dehydrated in the GHD is 
consistent with the increment or decrement of temperature during the solar 
day. The Deff values for basil and blackberry pulp was ranged between -
1.1044x10-7 and -3.9167x10-9. The solar energy obtained in the GHD supplied 
the heating requirements. In general, the Page’s  model was the best fit for the 
drying kinetics for basil and blackberry pulp. 

Keywords: Solar Collector for air heating, solar energy, variable conditions. 
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1. Introduction 

In the world, 1.3 billion tons of food loss and waste are generated each year [1]. Therefore, 
it is necessary to implement food conservation methods. These technologies could also allow 
the reduction of energy consumption.  

The energy consumption for food preservation in Mexico is not fully quantified. According 
to SENER of Mexico, (2016), 28.9% of the energy is used by the industrial sector in this 
country. The major energy consumption of the food industry is 43% and it is used for 
processing and distribution. Processing, drying, and curing are the most energy-intensive 
farm operations, due to the high costs of heating and the removal of moisture from the 
saturated air and the food matrix[2]. 

Drying is a unitary operation, that allows the water reduction from food, to extend its shelf 
life. Different solar drying systems have been used for food preservation, and they are 
classified as follows: direct, indirect, and mixed solar drying technologies[3]. Solar 
greenhouse dryers are classified as direct solar drying systems. They have been used for the 
drying of grains, fruits, and vegetables[3,4,5,6]. However, drying times are long and the 
product quality is poor[7,8]. 

Solar greenhouse dryers can also be connected to an air solar heating system (SCHa). The air 
heating concept or preheating system was recently introduced[9]. This system was used for 
drying of pepper, where different air mass flows rates and the drying kinetics were analyzed. 
The maximum temperature inside the greenhouse dryer was 45°C. 

Moreover, there are drying predictive models, and, they derived from Fick’s second law and 
Newton’s law of cooling[7,8,9,10]. But, the study of effective diffusivity is necessary in this 
novel system. Therefore, the main objective of this work was to evaluate the moisture 
diffusivity of basil (Ocimum basilicum) and blackberry (Rubus rosoideae), which were 
dehydrated in a solar greenhouse dryer coupled with an additional air solar heating system.  

2. Modeling 

The mass transfer phenomenon in drying has been simplified when considering the liquid 
mass transportation according to Fick’s second law, where the driving force is a concentration 
gradient.   

                                                 𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

= −𝐷𝐷𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝐴𝐴2

    (1) 

Considering that the water movement is unidirectional, in a case of a flat plate with a constant 
diffusivity, the equation (1) can be expressed according to Crank & Park[11] in the following 
form, 
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                                    𝑊𝑊 = 𝑑𝑑(𝑡𝑡)−𝑑𝑑𝑒𝑒
𝑑𝑑0−𝑑𝑑𝑒𝑒

= 8
𝜋𝜋2
∑ 1

(2𝑛𝑛+1)2
∞
𝑖𝑖=0 𝑒𝑒−

𝜋𝜋2

4∙𝑙𝑙2
(2𝑛𝑛+1)2𝐷𝐷𝐴𝐴𝐴𝐴∙𝑑𝑑                (2) 

Where W is the normalized moisture content. Simplifying the equation (2), the Fick’s second 
law solution is expressed as:  

                                              𝑊𝑊 = 𝑑𝑑(𝑖𝑖)−𝑑𝑑𝑒𝑒
𝑑𝑑0−𝑑𝑑𝑒𝑒

= 8
𝜋𝜋2
𝑒𝑒
− 𝜋𝜋2

4∙𝑙𝑙𝑜𝑜
2𝐷𝐷𝐴𝐴𝐴𝐴∙𝑑𝑑        (3) 

Where the diffusive coefficient (DAx) can be evaluated considering an effective mass 
transference (Deff).  

2.1. Empirical and semi-empirical modeling 

Semi-empirical models are calculated for specific conditions of relative moisture, 
temperature, and air-drying speed. In solar drying, empirical and semi-empirical models have 
been used on thin plane plates to describe the behavior of W during the process (Table 1). 
The adjustable parameters must be calculated for each food type and drying condition. Some 
models are derived from the solution of Newton’s law of cooling equation and others from 
Fick’s second law (Equation 1). 

Table 1. Predictive models for W 

Semi-empirical models Model  Equation Reference 
Models Resulting from 
Newton’s Law of 
Cooling 

Newton W = exp(−kt)  [12] 
Page W = exp(−ktn) [13] 
Modified Page W=exp(−(kt)n) [7] 

Models Resulting from 
Fick’s Second Law of 
Diffusion 

Henderson and Pabis W = a exp(−kt) [14] 
Logarithmic W = a exp(−kt) + c [15] 

 Two-term W= a exp(−kt) + b exp(−k1t) [16] 
 Two-term exponential W = a exp(−kt) + (1 − a)exp(−k1t) [17] 
 Midilli and Kucuk W = a exp(−ktn) + bt  [18] 
Empirical models Wang and Singh W = 1 + at + bt2 [19] 

 

Where W can be adjusted to the shown models in Table 1. In this work, adjustments were 
made to the Newton’s, Page’s, and Wang and Singh’s equations. 

2.2. Statistical analysis 

The square root means deviation (RMSD) between the predicted and experimental data were 
evaluated with the following equation,  

     𝑅𝑅𝑅𝑅𝑅𝑅𝐷𝐷 = �∑ �WExp,i−WTh,i�
2𝑖𝑖=𝑛𝑛

𝑖𝑖=1
n−1

                                        (4) 
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The main deviation between the experimental data and the results produced by the model 
were evaluated with relative error: 

            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(%) = 100
n
∗ ∑ �WExp,i−WTh,i�

2

WExp,i

𝑖𝑖=𝑛𝑛
𝑖𝑖=1                 (5) 

The reduced chi-square value of (χ2) was calculated as follows, 

               𝜒𝜒2 =
∑ �WExp,i−WTh,i�

2𝑖𝑖=𝑛𝑛
𝑖𝑖=1

n−N
                  (6) 

where WExp,i represents the experimental moisture ratio, WTh,i is the humidity ratio predicted 
by the mathematical model, n is the number of observations and N is the number of constants. 

3. Materials  

Basil (Ocimum basilicum) was obtained from a local farmer in Tequesquitengo, Morelos, 
Mexico, and blackberry (Rubus rosoideae) from Los Reyes, Michoacán, Mexico was used. 
In the basil drying case, only leaves were used. The samples were put over a perforated plastic 
mesh, covering a total surface of 16 m2. The blackberry was liquefied and the seeds separated. 
A thin layer of about 5 ± 1 mm of strawberry pulp was spread over 40.4 x 26.5 cm trays. In 
this case, a drying surface of 8 m2 was used for the drying process. The results were compared 
with samples dried in an electric oven at 60°C with forced convection at 1 m/s. The weight 
loss was measured during the drying process. 

3.2. Description of the drying equipment 

A solar greenhouse dryer (Figs 1 and 2) was used (GHD), it was connected to an air solar 
heating system (SCHa). The air solar heating system was constituted by three air heating flat 
plate solar collectors that consist in a box with insulation, an absorber, and a glass cover. The 
collector dimensions are 2.10 m in length, 1.20 m in width and 0.093 m in thickness. The 
cover was made of texturized corrugated tempered glass with a thickness of 4 mm. The SCHa 
was oriented to the south and inclined at an angle of 22° to the horizontal plane to maximize 
the absorption of solar radiation during the test. For the air inlet to the GHD a radial fan (Air 
Technology, CFD-7-3, Mexico) was connected to the SCHa. Therefore, the system can be 
operating with natural or forced convection (Figure 1). Two air-diffusers with honeycomb 
structure for air distribution in the GHD was connected in the south wall.  For air moisture 
and air flow removal from the GHD, two air fans (SilentVent, HAE 150) was connected in 
the north wall. The temperature was measured using Type T thermocouples (uncertainty of 
±1°C). The solar irradiation (W/m2) outside and inside of the GHD was measured using two 
pyranometers (Kipp & Zonen, CMP6, Netherlands). The air humidity (HR%) was measured 
using sensors (AOSONG, DHT22, uncertainty of ±2%). The inlet and outlet air velocity was 
measured using an anemometer (Extech Instruments, SDL 350).  
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The tests were carry out in Temixco, Morelos, Mexico (18.85° latitute North and -99.2333° 
longitude East and an altitude of 1219 m above sea level). The experiments were done in the 
months of March, May, and June 2017. In the tests with forced convection, an air velocity of 
0.58 m/s ± 0.12 m/s was used and a maximum irradiance of 806 W/m2 was recorded.                  

    

                                                                                                              

 Fig. 1 Solar greenhouse dryer (GHD). Outside view. Fig. 2 Solar greenhouse dryer (GHD), 
view without the plastic cover and with air heaters. 

A software for data acquisition was used during the test. The data collecting was done every 
30 s.  

3. Results 

The maximal average drying temperature into the greenhouse was 44.02 ± 1.90 °C with a 
maximal average solar irradiance of 806.34 ± 6.12 W/m2 and inlet average air velocity of 
0.58 ± 0.12 m/s of the greenhouse. In figure 2, the drying kinetics of dehydrated basil and 
blackberry are observed. In the greenhouse (GHD) and electrical stove (CD), the drying 
kinetics are according to the typical behaviour of drying processes. The initial moisture 
content of basil was 7.021 ± 0.001 kgw/kgds and for the blackberry was 9.470 ± 0.422 
kgw/kgds.  For the basil (Figure 2a.), the drying time in the GHD was 330 minutes and in the 
CD was 123.8 minutes. Figure 2b shows the blackberry pulp drying kinetics, in the stove the 
drying time was 480 minutes. But in the GHD, the dehydration was prolonged until a second 
day (960 minutes). 

The ln(W) (figure 3) was used to get the linearization of equation 3[20], considering the 
decreasing drying rate interval. With CD, the slope is less than with GHD, due to the mean 
temperature of each system (60 and 43.52°C for CD and GHD respectively). 

The Deff results with the slopes of the lines in fig. 3 shows a difference in the values obtained 
(Table 2). It can be observed that the Deff values for blackberry pulp are greater than the basil; 
therefore, the mass transference is major in the blackberry pulp. Furthermore, the Deff values 
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for CD indicate that a higher mass flux can be obtained. Nevertheless, the energy-saving with 
GHD is greater than with CD, and a good dried product was obtained in both technologies. 

           (a)               (b) 
Fig. 2 Basil (a) and blackberry (b) drying kinetics, using greenhouse dehydrated (GHD) and 

electrical stove (CD). 

                                        (a)        (b) 
Fig. 3 ln (W) vs drying times for (a) basil, and (b) blackberry pulp. 

 

Table 2. Effective diffusivity values 
 R²  Deff (m2/s) 
   

CD, Blackberry 0.961 -1.3577E-07 
GHD, Blackberry 0.989 -1.1044E-07 

CD, Basil 0.981 -3.9167E-09 
GHD, Basil 0.977 -2.5938E-09 

 

Table 3 shows adjustable parameters and the values for Newton’s, Page’s, and Wang and 
Singh’s models for the blackberry and basil experiments. In the basil-GHD, the best 
adjustment with Wang and Singh’s equation was found, followed for Page’s model. In the 
basil-CD, blackberry-GHD and blackberry-CD the best was with Page’s, it was due to a 
minor value of  %error, χ2 and RMSD and major value of R2. 
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Table 3 Adjustable parameters for different mathematical models 
 Parameters Newton Page Wang and Singh 

Basil  
GHD 

n 0.0000 1.2331 -0.0063 

k 0.0086 0.0027 0.0000 

R2 0.9831 0.9954 0.9966 

RMSD 0.6551 0.3410 0.2957 

X2 0.0018 0.0005 0.0004 

%error 3.1998 0.7705 0.1517 

Basil  
CD 

N 0.0000 1.0439 -0.0096 

K -0.0136 0.0112 0.0000 

R2 0.9926 0.9932 0.9820 

RMSD 0.4033 0.3858 1.5941 

X2 0.0007 0.0007 0.0113 

%error 1.8917 1.4044 30.1498 

Blackberry 
GHD 

N 0.0000 1.7241 -0.0030 

K -0.0042 0.0001 0.0000 

R2 0.9476 0.9971 0.9724 

RMSD 2.0173 0.1802 18.1547 

X2 0.0080 0.0001 0.6824 

%error 13.334 0.8703 10509 

Blackberry 
CD 

N 0.0000 1.4323 -0.0046 

K -0.0060 0.0007 0.0000 

R2 0.9657 0.9982 0.9959 

RMSD 0.9548 0.2213 6.4654 

X2 0.0043 0.0003 0.2144 

%error 9.0764 0.4720 811.31 
 
4. Conclusions 

The loss of water and the drying rate in food materials dehydrated in the greenhouse dryer 
(GHD) is consistent with the increment or decrement of temperature during the solar day. 
The Deff values for basil and blackberry pulp was ranged between 1.1044x10-7 and -
3.9167x10-9. The Deff values for CD was higher than for GHD, and in both technologies, a 
good dried product was obtained. In GHD the sun supplied the heating requirements for free. 
In general, the Page’s  model was the best fit for the drying kinetics for basil and blackberry 
pulp.     
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5. Nomenclature  
DAx Moisture diffusivity  s/m2 
Deff Effective moisture diffusivity  s/m2 
l sample thickness M 
N Number of constants  
n Number of observations  
t Time min 
T Temperature °C 
X Moisture content kg of water/kg dried solid 
W Dimensionless moisture content  

Greek letters 

ρ density kg/m3 
π pi constant  

Subscripts 

e equilibrium  
exp experimental  
o initial  
Th theoretical  
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Abstract 
This study was conducted to determine the drying characteristics of oyster 
mushroom (Pleurotus ostreatus) at 50, 60 and 70 °C.  Pleurotus ostreatus were 
cleaned and dried in a laboratory cabinet dryer. The drying data were fitted 
to six model equations namely Newton, Pabis and Henderson, Logarithmic, 
Two-term diffusion, Wang and Singh, as well as Modified Henderson and 
Pabis equations. The goodness of fit of the models were evaluated by means of 
the coefficient of determination (R2), root mean square error (RMSE) and 
reduced chi-square (χ2). The Logarithmic model best describes the drying data 
and could be used to predict its drying behaviour. 
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1. Introduction 

Drying is the removal of moisture from food material, to make it stable and thus promote its 
shelf life. Mushrooms are highly perishable and lose their qualities during storage. Due to 
the high moisture content, there is the problem of seasonal availability and wastage. The shelf 
life of mushrooms is only due to 2 to 5 days after harvest depending on the variety, hence 
there is a need for adequate preservation to ensure proper shelf stability and all year round 
availability without quality compromise [1]. Drying is seen as the removal of undesired 
moisture from a product. Many agricultural products are dried for various purposes like safe 
storage, easy handling, value addition, further processing and quality improvement [2]. 
Therefore, the drying process offers an alternative way for food material consumption and 
especially, the seasonal and perishable ones. The renewed interest in high quality fast-dried 
foods [3] and the upward swing in the demand for convenient foods including ready to eat 
and instant products, which are desired to contain the minimum quantities of additives and 
preservatives [4] is increasing the interest in drying operations. The drying process can be 
carried out using the sun (solar drying), though it is cheap however this method of drying is 
time consuming, it is climate dependent, time consuming and produces products of low 
quality especially in terms of colour and microbial infestation. Hence the conventional means 
of drying is a better alternative because they were able to overcome this short comings even 
thou, they may be more expensive and out of all the different mechanical means of drying 
such as drum dryer, freeze dryer, fluidized bed dryer, the hot air oven drying (cabinet dryer) 
is the most commonly used because they are generally acceptable and they are cheaper. 
Drying kinetics is generally evaluated experimentally by measuring the weight of a drying 
sample as a function of time. Drying process can be described completely using an 
appropriate drying model, which is made up by differential equations of heat and mass 
transfer in the interior of the product and at its interphase with the drying agent. The drying 
behaviour of biological materials can be predicted using many thinlayer drying mathematical 
models which have been classified into three groups namely; theoretical (Fick’s second law 
of diffusion), semi-theoretical (Lewis, Page, modified Page, Henderson-Pabis, logarithmic, 
Two-term, Two-term exponential, approximation of diffusion, Verma, etc.), and empirical 
(Wang-Singh). These models have been found to be drying time and constants, dependent 
while influence of all other factors is negligible [5]. The objectives of this study therefore 
were to: (i) to study the drying kinetics of oyster mushroom specie (Pleurotus ostreatus) in a 
cabinet dryer, (ii) to evaluate a suitable thin layer drying model, and (iii) the optimum 
temperature of drying at which best quality product is obtainable. 

 

2. Materials and Methods 

2.1. Material 
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Freshly harvested samples of oyster mushrooms (Pleurotus ostreatus) were cleaned and used 
for the drying study. Before the commenement of a drying test, the initial moisture content of 
the mushrooms was determined. 

 

2.2. Experimental procedure 

Drying experiments were performed in a laboratory cabinet dryer designed in the Department 
of Food Science and Technology, Federal University of Technology, Akure, Nigeria. The 
dryer consists of a centrifugal fan to supply the air flow, an electric heater, and an electronic 
proportional controller. The temperature and relative humidity in the drying chamber were 
measured by temperature sensor (accuracy ±1%) and relative humidity sensor (accuracy 
±2%), respectively. The air velocity in the drying chamber was measured with a Tri-Sense 
hot wire probe anemometer (accuracy±2%). Air flow was perpendicular to the drying surfaces 
of the samples and the hot air used in the drying process was circulated in the cabinet. The 
dryer was started about one hour before each drying run to achieve steady-state conditions. 
After the dryer had reached this condition, 100 g samples of the mushroom were uniformly 
spread in a single layer on a sample tray and were dried. The drying experiments were 
performed at 50, 60 and 70 °C air temperatures. The air velocity was kept constant at 0.6 m/s 
in all drying experiments. Relative humidity of the ambient air changed between 21% and 
23%. During drying, the samples were removed at intervals and weighed. Removing, 
weighing, and replacing the mushrooms took about 1 min. The weight loss of the samples 
was recorded using an electronic balance (Midfield, MF-1000, Göttingen, Germany) in a 
range of 0–1100 (±0.01g) at hourly intervals until no measurable weight loss was observed. 
At the end of each drying experiment, the final moisture content of the sample was 
determined. Moisture contents were reported on wet basis. The amount of dry matter was 
calculated by using the mean final moisture content and the weight of the dried mushrooms 
[6]. All the experiments were replicated three times at each air temperature and the average 
values were used. Calculations of the moisture ratio, correlation coefficient, mean bias error, 
random square error and fitting the values generated into six drying models were carried out 
[6]. 

 

2.2.1. Moisture ratio 

The moisture ratio (MR) of oyster mushrooms during the single layer drying experiments was 
calculated using equation (1).   

𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑡𝑡−𝑀𝑀𝑒𝑒
𝑀𝑀0−𝑀𝑀𝑒𝑒

   (1) 
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Some investigators [7]; [6]; [8] observed continuous fluctuations in the instantaneous 
moisture content during the drying processes, and therefore reduced equation (1) to: 

𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑡𝑡
𝑀𝑀0

   (2) 

where MR indicates the moisture ratio (dimensionless quantity), M0 the initial moisture 
content (kg water/ kg dry matter, Mt the instantaneous moisture content at time t > 0 (kg 
water/kg dry matter), and Me the equilibrium moisture content (kg water/ kg dry matter). 

 

2.2.2. Drying rate 

The drying rates of the samples were calculated using equation (3) 

𝑑𝑑𝑀𝑀
𝑑𝑑𝑑𝑑

= 𝑀𝑀(𝑡𝑡+∆𝑡𝑡)−𝑀𝑀𝑡𝑡

∆𝑡𝑡
   (3) 

where 
𝑑𝑑𝑀𝑀

𝑑𝑑𝑡𝑡
 denotes the drying rate and Δt is elemetal time increment (hr). 

 

2.3. Mathematical modelling of the drying curve  

The drying curves obtained were evaluated to find the most suitable model for describing the 
drying process of the selected mushroom species. Drying curves data were fitted into six (6) 
thin-layer drying equations at three temperatures 50, 60 and 70 °C. The drying curves 
obtained were processed for drying rates to find the most convenient model among the six 
different expressions (Table 1). A nonlinear regression analysis was performed using the 
SigmaPlot and Microsoft Excel 2010 Statistical software to evaluate model parameters and 
determine the predicted moisture ratio for each model equation. The correlation coefficient 
(R2) is generally considered one of the primary criteria for evaluating the goodness of fit of a 
drying model. It was therefore used for comparing the predictive ability of the models in this 
study. Other criteria used for model evaluation and comparison are reduced chi-square (χ2) 
and root mean square error (RMSE). The model with the highest R2 and lowest χ2 and RMSE 
was condidered to best fit the drying data [9], [10]. Both χ2 and RMSE were calculated, 
respectively, from the following equations. 

𝜒𝜒2 = 1
(𝑁𝑁−𝑛𝑛)

∑ �𝑀𝑀𝑀𝑀𝑜𝑜,𝑖𝑖 − 𝑀𝑀𝑀𝑀𝑝𝑝,𝑖𝑖�
2𝑁𝑁

𝑖𝑖=1     (4) 

𝑀𝑀𝑀𝑀𝑅𝑅𝑅𝑅 = �1
𝑁𝑁
∑ �

𝑀𝑀𝑀𝑀𝑜𝑜,𝑖𝑖−𝑀𝑀𝑀𝑀𝑝𝑝,𝑖𝑖

𝑀𝑀𝑀𝑀𝑜𝑜,𝑖𝑖
�
2

𝑁𝑁
𝑖𝑖=1    (5) 
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Where MR and 𝑀𝑀𝑀𝑀����� are the instantaneous and average moisture ratio values, while the 
subscripts o,i and p,i denote the ith observed (i.e. experimental) and predicted moisture ratio, 
respectively. N is the number of observations, and n is the number of constants in the drying 
model. 

 

3. Results and Discussion 

The changes in the moisture content during drying of the three species of oyster mushrooms 
are presented in Fig. 1 at different temperatures of 50, 60 and 70 °C. The drying behaviour 
of the samples exhibited the characteristic moisture desorption behaviour. High rate of 
moisture removal was observed, followed by the slower moisture removal in the later stages. 
This characteristic behaviour can be attributed to the various forms in which water is present 
in the food products. In the progression of drying process, the moisture ratio was observed to 
decrease non-linearly with respective to drying time for all the samples. Various reporters 
such as Doymaz [11] and Kingsley et al. [12] also observed that it is a general trend adopted 
by other food products such as sweet potatoes and mulberry. The drying rate for the Pleurotus 
ostreatus decreased with time and decreasing moisture contents and drying occur in the 
falling rate period. There was no constant rate-drying period in the entire drying process from 
the curves shown in Figure 1, all the drying process occurred in falling drying period, rather 
there was an increasing drying rate as drying progressed, which shows that drying is govern 
by the intense internal water and vapour flow and the drying processes were mainly 
controlled by diffusion mechanisms. The time taken for drying of mushroom samples varied 
with drying temperature, the drying time decreases with increase in drying temperature, the 
drying time was higher at 50oC and lowest at 70 °C for all the samples. This trend agrees 
with the observation of several authors on the drying of various food materials [13], [14], 
[15]. 

3.1 Mathematical Modelling of Drying Curves 

Table 1 shows the result of the statistical analysis for the six models namely; Newton, Pabis 
and Henderson, Logarithmic, Two-term, Wang and Sighn and Modified Henderson and 
Pabis. Drying constants a, b, c, d, g and h for the thinlayer drying obtained from drying data 
(moisture ratio against drying time) for the Pleurotus ostreatus mushrooms at varied 
temperatures 50, 60 and 70 °C at fixed air velocity 1 m/s respectively. The regression results 
presented in Tables 2 shows that Logarithmic model gave the lowest RMSE and ϰ2  when 
compared with the other five models. It also gave the highest R2. Hence it is the model that 
best fits the drying of Pleurotus ostreatus mushrooms. This agrees with Doymaz [16] who 
reported that the Logarithmic model equation as the best fit model. However, this is at 
variance with Tulek [17] who reported that the model of Midilli et. al. [8] is the best fit model 
to predict the drying characteristics of mushrooms.  
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Fig. 1 Moisture content curves of Pleurotus ostreatus at different temperatures (oC) 

 

Table 1. Result from linear progression analysis for dried Pleurotus ostreatus  
Model name T °C R2 χ2 RMSE 

Newton 
50 0.9871 0.0010 0.0299 
60 0.9909 0.0013 0.0328 
70 0.9953 0.0007 0.0223 

Pabis and Henderson 
50 0.9907 0.0013 0.0352 
60 0.9919 0.0007 0.0255 
70 0.9956 0.0006 0.0230 

Logarithmic 
50 0.9978 0.0003 0.0147 
60 0.9985 0.0028 0.0439 
70 0.9978 0.0004 0.0157 

Two-term 
50 0.9907 0.0012 0.0276 
60 0.9919 0.0026 0.0398 
70 0.9956 0.0010 0.0223 

Wang and Singh 
50 0.995 0.0005 0.0208 
60 0.9934 0.0018 0.0152 
70 0.9715 0.0043 0.0016 

Modified Pabis and 
Henderson 

50 0.9907 0.0085 0.0714 
60 0.9919 0.0153 0.0610 
70 0.9956 0.2069 0.2275 
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Fig. 2 Comparison between experimental and predicted moisture ratio for Pleurotus 
ostreatus using the logarithmic model 

3. Conclusions 

The drying behaviour of oyster mushroom (Pleurotus ostreatus) exhibited the characteristic 
moisture desorption behaviour. High rate of moisture removal was observed at the beginning, 
followed by a slower rate moisture removal at the later stages. The drying rate for the 
Pleurotus ostreatus decreased with decreasing moisture contents and drying occur in the 
falling rate period, with internal diffusion in the mushroom. An increase in the drying 
temperature reduced the drying time and increased the drying rate. Drying air temperature of 
60 °C was found to be better as it gave dried product with lower shrinkage, better colour and 
better crispness. Logarithmic model gave the best fit to the drying data, and thus considered 
to best predict drying characteristics of Pleurotus ostreatus.  
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Abstract 
The purpose of this work was to study the drying process of Ca(II)-alginate 
beads with/without sucrose, monitored by infrared thermography (IRT), in 
order to describe the critical points and the transformations suffered by the 
systems. Beads were obtained by the drop method and the drying process was 
performed at 40 ºC and 1.5 m/s. IRT was measured by a thermal imager Optris 
PI® 160. Mass, aw, xw and volume were also obtained. It was demonstrated that 
IRT is a good monitoring tool, able to analyzed heat transfer in colloidal 
systems. A thermodynamic model able to predict the mechanical phenomena 
of the beads throughout drying process has been developed.  

Keywords: encapsulation; thermodynamic; spectrophotometry; drying; beads. 
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1. Introduction 

Over the years, crosslinked hydrogels have been widely studied as suitable matrices for the 
stabilization and controlled release of biomolecules, both in the food, chemical and 
pharmaceutical industries [1]. Ca(II)-alginate is one of the anionic polyelectrolyte most used 
for the encapsulation of bioactive compounds due to its low-cost, its non-toxic character, eco-
friendly and biocompatibility [2,3]. Nevertheless, Ca(II)-alginate shows some disadvantages 
such as high biomolecule leakage, low mechanical strength and large pore size [4]. Moreover, 
their high water activity also make them susceptible of microorganism deterioration [5].  
Therefore, the coupled application of conservation treatments, such as hot air drying and the 
addition of protective disaccharides (as sucrose) can improve the stability of the hydrogels. 
Drying operation is one of the most widely used unit operations to preserve products over 
time, and it involves a lot of mechanisms coupled together [6,7]. According to the traditional 
kinetic theory, it is divided into three main stages: induction period, constant drying velocity 
period and falling drying rate period [8]. An innovative technique used to control this process 
is the infrared thermography (IRT). IRT is an excellent method, used for studying heat 
transfer, which converts the radiation emitted by a body surface into temperature data without 
establishing contact with the object [9]. Taking into account that drying process involves a lot 
of mechanisms coupled together, where heat and mass transfers and mechanical effects take 
place simultaneously [10], the combined used of irreversible thermodynamics and infrared 
thermography  represents a good and promising tool. 
The aim of this research is to determine the real critical points in the transformation of Ca(II)-
alginate beads with/without sucrose during the drying process, by means of an irreversible 
thermodynamic model which considers gradients of activity, temperature and mechanical 
energies.  
2. Materials and Methods 
2.1. Materials 
Sodium alginate (Algogel 5540) from Cargill S.A. (San Isidro, Buenos Aires, Argentina), 
molecular weight of 1.97·105 g/mol and mannuronate/guluronate ratio of 0.6; D-sucrose 
(Scharlab S.L., Barcelona, Spain), molecular weight of 342.2 g/mol. 0.05 M sodium acetate 
buffer pH 3.8 was prepared from acetic acid and sodium acetate (Scharlab S.L., Barcelona, 
Spain) [11]. 
2.2. Hydrogel beads preparation 
Two different formulations were used: alginate (A) and alginate-sucrose (AS). All the 
solutions were prepared in 0.05 M sodium acetate buffer pH 3.8. For A beads preparation, 
25 mL of 1% (w/v) sodium alginate solution was dropped into 250 mL of 2.5% (w/v) CaCl2 
(Scharlab S.L., Barcelona, Spain) solution. For AS preparation, a 1% (w/v) alginate with 20% 
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(w/v) sucrose was dropped into the 2.5% (w/v) CaCl2 solution supplemented with 20% (w/v) 
sucrose using the same procedure previously described. A peristaltic pump (Damova S.L., 
Barcelona, Spain, model CPM-045B) was used to Ca(II)-alginate bead production according 
to the drop method described by Traffano-Schiffo et al., (2017), with a pump speed at 20 ± 0 
rpm, regulated by an inverter Panasonic DV-700 (Oasaka, Japan) [12]. The CaCl2 solution 
(with or without sucrose) was maintained in a cold bath with constant stirring by using a 
vortex IKA® MS3 basic (IKA, Staufen, Germany). A needle with 0.25 mm diameter and 6 
mm length (Novofine 32 G, Novo Nordisk A/S, Bagsvaerd, Denmark) was used for the 
dropping. The distance between the needle and the CaCl2 solution was 6.0 cm. After beads 
generation, they were maintained for 15 min in CaCl2 solution (with constant stirring), and 
then they were washed 5 times with bidistilled cold water (5±1 °C) in order to remove free 
Ca2+. Then, they were maintained at 4 ºC until the drying treatment and further 
characterization. 
2.3. Drying process 

Ca(II)-alginate beads were placed into the interior of a conventional air dryer. Considering 
previous results, the temperature and the optimal air velocity values were determined at 40 
ºC  and 1.5 m/s, during a total drying time previously optimized at 22 and 24 min for A and 
AS, respectively. The drying air flow was kept turbulent to prevent the boundary layer from 
preventing inhomogeneous drying of the samples. The mass of the beads was measured 
continuously by a balance Mettler Toledo AB304-S (Greifensee, Switzerland) with a 
precision of ±0.001. The infrared analysis was carried out following the method decribed by 
Traffano-Schiffo et al. (2014) [13], using an infrared camera (Optris PI® 160 thermal imager, 
Optris GmbH, Berlin, Germany) installed in front of the sample, at an angle of 45º relative 
to the plane in which the samples were placed. The camera uses a two-dimensional Focal 
Plane array with 160x120 pixels, a spectral range of 7.5-13 μm, resolution of 0.05 °C and an 
accuracy of ± 2%. A reference material of known emissivity (ε = 0.95 - Optris GmbH) was 
placed next to the samples and recorded with the infrared camera with the aim to correct the 
emissivity of the sample. Also, the temperature of the drying air, beads, reference material 
and environment were measured with K-thermocouples connected to an Agilent multiplexer 
34901A (Agilent Technologies, Malaysia) and registered by an Agilent Data Acquisition 
equipment 34972A (Agilent Technologies, Malaysia). Thermal images were analyzed by the 
software Optris PI Connect (Optris GmbH). After the drying treatment, the samples were 
kept in aqualab® disposable sample cups, sealed with parafilm® for further analysis. Mass, 
water activity, moisture, size and shape were measured in wet samples,  immediately after 
drying (non-equilibrated samples) and also after 24 h at 4 °C in order to allow them to reach 
the equilibrium (equilibrated samples). 
 
 

523

http://creativecommons.org/licenses/by-nc-nd/4.0/


Thermodynamic model of Ca(II)-alginate beads drying by spectrophotometry 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 
 

 
 

2.4. Hydrogel beads characterization 
Water content (xw)  was obtained gravimetrically by the weight difference of the beads. The 
drying conditions were preosusly described  by Santagapita et al. (2008). Water activity (aw) 
of beads was determined by a dew point Hygrometer Decagon (Aqualab®, series 3 TE, 
Decagon Devices, Pullman, WA, USA), using a special sample holder. A calibration curve 
was performed with saturated salt solutions of known aw. Measurements were made in 
duplicate. The size and shape were analyzed through digital images captured by a digital 
camera and analyzed by the free license software ImageJ (http://rsbweb.nih.gov/ij/), as was 
described by Aguirre Calvo & Santagapita (2016) [14]. At least 30 wet or dried beads of each 
system were analyzed.  

3. Results and discussion 
In order to obtain the surface (interfacial) temperature during  beads drying, an infrared model 
has been developed. There are two phenomena involved in the transformation of the energy 
that reaches the pyrosensor of the infrared camera at the real surface temperature of the 
sample. Firstly, the fluid located between the pyrosensor and the emitter sample (in this case 
is air) could be not totally transmitter, inducing a default error to the energy received. 
Secondly, the energy of the environment produces an overestimation of the energy emitted 
by the surface of the sample, adding an error in excess for the measured temperature. 
Therefore, it is necessary to include these phenomena as was previously developed by 
Traffano-Schiffo et al. (2014) [13]. 
In order to calculate the real temperature that is emitted by the surface of the sample obtained 
by the infrared camera, it is necessary to know the emissivity of the sample. Thus, comparing 
the temperature of the reference surface obtained by the thermocouple and the infrared 
camera (corrected with its known emissivity εref = 0.95), it is possible to calculate the energy 
being overestimated by reflection of the environment (Eq. 1). Once this energy is known, 
with the temperature data obtained with the thermocouple and the camera, it is possible to 
calculate the emissivity of the sample.  

𝐸𝐸𝑇𝑇
𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 · 𝜎𝜎 · 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟4 + 𝐸𝐸𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟               (1) 

Where 𝐸𝐸𝑇𝑇
𝑟𝑟𝑟𝑟𝑟𝑟is the energy flux of the reference material (W/m2) and Tref  is the temperature 

registered by the K-thermocouple (K) and 𝐸𝐸𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟, the energy flux emitted by the surroundings 
(W/m2). 
Figure 1 shows the surface temperature of the sample and the emissivity calculated for A 
samples. It is possible to observe that until 15 min the drying temperature is not reached 
(remaining at wet temperature), indicating that the mobility of the water inside the Ca(II)-
alginate matrix is so high because the water transport is controlled by the superficial 
evaporation, from this minute, the internal mechanisms regulate the dehydration process. 
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Fig. 1. Surface temperature variation (♦) and emissivity evolution (▲) of alginate beads.  

In order to model the transport, it has been necessary to characterize the mean water activity 
of the beads with regard to their moisture. Figure 2 shows the sorption isotherms obtained by 
the dynamic technique [8], for each sample. 
 

 
Fig. 2. Desorption isotherm (equilibrated samples), where (□) corresponds to alginate and (●) 

alginate-sucrose beads.The table shows the GAB parameters obtained. 
With the aim to describe the different behaviors involved in the drying process, a 
thermodynamic approach has been developed. Gibbs free energy variation can be explained 
by the following equation [15]: 

𝑑𝑑𝑑𝑑 =  −𝑆𝑆𝑑𝑑𝑇𝑇 + 𝑉𝑉𝑑𝑑𝑉𝑉 + 𝐹𝐹𝑑𝑑𝐹𝐹 +  ѱ𝑑𝑑𝑑𝑑 + ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖                           (2) 

Where 𝑆𝑆𝑑𝑑𝑇𝑇 corresponds to the thermic term and it is directly related to heat fluxes, 𝑉𝑉𝑑𝑑𝑉𝑉and 
𝐹𝐹𝑑𝑑𝐹𝐹 are the mechanical energies related to the structural changes; corresponding to the 
pressure variation and to the elongation force, respectively; and ѱ𝑑𝑑𝑑𝑑 represents the effect of 
the electric field induced by solved ions. The term ∑ 𝜇𝜇𝑖𝑖 𝑖𝑖 𝑑𝑑𝑛𝑛𝑖𝑖 corresponds to the activity term 
and is the addition of the chemical potentials of the “i” component, being constant the rest of 
state variables. 
If the variation of free energy per mole of water is considered, it is possible to define the 
extended water chemical potential (𝛥𝛥𝜇𝜇𝑤𝑤) (J/mol) as the quotient between the variation of the 
Gibbs free energy (J) and the variation of moles of water (mol).  From the extended water 
chemical potential and Eq. 2 it is possible to obtain Eq. 3. It should be note that the terms 
𝐹𝐹𝑑𝑑𝐹𝐹 and ѱ𝑑𝑑𝑑𝑑 can be neglected because Ca(II)-alginate beads are an elastic system and there 
is no ions effect in the medium, respectively. 
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𝛥𝛥𝜇𝜇𝑤𝑤 =  − 𝑠𝑠𝑤𝑤 (𝑇𝑇𝑎𝑎𝑖𝑖𝑟𝑟 −  𝑇𝑇𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠) + 𝑣𝑣𝑤𝑤 ( 𝑉𝑉𝑎𝑎𝑖𝑖𝑟𝑟 −  𝑉𝑉𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠) +  𝑅𝑅𝑇𝑇𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠 ln 𝑎𝑎𝑤𝑤
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜑𝜑𝑠𝑠𝑎𝑎𝑎𝑎
        (3) 

Where sw corresponds to the partial molar entropy of water (J/K mol); vw, the partial molar 
volume of water (m3/mol); P, the pressure (Pa); R, the ideal gases constant (8.314472 J/K 
mol) and φ, the relative moisture. The superscripts samp and air refer to the sample and the 
air surrounding it, respectively. 
Once the entropic and the activities terms are obtained, it is possible to calculate the water 
chemical potential without considering the mechanical terms 𝛥𝛥𝜇𝜇𝑤𝑤∗  (Fig. 3). In the Figure, it 
is possible to observe how, for AS beads, the gradient decreases much earlier than A beads. 
This is due to the effect of higher water activity values in alginate samples, which allows 
them to maintain a higher value of water activity for longer. 
 

 
Fig. 3. Water chemical potential evolution without considering the mechanical terms, where (□) 

corresponds to alginate and (●) alginate-sucrose beads. 

Applying the first relation of Onsager [13], the water molar flux (𝐽𝐽𝑤𝑤) (mol/s m2) is related to 
the water chemical potential, as a driving force of the water transport, by the 
phenomenological coefficient (𝐿𝐿𝑤𝑤) (mol2/J s m2) (Equation 4). 

𝐽𝐽𝑤𝑤 =  𝐿𝐿𝑤𝑤 ∙ ∆µ𝑤𝑤     (4) 

Applying Eq. 4 with data of chemical potential without considering the mechanical terms and 
the water fluxes,  it is possible to obtain the phenomenological coefficient without 
considering the mechanical term (𝐿𝐿𝑤𝑤∗ ). Figure 4 shows the evolution of the phenomenological 
coefficient, calculated without mechanical terms during drying. It is possible to observe how 
the coefficient increases from minute 15 to compensate the imbalance between the water flux 
and the chemical potential obtained from the terms of activity and entropy, when it would be 
expected to follow a proportionality between both extensive variables as the relation of 
Onsager shows. 

There is a linear relationship between the phenomenological coefficient without considering 
the mechanical terms and the water flux during the entire drying process in both systems. 
Therefore, following this linear prediction of the phenomenological coefficient and extending 
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it for the entire drying treatment, the mechanical terms could be estimated from the following 
equation: 

𝑣𝑣𝑤𝑤 ∆𝑉𝑉 =  ∆µ𝑤𝑤 −  ∆µ𝑤𝑤∗                                      (5) 

 
Fig. 4. Phenomenological coefficient evolution during drying, where (□) corresponds to alginate 

and (●) alginate-sucrose beads. 

Figure 5 shows the evolution of the pressure term during drying process for both systems. As 
can be observed in this figure, the alginate samples suffer strong over atmospheric pressures 
from the minute 15 of the process caused by a great contraction of the system, which greatly 
accelerates the dehydration process. However, alginate-sucrose samples suffer the 
contraction process from minute 10, generating minor overpressures. This indicates that the 
addition of sucrose to the Ca(II)-alginate structure weakens the mechanical resistance to the 
shrinkage of the matrix, reducing its capacity to store liquid phase. 

 
Fig. 5. Evolution of the pressure term during drying process, where (□) corresponds to alginate and 

(●) alginate-sucrose beads. 
4. Conclusions 

It has been demonstrated that IRT is a good tool to control the drying process of Ca(II)-
alginate beads, providing valuable information about the heat transfer in colloidal systems, 
being possible to obtain the evolution of the beads emissivity during drying. 
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It has been developed a thermodynamic model based in Gibbs free energy. The desorption 
isotherm was also obtained. 
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Abstract 
Puffing is an attractive alternative for the production of healthy crisp snacks 
without frying. Although image analysis has been used in some prior studies 
to evaluate puffing, such an evaluation was made only in one or two 
dimensions, which is inadequate when a sample deforms in three dimensions. 
In this study, use of combined hot-air and microwave drying to dry and puff 
banana slices was first evaluated. Algorithms were then developed to 
characterize the changes in the appearance of puffed banana slices. Various 
image-based parameters, both in two and three dimensions were assessed 
and used to monitor the puffing.     

Keywords: Deformation; Puffing; Imge analysis; Physical properties; 
Surface texture 
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1. Introduction 

Snacks, especially those made from fruits and vegetables, have recently received increasing 
attention and are widely consumed by health-conscious consumers. Such an increased 
consumption is due to the fact that modern consumers are paying more attention to their 
health and trying to switch from traditional to non-sugary and low-fat or even fat-free 
snacks. Low-fat or fat-free snacks, which are produced by hot air drying, however, suffer 
important drawbacks; these snacks generally exhibit inferior texture to those obtained via 
the process of frying. An alternative drying technology is clearly needed to alleviate the 
drawbacks. Combined hot-air and microwave drying has indeed been suggested and applied 
to produce dried fruit snacks with more desirable texture.[1] The superior texture is due to 
puffing, which occurs due to rapid expansion of the fruit microstructure as a result of rapid 
internal evaporation of water into vapor that cannot escape from such a microstructure at an 
adequate rate.  

Puffing is generally evaluated and reported in terms of volumetric deformation, which is 
calculated as the ratio of the volume of a sample after drying to that before drying.[2] 
However, volumetric deformation cannot be used to describe non-uniform or irregular 
puffing, which normally takes place and can significantly affect the appearance and hence 
the consumer’s acceptance of a final product.[3] It has in fact been reported that two pieces 
of a material may exhibit similar volumetric shrinkage (or deformation) despite the fact that 
they had gone through different methods of drying and clearly possess different forms 
(shape and size) of deformation.[4] 

Although image analysis has been used in some earlier studies to evaluate deformation 
during drying, attempts were usually made only to evaluate deformation in one or two 
dimensions, which is not adequate when a sample deforms non-uniformly[3] or exhibits 
irregularly rugged surface in three dimensions such as in the case of puffing. This is simply 
because one and two dimensional imagings are much easier than three-dimensional 
imaging, eventhough they cannot accurately well represent deformation.[3] In addition, 
despite some recent attempts to describe deformation using indicators derived from image-
based information, most studies only focused on uniform deformation of simple shapes, 
e.g., spherical, cylindrical and cubical shape.[3] The ability to precisely identify the shape 
and its changes of an irregularly shaped materials remains a challenge.  

In this study, the use of combined hot-air and microwave drying to dry and puff banana 
slices was first evaluated. Algorithms and software were developed to characterize the 
changes in the appearance of puffed banana slices. Various image-based parameters, both 
in two dimensions (i.e., projected area, major and minor axes, equivalent diameter, 
perimeter, fractal dimension, extents, form factor and aspect ratio) and three dimensions 
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(i.e., image-based volume, surface area, sphericities, Wadell’s roundness, radius ratio and 
Hoffmann shape entropy), were assessed and used to monitor the puffing. 
 

2. Materials and Methods 

2.1. Banana slices preparation 

Banana of the Namwa variety (Musa sapientum L. (ABB group)) was used in this study. 
Banana was purchased from a local supermarket and kept at room temperature (28° ± 3° C) 
until its total soluble solids (TSS) reached 28.5° ± 0.5º Brix. Banana was peeled and sliced 
to the dimensions of 5 ± 0.5 mm in thickness and 30.0 ± 2.0 mm in diameter; the 
dimensions were measured by a Vernier caliper (Winston, Japan). 

2.2. Drying and puffing experiments 

Drying experiments were conducted in a convective hot-air dryer (Memmert, UF30, 
Germany) at 70° ± 5° C until the banana moisture content reached either 10, 20, 30 or 40% 
dry basis (d.b.). Puffing was then conducted in a domestic microwave oven (Samsung, 
MS23K3513AW, Malaysia) at an input powder of 800 W for either 0, 20, 40 or 60 s. 

2.3. Image acquisition 

Two-dimensional images of banana slices were first taken via the use of a scanner (Epson, 
V30, Indonesia) at 300 dpi with black background to reduce the shadow. Three-
dimensional images were produced from the two-dimensional images as per the procedures 
developed by Jinorose et al.[3] Two-dimensional images were preprocessed by MeshLab 
(ISTO-CNR, Visual computing Laboratory) to reduce unwanted objects and then 
reconstructed using Autodesk Recap 360 software (Autodesk Inc., San Rafael, CA) into 
three-dimensional images.  

2.4. Image analysis 

Each 2D image was preprocessed and analyzed using MATLAB® (version R2015b, 
MathWorks Inc., MA). Image segmentation was conducted by converting RGB image into 
binary image using Otsu’s thresholding method. Edge detection and holes filling were 
performed to segment the area of interest (AOI). All the basic image parameters including 
projected area, major axis length, minor axis length, equivalent diameter, perimeter and 
extent were calculated using the functions of MATLAB® image processing tools box. Other 
parameters were also calculated as per the following equations.[5]  

 
(1) 

 
(2) 
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(3) 

 

In the case of 3D analysis, after a 3D image was reconstructed, the image was converted 
into an STL file and imported into COMSOL Multiphysics® version 3.5 (COMSOL, Inc., 
Sweden) to calculate the image-based volume, surface area, sphericity, Wadell’s sphericity, 
Wadell’s roundness, radius ratio and Hoffmann shape entropy.[5,6] ‘fine mesh’ setting was 
adopted when assigning meshes to the object prior to the calculation. 

 
(4) 

 
(5) 

 
(6) 

 
(7) 

 
(8) 

 

 
 

2.5. Moisture content determination 

The moisture content of a sample was determined as per AOAC method 984.25 (2000). 
 

2.6. Volume determination 

The volume of a sample was determined as per the methods of Yan et al.[7] The sample 
was suspended in 125 mL of 95% n-heptane, which was filled in a 250-mL beaker placed 
on a 3-digit balance (Want, WT3203N, China).  

All experiments were performed in triplicate and the results, where appropriate, are 
reported as mean values and standard deviations. 
 

3. Results and discussion 

3.1. Drying of banana slices 

Preliminary experiments revealed that banana slices suffered phase transition and stuck to 
the tray when drying was conducted at 90° C. Drying was therefore conducted at 50 and 
70° C; the degrees of puffing (or deformation) and visual appearance were noted to be 
almost the same at the same moisture content either when drying was conducted at 50 or 
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70° C. As a result, drying at 70° C was finally selected in the interest of time and energy 
conservation.  

 

3.2. Puffing of banana slices 

After drying to the predetermined moisture content, puffing was conducted. Selected 
images of the samples at different puffing time are shown in Fig. 1. Deformation occurred 
rather uniformly until about 40 s, after which the sample started to deformed non-
uniformly. This visually observed critical point corresponded to the moisture ratio of 
around 0.4-0.5 (Fig. 2a). 
 

 

 
 

Fig. 1 2D images of banana slices during puffing. 

 

The evolution of the degree of puffing (volumetric deformation) as a function of the 
moisture ratio with moisture content prior to puffing as a parameter is shown in Fig. 2b. 
Degree of puffing increased linearly even when the moisture ratio reached around 0.2 (or 
the puffing time of around 60 s as seen in Fig. 2a). It is important to note that the degree of 
puffing, which was obtained from liquid displacement measurement, could not identify the 
start of the non-uniform deformation period, which took place at around 40 s as mentioned 
earlier. 
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(a) (b) 
 

Fig. 2 (a) Moisture ratio as a function of puffing time of banana slices.  
(b) Degree of puffing of banana slices as a function of moisture ratio. 

 

 

3.3. Image-based information 

Fig. 3a shows the evolutions of the 2D image-based parameters as a function of the 
moisture ratio of banana slices undergoing puffing. When considering which parameters 
could be used to describe the non-uniform deformation (or, in other words, change of 
shape), only the aspect ratio and extent 2 could be used. It is seen that while other 
parameters stayed unchanged, these two parameters started to vary significantly when the 
moisture ratio was around 0.5, beyond which their values started to increase. This 
corresponded to the critical point where non-uniform deformation was observed to start 
(see Fig. 1).  Nevertheless, these two parameters could only identify the onset of the non-
uniform deformation but not the deformation itself. These 2D parameters could also not be 
used to monitor the volume change of the samples, as expected. Since puffing naturally 
involves the change of volume, inability to monitor such a change is clearly inadequate. 
 

  
(a) 2D image-based parameters (b) 3D image-based parameters 

Fig. 3 (a) Evolutions of image-based parameters as a function of moisture ratio of banana slices 
undergoing puffing. P = parameter of interest; 0 = initial value. 
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Interestingly, form factor and fractal dimension, which are widely used to indicate 
circularity and shape changes, remained unchanged over the whole puffing period. This 
incorrectly implies that banana slices retained their shape throughout the process, which 
contradicted to the visual observation results. This is most probably because 2D top-view 
images are not adequate for the evaluation of a sample with rugged surface (as in our case 
of puffed banana slices). For this reason, choosing appropriate parameters is very important 
if non-uniform deformation is to be monitored; widely used parameters cannot always be 
used for such a purpose. 

 

Fig. 3b shows the evolutions of the 3D image-based parameters as a function of the 
moisture ratio of banana slices undergoing puffing. The volume and surface area values 
were those of the reconstructed 3D images; the values increased with decreasing moisture 
ratio. Only the Wadell’s sphericity exhibited a similar trend to the aspect ratio and extent 2 
(started to decrease after the moisture ratio was lower than 0.5) and might be able to be 
used to monitor the non-uniform deformation.  

Based on the aforementioned observations, volume and surface area along with the 
Wadell’s sphericity should be used to monitor the puffing of banana slices. Fig. 4 indeed 
illustrates that the volume as obtained from image analysis agreed well with the values 
obtained from the liquid displacement experiments. 
 

 
Fig. 4 Evolutions of 3D image-based parameters as a function of volume ratio of banana slices 

undergoing puffing. P = Parameter of interest; 0 = initial value. 
 

4. Conclusions 

Image analysis algorithms were developed to characterize puffing, which is a non-uniform 
deformation phenomenon, of banana slices in three dimensions. Various image-based 
parameters, both in 2D and 3D, were calculated and tested for their suitability to monitor 
such a deformation. As for the 2D-based parameters, aspect ratio and extent 2 could be used 
to indicate the start of the non-uniform deformation period; Wadell’s sphericity represented 
the 3D-based parameters that could be used to perform the similar task. These parameters, 
however, could not be used to monitor the volume change of the samples. 3D-based volume 
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and surface area along with the Wadell’s sphericity should instead be used to monitor the 
puffing of banana slices. 
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6. Nomenclature 
 

A Projected area cm2 

Dfmax , Dfmin Maximum and minimum ferret diameter m 

Major, Minor Major and minor axis length cm 

P Perimeter cm 

pi Ratio between length of each dimension to sum 
of length of all dimension in 3D image 

 

Rmax Radius of the smallest circumscribe in 3D image voxel 

Rmin Radius of the biggest inscribe sphere in 3D image  

SA  Surface area of sample from 3D image cm2 

SAv Surface area of sphere that have same volume 
from 3D image 

cm2 

V Volume of sample from 3D image cm3 
 

7. References 
[1] Paengkanya, S.; Soponronnarit, S.; Nathakaranakule, A. Application of microwaves for drying 

of durian chips. Food and Bioproducts Processing 2015, 96, 1-11. 

[2] Tabtiang, S.; Prachayawarakon S.; Soponronnarit, S. Effects of osmotic treatment and 
superheated steam puffing temperature on drying characteristics and texture properties of 
banana slices. Drying Technology 2012, 30(1), 20-28. 

[3] Jinorose, M.; Stienkijumpai, A.; Devahastin, S. Use of digital image analysis as a monitoring 
tool for non-uniform deformation of shrinkable materials during drying. Journal of Chemical 
Engineering of Japan 2017, 50(1), 785-791. 

[4] Devahastin, S.; Niamnuy, C. Modelling quality changes of fruits and vegetables during drying: a 
review. International Journal of Food Science and Technology 2010, 45, 1755-1767. 

[5] Neal, F.B.; Russ, C.J. Measuring Shapes; CRC Press: Boca Raton, 2012; 231-290. 

[6] Bullard, J.W.; Garboczi, E.J. Defining shape measures for 3D star-shaped particles: sphericity, 
roundness, and dimensions. Powder Technology 2013, 249, 241-252. 

[7] Yan, Z.; Sousa-Gallagher, M.J.; Oliveira, F.A.R. Shrinkage and porosity of banana, pineapple 
and mango slices during. Journal of Food Engineering 2008, 84(3), 430-440. 

536

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7884 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

On the importance of heat and mass transfer coupling for the 
characterization of hygroscopic insulation materials 

 

Perré, P.a,b; Challansonnex, A.a  

a LGPM, CentraleSupélec, Université Paris-Saclay, 91 190 Gif-sur-Yvette, France  

b LGPM, CentraleSupélec, Centre Européen de Biotechnologie et de Bioéconomie (CEBB), 51 110 
Pomacle, France. 
 
*E-mail of the corresponding author: patrick.perre@centralesupelec.fr 
 

Abstract 
The present work is focused on mass transfer characterization of hygroscopic 
materials used for insulation, such as Low Density Fibreboards. Due to their 
particular morphology, these panels present a very high mass diffusivity in 
the connected gaseous phase and a very low thermal conductivity. This 
combination of properties exacerbates the coupling between heat and mass 
transfer in transient state. 

Based on experimental data obtained with an original set-up and relevant 
simulations performed using a comprehensive physical formulation, a 
throughout vision of this question is proposed in the present study. In 
particular, we emphasize on: 
- The impressive change in core temperature in terms of magnitude and 

duration, 
- The great impact of the internal temperature gradient, which slows down 
mass diffusion, 
- The dramatic error on mass diffusivity value if the coupling is ignored. 
 

Keywords: experiment; identification; modelling; RH at back-face; transient 
state. 
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1. Introduction 

The thermal performances of constructions are getting more and more challenging and 
designers need to model physical phenomena with great accuracy [1-3]. Among them, the 
strong influence of coupled heat and mass transfer on energy consumption is well 
established. This is especially true for renewable materials, which generally have a high 
moisture buffering effect. Consequently, Building Energy Simulations (BES) models must 
account for coupled heat and mass transfer, which gave rise to a strong demand for mass 
transfer characterization: mass diffusivity and sorption isotherms. In addition, due to side 
effects such as molecular relaxation and dual-scale effects, these materials must be 
characterized in transient state as these materials are always in transient-state in buildings. 

However, the characterisation of hygroscopic materials is not simple as, due to the latent 
heat of vaporization, no mass transfer can occur without heat transfer. Consequently, the 
temperature field is not uniform in the sample, which induces gradients of saturated water 
vapour, well known to affect mass diffusion. The present work is focused on a particular 
family of building materials: LDF or other hygroscopic insulation materials. Due to their 
particular morphology, these materials present a very high mass diffusivity in the connected 
gaseous phase and a very low thermal conductivity. Together with the hygroscopicity, this 
combination of properties exacerbates the coupling between heat and mass transfer in 
transient state. This fact is carefully analysed in the present work, using a unique 
combination of experiments and simulations. 

2. Materials and Methods 

2.1. Experimental set-up 

  

Fig. 1 - Schematic cross-sectional view of the double plate (left) and photograph of the 
sample placed inside the climatic chamber (right). 

The material used in the present work is LDF (160 kg.m-3 low-density fiberboard produced 
by Steico, Therm). The experiment consists in submitting a sample face to a sudden 
variation of RH and to record the evolution of RH on the other face [4]. To rigorously assess 
the coupling between heat and mass transfer in this case of insulation material, a specific 
design was imagined to avoid any thermal perturbation and obtain 1-D transfer without any 
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heat and mass flux at the back face of the sample (Fig. 1). For that purpose, a 
temperature/RH sensor (Sensirion SHT25, HDI Electronics, Perois, France) was placed 
between two 20-mm thick plates of LDF. Side effects were avoided by choosing large 
dimensions (30 cm x 30 cm), which is more than 7 times the diffusion thickness. Finally, to 
avoid lateral water vapor leakages, the two superimposed LDF plates were coated with an 
aluminium foil glued to the lateral faces by epoxy resin. This double sample is placed 
inside a climatic chamber (HPP110, Memmert, Schwabach, Germany) to control external 
conditions. Three RH/T sensors are placed inside the chamber to record the actual 
conditions applied to the sample. 

2.2. Results 

Fig. 2 presents a typical example of experimental data. This test was performed for a double 
layer of LDF panel (  = 160 kg.m-3, thickness = 2 x 20 mm) for a stepwise change of RH 
from 20% to 40% at 35°C. Low RH values were intentionally chosen to reduce the effect of 
molecular relaxation on the dynamic of sorption equilibrium [5]. The RH collected at the 
back-face of the sample needs about 10 hours to reach the new external RH. This 
information is the basic information used to identify the dimensionless mass diffusivity of 
the panel in the method proposed in [4].  

What is new in figure 2 is the temperature collected at the back-face of the sample. This 
value is relevant thanks to the symmetrical configuration: as the back-face of the sample is 
the value in the centre of two large plates, the assumption of 1-D transfer is valid and not 
artefact of heat transfer is likely to perturb the temperature value. As a result, we can 
observe an impressive temperature peak due to condensation: this peak is large in 
magnitude (more than 4°C above the ambiance) and in duration (more than 10 hours, the 
same duration as for mass transfer). Simulation performed using a comprehensive 
formulation of coupled heat and mass transfer will be used to analyse this impressive 
coupling and its effect on material characterisation. 

3. The physical formulation 

A comprehensive physical formulation was used in the present work. More detailed 
information regarding this set of equations can be found in published works [6]. For the sake 
of simplification, all liquid water contributions have been discarded, as the sample stays 
inside the hygroscopic domain. The simplified transport equations read as follows: 

Water conservation 

  (1) 
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Energy conservation 

  (2) 

Air conservation 

  (3) 
 

 
Fig.2 - Experimental results for a double plate (2 x 20 mm) of LDF (160 kg.m-3): time evolution of 

RH (top) and temperature (bottom) at the back-face of the sample. 
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Boundary conditions 

At the external faces of the sample, the boundary conditions were assumed to be of the 
following form: 

  (4) 
where  represent the fluxes of water vapour and the heat at the boundary, 

respectively, while x denotes the distance from the boundary along the external unit normal.  

In the previous equations, the barycentric gaseous velocity comes from the generalized 
Darcy's law: 

 

 (5) 
In the hygroscopic domain, the total flux of mass should be expressed as the sum of two 
parallel fluxes (bound water and water vapour). However, as this work is solely devoted to 
Low Density Fibreboards, the contribution of bound water diffusion to the macroscopic 
flux can be neglected. In equations (1-3),  is the water vapour diffusivity, f the 

dimensionless diffusivity, ρg the bulk density of gas, ρs the bulk density of the lingo-
cellulosic part, X the moisture content (dry basis) and the mass fraction of water vapour. 

The reduced diffusivity f characterizes the porous medium: f ranges from 0 (sample 
impervious to any moisture transfer) to 1 (open sample having the same behaviour of an air 
layer at rest). This set of equations was solved by the very fast 1-D version of TransPore 
with actual boundary conditions used as input data. A full simulation requires about one 
second of CPU time on a personal computer, even when using thousands of experimental 
times ti to unroll the boundary conditions. The time step of TransPore was adjusted 
throughout the simulation, not only to secure convergence, but also to obtain the simulated 
results at the exact experimental times. 

4. Results and discussion 

Fig. 3 depicts simulation results for our reference test (f = 0.5 and  = 0.05 W.m-1.K-1). 
The f value allows the experimental RH value at the back-face to match the experimental 
data. The value of thermal conductivity is determined by a classical mixture law using the 
gaseous and solid volume fractions and their conductivities. After the sudden increase in 
RH, water vapour condensates on the front face of the sample. By releasing the latent heat 
of vaporization, this moisture flux heats up the surface. Because of this temperature 
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increase, the vapour pressure at the surface increases as well, as it is the product of water 
activity by the saturated vapour pressure, which increases rapidly with temperature. The 
primary effect of this change in surface vapour pressure is to reduce the external driving 
force, which slows down the process [7]. This temperature increase eventually affects the 
whole sample, by a tricky coupling of heat and mass transfer: the temperature increase at 
one point increases the mass fraction of vapour, which gives rise to a vapour flux that 
condensates in neighbouring parts. In turn, condensation increases the temperature further 
inside the medium, which allows the process to continue inwards. This produces a "heat 
wave" propagating towards the back-face, clearly visible on the temperature profiles. Once 
this wave reaches the back-face of the sample, a temperature gradient establishes towards 
the external face, to drive outwards the heat supplied in the medium via the latent heat of 
vaporization. In figure 3, the effect of this temperature gradient on the mass fraction of 
vapour is obvious, namely for the profiles at 10 and 30 minutes: although the internal value 
of moisture content (MC) is still close to the initial value, the mass fraction of vapour 
already increased significantly due to the temperature rise. 

 

Fig. 3 – Profiles computed at selected times for the reference test (f = 0.5 and  = 0.05 W.m-1.K-1). 

The model is also able to compute the time evolution of the two variables measured during 
the experiment: temperature and RH at the back face of the sample. The reference test is in 
perfect agreement with the experiment, which confirms the relevance of the chosen thermal 
conductivity value. In addition several virtual configurations were computed: 

Modified thermal conductivity (x 2 and x 0.5): these simulations exhibit the crucial effect 
of thermal conductivity, not only on the temperature overshoot (peak at respectively 
38.6°C and 41.2°C instead of 39.8°C) but also on the dynamic of RH evolution, 
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No heat and mass coupling: the coupling is easily cancelled by setting the latent heat of 
vaporization, Lv, to zero. Consistently, the temperature remains at the external 
temperature. As a consequence of the absence of coupling, the dynamic of RH evolution is 
much faster (2.5 hours instead of 4.3 hours for the reference test to attain 35% of RH). 
This confirms the importance of the heat and mass coupling on the global behaviour. 

No internal heat transfer: setting the conductivity  to zero cancels the heat flux inside 
the sample. Consequently, the latent heat of vaporization released by condensation cannot 
be driven towards the exchange face. A balance between water intake and temperature rise 
takes place: the amount of water condensed in the solid phase raises the temperature until 
the mass fraction of vapour equals the external value. The steady-state is obtained with an 
MC increase of 0.5% (against ca. 2% for the reference test) and an temperature of 43.4°C. 
In this extreme, virtual, configuration, the coupling completely stops mass transfer ! 

 

 
Fig. 4 - Simulation results for LDF (160 kg.m-3): RH (top) and temperature (bottom) at the back-

face versus time. The various virtual configurations tested are defined in the legend. 
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5. Conclusions and prospects 

Based on experimental data obtained using an original set-up and relevant simulations 
performed using a comprehensive physical formulation, a throughout vision of the heat 
mass transfer in Low Density Fiberboards is proposed in the present study. In particular, we 
emphasize on: 

- The impressive change in core temperature in terms of magnitude and duration, 
- The great impact of the internal temperature gradient, which slows down mass 

diffusion, 
- The dramatic error on mass diffusivity value if the coupling is ignored. 

Further works are in progress in our team to go even further in the analysis of coupled 
transfers in hygroscopic materials used for building insulation. Besides the heat and mass 
transfer coupling, sorption hysteresis, dual-scale effects and molecular relaxation have also 
to be taken into account. However, the strong coupling between these phenomena forces us 
to be very careful when determining the unknown parameters by inverse analysis. To gain 
in robustness, several physical parameters will have to be measured during experiments in 
transient state. By this way, additional parameter values, such as thermal conductivity, 
could be determined by inverse method. 
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Abstract 
Fractional order derivatives provide useful alternatives to their integer order 
counterparts due to their ability to model memory and other properties of the 
porous medium, such as nonlocal behaviour. These phenomena are driven by 
the constrained interactions within the complex and non-homogeneous 
microstructures evident at the pore scale. 

In this work, we investigate the suitability of time and space fractional 
operators for modelling drying processes and provide a physical 
interpretation of these operators. At first, the concept and the general 
formulation in the case of a 1-D finite domain is summarised. Then a 
selection of simulations allowed us to analyse the physical effects of these 
operators on the solution. In particular, we elucidate:(I )the ability of these 
operators to break the fundamental relationship between mean square 
displacement and time in the simple example of diffusion in an open space, 
(ii) the caution to be taken with the formulation of boundary conditions and 
source terms to obtain consistent balance equations, (iii) the effect of 
fractional in space diffusion as a way to alter the MC profiles compared to 
standard diffusion, therefore potentially avoiding the dependence of the 
diffusivity on the variable  

Keywords: Fractional Calculus; Transport in Porous Media; Finite Volume 
Method; Matrix Transfer Technique; Matrix Functions. 
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1. Introduction 

Modelling the transport of moisture through heterogeneous porous media finds application 
across a number of important environmental problems, such as drying [1] and groundwater 
flow in freshwater coastal aquifers [2-4]. Experimental work performed by Perré et al. [5] 
highlighted that the traditional diffusion equation did not adequately describe the absorption 
of water in the cell wall of beech wood. An unrealistically small diffusion coefficient was 
required to best fit the experimental data, which was clearly impractical. The observed 
experimental phenomenon exhibited a large deviation from the stochastic process of 
Brownian motion, which is a typical case of anomalous, or non-Fickian, diffusion. The 
bound water migration through the cell walls was thought to be anomalous because the 
water molecules that are bound to the macromolecules via their hydrogen bonds move by 
successive jumps within the complex structure of these macromolecules. This finding 
motivated us to explore alternate modelling approaches for this process.  

Based on this assumption, Turner et al. [1] derived a coupled anomalous transport model, 
which introduced a moisture potential linked to the moisture content field via a non-local 
fractional-in-space operator involving the Laplacian raised to a negative fractional index. 
The simulation results highlighted that this model accurately described the absorption of 
water in the cell wall and provided a good overall mass balance error. Most importantly 
however, good agreement with experimental data for a suitable range of diffusivity values 
was achieved only for a fractional index of  (  is standard Fickian diffusion).  

Both Turner et al. [1] and Fomin et al. [6,7] proposed a fractional-in-space model of the 
form: 

  (1) 
for the so-called super-diffusion of moisture in the porous matrix. In Fomin et al. [6,7] the 
Caputo definition is adopted for the fractional-in-space operator, whereas in Turner et al. 
[1] the fractional Laplacian is defined in terms of its spectral decomposition together with 
homogeneous boundary conditions (BCs). One notes, however, that it can be shown using 
Laplace transforms that the two definitions are equivalent on semi-infinite domains.  

The solution of (1) with standard (Dirichlet, Neumann or Robin) inhomogeneous BCs has 
been explored previously by the authors [8-10]. In deriving equation (1) the following 
expression for the moisture flux was used: 

  (2) 
where c was defined as the moisture potential. 
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Using this expression for the moisture flux leads to the BCs at the exposed surface  of 
the domain  being defined for a given function as 

  (3) 
Clearly BC (3) is nonlinear and very challenging even for the standard problem . One 
of the aims of this research is to provide an analysis of such problems. Another important 
contribution of this work is the extension of the model (1-3) to include both fractional in 
time and space operators in the mass conservation balance law, as well as a nonlinear 
source term . The derivation of analytical and numerical solutions is quite complex and 
will therefore not be presented here. We focus primarily on the following: 

- The best fractional modelling framework to ensure mass conservation is achieved. 
- Whether fractional in space diffusion can be used as a way to avoid the 

dependence of the diffusivity on the variable. 
- The effect of the material thickness on the global behaviour for fractional in space 

or fractional in time formulations. 

We also pay careful attention to the caution that must be taken with the formulation of 
boundary conditions and source terms to obtain consistent balance equations. 

2. Fractional Transport Model 

Before commencing the model derivation, we provide some preliminary background 
information on the various definitions of the fractional in time and space operators used 
throughout the paper. 

Definition 1. Caputo fractional derivatives on a finite interval [11] 

Let  be a finite interval of the real axis,  , , then the left 

sided Caputo fractional derivatives with order α  is given by 

  (4) 

where the gamma function is defined as  with 

 and . 

Definition 2. Riemann-Liouville fractional derivatives [11] 

Let   be a finite interval of the real axis,  and 
, , then the left-sided Riemann-Liouville fractional derivative of order α 

is given as 
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  (5) 
Definition 3. (Fractional Laplacian) [8, 9, 10] 

Let  be a complete set of orthonormal eigenfunctions corresponding to eigenvalues  

of the operator  on a bounded domain  , with homogeneous boundary 

conditions  defined at  and . Let 

 Then, for any  

we define  

2.1. Fractional Modelling Framework 

Assuming the solid matrix is rigidly fixed, we can express the mass  where  is 
the moisture content. The flux of mass is taken as either standard (Fickian) diffusion 
( ) with , or anomalous (non-Fickian) diffusion ( ) with 

 and the moisture potential defined as . The constant 

 has the usual dimensions of diffusivity ( ), whereas the constant  is 

introduced, if for no other reason, to recover the correct units for the flux, i.e. . 

To complete the formulation, one needs an initial condition and boundary conditions, which 
are usually given in terms of a mass flux that is typically a nonlinear function of . A one-
dimensional framework for these fractional models provides the perfect mechanism by 
which to test these important hypotheses and to study the evolution of the solution 
behaviour. In order to achieve these objectives, we discuss the following generalised one-
dimensional model that must be solved for : 

2.2. General formulation - Fractional in Time and Space: 

 

  

  

 , with  
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In this formulation,  are regularisation parameters with the choice  giving 

Neumann boundary conditions (suitable when only time fractional operators are employed); 
 gives Dirichlet conditions and otherwise mixed or Robyn type conditions prevail. 

We explore finite values of  ( ) to ensure non-singularity of the fractional potential 

operator at the smallest eigenvalue. The functions , and 

 are assumed smooth and defined in the context of the problem. We also use the 

relationship between the Caputo and Riemann-Liouville fractional derivatives given in [11]. 

A key point in our investigations will be the way in which the fractional operators are 
applied to the boundary fluxes and source terms to ensure consistent physical behaviour is 
observed and that an overall mass conservation is achieved. 

 

Fig. 1 Plots of moisture content profiles for test problem 1 at various times for (a) 
standard diffusion ( ); (b) fractional in time ( ); (c) fractional in 

space (  ); (d) Fractional in time and space ( ). 

3. Results and discussion 

The first problem presented here concerns the time-evolution of an initial field in an infinite 
domain. Therefore, neither BCs, nor source terms are involved in the model formulation. 
To come back to the basic definition of diffusion, the initial profile is chosen as a narrow 
Gaussian curve, likely to be close to the diffusion of a Dirac function (Fig. 1). Consistently, 

549

http://creativecommons.org/licenses/by-nc-nd/4.0/


A physical interpretation of the use of fractional operators for modelling the drying process 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

the mean square displacement (MSD) is proportional to time for normal diffusion (Fig. 2a). 
This slope equals the fractional value  for the fractional in time diffusion (Fig. 2b).  

In this case, the total mass is conserved, however the allocation of this mass over time is 
very different from standard diffusion: the center value decreases rapidly at short times but 
is much slower at longer times compared to normal diffusion. The fractional in space 
diffusion produces a MSD quasi-proportional to time, which is similar to normal diffusion. 
However, this MSD is obtained with different spatial fields: the center peak is higher than 
for normal diffusion at similar times, but this is compensated by a slight moisture increase 
over long distances, even at short times. The fractional in time and space diffusion 
accumulates these trends (Fig. 1d).  

 

 

Fig. 2 Plots of means square displacement (MSD), average and centre value for test 
problem 1 (a) standard diffusion; (b) fractional in time ( ); (c) fractional in 

space (  ); (d) Fractional in time and space ( ). 

The solution of the general problem when BCs and/or source terms are involved is more 
challenging. In particular, great care should be taken in the way the fractional operator has 
to be applied to the source term and boundary fluxes for the mass balance to be respected. 
Due to space restrictions, these developments cannot be presented here. 
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As a final example, we show in Fig. 3 simulation results for different assumptions in the 
absence of a source term and with Newman boundary conditions (obtained in the general 
formulation with ). The standard diffusion exhibits a classical behavior as a 
result of the flux imposed at the boundaries. The profiles first establish and maintain the 
same shape which is just regularly shifted towards lower values along time to respect the 
mass balance. In Fig. 3a, the distance between two successive profiles is exactly the same, 
as the profiles are plotted with constant time intervals. At first sight, the fractional in time 
solution (Fig. 3b) is similar to standard diffusion. Note however that the profiles evolve in 
shape, becoming steeper and steeper as time advances. This effect is more spectacular for 
the fractional in space solution (Fig. 3c). In this case, the profiles are very steep near the 
exchange faces. In this case, the spatial rather than the temporal effects modify the local 
ability of the flux to establish as a function of the moisture gradient.  

 

 

Fig. 3 Plots of moisture content profiles for Newman BC at various times for (a) standard 
diffusion; (b) fractional in time ( ); (c) fractional in space (  ); 

(d) Fractional in time and space ( ). 

The fractional in time and in space solution (Fig. 3d) combines these two effects: again, the 
fractional in time operator acts more particularly at longer times, for which the profiles are 
steep both at the boundaries due the fractional in space operator and inside the slab due to 
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the fractional in time operator. One can easily imagine that when combined, these two 
behaviors may address different kinds of experimental observation. 

4. Conclusion 

In this work, we investigated the suitability of fractional operators for simulating drying 
processes and we also provided a physical interpretation of these operators. At first, a 
general formulation in the case of a 1-D finite domain was summarised. Then a selection of 
simulations allowed us to identify the physical effects of these operators on the solution 
behaviour. In particular, we highlighted:  

-  The ability of these operators to break the fundamental relationship between mean square 
displacement and time in the simple example of diffusion in an open space, 

-  The caution to be taken with the formulation of boundary conditions and source terms to 
obtain consistent balance equations (not detailed here because of the space restrictions), 

-  The effect of space fractional diffusion to change the MC profiles compared to standard 
diffusion, therefore potentially avoiding the dependence of the diffusivity on the variable. 
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Abstract 
Intermittent microwave convective drying (IMCD) is an advanced drying system 
where a unique volumetric heating mode is facilitated. However, the physical 
phenomena of IMCD system and its effect on nutritional quality are not well 
understood yet. The aim of this research is to develop a coupled IMCD and quality 
prediction model and experimentaslly validate it. A coupled 3D mathematical model 
considering Maxwell’s equation for electromagnetic heating, and reaction kinetics 
for  predicting quality was developed and validated. COMSOL Multiphysics, 
engineering software was used to solve the developed model. It is found that IMCD 
significantly affect the nutritional quality during drying of apple tissue. 

Keywords: Food material; Microwave; heat and mass transfer; Quality; 3D 
modelling 
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1. Introduction 

 Drying, like any other food processing methods, is a very energy intensive operation that 
accounts for up to 15% all industrial energy usage [1]. Understanding the coupled heat and mass 
transfer during drying are the dominant factor for optimising the energy and quality [2-3]. The 
physics-based mathematical models can provide realistic understanding of drying process.  
 A conventional drying or hot air drying is the easiest way of drying [4-5]. However, 
longer time consumption, formation of crust at the surface due to an elevated temperature, lower 
energy efficiency and poor quality attributes are associated with convective drying [6]. To 
overcome these problems, microwave drying is introduced. Microwave drying is getting popularity 
because it heats the sample quickly, is energy efficient, and easy to control [7]. However, the 
drying process using microwaves is known to yield low-quality product if not appropriately 
applied [8]. Hence, microwave drying has usually been combined with other drying techniques 
including convective hot air, vacuum and freeze-drying to achieve more uniform, fast and effective 
drying without significant quality loss [9]. Microwave-aided convective hot-air drying has been 
successfully used for some agricultural products such as grapes [10], carrot [11], apple and 
mushroom [12], potato[13]. However, continuous supply of microwave and convective heat may 
cause uneven heating or overheat or create hot spots iin the product. Heat and mass transfer should 
be carefully balanced to avoid such overheating and to use applied energy more efficiently [14]. 
Also, the quality degradation has been frequently reported during drying of foods with the 
continuous application of microwave energy due to uneven temperature and moisture distribution 
[15]. This problem can be eliminated by the application of microwave energy in a pulsed or 
intermittent manner that is defended as intermittent microwave convective drying (IMCD).  
 Intermittent microwave convective drying has proved itself an alternative method to avoid 
uneven heating, and to improve product quality and energy enhancement by allowing 
redistribution of temperature and moisture profiles within the product during off times, due to 
thermal diffusion [16]. Considering the benefits of IMCD drying, many researchers investigated 
the drying kinetics for different food samples [8, 16, 17] experimentally or empirically. However, 
only experimental work cannot provide the physics for the heat and mass transfer involved in the 
process. Physics based mathematical modelling can provide a physical understanding of heat and 
mass transfer during IMWC. Malafronte, et al. [18] used multiphysics approach to model 
microwave-assisted convective drying.  They considered heat and mass transfer and variable 
dielectric properties in their model. A comprehensive  model  for  heating  in microwave  oven  of  
mashed  potato  was  developed  by Chen, et al. [19]. However,  these  models  did  not  consider 
intermittency of microwave power; thus, the temperature redistribution  by  means  of  
intermittency  of  microwave heat source was not investigated. On the other hand, there are  some  
single-phase  models  which  consider  the  intermittency  of  microwave  heat  source [20] but  
these  are only  for  microwave  heating  without  considering  mass transfer. Kumar, et al. [21] 
developed  IMCD  model  using  Lambert’s  law  and  observed  that  the  predicted  temperature  
is  higher than  the experimental  value at  the end  of  drying.  Moreover,  they  pointed  out  that  
according  to  Lambert’s  law the  sample  surface  always  absorbed  maximum  power 
irrespective  of  moisture  content,  which  is  obviously  not correct. Therefore, in this case, 
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Maxwell model is the more accurate options to predict the microwave field distribution during 
IMCD.  
 In addition to this, the quality degradation is the main problem for conventional drying 
system. In this case, IMCD could be the best solution as it heated the sample intermittently in a 
periodic cycle [21]. However, the theoretical studies that deals about the effect of intermittency on 
quality degradation during IMCD are very rare. Therefore, the main aim of the present work is to 
develop a coupled 3D IMCD and quality prediction model considering the Maxwell equation for 
the volumetric heat generation, and reacktion kinetics for predicting the quality degradation during 
IMCD.   
2. Model Development 

2.1 Governing Equations 

2.1.1 Energy equation 

The energy balance is considered using Fourier’s Law of heat transfer, as given below.  

.( ) Qp eff m
Tc k T
t

ρ ∂
= ∇ ∇ +

∂
 (1) 

Where T is the temperature (oC) at time t,  is the density of the sample (kg/m3),  is the specific heat 
of the material (J/kg/K),   is the thermal conductivity of the material (W/m/K), Qm is the 
volumetric heat source. 
2.1.2 Mass transfer equation 

Mass balance equation is developed based on Fick’s law of diffusion that is given by, 

( ) 0eff
c . -D c
t
∂

+∇ ∇ =
∂

 (2) 

where c is the instantaneous moisture concentration (mol/m3), t is time (s) and Deff is the effective 
moisture diffusivity (m2/s). 

2.1.3 Maxwell’s equation for electromagnetics and heat generation  

Maxwell’s equations provide the electromagnetic field at any point in the computational domain. 
In frequency domain time harmonic Maxwell’s equations can be written as [22].  

( ) 0'''1 2

=−−







×∇×∇ Ei

c
E εεω

µ
  (3) 

Where, E is the electric field strength, ω  is the angular frequency of the microwave oven, c  is 
the speed of light, 'ε , ''ε , µ are the dielectric constant, dielectric loss factor, and electromagnetic 
permeability of the material, respectively.  
The total electromagnetics heat sources represent electromagnetic losses,

mQ ,   given by, [23] 
 

mlrhm QQQ +=  (4) 

Where, 
rhQ  is the resistive loss and 

mlQ  is the magnetic loss. For food products, the magnetic 
losses are negligible, i.e. 0=mlQ . 
The resistive loss can be calculated as  
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  *5.0 EJQrh


⋅⋅=                                                                                                       (5) 

Where, *E


 is the conjugate of E and the electric current density J


 is given by  
 EfEJ ⋅′′=⋅= εεπσ 02
   (6) 

Where f is the frequency of microwave,σ  is the electrical conductivity, ε ′′ is the dielectric loss 

factor and 0ε is permittivity in free space.  

2.1.4 Quality prediction model 

The equation for a degradation reaction: 
-dC/dt=k.C         (7) 
Integration lead to 
C=Co exp[-ko.exp(-(∆Ea)/(Qe×Pr+T))]         (8) 

where Co  is the initial concentration of nutrient, Pr is the power ratio, and ko is the pre-
exponential factor. 

3.   Material and Method 

3.1  Drying Experiment 
A new IMCD drying system has been developed to conduct the experiment, as shown in Figure 1. 
The IMCD system consisted of three main parts: an axial flow fan, a 3-phase 6kW heater, and a 
modified NN-SD691S Panasonic inverter microwave oven (2450 MHz, maximum 1100W power 
capacity). Moisture loss was recorded automatically by the load cell connected to a computer. The 
internal temperature evolution of the sample was monitored by 4 fibre optic thermal sensors which 
were connected to Fiber Optical 4-Channel Thermometer (OPTO con AG, Germany). The power 
ratio was programmed to trigger the microwave heating at the controlled condition. IMCD 
operations were performed at microwave power 100W, power ratio (on/off) of 1/4, and convective 
temperature of 60 °C, respectively. On the completion of drying, the samples were cooled for 30 
min in desiccators, wrapped with aluminium foil and store in a laboratory freezer at -18oC for 
further analysis. 

 

Fig. 1: Schematic diagram of the IMCD experimental setu 
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3.2  Analytical Determinations 
3.2.1 Total phenolic extraction and content measurement 
The amount of total polyphenol in the samples were determined by the Folin-Ciocalteau method 
[24] with some modification. The sample was extracted in extraction solvent (methanol / distilled 
water (50:50 v/v)) in amber vial at laboratory condition before homogenized in 20 mL of 
extraction solvent at maximum speed in Waring mini container blender in1 minute. Extracts were 
centrifuged at 15,000 g for 15 minutes at 20 oC. The supernatant was filtered through a Whatman 
no. 3 analytical filter paper. Then  0.5ml of the diluted extract solution was mixed with 2.5 ml 
Folin– Ciocalteau reagent (10%) and allowed 5 minutes to react, then added 0.5ml of 7.5% 
Na2CO3 solution. After 30 minutes of incubation in a water bath at 370C, the absorbance was 
measured against water at 765 nm by Cary 50 UV Spectrophotometer.  

3.2.2 HPLC analysis of ascorbic acid (Vitamin C) 
The sample was extracted in extraction solvent (3 % metaphosphoric acid, 1 mM Na2EDTA). 
Extracts were centrifuged at 15,000 g for 15 minutes. The supernatant was filtered through a 
Whatman no. 3 filter paper. Extraction processes were repeated three times.Vitamin C contents 
were determined based on Asami et al’s [25] HPLC method with some modifications. The analysis 
was carried out using an Dionex UHPLC RS3000 system. The reverse-phase separation was 
obtained using a Waters Symmetry C18 column (4.6 x 250 mm, 5 µm). The isocratic mobile phase 
was HPLC graded water with 1mM EDTA and 25mM sodium acetate buffer acidified to pH 4.25 
with o-phosphoric acid.  

3. Results and Discussion 
4.1  Drying Kinetics  
Average moisture content of the sample throughout the whole drying time was calculated and 
validated with the extensive experimental results, as shown in Figure 4. It is found that the 
simulated moisture content is consistent with the experimental data. To find the accuracy of the 
predicted data, the goodness of Fit (R2) was calculated and found that the value of R2 is 0.975. 
This precise R2 value indicates the developed model is quite accurate and able to predict the 
moisture distribution of plant-based food material during IMCD. For better interpretation about the 
moisture level throughout the IMCD process, 2D moisture concentration profile were drawn, as 
shown in Figure 5. It can be seen that the initial moisture concentration for a fresh apple tissue is 
uniformly distributed in the whole sample (Figure 5a). The moisture concentration decreases while 
drying is in progress (Figure 5 b-e). Interestingly, it can be observed that the moisture 
concentration is higher at the left side of the sample as compared to the right side. This is mainly 
due to the non-uniform microwave energy although the temperature distribution remain almost 
uniform, as shown in Figure 6. 
 Figure 6 shows the average temperature distribution during IMCD drying. It can be seen 
the experimental results are closely matched with the simulated results. The dispersion pattern 
(fluctuation) of this figure indicates the tempering and heating period during IMCD drying. The 
different peak points indicate the heating time (microwave on time) and the various nadir points 
mean tempering time. During the IMCD, microwave heats the sample rapidly for few seconds 
(20s) and then it was stopped automatically for a period (e.g 60s) for completing on cycle (80s). 
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Fig. 4 The average moisture content during 
IMCD drying 

Fig 5: The concentration distribution at 
different stages of IMCD (a) at 0 min (b) at 20 
min (c) at 40 min (d) at 80 min, and (e) at 100 
min 

The frequent microwave stop allows a time to redistribute the heat energy within the sample 
properly, prevents the material from overheating and therefore the better quality of the product 
(discussed in section4.2) can be maintained. The trend of the temperature distribution remains 
almost similar throughout the whole drying processes although a little attenuation can be observed 
at the final stages of drying. This temperature distribution mainly depends on the moisture 
concentration at different stages of drying (Figure 5) because microwave mainly heat firstly where 
it gets more moisture. At the final stages of drying, most of the water has been transported by 
continuous evaporation due the IMCD process progress simultaneously. As a result, most of the 
sample become dry, and hence the microwave cannot generate more heat. Due to this reason, the 
temperature decreases at the final stages of drying. 

 

Fig. 6: The average temperature distribution during IMCD drying 

4.2  Reaction Kinetics 
Understanding of IMCD process on important quality parameters such as ascorbic acid (AA) and 
total polyphenol content (TPC) is an important issue due to their thermos labile sensitivities and 
should be taken into account in the drying process. Initial values of AA and TPC were found to be 
4.842 (mg/100g fresh weight) and 70.74 (mg/100g fresh weight), respectively in a fresh granny 
smith apple. Figures 7 and 8 represent the degradation kinetics of AA and TPC in the Granny 
Smith apple slice. It can be seen that the retention remaining AA, and TPC values were reduced 
with drying time, and the degradation rate accelerated with increasing temperature and microwave 
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power density, meaning that the loss of bioactive compounds increased. This study found that, at 
the beginning of the process, the effect of moisture content on the reaction rate of AA degradation 
seems to be predominant, while the temperature effect becomes major as the process proceeds. 
The degradation rate of AA was low at the beginning of the IMCD process (Figure 7) with the 
reduction of moisture content from 86% to 60% (Figure 4). When moisture content reached 55–
60%, the rate of this reaction reached a maximum value and at moisture contents below 55%, the 
rate decreased significantly (Figure 7) with moisture reduction. This rapid degradation 
phenomenon can be attributed to the destruction of cell structure under microwave heating as it 
can lead to ascorbic acid release and contribute to the rapid oxidation of ascorbic acid.  
 Considering the evolution of ascorbic acid retention during the drying process in the 
present paper (Figure 7), experimental data were fitted to a first-order kinetic model. The natural 
logarithmic ratio of nutrient retention (ln C/C0) versus drying time representation revealed linear 
correlations with the degradation rate constant (k) and coefficients of determination (R) higher 
than 0.98 (Figure 8), suggesting that the model was suitable in describing the degradation of 
ascorbic acid during IMCD drying of granny smith apples.  

 

Fig. 7 Kinetics of ascorbic acid and total 
polyphenol alteration of Granny Smith apple 
during IMCD 

Fig 8: Predicted first-order kinetics of retention 
of nutrient during IMCD drying Granny Smith 
apple 

 In addition, apple is a good source of total polyphenol, which can be affected by 
temperature, oxygen, pH, metal, the release of polyphenol oxidase (PPO) and other parameters. It 
can be seen from Figure 7, the TPC degrads highly at the first 40 minutes of IMCD, and extends 
even beyond the first drying period corresponded to the activation of PPO enzyme and rapid linear 
decrease of free moisture during IMCD drying. Then TPC gradually decreases over the vast 
majority of the time to reach the final stage where degradation is found to be marginal. Finally, 
between the two key nutrients in apple tissue, the degradation rate of ascorbic acid is higher than 
total polyphenol. This is may be due to higher thermal sensitivity of ascorbic acid as compared to 
TPC. 
4. Conclusion 
In this research, an IMCD model for food drying has been developed to predict the moisture and 
temperature distribution and its effect on quality of apple tissue. A 3D model has been developed 
considering Maxwell equations to generate volumetric heating and reaction kinetics to predic the 
quality degradation during IMCD drying. The developed model was then validated with the 
experimental results. It has been found that the predicted moisture and temperature distribution 
results is fully consistent with the experimental results. The precise goodness of fit (R2) value 
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indicates the developed model is quite accurate and able to predict the moisture distribution of 
plant-based food material during IMCD. It is also found that the IMCD significantly alter two 
different key nutrient qualities: ascorbic acid and total polyphenol content of apple tissue. Between 
these two nutrients, ascorbic acid has the highest tendency to alter its character during IMCD as 
compared to total polyphenol content. 
5. References 
[1] Beedie, M., Energy saving-a question of quality. Dairy Industries International 1995, 60 (12), 27. 
[2] Khan, M. I. H.; Kumar, C.; Joardder, M. U. H.; Karim, M. A., Determination of appropriate effective diffusivity for 

different food materials. Drying Technology 2017a, 35 (3), 335-346. 
[3] Khan, M. I. H., Joardder, M. U. H., Kumar, C., & Karim, M. A. (2018). Multiphase porous media modelling: A 

novel approach to predicting food processing performance. Critical reviews in food science and nutrition, 58(4), 528-
546. 

[4] Joardder, M. U., Brown, R. J., Kumar, C., & Karim, M. A., Effect of cell wall properties on porosity and shrinkage of 
dried apple. International Journal of Food Properties, 2015, 18(10), 2327-2337. 

[5] Joardder, M. U., Kumar, C., Brown, R. J., & Karim, M. A., A micro-level investigation of the solid displacement 
method for porosity determination of dried food. Journal of Food Engineering, 2015, 166, 156-164. 

[6] Chou, S. K. C., K. J., New hybrid drying technologies for heat sensitive foodstuffs. Trends in Food Science & 
Technology 2001, 12 (10), 359-369. 

[7] Datta, A. K.; Ni, H., Infrared and hot-air-assisted microwave heating of foods for control of surface moisture. Journal 
of Food Engineering 2002, 51 (4), 355-364. 

[8] Soysal, Y.; Ayhan, Z.; Eştürk, O.; Arıkan, M. F., Intermittent microwave–convective drying of red pepper: Drying 
kinetics, physical (colour and texture) and sensory quality. Biosystems Engineering 2009, 103 (4), 455-463. 

[9] Wang, J.; Xiong, Y.-S.; Yu, Y., Microwave drying characteristics of potato and the effect of different microwave 
powers on the dried quality of potato. Eur Food Res Technol 2004, 219 (5), 500-506. 

[10] Tulasidas, T. N.; Raghavan, G.S.V.; Norris, E.R., Microwave and convective drying of grapes. Transactions of the 
ASAE 1993, 361861–1865. 

[11] Prabhanjan, D. G.; Ramaswamy, H. S.; Raghavan, G. S. V., Microwave-assisted convective air drying of thin layer 
carrots. Journal of Food Engineering 1995, 25 (2), 283-293. 

[12] Funebo, T.; Ohlsson, T., Microwave-assisted air dehydration of apple and mushroom. Journal of Food Engineering 
1998, 38 (3), 353-367. 

[13] Khraisheh, M. A. M.; McMinn, W. A. M.; Magee, T. R. A., A multiple regression approach to the combined 
microwave and air drying process. Journal of Food Engineering 2000, 43 (4), 243-250. 

[14] Gunasekaran, S., Pulsed microwave-vacuum drying of food materials. Drying Technology 1999, 17 (3), 395-412. 
[15] Yongsawatdigul, J.; Gunasekaran, S., Microwave-vacuum drying of cranberries: part ii. quality evaluation. Journal of 

Food Processing and Preservation 1996, 20 (2), 145-156. 
[16] Gunasekaran, S., Pulsed microwave–vacuum drying of food materials. Drying Technology 1999, 17, 395-412. 
[17] Beaudry, C.; Raghavan, G. S. V.; Rennie, T. J., Microwave Finish Drying of Osmotically Dehydrated Cranberries. 

Drying Technology 2003, 21 (9), 1797-1810. 
[18] Malafronte, L.; Lamberti, G.; Barba, A. A.; Raaholt, B.; Holtz, E.; Ahrné, L., Combined convective and microwave 

assisted drying: Experiments and modeling. Journal of Food Engineering 2012, 112 (4), 304-312. 
[19] Chen, J.; Pitchai, K.; Birla, S.; Negahban, M.; Jones, D.; Subbiah, J., Heat and mass transport during microwave 

heating of mashed potato in domestic oven--model development, validation, and sensitivity analysis. J Food Sci 
2014, 79 (10), E1991-2004. 

[20] Gunasekaran, S.; Yang, H.-W., Optimization of pulsed microwave heating. Journal of Food Engineering 2007, 78 
(4), 1457-1462. 

[21] Kumar, C.; Joardder, M. U. H.; Farrell, T. W.; Millar, G. J.; Karim, M. A., Mathematical model for intermittent 
microwave convective drying of food materials. Drying Technology 2016, 34 (8), 962-973. 

[22] Chen, J.; Pitchai, K.; Birla, S.; Negahban, M.; Jones, D.; Subbiah, J., Heat and Mass Transport during Microwave 
Heating of Mashed Potato in Domestic Oven—Model Development, Validation, and Sensitivity Analysis. Journal of 
Food Science 2014, 79 (10), E1991-E2004. 

[23] Wentworth, S. M., Fundamentals of Electromagnetics with Engineering Applications. John Wiley: 2004. 
[24] Socha, R.; Juszczak, L.; Pietrzyk, S.; Fortuna, T., Antioxidant activity and phenolic composition of herbhoneys. Food 

Chemistry 2009, 113 (2), 568-574. 
[25] Asami, D. K.; Hong, Y.-J.; Barrett, D. M.; Mitchell, A. E., Comparison of the Total Phenolic and Ascorbic Acid 

Content of Freeze-Dried and Air-Dried Marionberry, Strawberry, and Corn Grown Using Conventional, Organic, and 
Sustainable Agricultural Practices. Journal of Agricultural and Food Chemistry 2003, 51 (5), 1237-1241. 

560

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

DRYING PRODUCTS 

Oral Presentations 



 

 
 

 



IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7247 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Effects of different drying conditions on curcumin concentration 
in turmeric  

 
Li, Q.; Driscoll, R.; Srzednicki, G. * 
School of Chemical Engineering, The University of New South Wales, Sydney 2052, Australia 
 
*E-mail of the corresponding author: georgesrz@yahoo.com 
 
 

Abstract 
Turmeric (Curcuma longa), belongs to Zingiberaceae family. The rhizomes 
contain bioactive compounds of the curcuminoids group (natural phenols). 
They are used in food and pharmaceutical industry. The aim of this research 
was to acquire dried turmeric with high total curcumin content. In this study, 
optimum turmeric drying conditions and new extraction techniques were 
explored. Fresh turmeric samples were subjected to constant vs changing 
drying air temperatures and pre-treatment (blanching). Changing drying air 
temperature and use of non-blanched turmeric slices resulted in the highest 
concentration of curcumin. Ultrasonic extraction instead of soxhlet 
extraction improved the extraction efficiency and decreased extraction time. 

 

Keywords: Turmeric, Curcumin; Drying; Blanching; Extraction 
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1. Introduction 

Turmeric, known as Curcuma longa, belongs to the Zingiberaceae family like ginger and 
cardamom. It is an erect perennial herb which has a short stem with large oblong leaves and 
produces ovate, pyriform or oblong rhizomes. The rhizomes may have many branches and 
are of brownish-yellow colour. The aroma of turmeric is musky, pepper-like and the flavour 
is slightly aromatic, bitter. The colour of dried turmeric varies from orange brown to pale 
yellow or reddish yellow. The main compounds responsible for these properties are 
curcuminoids that include curcumin, demethoxycurcumin and bis-demethoxycurcumin. 
They are mainly extracted from dried turmeric. Curcuminoids are natural phenols and 
produce a pronounced yellow colour. They are popular as pigments in food industry that 
uses turmeric oleoresin as the starting material. The rhizome of turmeric is an important 
raw material to extract curcumin that contains 3.1%~10%. The dried rhizome contains 
45%~50% starch, 40%~50% cellulose[1].They are also well known for their pharmaceutical 
and nutritional properties, particularly as anti-oxidants. The pharmaceutical properties 
include anticancer, antibacterial, anti-infective and insecticidal effect. 

In turmeric powder manufacturing, dehydration is an important process step since the water 
activity can be reduced by drying so that the growth and reproduction of food spoilage 
microbial can be inhibited by passivating the food enzymes which would cause adverse 
chemical reactions[2]. Thereby it helps extend the shelf life of food and reach the 
preservation goals. However, different drying conditions may affect the amount of 
curcumin content in turmeric powder. Thus, the curcumin should be extracted after drying 
and the concentration of curcumin can be detected by using HPLC measuring method at 
425 nm wavelength. There are several extraction methods for curcumin including soxhlet. 

The aim of this research was to acquire dried turmeric with high total curcumin content. In 
this study, optimum turmeric drying conditions and new extraction techniques have been 
explored before quantitating the curcumin in dried rhizomes by HPLC. 

 

2. Materials and Methods 

2.1. Turmeric Samples 

2.1.1. Sample Procurement 

Matured, healthy and fresh turmeric rhizomes were supplied by Earthcare Enterprises 
located in Maleny on Queensland’s Sunshine Coast Hinterland. They were refrigerated and 
transported in a thermally insulated container to the University of NSW laboratory in 
Sydney. Once in the laboratory, they were placed in zip bags made from polyethylene film 
and kept in a freezer at -20 °C until needed for experiments. 
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2.1.2. Sample preparation 

The frozen turmeric samples were removed from the freezer and left overnight in a 
refrigerator at + 4 °C. after procurement. 

For each drying run, around 70 g of rhizomes were weighed and peeled to obtain around 50 
g of peeled rhizomes that were either quartered or sliced (slices 5 mm thick). 

2.1.3. Blanching 

Some of the quartered samples were blanched in 70 °C water bath for different times (5, 15 
and 30 minutes). After blanching, the samples were dipped into ice cold water directly for 1 
minute and then left for 10 minutes to allow the water to drip off 

2.1.4. Moisture content determination 

The moisture content in the fresh and also in the dried slices was determined following the 
AOAC Official Method 934.06[3]. Triplicate samples of of turmeric (5 g) were dried in a 
convection oven at 110 °C for 6 hours. 

2.2. Drying experiments 

2.2.1. Dryer 

The drying experiments were carried out in a cabinet dryer designed in the workshop of the 
School of Chemical Engineering of the University of New South Wales. The cabinet dryer 
(see Fig. 1) has an electric heater (15 kW) fitted with a PID controller and a fan (0.75 kW). 
The airflow is parallel to the tray on which the drying samples are placed in a thin layer. 
The temperature and relative humidity were monitored and recorded with a datalogger. The 
weight loss was recorded with an electronic balance placed under the samples holding tray. 

 
Fig. 1 Cabinet dryer. 
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2.2.2. Drying conditions 

The drying conditions were defined either by a constant temperature or a changing 
temperatue (see Table 1). The reason for choosing the drying temperatures in the range 40-
60 ºC was that this corresponds to temperatures used by the industry including solar drying. 
Including changing conditions within this temperature range in addition to constant 
conditions was aiming at exploring the possibility of increasing the curcumin recovery.  

Table 1. Drying conditions for experiments 
Run Temperature (oC) RH (%) Shape Blanching (min) 

1 40 20 quartered 0 
2 40 20 sliced 0 
3 50 10 quartered 0 
4 50 10 sliced 0 
5 50 20 quartered 0 
6 55 12 quartered 0 
7 55 12 sliced 0 
8 60 10 quartered 0 
9 60 10 sliced 0 
10 60 20 quartered 0 
11 60 20 sliced 0 
12 60 10 quartered 5 
13 60 10 quartered 15 
14 60 10 quartered 30 
15 60 – 50 20 sliced 0 
16 50 – 60 20 sliced 0 
17 60 – 40 20 sliced 0 
18 40 – 60 20 sliced 0 
19 50 – 40 20 sliced 0 
20 40 – 50 20 sliced 0 

 
2.3. Curcumin determination 
2.3.1. Extraction 

A sample of dried turmeric (5 g) was ground for 1 min in the Single-phase Resis Tanlestart 
Grinder (Shanghai Rihui Electrical Machinery Co). Each ground sample was passed 
through a sieve (250 µm size). 

The powder sample (1.00 g) from each drying treatment was placed in a centrifuge tube 
(medical grade polypropylene) tube. An aliquot of 15 mL 100% ethanol (HPLC grade) was 
added into each tube and mixed. Then the tubes were closed with a cap and sonicated for 1 
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hour at 55 °C. After sonication, the tubes should be covered with an aluminium foil and 
vortexed for 1 h at room temperature. Then, all samples should be diluted by mixing 750 
μL of extraction solution with 750 μL of 100% ethanol (HPLC grade) and then filtered. 

2.3.2. Quantitation by HPLC 

The solvents used in the quantitation work were as follows: 100% ethanol (HPLC grade) 
manufactured by Merck Pty Ltd; acetic acid (HPLC grade) manufactured by VWR; 
acetonitrile (HPLC grade) manufactured by VWR; Milli-Q Water (HPLC grade). 

The curcumin analytical standard was obtained from Fluka. 

HPLC detection was performed by applying a Shimadzu-LC system (Shimadzu, Japan) 
including an LC-20AD liquid chromatograph, a SIL-20A HT auto sampler (auto-injector), a 
CBM-20A communications bus module (UV-VIS detector), LC Solution software and the 
Xterra C18 Column (MS 3.5 μm; length: 150 mm; diameter: 2.1 mm, Waters, Ireland). 

The HPLC assay was implemented in a reverse-phase by using an isocratic elution with a 
total flow rate of 0.1500 mL/min, a column oven temperature of 30 °C; a mobile phase of 
2% acetic acid and 100% acetonitrile (60:40); a detection wavelength of 425 nm for 
curcumin. The injection volume was 20 μL. All solutions were filtered by using the glass 
vacuum filtration apparatus and accessories with filter membrane (hydrophilic PTFE with 
0.45 μm pore size) under the fume cupboard prior to HPLC injection. The total time for 
testing was 10 min for each sample. 

Standard solutions of curcumin in pure ethanol were prepared separately from the stock 
solution with the concentration of 1000 μg/mL that was diluted with 100% ethanol to 
obtain concentrations of 20 μg/mL, 30 μg/mL, 40 μg/mL, 5 0μg/mL, 60 μg/mL, 70 μg/mL 
of standard solutions. A calibration curve was produced on the basis of the values obtained. 

 

3. Results and discussion 

3.1. Moisture content 

The samples were dried until a constant weight of the sample was obtained, i. e. had to 
remain unchanged during at least three consecutive readings. This corresponded to the 
equilibrium moisture content for a given set of drying conditions (temperature and RH). 

The drying runs 1-4 and 6-11 were set up to compare different effects of the sample shape 
(sliced vs. quartered) on the equilibrium moisture content of dried samples. It appears that 
at drying air temperatures of 40, 50 and 55 °C at any of the three RH values (10, 12 or 
20%), the quartered samples had a higher mosture content. However, at 60 °C there was no 
difference in the final moisture content between the different shapes of cut turmeric 
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rhizomes. As for runs 12-14 it appears that there was no effect of blanching time on the 
final moisture content. Finally, the runs 15-20 are showing the effects of drying conditions 
on the final mosture content. It appears that in all six runs the procedure of starting with the 
higher drying temperature and then changing it to lower one (60 °C to 40 °C vs 40 °C to 60 
°C)  resulted in a higher final moisture content. 

Table 2. Average equilibrium moisture content for each run 

Run 
Number 

Run conditions 
Equilibrium 

Moisture 
Content (% db) 

Drying 
time (min) 

1 40 oC 20%RH (quartered) 7.50 220 
2 40 oC 20%RH (sliced) 7.29 196 
3 50 oC 10%RH (quartered) 4.40 243 
4 50 oC 10%RH (sliced) 4.32 147 
5 50 oC 20%RH (quartered) 5.65 204 
6 55 oC 12%RH (quartered) 3.69 188 
7 55 oC 12%RH (sliced) 3.44 145 
8 60 oC 10%RH (quartered) 2.49 247 
9 60 oC 10%RH (sliced) 2.51 157 
10 60 oC 20%RH (quartered) 4.59 202 
11 60 oC 20%RH (sliced) 4.58 187 
12 60 oC 10%RH (quartered, blanched 5 min) 2.48 272 
13 60 oC 10%RH (quartered, blanched 15 min) 2.52 272 
14 60 oC 10%RH (quartered, blanched 30 min) 2.51 280 
15 60 oC 20%RH to 50 oC 20%RH (sliced) 5.54 176 
16 50 oC 20%RH to 60 oC 20%RH (sliced) 4.81 192 
17 60 oC 20%RH to 40 oC 20%RH (sliced) 6.76 186 
18 40 oC 20%RH to 60 oC 20%RH (sliced) 5.28 177 
19 50 oC 20%RH to 40 oC 20%RH (sliced) 7.21 299 
20 40 oC 20%RH to 50 oC 20%RH (sliced) 5.95 264 

 

3.2. Curcumin content 

With regard to the effect of RH during drying of sliced non-blanched rhizomes at 60 °C it 
was found that sample from run 11 exposed to 20% RH had a 23% higher curcumin 
concentration (3.53 mg/g dry matter) than sample from run 9 (2.86 mg/g dry matter).  

As for the effect of of the drying temperature at the same RH (20%), during drying of sliced 
non-blanched rhizomes, it is found that sample from run 2 had a 13% higher concentration 
of curcumin (3.99 mg/g dry matter) than sample 11 (3.53 mg/g dry matter). The drying 
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temperature of samples 2 and 11 was 40 °C and 60 °C, respectively. The same phenomenon 
was observed when comparing the effects of drying air temperature on the curcumin 
content in quartered rhizome samples, see samples 1 (3.86 mg/g dry matter) vs. sample 10 
(2.86 mg/g dry matter) and sample 5 (2.81 mg/g dry matter) dried at 40 °C, 60 °C and 50 
°C, respectively. Hence, it can be considered that a lower drying temperature leads to a 
higher curcumin content.  

Table 3. Curcumin content in dried samples 
Run 

number 
Weight of curcumin extracted 

from dried samples (μg) a) 
Curcumin concentration on dry 
matter basis (mg/g dry matter) 

1 1.24 3.86 
2 1.97 3.99 
3 1.08 2.70 
4 1.67 3.33 
5 1.39 2.81 
6 1.57 3.82 
7     n.a.b) n.a. 
8 1.27 2.49 
9 1.69 2.86 
10 1.25 2.88 
11 1.88 3.53 
12 1.30 2.37 
13 1.42 3.27 
14 1.68 3.72 
15 1.26 3.04 
16 1.39 3.32 
17 1.09 6.95 
18 1.22 3.70 
19 1.80 4.01 
20 1.52 4.96 

a) Total weight of curcumin extracted from entire dried sample; b) n.a. = data not available 

With regard to the difference between quartered and sliced samples, the comparison of 
results from runs 1 vs 2, 3 v 4 and 10 vs 11 shows clearly that the dried quartered samples 
had a lower curcumin content. 

Finally, with regard to the effects of changing conditions on the curcumin content, they 
resulted generally in a higher concentration than constant conditions. 

In this experiment, ultrasonic extraction was used in extraction instead of traditional soxhlet 
extraction. The time of ultrasonic extraction was 1 h. It was determined after comparing the 
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sonication at 55 °C for 15 min, 30 min and 1 hour. It is found that there was no peak at 425 
nm wavelength times of less than 1 hour. This extraction method is reported to strength 
extraction efficiency and decrease extraction time [4]. The use of sonication had a 
significant advantage over the conventional soxhlet extraction taking several hours. 

4. Conclusions 

This study compares the concentration of curcumin in samples of dried turmeric rhizomes 
subjected to different drying treatments. It has been found that the changing conditons and 
use of of non-blanched sliced turmeric rhizome dried at 40 °C and 20%RH yielded 3.99 mg 
curcumin/g dry matter which was higher than in any other sample dried under constant 
conditions. In comparison, the changing conditions resulted in higher curcumin content. 
Moreover, blanching would generally lead to a higher concentration of curcumin in the 
dried samples. Finally, 20% RH led to a higher concentration of curcumin than 10% RH. 

5. Nomenclature  

 
RH relative humidity % 
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Abstract 
Electrohydrodynamic (EHD) drying is a novel non-thermal dewatering 
technology using electric discharge in air to enhance dehydration of heat-
sensitive biomaterials. Low energy consumption and high product quality 
make it attractive for industry. In this study, the mushrooms slices have been 
dried under sole EHD with 12, 14, and 16 kV DC, and EHD in combination 
with air cross-flow at 1 m s-1 and different relative humidity (RH) from 30 to 
70 %. It was found that drying kinetics was exponential over initial moisture 
contents from 3.3 to 14.1 g·g-1 (db). The equilibrium moisture content ranged 
from 0.15 to 0.1 g g-1 depending on RH. Decrease of RH or air cross-flow 
significantly improved efficiency of EHD drying. 

 

Keywords: mushrooms; electrohydrodynamic; ionic wind; air humidity; 
equilibrium moisture content. 
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1. Introduction 

Electrohydrodynamic (EHD) drying is regarded as a non-thermal dewatering technology, 
suitable for drying of heat-sensitive materials because of high product quality and low 
energy consumption.[1] Hence, it is excellent alternative as compared to hot-air convective 
drying of mushrooms with extremely short shelf life, which should be consumed or 
processed within hours after harvest.[2] 

Commonly accepted hypothesis is that EHD drying occurs due to ionic wind. The effect of 
ionic wind on shiitake mushrooms drying was first investigated by Xue et al.[3] under 6, 8, 
10, 12 kV AC (electric field strength from 3 to 6 kV cm-1), concurrent airflow at 45ºC and 
40% RH. The results showed that electro-convective drying for 10-14 hours was faster by 
1.1 to 1.6 times compared to control. The effect of ionic wind increased with increasing 
voltage and decreased with increasing airflow rate. However, slight browning of the dried 
shiitake gills under the effect of ionic wind was noticed. Dutta et al.[4] showed that pre-
treatment of mushroom slices with AC electric field 4.3 kV cm-1 accelerated subsequent 
convective or freeze drying. They also reported that the EHD pre-treatment improved 
quality of dry mushrooms, in particular lesser shrinkage, higher rehydration ratio and 
enhanced color as compared to control. Dinani et al.[5, 6] investigated the effect of EHD in 
combination with hot air drying at 60ºC and 10% RH for voltages 17, 19 and 21 kV DC, 
and gaps between electrodes 5, 6 and 7 cm. Electric field accelerated drying rate by 1.38, 
1.41, and 1.43 times for voltages, and by 1.52, 1.36, and 1.33 times for gaps, so one can 
conclude that increasing of electric field strength significantly increased water diffusion in 
mushrooms. These experiments were done under conditions of natural convection. Similar 
experiments with EHD in combination with hot-air drying at 45ºC under conditions of 
forced convection [7-9] showed significant effect of air velocity. The enhancement of the 
drying rate due to EHD was as high as 1.40, 1.56, and 1.78 times at 0.4 m s-1, while at 2.2 
m s-1 these were 1.08, 1.03, and 0.97 times (no significant effect of EHD). These results 
confirmed previous conclusions of Xue et al.[3] that EHD is efficient only under low air 
velocities, while increase of air velocity above certain threshold results in purely convective 
drying. Unfortunately, all these experiments with mushrooms were conducted for 
combination of EHD with hot air drying with temperature as the dominant drying factor. 
These settings hindered the role of EHD in drying, making difficult interpretation of sole 
EHD effect on drying kinetics and product quality. 

Promising experiments on EHD mushroom drying confirmed the importance of industrial 
scaling of the EHD technology. This research was initiated on the request of industry 
partner Jantex Ltd (Poland) to improve efficiency and quality of white champignons drying 
because of high sensitivity of product color to drying temperature. The main objective of 
this paper is to present preliminary results of EHD drying of sliced white champignons, 
including the effects of relative humidity, air cross-flow, initial moisture content, electric 
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field strength and configuration of discharge electrode, which are instrumental for industrial 
scaling of EHD technology. 

2. Materials and methods 

White champignons (Highline, Leamington, Canada) purchased from a local grocery were 
cut perpendicularly to the head into 5-mm slices and then spread uniformly in a single layer 
on the collecting electrode. Initial mass of sliced champignons varied from 30 to 34 g. 
Initial moisture content was in the range 3.3 to 14.1 kg kg-1 (db). 

Experimental apparatus is shown in Figure 1. The drying chamber (1) was made of 
Plexiglas (40×20×20 cm) with two openings 10 cm in diameter. Discharge electrode (2) 
was built from 143 needles arranged into 11×13 rows giving 1×1 cm needles packing 
density or 42 needles arranged into 6×7 rows giving 2×2 cm needles packing density. 
Discharge electrode was connected to the positive pole of a DC high voltage source, while 
aluminum plate (3) with the size (20×10 cm) was used as a grounded electrode. Both 
electrodes were placed in the drying chamber. The room air humidity was maintained at 
20% by the air conditioning system. Airflow velocity was maintained at 1.0 m s-1 by a 1.5 
W fan (5) and measured with the hot wire anemometer HD300 (Extech Instruments, USA). 
High voltage (6) was supplied by DC power supply BAL-32-5 (Voltronics, USA). Voltage 
and current were recorded continuously using the LabView2012 (National Instruments, 
USA) data acquisition system with USB-6120 interface and desktop computer (7). The 
weight of mushrooms was determined with a digital scale (4) (model HCB 1002, Adam 
Equipment, Oxford, CT, USA). 

 
Fig. 1 EHD experimental setup.  

Experiments for determination of equilibrium moisture content were carried out for sole 
EHD at 12, 14, and 16 kV with a gap 3.0 cm between electrodes, or EHD combined with 
air cross flow of 1.0 m s-1. The effect of initial moisture content on EHD drying rate was 
measured for fresh slices and for slices after storage in the cooler from one to three days. 
The effects of EHD (1) and EHD + air cross-flow (2) were compared with sole air cross-
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flow (control 1) or natural convection (control 2) for the same batch of slices. Drying rate 
for each treatment was calculated for 30 min using four-steps drying protocol. For these 
experiments the RH was kept constant at 20±2% and room temperature of 20±0.5ºC. 

3. Results and discussions 

The effect of discharge electrode geometry and air humidity on drying kinetics is shown in 
Figure 2. The effect of 1×1 and 2×2 cm needle packing density was studied at 15 kV, 3.5 
cm gap, RH 70-80% and air cross-flow 0.4 m s-1 (Fig. 2A). Drying kinetics showed the 
difference between effects of two electrodes. In particular, 1×1 electrode initiated linear 
drying kinetics (constant drying rate), which indicates convection-limited conditions. In 
contrast, 2×2 electrode initiated exponential drying kinetics (falling drying rate), which 
indicates diffusion-limited drying. Both cases have been reported in literature,[5,10] however 
the reason for the difference in drying behaviour has not been discussed. 

Better results of EHD drying, obtained with 2×2 electrode, determined preferable use of 
such electrode in further experiments. The effect of 30, 50, and 70% relative humidity on 
the drying kinetics was studied with 2×2 electrode at 22 kV, 3.5 cm gap (electric field 6.3 
kV cm-1) and superficial velocity of air cross-flow 1.0 m s-1 (Fig. 2B).  

 
Fig. 2  Moisture kinetics for different discharge electrodes (A) and relative humidity (B). 

Drying time was in the range from 7 to 20 hours, depending on relative humidity. The 
equilibrium moisture content at the end of drying was in the range from 0.1 to 0.15 g g-1. 
This moisture content for white champignons corresponds to the range of water activities aw 
from 0.3 to 0.35[11], which is considered as safe for shelf-life stability.[12] These data 
demonstrate how important is to maintain low air relative humidity in the EHD drying. 

Effect of sole EHD and EHD combined with convective air cross-flow on drying kinetics is 
presented in Figure 3. It follows that drying rate increases with voltage, which corresponds 
to results reported earlier.[8, 9] Drying time to reach 0.2 g g-1 of moisture content (dashed 
line) significantly decreased from 25 h at 4.0 kV cm-1 to 12 h at 5.3 kV cm-1. Effect of 
combined air cross-flow and ionic wind was significant at 12 and 14 kV, however at 16 kV 
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the drying effect of sole ionic wind was higher. This result is difficult to explain within 
existing theories of EHD drying. Therefore, the phenomenon of interaction between ionic 
wind and air cross-flow requires additional research. 

 

Fig. 3 Effect of EHD drying and combined EHD with convective cross-flow drying (1.0 ms-1)  
under different voltages on drying time (3 cm gap, 20% RH). 

The effective moisture diffusivity (Deff) can be calculated from the following equation: 
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Based on equation (1) it is possible to estimate instantaneous diffusion coefficient from 
experimentally determined parameter k: 
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Deff ⋅+⋅−=                                         (2) 

Results of experimental evaluation of k for different modes of EHD drying are presented in 
Figure 4. Parameter k was stable over drying period from 0 to 14 hours in the wide range of 
voltages with/without forced convection, which indicates a suitability of the exponential 
model for approximation of drying kinetics in EHD drying. Based on the average value of 
parameter k, the effective moisture diffusivity coefficient has been calculated (Table 1): 

Table 1. Effective moisture diffusivity coefficient, Deff ·10-10 m2 s-1 

Drying 12 kV 14 kV 16 kV 

EHD 3.29 ± 0.31 4.84 ± 0.11 6.42 ± 0.30 

EHD + 1.0 m s-1 3.78 ± 0.23 5.09 ± 0.14 5.39± 0.20 
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Fig. 4 Velocity of EHD drying and EHD + convective cross-flow drying (1.0 m s-1) under different 
voltages on drying time. 

 

Fig. 5 Dependence of drying rate (DR) on initial moisture content (Xo) at EHD 14 kV and RH 20% 
(fitted linear regression DR = 3.056 + 0.4087 Xo with R2 = 0.962) 

From these results it is clear that drying rate is proportional to moisture content, which 
validates initial assumption, underlying simplified diffusion model. To study interactions 
between forced air cross-flow and electro-convection, the four-step experimental protocol 
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was designed, exploring three cases in various combinations: (1) Sole EHD, (2) air cross-
flow, and (3) EHD with simultaneous air cross-flow (Fig. 6). 

 

Fig. 6 An interactions between forced air cross-flow (1 m s-1) and electro-convection (18 kV) at 3.5 cm 
gap, 20±2% RH. 

The case # 3 was found to be the most efficient. The enhancement ratio was: EHD/Free 
convection = 6.66/1.4 = 4.757, EHD/Cross-flow = 6.66/3.36 = 1.982, EHD+Cross-
flow/Free convection = 10.04/1.4 = 7.171, EHD+Cross-flow/Cross-flow = 10.04/3.36 = 
2.988. It follows that EHD effect was always positive, resulting in enhancement of drying 
rate in the range from 1.98 to 7.17 times. 

4. Conclusions 

1. EHD drying kinetics typically followed the exponential curve, hence it is diffusion-
limited and could be described by Fick’s equation. 

2. Drying rate of white champignons is proportional to initial moisture content, increases 
with electric field strength and with decrease of relative humidity. 

3. The effect of needle packing density on drying rate of white champignons was 
significant. 

4. The effect of 1.0 m s-1 cross-flow air on EHD drying was found significant at 12 and 14 
kV, while at 16 kV the drying rate was higher than EHD without air cross-flow. 

5. Effect of electric field on effective moisture diffusion was much more pronounced in the 
case of sole EHD: from 3.38·10-10 m2 s-1 (12 kV) to 7.22·10-10 m2 s-1 (16 kV). 
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Abstract 
Agglomeration is a particle formulation process in which at least two primary 
particles are combined to form a new one. The growth of agglomerates 
depends on interactions of particles covered with wet spots that generated by 
depositions of binder droplets. This work experimentally compares the 
influence of external feed rate and sprayed binder content on product 
properties and process stability with internal separation at different drying 
conditions. Due to the identification of parameters a populations balance 
model (PBM) is developed. The PBM includes the agglomeration kernel 
function, which characterizes the kinetics, i.e. the rate at which primary 
particles build agglomerates. 

 

Keywords: spray fluidized bed agglomeration; drying; continuous process; 
internal separation; population balances 
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1. Introduction 

Agglomeration is a particle formulation process in which at least two primary particles are 
combined to form a new one. The principle of fluidized bed spray agglomeration is especially 
used in chemical, food and pharmaceutical industry[1]. The advantages are good mixing and 
uniform high heat and mass transfer rates between particle, liquid and gas phase. Compared 
to previous batch processes the additional benefits of continuous processing are a constant 
product quality and higher throughputs. In case of fluidized bed spray agglomeration, a solid-
contained liquid, called binder, is sprayed on the particles. The binder can be a solution, 
suspension or melt. The present work experimentally compares the influence of external feed 
rate and sprayed binder content on product properties and process stability with internal 
separation at different drying conditions. Product properties like particle size distribution or 
structure of agglomerates depend on these conditions and due to this, there are changes in 
product qualities, e.g. solubility, flowability or creation of dust free atmospheres. The growth 
of agglomerates depends on interactions of particles covered with wet spots that generated 
by depositions of binder droplets. Due to evaporation of water from the binder, wet 
connections between primary particles are transformed to solid bridges[2]. Therefore, the 
drying rate associated with gas temperature and moisture content finally determines the rate 
and quality of agglomeration. 

2. Materials and Method 

The starting materials for the fluidized bed and continuous feeding during the process are 
glass beads with distributed shapes, shown in Fig. 1. The Sauter diameter is 200 µm, 
measured optical by Camsizer, Retsch Technologies GmbH, Germany. 

  

Fig. 1: different shapes of glass beads as primary particles 

The operating binder is a solution of water and hydroxylpropylmethylcellulose (HPMC). 
HPMC is a biological binder also known as Pharmacoat and is used in food and 
pharmaceutical industries. In the present work it is used as a solution with water and a mass 
concentration of 4 %. To carry out the experiments a cylindrical fluidized bed is used, 
illustrated in Fig. 2. The fluidized bed is in a pilot plant scale. 

100 µm 150 µm 
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Fig. 2: Scheme of the fluidized bed 

The particles are fluidized by heated ambient air air, which enters the fluidized bed chamber 
from the bottom throught a distributor plate. The Chamber of the fluidized bed has a diameter 
of 300 mm. The spray nozzle, which atomized and sprayed the solution in top-spray 
configuration, is installed at a distance of 420 mm above the distributor plate of the fluidized 
bed. An external pump supply the feeding of the solution. Particles having the target size are 
continuously discharged by internal classification through a tube, which is centrally installed 
at the bottom of the fluidized bed. The important parameters (inlet temperature – Tinlet, 
air mass flow – �̇�𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, feed rate – �̇�𝑀𝐹𝐹𝑖𝑖𝑖𝑖𝐹𝐹, HPMC content – w and binder spray rate – �̇�𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) 
are shown in Table 1, all experiments started with a bed mass of 8 kg. 

Table 1: Experimental parameter 

Experiment 
𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 
[°C] 

�̇�𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 
[kg/h] 

�̇�𝑀𝐹𝐹𝑖𝑖𝑖𝑖𝐹𝐹, 
[g/min] 

w, 
[% HPMC] 

�̇�𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, 
[g/min] 

T1F150 80 275 150 4 55.5 
T1F250 80 275 250 4 55.5 
T1F350 80 275 350 4 55.5 
T2F150 100 275 150 4 55.5 
T2F250 100 275 250 4 55.5 
T2F350 100 275 350 4 55.5 

 

3. Results and Discussion 

The Comparisons of the results of the 4 Experiments, shown in Fig. 3 and Fig. 4, are indicate 
that the product size of the experiments at 100 °C are smaller and the product size increase 
with decreasing feed rate. A break takes place during the experiment at 80 °C, for a feed rate 
of 150 g/min (at 35 min). 
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Fig. 3: Sauter diameter of bed (∙) and product (x) samples for 150 g/ min at 80 °C (left) and 

100 °C (right) 

 
Fig. 4: Sauter diameter of bed (∙) and product (x) samples for 350 g/ min at 80 °C (left) and 

100 °C (right) 

The reason is the lower evaporation rate of the water content from the solid bridges between 
the glass beads at lower temperature. Due to this, the residence time of with binder wetted 
surface get longer. It is more time to collide and connect with other wetted surfaces. The 
influence of the feed rate is also clear visuable, especially for the experiments at 100 °C. Here 
at low feed rate the product particles reached a size of 0.9 mm. With increasing the feed rate 
the size is getting smaller. The structure analysis of the agglomerates with the Scatter 
electrone microscope (SEM) prove the study, that at lower temperatures more binder is on 
the particles. The structure analysis of the agglomerates are shown in Fig. 5 and Fig. 6. For 
both temperatures the lowest feed rate indicates a partial coating. This means a part up to the 
whole particle surface is covered with the binder. With increasing the feed rate, more particles 
enter the spray zone and the binder solution is more distributed over the bed particles. The 
particles in figure 6 are indicates optically a more compact structure as in figure 5, which is 
proved by Camsizer measurements, shown in Table 2. This indicates that the dense of the 
agglomerates increase by the inlet temperature, which is confirmed by Dadkhah[3]. 

Table 2: Density of agglomerates at experimental parameters 
Temperature [°C] F150 F250 F350 

80 >1.2 1.44 1.6 
100 1.47 1.7 1.7 
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Fig. 5: SEM pictures of product particles at 80 °C with 150 g/min (left), 250 g/min (middle) and 

350 g/min (right) 

    
Fig. 6: SEM pictures of product particles at 100 °C with 150 g/min (left), 250 g/min (middle) and 

350 g/min (right) 

In order to describe the dynamic behaviour of continuous fluidized bed spray agglomeration, 
the following population balance model can be used: 

 𝜕𝜕𝑖𝑖(𝑖𝑖,𝑣𝑣)
𝜕𝜕𝑖𝑖

= �̇�𝑛𝑓𝑓𝑖𝑖𝑖𝑖𝐹𝐹(𝑡𝑡, 𝑣𝑣) − �̇�𝑛𝑆𝑆𝑆𝑆𝑝𝑝𝐹𝐹(𝑡𝑡, 𝑣𝑣) +  �̇�𝑛𝑆𝑆𝑎𝑎𝑎𝑎(𝑡𝑡, 𝑣𝑣) , (1) 

where 𝑛𝑛 symbolizes the number density distribution, 𝑣𝑣 denotes the particle volume, 
�̇�𝑛𝑓𝑓𝑖𝑖𝑖𝑖𝐹𝐹(𝑡𝑡, 𝑣𝑣), �̇�𝑛𝑆𝑆𝑆𝑆𝑝𝑝𝐹𝐹(𝑡𝑡, 𝑣𝑣) and �̇�𝑛𝑆𝑆𝑎𝑎𝑎𝑎(𝑡𝑡, 𝑣𝑣) represent particle fluxes due to the external particles 
feed, the reflux of the product particles and agglomeration process respectively. The 
formation and growth of agglomerates including initial condition can be described by: 

 �̇�𝑛𝑆𝑆𝑎𝑎𝑎𝑎(𝑡𝑡, 𝑣𝑣) = 1
2 ∫ 𝛽𝛽(𝑡𝑡,𝑢𝑢, 𝑣𝑣 − 𝑢𝑢)𝑣𝑣

0 𝑛𝑛(𝑡𝑡,𝑢𝑢)𝑛𝑛(𝑡𝑡, 𝑣𝑣 − 𝑢𝑢)𝑑𝑑𝑢𝑢 − ∫ 𝛽𝛽(𝑡𝑡,𝑢𝑢, 𝑣𝑣)𝑛𝑛(𝑡𝑡, 𝑣𝑣)𝑛𝑛(𝑡𝑡,𝑢𝑢)∞
0 𝑑𝑑𝑢𝑢, (2) 

𝑛𝑛(𝑡𝑡 = 0, 𝑣𝑣) = 𝑛𝑛0(𝑣𝑣),   (3) 

where 𝛽𝛽(𝑡𝑡,𝑢𝑢, 𝑣𝑣) is an agglomeration function (kernel) characterizing the kinetics of the 
agglomeration process. This kernel can be represented as a product of a coalescence kernel 

200 µm 200 µm 200 µm 

200 µm 200 µm 200 µm 
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𝛽𝛽(𝑢𝑢, 𝑣𝑣), which depends only on the volume of the agglomerating particles and an 
agglomeration efficiency 𝛽𝛽0(𝑡𝑡), which is a positive possibly time-dependent function: 

𝛽𝛽(𝑡𝑡,𝑢𝑢, 𝑣𝑣) = 𝛽𝛽0(𝑡𝑡)𝛽𝛽(𝑢𝑢, 𝑣𝑣).  (4) 

 

 

Fig. 7: Scheme of parameter identification 

The Estimation of kinetics for an agglomeration is particularly challenging due to its highly 
nonlinear process dynamics. The coalescence kernel 𝛽𝛽(𝑢𝑢, 𝑣𝑣), being a nonnegative symmetric 
function of two variables, describes an impact of particle sizes on the probability of its 
effective collision. In order to understand the formation of agglomerates in a first step the 
mechanical kernel based on Brownian motion[7] can be applied for simulation model: 

𝛽𝛽(𝑢𝑢, 𝑣𝑣) = 𝛽𝛽0 �𝑣𝑣
1
3 + 𝑢𝑢

1
3� �𝑣𝑣−

1
3 + 𝑢𝑢−

1
3�. (5) 

Assuming that time dependency of the agglomeration efficiency 𝛽𝛽0 can be neglected, this 
scalar parameter can be estimated from the experimental particle size distributions using a 
parallel model approach Fig. 7 [4]. Substituting this mechanical kernel into the population 
balance model a linear regression problem can be formulated: 

min
𝛽𝛽0

∫ �𝑞𝑞3,𝑚𝑚𝑖𝑖𝑆𝑆𝑚𝑚(𝑡𝑡) − 𝑞𝑞3,𝑖𝑖𝑚𝑚𝑖𝑖(𝑡𝑡,𝛽𝛽0)�
2
2𝑇𝑇

0  𝑑𝑑𝑡𝑡 . (6) 

In order to compute the given population balance model the method of lines can be applied, 
where the spatial coordinate is discretized using the cell-average method [8] on a logarithmic 
grid. The experimental and simulation results with Brownian motion kernel are depicted in 
Fig. 8. In Fig. 9 is shown a comparison of the initial and steady state distribution. It can be 
seen that using this theoretical kernel for continuous fluidized bed spray agglomeration 
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process yields a qualitatively good approximation of the process particularly for steady-state 
region.  

 
Fig. 8: Experimental (left) and simulated (right) particle size distribution 𝒒𝒒𝟑𝟑 

 

 
Fig. 9: Experimental (grey) and simulated (black) particle size distribution q3 for the initial (left) 

and steady state (right) distribution 

 
4. Conclusions 

The Influence of the temperature and feed rate on the particle were investigated. The results 
of the experiments show that a lower temperature lead to bigger agglomerates. The increasing 
of the feed rate indicates smaller particles. A high temperature and high feed rate should be 
result in smaller product particles. The results of the structure investigations does not indicate 
a preferd shape, like sphericals or sticks, at different temperatures or feed rates. 

The developed PBM model was qualitatively good approximation of the process particularly 
for steady-state region. In order to get more precise process approximation another kernel 
functions of more degrees of freedom, e.g. Laurent polynomials of two variables[6], bilinear 
basis functions[5], or time dependency of the agglomeration efficiency 𝛽𝛽0(𝑡𝑡) can be taken into 
account. 
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Abstract 
An oil from Pacific krill (Euphausia pacifica) has a high content of 
PUFAs and phospholipids. The sediment was formed with 
homogenization of krill oil and maltodextrin (MD; dextrose equivalent 
(DE) = 19) solution using sodium caseinate, gum arabic, hydrolyzed 
whey protein or modified starch as a surfactant. Quillaja saponin 
could form the emulsion without the sediment. MD (28.5 wt%) was 
solubilized with distiller water (50 wt%) and mixed with krill oil 
(20wt%) and Quillaja saponin (1.5 wt%). The homogenized solution 
was spray-dried using Okawara-L8 spray dryer with a centrifugal 
atomizer.  Spray-dried powder was evaluated in the oil-droplet size 
and surface-oil content. 

 

Keywords: krill oil, emulsion, Quillaja saponin, spray drying, PUFAs 
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1. Introduction 

Krill oil (KO) is a rich souce of long chain n-3 polyunsaturated fatty acids (PUFAs) such as 
eicosapentaenic acid (EPA) and docosahexaenoic acid (DHA) [1], which have 
phospholipids, and has been suggested to have the higher bioavailability compared with 
fish oil. KO contains astaxanthin as antioxidant. Encapsulated KO has been used as a 
dietary supplement. PUFAs are inherently unstable and prone to oxidation. Gomez-Estaca 
et al. [2] investigated the encapsulation of an astaxanthin-containing lipid extract from 
shrimp waste by complex coacervation using a novel gelatin-cashew gum complex.  Haidor 
et al. [3] investigated the encapsulation of KO using chitosan nanoparticle with 
emulsification and the electrostatic interaction to triphosphate. Sanguansri et al. [4] 
investigated the encapsulation of KO using the mixture of protein and carbohydrates by 
spray drying and showed the protein enhanced the oxidative stability of KO during storage. 
Yamada et al. [5] showed 8-hydroxyeicosapentaenoicacid (8-HEPE) acts as a peroxisome 
proliferator-activated receptor ligand and had higher activity than EPA. KO from the 
Pacific Ocean near Sanriku contained 8-HEPE.   
The encapsulation efficiency of fish oil by spray drying is affected by several parameters 
such as oil-droplet diameter, solid and oil contents, and processing conditions. The surface-
oil ratio is the most important parameter that estimates the shelf life of fish oil in spray-
dried powders. Ghani et al. [7] investigated effects of oil-droplet diameter and DE of MD 
on the surface-oil ratio of microencapsulated fish oil and showed the surface-oil ratio was 
remarkably increased when the ratio of the average reconstituted oil-droplet diameter to the 
average particle diameter was higher than 0.01. Ghani et al. [8] investigated also the effect 
of DE of MD on oxidation stability in encapsulated of fish oil with MD by spray drying. 
They indicated that the fish oil in spray-dried powder encapsulated fish oil prepared using 
MD of DE = 25 and 19 had lower peroxidative values (PVs) than those prepared with MD 
of DE = 11. The difference in PV can be ascribed to the difference in the surface-oil ratio of 
the spray-dried microcapsules.  

In this study,  the formation of emulsified KO was investigated with various emulsifier and 
the stability of encapsulated KO using MD (DE=19) and saponin emulsifier was examined 
at 50ºC.  

 

2. Materials and Methods 

2.1. Materials 

KO was purchased from Koyo Chemical Co., Ltd. (Osaka, Japan). In the formation of KO 
emulsion, sodium caseinate, hydrolyzed whey protein, gum arabic, modified starch or 
saponin emulsifier were used. Sodium casienate and rosemary extract oil (RO) was gifted 

588

http://creativecommons.org/licenses/by-nc-nd/4.0/


Takashige, S.; Hermawan Dwi A.;Sultana, A.; Shiga, H.; Adachi, S.; Yoshii, H.. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

from Mitsubishi-Chemical Foods Corporation (Tokyo, Japan). Hydrolyzed whey protein, 
Emulup® was purchased from Morinaga Milk Industry Co. Ltd. (Tokyo, Japan) and  gum 
arabic was from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Saponin emulsifier 
was Quillayanin S-100 from Maruzen Pharmaceuticals Co., Ltd. (Hiroshima, Japan) MD 
(DE=19) was gifted from Matsutani Chemical Industry Co., Ltd. (Itami, Japan). Other 
chemical reagents used were analytical grade chemicals from Wako Pure Chemical 
Industries, Ltd. 

 

2.2. Method 
2.2.1. Formation of KO emulsion 
MD solution was prepared by dissolving MD in distilled water at 80 °C and cooling to 
room temperature. KO was blended with the solution to give 50 wt% solid content. The 
composition of the solution was 20 wt% KO, 1.5 wt% emulsifier, 28.5 wt% MD, and 50 
wt% distilled water. The solution was mixed using a rotor-stator type homogenizer 
(Polytron, PT-6100; Kinematica, Littau, Switzerland) at 7,500 rpm for 3 min with a 30 s 
interval after 1 min and 2 min. This solution was further homogenized using a high-
pressure homogenizer (Star Burst Mini; Sugino Machine Limited, Uozu, Japan) at 100 MPa 
for two passes.  
 
2.2.2. Spray drying 
The feed emulsions were spray dried using a pilot scale spray dryer (Ohkawara-L8; 
Ohkawara Kakouki Co., Ltd., Yokohama, Japan) equipped with a centrifugal atomizer. The 
feed rate was 25 mL/min, the atomizer speed was 10,000 rpm, and the air flow rate was set 
at 110 kg/h. In the drying process, the temperatures of inlet and outlet air were 140 °C and 
70 to 95 °C, respaectively 
. After being cooled to room temperature, the collected powders were stored in closed glass 
containers at −80 °C until use.  
 
2.2.3. Analysis of oil-droplet and powder-particle diameters 
The size distributions of the oil droplets in the feed and reconstituted emulsion and the 
spray-dried powder particles were measured with a laser diffraction particle size analyzer 
(SALD-7100; Shimadzu Corporation, Kyoto, Japan) equipped with a batch sample cell. 
The reconstituted emulsion were obtained by dissolving the spray-dried powders in distilled 
water. The feed and reconstituted emulsion were pipetted directly into the cell containing 
distilled water for respective measurements. Meanwhile, the particle size distributions of 
the spray-dried powders were analyzed by dispersing the powders in 2-methyl-1-propanol. 
The volume-based diameter (D43) was considered to be the mean diameter for all 
measurements.  
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2.2.4. Scanning electronic microscopy (SEM) 
Surface and cross-cut images of encapsulated fish oil powders were observed by a JSM 
6060 SEM (JEOL, Tokyo, Japan). The samples were placed onto the SEM sample holder 
using double-sided tape and coated with Pt-Pd using an MSP-IS Magnetron Sputter 
(Vacuum Device, Inc., Tokyo, Japan). The cross-cut structures were prepared using 
procedure as described by Soottitantawat et al. [8]. 
 
2.2.5. Measurement of DHA and EPA contents in KO 
Approximately 0.2 g of oil or 0.5 g of powders was weighed in the test tube. Two ml of N, 
N-dimethylformamide (DMF) was added to solubilize KO in the tube. Then, 2 mL 
 of hexane was added to extract KO from DMF and was stirred with a vortex mixer 
(Vortex-GENIE 2 Mixer, G-560 type, M&S Instrument Inc., Osaka, Japan). Hexane was 
sampled and 0.5 mL of KO was used to be methyl esterified with Fatty Acid Methylation 
Kit and Fatty Acid Methyl Ester Purification Kit (Nacalai Tesque, Inc., Kyoto, Japan). One 
μL of methyl esterified oil was injected to gas chromatography-mass spectrometry (GC-MS, 
Shimazu  Corp., Kyoto, Japan) with a fused silica capillary column (30 m x 0.25mm x 0.25 
μm; DB-1, Agilent Technologies Japan Ltd., Tokyo, Japan). 
 

3. Results and Discussions 

3.1. Formation of KO emulsion 

KO emulsion was formed with quillayanin, sodium casienate, hydrolyzed whey protein, or 
arabia gum as 3 wt% emulsifier in the solid powder by the mechanical homogenization 
(8,000 rpm for 3 min). The KO emulsions using sodium casienate, hydrolyzed whey protein, 
and arabia gum separated into two phase solution. No phase-separation occurred for the KO 
emulsion using quillayanin as emulsifier. Oil-droplet diameters for KO emulsions were 
measured with a laser diffraction particle size analyzer at 3 h after the emulsification.  
Except KO emulsion using quillayanin, the lower phase solution was used to measure oil-
droplet diameter. Figure 1 shows the distributions of oil-droplet diameter for four KO 
emulsions. KO emulsions using sodium casienate and arabia gum formed aggregates and 
had larger oil-droplet diameter above 10 μm. KO contains about 18wt% phospholipids. 
Genelally phospholipid make aggragtion with proteins. These results show that protein 
emulsifier could not be used to emulsify KO.  Saponin emulsifier, quillayanin was suitable 
emulsifier to form stable emulsion.  
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3.2 Formation of spray-dried KO powder  

By using quillayanin as an emuslifer, spray-dried KO powders were produced by two 
homogenization conditions, the mechanical homogenization and high-pressure 
homogenization. The spray-dried powder was also formed for the case where rosmary 
extract as an antioxidant was added to KO at mechanical homogenization. Table 1 shows 
physical properties of three spray-dried powders. Average oil-droplt diamters for three 
spray-dried powders were about 1.1-1.4 μm. Moisture contents were about 2 wt% for the 
mechanical homogenization and 3.6wt% for high-pressure homogenization.  Reconstituted 
oil-droplet and powder diameters were about 1.4 μm and 58 μm for the mechanical 
homogemization and 1.1 μm and 70 μm, respectively. Figure 2 shows SEM images of 
surface structures and cross-cut sructures of spray-dried powders. SEM images of cross- 
section structures for KO encapsylated spray-dried KO powders show clear oil-droplet 
distribution in spray-dried powder. 

 

Fig. 1.  Distribution of oil-droplet diameter for KO emulsion using 
emulsifier, quillayanin, sodium casinate, hydrolyzed whey protein or 
arabia gum.  
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3.2. Stabilty of EPA and DHA in spray-dried KO powder 

Stabilities of EPA and DHA were investigated in spray-dried KO powders at 50ºC for one- 
and two-week storages.  Figure 3 indicates the retentions of EPA and DHA to the intial 
content of EPA and DHA in KO, KO plus 5wt% RO in KO, spray-dried KO powder by the 

Table 1. Physical properties od spray-dried powders. 

 

 

Fig. 2.  SEM images of spray-dried KO powder by the mechanical 
homogenization (a, b and a’, b’) and high-pressure homogenization. KO in spray-
dried powder for b and b’ contained rosemary extract oil. 
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high-pressure homogenization (HP), KO encapsulated spray-dried powder by the 
mechanical homogenization (MH), and KO, which contined with  5wt% RO, encapsulated 
spray-dried powder with MH. The retentions of EPA about 0.4 in KO and KO contained 
5wt% RO were higher than these of DHA about 0.1. The addition of RO to KO did not 
affect the retentions of EPA and DHA. The retentions of EPA and DHA for spray-dried KO 
powder by MH were higher than those of KO wncapsulated spray-dried powder with HP. 
These results sugest the force during homogenization affected the stability of EPA and 
DHA in KO.  In spray-dried powder, RO addition improved the retention of DHA 
siginificantly in spray-dried powder. After two-weeks storage at 50ºC, the retentions of 
EPA and DHA were obtained about 0.8 in spray-dried KO (+5wt% RO) powder. The 
encapsulation of KO could improve the stability of EPA and DHA. However, suitable 
homogenization condition and antixodant concentration should be investigated to  obtain 
the more stable KO encapsulated spray-dried KO powder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Stability of EPA and DHA at 50⁰C for on- and two-week storage 
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4. Conclusions 

Spray-dried KO powder was formed by emulsification and spray drying. KO contained 
5wt%  RO could be encapsulated with MD (DE=19) using quillaja saponin as an emulsifier. 
After two-weeks storage at 50⁰C, the retentions of EPA and DHA were about 0.8 in 
encapsulated  

5. Acknowledgement 

This research was supported by grants from the Project of the NARO Bio-oriented 
Technology Research Advancement Institution (the special scheme project on vitalizing 
management entities of agriculture, forestry and fisheries). 

6. References 
[1]  Grandois, JL.; Marchioni, E.; Zhao, M.; Giuffrida, F.; Ennahar, S.;  Bindler, F. 

Investigation of natural phosphatidylcholine sources: separation and identification by 
liquid chromatography−electrospray ionization−tandem mass spectrometry 
(LC−ESI−MS2) of Molecular Species. Journal of Agricaltural Food and Chemistry, 
2009, 57 (14),  6014–6020. 

[2]   Gomez-Estaca, J.; Comunian、T.A.;.Montero, P.; Ferro-Furtado, R.; Favaro-Tirindade, 
C.S.  Encapsulation of an astaxanthin-containing lipid extract from shrimp waste by 
complex coacervation using a novel gelatin–cashew gum complex. Food 
Hydrocolloids, 2016, 61, 155-162.  

[3]  Haider, J.; Majeed, H.; Williams, P.A.; Safdar, W.; Zhong, F. Formation of chitosan 
nanoparticles to encapsulate krill oil (Euphausia superba) for application as a dietary 
supplement. Food Hydrocolloids, 2017, 63, 27-34. 

[4] Sanguansri,L.;  Shen, Z.; Bhail, S.; Cheng, LJ.; Ying, DY.;  Augustin, MA. Novel 
formulations and process for development of microencapsulated krill oil. 
http://aocs.files.cms-plus.com/Meetings/Affliated/LSanguansri_Novelformulations.pdf 

[5] Yamada, H.; Kikuchi, S.; Hakozaki, M.; Motodate, K.;Nagahora, N.; Hirose, M. 8-
hydroxyeicosapentaenoic acid decreases plasma and hepatic triglycerides via activation 
of peroxisome proliferator-activated receptor alpha in high-fat diet-induced obese mice. 
Journal of Lipids, 2016, Article ID 7498508, 9 pages. 

[7] Ghani, AA.; Adachi, S.; Sato, K.; Shiga, H.; Iwamoto, S.; Neoh, TL.; Adachi, S.; Yoshii, 
H. Effects of oil-droplet diameter and dextrose equivalent of maltodextrin on the 
surface-oil ratio of microencapsulated fish oil. Journal of Chemical Engineering of 
Japan.  2017, 50, 799-806, 

[8] Ghani, AA.; Adachi, S.; Shiga, H.: Neoh TL.; Adachi, S.; Yoshii, H. Effect of different 
dextrose equivalents of maltodextrin on oxidation stability in encapsulated fish oil by 
spray drying. Bioscience, Biotechnology, and Biochemistry, 2017, 81, 705-711. 

[9] Soottitantawat, A.; Yoshii, H.; Furuta, T.; Ohgawara, M.; Linko,P. Microencapsulation 
by spray drying: Influence of emulsion size on the retention of volatile compounds. 
Journal of Food Science, 2003, 68, 2256-2262. 

 
 

594

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://aocs.files.cms-plus.com/Meetings/Affliated/LSanguansri_Novelformulations.pdf


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7328 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Thin layer drying behaviour of fermented cocoa (Theobroma 
cacao L.) beans  

 
Mujaffar, S.a*; Ramroop, A.a; Sukha, D.c 
a Food Science and Technology Unit, Department of Chemical Engineering, The University of the 
West Indies, St. Augustine, Trinidad and Tobago, West Indies. Tel.:+1 868 662 2002 Extension 
82190.   
b Cocoa Research Centre, The University of the West Indies, St. Augustine, Trinidad and Tobago, 
West Indies. 
 
*E-mail of the corresponding author: saheeda.mujaffar@sta.uwi.edu 
 

Abstract 
To assess the impact of a rest interval and bean turning on the thin-layer 
drying behavior of fermented cocoa beans, beans of mixed Trinitario varieties 
were dried in a cabinet oven at three temperatures (40, 50, 60°C) using three 
drying regimes, namely; continuous drying, intermittent drying (drying for 8h 
with a rest period of 16h), and intermittent drying with turning of beans.  
Moisture content, water activity, pH and colour attributes were measured and 
sensory evaluation of the cocoa liquor carried out on selected samples.  
Drying curves were constructed and drying rate constants (k) and effective 
diffusivity (Deff) values determined. 

 

Keywords:   Oven-drying; Fick’s Law; Rate constant; Diffusion coefficient 
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1. Introduction 

Drying of fermented beans is an important step in the primary processing of cocoa 
(Theobroma cacao L.) beans, which are dried to reduce the moisture content from about 
60% to 6-7% for safe storage and transportation.  During drying, oxidative chemical 
reactions that occur during fermentation to reduce the astringency and bitterness of the bean 
continue[1].  The rate of drying and the final moisture content of dried beans have a direct 
impact on bean quality and value-added products such as cocoa liquors and chocolates.  
Too rapid drying can result in the formation of a physical barrier to moisture and volatile 
acid movement, resulting in brittle beans with high acidity.  Too slow drying can favour 
mould growth during storage and handling.   

Sun-drying of cocoa beans is the most widely practiced method of drying due to the 
simplicity and use of natural energy. Sun-drying is, however, weather dependent, requires 
large areas of floor space and is labour intensive as the beans must be frequently mixed 
during drying.  Artificial drying systems are used to shorten drying time and increase the 
rate of moisture removal from the beans[2,3,4,5,6,7].  The negative effects of rapid drying are 
thought to be alleviated during traditional sun-drying due to the low drying temperatures 
experienced, the regular turning of beans to ensure uniform drying, and through a ‘resting’ 
period which takes place during the evening and night-time.  The tempering or rest period 
is reported to assist with moisture redistribution in the beans before the next drying phase 
commences[10].  For artificially dried beans, the risk of high bean acidity is exacerbated due 
to the typically high drying temperatures used[8,9,10].     

The objective of this study was to investigate the oven-drying of Trinitario (fine or flavor 
cocoa) beans at three temperatures (40, 50 and 60°C), with the specific objective of 
comparing the drying behaviour and selected quality attributes of beans dried continuously 
with that of beans handled in a manner which simulates the traditional sun-drying practice, 
namely, a rest period with and without the turning of beans.  

 

2. Materials and Methods 

Fermented cocoa beans of mixed Trinitario varieties were obtained from the Cocoa 
Research Centre (CRC) cocoa processing facility and dried in a Unitemp Drying Cabinet 
(LTE Scientific Ltd., Greenfield, Oldham). Beans were dried at 40, 50 and 60°C.  The 
relative humidity of the drying air at each of the three oven temperatures averaged 60, 40 
and 25%, respectively and the air velocity was less than 0.5 m/s.  Beans were weighed 
(0.01±0.005g) using an Ohaus Explorer Pro Balance, Model EP2102C (Ohaus Corporation, 
NJ, USA) and drying was continued until there was virtually no change in weight.  For 
Continuous drying (CD), beans were placed into the oven and dried until constant weight 
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was achieved.  For Intermittent drying (ID), beans were allowed to dry at the respective 
temperatures for 8 hours, packaged and stored in a cool room (24°C) for 16 hours and re-
loaded onto the trays the next morning.  Beans were handled similarly for the last method; 
Intermittent with turning of beans (ID+Turn), with the additional turning (mixing) of beans 
at each weighing time.  Bean moisture content, water activity (aw), pH and colour was 
assessed as previously described[11] and Hue angle (°) and Chroma were calculated as given 
in Equations 1 and 2[12]. 

 (1) 

 (2) 

Drying rates and Moisture Ratio (MR) values were calculated as described by Mujaffar et 
al.[11] and liqour samples produced from selected dried beans were assessed based on 
thirteen flavour attributes[13]. 

 

3. Results and Discussion 

The initial moisture content and water activity values of fermented bean samples ranged 
from 0.78 to 1.02 g H2O/g DM (44 - 51% wb) and 0.954 to 0.966, respectively.  Drying 
curves showing the change in moisture content with total drying time for each drying 
method for the range of temperatures are given in Figs. 1 (a) through (c).   

 

 

Figure 1. Drying curves for cocoa beans dried as a function of total drying time. 
CD-Continuous ID-Intermittent  ID+Turn (Intermittent with Turning) 

 

Moisture content during drying was significantly affected by total drying time, drying 
temperature, drying treatment and time-temperature, time-treatment and temperature 
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treatment interactions (p≤0.05).  As also expected, the intermittent drying of beans (Figs. 1b 
and c) resulted in a step-wise decrease in moisture values due to the rest period during 
which there was no drying.  For continuously dried beans (Fig. 1a), the effect of increasing 
temperature on the decline in moisture was most evident during the first 24h of drying, with 
higher temperatures effecting a greater decline in moisture.  Bean moisture content, water 
activity values and the time taken to reach equilibrium moisture content are given in Table 
1.  Given that the moisture content of 6-8% (wb) is the industry standard as the maximum 
safe storage limit for cocoa beans, the time taken for beans to attain a 7% moisture value is 
also given in Table 1.   

 

Table 1.  Moisture content, water activity values, time taken to reach equilibrium and 7% (wb) 
moisture content in dried cocoa beans. 

Temperature 
(°C) 

Treatment 
MC  
(g H2O/g DM) 

aw 
Time to Equilibrium 
(h) 

Time to 7% 
MC (h) 

Total Actual Total Actual 

40 
CD 0.040d 0.569b 147e 147a 48d 48a 
ID 0.046bc 0.518d 224a 80c 102a 38b 
ID+Turn 0.050ab 0.530d 224a 80c 119a 45a 

50 
CD 0.032e 0.594a 95f 95b 24e 24d 
ID 0.051a 0.487e 200b 72e 80b 32c 
ID+Turn 0.048ac 0.525d 200b 72e 79bc 31c 

60 
CD 0.030e 0.551c 72g 72d 13e 13e 
ID 0.050c 0.521d 174d 64f 62cd 27cd 
ID+Turn 0.030e 0.465f 176c 56g 80b 30c 

CD-Continuous ID-Intermittent  ID+Turn (Intermittent with Turning) 
Means in a column without a common superscript letter differ (p < 0.05) 

 

Total drying time (time to attain equilibrium moisture content) for beans dried continuously 
at 60°C was half that of beans dried at 40°C.  As expected, the drying of beans using 
intermittent drying (with and without turning) increased the total drying time approximately 
1.5-fold at 40°C, 2.0-fold at 50°C and 2.5-fold at 60°C.  Drying is enhanced at the higher 
temperatures, which favours increased moisture movement and increased drying potential 
of the air.  The initial rapid decline in moisture content has been attributed to the higher 
moisture content of bean testa, due residual wet mucilage coating.  As the testa dries and 
hardens, diffusion of moisture from the cotyledon to the outer surface of the bean is 
gradually restricted[14].  Compared with beans dried continuously, equilibrium moisture 
values were generally higher in intermittently dried beans (Table 1).  For beans dried at 
40°C, there was a slightly greater decline in moisture content in the beans dried 
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intermittently (ID) and with turning (ID+Turn), demonstrating that the rest period impacted 
positively on the decline in moisture at this temperature.  No discernible drying treatment 
effect was observed for beans dried at 50 and 60°C. Hii et al.[7] also noted that the 
tempering period has little effect on the moisture reduction in beans dried at higher 
temperatures.  The drying potential of the air at 40°C would be expected to be lower than at 
the higher temperatures, therefore, moisture redistribution to the surface of the bean during 
the rest period may have assisted the drying process.  It is therefore likely that the rest 
interval improves moisture movement during traditional sun-drying due to the low 
temperatures (below 50°C) experienced during sun-drying, as well as a deeper depth of 
beans, typically 0.05m, compared with the single layer of beans used in this study. 

The drying rate constants (k) were determined from the initial straight line portions of plots 
of ln free moisture (ln MR) as a function of actual drying time (t).  As given in Table 2, k-
values increased as drying temperature increased (p≤0.05) and there was a temperature-
treatment interaction effect (p≤0.05).  Generally, as temperature increased the k-value 
increased.  Drying treatment (CD, ID, ID+Turn) did not appear to have a discernible impact 
on the k-value, which was expected as the k-values apply to the initial stages of the drying 
process.  The temperature dependence of the Deff values and the activation energy for beans 
dried continuously was estimated from a plot of ln Deff versus 1/T with the Ea value of 
24.28 KJ/mol (R2 = 0.9984) obtained for continuously dried beans (CD), 36.0 KJ/mol (R2 = 
0.9316), and 18.8 KJ/mol for intermittently dried beans with mixing (ID+Turn) (R2 = 
0.9369).   

 

Table 2.  Drying rate constants (k) and diffusion coefficients (Deff) for dried cocoa beans. 

Temperature 
(°C) 

Treatment K (1/min) Deff  (m2/s) 

40 CD 0.1260bd 3.55 x 10-10 

 
ID 0.1120cd 3.17 x 10-10 

 
ID+Turn 0.0945d 2.66 x 10-10 

50 CD 0.1650b 4.65 x 10-10 

 
ID 0.1420bc 4.01 x 10-10 

 
ID+Turn 0.1070cd 3.02 x 10-10 

60 CD 0.2210a 6.22 x 10-10 

 
ID 0.2590a 7.30 x 10-10 

 
ID+Turn 0.1460bc 4.11 x 10-10 

CD-Continuous ID-Intermittent  ID+Turn (Intermittent with Turning) 
Means in a column without a common superscript letter differ (p < 0.05) 
*Deff = k (4L2/π2) where L = half thickness 0.005m 
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At the end of drying of beans to equilibrium moisture content, there were no major visible 
differences in colour or appearance, although beans dried at 40°C generally appeared to be 
lighter in colour compared with beans dried at 50°C, and beans dried at 60°C looked 
slightly shrivelled.  For all the drying treatments, pH values (of both testa and cotyledon) 
were generally higher in beans dried continuously at 50°C and lowest at 60°C (Fig.2).  
High acidity of beans dried continuously at 60°C was reduced through intermittent drying 
(with or without turning), as evidenced by a significant (p≤0.05) increase in pH values.  It 
has been recommended that drying of beans be performed at bean temperatures not 
exceeding 60°C to avoid retention of excessive acids[15].   

 

Fig. 2. pH values of bean testa and cotyledon 
CD-Continuous ID-Intermittent  ID+Turn (Intermittent with Turning) 

 
While trends in L*, a*, Hue and  Chroma values were not apparent, it was noted that colour 
attribute values were lower in all beans dried at 40°C.  For beans dried at 50°C, no 
significant differences were seen amongst key flavour attributes such as Cocoa flavour, 
Bitterness, Total Fruity and Total Floral notes.  Astringency scores ranged from 7.4 in 
beans dried continuously to 7.0 and 6.9 in beans dried intermittently, without and with 
turning.  Total acidity scores were low, ranging from 2.4 to 3.6.   
 
Conclusions 

Drying temperature had a significant impact on the drying rate and pH of beans dried 
continuously.  Drying rates were optimized at 50°C, with these beans being least acidic.  
Increasing the drying temperature to 60°C resulted in shrivelled beans which were most 
acidic.  With the exception of beans dried at 40°C, the introduction of a rest interval and 
turning of beans did not improve moisture loss.  It is possible that improved moisture 
movement due to a rest interval during traditional sun-drying may be due to the low 
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temperatures (below 50°C) experienced during sun-drying, as well as the depth of bean 
layer during drying. 

 
 
Nomenclature  

A      - drying constant 
aw       -  water activity 
Deff    - diffusion coefficient (m2/s) 
DM   - dry matter (g) 
Ea     - activation energy (J/mol) 
FW   - fresh weight (g) 
k       - drying rate constant (1/min) 
L       - half-thickness of sample (m) 
L*, a*, b*- colour attributes 
M  - moisture content (g H2O/g DM) 
MR  - moisture Ratio (M-Me/Mo-Me) 
R2  - coefficient of determination 
e  - equilibrium 
o - initial 
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Abstract 
The objective of this research was to microencapsulating the pumpkin seed 
oil (PSO) by the spray dryer and also investigating the effects of some 
process conditions on physicochemical properties of PSO microparticles. 
Inlet drying air temperature (140-180 ͦC), aspirator rate (55-75%), and 
peristaltic pump rate (5-15%) effects were studied. Moisture content 
(%W.b.), Microencapsulation Efficiency (MEE, %) and Peroxide value 
(POV, meq/kg sample) considered as model responses.  Consequently, the 
ideal drying state for microencapsulation of PSO as a result of optimizing by 
Response Surface Methodology (RSM) determined with the aim of minimizing 
the Moisture content and POV and maximizing the MEE. 

 

Keywords: Microencapsulation; spray dryer; pumpkin seed oil; optimization; 
RSM. 
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1. Introduction 

pumpkin (Cucurbita pepo.) seed oil is a functional food and comprises various bioactive 
components such as vitamins[1], poly and monounsaturated fatty acids, proteins and 
minerals[2,3]. The major part of fatty acids of pumpkin seed oil (PSO) is linoleic acids 
(Omega-6 fatty acids) which is one of the most beneficial substances for human health[2]. 
Moreover, it has positive effects such as having anti-inflammatory and diuretic 
properties[4], decreasing total and LDL cholesterol levels, improving treatment of benign 
prostate hyperplasia[4], relieving diabetes by improving hypoglycemic activity[5], etc. In 
addition, utilization of PSO from pumpkin seeds as agro-industrial wastes, reduce the 
growth of environmental problems[6]. Microencapsulation is considered as an approach, 
which protects bioactive compounds, improves their stability and even can mask the 
unpleasant feelings during eating[7]. This process incorporates food ingredients in small 
capsules that may range from micrometer to millimeter in size and may have different 
shapes[8]. Among the numerous developed microencapsulation techniques, spray drying is 
the oldest and most widely used procedure in food industrial sector due to providing high-
quality products[9]. Therefore the aim of this study was to investigate the process 
conditions as independent variables on dependent variables and suggest the optimal point 
for producing the PSO microencapsulated powder. 

2. Materials and Methods 

2.1. Materials 

Pure PSO (Cucurbita pepo species, Styarica variety) was purchased after cold pressed 
process from Zardband Co.(Tehran, Iran). The used wall materials were gum Arabic (GA), 
maltodextrin DE-6 (MD), and whey protein concentrate (WPC) with 80% protein supplied 
by Merck Co.(Darmstadt, Germany), Roquette Co.(Lestrem, France), and Hilmar 
Ingredients Co.(California, USA), respectively. 

2.2. Emulsion preparation  

The ratio of 10% core material, 20% wall material, and 70% water was used to prepare the 
emulsion[10]. Utilizing the formulation of 17% GA, 17% WPC, and 66% MD, wall 
materials were dissolved in distilled water one day before emulsification to access complete 
hydration. PSO was gradually added to the barricade material solution and homogenized at 
1000 rpm for 5 min using a rotor-stator homogenizer (Ultraturrax Ika T25, Deutschland, 
Germany) at ambient temperature[11]. 

2.3.  Drying apparatus and Microencapsulation of PSO 

laboratory scale dryer (BÜCHI Mini spray dryer B-191, Flawil, Switzerland) equipped with 
a two-fluid internal mixing nozzle atomizer with 0.7 mm diameter used. Before each 
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experiment, the dryer run with distilled water about 15 minutes to achieve the steady-state 
condition. The spray drying conditions examined in this study were inlet drying air 
temperature (140-180 Cͦ), aspirator rate (55-75%), and peristaltic pump rate (5-15%).  

2.4.  Analysis of microparticles  

2.4.2.  Moisture content 

Moisture content was determined by drying 2 grams of powders at 70 ͦC to constant weight 
(24 hours) in the oven according to AOAC method (1984) and reported as %W.b[12].  

2.4.3. Microencapsulation efficiency 

Microencapsulation efficiency (MEE) was measured based on the method described by Bae 
and Lee[13]. Surface oil was measured by extraction with hexane. According to 
preliminary tests, PSO is not volatile oil. Thus, total oil weight was assumed to be equal to 
the initial oil. Consequently, MEE was calculated using the following equation: 

   100
oil Total

oil Surface _ oil TotalMEE ×=                         (1)        

2.4.4. Peroxide value 

The POV was denoted after 3 months according to ISO 3976/IDF standard 74:2006 
method[14], which is based on the co-oxidation of Fe (II) to Fe (III) and formation of the 
reddish Fe (III)-thiocyanate complex. The absorbance of the samples was read at 500 nm 
by a spectrophotometer against the blank solution [15]. Finally, the following equations 
were used to calculate the POV[14]: 

55.84m
0.5mcPOV =                                                          (2) 

b
Emc =                                                                  (3)  

where m is the fat weight expressed as g, 55.84 is the atomic weight of Fe3+, E is the 
absorbance of the sample determined using a spectrophotometer, and b is the slope of the 
Fe (III) calibration curve obtained as 0.0276 from its standard plot. 

2.4.5. Experimental design 

The response surface methodology (RSM) was utilized to investigate the effects of process 
conditions on dependent variables, and also optimization. For this purpose, the Design-
Expert software (State Ease Inc., Minneapolis, USA), version 11 was used and 17 random 
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runs in 5 central points were designed by Box-Behnken experimental design (BBD)  in a 
full factorial plan. All data in this study were reported as averages of triplicate experiments. 

3. Results and Discussion  

The results of ANOVA and regression coefficients for the model by eradicating the non-
significant terms of responses are listed in Table 1.  

Table 1. ANOVA results and regression coefficients for responses surface quadratic model. 
Source D

F Moisture content (%W.b.) MEE (%) POV in month 3 
(meq.pov/1kg sample) 

    COEF
F  SS P- 

Value 
COEF

F SS P-Value COE 
FF SS P- 

Value 

Model   3.18 7.96 0.0177
* 78.54 267.74 0.0219* 16.9

8 90.55 0.0002* 

linear              b1 1 -0.23 0.44 0.1441 0.029 0.0066 0.9742 0.25 0.51 0.3008 
b2 1 -0.18 0.25 0.2549 2.82 63.51 0.0133* -1.37 14.99 0.0005* 
b3 1 0.41 1.33 0.024* 2.18 38.15 0.0382* 1.72 23.77 0.0001* 
quadratic               b11 1 -0.25 0.27 0.2397 -1.54 9.96 0.2341 -0.6 1.52 0.095 

b22 1 -0.49 0.99 0.0427
* 3.07 39.8 0.0353* -0.26 0.29 0.4255 

b33 1 -0.78 2.54 0.0054
* 4.2 74.34 0.0093* 1.03 4.49 0.0128* 

interaction              b12 1 0.44 0.78 0.0636 -0.24 0.23 0.8502 2.6 27.03 < 0.0001* 

b13 1 -0.5 1.02 0.0401
* 0.34 0.45 0.7902 1.11 4.91 0.0104* 

b23 1 0.075 0.023 0.7201 -3.15 39.75 0.0354* -1.83 13.34 0.0007* 
Residual 7  1.13    41.12    2.85  Pure error 4  0.0029    7.98    0.0019  R2   0.87    0.86    0.96   Adj-R2   0.71    0.69    0.93   CV (%)   16.36    2.98    3.74   Adequate 
precision    6.63     6.78     22.0

1     

*: significant effect at level p<0.05 

The significance of all terms was expressed at a probability (P) level of 0.05. The results 
showed that the suggested model was quadratic for the whole responses.The following 
mathematical equation was fitted to data: 

y = β0 + β1X1 + β2X2 + β3X3 + β11X1
2+ β22X2

2+ β33X3
2+ β12X1X2+ β13X1X3 + β23X2X3+ ε 

where βn are constant regression coefficients, y is the predicted response (Moisture content, 
MEE and POV), and X1, X2, and X3 are the coded independent variables. 

3.1.  Moisture content 

Moisture content varied between 1.19% and 3.35% wet basis. Peristaltic pump rate had the 
most significant effect (P < 0.05) on the MEE (Fig. 1a). As the inlet air temperature 
increased, the drying chamber temperature increased, which caused a decrease in the 
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moisture content. By raising aspirator rate, the supplied energy in the drying chamber 
increased and the moisture of droplets in the chamber evaporated more easily. At high 
peristaltic pump rates and subsequently high atomized emulsion in the drying chamber, the 
contact time of droplets with the hot drying air reduced; hence, their interior evaporation 
retarded. This procedure resulted in the generation of microcapsules with high moisture 
content at high feed flow rates. Similar results were reported by Goula et al.[16], Aghbashlo 
et al.[10], and Muzaffar and Kumar[17] about the effect of inlet air temperature, aspirator 
rate and peristaltic pump rate on spray drying, respectively. Fig. 1b shows the levels of inlet 
air temperature and peristaltic pump rate on moisture content.  
 
 
 
 
 

 

              a          b 

 

Fig.1. Effect of variables on moisture content(a), 3D response surface plot for moisture content (b). 

3.2.  Microencapsulation efficiency 

The MEE varied from a minimum value of 75.36% to a maximum value of 90.95%. As 
demonstrated in Fig. 2a, increasing both aspirator rate and peristaltic pump rate directly 
affected and increased MEE. Fig. 2b shows the 3D surface response for MEE.  

 

                           

 

 

                a                     b                                               

Fig. 2. Effect of independent variables on MEE (a), 3D 

response surface plot for MEE (b). 

The fast formation of crust at early stages as a result of enhancing aspirator rate plays a 
vital role in generating particles with high MEE[18]. This acceleration in crust formation 
diminished diffusion of oil to the surface of microcapsules and consequently increased 
MEE. This was similar to the explanation of Aghbashlo et al in 2012[10]. The higher 
velocity of feed flow rate resulted in producing smaller particles during the drying process. 
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Break of the particles as the result of their collision with each other in the drying chamber 
was the main reason for this phenomenon[19], which hastened the crust layer formation. 
Moreover, it reduced the amount of surface oil and correspondingly enhanced MEE. 

3.3.  Peroxide value  

After 3 months, the POV of the produced PSO microcapsules was found to be between 
12.11 and 23.08 meq/kg. Inlet air temperature was an ineffective parameter in altering the 
POV (p > 0.05; Fig. 3a). The 3D response surfaces for powder POV are illustrated in Fig. 
3b, 3c, and 3d. As discussed earlier, increased aspirator rate increased the MEE (Fig. 2a) 
and led to high oil protection against oxidation and resulted in the reduction of POV (Fig. 
3a). The presence of produced particles with high POV at high ranges of feed flow rate 
probably might be attributed to the chemical and physical changes taking place in the 
formation of the capsule walls. The higher the accumulated droplets in the drying chamber 
as a result of increasing the feed flow rate, the lower was the time spent for drying, which 
led to the appearance of the crust with insufficient solidity on the outer layer of particles. 
Aghbashlo et al.[10] reported similar results for POV, which was influenced by feed flow 
rate. 

 

 

                                        a                                                                                                                                                                        

  b 
                                               c 
Fig. 3. Effect of independent variables on POV(a), 3D response surface plots for POV (b,c, and d.). 

The maximum and the minimum determined POV after 3 months was 23.08 meq/kg and 
12.11 meq/kg, respectively. The microencapsulated powder was produced again under 
process conditions which the mentioned POV was determined, and the POV measured 
immediately were 9.03 and 6.93 meq/kg, respectively. Comparing these amounts of POV 
before and after the passage of the time represented that microencapsulation by a spray 

d 
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dryer, could protect the PSO against the huge amount of lipid oxidation, which might occur 
for the un-encapsulated oil after three months. 

3.4.  Optimization 

In order to achieve the best conditions for a process, optimization which is an essential tool 
to obtain acceptable results from various processes, used. As the higher amounts of MEE 
and lower amounts of POV lead to lower deterioration of pumpkin seed oil by oxygen and 
lengthened storage time of the product[10], optimization performed to minimizing the 
Moisture content as a characteristic of the drying process, maximizing the MEE and 
minimizing the POV. Consequently, the ideal drying state for microencapsulation of PSO 
was suggested by RSM to be inlet air temperature of 140  ͦC, aspirator rate of 75 %, and 
peristaltic pump rate of 5%  to offer  moisture content of 0.27 (%W.b.), microencapsulation 
efficiency of 88.60%, and peroxide value of 13.97 meq/kg sample with the total desirability 
of 89%. 

4. Conclusion 

The research indicates that spray drying is the suitable method to obtain the high amount of 
MEE in microencapsulating of PSO under the studied process conditions. Spray drying 
conditions such as aspirator rate and peristaltic pump rate significantly affected the 
characteristics of PSO microcapsules. Inlet air temperature had no significant effect on 
alteration of output responses, which could be related to its low range of variation (140–
180 ͦC).Microencapsulation by a spray dryer could protect the PSO against the high amount 
of lipid oxidation according to POV analysis. 
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Abstract 
Spray drying plays a crucial role in the processing of pharmaceutical products 
such as pills, capsules, and tablets as it is used to convert drug containing 
liquids into dried powdered forms. Nano spray drying is in particular used to 
improve drug formulation by encapsulating active ingredients in polymeric 
wall materials for protection and delivering the drugs to the right place and 
time in the body. The nano spray dryer developed in the recent years extends 
the spectrum of produced powder particles to the submicron- and nanoscale 
with very narrow size distributions and sample quantities in the milligram 
scale at high product yields. This enables the economical use of expensive 
active pharmaceutical ingredients and pure drugs. The present paper explains 
the concept of nano spray drying and discusses the influence of the main 
process parameters on the final powder properties like particle size, 
morphology, encapsulation efficiency, and drug loading. Application results 
of nano spray drying for the formulation and encapsulation of different drugs 
are reviewed. 

 

Keywords: nano spray drying; pharmaceuticals; drug encapsulation; particle 
size; powder 
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1. Introduction 

Spray drying is a simple, fast, and scalable drying technology that is well established in the 
pharmaceutical industry. Many pharmaceutical products such as pills, capsules, and tablets 
are processed in dried powdered form. In the course of the rapid progress of nanocapsulation 
techniques, nano spray drying technology has developed to improve the formulation and 
administration of drugs with solid colloidal particles in the submicron size range. It enables 
the encapsulation of active ingredients in polymeric wall materials providing enhanced 
environmental protection (e.g. against oxidation, light, and temperature), stability, handling, 
storage, and controlled drug release properties. The nanonization and structual change 
improves the particle solubility and redispersibility of the final drug product in aqueous 
solutions. This study explains the concept of nano spray drying, the influence of the main 
process parameters on the powder properties (e.g. particle size, morphology, encapsulation 
efficiency, drug loading), and discusses different pharmaceutical applications. More detailed 
information on the formation of nanocapsules by nano spray drying can be found in several 
review studies [1–12], in particular in a recently published book chapter by Arpagaus et al. 
[1]. 

2. Process Parameters of a Nano Spray Dryer 

Figure 1 shows the functional principle of a nano spray dryer and the adjustable process 
parameters and formulation variables. The droplet generation is based on vibrating mesh 
technology ejecting precisely sized droplets into the drying chamber.  

 

Figure 1 Process parameters and formulation variables for a nano spray dryer [1]. 
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With a 4.0 µm spray mesh approximately 3 to 8 µm water droplets are produced [1,8]. The 
dried particles are captured in an electrostatic particle collector providing high particle 
collection efficiency. The cooling effect of the evaporating solvent keeps the droplet 
temperature low, so that heat sensitive products can be dried with negligible degradation. 
Table 1 povides an overview of the main process parameters and their influence on the final 
powder product. The thickness of each arrow illustrates the strength of the relationship. The 
key parameters controlling the final particle size are the spray mesh size and the solid 
concentration. The submicron size is typically reached when a 4.0 µm spray mesh and diluted 
solutions of 0.1 to 1% (w/v) are used.  

Table 1 Influence of the main process parameters in nano spray drying (/ strong, / weak 
increasing/decreasing influence,  ̶  minimal or no influence) [1]. 

Process  
parameter 

Outlet 
temperature 

Droplet 
size 

Particle 
size 

Feed 
rate 

Moisture 
content 

Yield Stability 

Drying gas flow rate   ̶ ̶ ̶  ̶ ̶ 
Drying gas humidity   ̶ ̶ ̶   ̶ 

Inlet temperature   ̶  ̶    
Spray mesh size      ̶ ̶  

Spray rate intensity       ̶  
Circulation pump rate  ̶    ̶ ̶  
Solid concentration   ̶     ̶ 

Surfactant / stabilizer  ̶    ̶   
Solvent instead of water       ̶ 

 

Depending on the application, an optimized set of process parameters can be found, e.g. by 
design of experiment studies [1]. Organic solvents like dichloromethane, acetone, ethanol, 
methanol, acetonitrile, ethylacetate, and mixtures thereof with water are typically used in 
nano spray drying of pharmaceuticals. The selection is based on the drug solubilization and 
the encapsulating wall materials, as well as on the required drying temperatures. For 
acqueous applications, the outlet temperatures range between 28 and 59 °C [2]. The optimal 
drying temperatures of for example poly(lactic-co-glycolic acid) (PLGA) dissolved in 
dichloromethane lies in a range of 29 to 32 °C [12].  

Numerous excipients, dispering agents, binders and stabilizers are applied in drug 
formulation studies, including water-soluble saccharides (e.g. arabic gum, alginate, chitosan, 
cyclodextrin, cellulose derivatives, modified starch, maltodextrin, pectin, mannitol, lactose 
trehalose), proteins (i.e. gelatin, serum albumin, whey protein, sodium caseinate, silk fibroin, 
leucine), water-soluble synthetic polymers (e.g. poly(vinyl alcohol), poly(ethylene glycol) or 
poly(acrylic acid) (Carbopol)), hydrophobic synthetic polymers (e.g. PLGA, poly(ε-
caprolactone), poly(vinyl pyrrolidone) (Kollidon), Eudragit), and fats (e.g. stearic acid and 
glyceryl behenate (Compritol)).  
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The morphology of particles prepared by nano spray drying depends on the drying conditions 
and the feed properties. Dense, hollow, porous, composites, and encapsulated structures (i.e. 
single-core, multi-core, irregular, or multi-walled) with spherical, wrinkled, shriveled, or 
even doughnut-like shapes can be obtained [1]. Figure 2 illustrates some examples of nano 
spray dried particles including salbutamol, albuterol in mannitol, cyclosporine in PLGA, 
trehalose, β-galactosidase in trehalose, and bovine serum albumin.  

 

Figure 2 Examples of nano spray dried particles: A: Salbutamol sulfate (1% solid concentration, 
nano spray dried at 100 °C) [13]; B: Albuterol sulfate in mannitol, L-leucine and poloxamer 188 
(30:48:20:2 mixing ratio, 0.5% in water-ethanol solution (80:20), 70 °C) [14]; C: Cyclosporin in 

PLGA (50:50, 15 kDa, dissolved in DCM, 29°C) [12]; D: Trehalose with addition of 0.005% 
polysorbate 20 (0.1%, 120 °C) [8]; E: β-galactosidase in trehalose (1:2 mixing ratio, 5%, 80°C) 

[11]; F: Bovine serum albumin with 0.05% Tween 80 (0.5%, 120 °C) [6]. 

 

In general, slow drying leads to more compact particles, while fast and high temperature 
drying favours the formation of hollow particles with thin shells. Surfactants balance the 
surface-to-viscous forces inside of the drying droplet and enable the formation of a smooth 
spherical surface. Composite particles prepared from suspensions and nano spray drying 
provide a high specific surface area. Most nano spray dried drugs tend to be amorphous due 
to the too short drying time to form crystalline structures. To prevent recrystallization, the 
dried powders are stored under dry and controlled conditions. 
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3. Applications of Nano Spray Dried Pharmaceuticals 

The number of publications on nano spray dried pharmaceuticals has risen sharply after the 
market launch of the Nano Spray Dryer B-90 in 2009 [1]. The formulations contain drugs 
and excipients for the treatment of various diseases, including  

• asthma (e.g. salbutamol, terbutaline, or fluticasone),  

• inflammation (e.g. dexamethasone and azithromycin, or pain and fever reducer 
indomethacin and nimesulide),  

• cystic fibrosis (e.g. antibacterial dexketoprofen in Kollidon and Eudragit 
nanoparticles, or azithromycin in leucine),  

• diabetes (e.g. sitagliptin, vildagliptin, and metformin in mucoadhesive Carbopol and 
gelatin),  

• pulmonary arterial hypertension (e.g. resveratrol in poly(caprolactone), or sildenafil 
in PLGA),  

• tuberculosis (e.g. capreomycin or pyrazinamide in L-leucine, or ethambutol mixed 
with chitosan carrier particles),  

• Alzheimer's and Parkinson's diseases (e.g. nanocrystals of calpain inhibitor 
steroids),  

• breast cancer (e.g. simvastatin loaded PLGA particles), or lung cancer (e.g. 
methotrexate, carboplatin in gelatine, or paclitaxel),  

• bacterial infections (e.g. amoxicillin, ciprofloxacin, gatifloxacin, clarithromycin, or 
levofloxacin),   

• fungal infections (e.g. antifungal griseovulfin) 

• ophthalmic disorders (e.g. calpain inhibitor nanocrystals or dirithromycin 
incorporated in Kollidon), 

• high blood pressure (e.g. nimodipine in PLGA or pure nicergoline nanoparticles), 

• congestive heart failure and edema (e.g. diuretic furosemide). 

The drug-loaded nano spray dried particles are administered in various ways underlining the 
versatility of the applications, such as mainly pulmonary (e.g. optimized respirable particles 
of 1 to 5 µm size) and oral, but also intravenous (e.g. simvastatin in PLGA as cancer 
chemotherapeutics, antipsychotic clozapine and risperidone in PLGA, or small interfering 
RNAs loaded in human serum albumin particles to treat genetic disorders), topically as 
creams to the skin (e.g. anti-inflammatory dexamethasone, antibacterial gentamicin in 
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gelatin-pectine, amoxicillin loaded chitosan, antifungal econazole in cyclodextrin, soy 
isoflavones for skin cancer treatment or as anti-ageing agent), or as nanoparticulate powder 
(e.g. as a wound dressing during surgery), ophthalmic (e.g. anti-inflammatory steroids in eye 
drop solutions, or dirithromycin to treat ocular bacterial infections), intraperitoneal (e.g. 
encapsulated paclitaxel as cytostatic in anticancer therapy), intravesical (e.g. as drug delivery 
system to treat local bladder diseases), and even cerebral (e.g. with nimodipine in PLGA 
regulating the dilatation of blood vessels). 

Typical experimental process parameters for nano spray drying are listed in Table 2 and can 
be used as first guess values for applying identical or similar substances. The main organic 
solvents used to dissolve poorly water soluble drugs are ethanol, acetone, and DCM. With 
highly diluted solutions containing 0.1 to 1% (w/v) solids concentrations, finest solid 
particles down to 100 nm can be obtained by nano spray drying. 

Table 2 Typical experimental process parameters for nano spray drying of pharmaceuticals. 

Solvent 
Inlet drying 
temperature 

[°C] 

Outlet drying 
temperature 

[°C] 

Drying 
gas 
type 

Drying gas 
flow rate 
[L/min] 

Solid 
concentration 

[% w/v] 

Spray 
mesh size 

[µm] 

Feed 
Rate 

[mL/h] 
Water 

Ethanol 
Acetone 

DCM 

60 to 120 
50 to 110 
40 to 70 
30 to 50 

30 to 60 
30 to 50 
25 to 40 
20 to 35 

Air 
Air 

Inert gas 
(N2/CO2) 

100 to 140 
100 to 120 
90 to 120 
80 to 120 

0.1 to 10 
4.0 
5.5 
7.0 

5 to 25 
20 to 65 

30 to 160 

 

Pure drug particles in the nanosize dimensions and the amorphous state offer higher 
absorption rates and bioavailability, and encourage future developments in this research area. 
Nanocapsules, with their reduced size and large specific surface area, provide pronounced 
improvement in controlled drug release and bioavailabilty. This enables the generation of 
target drug delivery systems. Under optimized conditions uniquely high product yields of 
about 76 to 96% can be achieved to process small sample amounts of substances in the range 
of 10 mg to 2.5 g.  

Variations in the yield may occur due to particle depositions around the spray cap and the 
chamber walls, nozzle blockage, or due to losses during the manual collection of the powder 
with a rubber spatula.  

However, the ability to process small sample amounts makes a nano spray dryer very suitable 
for testing valuable biological materials such as for example monoclonal antibodies, 
recombinant proteins, or siRNA-based therapeutics. Moreover, nano spray drying enables 
the encapsulation of drugs in polymers with high efficiency of over 95% and adjustable drug 
loading.  
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4. Conclusions 

Nano spray drying has been successfully applied for a wide range of pharmaceutical 
applications, such as increasing the bioavailability of poorly soluble drugs by nanoisation 
and structural modification, as well as the encapsulation of nanoparticles, nanoemulsions and 
nanosuspensions in biocompatible polymeric wall materials for sustained drug release. 
Encapsulation efficiencies of over 95% are achieved by adjustable drug loadings. Smallest 
sample amounts ranging from 10 mg to 2.5 g with uniquely high yields of over 95% can be 
processed, which enables the economical use of valuable active pharmaceutical ingredients. 

Compared to conventional spray drying processes, nano spray drying relies on vibrating mesh 
technology to produce an ultrafine spray. A highly efficient electrostatic powder collector to 
extend the size spectrum of separable particles to the nanoscale.  

The most important adjustable process parameters are the drying gas temperature, the drying 
gas flow rate, the spray mesh size, the solvent type, the solids concentration in the feed, and 
the selection of the corresponding exipients, stabilizers and surfactants. Depending on the 
application, an optimized set of parameters can be found. Submicron spray dried particles 
can be formed down to a size of only 100 nm with diluted solutions of 0.1 to 1% (w/v) solids 
concentration. Different particle morphologies can be created, including dense, hollow and 
porous particles with spherical, wrinkled, or donut shapes.  

The drying process is gentle and contributes to maintaining the stability and activity of heat-
sensitive materials, such as peptides, proteins, hormones and amino acids. The prepared drug 
loaded particles are administered in various ways, including pulmonary, oral, intravenous, 
topically, ophthalmic, intraperitoneal, intravesical, or even cerebral, which underlines the 
versatility of the nano spray drying technology.  

To further explore the potentials of nano spray drying future research should focus on the 
further commercialization of this technology to an industrial scale. There is an increasing 
need for scale-up.  

The main application trends are in the areas of pulmonary drug delivery, nanotherapeutics, 
the encapsulation of nanoemulsions with poorly water-soluble active ingredients and the 
formulation of nanocrystals for a higher bioavailability. 
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Abstract 
Sprouting is a green technology contributing in improving cereals and pulses 
nutritional properties. However sprouts have a high water content limiting 
their shelf-life. This research focused on the impact of drying technology on 
physico-chemical, functional and nutritional properties of Tunisian landrace 
durum wheat (Triticum durum)“Chili” sprouts for their use as a functional 
ingredient. Three technologies were evaluated: lyophilisation, micro-wave 
vacuum drying and oven drying at 50°C. Sprouted seeds flour properties were 
significantly (p<0.05) affected by the drying methods used. Lyophilisation led 
to the highest preservation of bioactive compounds followed by micro-wave 
vacuum drying. The way of evolution of physico-chemical and functional 
properties depended on drying method used.  

Keywords: Sprouts; drying; functional properties; bioactive compounds. 
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1. Introduction 

Consumers perception of eating has changed: food products are not only  needed for 
satisfying hunger. They are also considered as a key factor in improving health and wellbeing 
[1]. To satisfy this need, food manufacturers are more and more interested in developing 
products with added nutritional value. Sprouting is an old practice used to enhance naturally 
seeds’ nutrients and bioactive compounds [2]. Sprouting process increases also seeds 
moisture content. Thus sprouts couldn’t have a long shelf life. 

Drying is the simplest and the oldest method used for food preservation [3]. Several methods 
could be used to dry agricultural products, from home drying (oven, sun) to developed 
technologies. Depending on the used method, drying may lead to quality degradation [3]. 
Modifications affecting products’ components (proteins, carbohydrates, lipids…) occurring 
during drying contribute in a modification of dried products functional properties [4]. For 
food  manufacturers, these properties are an important parameter to take into account  in food 
formulation. Particularly, for functional foods development, added to functional properties 
nutritional ones have a high interest. 

The aim of this study is to evaluate the effect of different drying methods (convective hot air, 
lyophilisation and microwave vacuum drying) on physico-chemical, functional and 
nutritional properties of “Chili” Tunisian landrace durum wheat sprouts for its further use as 
a functional ingredient. 

2. Materials and Methods 

2.1. Plant material 

“Chili” Tunisian cultivar of durum wheat (Triticum durum) was used in this study. It was 
introduced from France, and the pure line was  registered in 1953 [5]. Samples (Harvested in 
2015) were kindly provided by the National Gene Bank of Tunisia (BNG, Tunisia). 

2.2. In vitro sprouting 

Durum wheat seeds (Triticum durum) were germinated for 48h after their disinfection with 
1 % (V/V) hypochlorite sodium solution. 

2.3. Drying 

Three drying methods were tested: convective hot air drying (L-MIM 320, Hungary) at 50°C, 
lyophilisation (Christ freeze dryer alpha 1-4 LCS,Germany) after freezing at -80°C and 
intermittent microwave vacuum drying (MVD) (60s on/off power at 850Wand a vaccum 
pressure of 1kPa) using custom-designed MVD dryer. 
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All drying experiments were performed in triplicate until reaching at least 15% water content. 
After drying, all samples were milled (Retsch Grindomix GM 200, Germany) and stored at 
4°C until analysis. 

2.4. Physico-chemical properties 

Moisture content of all samples was analyzed using the AOAC oven method [6]. Novasina 
LabMaster aw (Switzerland) was used for water activity determination at 25°C. Color was 
measured with a Konica Minolta Croma Meter CR 400 (Japan). The color parameters L*, a* 
and b* were evaluated. Bulk density was determined according to the procedure previously 
described [7]. 

2.5. Bioactive compounds 

Folin-Ciocalteu method was used for total phenol content assessement [8]. Total carotenoid 
pigments were determined [9]. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging 
activity (DPPH RSA) was measured according to the suggested previously [8] with slight 
modification during extraction: Extraction was made with 80% (v/v) aqueous methanol 
solution, for 2 h at 37 °C. Samples were afterwards centrifuged at 6,000 rpm for 30min. The 
supernatant was used for the determination of antioxidant capacity. 

Antioxidant activity was calculated according to the following formula: 

%DPPH RSA= (1- A Sample/t=30/A Control/t=0)*100 

2.6. Functional properties 

Water absorbance capacity (WAC) and Oil absorbance capacity (OAC) were determined 
[10]. Swelling power was evaluated following the described procedure [7]. 

2.7. Statistical analysis 

Statistical analysis was carried out using the Minitab software (Minitab 17). All experiments 
were carried out in triplicate and the average values were reported together with standard 
deviations. Analysis of variance (ANOVA) was performed using the Fisher test. Significance 
was defined at p < 0.05. 

3. Results 

3.1. Physico-chemical properties 

As shown in table 1, drying, regardless the method used, contributed to a significant decrease 
in water content and water activity. Results obtained show that shelf life may be extended as 
bacterial growth induced by sprouting could be stopped at the obtained levels of water 
activity.  
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Drying induced changes in color parameters: a decrease in lightness was observed after oven 
and micro-wave vacuum drying unlike lyophilisation. For redness and yellow index, sprouted 
micro-wave vacuum dried samples showed a significant increase while a significant decrease 
was observed after oven drying and lyophilisation. 

Table 1. Evolution of physico-chemical parameters of Chili’s sprouted wheat flour (n=3) 
Treatement Water 

content (%) 
Water 
activity (aw) 

Lightness 
index (L*) 

Redness 
index (a*) 

Yellow index 
(b*) 

Raw 10.13±0.07d 0.488±0.00c 74.99±0.06b 2.87±0.02b 18.94±0.03a 

Sprouted 59.81±0.09a 0.991±0.00a -- -- -- 

Oven drying 10.78±0.09c 0.533±0.00b 74.76±0.03b 2.01±0.01c 17.12±0.10b 

Lyophilisation 8.01±0.16e 0.330±0.00e 78.35±0.00a 1.47±0.01d 16.15±0.01c 

Micro-wave 
vacuum drying 

13.83±0.04b 0.478±0.00d 67.48±0.40c 3.68±0.08a 19.34±0.40a 

Means in same column that do not share same letters are significantly different, according to Fisher’ s test. 
--: Not determined 

 

3.2Functional properties 

Results describing evolution of functional properties after sprouting and drying are 
summarized in table 2. Functional properties are a key factor in food conception. These 
properties are related to flour characteristics (composition, structure, cristallinity, polar 
groups…) [11].  Sprouting is a physiological event marked by degradation of macro-
molecules such as protein and starch [12, 13]. As shown in table 2, functional properties of 
Chili’s sprouted wheat flour were affected not only by sprouting, but also by the drying 
method: a significant decrease (p<0.05), depending on the drying method used, was observed 
in bulk density and swelling power as found previously [7]. The decrease in swelling power 
could be linked to the degradation of starch molecules during sprouting [14]. A decrease in 
water absorbance capacity was observed after drying except for micro-wave vacuum dried 
samples. For oil absorbance capacity, both sprouting and drying, the method used, induced a 
significant increase if compared to raw seeds. These findings are in agreement with a 
previous study dealing with sprouted cereals [15]. 
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Table 2. Evolution of functional properties of Chili’s sprouted wheat flour after drying (n=3) 
Treatment  Bulk density 

(g/ml) 
Water 
absorbance 
capacity 
(WAC)(g/g) 

Oil absorbance 
capacity 
(OAC)(g/g) 

Swelling power 
(g/g) 

Raw 0.77±0.01a 0.92±0.00b 1.02±0.00d 6.11±0.05a 

Oven drying 0.74±0.00b 0.90±0.01b 1.05±0.02c 3.74±0.08c 

Lyophilisation 0.74±0.00b 0.84±0.00c 1.28±0.01b 3.71±0.05c 

Micro-wave 
vacuum drying 

0.62±0.00c 1.57±0.04a 1.35±0.02a 4.53±0.07b 

Means in same column that do not share same letters are significantly different, according to Fisher’ s test. 
 

3.3Nutritional properties 

Comparing raw seeds flours to sprouted freeze dried ones shows a significant increase in 
bioactive compounds (+18.7% for carotenoids, +118.7% for total phenol content) and 
consequently in antioxidant activity (+31.6%). In fact, lyophilisation process is known by 
preserving products nutritional and sensory properties [16]. Our results about the role of 
sprouting in enhancing bioactive compounds are in agreement with previous studies [2]. 
Despite nutritional improvement induced by sprouting, micro-wave vacuum and convective 
drying decreased carotenoids and total phenol amounts significantly. Highest losses were 
obtained after oven drying, probably due to drying process duration if compared to micro-
wave vacuum drying one.  

Table 3. Effect of drying method on bioactive compounds and anti-oxydant activity of Chili’s 
sprouted wheat flour 

Treatment Carotenoids (mg β 
carotene/kg dm) 

Total phenol content 
(mg GAE/g dm) 

DPPH RSA % 

Raw 18.53±0.23b 19.93±0.49b 32.50±0.82b 

Oven drying 8.50±0.24c 7.28±0.07d 18.54±0.87d 

Lyophilisation 21.99±0.42a 43.59±0.34a 42.78±0.39a 

Micro-waves vacuum 
drying 

18.06±0.18b 13.00±0.06c 24.99±0.45c 

Means in same column that do not share same letters are significantly different, according to Fisher’ s test 

GAE: Gallic Acid Equivalent, dm: dry matter bases, DPPH RSA: (1,1-diphenyl-2-picrylhydrazyl) radical 
scavenging activity 
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4. Conclusion 

Results of this study showed that drying amplified modifications induced by sprouting  
Chili’s durum wheat seeds. All tested drying methods led to a decrease in moisture content 
and water activity which may increase sprouts shelf life and promote their use in cereal  
products. However, only lyophilisation allowed preservation of nutritional improvement 
obtained by sprouting. Evolution of functional properties depends on drying process adapted. 
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Abstract 
Process modeling of conveyer dryer for cellulosic fibre drying demands many 
fundamental insights. Present study highlights detailed cellulosic fibre drying 
aspects like mass transfer correlation relating mass transfer rate with process 
conditions, normalized drying curve and critical moisture content. Cellulosic 
fibre drying follows falling rate period, where rate of mass transfer decreases 
with moisture content. Conveyer dryer process model for commercial 
cellulosic fibre drying was developed and validated successfully. Moderate 
drying strategy derived based on developed process model and drying 
fundamentals was deployed at commercial scale which helped in reducing the 
moisture variability.  

Keywords: Cellulosic fibre, Conveyor dryer, Process Model, Sherwood 
number, Moderate drying. 
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1. Introduction 

Cellulosic fibres provide key attributes of comfort and softness to the final textile fabrics [1]. 
The widely used cellulosic fibres are cotton and man-made cellulosic fibres (viscose, lyocell, 
modal, etc.). Commercially all man-made cellulosic fibres are prepared by dissolving specific 
grades of pulp in a solvent, extruding into fibres followed by regeneration in a spin bath, 
cutting into specific lengths, web formation by steam/air sparging, treatment/washing and 
subsequently drying. The drying process is preceded by squeezing of fibre mat to remove 
excess water and opening the fibres in a mat opener. The drying process in case of cellulosic 
fibres, are pre dominantly carried out in hot air conveyer dryers to achieve desired moisture 
content in the final product [2]. Standard size (250 kg) bales are made out of dried fibres with 
a fibre meeting quality specs of 10.5- 11.5 wt. % (dry basis) moisture content. 

Low moisture variability and low levels of wet and over-dried fibres are key drivers to get 
good processibility and yarn quality in the downstream industry of converting fibres to yarn 
[3]. Major factors imparting variability are dryer inlet moisture variation and methodology 
adopted during drying operation. Precise control over dryer inlet moisture variability in 
cellulosic fibre was very difficult to achieve whereas effective control over dryer operation 
was the most practically feasible option. Improvement in fibre opening, mat uniformity, over 
drying followed by conditioning and control of air flow distribution inside the dryer by 
modifying the internal dryer design have been attempted historically [4]. These 
improvements alone have a limitation to reduce the variability, if not coupled effectively with 
control of operational parameters like air temperature, humidity and air distribution over fibre 
web. Mathematical modeling supported by specific product drying fundamentals, 
understanding of heat, mass and momentum aspects have also helped in getting effective 
control over moisture and its variability [5, 6, 7]. Efforts towards understanding the cellulosic 
fibre drying fundamentals and its use in commercial scale conveyer dryer process modeling 
to control the fibre quality forms the basis of this study as it was not reported in the literature.  

A process model for commercial scale cellulosic fibre dryer was developed in Aspen, 
supported with data from understanding of cellulosic fibre drying fundamentals like drying 
rate curve, fibre critical moisture content and mass transfer correlation relating process 
parameters. Main goal of this study was to reduce moisture variability of cellulosic fibre at 
commercial scale with precise control in a narrow range (10.5-11.5 wt. % on dry basis) and 
lower energy consumption during drying operation. 

 

2. Materials and methods 

Cellulosic fibre, in the form of viscose staple grey fibre, was used in this study from a leading 
man-made fibre manufacturer in India i.e. GRASIM industries. Commercial samples with 
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standard fibre length (38 mm) and diameter (45 μm) were chosen for the experimental studies 
to avoid raw material variability factor.    

2.1. Experimentation for fundamental understanding of drying 

Two separate experimental set-ups were developed to gather information for viscose fibre 
drying. First set-up was used to find out the drying kinetics and the second set-up to develop 
the correlation between mass transfer co-efficient and diffusivity. Developed fundamental 
understanding about drying kinetics and mass transfer correlation was used in Aspen model. 

2.1.1. Drying kinetics experiments 

Experiments were performed at different air temperatures (80°C, 100°C, 120°C and 140°C) 
to find out the critical moisture content and drying rate curve of viscose staple fibre. Fully 
dried commercial viscose fibre samples were soaked in known water quantity for 
experimental purpose. Initial moisture of viscose fibre was at 300% and maximum overall 
sample weight in individual experiment was chosen to be around 2g based on analyzer 
limitations. Moisture analyzer continuously recorded moisture percentage and sample weight 
in every 30 seconds based on the thermo-gravimetric principle. Each experiment was 
repeated three times to check the repeatability.  

2.1.2. Mass transfer correlation experiments 

Drying kinetics is mainly driven by rate of mass and heat transfer coupled with momentum.  
A decreasing linear period with decreasing drying rate is generally happen after a critical 
point where drying rate is depended on drying conditions [8] similar to constant rate period.   
Therefore, mass transfer correlation was developed (Equation 1) using Sherwood number 
with air temperature (TG,°C), air absolute humidity (Y, kg moisture/kg dry air) and inlet fibre 
moisture content (Xin, kg moisture/kg dry fibre). 

Sh = f(TG, Y, Xin)    (1) 

A separate set-up was developed where air of desired humidity (from air handling unit) was 
heated with the help of electric coils to raise the air temperature and wet viscose fibre sample 
was positioned at the bottom of the drying unit with cross-flow of hot air through fibre 
web/mat. Temperature and humidity sensors were placed in desired location of the setup to 
monitor the air quality. During experiments, air velocity was maintained at 0.6 m/s, similar 
to commercial dryer operation. Experiments were designed with three different air 
temperatures (60, 80 and 1000C), four different moisture content of fibre sample (20, 40, 70 
and 100 wt. %) and three different absolute humidity conditions (0.022, 0.065 and 0.12 kg/kg 
dry air). A total of forty-five set of experiments were planned for developing the mass transfer 
correlation, which was validated with five more random experiments.  
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2.2. Development of process model  

Fundamental understanding generated through experimental insights gave an idea about the 
preferable operational procedure. However, an optimum solution was essential to adopt in 
commercial plant operation. Aspen process simulation tool was used to predict the optimized 
solution with the help of experimentally generated basic data on viscose fibre drying. 

Complete conveyor dryer (Fig. 1) was modeled with counter-current flow of air and viscose 
fibre, where each dryer zone was represented as a single dryer unit. Commercial conveyer 
dryer was divided into two sectional dryers, i.e. Dryer-A and Dryer-B, with further sub 
divisions of each sectional dryer. Fibre (solid) moved in axial (horizontal) direction with plug 
flow in each dryer, which operated at adiabatic saturation. NRTL (non-random two liquid) 
thermodynamic method was selected as a base method and STEAM-TA was opted for free 
water method as high pressure steam was used for air heating. A two stage heater-condenser 
arrangement was used to highlight the indirect air heating phenomena in Aspen.  

 

 
Fig. 1: Schematic representation of developed Aspen model: Multistage conveyor dryer 

 

Mass and energy balance equations for both gas (air) and solid (fibre) phases were used in 
the background, which are inbuilt in Aspen [9]. Experimentally generated fundamentals, like 
mass transfer correlation, critical and equilibrium moisture content [10] and normalized 
drying rate with shape factor of viscose fibre were incorporated as input to Aspen model.  

 

3. Results and discussion 

3.1. Drying curve: Viscose cellulosic fibre 

Drying rate curves were generated based on moisture data, as shown in Figure 2 (a), for 
viscose fibre at four different temperatures as per the procedure explained in section 2.1. 
Increase in drying temperature shows increase in drying rate, which diminishes towards end 
of drying i.e. at an equilibrium moisture content. Equilibrium moisture content of viscose 
staple fibre was around 8-12 % for 30-60 % RH at 25°C [10]. 
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Slope change of drying rate versus moisture content highlighted distinct periods like preheat 
zone, constant rate and falling rate period. Drying rate was observed to be very high at the 
preheat zone. Constant drying rate period typically follows preheat zone, due to continuous 
moisture availability at fibre surface where drying rate is controlled by heat transfer rate.  
Unavailability of moisture at the viscose fibre surface was observed in falling rate period 
where rate of moisture evaporation decreases with reduction in fibre moisture content. 
Transition from constant drying rate period to falling rate happens at a particular moisture 
content known as critical moisture content (Fig. 2a) which is ~ 130 % for viscose fibre. 
Whereas in commercial/ plant scale fibre dryer inlet moisture ~100% (< XC) which depicts 
drying occurs in falling rate period. 

 

 
Fig. 2: Viscose staple fibre: (a) drying rate curve at different temperatures (Critical moisture 

content, XC = 130 %) and (b) normalize drying rate verses normalize moisture content 

 

Drying rate specification in Aspen is typically provided in the form of normalized average 
drying rate curve where individual drying rate was normalized with constant drying rate 
(Equation 2) and the individual moisture content was normalized with critical moisture 
content. Figure 2 (b) showed average normalized drying rate for viscose staple fibre, which 
was temperature independent. Drying rate shape factor (F) [9], Equation 2, was found to be 
around ‘one’ for viscose fibre.  

 ϑ(n) = �dXi
dt
� �dXi

dt
�
i=XC

� = 2. F. � X
XC
� − (2. F − 1) � X

XC
�
2

  (2) 

3.2. Mass transfer correlation with process parameters 

An attempt has been made here to understand the mass transfer rate aspects in commercial 
cellulosic fibre dryer. The rate of evaporation is proportional to moisture concentration 
gradient from fibre surface to air where proportionality constant is convective mass transfer 
coefficient where local mass transfer coefficient is proportional to Sherwood number   

631

http://creativecommons.org/licenses/by-nc-nd/4.0/


Cellulosic fibre drying: fundamental understanding and process modeling 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

Mostly, Sherwood number used to explain convective mass transfer. In case of porous 
material drying, two scenarios have observed in commercial dryer, one side moisture removal 
from fibre surface to air through convective mass transfer and in other side transportation of 
moisture from materials capillary to the surface through diffusion mass transfer which may 
lead to decreasing wetted surface drying [8]. A single stage convective drying unit model 
was used in Aspen to calculate the Sherwood number for each experiment to match the extent 
of drying rate for different input process parameters. A simplified predictive mass transfer 
correlation: 

Sh =  a(TGb)(eg.Y)(eh.Xin)    (3) 

Statistical tool was used to estimate the constants with regression coefficient, R2 value of 
74%. Equation 4 shows a final version of mass transfer correlation using Sherwood number 
which was used in process model to estimate the local mass transfer coefficient of cellulosic 
(viscose) fibre and enhance the model robustness during optimization of drying. 

Sh = exp(−3.33). TG
(−0.095). exp(0.9. Xin). exp(−(9.5. Y))  (4) 

Correlation clearly highlights proportional dependence on inlet fibre moisture content 
whereas air absolute humidity and temperature shows inverse with Sherwood number. 

3.3. Model validation 

Data from commercial production unit for outlet fibre moisture, steam/fibre ratio, exhaust air 
humidity, temperature, were used to validate the developed process model. Comparison of 
plant data and model predictions show maximum error of 7% whereas majority error numbers 
were <5 %. In addition, it has been shown that the process model predicts the plant 
operational drying curve (Fig. 3), and also increases confidence in developed cellulosic fibre 
drying process model. Multiple model validation strongly confirms that the developed model 
is capable of predicting temperature profile with other operational parameters to get the 
desired moisture quality.   

3.4. Drying rate optimization for commercial conveyor dryer 

Cellulosic fibre mat thickness, of around 200 mm, formed on the conveyer belt of the dryer 
significantly affects the moisture variation, as there exists no surface renewal mechanism in 
conveyor dryer except the effect induced by intermediate opener placed between Dryer-A 
and Dryer-B. Hot air flows in a cross flow manner through the moving fibre mat. Humidity 
starts occurring gain as air passes through the fibre mat with reduction in temperature and 
driving force for moisture removal. This phenomenon creates moisture variation within the 
mat and it continues till dryer end. Overall, drying rate has a potential to induce moisture 
variability at commercial scale and there is a scope for optimization of the same to reduce 
such variability. Commercially, first sectional dryer (Dryer-A) was operated at higher 

632

http://creativecommons.org/licenses/by-nc-nd/4.0/


Mondal, S.; Agarwala, P.; Dutta, S.; Nimbalkar, V.; Pande, P.; Dhumal, S. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

temperature to remove approximately 75% moisture with fast drying rate (Figure 3), whereas 
second sectional dryer (Dryer-B) removes around 15- 20% of moisture at lower zone 
temperature. Mass transfer rate of moisture to the fibre surface along with available moisture 
carrying capacity of the hot air controls the overall drying operation.   

 

 

Fig. 3: Drying curve: Plant and Aspen predictions for conventional and moderate drying strategy 
 

In a few initial zones, due to high moisture content, convective mass transfer rates are high 
due to sufficient moisture present at the fibre surface and air temperature creates enough 
driving force to remove the moisture. This phenomenon observed typically at early stage of 
falling rate period. After few zones, transportation of moisture from capillary to fibre surface 
is dominated by diffusion where moisture evaporation happens at decreasing rate. Drying 
rate decreases with decrease of moisture content. Also, correlation (Equation 4) clearly shows 
higher Sherwood number at initial stage due to the impact of convective mass transfer and 
lower value of Sherwood number after few initial zones was due to lower convection mass 
transfer where impact of diffusion on drying process is high. Facilitation of the diffusion 
process to overcome capillary forces demands raising the fibre surface temperature. Overall 
fundamental insights along with multipoint validation provided confidence to deploy process 
model predictions of optimum parametric combination known as moderate drying strategy 
for targeting moisture variability reduction.  

Figure 3 shows the comparison between drying curve of conventional (fast) and moderate 
drying strategy along with model predicted. In the moderate drying strategy, drying curve is 
shifted upwards compared to conventional due to lower temperatures adopted at the initial 
zones. Disappearance of this shift occurs at the start of Dryer-B due to higher temperatures 
adopted during start of Dryer-B which increases the fibre surface temperatures by ~ 100C 
higher than conventional. Developed moderate drying strategy is adopted in commercial 
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plant and improved in-spec bales by 18 % (from 63 % to 81 %) within narrow range (10.5-
11.5 %) by reduction in moisture variability along with 9% reduction in steam consumption. 

4. Conclusion 

A fundamental understanding of cellulosic fibre (viscose) drying was obtained in terms of 
critical moisture content, normalized drying curve and mass transfer correlation. Commercial 
viscose fibre drying operation falls under falling rate period where convective mass transfer 
along with diffusion limits the moisture removal. Conveyer dryer process model for 
commercial viscose fibre drying was developed and validated successfully. Model suggested 
optimum process parameter combination maintained during drying operation at commercial 
scale reduced moisture variability by 18 % along with steam consumption reduction of 9 %. 
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Abstract 
This work is based on the experimental study of the freeze-drying process to 
understand the impact of numerous factors on the survival rates of a model 
probiotic strain of Lactobacillus casei type. With the aim to find out if cell 
density in the matrix and survival rates are linked, we have studied the 
location of the cells after freeze drying inside a porous  matrix composed of a 
lactose basis with a polymer, the polyvinylpyrrolidone (PVP) in various 
amounts. The best survival rate were obtained at slow freezing rate for a 
formulation containing 5% (m/V) of lactose and 5% (m/V) of PVP. 

 

Keywords: Freeze-Drying; Freezing; Probiotics; L. Casei ATCC 393. 
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1. Introduction 

According to Food and Agriculture Organization of the United Nations and World Health 
Organization, probiotics are defined as “live micro-organisms which, when administered in 
adequate amounts, confer a health benefit on the host"[1]. Probiotics are generally 
temperature sensitive bacteria (with different degrees of sensitivity depending on the 
numerous strains), which loss a part of their viability and their favorable health properties 
during their dehydration processes and, next, during the storage and transport steps before 
their consumption. Many factors such as temperature, oxygen level, osmotic pressure and 
pH stresses have an important impact on their viability and, on their health promoting 
effect. Two types of methods are mainly used to stabilize and to maintain a long term 
activity level, namely the freezing  and  more or less soft drying techniques such as spray-
drying, fluidized bed drying and freeze-drying. The freeze-drying is known as the method 
that usually leads to the best results in term of many quality factors of the freeze dried cake 
(viability rate, rehydration rate, etc.) despite various damaging effects generated by the 
freezing and sublimation/desorption phenomena (crystal growth; cryoconcentration, etc.)[2]. 
Nevertheless, this method has the major inconvenient to lead to the highest operating costs 
due to the very severe operating conditions of this discontinuous process which has to be 
carried out at very low levels of temperature and total gas pressure. During this long and 
complex soft dehydration process, three phase changes are taking place so that the living 
bacteria have to endure numerous stresses more or less interdependent and deeply 
understood (thermal, osmotic, pH, sub-cooling, intracellular crystallization…). Moreover, 
important differences exist between the different probiotic’s species, sub-species and 
strains, particularly in terms of resistance to the severe process conditions generally 
encountered[3]. This is why the main objective of our work was to establish a rational 
protocol of optimization of freeze-drying cycles with a model probiotic strain, easily 
adaptable to other bacteria. This protocol is based on the reduction of stress effects in order 
to obtain the highest survival rates. Firstly we studied the cell immobilization by adsorption 
or inclusion inside a porous matrix. We have chosen to investigate on a formulation 
constituted of lactose  (a popular effective cryoprotectant known for not influencing the 
cells content) and polyvinylepyrrolidone (PVP) which is a polymer widely used in the 
pharmaceutical industry due to its interesting properties  of stabilization[4]. Indeed, PVP has 
been already used as cryoprotectants and has a higher glassy transition (Tg’) than most of 
the saccharides so that it can reduce the  drying time by increasing the sublimation and 
desorption limit temperatures.The freezing protocol - especially the freezing rate -which 
could prove to be the key damaging step of the whole freeze-drying process, was 
investigated. Indeed, this step appeared to be the most lethal period for micro-organisms 
mainly because of osmotic phenomena occuring at the cell level. Then, we have 
investigated the influence of the total amount of each component in the formulation on the 
location of the bacteria in the solid matrix  and on the survival rate. 
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2. Materials and Methods 

2.1 Bacteria and growth conditions 

The strain Lactobacillus Casei ATCC® 393™ (Alliance Bio Expertise, Guipry, France) 
was rehydrated from the Kwik-Stik® -containing the original dried strain- and then isolated 
on a MRS agar petri dish and finally incubated for 48h at 37°C. A single colony was 
collected from the plate and inoculated in 100mL MRS broth and finally incubated for 24h 
at 37°C under orbital shaking (150 rpm). Next a 1% diluted solution was prepared in 150 
mL MRS broth and incubated under orbital shaking (150 rpm) during 30h. 

2.2 Formulation composition 

Once the stationary phase was obtained, the bacterial suspension was centrifuged at 7000 g 
during 10min at ambient temperature and next washed twice with saline buffer solution 
(0,85%NaCl (m/V)). Then the pellet was suspended again before processing. Various 
solutions were prepared with a Kollidon®30 (PVP) and monohydrate lactose basis in the 
range of concentration from 1% to 10% (m/V) or only with the saline buffer (Table 1). 

Table 1. Index of the formulation composition 
Nomenclature Weight Lactose 

composition (m/V) 
Weight Kollidon®30  
composition (m/V) 

K5 0% 5% 
L5 5% 0% 

KL10-5 5% 10% 
KL1-1 1% 1% 
KL5-5 5% 5% 

KL10-10 10% 10% 
 
2.3 Freezing and thawing protocol 

Immediately after formulation, the solutions were poured into 6mL glass vials and next 
frozen from ambient temperature up to -45°C at different freezing rates, namely: 0.5; 1; 2; 
5°C/min and a very fast rate by immersing directly the vials into liquid nitrogen. We 
investigated the effect of cold thermal stresses at the slowest rates by introducing, before 
the freezing step, a temperature plateau at 5°C during ½h. Then, the temperature was 
maintained during 2h before the thawing step which was performed by immersing the vials 
into distilled water at 37°C and next, immediately diluted for the enumeration. 

2.4 Freeze-Drying process 

A slow freezing rate was chosen, namely at 0.5°C/min with a temperature plateau at 5°C. 
The sublimation step (primary drying period) was performed slowly under vacuum at 150 
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Pa and around -40°C. Next, the desorption step (secondary drying period) was achieved 
during 24h at 20°C under 50 Pa. All the vials were closed immediately inside the freeze-
dryer chamber, hermetically sealed and finally stored at 4°C. Lyophilisates were rehydrated 
quickly at 20°C by addition of an adequate amount of saline buffer solution for 
enumeration of  viable bacteria. 

2.5  Enumeration and residual moisture 

The rehydrated powder and the thawed solution were decimally diluted and next  incubated 
at 37°C during 72h to enumerate the colony forming unit (CFU). Every enumeration was 
conducted in triplicate. The moisture contents in the freeze-dried vials were  determined  by 
the classical the Karl-Fisher  method (860 KF Thermoprep - Metrohm). Samples of the 
freeze-dried cake (between 10 and 20 mg) were introduced into the Karl-Fisher oven at 
150°C. 

3. Results and Discussion 

3.1 Effect of the addition of PVP and lactose on the bacterial viability  

 

Fig. 1 Effect of polymer PVP and lactose on the viability of Lactobacillus Casei after freeze drying.  

Bacterial suspensions were mixed with pure lactose  (Ref.  L5) or pure  polymeric solution 
(Ref. K5) or a mixture of different concentration of these two components (KL10-5 Cf 
Table 1). No significant differences on bacterial viability were observed between  these 
formulations after freeze-thawing. These results show that the presence of this polymer had 
not detrimental effects on the survival of bacteria, so that we concluded that it could be 
used as protectant of our formulation. After freeze-drying, survival rates exhibited light 
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differences between the different formulations of protectants (Fig.1). Just after process the 
concentration of viable bacteria decreases more when the polymer was the only protectant 
(K5). With the lactose formulation (L5), the survival of bacteria appeared to reach the 
highest values, even after one month of storage. However, the solution KL10-5 seemed to 
present the highest stability after one month of storage even if the survival ratio right after 
the end of the whole freeze-drying process was slightly affected. This means that a 
formulation that combined lactose and PVP components could offer a high stabilizing 
effect for the storage. This favorable effect could be explained by the matrix vitrification 
phenomenon which could entrap and protect the cells during the process, by reducing the 
mechanical stresses induced by ice crystal growing, but also during the storage, by 
increasing the stability due to the high glassy transition values of the PVP[5].  

 

Fig. 2 SEM photography of the repartition of dried L. Caseï ATCC 393 in the porous matrix based 
on lactose and Kollidon® 30 or only lactose. 

Next, SEM photographs (Fig.2) allowed to observe the position of the bacteria located in 
the freeze-dried solid matrix. In the case of formulation KL10-5, the bacteria did not 
appeared at the pore’s surface and seemed included inside the solid part of the freeze-dried 
matrix. On the contrary, for the L5 formulation, as the relative amount of dry matter of 
lactose was smaller, the bacteria covered the pore’s surface of the matrix. This behaviour 
could explain why the survival rate was lower with the KL10-5 formulation than with the 
L5 one. When the matrix was fixed during the freezing step, the bacteria may have suffered 
high local pressure levels due to Ostwald ripening phenomena during and just after the 
crystallization step. However, on a long time scale, the morphology and the structure of the 
solid matrix of the mixture could allow a higher survival ratio due to the formation of a 
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thick solid layer which can prevent the diffusion of water and oxygen up to the 
cells[6].Experiments were carried out  to find out the less damaging freezing kinetics. It 
appeared that a slow freezing rate around 0.5°C/min with a stabilization temperature step 
between 0.5 and 1h before the starting of the freezing at 5°C led to the best survival rate, 
with no significant reduction of viable bacteria. This could be related to a cold stress 
response from the bacteria, because, in reaction  to the stress, the cells may produce Cold 
Shock Proteins allowing them to prevent damages[7]. Other hypothesis has been proposed 
on the dehydration rate of the cells, due to slow osmotic pressure variations preventing 
intracellular water crystallization due to cell water exit[8]. These results have to be 
compared with experimental data showing the  influence of nucleation temperature. 

 

Fig. 3 Effect of the amount of solute on the viability of L. Caseï ATCC 393 
 

3.2 Influence of the amount of solute protectants on the bacteria location and viability 

After observing the differences in the repartition of bacteria and morphology of the solid 
matrix with SEM pictures (as mentioned above), we characterized the influence of the 
amount of dry matter on the final viability of bacteria. We have chosen to investigate, at the 
same weight ratio,  two extreme compositions  and one central composition of the scale 
(Table 1). Some of the freeze-dried cakes were observed by SEM and the others were 
rehydrated for plate counting. For the lyophilisate that contained the lower solute 
concentration (KL1-1), we obtained approximately a 2-log reduction of the viable bacteria 
after freeze-drying while less than 0.5-log reduction for the KL5-5 and around 1.2-log 
reduction for the KL10-10 (Fig.3). The SEM  photograph of Fig. 4 showed that the freeze-
dried matrix network formed by KL1-1 formulation was very thin with a high density of 
bacteria.  

640

http://creativecommons.org/licenses/by-nc-nd/4.0/


Verlhac, P.; Vessot-Crastes, S.; Degobert, G.; Cogne, C.; Andrieu, J.; Beney, L.; Gervais, P. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

 

Fig. 4 SEM photography of the repartition of dried L. Caseï ATCC 393 in the porous matrix based 
on extreme lactose and Kollidon®30 content. 

The physical aspect with KL1-1 at macroscopic scale was not enough consistent and the 
freeze-dried cake was difficult to analyze due to its fragility. Other experiments and 
photographs carried out with only buffered solutions and with only bacteria  led to very low 
survival rates. The differences in bacterial location and on matrix structure for KL5-5 and 
KL10-10 formulation were more difficult to find out. In both cases we could observe a 
thick structure recovering the cells. Nevertheless, differences in the viability seemed to be 
linked to the mass ratio between dried excipients (lactose and PVP) and dried bacteria. In 
the case of low amounts of excipients, the bacteria were directly exposed to water during 
the rehydration process. Indeed, the rehydration rate  had probably a great influence on the 
final viability ratio of the cells and the amount of solute exerted probably an important 
buffer effect on the mechanisms of water transfer to the cells. In another hand, a too 
important content of excipients could unbalance the osmotic equilibrium of bacteria with 
their surrounding solution during the formulation and freezing steps and, by the way, could 
generate too important water flows crossing the cells walls which resulted to important cell 
death ratios or viability losses[8]. That’s why a balance should be established between too 
low content of protectant resulting in a loss of efficiency and a too high content, providing 
high stresses to the cells. Nevertheless, the KL5 formulation presented the highest survival 
ratios with this soft freeze-drying protocol. Then, our forecoming work will focus on this 
formulation  with the aim of parameters optimization and  design space set up. 
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4. Conclusion 

This study presents the effect of composition and of freezing parameters of a PVP 
Kollidon®30 and lactose based formulation on the viability of a L. Casei  strain during a 
standard freeze-drying cycle. The polymer and cells were considered as compatible since 
no significant reduction was observed on the viability of the probiotic strain, even after one 
month of storage. The SEM photographs showed that the type and the  concentration of 
solute in the cells preparation have an important impact on the cells location inside the 
freeze-dried matrix and, consequently, on the survival ratio. The KL5-5 formulation led to 
the best bacteria survival ratio with less than 0.5 log reduction after a standard freeze-
drying cycle. Nevertheless, it is still difficult to conclude on the mechanisms explaining the 
best observed viability at this composition. These results indicated that the PVP can be used 
with this probiotic strain, and, moreover, it may preserve the viability of bacteria for long 
time storage in the freeze-dried form. Our next study will focus on the process optimization 
parameters and the design space set up allowing a viable and stable freeze-dried product. 
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Abstract 
This study is aimed to improve the antioxidant property of instant coffee by 
using microencapsulation technique and spray drying. Concentrated coffee 
extract was mixed with Konjac glucomannan hydrolysate (KGMH) and 
Maltodextrin (MD). The mixture of coating material and coffee extract was 
then spray dried at 160 - 180 °C inlet air temperature and at 85-90 °C outlet 
air temperature. KGMH can preserve retention of phenolic compounds, 
DPPH scavenging activity and antioxidant activity of FRAP (p<0.05 of 
instrant coffee better than other treatment.  

 

Keywords: Hydrolysed Konjac Glucomannan; Spray Drying; 
Microencapsulation; Instant Coffee, Antioxidant 
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1. Introduction 

Coffee brews as one of the most popular beverages in the world has extensively studied for 
health concern. Moreover, many people choose coffee as their daily drink due to its effect 
to body health. Coffee brews are accepted as a rich source of compounds possessing 
antioxidant and radical scavenging activities. Coffee is high in phenolic compounds, 
especially chlorogenic acids and their degradation products such as caffeic, ferulic and 
coumaric acids, polyphenols, trigonelline and alkaloids including caffeine and also high 
amount of melanoidins which exhibit significant antioxidant activities [1, 2]. 

Comparing antioxidant capacity in one cup from different form of coffees, instant coffee 
accounted for the highest amount of essential substances which expressed antioxidant 
capacity that 3-4 times higher than ground coffee. During the manufacturing of instant 
coffee, antioxidant and other essential compounds are concentrated which resulted in 
enhancing of antioxidant capacity compare to roasted bean powder [3]. 

More advantages of instant coffee stimulate the research more deeply in its production. The 
conventional processes of instant coffee are spray drying and freeze drying, both techniques 
have some limitations regarding energy consumption and final product qualities. Freeze 
drying produces the best product quality in term of aroma recovery, but it uses high energy 
and time that affected the production cost. While, spray drying leads the high production 
capacity at low investment, but engender higher thermal impact and resulted in decreasing 
of essential compounds such as natural antioxidants. In fact, that spray drying is the most 
applicable process in instant coffee industry yet gives lower antioxidant and flavor 
compounds than other processing, thereupon considering other techniques to lowering 
thermal impact is proposed.  

Microencapsulation offered as a solution to reduce the core reactivity from essential 
compounds with the environmental factor. Konjac glucomannan (KGM) is neutral 
polysaccharides with mannose residues as predominant monomer and glucose as secondary 
sugar. The deep exploitation of KGM and its derivatives has been paid considerable 
attention in recent year. What is more, KGM in form of flour and hydrolysate can be 
conveniently used to wider application in some fields such as food science, pharmaceutical 
science, chemistry and biotechnology [4]. One of the latest experiments that has been 
deeply studied is investigation of hydrolyzed KGM on spray drying microencapsulation. 
Previous study have shown that hydrolyzed KGM (KGMH) worked  as wall material by 
spray drying technique in antimicrobial powder, flavor encapsulated powder and 
nutraceutical powder [5, 6, 7]. Therefore, the aims of this study were to investigate the 
utilization of hydrolyzed KGM on encapsulation efficiency and to obtain the suitable spray 
drying condition in the production of high antioxidant instant coffee microencapsulation. 
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2. Materials and Methods 

 

2.1 Materials 

Medium dark/roast of Arabica roasted was provided by. Mannanase 50,000,000 IU per 
gram enzyme, food grade (Bosar Biotechnology, China) was used. Maltodextrin (MD) DE 
10-15 (Food grade) was purchased from Chemipan (Bangkok, Thailand). 

 

2.2 Methods 

 

2.2.1 Coffee extract and coffee solution preparation for spray drying 

Fine ground Arabica coffee (Green Net SE Co., Ltd, Bangkok, Thailand) (24 g) and 115 ml 
hot water are used in coffee extraction by using Moka Pot 22.5 x 10 cm (YAMI® YM-6007, 
China). Then coffee extract was evaporated by vacuum rotary evaporator (BÜCHI R-114, 
BÜCHI Labortechnik AG, Flawil, Switzerland) to get 10 °Brix of total solid. After that 
KGM hydrolysis is prepared by using Mannanase with 125 units per gram KGM is used for 
hydrolysis reaction. Modification method from previous study [6] was used to conduct 
KGM hydrolysis. All KGM hydrolysis was conducted under a controlled condition at 40±1 
°C and 200 rpm of an overhead stirrer for 1 hour. Then KGMH solution was added by MD 
powder to adjust wall material concentration at 20% (w/w). For instance, 5% MD was 
added to 15% KGMH solution. Moreover, 20% KGMH was not added by MD, while 20 % 
MD solution (w/w) was used as control. Arabica coffee extract and wall material at ratio 
2.2:1 (w/w) was mixed to obtain total solid mixture at 15% (w/w). Mixing process was 
done by magnetic stirrer for 5 minutes of stirring. 

 

2.2.2 Spray drying 

Drying experiment was done in a co-current Mini Spray Dryer (BÜCHI B-290, BÜCHI 
Labortechnik AG, Flawil, Switzerland). with inlet temperature at 160-180 °C and outlet 
temperature at 85-90 °C by adjusting flow rate. 

 

2.2.3 Antioxidant properties analysis  
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Total phenolic compounds (TPC) was performed by Folin-Ciocalteu and calculated using 
gallic acid equivalent (CGA) [2]. Antioxidant activity was examined by DPPH scavenging 
ability method at 515 nm of spectrophotometric analysis [3]. Moreover, Ferric Reducing 
Antioxidant Power (FRAP) also used to examined antioxidant activity [2]. The FRAP 
measurement was done by spectrophotometry at 595 nm. Amount of chlorogenic acid was 
observed by using HPLC (Varian Prostar, USA) and the spectra were detected by Prostar 
335 Photodiode Array Detector at 278 nm. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Antioxidant Property 

Fig. 1 presented antioxidant activity and amount of phenolic compounds and chlorogenic 
acid based on coffee solid in coffee extract and instant coffee powder. The results have 
shown that spray drying microencapsulation process, especially when using KGMH as wall 
material, was able to shield phenolic and antioxidant compounds. 

 

 

 

 

 

 

 

Fig. 1 Antioxidant activity of instant coffee measured by (a) DPPH (b) FRAP (c) total phenolic 
content (d) chlorogenic acid 

In TPC measurement (Fig. 1c), the highest phenolic content in instant coffee powder was 
the formulation of 20% (w/w) KGMH at 160 °C with 204.04±20.98 mg CGA/g coffee solid 

b. a. 

c. d. 
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(p<0.05), while the coffee extract presented 157.87±4.95 mg CGA/g coffee solid. To 
confirm TPC result, a specific phenolic compound which is chlorogenic acid (Fig. 1d) was 
observed by HPLC. In the current study, amount of chlorogenic acid in concentrated coffee 
extract had 22.49±1.35 mg/g coffee solid, while instant coffee powder contained 22-30.60 
mg/g coffee solid. Among the treated instant coffee powders, 20% (w/w) KGMH instant 
coffee powder produced at 180 °C presented the highest content. In general, increasing 
KGMH concentration and inlet temperature lead to the higher chlorogenic acid content. On 
the other hands, DPPH scavenging ability results (Fig. 1b) have shown a similar pattern 
with TPC experiment where the highest value was exhibited by 160 °C spray dried of 20% 
(w/w) KGMH instant coffee powder (813.30±100.89 mM Trolox/g coffee solid) (p<0.05), 
while the extract presented 619.21±130.91 mM Trolox/g coffee solid. During spray drying, 
high temperature might trigger some reactions such as phenolic degradation and Maillard 
reaction which can create new compounds that possess higher antioxidant capacity. It is 
noted that in coffee mixture, antioxidant activity is contributed by phenolic compounds and 
melanoidins (non-phenolic). Since DPPH method has a wide range of mechanism, the new 
compounds created during drying could possibly be detected and express antioxidant 
capacity. Furthermore, in FRAP method (Fig. 1a), the similar formulation in TPC and 
DPPH methods was noted to have the highest value which accounted for 2,453.23±122.50 
mM Trolox/g coffee solid (p<0.05).  

 

3.2 Physical properties 

The effects of spray drying conditions and wall material solutions on physical properties of 
microencapsulated instant coffee were observed including moisture content, water activity, 
water solubility index (WSI), water absorption index (WAI) and surface morphology 
shown in Table 1. The results pointed out that increasing KGMH concentration while 
decreasing MD concentration was tending to produce a lower yield. The increasing of inlet 
temperature was contributed to better production yield but it was inconsistent. The highest 
yield was produced by wall material of 20% (w/w) MD at 160 and 180 °C of inlet 
temperature (p<0.05) which accounted for 65.27%±4.67 and 64.00%±8.03. In all inlet 
temperature, 20% (w/w) KGMH alone was exhibited comparable results with the mixture 
of KGMH and MD as wall materials. This result was in line with Tolun et al. (2016) [8] 
which have a similar wall material design with current study and concluded that MD (DE 
17-20) alone produced the highest yield at 52.77%, while when MD was mixed with gum 
Arabic the results had a contrary influence on the yield. During spray drying, instant coffee 
with KGMH was had more loses because of KGMH properties. KGMH solution is stickier 
than MD solution, therefore, the amount of adhered sample in drying chamber after drying 
was found higher in KGMH instant coffee sample. 
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Table 1. Product yield, moisture content, and water activity of instant coffee 

Inlet 
temperature 
(°C) 

Wall material Product yield (%) 

Moisture 
content  

(% w.b.)ns 

Water 
activityns 

160 

20% (w/w) KGMH 53.66±4.81a 3.73±0.52 0.24±0.02 

15% (w/w) KGMH + 5% (w/w) 
MD 

52.54±1.88a 3.42±0.34 
0.22±0.05 

5% (w/w) KGMH + 15% (w/w) 
MD 

61.39±2.65bcd 3.75±0.09 
0.23±0.00 

20% (w/w) MD 65.27±4.67d 3.64±0.53 0.23±0.02 

170 

20% (w/w) KGMH 54.30±0.15ab 3.52±0.36 0.21±0.01 

15% (w/w) KGMH + 5% (w/w) 
MD 

53.07±1.77a 3.66±0.22 
0.23±0.01 

5% (w/w) KGMH + 15% (w/w) 
MD 

58.31±3.10abcd 3.72±0.04 
0.23±0.02 

20% (w/w) MD 62.26±6.31cd 3.58±0.28 0.22±0.03 

180  

20% (w/w) KGMH 55.27±2.37abc 3.37±0.29 0.25±0.03 

15% (w/w) KGMH + 5% (w/w) 
MD 

53.24±2.91a 3.68±0.30 
0.25±0.03 

5% (w/w) KGMH + 15% (w/w) 
MD 

61.39±2.65bcd 3.40±0.23 
0.24±0.01 

20% (w/w) MD 64.00±8.03d 3.54±0.10 0.24±0.01 

Values in a column followed by different letters are significantly different (p<0.05) 

ns: non-significant 

 

WSI is an important property to repeal powder behavior in aqueous and its reconstitution 
ability. Table 2. presented the WSI of microencapsulated instant coffee powder from 
different spray drying condition and formulation. In general, the value of WSI was in 
contrary to the amount of KGMH used but correlated with increasing of inlet temperature. 
The most solubilize powder was come from instant coffee produced from 20% (w/w) MD 
at 180 °C (98.98±0.87%) while the lowest WSI was 20% (w/w) KGMH powder at inlet 
temperature 170 and 160 °C (89.03±3.68 and 88.95±5.16%) (p<0.05). Similar finding from 
Jafari et al. (2017) [9] who found that juice powder with 25-45% (w/w) MD as drying aids 
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have WSI above 90%, while Adamiec et al. (2012) [5] noted that by using combination 
KGMH and gum Arabic at wall material concentration at 9% (w/w) presented WSI at 67-
69%. Even though KGMH instant coffee exhibited the lowest WSI, the value of WSI was 
still above 88% which mean that all instant coffee powder still have a good solubility. 

Table 2. Water solubility index (WSI) and water absorption index (WAI) of instant coffee 

Inlet 
temperature 
°C 

Wall material WSI (%) WAI (%) 

160 

20% (w/w) KGMH 88.95±5.16a 8.94±1.51c 

15% (w/w) KGMH 91.89±4.10abc 3.07±0.76a 

5% (w/w) KGMH 96.54±0.88cd 3.13±1.36a 

20% (w/w) MD 94.08±3.57cd 3.20±0.72a 

170 

20% (w/w) KGMH 89.03±3.68a 9.01±1.54c 

15% (w/w) KGMH 91.90±3.06abc 4.59±1.49ab 

5% (w/w) KGMH 96.00±0.79bcd 3.83±1.60ab 

20% (w/w) MD 96.80±2.34cd 3.27±1.33a 

180  

20% (w/w) KGMH 89.38±3.61a 8.80±1.89c 

15% (w/w) KGMH 90.35±3.54abc 5.91±1.19b 

5% (w/w) KGMH 92.47±5.78abcd 5.41±0.64ab 

20% (w/w) MD 98.98±0.87d 3.58±0.73ab 

Values in a column followed by different letters are significantly different (p<0.05) 

 

4. CONCLUSIONS 

Antioxidant property of instant coffee can be enhanced by microencapsulation using 
KGMH as an appropriate natural wall material. KGMH concentration affected antioxidant 
and other physicochemical properties. Increasing KGMH concentration leads to the better 
antioxidant properties including TPC, antioxidant capacity by DPPH and FRAP and 
chlorogenic acid content. The wall material was able to shield almost all antioxidant 
component and resulted in the excessive retention percentage. The application of KGMH 
alone as wall material exhibited the best retention percentage compare to microcapsule 
made from KGMH-MD in all ratio and MD alone. The inlet temperature of spray drying 
was showing an important role in antioxidant properties. The increasing of inlet 

649

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Enhancing antioxidant property of instant coffee by microencapsulation via spray drying 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

temperature was correlated with lower retention of antioxidant properties except for 
chlorogenic acid that was increased. In general, the lowest inlet temperature (160 °C) 
produced better overall antioxidant properties than spray drying at 170 and 180 °C. The 
best condition of producing instant coffee from this study is 20% (w/w) KGMH as wall 
material at 160 °C inlet temperature of spray drying.  
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Abstract 
High quality drying of therapeutic protein-solution is important in medical 
and pharmaceutical processing.  Freeze-drying is mostly used, but it takes a 
long drying-time and causes damages of protein structures.  In order to 
improve the drying quality, we propose a microwave vacuum drying 
performed at ambient temperatures under low-pressure conditions.  We are 
focusing on the Parma-Zyme method for the evaporative drying of protein 
solutions such as egg white or lysozyme with vitrification. Circular dichroism 
(CD) spectroscopy is used to detect protein conformation changes due to the 
drying, and it is found that the ambient temperature drying can preserve the 
protein conformation. 

 

Keywords: Microwave vacuum drying; Freeze-drying; Therapeutic protein; 
Egg white; Lysozyme 
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1. Introduction 

In recent years, with the progress of biotechnology, the development of pharmaceutical 
products using biopolymers such as proteins has been rapidly developed.  However, it is 
difficult to stably stored in solution state, many proteins preparations are preserved by 
freeze-drying (FD).  Generally, FD takes a long time (about 1 to 3 days) due to drying 
accompanied by sublimation of ice, and requires large energy.  In addition, changes in the 
hydration state due to freezing and concentration may result in deactivation and aggregation 
of proteins.  Therefore, studies are under way to prevent denaturation by adding compounds 
and additives to protein formulations [1].  Considering the situation, we propose a method 
using a microwave vacuum drying (MVD) as a new method instead of FD.  MVD promotes 
evaporation of water under reduced pressure condition and supplies only latent heat of 
vaporization by microwave, resulting in the drying at room temperature.  It is possible not 
only to prevent protein damage but also to drastically shorten the dering time.  We are 
focusing on the Perma-Zyme method for the evaporative drying with vitrification, because 
it has a possibility to increase the vitrification temperature up to the room temperature [2].  
Figure 1 shows a solid/liquid state diagram of sucrose water system [3]. In the method of 
FD, the long process (A-B-C-D) must be followed to get the glassy state for the vital 
preservation.  On the other hand, if the direct phase transition from liquid to solid (glass) at 
room temperature (A-D), it would have great advantages in the bioindustries. In this study, 
drying experiments of egg whites and lysozyme protein solutions were carried out using 
three drying methods of FD, MVD, and a combination of FD and MVD.  After the drying, 
preservation of protein structure/activity, drying time, and solubility were evaluated. 

 

Fig.1 Solid/liquid state diagram of the sucrose water system. 
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2. Experimental Apparatus and Methods 

2.1. Drying methods 

The experimental apparatus for the microwave vacuum drying is shown in Fig. 2. The 
drying system consists of the vacuum drying container, vacuum pump, and microwave 
irradiation equipment [4, 5].  The drying chamber is a cylinder made from stainless steel, 
which has an inner diameter of 590 mm and a height of 345 mm. The microwave is 
introduced into the chamber from the side.  The microwave generator has a magnetron with 
a 3 kW irradiation power at 2.45 GHz.  We can select some intermittent irradiation patterns 
with a different power as well as a continuous irradiation.  In order to irradiate the sample 
uniformly, a turntable is set at the bottom of the chamber.  During the experiment, the 
samples on the table are rotated at a rate of 3rpm. 

As experimental samples, 5 g of egg whites (albumin) and 5 g of lysozyme aqueous 
solution (0.5 g of lysozyme + 4.5 g of purified water) were used as a model of protein 
solution.  The sample is placed in a PFA Petri dish of 50mm in inner diameter.  In MVD, 
four set of samples were placed in a vacuum container, and drying was performed with a 
microwave output of 50 to 100 W at a pressure of 20 kPa.  In FD, the sample was frozen in 
a freezer at -25 ° C for more than 12 hours, then the frozen sample was set in a vacuum 
container and dried at a temperature of 5 °C under a pressure of 200 Pa.   

 

Fig.2 Microwave vacuum drying system. 
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2.2. Evaluation method of protein conformation changes 

Molecular structure analysis was performed using a circular dichroism spectrometer (CD; 
JASCO Corporation J-820) in order to confirm the denaturation of proteins by drying.  
Three kinds of dried egg white by MVD, FD and their combination were subjected to the 
tests.  As a reference sample showing thermal damage, the egg white heated at 98 °C for 10 
minutes was examined as well as the raw egg white.  Ultraviolet visible spectrophotometer 
(Hitachi High-Tech Science U-3310) was used to adjust to the same concentration, and 
ultra pure water was used as a solvent. 

 

2.3. Measurement of the residual activity of protein 

It is most important to confirm the residual activity of the protein. Therefore, the 
degradation activity of lysozyme was measured using the UV spectrophotometer.  
Micrococcus luteus was added to 50 mM phosphate buffer solution so that the absorbance 
at a wavelength of 600 nm was 1.0 Abs in a 1 cm glass cell to prepare a substrate solution.  
The aqueous solution of lysozyme of 20 μl was dropped into 2980 μl of the substrate 
solution, and the time change in absorbance at 600 nm due to substrate degradation of 
lysozyme was measured.  The activity of lysozyme was evaluated assuming that the 
absorbance immediately after the dropping was 100% and the absorbance after the 
decomposition was 0%. 

 

2.4. Solubility test 

Solubility is important factor for a practical use in medical area.  In this study, 0.05 g of 
dried egg white was dissolved in 5 ml of water and time change of concentration of 
albumin was measured. 

 

3. Results and Discussions 

3.1. Drying of egg white 

Figure 3 shows appearances of egg white before and after the drying.  The raw egg white is 
transparent as in (a), it is seen in (b) that dried egg white is a transparent film even after the 
MVD drying.  On the other hand, in the FD of (c) and 1h-MVD+FD of (d), it became a 
porous state like a sponge cake.  In the FD, since ice crystals are dried by sublimation, the 
ice crystal parts become voids and porous.  In 1h-MVD+FD, it is considered that ice 
crystals became smaller by first 1-hour drying by the MVD, and the porosity decreased.  
Also, we can see many large cracks in (d).   
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(a)                             (b)                            (c)                            (d)    

Fig.3 Photographs of egg white before and after drying.  
 (a) Raw white egg, (b) MVD, (c) FD,  (d) 1h-MVD+FD 

 

Fig.4 Time transients of moisture content ratio. 

Figure 4 shows the time transient of the relative moisture content in each drying process.   
Drying was carried out until water contents became 0.05 or less.  In MVD, the drying 
temperature was kept bellow 25 °C.  Compared to FD, MVD was able to reduce drying 
time by about 50% and MVD+FD by about 20%.  

 
3.2. Molecular structure analysis of egg white (albumin) 

The results of structural analysis on dried egg albumin by CD are shown in Fig.5.  It is 
known that the albumin has two negative peaks at 210 nm and 218 nm in the CD signal.  
The present results for FD, MVD and MVD+FD indicate two negative peaks similar to the 
raw egg albumin [6].  However, the CD intensity of the 98 °C-heated sample decreased in 
wide ranges, and the negative peaks shifted to shorter wavelengths of 207 nm and 217 nm, 
which indicates that alpha-helix structure of albumin has changed due to heating.  It is 
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confirmed from the results that the room temperature dryings can preserve the albumin 
without any structural damages. 

 

Fig.5 CD spectral analysis of albumin aqueous solution. 

 

3.3. Residual activity of lysozyme 

Figure 6 shows the residual activity of lysozyme measured using UV, where the absorbance 
at 600 nm of wave length was measured by dropping lysozyme into the substrate solution at 
150 s.  It can be seen that the absorbance of lysozyme heated at 98 °C has not changed.  
This is because lysozyme was inactivated and could not decompose micrococcus luthus.  In 
contrast, lysozyme processed by FD, MVD, MVD+FD has decreased absorbance after 
150s, indicating that the activity of degrading micrococcus leutus can be preserved.  The 
results of calculating the decomposition rate are shown in Table 1. There is no clear 
difference in the drying method compared to lysozyme.  

 

Fig.6 Remaining activity measurement of lysozyme aqueous solution. 
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Table 1. Decomposition rate 

 Lysozyme MVD FD MVD+ FD 
Decomposition rate (Abs/s) 0.003791 0.003924 0.003517 0.003192 

 

3.4. Comparison of solubility 

Figure 7 compares the time transient of concentration when 0.05 g of dried egg white is 
dissolved in 5 ml of ultrapure water.  It can be seen that the sample by FD treatment 
dissolved in approximately 10 minutes, while the sample by MVD took about 40 minutes.  
About 80% or more of sample by MVD + FD has dissolved in the first 20 minutes and it 
can be said that it is more soluble than MVD.  This indicates that ice crystal formation 
during the freezing contributes the faster solubility. 

 

Fig.7 Comparison of solubility of MVD, FD and MVD+FD. 

 

4. Conclusions 

The protein aqueous solutions, egg white (albumin) and lysozyme, were dried using three 
kinds of drying methods, i.e. the freeze-drying (FD) and the microwave vacuum drying 
(MVD) and their combination, and the conformation change and the activity of preserved 
protein were examined.  Circular dichroism (CD) spectrometer is used to detect protein 
conformation changes in the drying of albumin, which indicates that the MVD at room 
temperature can preserve the protein conformation.  Also, the UV measurement of the 
residual activity of lysozyme with use of the micrococcus luteus shows that the room 
temperature drying shows good performance for the residual activity.  It is concluded that 
the MVD at room temperature enables a less damages and a rapid drying compared to the 
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FD.  It should be noted that MVD is inferior in solubility compared with the FD.  The 
combination of MVD and FD has a possibility for better performances in solubility and 
drying time. 
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Abstract 
Candida rugosa lipase (LCR) was immobilized on low-cost supports (by-
products) and dried using a spouted-bed system. The yields of immobilized 
derivatives were in the range 61.5–78.7%. Lipase immobilized on rice husk 
showed the best results, presenting 94.1% of the original activity, followed by 
sugarcane bagasse (90.3%) and green coconut fiber (87.3%). Moisture 
content in the obtained powders varied between 4.7 and 5.6% and the water 
activities were in the range 0.21–0.35. Among all the tested biocatalysts for 
aroma production the lipase immobilized on rice husk showed the highest 
activity towards the formation of isoamyl caprylate (62.40 g.L-1). 

 

Keywords: Spouted bed dryer; Enzyme dehydration; Enzyme immobilization; 
Enzyme stabilization; Aroma production.  
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1. Introduction 

Lipases (triacylglycerol acylhydrolase - EC 3.1.1.3) are serine hydrolases formerly 
characterized by the ability to reacting with a wide range of substrate with a high enantio and 
regio selectivity.[1] However, the commercialization of enzymes with potential industrial 
applications, including lipases, depends on their stability during enzymatic reaction and/or 
storage period.[2] In fact, the water presence in enzyme formulations is the mainly drawbacks 
for protein stabilization and consequently, for enzyme application.[3] Drying technologies can 
be utilized to obtain dehydrated and stable thermosensitive products like microbial 
enzymes.[4] On the other hand, enzyme immobilization are other mechanisms used to improve 
enzymes properties (like stability, activity, inhibition by reaction products and selectivity 
toward non-natural substrates), and allows recovery and reuse of the biocatalyst.[2] In this 
work, we associated the benefits of drying and immobilizing processes and performed them 
in a single step employing a spouted bed system. Furthermore, we used eco-friendly supports 
like coconut fibers, rice husk and sugarcane bagasse to prevent emergence of environment 
ethical issues and cut down the production costs of immobilization processes. Additional 
information on the catalytic activity was obtained by testing the immobilized derivatives 
obtained in synthetic applications, that is, in the esterification reaction of isoamyl alcohol 
with caprylic acid. 

2. Materials and Methods 

2.1 Enzymatic activity of the free and immobilized lipase 

Candida rugosa lipase from Sigma-Aldrich was used in the immobilization assays. Lipase 
activity assay was performed using ρ-nitrophenyl palmitate (p-NPP) as substrate according 
to Mayordomo et al. (2000).[5] The mixture was incubated at 40°C for 30 min and then 0.5 
mL of 2% trizma base was added.[6] The optical density was measured at 410 nm. Enzymatic 
activity is given as μmol of p-NPP produced per minute per mg of enzyme (IU).  

2.2 Lipase Immobilization on agricultural byproducts 

 “In natura” Agricultural byproducts supplied by local farmers, were oven dried, ground and 
sieved to obtain particles with sizes between 50 and 150 mesh - Figura 1.  

 
Fig. 1. Agricultural by-products used as support for lipase immobilization: (A) rice 

husk, (B) sugarcane bagasse, (C) green coconut fiber. 
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The supports were activated using glutaraldehyde prior to the covalent immobilization 
method. Candida rugosa lipase was immobilized in the by-products previously activated by 
covalent binding in the presence of polyethylene glycol as a stabilizing agent.[8] 

2.3 Spouted Bed Drying of Immobilized Lipase 

Immobilized C. rugosa lipase was dried using a homemade conical–cylindrical spouted bed, 
with an internal angle of the conical base of 40° and inlet orifice diameter of 15 mm. A 
cylindrical column with a diameter of 85mm and height of 300mm was connected to the 
conical base. Concave cylindrical Teflon particles with a mean diameter of 5.45mm and 
density of 2,160 kg/m3 were used as inert material. Table 1 shows the operating parameters 
of the spouted bed dryer.  

Table 1. Spouted bed parameters set for drying of enzyme-support system. 
Spouted bed drying parameters 

Inlet gas temperature (Tgi), °C  100.0 
Drying gas flow rate (Q), m3/min  0.660 

Feed system position  top spray 
Mass feed flow rate (Ws), g/min  5.5 

Static bed height (H0), cm  5.5 
Mass of inert material (Mi), g  255.0 

 

2.4 Dryer Performance and Product Properties 

The spouted bed drying performance and physicochemical product properties were assessed 
by the following assays: A. Enzymatic activity: The lipase activity assay was performed 
using p-NPP as the substrate according to Mayordomo et al.[5] using an immobilized 
derivative (10 mg) in 50mM of phosphate buffer, pH 6.5. B. Product stability: The stability 
of the immobilized derivatives was assessed by determination of the enzyme activity of dried 
powder during 3 months of storage at 5 °C. C. Reuse cycles: Residual enzymatic activity 
determination for immobilized lipase after each batch of reaction was determined. The 
immobilized derivative was recovered by centrifugation and washed with buffer (sodium 
phosphate buffer 50mM, pH 6.5) for the next reaction test. D. Product moisture content 
(Xp): The moisture content of the spouted bed–dried product was determined by the oven 
drying method at 105 °C up to a constant weight and was calculated from triplicate analyses. 
E. Water activity (aw): Water activity was determined using an AQUALAB 4TEV-
Decagon according to the method of Norenã et al.[9] F. Efficiency of powder production: 
The product recovery (RE) was defined as the ratio between the total mass of the product 
recovered to the mass of immoblilized enzyme composition fed to the system (dry basis). 
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2.5 Synthesis of Isoamyl Caprylate using the immobilized Candida rugosa lipase 

Reaction systems consisted of isooctane (20 mL), isoamyl alcohol (0.30 mol/L), caprylic acid 

(0.30 mol/L) and immobilized lipase derivatives (30 units activity/mL of substrate). The 

mixture was incubated at 40 °C  for 48 h with continuous shaking at 150 rpm. The consumed 

isoamyl alcohol and the formed product were determined by gas chromatography using a 5% 

DEGS CHR-WHP 80-100 mesh 6 ft 2.0 mm ID and 1/8” OD column (Restek, Frankel 

Commerce of Analytic Instruments Ltd, SP, Brazil) and octanol as an internal standard.[10] 

Caprylic acid concentrations were titrated with 0.02 mol.L-1 potassium hydroxide solution 

using phenolphthalein as an indicator. The alcohol molar conversion (X, %), the productivity 

(P, g.L−1 isoamyl caprylate h−1) and initial reaction rates (A, µM isoamyl caprylate min−1.g−1 

catalyst) were calculated based on Perez et al. (2007).[11]   
 

3. Results and Discussion 

Table 2 shows the effect of different supports and glutaraldehyde concentration on outlet 
drying gas temperature (Tgo), temperature inside the spouted bed dryer (Tin), process yield 
(RE), and residual enzyme activity (REA) of the product. 

Table 2. Effect of support and glutaraldehyde concentration on outlet drying gas temperature, bed 
temperature, process yield and residual lipase activity. 

Support GLU (%) Tgo (°C) Tin (°C) RE (%) REA       (%) 

Rice husk 

0.5 81.5±0.6 59.1±0.6 61.5 48.5±0.7 
1.5 78.1±0.4 58.5±1.1 76.2 94.1±0.4 
2.5 79.9±1.2 60.1±0.2 73.0 71.9±1.2 

Sugarcane bagasse 
0.5 80.8±0.5 59.4±1.3 66.4 53.6±1.1 
1.5 79.3±0.9 58.1±0.9 78.7 90.3±1.4 
2.5 81.8±0.3 60.8±0.2 73.5 62.0±0.9 

Green coconut fiber 
0.5 82.1±0.5 61.4±1.3 65.1 44.9±1.3 
1.5 79.3±0.9 59.1±0.9 74.6 87.3±0.9 
2.5 81.8±0.3 60.8±0.2 70.8 51.0±1.2 

 

The residual enzymatic activity of all drying formulations used in this study was in the range 
44.9-94.1%. Among all preparations evaluated, those containing 1.5% of glutaraldehyde 
showed the best result because they exhibited the highest retention of enzyme activity after 
spouted bed drying in all assays. Candida rugoda lipase immobilized in rice husk actived 
with 1.5% of glutaraldehyde showed the best result maintaining 94.1 % of intitial enzyme 
activity. The inlet gas temperature used during the drying process was 100 °C, a temperature 
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that theoretically could provoke enzyme denaturation. However, the spouted bed dryer 
mechanism and the cooling effect caused by water evaporation prevents the loss of enzymatic 
activity. Indeed, the average temperature inside the spouted bed (Tin) was 59.7 °C, a 
condition more appropriate for termosensitive biomaterials comparatively to the inlet 
temperature applied. The immobilized devivatives recovery rate was compatible with the 
expected production when a home-made spouted bed is used. Efficiency of powder 
productions were in the range 61.5–78.7%, depending on the support used. Table 2 shows 
the moisture content, water activity and residual lipase activity after storage period and five reuse cycles 
for the lipase immobilized on byproducts actived with 1.5 % of glutaraldehyde. The moisture content 
in the obtained powders ranged from 2.3 to 5.7% while the water activities of the immobilized 
derivatives were in the range 0.18–0.33. These values are considered safe to avoid 
microorganisms growth.[12] Stability tests were performed for all spouted bed dried samples 
which were stored at 5°C for up to 3 months. The immobilized derivatives obtained had 
decreased enzyme activity with an average of only 12.4%, whereas the free enzyme form lost 
51.7% of its initial activity in the same period. It can be observed that the biocatalysts 
prepared retained an average of 67.3% of the initial activity after five reuse cycles. Lipase 
immobilized in rice husk showed the best result maintaining 71.4% of initial enzyme activity. 
The enzyme activity retention after reuse cycles is very important parameter related to the 
feasibility of applying on industrial scale.  

Table 2. Moisture content, water activity and residual lipase activity after storage period and five 
reuse cycles for the lipase immobilized on byproducts actived with 1.5 % of glutaraldehyde. 

Support 
Xp 

(%, d.b.) 
Aw 
(-) 

Storage 
REA (%)                        

Reuse  
REA (%)                        

Sugarcane bagasse 5.0 ± 0.93 0.25 ± 0.09 88.5 ± 1.13 68.6 ± 1.12 
Green coconut fiber 5.6 ± 1.20 0.35 ± 0.05 82.4 ± 0.79 62.1 ± 0.93 

Rice husk 4.7 ± 0.85 0.21 ± 0.03 91.7 ± 0.58 71.4 ± 1.03 

To verify the behavior of the biocatalysts in non-aqueous media, additional information on 
the catalytic activity was obtained by testing the immobilized derivatives in synthetic 
applications, that is, in the esterification reaction of isoamyl alcohol with caprylic acid. This 
reaction has been suscesfully used to screen the best source of lipase to mediate the synthesis 
of aroma ester using fusel oil and caprylic acid, being the Candida rugosa selected as the 
most suitable lipase. The results for the tested immobilized lipases are shown regarding 
consumption of the starting materials and ester formation as a function of time (Figure 2), 
being the results summarized on Table 3.  For all tested lipase immobilized derivatives, the 
reaction was driven towards to completion (molar conversion higher than 80%) at 48 h. For 
all runs, no reverse reaction was observed and both starting material were simultaneously 
consumed with the correspondent ester formation. Under these conditions, productivities 
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(1.12 - 1.30 g.L−1 isoamyl caprylate h−1) were similar for all immobilized derivatives though 
different initial reaction rates were found (192 to 617 µM min−1.g−1) depending on the support 
used to immobilize the Candida rugosa lipase (LCR). The highest intial rate was found for 
the LCR immobilized on rice husk and the lowest for LCR immobilized on green coconut 
fiber.  
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Fig. 2.  Performance of Candida rugosa lipase immobilized on different matrixes in the synthesis 
of isoamyl caprilate (○) from isoamyl alcohol (●) and caprylic acid (▲) at equimolar ratio (40°C, 

150 rpm, 0.30 mol.L-1 of each starting material in the presence of isooctane as solvent). 
 

Among all the tested biocatalysts the LCR immobilized on rice rusk showed the highest 
activity towards the formation of isoamyl caprylate (62.40 g.L-1). This is an expected 
behavior compared with published data, since rice husk is considered among several matrixes 
derived from lignocellulosic materials the most suitable support for immobilizing lipases due 
to its high silica contents.[8] 
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Table 3. Values for initial reaction rate, productivity (P) and molar conversion in the synthesis of 
isoamyl caprylate  by  C. rugosa lipase immobilized on different matrixes at 40 °C. 

Immobilized Lipase 
Reaction rate 
(µM.min−1g−1) 

Pa 
(g L−1 h−1) 

Molar conversiona 
(%) 

Sugar cane bagasse 263 1.16 83.87 ± 0.56 
Rice husk 617 1.30 88.71 ± 2.20 

Green coconut straw 192 1.12 82.25 ± 2.28 
       a Calculated at 48 h reaction 

 

4. Conclusions 

The high values of enzyme activity retention and low water content of immobilized 
derivatives obtained showed that the use of agricultural by-products (eco-friendly supports) 
combined with the spouted-bed system is a promising technology to be applied for 
immobilization and stabilization of enzymes of commercial appeal. The tested immobilized 
lipases showed potential to catalyze the esterification reactions although at different rates. 
The highest performance was attained by the LCR immobilized on rice husk.  

 

5. Nomenclature  

Aw   Water activity  ( - ) 
H0  Static bed height (cm) 
Mi, Mass of inert material   (g) 
P Productivity (g L−1 h−1) 
RE    Process yield  (%) 
REA    Residual enzyme activity  (%) 
Tgi    Inlet gas temperature  (°C) 
Tgo    Outlet gas temperature  (°C) 
Tin   Temperature inside the spouted bed  (°C) 
Q   Volumetric flowrate of the spouting gas  (m3/min) 
Ws    Enzyme composition feed flowrate  (g/min) 
Xp   Product moisture content  (%, db) 
GLU Glutaraldehyde  

 
- 
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Abstract (100 words) 
Active ingredients can be supplemented into a bakery product to produce 
functional food. However, the preservation of the functionality of these active 
ingredients during baking remains a challenge for food industry. A deeper 
understanding of the underlying interactions between functionality and 
baking is highly desired for developing innovative functional bakery products 
with significant health benefits and high product quality. In this work, recent 
advances in the development of functional bakery products are reviewed. The 
interactions between the baking process and the functionality of the 
supplemented active ingredients are discussed and the perspective of future 
research is addressed.  

Keywords: baking; active ingredients; probiotics; inactivation kinetics; 
functional food  
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1. Introduction 

A functional food can be defined as a modified food or food ingredient that may provide a 
health benefit to the consumer beyond its basic nutrients. Bakery products can be fortified 
with health-promoting active ingredients to produce non-dairy-based functional food. The 
viability of the active ingredients such as probiotics in the final products should be 
sufficient to confer beneficial influence on consumer health. However, for baking process it 
is a challenge to maintain the functionality of these heat-sensitive active ingredients as high 
temperatures are involved.  

This review aims to illustrate recent advances and challenges in the development of 
functional bakery products. The interactions between the baking process and the 
funcationality of the active ingredients are discussed, as well as new technologies such as 
microencapsulation to preserve the active ingredients during baking. Manufacturing of 
functional bakery products of good quality and sufficient health-promoting properties leads 
to interesting research questions and the perspective of future research is addressed.   

2. Recent advances in the development of fuctional bakery products  

The father of modern medicine Hippocrates declared 2500 years ago that food intake may 
be beneficial to health: “Let food be thy medicine and medicine be thy food.” In modern 
food industry, a new food category called “functional foods” emerged as a result of the 
increasing awareness of the link between personal health & well-being and diet. To date, 
there is no unitary accepted definition for functional foods, nevertheless three main 
concepts are involved in most of the proposed definitions in literature, i.e., health benefits, 
nutritional functions and technological processes 1. Among these concepts, ‘technological 
processes’ refer to i) the development of functional foods by optimizing traditional food 
processing technologies, e.g. fortification of foods with dietary fibre; ii) technologies 
designed to prevent the deterioration of active ingredients, e.g. microencapsulation; iii) 
technologies aimed to design personalized functional foods, e.g. application of 
nutrigenomics; 3D food printing. To simplify, functional foods can be defined as modified 
food or food ingredients that can provide health benefits to the consumers beyond its basic 
nutrients.  
 
Functional foods introduced into the market include for example beverages, dairy products, 
confectionery products, bakery products and breakfast cereals 2. The category of functional 
bakery products is newer and received increasing attention in scientific studies. Bakery 
products are not only nutritious plant-based foods containing macronutrients (e.g. starch 
and dietary fibre) and micronutrients (e.g. antioxidants and minerals), the transportation and 
storage of bakery products is also less demanding compared to liquid-form products such as 
yoghurt. In addition, the worldwide consumption of baked goods on a daily basis makes 
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these products interesting to serve as potential vehicles to deliver health-promoting 
ingredients to the human diet. 
 
Table 1 lists some recent studies of functional bakery products with a special focus on 
bread which is one of the most-consumed staple foods. The main active ingredients 
supplemented to bakery goods include probiotics and prebiotics (dietary fibres), 
antioxidants and phenolic compounds 3. Other functional ingredients are oils and lipids, 
minerals and salts, and vitamins 2. Among these ingredients, probiotics and prebiotics are 
important in human nutrition because of their influences on the gastrointestinal (GI) 
microbiota. Probiotics are defined as ‘live microorganisms which confer a health benefit on 
the host when administered in adequate amounts’ 4. Prebiotics are short chain carbohydrates 
which are non-digestible by digestive enzymes in the upper GI tract of humans, but are 
‘consumed’ selectively by some types of bacteria (typically bifidobacteria and/or 
lactobacilli). Prebiotics can therefore enhance the activity of those beneficial bacteria 5. The 
alleged health-promoting benefits of the aforementioned functional bakery products are 
diverse, e.g. reducing serum cholesterol and blood pressure, reducing the risk of coronary 
heart diseases, lowering the glycaemic response after food consumption, treating human 
intestinal barrier dysfunctions 6–10.   
 

Table 1. An overview of scientific studies focusing on functional bakery products. 

Ingredient Product Incorporation 
strategy 

Baking condition Functionality 

Probiotics      
Lactobacillus 
rhamnosus R011 
11 

biscuit mix microentrapped 
cells in whey protein 
isolate into dough 

baked at 280 °C for 
5 min 

4.5×105 CFU/g 
(initial viability 
1.3×107 CFU/g)  

Lactobacillus 
acidophilus 12 

bread apply edible coating 
layers onto the surface 
of part-baked bread  

baked off at 180 ○C 
for 16 min 

~7 log CFU/70 g 
bread  

Lactobacillus 
reuteri DSM 
17938 13 

chocolate 
Soufflé 

supplement cells 
microcapsules into 
dough 

70 g dough; frozen 
at -18 °C; 2 h; 
baked at 180 °C; 
10 min 

~3-6 log CFU/g 
sample from core  

Bifidobacterium 
lactis Bb12 14 

bread mix cell suspension 
into dough 

60 g dough; baked 
at 165, 185 or 205 
○C for 12 min 

~2-3 log CFU/g 
(initial viable counts 
in dough 2.1×106 
CFU/g) 

Lactobacillus 
rhamnosus GG 
15 

bread  apply probiotic 
containing film 
solution on the surface 

air dry the 
prebaked bread at 
60 ○C; 10 min or 

7.6-9.0 log CFU/30-
40 g bread slice 
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of prebaked pan bread  180 ○C; 2 min 
 

(Continued)     
Bacillus 
coagulans 
MTCC 5856 16 

muffin  mix spray-dried 
bacteria powder into 
batter  

baked at 205 ○C for 
20-25 min 

7.14 log CFU/g (initial 
viable counts in batter 
6.99 log CFU/g) 

Prebiotics     
carob 
fibre/inulin/pea 
fibre 17 

bread  add 3% fibre to dough 100 g dough; baked 
at 190 °C for 20 
min 

total dietary fibre in 
bread: carob fibre 5.06 
%; inulin 5.14 %; pea 
fibre 5.38 %;  

β-glucans & 
arabinoxylans 
18 

flat bread substitute wheat flour 
with 20 % barley fibre-
rich-fractions 

diameter of circular 
dough sheet 20 cm; 
baked at 540 °C for 
70 s 

total β-glucans 3.0 g, 
arabinoxylans 4.2 g 
per flat bread  

hemicellulose B 
19 

bread add hemicellulose B to 
dough 

baked at 200 °C, 
baking time N/A 

3.87 % dm dietary 
fibre in baked bread  

bacterial 
nanocellulose 
(BNC) 20 

bread disperse BNC gel in 
water and mix with 
other ingredients 

70 g dough; baked 
at 195 °C for 23 
min 

N/A 

Others     
tea catechins 21 
  

bread mix green tea extract 
into dough 

baked at 215 °C for 
11 min 

tea catechins content: 
0.53 mg/g bread  

phenolic 
antioxidants 22  

bread substitute wheat flour 
with fruit phenolic 
extracts  

baked at 155 °C for 
60 min 

the phenolic recovery 
ranged from 9 % to 39 
%; total antioxidant 
activity increased  

anthocyanin 23 bread mix anthocyanin-rich 
black rice extract 
powder into dough 

50 g dough; baked 
at 200 °C for 8 min 

79 % of cyanidin-3-
glucoside was retained 
in bread crumb after 
baking  

 
3. Bread baking process  

Bread is one of the most-consumed staple foods worldwide. Bread making is a complex 
process involving dough mixing, proofing (i.e., fermentation), baking and cooling. Among 
these steps, baking is of great importance because heat and mass transfer occurs 
simultaneously and interdependently inside the dough during baking, along with a series of 
physical and chemical changes, e.g. water evaporation, gas cell expansion, starch 
gelatinization, protein coagulation, dough-crumb transition and crust formation 24. These 
changes are dominated by heat and mass transfer mechanisms inside the oven chamber as 
well as in the product, and interact in a complex manner, which significantly influence the 
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product quality. A deeper understanding of the bread baking process is necessary to better 
control the quality of the final products. 

During baking, the heat transport in the dough is dominated by the classic ‘evaporation-
condensation’ mechanism 25. Hence, the temperature in the crumb reaches a plateau of 100 
○C while the moisture content remains similar to that of the dough (40 w/w%); the 
temperature in the crust keeps increasing to the oven temperature (if the baking time is long 
enough) and the moisture content reduces more significantly (to 20 w/w%) compared to the 
crumb 26. These distinct temperature and moisture content histories in the inner part and the 
outer layer of the dough result in bread with unique macroscopic features, i.e., soft and 
porous crumb and crispy and dense crust. In addition, the brown colour of the crust and the 
flavour/aroma of the bread are formed during baking due to the Maillard reactions.  
 

4. Factors influence the functionality of active ingredients   

The development of functional bread is challenging for the food industry because active 
ingredients may fully or partly lose their bioactivity or bioavailability during manufacturing 
due to either the high baking temperature or their interaction with other ingredients, e.g. 
decreased bioavailability of water-extractable arabinoxylan in bread due to ferulic acid-
protein cross-links 27. Therefore, it is important to investigate the interactions between the 
bread making process and the addition of active ingredients.  

On the one hand, the baking process can influence the bioactivity of heat-sensitive 
ingredients supplemented to bread e.g. probiotics 14. Although certain probiotic strains (i.e., 
Bacillus coagulans) may show high heat resistance due to their ability to form spores (see 
Table 1) 16, several strategies have been investigated to preserve other probiotic strains (i.e., 
lactic acid bacteria) under stressful conditions, e.g. micro-entrapment or encapsulation, 
edible film, coatings, and micro-beads 28–30. However, application of these technologies 
may alter quality-attributes of bread. For example, starch based coatings containing 
probiotics changed the crispness of the bread crust 12. Nevertheless, data available for the 
wide application of microencapsulation of active compounds in thermal-processed foods 
are still rare 31. Furthermore, a recent study on the inactivation kinetics of Lactobacillus 
plantarum showed that the moisture content of the bread matrix influenced the survial of 
the embedded bacteria 26. The survival of this bacterium after baking appeared higher in the 
crust compared to the crumb for certain balking conditions, which was attributed to the 
lower moisture content and denser matrix structure in the crust. New strategies to enhance 
survival of probiotics during baking could therefore benefit by lowering moisture content of 
the close environment in which the cells are embedded, e.g. via encapsulation or embedded 
in a thin dried film at the surface of the bread.  
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On the other hand, incorporation of active ingredients into bread can influence the product 
quality in either a positive or a negative manner. For example, sourdough fermentation can 
produce bread with increased specific volume and softer crumb, and some of the added 
lactic acid bacteria (LAB) produce metabolites with antimicrobial activity, which prolong 
the shelf-life of bread 32–34. However, supplementation of some other active ingredients can 
compromise the organoleptic properties of the products, therefore the modern food industry 
is seeking for techniques to resolve this problem 35. For example, encapsulation technology 
is employed to reduce off-flavours caused by the incorporation of omega-3 fatty acids  36. 
Another example is that the substitution of wheat flour with fibre-rich-fractions negatively 
influences the aesthetic properties of the bread (e.g. dark discolouration, harder crumb with 
lower loaf volume) 37, which consequently lowers the acceptance of the fortified bread by 
consumers 38. In this context, enzymatic pre-treatment of the fibre-rich-fractions might be 
done to modify their baking properties 39.  

5. Conclusion and future perspectives 

To develop functional bread that contains sufficient active ingredients without 
compromising product quality, systematic study on the interactions between the functional 
ingredients and the baking process is of great importance. Several questions for furture 
research are identified: i) develop kinetic models for the inactivation of active ingredients 
during baking based on experimental data, which can be coupled to heat & mass transfer 
models of baking. The combined model may be used to optimize the baking process to 
better retain the functionality of active ingredients; ii) further explore the encapsulation of 
the active ingredients to enhance their resistance against moist-heat during baking; iii) 
investigate the functionality of the active ingredients during digestion, and the health-
promoting properties of those ingredients in clinical trials.   
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Abstract 
The aim of this study was to investigate the effect of convective and vacuum 
drying on properties of biodegradable films. The film-forming solutions were 
prepared with bovine gelatin and carrageenan. The films solutions were dried 
in convective and vacuum dryers at temperatures of 40, 50 and 60 oC. The 
results of convective drying kinetics of biofilms showed a constant drying rate 
period followed by a falling drying rate period. The results of thickness showed 
dependence with moisture content present in films.Carrageenan films showed 
promising results, with high values of tensile strength and elongation for 
convective drying at 60 oC. 
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1. Introduction 

The resulting environmental impact of the high consumption of plastic materials in the food 
industry has encouraged packaging industry to develop biodegradable packaging materials 
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that can be used as substitutes for the current synthetic polymers [1].  The biopolymer based 
packaging films offers several advantages due to their good biodegradability, 
biocompatibility, environmentally-friendliness, and even edibility [2]. Biopolymer films 
have been generally classified according to the source of the original polymer utilized. 
Among the main raw materials, the polysaccharide-based or protein-based materials are the 
most widely used [3].  

Gelatin is an animal protein extracted from skins, bones and connective tissue of animals by 
controlled hydrolysis of the fibrous insoluble collagen [4;5]. It is well known that gelatin has 
been widely used in food industries due to its film-forming ability and its use as an outer film 
to protect food from drying and exposure to light and oxygen [6]. Carrageenans are natural 
and water soluble sulfated polysaccharides extracted from red seaweeds [7]. The differences 
in the chemical structure of carrageenans are essential for their physicochemical properties 
and the helical structure formation leading to varied applications [8]. Park (1996) [9] reported 
that Kappa-carrageenan is able to produce a clear film with excellent mechanical and 
structural properties with high tensile strength. 

In order to produce efficient packaging films, the properties of films must be optimized for 
commercial applications. The formation of polymeric films occurs during solvent 
evaporation and includes complex heat and mass transfer phenomena and polymeric chain 
reorganization [10]. Several researchers reported on the influence of drying conditions on the 
mechanical and barrier properties of alginate, whey protein, chitosan, gelatin biofilms [11; 
12; 13; 14]. However, the literature does not show results of impact of drying on carrageenan 
films. The aim of this study was to investigate the effect of convective and vacuum drying 
on properties of biodegradable films produced from bovine gelatin and carrageenan.  

2. Materials and Methods 

2.1 Materials 

Gelatin from bovine skin and kappa-carrageenan were used as biopolymeric matrix while 
glycerol (analytical grade) was used as a plasticizer. All reagents were obtained from Sigma-
Aldrich  (USA); distilled water was available in the laboratory for preparation of all solutions. 

2.2 Biofilm formation and Drying 

Gelatin and carrageenan films were produced by the casting method, using the methodology 
proposed by Martiny [15]. The convective drying of films was performed in a custom made 
laboratory convective hot-air dryer. The perpendicular air flow coming from the blower was 
heated by an electrical heater. The inlet and outlet air temperatures were measured outside 
the shielded cavity using type-T thermocouples. The convective drying conditions were 40, 
50 and 60 oC at an air velocity of one m/s. The drying curves ((M-Me)/(M0-Me) as a function 
of time) were obtained. The equilibrium moisture content was assumed as the final moisture 
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content, when the drying rate was practically null, at each drying condition. The drying rates 
were determined using Equation 1. 

dt
dM

A
Ls ⋅−=R               (1) 

where, R is the drying rate (kg.h-1.m-2), Ls is dried solids mass (kg), A is drying area (m²), M 
is the moisture content (kg.kg-1, d.b.) and t is time (h). 

The vaccum drying of films was performed in a vaccum oven (StableTemp, Cole-Parmer, 
USA) with controlled temperature connected with vaccum line (25” Hg) for 48 h. The same 
temperatures studied in convective dryer (40, 50 and 60 oC) were applied for vaccum drying.  

2.4 Biofilm characterization 

The biofilm thickness was measured using a electronic digital micrometer (Marathon Co, 
CO030025, Canada) with 0.001 mm of resolution. Mean thickness was calculated from ten 
measurements taken at different locations on biofilm samples, according to Ferreira et al. 
[16]. Water vapor permeability (WVP) of biofilms was determined gravimetrically using the 
ASTM standard method E96/E96M-05 [17]. Tensile strength (TS) and elongation percentage 
(E) at break point were measured uniaxially by stretching the specimen in one direction using 
a Universal Testing Machine (50 N load cell - Instron 4502, USA) according to the ASTM 
standard method D-882-02 [18] . Scanning electron micrographs (SEM) of the film samples 
submitted to different drying temperatures and methods were obtained using a scanning 
electron microscope (Hitachi, TM 3000, Japan). Experimental data were analyzed by 
Statistica 7.1 software. Mean comparasions were carried out by Tukey test (p < 0.05 was 
considered as significant). 

3. Results and Discussion 

Typical drying curves obtained are illustrated in Figure 1. Overall drying kinetic curves 
obtained for biofilms samples under different drying conditions showed the same behavior. 
In all experiments, the drying kinetics of biofilms showed a constant drying rate period 
followed by a falling drying rate period. The drying of high moisture materials typically 
presents a constant drying rate period and one or two falling rate periods [19].The moisture 
contents of the samples at the end of the drying process were in the range of 0.2 to 1.8 g.g-1 
(d.b.) and the time taken to reach the final moisture content (Me) increased from 234 min to 
360 min. 
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Fig. 1 Drying curves of biofilms at diferent operation conditions:  
(a) and (c) gelatin films; (b) and (d) carrageenan films. 

As the moisture content of the samples was very high during the initial phase of the drying, 
higher drying rates were observed. As the drying progressed, the moisture loss (solvent-
water) from the product resulted in the fall of drying rate. Various studies also reported that 
drying curves of polymers dispersed in solvents showed an initial period of constant drying 
rate before the falling rate period [19; 20; 21]. During the falling rate period, water movement 
may occur in the films via liquid diffusion, which is driven by moisture gradients, and vapor 
diffusion. This is enhanced by the vapor partial pressure gradients induced by the temperature 
gradients. Because pores were not observed in the SEM micrographs of film (Figure 2), liquid 
movement via capillarity is less probable [22; 19]. 

Table 1 shows the values obtained for thickness, water vapor permeability (WVP), tensile 
strength (TS) and elongation (E) of the gelatin and carrageenan biofilms. 
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Table 1. Physical and mechanical properties of gelatin and carrageenan films. 

  Thickness 
 (mm) 

WVP  
(g.m-1.s-1.Pa-1)  

TS 
 (MPa) 

E 
 (%) 

G-Conv 40 oC 0,122 ±0,007bc 1,99.10-10±3,80.10-12 c 24,50±3,58ab 80,76±8,92ab 

G-Conv 50 oC 0,100±0,007ab 1,47.10-10±4,91.10-12 ab 30,19±2,11b 128,56±21,12b 

G-Conv 60 oC 0,128±0,016c 1,91.10-10±5,76.10-12 bc 21,10±5,61ab 115,84±28,96b 

G-Vacc 40 oC 0,106±0,003abc 1,47.10-10±1,83.10-11 ab 28,17±7,84b 68,10±2,80ab 

G-Vacc 50 oC 0,090±0,008a 1,38.10-10±4,35.10-12 a 13,86±3,75a 19,16±3,08a 

G-Vacc 60 oC 0,080±0,008a 1,32.10-10±1,35.10-12 a 12,19±2,04a 25,57±6,53a 

C-Conv 40 oC 0,081±0,002bc 1,32.10-10 ±2,34.10-12 ab 41,48±0,85ab 64,49±5,06ab 

C-Conv 50 oC 0,089±0,004a 1,38.10-10± 1,65.10-12 a 37,73±4,99a 80,66±8,11b 

C-Conv 60 oC 0,087±0,004ab 1,421.10-10±4,05.10-12 a 42,63±5,64ab 68,69±13,62ab 

C-Vacc 40 oC 0,089±0,003a 1,35.10-10±4,94.10-13 a 48,26±3,46ab 69,82±4,25ab 

C-Vacc 50 oC 0,074±0,007c 1,20.10-10±2,10.10-12 b  54,44±3,16b 62,42±1,14a 

C-Vacc 60 oC 0,087±0,004ab 1,42.10-10±2,03.10-12 a 44,78±3,31ab 56,89±3,59ab 

Average±deviation (n=10 for thickness, n=2 for WVP, n=3 for mechanical properties) 
Different letters in the same column (separated gelatin (G-) and carrageenan (C-) films) indicate 
significant differences between samples (p < 0.05) 

The film thicknesses were in the range of 0.074 to 0.128 mm and showed significant 
difference (p>0.05) regarding films obtained from diferents drying methods and 
temperatures. Ahmad et al. [23] reported that the thickness depends on the components and 
the water content in film structure. Gelatin biofilms obtained showed properties similar to 
those published by other authors. Nishihora [24] reported a thickness of 0.086 mm and WVP 
of 1.82.10-10 g.m-1.s-1.Pa-1; Albertos et al. [25] reported WVP of 2.10-10 g. m-1.s-1.Pa-1; Bertan 
[26] showed thickness values between 0.075 and 0.128 mm; Musso et al. [27] reported a 
WVP from 6.5.10-10 to 7.9.10-10 g.m-1.s-1.Pa-1, tensile strength from 3.4 to 4.6 MPa and 
elongation between 159 to 206 %.   
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Martins et al. [28] produced carrageenan films and obtained thickness of 0.052 mm, 16.18 % 
elongation and 19.95 MPa for tensile strength. Several studies with carrageenan films have 
shown WVP from 5.8.10 -11 to 2.18.10-8 g. m-1.s-1.Pa-1 [28; 29; 30; 31; 32; 33], tensile strength 
from 11.64 to 26.29 MPa and elongation from 2.54 to 45 % [28; 31; 33; 34].  

The data reported in the literature for tensile strength and elongation are smaller than those 
obtained in this work. This was attributed to the differences in the preparation, composition 
and proportions of the film-forming solutions. Results for carrageenan films looked 
promising. Normally, a high tensile strength in the formulated film is common, however the 
flexibility of the film, indicated by the elongation is a very important parameter. This enables 
better applicability of this film in packaging [35]. 

There were no significant difference (p<0.05) between the WVP, tensile strength and 
elongation of carrageenan biofilms obtained from convective drying. Also, gelatin biofilms 
obtained from convective drying did not show significant difference for tensile strength and 
elongation.  This is a desirable since the convective drying can be faster when the temperature 
is 60 oC. 

SEM images of gelatin and carrageenan films are shown in Figure 2. Among the films, the 
gelatin films were more homogeneous and transparent, while the carrageenan film had the 
highest density of clusters and the highest opacity. These images show smooth and 
homogeneous surfaces for gelatin films. Despite the carrageenan films showing a 
heterogeneous surface, it was not possible to see defects and cracks. The non-uniformity of 
carrageenan films was attributed to the early gelation during casting [31]. 

 

(a) 

 

(b) 

 

                      (c) 
 

(d) 

Fig. 2 SEM micrographs of surface of films obtained from (a) gelatin-convective drying at 50 oC,  
(b) gelatin-vaccum drying at 50 oC, (c) carrageenan-convective drying at 50 oC,  (d) carrageenan-

vaccum drying at 50 oC. 

4. Conclusions 

The development of this research allowed to investigate the effect of convective and vacuum 
drying on properties of gelatin and carrageenan films. The convective drying kinetics showed 
a constant drying rate period followed by a falling drying rate period, wich is typical of 
materials with high moisture content. The results of thickness showed dependence with 
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moisture content present in films. Carrageenan films showed promising results, with high 
values of tensile strength and elongation even for those made in the convective dryer at 60 
oC. 
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Abstract 
Drying kinetics of Saccharina latissima (raw and blanched) at low 
temperatures (10.0, 25.0 and 38.0 °C) was studied. The effective moisture 
diffusivity coefficient varied due to temperature alterations in the range 
between 1.4 and 4.5 10-10 m2/s for raw and 0.91 and 2.56 10-10 m2/s for 
blanched seaweeds. Significant changes in structural properties and 
chemical composition resulted in a much longer drying time of blanched 
seaweeds, when compared with raw. Drying temperature of 38.0 °C resulted 
in more brown color, when compared with other samples. Sorption 
characteristics of dried raw seaweeds depended on salt content and showed 
high accumulation of moisture at relative humidity of air of 80.0 %. The 
blanched seaweeds showed linear accumulation of moisture within 
increasing of relative humidity of drying air from 20.0 to 80.0 %, but high 
level of hysteresis was determined between sorption and desorption 
isotherms. The shrinkage development within dewatering of blanched and 
raw samples was also studied. 

Keywords: brown seaweeds, drying kinetics, sorption isotherms, color 
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1. Introduction 

As much as 36 % (30 million tons of total harvest) of seaweed is used as a direct food 
source[1]. The main representatives of the food-grade seaweeds are: Laminaria japonica 
(Kombu) and Saccharina latissima (Royal Kombu) [2], which are mostly produced and 
consumed inAsia. At the same time the key advantage (and the main potential) of the 
seaweed industry in Europe is its independence from three main resources, that limit 
conventional agriculture: land, water and fertilizers [3]. The brown seaweeds Saccharina 
Latissima are cultivated now in Norway with the aim to produce food-grade products. 
However, the harvesting season is short and raw material has a very low stability. Thus, the 
effective stabilization method is required. 

Drying is the common way to preserve food products like seaweed and most of the 
seaweeds are sold in a dried form [4]. Solar and natural drying of seaweeds is a cost-
effective method. At the same time climate conditions can result in a high final moisture 
content in dried  porduct[5] due to high moisture absorption ability [6], aslo, the process 5 or 
7 days [7] and this is not a feasible and safe to apply the method for food graded seaweeds 
for European market. The demand for traceability and safety appears, when the drying 
process is used for food production. Drying of seaweeds for long time and/or at high 
temperature influences negatively on their carbohydrates, amino acid composition and 
vitamin content [8]. The resent study of Saccharina Latissima revealed that decreasing of the 
drying temperatures results in the increasing of quality[9] 

The task of this study was the determination of the main process dependencies for the low 
temperature drying of Saccharina Latissima after frozen storage with the aim of 
implementation this knowledge into the sustainable drying process. 

2. Materials and Methods 

2.1 Characterization of raw material 

The brown algae Saccharina latissima, which is commonly referred as kelp (Sugar kelp or 
kombu) was used for the experiments. The seaweeds was cultivated for one year in an 
aquaculture farm, which is situated in Sør-Trøndelag (Norway). Harvesting season was 3 
days in May 2016 to maintain the best quality of the seaweeds and avoid high amount of 
biofouling. The seaweed was harvested into nets (75-150 kg). The nets were buffered in the 
seawater at the farm for up to 1 weeks before processing. Then the seaweeds were sorted to 
remove seaweed of a bad quality. Afterwards, the seaweed was weighed out and packed 
inside vacuum bags with high barrier properties (2.0 kg each). Freezing was at –46 °C for 
20-25 min until the temperature inside the bag reached -18.0 °C. The bags were packed in 
cardboard boxes, put on pallets and placed in freeze storage at -18 °C. The freezing process 
was applied to stabilize the product, because harvesting season is short (few days) and high 
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amount of biomass is difficult to process before deterioration will start. Chemical 
composition of the aquaculture seaweeds is given in the Table 1. 

Table 1. Chemical composition of Saccharina latissima at harvesting season (analysis performed 
by accredited analytical laboratory Kystlab preBIO, Frøya, Norway). 

Chemical composition %, d.b. Minerals , mg/kg d.b. 
Proteins 11.2 Potassium 84000 
Fats 2.9 Sodium 52000 
Carbohydrates 55.3 Calcium 10000 

Incl. Dietary fiber 46.6 Magnesium 7500 
Ash 37.9 Sulfur 7300 

Incl. Salt (NaCl) 14.6 Iodine 3670 
Water 900.0 Phosphrus 1700 

 

2.2 Experiment description 

The frozen seaweeds were divided into two groups: one was blanched seaweeds another 
group was raw seaweeds without any processing. Frozen seaweeds were defrosted at +5.0 
°C in refrigeration cabin to avoid significant degradation of tissues. The blanching took 
place in a boiling water (100.0 ºC) for 1.0 min. The balnched seaweeds were immediately 
cooled in water (5.0 °C). The drying took place on shelves in drying chamber with a closed 
loop air circulation. The following parameters were varied during drying experiments: air 
temperature: 10, 25 and 38 ºC; amount of seaweed’s layers: 1 layer, 2 and 3. The seaweeds 
were placed in a drying chamber on shelves parallel to the air flow. Relative humidity of 
drying air for all cases was 16.0 ±4.0 %. Drying air velocity 1.5±0.5 m/s. The drying 
process was stopped when the moisture content was in the range between 20.0 and 10.0% 
d.b. 

2.3 Determination of drying kinetics 

The drying behaviors were modelled using Newton model. The drying behavior itself was 
charactericed via determination of the effective moisture diffusivity. This material property 
was derived from the drying kinetics via analytical solution of the Fick’s second law of 
diffusion (infinite slab). 

2.4 Determination of sorption and desorption properties at different temperatures 

Sorption isotherms were determined for dried balnched and dried raw seaweeds at 10.0, 
25.0 and 38.0 °C. Desorption properties were determined by drying of raw seaweeds at 25.0 
°C 20.0 % RH. 
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2.5 Determination of color 

Color was analyzed with the assistance of ColorFlex EZ Spectrophotometer (HunterLab, 
USA) using CIE L*C*h* scale. The lightness L* varies from black (L*=0) to perfect white 
(L*=100). The chromaticity C* reflects the colorfulness; when C*=0, the object is 
considered to be colorless. Hue is an attribute of a visual sensation, according to which an 
area appears be similar to one of the perceived colours or to a combination of two of them. 
It is measured in degrees from 0 to 360°, rose (h*=0°), yellow (h*=90°), green-blue 
(h*=180°), and blue-violet (h*=270°). 

2.6 Statistical analysis 

The analysis of variance (ANOVA: single test and two-factor test with replication) was 
applied to analyze the obtained data. The difference was considered significant at p<0.05. 
All the experimental points were done in six parallels, except of desorption isotherm 
determination, where each point represents a single experiment. A regression analysis was 
done with a software DataFit 8.1 program (Oakdale Engineering). 

3. Results and Discussion 

3.1. Influence of pretreatment and drying modes on color of seaweeds 

The blanching process alternated the lightness (L*), chrominance (C), and hue (h) of the 
seaweeds (p<0.05). The typical brown-olive color (by human eye perception) of the 
seaweeds visually changed to green, this was reflected by increasing of hue by 12º and 
alteration of chrominance by 71.0 %, Table 2. The lightness of dried raw samples were 
significantly higher when compared with dried blanched (p<0.05). This might be possible 
due to deposits of salts and other water soluble compounds (for example, mannitol) on the 
surface of the dried blades of Saccharina latissima, which created a layer on surface with 
high reflective properties. Chrominance of dried raw seaweeds was also higher (p<0.05). 
Some interesting observations were found regarding the influence of temperature on the 
hue-value of the dried seaweeds. The drying temperature of 38.0 °C resulted in a slight 
decreasing of the hue-value, so the color became more “orange (brown)” (in terms of 
L*C*h* color space), while the seaweeds dried at 10.0 °C showed more “yellow-green” 
color. This was valid both for raw and blanched seaweeds. One of the possible explanation 
may be a higher oxidation rate of the pigments by oxygen at a higher temperatures [10]. 
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Table 2. Color parameters of raw and blanched seaweeds before and after drying 

Type of 
seaweeds 

Before drying (Color parameters) 
L*, (-) C, (-) h,º a*, (-) b*, (-) 

Raw 
seaweeds 

9.78 
(0.96) 

8.08 
(1.97) 

80.23 
(1.45) 

1.39 
(0.43) 

7.96 
(1.94) 

Blanched 
seaweeds 

11.54 
(1.29) 

13.84 
(1.63) 

92.00 
(4.04) 

-0.13 
(1.25) 

14.74 
(1.39) 

After drying (Color parameters) 
 L*, (-) C, (-) H,º 
 Temperature, °C 

Blanched 
seaweeds 

38.0 25.0 10.0 38.0 25.0 10.0 38.0 25.0 10.0 

23.1a 23.7a 23.83a 6.4c 5.76c 6.59c 81.39e 82.85e 86.86f 

(1.54) (2.19) (1.23) (2.84) (1.89) (1.32) (5.66) (4.57) (3.3) 

Raw 
seaweeds 

25.86b 27.25b 27.91 8.71d 8.39d 8.42d 83.39e 86.00f 86.73f 

(1.12) (2.78) (2.46) (1.33) (1.02) (1.09) (3.07) (2.53) (3.03) 
 

3.2 Sorption-desorption characteristics of Saccharina latissima 

The dried raw and blanched seaweeds behave differently during absorption of moisture 
from the ambient air (Fig. 1). Dried blanched seaweeds showed higher accumulation of 
moisture at low relative humidity of air (from 20.0 to 40.0 % RH) for all the investigated 
samples, when compared with raw seaweeds (p<0.05). While, the trend was changed at 
60.0 % RH. Further increasing of the relative humidity in the climate chamber to 80.0 % 
resulted in a sharp alteration of moisture content in dried raw seaweeds for all the 
investigated temperatures (p<0.05), while dried blanched seaweeds showed almost linear 
trend of moisture increasing in the range of RH between 20.0 and 80.0 %. The temperature 
variation between 10.0 and 38.0 °C did not influence on the sorption characteristic of the 
blanched seaweeds. 

The similar behavior was observed by Sappati et al., [11] studied the sorption isotherms of 
Saccharina latissima at 20.0 °C. The sharp increasing of the equilibrium moisture content of 
raw seaweeds at 80.0 % and relatively low water absorbance at RH below 60.0 % can be 
explained by hygroscopic point of salts, which occupy the significant share among other 
compounds. For example, hygroscopic point of NaCl appears at 75.5 % RH at 25.0 °C, KCl 
at 82.0 % RH. The salt concentration in raw seaweeds was determined at 14.4 % d.b., while 
blanched seaweeds were almost salt-free (below 0.5 % d.b). Desorption isotherms were 
determined at 25.0 °C and compared with sorption profiles at the same temperature. It is 
interesting to note, that hysteresis phenomena was relatively small for raw seaweeds, while 
blanched seaweeds showed a significant change in structural properties during drying. It 
may happens due to freezing and blanching process when the cell membranes were broken 
and water soluble compounds were easily washed out and replaced by a free water. Thus, 
significant irreversible shrinkage appears during drying process of blanched seaweeds. 
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Figure 1. Sorption characteristics of Saccharina Latissima 
 
3.3 Shrinkage of raw and blanched seaweeds during dewatering 

 

Figure 2. Shrinkage of raw and blanched seaweeds during drying 

The drying processes resulted in a significant reduction of blade thickness for raw and 
blanched seaweeds, Fig. 2, while surface area reduced only by 20.0..25.0 %.  

The thickness reductions was much more developed for blanched blades, when compared 
with raw samples (p<0.05). Also, raw seaweeds retained their thickness much longer during 
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dewatering when compared with blanched. The first traces of the thickness decreasing were 
detected at MR of 0.6 and 0.8 at 25.0 °C for raw and blanched seaweeds respectively. 

3.4 Drying kinetics of seaweeds 

The drying kinetics was investigated for raw and blanched seaweeds. The raw seaweeds 
showed initial moisture content at 900.0 (50.0) % d.b. Tthe moisture content of the 
blanched seaweeds was found at 2079.0 (100.0) % d.b. Dehydration of raw seaweeds was 
much faster, when compared with blanched. This can be explained by the higher moisture 
content of blanched seaweeds and also may be linked with the changes of their structure 
after blanching. The increasing of temperature accelerated the dewatering of the seaweeds 
both raw and blanched, and the highest dewatering rate was observed for 38.0 ºC. 

Newton model was implemented to obtain the regression equations for all the drying 
temperatures (R2>0.98; Prob(F)<0.000014; F(Ratio) >700). The empirical drying 
coefficient k was found in the range between 0.008 and 0.22 1/min due to the influence of 
temperature and variation of thickness of the sample. 

Table 3. Coefficients for Newton equation and effective moisture diffusivity 

 

The average values of effective moisture diffusivity (Table 3) increased with increasing of 
the drying temperature and reached the highest value of 3.5*10-10 m2/s at 38.0 °C. The 
effective moisture diffusivities of blanched seaweeds were relatively lower, when compared 
with raw seaweeds. The results of this study were in agreement with the resent study on 
Saccharina latissima [11], when the effective moisture diffusivity was determined at 2.95*10-

10 m2/s at 40.0 ºC and 25.0% RH. 

Type of 
seaweeds 

Drying 
temp., 

ºC 

Drying coefficient, 1/min 

1 layer 2 layers 3 layers 

Raw seaweeds 
10.0 0.07(0.01) 0.015(0.01) 0.016(0.001) 
25.0 0.13 (0.01) 0.033(0.01) 0.021(0.001) 
38.0 0.22 (0.01) 0.055(0.01) 0.036(0.001 

Blanched 
10.0 0.035 (0.001) 0.017(0.002) 0.008(0.002) 
25.0 0.051 (0.001) 0.025(0.003) 0.013(0.002) 
38.0 0.060 (0.001) 0.031(0.004) 0.015(0.001) 

  Effective diffusivity, D m2/s*1010 Average 
  1 layer 2 layers 3 layers  

Raw seaweeds 
 

10.0 1.50 1.20 1.50 1.4 (0.17) 
25.0 2.80 2.60 2.60 2.7 (0.11) 
38.0 4.50 4.00 5.00 4.50 (0.5) 

Blanched 
seaweeds 

10.0 0.95 0.90 0.90 0.91 (0.03) 
25.0 1.10 1.50 1.10 1.2 (0.23) 
38.0 2.50 2.60 2.60 2.56 (0.05) 
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4. Conclusions 

Drying kinetics of Saccharina latissima (raw and blanched) at low temperatures (10.0, 25.0 
and 38.0 °C) was studied. The effective moisture diffusivity coefficient varied due to 
temperature alterations in the range between 1.4 and 4.5 10-10 m2/s for raw and 0.91 and 
2.56 10-10 m2/s for blanched seaweeds. Significant changes in structural properties and 
chemical composition resulted in a much longer drying time of blanched seaweeds, when 
compared with raw. Drying temperature of 38.0 °C resulted in more brown color, when 
compared with other samples. Sorption characteristics of dried raw seaweeds depended on 
salt content and showed high accumulation of moisture at relative humidity of air of 80.0 
%. The blanched seaweeds showed linear accumulation of moisture within increasing of 
relative humidity of drying air from 20.0 to 80.0 %, but high level of hysteresis was 
determined between sorption and desorption isotherms. The shrinkage development within 
dewatering of blanched and raw samples was also studied. 
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Abstract 
The main objective of this work is to encapsulate and dry the bacterium 
probiotic Lactobacillus casei applying three different drying techniques 
(lyophilization, fluidized bed and flash freeze drying) as well as to evaluate 
their viability during storage in the dark at 20ºC and 34% relative humidity 
for 28 days. In addition, to compare viability of the bacterium processed with 
flash freeze drying with cryoprotectant (skim milk) and without cryoprotectant. 

In the case of flash freeze drying, the final level of viability shows the potential 
of this drying technique with much less operating costs than lyophilization. 

Keywords: Encapsulated, probiotics, lactobacillus, casei, drying 
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1. Introduction 

Encapsulation and drying techniques are alternatives which trying to protect probiotics 
microorganisms of the effect of environmental agents that may affect their viability, during 
processing, storage and consumption and their passage through the gastrointestinal tract by 
allowing them to maintain their viability and functionality over time [1, 2] by reducing cell 
damage to retain cells within encapsulation materials that generate their isolation [3, 4].   

Probiotic bacteria are live microorganisms which when administered in adequate amounts 
confer health benefits to the host, beyond their inherent nutritional contribution [5, 6].  The 
bacteria are encapsulated, dried and converted into powder for use in food and 
pharmaceutical applications, as the powder is easy to handle, transport and store. Different 
drying techniques can be used for the encapsulation of probiotics.  

In this project we evaluated flash freeze drying, lyophilization and fluidized bed. 

Flash freeze drying  (FFD process is developed by the freezing of the product through the 
application of vacuum. Then, a considerable fraction of water is removed by vaporization 
during freezing and once frozen the rest by sublimation, obtaining in this way a dry paste 
which favours the preservation of the product [7]. This technology enables the encapsulation 
of biological materials to reduce the rate of chemical reactions and degradation by heat [8]. 

Many factors responsible for microbial survival have been reported during and after the 
freeze-dried, among them, the bacterial species, the physiological state, cell density, effect of 
protectors [9], freezing rates and other process parameters, as well as rehydration [10]. 

Lyophilisation is a technique which  also is developed by the freezing of the product and after 
the application of vacuum, the water is removed only by sublimation while Fluidized Bed 
Drying is a process in which heated gas is, usually conditioned air with controlled velocity, 
is passed through a bed of suspending solid particles, dragging the removed  water. 

The main objective of this work is to encapsulate and dry the bacterium probiotic 
Lactobacillus casei applying different drying techniques as well as to evaluate their viability 
during storage. In addition, to compare the viability of the bacterium L casei, processed with 
Flash Freeze Drying with cryoprotectant (skim milk) and without cryoprotectant. 

 

2. Materials and Methods 

Lactobacillus casei 431 biomass was produced using Man Rogosa Sharpe (MRS) culture 
medium. The final probiotic required an encapsulation treatment with alginate and chitosan 
in a Jet-cutter equipment, and then dried by three different treatments: Flash freeze drying 
(FFD), lyophilization and fluidized bed. 

692

http://creativecommons.org/licenses/by-nc-nd/4.0/


Acosta-Piantini, E.M; Villaran, M.C.; Lombraña, J.I. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Probiotics were packaged in vacuum, stored in the dark at 20ºC and 34% relative humidity 
for 28 days. Measurements of water activity and microbiological analysis were performed on 
the 7th, 14th, 21st and 28th days of storage.  

2.1. Obtaining of microbial biomass  

Strains of L. casei 431 were supplied by Christian Hansen & Cia and kept in their original 
packaging at  temperature of - 80°C. They were activated in MRS broth and incubated at 37 
°C for 24 hours under aerobic conditions with moderate stirring (200 rpm). Biomass 
recovered by centrifugation (4000 rpm at 15°C). The centrifuged fraction presented a 
concentration of cells around of 109 units forming colonies (CFU) per gram and the 
supernatant was discarded. Finally, the cells were washed with sterile water, and preserved 
in refrigeration (6±2°C) until used. 

2.2. Encapsulation 
 
For encapsulation process, we suspended the bacteria in alginate and received it in a bath of 
Chitosan using a Jett Cutter at following operations conditions: flow 25 g/s, 170 nozzle, 
pressure 1.5 bar and motor 4,000 rpm.  Then, the mass of microcapsules were divided in three 
groups: a) fluidized bed drying b) lyophilization and c) flash freeze drying. In addition, we 
divided flash freeze drying in two groups: c.1) with cryoprotectant (skim milk sterile) and 
c.2) without cryoprotectant.   
 
2.3. Drying techniques 
 
Fluidized bed drying (FBD) was made in a Glatt GmbH dryer, model Uni-Glatt, with the 
following conditions:  temperature in air 30°C,  temperature out air 24°C and temperature 
product 12°C.  The process drying was carried out until to obtain the required water activity 
in the product. 

Lyophilization  was carried out  in a Telstar Lyo beta 25 equipment, with fluid  temperature 
of 5.1 °C, condenser temperature - 76.3 °C and heating temperature of 23.1°C, with full cycle 
of 48 hours, beginning at a freezing temperature of - 40°C to 0.1 mbar during 4 hours, 
followed by a 24 hour primary dried at 40°C and 4 hours of secondary drying at 20°C and at 
0.05 mbar, 10 hours more. 

For Flash Freeze Drying (FFD), we used a Telstar Lyo Quest equipment in which pressure 
was reduced from atmospheric to 0.02 mbar in 30 min with the heating device at 30 ºC during 
sublimation.  

Dried material was packed in polyethylene bags and stored in controlled temperature (20±2 
° C) store and moisture relativity of 60 %. 

 

693

http://creativecommons.org/licenses/by-nc-nd/4.0/


Stabilization of encapsulated probiotics from the bacterium Lactobacillus casei by different drying techniques 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

2.4. Study of bacteria survived and stability 

To determine the effect of the agent cryoprotectant (sterile skim milk) on viability of 
encapsulated microorganisms, the number of viable cells was determined before and after 
freeze-drying and drying, every 7 days during storage at 20±2°C for 28 days. We used as 
criteria of stability: the viability during storage (CFU/g) and water activity. These parameters 
were determined every seven days by triplicate.  

 

Figure 1.  Flowchart with the methodology used for encapsulation and drying L. casei 

 

2.5. Viability 

Analysis of viability was made taken a gram of encapsulated material, soaked in 10 ml of 
buffered 0.1 sterile water, homogenized with vortex. A volume of 100 µL of dilution it was 
sown surface on MRS medium and incubated under aerobic conditions at 37°C for 48 hours. 
Counts were performed in duplicate and expressed as cfu g-1 (dry basis), for each 
experimental condition [11]. The figure 1 show  flowchart with the methodology used for 
encapsulation and drying  of L. casei. 
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2.6. Physicochemical characterization  

Water activity (aw) was determined in a hygrometer Novasina, Bab master aw, Switzerland.  

2.7. Experimental design and statistical analysis  

An experimental design was applied with a factor (storage time) with repeated measurements 
where the experimental units were followed over time. The results correspond to the average 
of three replicates and are presented as mean ± standard deviation. An analysis of variance 
(ANOVA) and Tukey test with a level of significance to p < 0.05 was applied to the data 
analysis.  

3. Results and discussion 

3.1. Drying techniques effect 

The results show significant differences between the results of feasibility among the three 
treatments, presenting the Fluidized Bed Drying (FBD) the lower viability. Besides, there 
were significant differences between the water activity of capsules treated in three treatments, 
showing freeze-dried capsules the lower water activity.  

After FFD, see Table 1, the bacterium presented a viability level of 5.3 x 1010 CFU/g, which 
is equivalent to 84.49% survival, only a little less than by lyophilization, in which the viability 
test gave 7.9 x 1010  CFU/g or an 86.19% survival.   

In the case of FFD, although a certain decrease in viability during storage was observed, from 
5.1 x 1010 CFU/g (7th day) to 4.7 x 109 CFU/g (28th day), or a survival variation from 99.8 to 
90.3%, the final level of viability is important because shows the potential of this technical 
drying.  

Table 1. Cell survival after drying and during storage for the three drying techniques.  The values 
of aw (20 ºC) correspond to the end of drying 

Drying 
technique 

Cell viability* - Drying Water 
activity 
(aw) 

Cell viability** - Storage 

Before After 7th day 28th day 

Lyophilization 4.4 E12 7.9E10 (86.19)   0.0993 7.2E10(99.6) 6.2 E9 (90.19) 

FBD 5.1 E12 7.1E8 0.3075 8.1E7 0 

FFD 4.92 E12 5.3E10 (84.49) 0.0775 5.1E10(99.8) 4.7 E9 (90.3) 
* Cell viability values are expressed in CFU/g, numbers between brackets are the survival percent respect to the cell 
content before drying. 
** In the case of storage, numbers between brackets are the survival percent respect to the cell content after drying. 
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3.2. Storage 

Respect to the dried stored samples the results show that the L. Casei lyophilized presented 
at the end of the 28th day of storage a viability level of 5.3 x 1010 CFU/g, which is equivalent 
to 84.49% survival, only a little less than by lyophilization, in which the viability test gave 
7.9 x 1010  CFU/g or an 86.19% survival.   

In the case of FFD, see Table 1, although a certain decrease in viability during storage was 
observed, from 5.1 x 1010 CFU/g (7th day) to 4.7 x 109 CFU/g (28th day), or a survival 
variation from 99.8 to 90.3%, the final level of viability is important because shows the 
potential of this drying technique with much less operating costs than lyophilization. [12]  

3.3. Physicochemical properties 

Water activity values are considered critical parameters for the survival of micro-organisms 
and on the stability of microcapsules during storage. Measurements were made at the 
beginning and end of storage, and they are reported in the Table 1. 

Some authors claim that the adverse effect or not, of the drying techniques is related to aspects 
as the bacterial species, the addition of protective substances, initial cell concentration, 
physiological state of microorganisms, rate of freezing by the generation of osmotic stress, 
temperature and conditions of rehydration, among others [13].  In this study FBD presents 
the lowest water activity, which encourages the preservation of probiotic material. 

4. Conclusions 

Flash Freeze Drying  (FFD) is set to become a promising drying technique with similar results 
to lyophilization but with much less process time  and operating costs.  

The use of milk as a protectant showed advantages on the results of feasibility, so its use is 
recommended. 

The importance of these results reveal that, under adequate drying treatment, it is possible to 
stabilize probiotic material with Flash Freeze Drying  (FFD) process in viable conditions for 
extending its shelf life. 
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5. Nomenclature  
 

g/s 
 

grams per second  

mbar 
 
ml 
 
µL 
 
ºC 
 
rpm 
 
CFU/g 
 
aw 
  

milibar 
 
millilitre 
 
microlitre 
 
Celsius degrees 
 
revolutions per minute 
 
colony forming units per gram 
 
Water activity 
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Abstract 
The present study aims to find the best drying method to minimize the 
duration of the operation while respecting the nutritional value of the 
product. Experiments of convective drying and microwave radiation were 
respectively carried out with a convective dryer (heat temperature: 65 °C 
and air velocity: 1.3 m/s) and a microwave oven (power level: 100 W and 
frequency: 2450 MHz). Six coupling tests between the convective drying and 
microwave radiation were conducted. The only variable condition is the time 
output of tomatoes from the convective dryer or the microwave oven 
corresponding to an intermediate mass ratio (IMR) 0.5, 0.4 and 0.3. The 
microwave drying removes the bound water faster than convective drying. 
This explains the observed time savings due to convection-microwave and 
microwave-convection combined drying. The combination of convection 
drying and microwave drying to an IMR 0.5 preserved better the red color 
and the antioxidants of the tomato. Thus, the convection–microwave 
combined drying (IMR 0.5) proved most suitable for preserving the quality of 
tomatoes. 

 

Keywords: convective drying; microwave; coupled drying; color. 
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1. Introduction 

Tunisia is ranked among the top ten countries in the world in terms of tomato processing, 
with a local production of 1.2 million tons of tomatoes in 2013, fifty thousand tons of 
which are destined for processing [1]. Furthermore, the export of dried tomatoes has shown 
remarkable growth in recent years. Tomato is an herbaceous climacteric fruit, which 
belongs to the order of Solanale, the family of Solanaceae and the genus of Lycopersicon. It 
is native to the northwestern South of America and it is grown in warm and temperate 
countries around the world. According to some studies, regular consumption of tomatoes or 
tomato products can reduce the risk of cancer, as well as cardiovascular diseases, diabetes 
and osteoporosis [2],[3]. Indeed, Tomato is a fruit which is rich in antioxidant compounds, 
and more particularly, in polyphenols and vitamin C. The transformation processes involve 
one or more heat treatments which can affect the levels of antioxidants and thus the 
nutritional quality of the products. In fact, these micro-constituents can be partially 
degraded under the effect of heat and light. In this context, our study aims to find the best 
mode for drying tomatoes by combining convective drying and microwaves in order to 
minimize the duration of the operation while respecting the nutritional value of tomatoes. 

2. Materials and Methods 

2.1. Raw material  

The tomato samples used for drying are "round" varieties grown under a greenhouse and 
supplied from the "AGRIFOOD" Tunisian company. 

2.2. Determination of drying kinetics 

2.2.1. Convective drying experiments 

The drying kinetics of the tomatoes were performed using the convective drying loop of the 
research group GP2A (ENIS). After setting the air flow, the controller starts to heat up to 
the set temperature. Once the experimental conditions are stable, the samples to be dried are 
washed and cut into quarters. Then, the samples are placed on a suitable support; this 
support is suspended in the horizontal test vein by a hook located below a precision 
balance. The drying kinetics are determined through the measurements of the mass 
variation of the samples over time by means of a digital precision electronic scale. This 
balance is linked to a computer and equipped with a data output enabling the acquisition of 
the mass over time by means of a suitable software. The experimental conditions carried 
out with the convective drying loop are fixed at a temperature of 65 ° C., an air velocity of 
1.3 m / s and a final mass ratio of 0.2, imposed by the manufacturer. 

2.2.2. Microwave drying experiments 

The drying experiments were carried out in a domestic microwave oven at a frequency of 
2450 MHz and three power levels (100, 300 and 600 W) for a cycle of 15 seconds. The 
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drying end criterion is also the final mass ratio of 0.2. Preliminary tests at different power 
levels were carried out and led to the choice of the lowest power (100 W) for subsequent 
experiments based on the visual appearance of tomatoes during drying. 

2.2.3.  Experimental protocol of convective and microwave coupled drying 

Six coupling tests were carried out under the same drying conditions as: a temperature of 65 
° C., an air velocity of 1.3 m / s, a power of 100 W and a final mass ratio of 0, 2. The only 
variable condition is the intermediate output time from the convective dryer or the 
microwave oven corresponding to an intermediate mass ratio (IMR) of 0.5; 0.4 and 0.3. 
This ratio corresponds to the breaking point and the change from one drying mode to 
another: 

- 3 assays of coupling convective drying (Co) to microwave radiation (Mo) at 3 IMR: 0.5; 
0.4 and 0.3. 

- 3 other coupling tests by switching from microwave drying (Mo) to convective drying 
(Co) at 3 IMR: 0.5; 0.4 and 0.3. 

2.3. Physicochemical analysis 

2.3.1. Preparation of extracts 

The extraction is carried out using an ultrasonic bath. One gram of crushed tomatoes is 

mixed with 50 ml of pure ethanol for 2 hours. The solvent was evaporated on a rotary 

evaporator. Dry extracts stored at 4 ° C are obtained until use. 

2.3.2. Water content 

The water content, X (kg of water / kg M.S.) is calculated using the following equation:             

ms
ms-mX =              (1) 

with: m: mass of the wet sample (kg), ms: mass of the dry sample (kg). 
2.3.3. Ascorbic acid analysis 

The ascorbic acid content is measured by the 2,6-dichloroindophenol titration method [4].  

2.3.4. Color analysis 

The color is measured using a colorimeter (Konica Minolta CR 300) with CIE Lab system 
(L *, a*, b*). Statistical analysis was performed using SPSS software (version 13, Inc. 
SPSS, Chicago, USA) at a confidence interval of 95%. 
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3. Results and discussion 

3.1. Kinetics of convective and microwave drying 

Figure 1 shows the evolution of the reduced water content as a function of the drying time 
for the convective (65 ° C. and 1.3 m / s) (FIG. 1 a) and for microwaves drying (at 100 W) 
(FIG. 1b). The drying time needed to obtain a final mass ratio of 0.2 (i.e. a final water 
content of 0.25 kg water / kg DM) is 5 hours and 21 minutes. The water content decreases 
rapidly at the first time and then more and more slowly at the end of the drying. Indeed, at 
the beginning of drying, the mechanism of water displacement through the pores walls of 
the solid towards the surface is carried out in an accelerated manner. At the end of the 
drying process, increasing the temperature in the center of the product and decreasing its 
water content result in a new state of equilibrium in the product. Thus, water is increasingly 
hard to migrate into the product and the internal transfer of matter becomes a limiting 
phenomenon [5]. 
 

  

Figure 1: Evolution of the reduced water content as a function of the drying time by: (a) forced 
convection drying at 65 ° C and 1.3 m / s (X0 = 24.263 kg water / kg M.S); and (b) microwaves 

radiation at 100 W (X0 = 24.258 kg water / kg M.S) 

Microwave drying at a relatively low power (100 W) allows to achieve the same mass ratio 
of 0.2 (i.e. a final water content of 0.25 kg of water / kg DM) in 25 minutes; that means a 
gain of 4 hours and 56 minutes compared to convective drying. Despite the short duration 
of microwave treatment and the visual aspect, the sample had a softer texture and showed 
intense yellowing of the skin that we did not notice for convection dried samples; hence, 
the idea of combining convective drying with microwaves seems to be interesting. 

 

a b 
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3.2. Coupled drying 

Figure 2 shows the evolution of the reduced water content as a function of time for the 
various alternating convection / microwave and microwave / convection drying modes. In 
the early stages of drying, the kinetic rates obtained by convection-microwave coupled 
drying at different IMR are similar to that of convective drying. After that, the water 
content decreases rapidly under the effect of microwave radiation compared to the 
convective drying applied alone.  

 

Figure 2: Evolution of the reduced water content as a function of the drying time obtained by (a) 
convection-microwave coupled drying, (b) microwave–convection coupled drying. 

Thus, microwave drying allows removing the weak bonded water more rapidly than 
convection drying. In the beginning, the kinetic rates obtained by microwave-convection 
coupled drying at different IMR are similar to that of microwave drying; while at the end of 
drying, they are comparable to that of convective drying. Microwave radiations permit to 
reduce the water content of the product more quickly than convective drying. This fact 
results in a remarkable reduction of the drying time compared to that of convection drying 
and convection-microwave coupled drying. 

3.2.1. Drying for an intermediate mass ratio of 0.5 
The evolution of the reduced water content as a function of drying time is shown in Figure 
3 for different convection / microwave and microwave / convection coupled drying and at 
each IMR. It is noted that microwave radiations followed by convective drying (Mo 0.5 Co) 
reduce the drying time by 3 hours and 13 minutes compared to convective drying (Co). 
While convective drying followed by microwave radiation (Co 0.5 Mo) allows decreasing 
the duration by 2 hours and 33 minutes. 

b a 
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Figure 3: Evolution of the reduced water content as a function of time for the convection / 
microwave and microwave / convection dryings at: (a) IMR of 0.5; (b) IMR of 0.4 and 

 (c) IMR of 0.3 

3.2.2. Drying for an intermediate mass ratio of 0.4 

The coupled drying which starts with microwave radiation (Mo 0.4 Co) lasts 1 hour and 55 
minutes, ie a gain of 2 hours and 4 minutes compared to the convective-microwave drying 
(Co 0.4 Mo) and 3 hours and 25 minutes compared to convective drying applied alone. The 
convection-microwave coupled drying lasts 3 hours and 59 minutes, thus reducing the 
drying time of 1 hour and 21 minutes compared to the convective drying. 

3.2.3. Drying for an intermediate mass ratio of 0.3 

The drying duration obtained by microwave-convection drying (Mo 0.3 Co) is 54 min, 
giving a gain of 4 h 26 min with respect to the convective drying. The convection-
microwave drying (Co 0.3 Mo) allows a gain of 1 h 42 min compared to the convective 
drying (drying time is equal to 3h 38 min). Based on the drying time criterion, which is the 
most important for the manufacturer, we can opt for microwave-convection drying at this 
stage. However, the visual appearance of dried tomatoes by convection- microwave mode 
seems to be better. Therfore, biochemical analyzes were carried out on dried tomatoes. 

 

b 

c 

a 
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3.3. Determination of quality parameters 

3.3.1. Color analysis 

Measurement of color by referring to the CIE Lab coordinates (L *, a * and b *) shows that 
luminance (L *) of dried tomatoes is lower than that of fresh tomato (Figure 4). This fact 
can be explained by the non-enzymatic browning during drying. The values corresponding 
to the convection-microwave drying with a transition mass ratio of 0.5 and 0.4 are close to 
that of fresh tomato. Regarding the (a *) index, it is noted that the values obtained after 
convective-radiative drying of tomatoes at transition ratios of 0.5 and 0.4 are significantly 
greater than those obtained for fresh tomato. The (b *) values obtained after microwave, 
microwave-convective drying and convective drying of tomatoes increase significantly with 
respect to that of fresh tomato. 

 

 

Figure 4: Effect of drying on the color of tomatoes 

3.3.2. Ascorbic acid 

The ascorbic acid contents of the dehydrated tomatoes are summarized in Table 1. As a 
result of the heat treatments undergone by the tomato, the vitamin C content is reduced in 
comparison with that of fresh product. The convective-microwave dryings, for IMR of 0.5; 
0.4 and 0.3, lead to vitamin C loss due to tomato exposure to heated air (65 ° C). After 
microwave-convection drying, vitamin C loss was greater in dried tomatoes than in other 
samples. Thus, convective-microwave (Co 0.5 Mb) drying better preserves ascorbic acid in 
tomatoes.  

4. Conclusions 
Microwave drying eliminates weak bonded water faster than convection drying. This 
explains the saving in time observed after convection-microwave and microwave-
convection drying. Based on the nutritional quality attributes of the tomato, the convection–
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microwave combined drying (IMR 0.5) proved most suitable for preserving the quality of 
tomatoes. 

Table 1: Ascorbic acid contents of tomatoes (mg / 100g DM) 

Drying conditions Ascorbic acid content 

Fresh 384.441 ±0.175 

Co 0.5 Mo 234.375 ±0.022 

Mo 0.5 Co 111.877 ±0.023 

Co 0.4 Mo 136.491 ±0.021 

Mo 0.4 Co 102.387 ±0.011 

Co 0.3 Mo 130.293 ±0,011 

Mo 0.3 Co 97.286 ±  0.000 

Co 109.905 ±0.011 

Mo 81.394 ±0.023 
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Abstract 
The aim of this work was to study the combination of osmodehydration (OD), 
coupled with Ohmic Heating (OH) and Pulsed Vacuum (PV) and to introduce 
natural compounds from a cryoconcentrated pomegranate juice (47°Brix) at 
30, 40 and 50 °C into apple matrix, during 180 min. PV was performed at 50 
mbar for 5 min at the beginning of the process and OH generates an electric 
field of 6.6 V/cm. The results indicated that treatments reduced water content 
and increase polyphenol content of apples, evidencing that the osmotic 
treatment improve mass transfer, especially when they are applied together 
at higher temperatures.  

 

Keywords: Ohmic heating; pulsed vacuum; cryoconcentration; enriched; 
pomegranate. 
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1. Introduction 

As consequences in a change of lifestyle and eating habits diseases such as obesity, 
cardiovascular problems, diabetes type II, hypertension, cancer among others have 
increased (1). These adverse effects have developed the interest in healthy food and the 
consumption food functional food (2). Functional foods include bioactive compounds 
(BAC), which have health benefits as well as their nutritional value. Vitamins, polyphenols, 
and minerals are found in BAC (2). 

Pomegranate (Punica granatum L.) has gain interest in the past few years for its nutritional 
and antioxidant activities (3). Pomegranate juice is a potential source of anthocyanins, 
flavonoids, organic acids, ellagic acid (4). Therefore, its health benefits are associated with 
those chemical characteristics. Therefore, its health benefits are associated with those 
chemical characteristics. 

Freeze concentration (also called cryoconcentration) as mention before, is an emerging 
technology, which consists on entirely or partially freezing the liquid food solution for later 
separation of the ice fraction from the liquid. Vitamins as polyphenols are thermolabile 
compounds, by using FC the high nutritional value and organoleptic characteristics can be 
protected (5).  

The ohmic heating (OH) is a thermal process, in which energy is generated by the passage 
of an alternating electrical current that diffuses through the food (2). The PV has been 
widely used to obtain a rapid penetration of compounds in vegetable tissues and enriches 
fruits and vegetables with antioxidants, vitamins, minerals, among others (6).  

Osmotic dehydration (OD) is the process in which water is partially removed from the 
cellular material when it is exposed to a concentrated solution of solutes. The type of 
osmotic agent used and its molecular weight or ionic behavior affects the kinetics of water 
elimination and the gain of solids (7), during the OD mass transfer occurs through 
semipermeable cell membrane making substantial changes in the tissue structure (8). 

The aim of this work was to study the combination of osmodehydration (OD), Pulsed 
Vacuum (PV), Ohmic Heating (OH) and to introduce natural compounds from a 
concentrated pomegranate juice at 30, 40 and 50 °C into an apple matrix, during 180 
minutes. 

2. Materials and Methods 

2.1. Sample preparation  

Pomegranate (cv. Wonderful) and apples (cv. Granny Smith) were acquired in the local 
market (Chillán, Chile) and stored under refrigeration (5 °C) until processing. The 
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pomegranates were cut in half and removed the seeds manually for juice extraction and 
filtered to eliminate any residue. 

2.2. Osmotic agent 

To obtain the osmotic agent, freeze concentrated pomegranate juice, block freeze 
concentrated as described by (9) with modifications. Samples were frozen -20 °C for 12 h 
and place in a refrigerated centrifuge (Eppendorf 5430R) operated at 15 °C for 15 min for 
the first cycle and 10 min for the second and third cycle at a speed of 1878 RCF. 

2.3. Osmodehydration treatments assisted by pulsed vacuum and ohmic heating. 

Osmodehydration (OD) at atmospheric pressure and pulsed vacuum (PVOD) with 
conventional and ohmic heating (OH) at 30, 40, 50 °C, using a thermoregulated bath as 
described by (10). The freeze concentrated pomegranate juice was exposed to an alternating 
current at 60 Hz and 50 V, generating an electric field E of 6.66 V/cm. 

2.4. Total phenolic content (TPC) 

The total phenolic content was determined through a colorimetric method by Folin-
Ciocalteu (FC) reagent (11) using gallic acid as standard. Treated samples extracts (100 µL) 
were mixed with 7900 µL distilled water, 500 µL FC reagent and 1500 µL sodium 
carbonate. The sample was incubated 120 min before measurement at 760 nm in a 
spectrophotometer (Shimadzu Scientific 1600 UV/VIS, USA). Results were expressed mg 
of gallic acid equivalents in 100 g of dry matter (mg GAE/ 100 g d.m.). 2.5. Compositional 
analysis  

Soluble solids and moisture content were determined the effect of osmodehydration time 
over water loss, mass loss, solid gain and water activity (aw). Moisture content was 
determined according to the method defined by the AOAC, 2000 (12). The solute gain was 
determined as described by Moreno et al., (2016), the solid content was measured using a 
digital refractometer (Leica Mark II, Buffalo, NY, USA). The Xss and Xw content were 
determined for both fresh and treated, the compositional changes were calculated through 
the following equations. Samples water activity (aw) was determined using a dew point 
hygrometer (Aqua Lab Model 4TE, Pullman, USA). Measurements were executed in 
triplicate and the mean values are informed. 

2.6. Physical properties 

The firmness of the samples was evaluated with a Texture Analyzer TA-XT (Stable 
Microsystems, Haslemere, UK), using a slice shear blade the mechanical parameter was 
considered as maximum peak force and reported as N. Apple slices color, fresh and treated, 
was measured with a spectrocolorimeter (Konica Minolta CM-500). The CIE L* a* b* 
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coordinates used a D65 illuminant and 10° observer as a system reference. The color was 
measured in triplicate. 
 
3. Results and Discussion 
 
3.1 Total phenolic content (TPC) 

The phenolic content of the treated apple samples is expressed in mg gallic acid equivalent 
(GAE) in 100 g of dry matter. As Fig. 1 shows the apples treated with PVOD/OH at 30 °C 
had higher retention of TPC throughout the processing time (180 min), followed by 
PVOD/OH 50 °C; the samples with the lowest phenolic retention were the PVOD 40 °C 
OD/OH 50 °C.  

                      

 
 

 

 
 
 
 

 

 
 

 
 

 

OD 30°C 
OD/OH 30°C 
PVOD 30°C 
PVOD/OH 30°  
OD 40°C 
OD/OH 40°C 
PVOD 40°C 
PVOD/OH 40°  
OD 50°C 
OD/OH 50°C 
PVOD 50°C 
PVOD/OH 50°  

 

Fig. 1 Total phenolic content (TPC) kinetics of osmodehydrated apple using cryoconcentrated 
pomegranate juice for 180 min. OD: osmotic dehydration at atmospheric pressure, PVOD: 

osmotic dehydration with vacuum pulsed vacuum, OH: ohmic heating (OD/OH and 
PVOD/OH) at 6.66 V/cm 

 

Furthermore, the total phenolic content decreases for all treated samples after 30 min of the 
process except PVOD/OH 30 °C; this may be due to the kind of treatment, temperature and 
time. Also after de processing time most of the treatments retained at least the same amount 
of TPC as in time 0, except PVOD 40 °C, such finding differs with (10); in which the fresh 
sample had a significant difference in the TPC compare to the treated. 
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3.2 Compositional changes and water activity 

Table 1 shows the compositional changes between the fresh and different treatments of 
osmodehydration after 180 min of processing. According to previous findings, osmotic 
dehydration with concentrated juice is more significant compared to osmotic dehydration 
with sucrose (13). The combination of PVOD/OH  40 and 50 °C, and PVOD 30 °C had the 
highest solute gain had more significant water loss and solid gain, due to the diffusion and 
convection forces, both which facilitate the mass transfer process. Application of pulsed 
vacuum eases the osmotic agent into the matrix pores and facilitates the water loss and has 
a beneficial effect on the kinetics, reaching equilibrium easily (10). Also, the combination 
of OD/OH encouraged more substantial concentration levels in samples than OD. 

 

Table 1. Composition parameters of fresh and processed samples (processing time: 180 min) 
water mass fraction (Xw), soluble solids mass fraction (Xss), water loss (∆Mwt), solid gain (∆Msst) 

and water activity (aw). 

Treatments      Xw                              Xss  ∆Mwt  ∆Msst  aw  

Fresh 0.85 ± 0.01g 0.22 ± 0.02a          -         -  0.98 ± 0.09 g 
OD 30°C 0.58 ± 0.01f 0.33 ± 0.02b -0.32 ± 0.04c 0.63 ± 0.12d  0.91 ± 0.01d,e 
OD/OH 30°C 0.56 ± 0.01d,e,f 0.77 ± 0.02d -0.85 ± 0.03c 2.14 ± 0.15a  0.91 ± 0.01e,f  
PVOD 30°C  0.56 ± 0.01d,e,f 0.90 ± 0.12e -0.27 ± 0.01a 0.45 ± 0.08d,e 0.91 ± 0.01c,d 
PVOD/OH30°C 0.55 ± 0.05d,e,f 0.72 ± 0.03d -0.27 ± 0.01a 1.88 ± 0.08a,b 0.92 ± 0.01f 
OD 40°C 0.57 ± 0.01e,f 0.47 ± 0.23c -0.66 ± 0.08b 1.50 ± 0.06b,c 0.91 ± 0.01e,f 
OD/OH 40°C 0.52 ± 0.01d,c,d 0.79 ± 0.04d -0.66 ± 0.05b 1.35 ± 0.81c 0.90 ± 0.01 c,d 
PVOD 40°C 0.54 ± 0.01b,c,d 0.82 ± 0.03d,e -0.36 ± 0.16a 0.51 ± 0.03d,e 0.91 ± 0.01d,e,f 
PVOD/OH 40°C  0.51 ± 0.03a,b,c 0.78 ± 0.01d -0.31 ± 0.24a 1.27 ± 0.22d,e 0.90 ± 0.01b,c 
OD 50°C 0.57 ± 0.01e,f 0.76 ± 0.02d -1.15 ± 0.01d 2.08 ± 0.45a,b 0.92 ± 0.01f 
OD/OH 50°C 0.47 ± 0.02a,b 0.80 ± 0.06d,e -0.33 ± 0.09a 0.51 ± 0.07d,e 0.89 ± 0.01b 
PVOD 50°C 0.52 ± 0.01c,d,e 0.79 ± 0.02d,e -0.28 ± 0.07a 0.52 ± 0.10d 0.92 ± 0.01e,f 
PVOD/OH 50°C 0.49 ± 0.01a,b 0.81 ± 0.01d,e -0.35 ± 0.01a 0.65 ± 0.03d 0.87 ± 0.00a 

 Different letters (a, b, c,…g) in each column indicate significant differences at p≤0.05, according to a LSD test. 

 
In this case, the mass transfer in PVOD and PVOD/OH in comparison to the OD is due to 
the unsteadiness of particles in the juice. Likewise, inadequate dissemination of the 
components may occur when gradients pressure in the vegetable tissue provoke the 
irregular flow of the osmotic agent through the structure and consequently accumulate 
bioactive components in some areas (14); making the mass transfer harder in OD.The most 
significant water activity reduction was in PVOD/OH 50 °C, followed by OD/OH 50 °C in 
contrast to the fresh sample. This difference is attributed to temperature, pH, and 
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electroporation which promote the gain of freeze concentrated pomegranate juice and water 
loss (15).  

3.4 Changes in physical properties 

Table 2 shows the values obtained for the fresh and treated apple, the hue angle (h*ab), 
chrome (C*ab) and change in color (∆E). Previous studies have demonstrated L increases 
with the osmotic treatments (15). However, samples with the combination of PVOD and 
PVOD/OH have reduced L, due to the concentration of anthocyanins from the pomegranate 
juice, this same effect reported by (9) treated sample had lower L than the fresh one. The 
∆E was higher in the same treatments as the L, this due to the content of anthocyanin 
pigments present in the cryoconcentrated pomegranate juice. The firmness values acquired 
from the mechanical test (Table 2). A sample of PVOD 30 °C had the firmness highest 
value which indicates a higher resistance. Fresh sample differs significantly from the 
samples treated at 50 °C. Although, values from treatments at 40 °C had no difference with 
the fresh sample, as well as OD/OH and PVOD at 30 °C. 

 

Table 2. Firmness and color determination in fresh and treated apples with three 
temperatures (30 C, 40 C, 50 °C). 

Treatments  Firmness 
     (N) 

Color 

        L*               C*ab                 h*ab                 ∆E 

Fresh 12.75 ±  3.53c 64.38 ± 5.53c 16.80 ± 3.16d   96.48 ± 3.06a          --- 

OD 30°C 26.34 ± 3.83d,e  29.27 ± 2.12b 30.63 ± 2.14f 199.88 ± 0.69g 45.14 ± 2.97d 

OD/OH 30°C 15.99 ± 1.05c 26.43 ± 1.79b 23.96 ± 5.48e 198.31 ± 2.10f,g 45.80 ± 3.54d 

PVOD 30°C  29.35 ± 4.19e 22.25 ± 3.19a,b 15.58 ± 7.28c,d 194.91 ± 3.38e,f 39.85 ± 1.43b,c 

PVOD/OH30°C 10.87 ± 2.88b,c 20.57 ± 1.18a,b   3.84 ± 0.49a 178.17 ± 2.80b 48.91 ± 4.78e,f 

OD 40°C 14.61 ± 2.70b,c 29.27 ± 2.12a,b 30.63 ± 2.14f 199.88 ± 0.69g 47.89 ± 0.60d,e 

OD/OH 40°C   9.34 ± 0.61b,c 24.70 ± 1.81a,b 17.47 ± 3.30d 197.50 ± 1.09f,g 42.03 ± 2.63c 

PVOD 40°C 17.34 ± 2.97c,d 21.63 ± 1.53a,b   9.75 ± 3.12b 191.83 ± 0.31d 45.72 ± 0.76d 

PVOD/OH 40°C    8.57 ± 1.88b,c 20.62 ± 0.51a   3.45 ± 0.63a 183.74 ± 1.49c 51.82 ± 1.97f,g 

OD 50°C   2.88 ± 1.57a 23.06 ± 1.14a 13.97 ± 3.68b,c, 197.59 ± 1.53f,g 50.65 ± 1.91e,f 

OD/OH 50°C   2.70 ± 0.17a 22.96 ± 2.03a 10.99 ± 1.19b,c 196.69 ± 0.15f,g 38.25 ± 2.00b 

PVOD 50°C   5.34 ± 1.75b 21.01 ± 0.16a   3.92 ± 1.08a 188.74 ± 2.81d 51.69 ± 1.99f 
PVOD/OH 50°C   6.27 ± 0.87b 20.67 ± 0.72a   3.06 ± 0.96a 189.30 ± 2.62d 54.73 ± 2.47f 

          Different letters (a, . .g) in each column indicate significant differences at p≤0.05, according to a LSD test. 
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4. Conclusion 

The combination of pulsed vacuum and ohmic heating in the osmodehydration of apple 
slices at 30 °C affected the retention of total phenolic content positively during processing 
time (180 min). Osmotic dehydration combined with pulsed vacuum and ohmic heating at 
50 and 40 °C intensifies the solid gain and water loss due to the diffusion and convection 
forces which accelerated the mass transfer process. PVOD/OH and OD/OH 50 °C had the 
most significant water activity mainly cause by the electroporation and temperature. The 
changes in color were significant in C*ab (chrome) in L* (lightness), and values in treated 
apple slices with PVOD and PVOD/OH due to retention of anthocyanins from the freeze 
concentrated pomegranate juice. The highest firmness was observed in a sample of PVOD 
30 °C. Therefore, our results suggest that PVOD/OH process at 50 °C by 180 min is the 
optimal treatment for osmodehydrated apples with freeze concentrated pomegranate juice. 
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Abstract 
The tomato (Lycopersicon esculentum), widely consumed fresh fruit but also 
in processed form, is recognized for its nutritional qualities, rich in micro 
components, such as carotenoids (lycopene in particular), phenolic 
compounds and vitamin C. 
The goal of this work is to valorize the tomato; in the form of paste, seeds, peel 
and mixture of seeds-peel; in order to obtain a powder rich in antioxidant 
constituents. Convective drying of the various tomato by-products (paste, 
seeds, peel and mixture) is an essential process in the valorization of the 
studies products. The results obtained, showed that our analysed samples are 
rich in phenolic compounds. The mixture seeds-peel has slightly higher total 
polyphenol content (190.65 mg EAG / ml), peel (157.36 mg EAG / ml), seeds 
(140.56 mg EAG / ml) and the paste (120 mg EAG / ml). 
The evolution of the color of dried by-products (method L, a, b), shows that the 
mixture (seeds-peel) has a better result of parameter "a" (indicates the red 
color and signifies the presence of Lycopene). 

Keywords: tomato, drying, antioxidant, polyphenols. 
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1. Introduction 

Tomatoes are a major source of lycopene, which helps in the prevention of many chronic 
diseases such as cancer and heart diseases [1]. They also contain various nutritional (Vitamin 
A, C, and E), non nutritional (beta-carotene, carotenoid, flavonoids, flavone and total 
phenolic), minerals, and dietary fiber [2-3].  

The very high water content of tomato (approximately 90%) favors its degradation in the 
fresh state and its physical-chemical's and microbiological deterioration. 

According to the Food and Agricultural Organization (FAO), the global production of 
tomato, in 2016, exceeds 177 million tons of which 1280570 tons were produced in Algeria. 

The aim of this work is to valorize the tomato; in the form of paste, seeds, peel and mixture 
of seeds-peel; in order to obtain a powder rich in antioxidant constituents. 

2. Materials and methods 

2.1. Drying experiments  

Drying experiments were performed on tunnel dryer (Fig.1) installed in the mechanical 
engineering laboratory, Ouargla University, Algeria. The dryer is a forced convection dryer 
intended for the drying of food products. Four removable stainless steel plates that can be 
placed in a channel (drying chamber) of dimension (250 cm x 50 cm x 50c m). The drying 
chamber is thermally insulated with polystyrene (thickness = 3cm), the outer part of which 
is covered by four galvanized sheets. The drying of the different samples of tomatoes is 
carried out on a tray (surface of 620 cm2) and exposed to air flow, serves on the one hand to 
heat the product to be dried, and on the other hand, to evacuate the quantity of releasing 
moisture. The mass loss of  product is controlled by a digital scale. The temperature and 
relative humidity of the air  are detected by a combined temperature and humidity sensor. An 
additional sensor serves to measure the velocity of the air flow. 

The air coming from the external environment is preheated by an electrical resistance. Under 
the effect of a fan with adjustable speed, drying air circulates in the drying chamber, passes 
through the product at a constant drying temperature and comes out at a lower temperature 
and high humidity. 

2.2. Sample preparation 

Fresh local tomatoes were bought from local market in Ouargla, Algeria. They were 
separated using a visual criterion like color, size, absence of physical damage and uniform 
maturation degree. The samples of different by-products were prepared according to the 
following steps : Fresh tomatoes were washed with water to eliminate dust, bacteria, dirt and 
insect larvae. Tomatoes were crushed using a Star Mix blender. The by-products: paste, 
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seeds, peel and mixtures of seeds and peel were separated using a sieve (2 mm thickness) and 
dropped in a permeable bag for a few hours.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Drying system 
 
 
2.3. Moisture measurements  

Water content of different samples was determined using a moisture Analyzer (Sartorius MA 
45, accuracy ± 0.01), operating in the following conditions: 

Sample weight (3g); temperature analysis (105 °C). The device stops automatically once the 
weight of the sample becomes constant. Moisture content is expressed on a dry basis, kg 
water/kg dry matter.  
2.4. Total polyphenols analyses 

Total phenolic content of the samples was measured by the spectrophotometric method [4]. 
5 g of the powder of each by-product is macerated in 100 ml of a hydroalcoholic mixture 
MeOH (methanol-water) (80/20 : v/v) for 48 hours at room temperature, after the methanol 
is evaporated by rotavapor at 65 °C and the mixture is filtered by wattman paper to obtain a 
crude hydroalcoholic extract, finally the phenolic extract is kept at 6 °C until it is used. For 
the determination of total polyphenol, we introduce in a test tube 0.2 ml of extract of each 
by-product of tomato (prepared in distilled water with suitable dilutions), 1 ml of  Folin-
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Cicalteu reagent (10 times diluted) and 0.8 ml of the solution Na2Co3 at 7.5 % (7.5 g in 100 
ml). The mixture is incubated at ambient temperature for two hours. The reading is performed 
against a blank without extract using a spectrophotometer at 765 Nanometer (nm). 

2.5. Antioxidant activity 

The evaluation of the antioxidant activity is based on the reduction reaction of (Fe+3) present 
in the potassium ferrocyanide complex in (Fe+2), the reaction is revealed by the yellow-
colored transfer of ferric iron (Fe +3) in green blue color of ferrous iron (Fe +2), the intensity 
of this coloration is measured by spectrophotometer at 700 nm. The experimental protocol 
[5] used is that of 0.5 ml of sample of our extract at different concentrations is mixed with 
1.25 ml of a 0.2M phosphate buffer solution (pH 6.6) and 1.25 ml of a solution of potassium 
ferricyannide K3Fe (CN)6 at 1% (1 g of K3Fe (CN)6 in 100 ml of distilled water). Incubation 
of the prepared mixture in a water bath at 50 ° C for 20 minutes then the mixture is cooled. 
2.5 ml of 10 % trichloroacetic acid is added to stop the reaction. 1.25 ml of the supernatant 
is added to 1.25 ml of  distilled water and 0.25 ml of a freshly prepared solution of 0.1% 
ferric chloride. The reading is against a white at 700 nm.  

2.6. Color measurements  

The color of fresh and dried by-products was measured using a Minolta CR-400 colorimeter 
[6] allowing the acquisition of the Hunter L, a, b color scale values. L is lightness/darkness 
parameter, a the redness/greenness one and b the yellowness/blueness one.  
Where L0, a0 and b0 refer to the color values for the fresh by-producs of tomato. 

3. Results and discussion  

Fig. 2 illustrates the amount of total phenolics (TP) in various by-products of tomato. Our 
results showed that all the by-products of tomato are a good source of TP compounds. 

The peel powder contained the highest level of TP compared to the powders of seeds and 
paste. The amounts of TP in peel powder increase 16,8 % and  20,56 %  respectively to the 
seeds and paste powders. These results of this study are in accordance with Ramandeep et al. 
[7], who reported that the highest levels of total phenolics were detected in the peel of three 
tomato cultivars (Excell, Tradiro and Flavourine). In addition, this study has also identified 
the by-product of peel tomato as an important reservoir of TP compounds. 

Fig. 2 shows also that the mixture (consisting of peel and seeds of tomatoes) powder 
contained the highest levels of TP compared to those of peel, seeds, and paste, powders.  

This result shows that the mixture powder (peel and seed) is an important contributor to the 
major antioxidants of tomatoes. Therefore, removal of tomato peel and seeds during their 
fresh consumption or home cooking present a significant loss of the antioxidants. Similarly, 
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the discard of tomato slurry (consisting of peel and seeds of tomatoes) during tomato 
processing industry   means a loss of antioxidants. 

 

 
Fig. 2. Total polyphenol content of different by-products of tomato 

 

The presence of the reductants in the extracts causes the reduction of iron Fe3+ ferricyanide 
complex to the ferrous form. Therefore, Fe2+ can be evaluated by measuring and monitoring 
the increase in green, blue colour density in the reaction medium at 700 NM. In other words, 
the FeCl3 / K3Fe (CN)6 system confers on the method, the sensitivity for the determination 
of the polyphenol concentrations, which participate in the redox reaction [8]. According to 
the ascorbic acid curve, the reducing power of the four extracts is measured according to their 
absorbance.  

The values presented in Figure 3 show the reducing power of the four extracts at different 
concentrations. From our results of the four extracts tested, an increase in iron reduction 
(increase in absorbance) is proportional to the concentrations used. 

All our extracts have significantly lower antioxidant activity than that of the reference 
(ascorbic acid), for the latter the reduction is almost total from a concentration of 0.5 mg / 
ml. The extracts of the mixture powder (seeds and peel) is more active compared to the 
powders of the peel, the seeds, and the paste. The reducing power of the four extracts is due 
to the presence of lycopene and hydroxyl group in the phenolic compounds that can serve as 
electron donors. Therefore, antioxidants can be considered as reducing and inactivating 
oxidants.  

719

http://creativecommons.org/licenses/by-nc-nd/4.0/


Valorization of the tomato to obtain a powder rich in antioxidant constituents 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

 
Fig. 3. Reducing power of the four extracts and ascorbic acid. 

 
Figure 4 demonstrates the evolution of the coordinates (L, a, b) for the four by-products. It 
should be noted that the mean value of the a parameter ; indicates the red color and signifies 
the presence of Lycopene; in the mixture (S-P) was 40. Rosa et al [9]. reported that the 
increase of a parameter is directly associated with lycopene synthesis and a significant 
correlation was observed between lycopene and a.  Marcos et al. [10] also, have found highly 
significant and exponential correlations between lycopene and a  parameter. Based on the 
literature previously cited, it should be conclude that the  lycopene content in the mixture (S-
P) presents a better result compared to the other by-products.  

 
Fig. 4. Evolution of coordinates (L, a, b) for the four by-products 
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4. Conclusion 

The valorization of the tomato; in the form of paste, seeds, peel and mixture of seeds and 
peel; to obtaining a powder rich in antioxidant constituents have been studied. 
The convective drying of the various tomato by-products presents an indispensable step for 
the valorization of the tomato in powder form. 
The results obtained showed that our analyzed samples are rich in phenolic compounds, 
whose mixture of seeds and peel has a slightly higher total polyphenol content (190.65 mg 
EAG / 100ml) compared to that of peel, seeds and paste which have 157.36, 140.56 and 120 
mg EAG / 100ml respectively. This result confirms their high antioxidant potency which was 
proportional to different concentrations. This result has been confirmed by the color analyzes 
and the antioxidant  
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Abstract 

Solar ovens have become a very popular technology for cooking, specially, in 
underdeveloped countries where access to firewood is scarce, time consuming 
and expensive. The benefits of solar cooking are multiple, such as saving 
money, as this device requires no fuel, as well as having an important impact 
in the environment, decreasing carbon dioxide emissions and decreasing 
deforestation. 

One challenge for food industry is to get to know the behaviour of food cooked 
with solar technology. The aim of this study was to model the drying process 
of white and red grape in solar oven using thermodynamics and 
spectrophotometry measurements, controlling the irradiation effect blocking 
the Ultraviolet radiation using a polarized vinyl film 

Keywords: sun radiation; thermodynamics; solar oven; drying. 
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1. Introduction 

Grape is the second most widely cultivated fruit in the world after the orange and it is of great 
commercial interest [1]. It contains large amounts of phytochemicals including phenolics, 
flavonoids, anthocyanins and resveratrol, which offer health benefits. Antioxidant 
compounds include vitamins, phenols, carotenoids, and flavonoids. Among the last group, 
flavones, isoflavones, flavanones, flavonols, anthocyanins and catechins are the most 
important, and exhibit substantial antioxidant activity [2]. The high content of grapes in 
phenolics, flavonoids, and anthocyanins have been suggested to be responsible for their 
health benefits [3] and these benefits have been well described [4]. 

Other benefits, as described by Meng et al (2017) [5] such as Melatonin, which was recently 
reported to be present in wine in 2008, as well as resveratrol and hydroxytyrosol, are regarded 
as bioactive compounds in grapes and wines and have positive effects for human health.  

Regarding the drying of this fruit, it is a slow and energy intensive process because the waxy 
peel has low permeability to moisture [6]. Nevertheless, Peinado et al. (2013) [7] reported that 
Pedro Ximenez grapes, exposed to sunlight, presented a higher antioxidant capacity than 
fresh grapes. Thus it is reasonable to infer that both UV radiation and temperature bring about 
changes in the phenolic profile when fresh grapes are processed into raisins by sun drying. 

Drying is one of the most commonly followed methods of preservation for fruits, vegetables 
and fruit products [8]. Natural sun drying of fruits is still practiced largely unchanged from 
ancient times in many tropical and subtropical countries. This method is the cheapest and is 
successfully employed in grapes producing countries. In many of these countries, more than 
80% of food is being produced by small farmers in developing countries. These farmers dry 
food products by natural sun drying, an advantage being that solar energy is available free of 
cost, but there are several disadvantages which are responsible for degradation and poor 
quality of the end product [9].   

In many rural locations in Africa and most developing countries, grid-connected electricity 
and supplies of other non-renewable sources of energy are either unavailable, unreliable or, 
for many farmers, too expensive. Thus, in such areas, crop drying systems that employ 
motorised fans and/or electrical heating are inappropriate. The large initial and running costs 
of fossil fuel powered dryers present such barriers that they are rarely adopted by small scale 
farmers. The traditional open sun drying utilised widely by rural farmers has inherent 
limitations: high crop losses ensue from inadequate drying, fungal attacks, insects, birds and 
rodents encroachment, unexpected down pour of rain and other weathering effects. In such 
conditions, solar-energy crop dryers appear increasingly to be attractive as commercial 
propositions [10]. 
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In pursuit of achieving the Sustainable Development Goals (SDGs) – and previously the 
Millennium Development Goals – introducing clean cooking technologies remains a popular 
option for development actors. One such technology is the solar cooker (SC), a device that 
makes direct use of sunlight to cook food or pasteurize drinks. While there are multiple 
designs, the general principle is that these devices channel and concentrate sunlight through 
mirrors, which is then converted to heat and used for cooking [11].  

Thermodynamically, multiple studies were carried out by this research group regarding 
structural changes of meat as consequence of drying process. The infrared thermography 
(IRT) has shown to be a valuable tool to carry out studies regarding the infrared spectrum, as 
it is a non-contact and non-destructive method  that provides temperature information of the 
whole body and not only one point [12, 13, 14].  

The aim of this study was to model the drying process of white and red grape in solar oven 
using thermodynamics and spectrophotometry measurements, controlling the irradiation 
effect by blocking the Ultraviolet radiation using a polarized vinyl film. 

2. Materials and Methods 

1.1. Materials 

Experiments were carried out using two different types of grapes (Vitis vinífera): red table 
grape “Red Globe” and white table grape “Regal”. Both types of grapes were bought at local 
commerce in Valencia, Spain, and selected according to their homogeneity in size and color. 
They were stored at 8ºC until usage in sample cups, sealed with Parafilm® in order to avoid 
water losses.  

2.2. Physicochemical Determinations 

Mass was determined by using a Mettler Toledo Balance (±0.0001) (Mettler-Toledo, Inc., 
USA).  

The water activity (aw) was determined by a dew point Hygrometer Decagon (Aqualab®, 
series 3 TE, Decagon Devices, Pullman, WA, USA), with precision ±0,003. Moisture was 
determined by drying in a vacuum oven at 60 ºC until constant weight was reached (AOAC 
Method 934.06, 2000). Soluble solids content of the pulp liquid phase was determined by the 
refractometetric index (ºBrix) with a refractometer calibrated with distilled water at 25 ºC 
(ABBE, ATAGO Model 3-T, Japan).  

2.3 Drying process 
A solar oven (model Suntaste Compact, SunOK, Portugal) of 52x43x32 cm was used for the 
drying. Samples were placed in the described order in the middle of the oven, close to the 
door, in order to favor its drying. The door of the oven was not fully closed, leaving a 10 cm 
space at the upper surface to enable drying and images from an infrared camera Optris PI® 
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160 thermal imager (Optris GmbH, Berlin, Germany). This setup was located approximately 
at 20 cm of the sample surface and at an angle of 45º relative to the plane in which the samples 
were placed. The camera was connected to a computer to record. A certified emissivity label 
of 25 mm diameter (ε = 0.95) (Optris GmbH, berlin, Germany) was used as a reference 
emitter to calculate the reflected energy received by the infrared camera.  

Temperatures during drying were controlled by 5 K-thermocouples and 2 radiofrequency 
sensors connected to an Agilent multiplexer 34972A data acquisition system (Agilent 
Technologies, Malaysia) and registered by Agilent.  

At the same time as the drying started and the registering of temperatures, radiofrequency 
and infrared images were recorded, manual analysis were carried out every fifteen minutes: 
the air velocity was measured inside the oven and outside with a digital anemometer 
(Proster® RoHS, Model PST-TL090 series, wind accuracy ±5% China). Air humidity was 
also registered in and out with a humidity meter (TRACKlife, RoHS, Model HM01, accuracy 
±3% RH at 25 ºC, 20%-80% RH, ±3.5% RH at other ranges, China) and thirdly, day light 
intensity and in the solar oven was registered with a digital luxometer (D-LUXmeter, RoHS, 
accuracy ±4%, resolution 0.1 lx, range 0,1-200,000 lx, resolution 0,1 lx, China).  

Procedure difference was that on one of the days, a window vinyl film with control heat and 
96% UV rays blockage was placed over the solar oven´s glass (Rabbitgoo®, A023-45B, 
China) and on the other day the oven´s glass had no vinyl. The vinyl is PVC electrostatic film 
plus a back with PET release film.  

2.4 Solar Oven 

The solar oven (SunTaste, SunOk©, Portugal) is made out of cork agglomerate with water 
based varnish to diminish UV effects. It also contains aluminium and an ultra-clear glass 
cover of 4mm thickness with a UV transmittance (Tuv) of 84.5%. 

A solar box cooker basically consists of an insulated box with a transparent glass cover and 
reflective surfaces to direct sunlight into the box. The inner part of the box is painted black 
in order to maximize the sunlight absorption.   

2.5 Infrared measurements 

Thermal images were acquired using the Optris PI® 160 thermal imager (Optris GmbH, 
Berlin, Germany). It uses a two-dimensional Focal Plane array with 160 x 120 pixels, a 
spectral range of 7.5-13 μm, resolution of 0.05 ºC and an accuracy of ± 2%. The camera 
covers a temperature range of -20 to 100 ºC. It has a field view of 23º x 17º with a minimal 
focus distance of 0.02 m. The camera is supported by the software Optris PI Connect (Optris 
GmbH, Berlin, Germany).  
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3. Results and discussion 

The heating process of the red and white grape surface was produced by a combined effect 
of absorption of photon energy in the solar spectrum and by convection heat transmission 
with the air inside the solar oven. Figure 1 shows a sequence of treatment monitored by IRT, 
where it is possible to observe how the samples are heated by IRT (thermal infrared).  

 

Figure 1. Sequence of grapes heating analized by IRT, for treatment with whole thermal infrared 
and for same range without the ultraviolet range. 

Figure 2a and b show the surface temperature of the samples and of the air temperature with 
respect to the treatment time, where it is possible to observe how the temperature of the 
samples is always above that of the air. This behaviour occurs in both treatments, with 
ultraviolet spectrum and without this section of the spectrum. However, analyzing the internal 
and external measurements of light intensity in figure 2c and d, it is possible to observe how 
the effect of the solar oven mirrors cause an increase of the internal intensity in the treatment 
that include the ultraviolet range but this does not occur in the other treatment, when the 
ultraviolet spectrum is blocked. 

Applying an energy balance on the surface of the samples, it is possible to calculate the 
amount of thermal energy accumulated as the addition of the heats received by radiation and 
by convection, see equation 1. 

dE

𝑑𝑑𝑑𝑑
= 𝑞𝑞𝑟𝑟𝑟𝑟𝑑𝑑 + 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐     (eq. 1)  

Only the internal energy will accumulate because most of the sun spectrum that 
receives the surface is the thermal spectrum (IR, VIS and UV), with small radiation 
at lower frequencies (RF and MW) and nil at higher frequencies. Therefore, it is 
possible to estimate the temperature increasement by time measured by TIR, mass 
of sample and specific heat estimated by Chen model.   

dE

𝑑𝑑𝑑𝑑
= dU

𝑑𝑑𝑑𝑑
= 𝑀𝑀𝐶𝐶𝑃𝑃

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
      (eq. 2) 

time

initial

60 min

Whole thermal range Non-UV range

180 min

240 min

Whole thermal range Non-UV range

727

http://creativecommons.org/licenses/by-nc-nd/4.0/


Effect of solar radiation on cooking/drying process of grapes using solar oven 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 
 

 

 

For a natural convection (measuring the air velocity and relative humidity) it is 
possible to calculate the individual heat coefficient, and with the temperature 
difference between the surface and the air it is possible to estimate the heat loss to 
the environment. 

𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ (𝑑𝑑𝑠𝑠 − 𝑑𝑑𝑟𝑟𝑎𝑎𝑎𝑎)     (eq. 3) 

 

Figure 2. a) and b) represents the air temperature (●), red grape surface temperature (●) and white 
grape surface temperature (●), and c) and d) the light intensity express in lm/m2 for external (●) to 

the solar oven and internal (●). Where a) and c) represents treatment with whole thermal range 
radiation and b) and d) for same range radiation without the ultraviolet spectra. 

Figure 3 shows the accumulation energy in the samples, the heat losses to the air and the heat 
gain by radiation, where it is possible to observe how the infrared and visible range are the 
most important for the warming because differences are not appreciated between both 
treatments.  
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Finally, the results of the drying process are shown in table 1, where it is possible to observe 
how dehydration occurs in the high moisture isotherm section, where small variations of 
water activity (in this case not significant) represent high variations in moisture (in this case 
very significant) producing a 20% of weight loss in all samples. However, there are no 
differences between treatments with or without ultraviolet spectrum.  

 

Figure 3. represents the energies (kJ/s) explained on equation 1 applied in white grape; where (●), 
represents the convection heat (eq. 3);  (●) represents the accumulated internal energy (eq. 2)  and  
(●) represents the radiation heat. a) represents treatment with whole thermal range radiation and 

b) for same range radiation without the ultraviolet spectra. 

Table 1. Initial and final physical and compositional values of samples in both treatments. 

 

4. Conclusions 

It has been shown that it is possible to remove the irradiating solar spectrum or ultraviolet 
range, which generates food oxidation, with no decrease of the heating capacity or 
dehydration of a solar oven. 
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Abstract 
This study aims to investigate the complex microstructural changes in plant-
based food materials during drying by using X-ray micro-computed 
tomography (X-ray µCT) along with the image analysis. The apple samples 
were dried at 60 °C and tested using X-ray µCT at different stages of drying. 
The porosity, cell and pore size distribution were determined from the micro-
CT data set. It was observed that significant changes in porosity, cell and pore 
size distribution take place at different drying times and moisture contents. X-
ray µCT can serve as a very promising tool to elucidate the evolution of the 
food microstructure during the drying process.      

Keywords: Food drying, characteristics, X-ray microtomography, 
nondestructive evaluation. 
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1. Introduction 

Drying of fruits and vegetables is a complex process as their structures are heterogeneous 
and changes in microstructures significantly affect the drying process 1-3. Plant-based food 
material consists of cells and intercellular spaces. The major component of plant-based food 
materials is the water which is distributed in the cells and intercellular spaces 4-5. Therefore, 
it is crucial to understand the evolution of microstructural characteristics to make an accurate 
prediction of energy requirement and the physical quality during drying of plant-based food 
material.  

There are several methods such as Scanning electron microscope, light microscope, X-ray 
microtomography reported in the literature for the investigation of cellular structure in the 
fresh food sample 6-7. However, very limited research has been conducted to investigate the 
evolution of the microstructural characteristics during drying of food material. The 
researchers have anticipated the cell breakdown under certain drying condition 8-9. Cell 
collapse depends on internal thermal stress that first develops near the surface and gradually 
penetrates to the center of the sample during convective drying 8. In other words, entire food 
sample does not reach breakdown temperature at a time. Therefore, it is critical to investigate 
the evolution of the cellular level structure during the drying process. 

The proper microstructural information regarding the changes of cellular structure and 
porosity of the plant-based food is required to improve the physical quality of the dried food 
10. Most of the microstructural investigation techniques used by the researchers are 
destructive and invasive 11-13. Therefore, these methods are not suitable for the structural 
characterization of the plant-based food material during drying 14-15. The limitations of the 
destructive and the invasive methods justify the importance of high resolution non-
destructive and non-invasive methods. There is a major gap in the literature regarding the 
application of the non-invasive method to investigate the micro level structural changes 
during drying of food material 14. Hence, the evolution of microstructural characteristics 
during the drying process is still not clear to the food engineers. To address this research gap, 
X-ray µCT can be a very useful technique to elucidate the cellular level structural changes 
during food drying 16. Therefore, the main aim of this work is to experimentally investigate 
the change in microstructural characteristics (Cells and pore size distributions) during drying 
of apple tissue.  

2. Materials and Methods 

2.1 Sample preparation and the drying experiment 

Drying was carried out in a laboratory-scale temperature-controlled convective dryer. Granny 
Smith apple was taken as a sample for this experiment. The fresh apples were collected from 
the local market and stored in a refrigerator at 4°C to keep them fresh before the drying 

732

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Rahman M.M, M. M. Billah, Karim M.A 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

experiment. Prior to the drying test, the samples were taken out from the refrigerator and kept 
at the room temperature for an hour for achieving thermal stability of the sample. The samples 
were then washed and cut into cylindrical slices of 10 mm thickness and 20 mm diameter. 
The dryer was started 30 min before of the experiment for allowing the system reaches the 
steady state condition. The drying experiments were performed at 60°C temperature. For 
each drying experiment; six samples were taken. During each experiment, air velocity of 0.7 
m/s and the relative humidity range between 60-65% were maintained. The moisture content 
of the sample at the different stage of drying was measured using X-ray microtomographic 
images. The details of the moisture content measuring technique can be found in author’s 
previous work 14. 

2.2 X-ray microtomography  

In this study, X-ray µCT was used to investigate the micro level structural changes. X-ray 
µCT is able to scan the entire sample to obtain micro-level information such as cell and pore 
size distribution without the need for serial cuts or chemical treatment. Therefore, the same 
sample can be used at the next stages of the drying process. To observe the micro level 
morphological changes, the samples were taken out from the dryer tray after every 30 min 
during drying.  Before placing into the X-ray µCT, the samples were kept in a desiccator to 
avoid the natural rehydration to the ambient condition of the laboratory.  The apple samples 
were scanned using a Scanco-40 µCT high-resolution desktop µ-CT system which consists 
of a resolution of 6 µm. The scanning was operated at 55KV, and the images were taken 
through 0°-180° of rotation. The process is controlled by a built-in a software package which 
uses the back-projection algorithm. After the scanning, the samples were placed back into 
the dryer, and the scanning images were collected for the further investigations. 

2.3 Image processing and data analysis 
 
The grayscale images obtained from the X-ray µCT was transferred to MATLAB image 
processing environment for further processing. The image processing involved the noise 
elimination and segmentation. The noise elimination was performed by the intensity 
thresholding and the filtering process. Segmentation was performed after the noise 
elimination process to characterize solid materials in the microscopic images. For this 
purpose, Watershed algorithm was used. The area of the cells and intercellular spaces are 
obtained from the pixel of the X-ray tomographic images of the food material. At the different 
stages of drying the images were collected and the area was calculated. The change of 
shrinkage was estimated from the area ratio (AR) by the following relationship  

0

xAAR
A

=      (1) 
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where, Ax is the area of the cell/intercellular space at a different stage of drying, A0 is the 
area of cell/intercellular space of fresh sample. 
The porosity of the samples at different stages of drying was determined from the X-ray 
µCT data. The porosity was calculated by the following relationship 17: 

Int

T

VPorosity
V

=     (2) 

where, IntV  is the total volume of the intercellular space and TV  is the total volume of the 

sample.  
The area distribution of cell and intercellular space in tissue was estimated by probability 
density function as given below 18 

Pr( ) ( )
b

a

a x b f x dx≤ ≤ = ∫     (3) 

where, x is the variable denotes the area of the cell or intercellular spaces. 

3. Result and discussion 

The structural change of food material is the result of collapse and shrinkage of the cells and 
cell walls during the drying period when significant loss of water takes place 19-20. There is a 
significant difference between collapse and shrinkage. Collapse takes place when cellular or 
tissue level structure breaks down irreversibly;  whereas shrinkage refers to a reversible 
reduction in the size of food material. The shrinkage of the apple tissue was measured from 
the tomographic image analysis. The tomographic image of the fresh apple and dried apple 
is presented in Figure 1. In this figure, the high-intensity region of the image represents the 
cellular area while the low-intensity region of the image represents the intercellular space 
area. The fresh tissue the cells are intact and filled with water. In the dried tissue, the cellular 
area shrinks due to the moisture loss. It is interesting to observe that the overall shrinkage of 
the sample is arbitrary. This kind of shrinkage is known as anisotropic shrinkage.  

The apple tissue has the amorphous structure, and during the drying process, it shows the 
anisotropic shrinkage. Therefore, it is ideal to estimate the shrinkage of apple tissue in terms 
of area ratio. The evolution of the areal shrinkage as a function of moisture content at 60°C 
is presented in Figure 2. It is clear from the figure that the apple tissue experiences 35% 
shrinkage during the drying process. This kind of shrinkage phenomena is commonly known 
as large deformation. Several factors are responsible for the shrinkage phenomena including 
the structural heterogeneity and the drying temperature.     
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Figure 1. X-ray tomographic image of (a) fresh apple tissue and (b) dried at 60°C temperature 

 
Figure 2. Evolution of areal shrinkage of apple as a function of moisture content during drying at 

60°C. 

The size of cells and intercellular spaces were obtained from the tomographic image analysis. 
The size distribution of cells and the intercellular spaces in fresh apple tissue is presented in 
Figure 3. It can be seen that in fresh sample, the cellular area is distributed in a wide range. 
It was also observed that the cell size is bigger than the intercellular spaces. 

Figure 4 represents the evolution of the area of cells and intercellular spaces during the drying 
process. After 60 min drying the size of the cellular area is reduced slowly while the area of 
the intercellular space changes rapidly (Figure 4a). This is because a negative pressure is 
created inside the cells due to the removal of water during the drying process. The water 
migration process in this stage is mainly the free water removal. Owing to ongoing moisture 
migration, the collapse of cells and intercellular spaces is increased at the later stages of 
drying. After 350 min drying time, it was found that the pore size distribution is greater than 
the cell size distributions (Figure 4b). 

Cell

Intercellular
space

(a) (b)
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Figure 3. Areal distribution of cell and intercellular space in fresh apple tissue 

The porosity of the samples was calculated from the images using equation (2). The porosity 
of the plant-based food materials also shows an interesting relationship with moisture 
content. Figure 5 shows the changes in porosity of apple sample at 60°C drying temperature 
against the moisture content. It can be seen that a decreasing trend of porosity has been found 
just before an inversion starts at moisture ration of 0.7 (Dry basis). This may be due to the 
shrinkage of initial porosity of apple at the early stage of drying 11. After that, porosity keeps 
increasing steadily with moisture content until the end of the drying. 

Figure 4. Areal distribution of cell and intercellular space after (a)60 min, (b) 350 min of drying 

310×
310×

(µ𝑚2)

310×
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Figure 5. Evolution of porosity of apple during drying at 60°C 

4. Conclusion  

This paper investigates the evolution of microstructural characteristics of apple samples as a 
function of moisture content during drying. The applicability of X-ray microtomography 
along with the image processing technique in the analysis of cell and intercellular space size 
distribution in fruits and vegetable during drying is established in this study. This technique 
is nondestructive and requires minimum effort in sample preparation. It has been found that 
the cell and the pore size distribution of the food material change significantly over the drying 
period. The cellular area is larger than the intercellular area in the fresh apple tissue. 
Nevertheless, towards the end of the drying process, a larger amount of intercellular spaces 
was observed, which is directly related to the porosity of the apple tissue. The quantitive 
information of this study will facilitate the future researchers to understand the relationship 
between the moisture content and the evolution of microstructure during the drying process. 
The findings of this investigation will help the food engineers to develop and validate 
accurate food drying model which will lead to the design of an efficient food drying process. 
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Abstract 
The objective of this study was to evaluate the effect of indirect solar drying 
(ISD) and conventional (CD) (40, 50, 60 °C) on the concentration of phenolic 
compounds of strawberry slices, coated with opuntia mucilage (Opuntia ficus 
indica), and measured with the spectrophotometric method. The indirect 
solar dryer uses solar-thermal and photovoltaic technology with 
temperatures between 40 and 60 °C. The concentration of anthocyanins was 
higher in the ISD than in CD. The strawberry coated with the nopal mucilage 
has a preservation of phenolic compounds in CD and IDS. 

 

Keywords: strawberry, solar drying, phenolic compounds. 
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1. Introduction 
The nutraceutical compounds are active biological substances that can be found in foods as 
natural compounds, they may provide nutritional and health benefits (Amarante et al, 
2001), as well as, the prevention of diseases and improvement of the physiological 
functions of the organism (Garzon, 2008). Strawberry contains nutraceutical compounds as 
flavonoids, phenolic compounds, and anthocyanins (Giampieri, Tulipani, Alvarez-Suarez, 
& Quiles, 2012). The study of conditions and pre-treatments for hot-air drying are 
necessary to minimize the physical and chemical changes during the process. New quality 
products, attractive to the consumer due to the nutritional value, can be obtained (Adiletta 
et al 2016).   
A pre-treatment as mucilage coatings lead to increased raw strawberry shelf life and 
improve effects on color, texture, and sensory quality of the fruit (Del Valle et al, 2003). 
Opuntia genus is widely known for its mucilage production (Saenz et al, 2004). Mucilage, a 
natural polymer with a great capacity to absorb water, is considered as a potential source of 
industrial hydrocolloid (León et al, 2010). Mucilage contains L-arabinose, D-galactose, L-
rhamnose and D-xylose and galacturonic acid (Sepúlveda et al, 2007). 
Drying is the most expensive unit operation due to the energy requirements in the drying 
chamber, as, heating by gas, electricity, or biomass. However, the price of fuel is the main 
economic factor that affects drying operations; also; the pollution and the environmental 
consequences of this process (Babu et al, 2018). 
Solar energy is harnessed to improve solar heating systems in drying, using equipment for 
controlling the air flow and the greenhouse effect (Kamruzzaman et al 2017). Solar dying 
equipment improves the protection of the product against environmental contaminants 
(Abhay et al 20017). It also improves the protection of the product against environmental 
contaminants (Sharma et al, 2009). 
The solar dryers can be the direct, indirect and mixed type, with or without forced 
convection (Ramana, 2009). In the indirect solar dryers, the solar collector for air heating 
and the drying chamber are separated (Mahesh et al 2016). The air is heated in the collector 
and solar radiation does not affect the food placed into the drying chamber. The drying is 
faster compared to open sun drying due to their shape and dimensions (Lingayat et al, 
2017). Solar dryers design generally needs air ventilation system guarantees adequate 
moisture removing from inside them, environmentally friendly concept, seeking energy 
efficiency and using easily accessible materials (Visavale, 2012). 

2. Materials and Methods 
The strawberry was obtained from the local market in Morelos, México. The fresh 
strawberries were washed and disinfected with a colloidal silver solution in the 
concentration indicated by the supplier. They were subsequently rinsed to remove any 
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remaining residue. The samples were selected manually, and the sepal and wick 
eliminating. 
2.1 Color 
The color of raw strawberry was measured during drying according to L * a * b * values. 
The parameters a * and b * were used to calculate the Hue angle according to the following 
equation: 

              [1] 
2.2 Moisture 
The determination of moisture content of raw strawberry coated with opuntia mucilage 
(Opuntia ficus indica) was measured during drying using the AOAC 972, 1990 method. 
2.3 Coating (Opuntia ficus indica) 
The opuntia mucilage extraction was carried out from cladodes of 6 months, harvested in 
the month of January. A cladode: water (1:2) ratio was used. Cladodes were cut into slices 
of 1 x 1 cm. The slices were weighed and placed in a stainless-steel container with distilled 
water. The heat treatment was carried out for 3 minutes at 80 ° C with constant stirring. The 
mucilage was separated by decantation method and refrigerated (Lopez-Ortiz et al, 2016). 
The coating method used for the present project was by immersing and emerging the 
strawberry in the nopal mucilage for its subsequent placement in the dryer trays.  
2.3 Conventional drying 
Three temperatures (40, 50 and 60 ° C) were tested with an air velocity of 1 m/s. 
2.4 Indirect solar drying (ISD) 
The experimental indirect solar dryer system (ISD) was previously described in (Castillo-
Téllez, Pilatowsky-Figueroa, López-Vidaña, Sarracino-Martínez, & Hernández-Galvez, 
2017). The indirect solar dryer consists of a horizontal tunnel of rectangular shape with a 
constant section of flow with forced convection. Five flat plates solar collector for water 
heating was used.  A radiator type heat exchanger was used for air-water heat transfer. Food 
samples were placed into the indirect solar dryer. For the air flow was an impulse by a fan 
connected to five photovoltaic solar panels. Temperature and air velocity were registered 
using a data acquisition system. The air velocity into the dryer was according to the solar 
irradiance (Gama, 2007). 
Fresh strawberry coated with opuntia mucilage were placed in plastic meshes and 
introduced in the drying chamber. Fresh strawberry coated with cactus mucilage were 
placed in plastic meshes and introduced in the drying chamber. The air velocity in this 
dryer was according to the solar irradiance. 
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Fig. 1 Indirect solar dryer type tunnel 

2.5 Data acquisition 
The solar irradiance was obtained from the meteorological and calorimetric station of the 
UNAM. The geographical location of the Instituto de Energías Renovables - UNAM, in 
Temixco, Morelos, (18.85° latitude North and -99.2333° longitude East and an altitude of 
1219 m above sea level). The solar dryer was instrumented with thermocouple T type 
temperature sensors, in different points: entrance and exit of solar collectors for water 
heating, entrance, and exit of the heat exchanger and along to the interior of the tunnel type-
drying chamber. Temperature reading time intervals every 30 s. The water flow for heat 
exchanger was controlled at 10 L/s. The air velocity was measured and recorded with an 
anemometer at the entrance of the drying chamber. 
2.6 Determination of anthocyanin 
The pH-differential method was used to determine the total anthocyanin content (AC) 
according to the methodology reported by Giusti and Wroldstad (1996), using two buffer 
systems: potassium chloride buffer (0.025 M, pH = 1.0) and sodium acetate buffer (0.04 M, 
pH = 4). The content of anthocyanins was calculated as equivalents of Pelargonidin-3-
glucoside (molecular weight (MW) = 449.2 g/mol, molar extinction coefficient (ε) = 26,900 
L/mol/cm), the dilution factor (FD) of 0, was taken as the value of Avismax515 and A700nm for 
the sample of the two pH. Quartz cells of 1 cm light passage.   

A= (Avismax – A700nm)pH1 – (Avismax – A700nm)pH4.5   [1] 

            AC (mg/L) = (A x MW x FD X 1000) / (ε x 1)  [2] 

3 Results and discussion 
3.1 Color 

The strawberry dried at 60 °C showed a change in color (darkening). The changes in 
strawberry coloring are due to different enzymes or chemicals, the degradation of the 
precursor’s compound of the red pigmentation in the strawberry is labile to the prolonged 
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exposure of temperatures. During drying chemical reactions are slowed down as water 
activity decreases. 

 

Fig. 2 Kinetics of color 

  

Fig. 3 Kinetic of moisture 

3.2 Kinetic of drying  
Drying time for 50, 60 °C and ISD were 5 hours, while at 40° C drying time was 7 hours. 
The coating does not affect the moisture transfer during the drying process (Lopez-Ortiz et 
al, 2016). During the first 180 minutes, it had major mass transfer during drying which 
includes the water transfer from inside of the strawberry to the surface and the water 
removal from the surface to the environment. Figure 3 shows two drying periods; in the 
first period, the conditions of the surface of the food reaches an equilibrium with the hot air 
conditions. The drying kinetics at 60 ° C shows a greater decrease in moisture content in 
the food reaching values of 9.8% wet bases after 300 minutes. Also, in the drying kinetics 
of the ISD can be observed that the moisture losses were low during the first 120 min due 
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to the initial drying temperature (30 °C). After 120 min, the drying kinetic was similar to 
50°C in the convective dryer. This behavior was due to the increment in the temperature 
during the solar day. The second period is when the food already loses most of the water 
there is a decrease in the rate of drying, which makes it difficult to moisture movement as 
noted from the 180 minutes until reaching 300 minutes, which represents the end of the 
dehydrated. 
3.3 Measurements of solar drying  
During the ISD process, the water inlet temperature, the inlet temperature of the tunnel-type 
solar dryer and the outlet temperature were measured, having a maximum of 62.47 ° C 
water inlet and after the water leakage 58.46 ° C, having a loss in water temperature due the 
heat transfer to the air, the maximum temperature difference was 15 °C ± 0.05 obtained at 
13:30 hrs.  

  

Fig. 4 Irradiance and air velocity during the solar drying process 

 

Fig. 5 Kinects of anthocyanin content 
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The initial direct irradiance measured during drying in the solar tunnel-type was 873 W/m2 
at 10:00 am and a final irradiation at the end of the drying of 774.2 W/m2 at 15:00 pm. The 
maximum solar irradiance was 918 W/m2 at 11:30 am, and the average was 858.96 W/m2. 
3.4 Phenolic compound: Anthocyanin 
The anthocyanins were measured by the differential pH method in a double-beam 
spectrophotometer, of which 1 g of sample was used from its beginning until 60 minutes, 
after which the amount of sample for analysis had to be reduced to 0.1 g. 
The samples were analyzed according to the dehydrated temperature having an initial 
concentration of 1.5 ± .3 gP3G/gds. For drying at 40 °C, 50 °C and ISD, the concentration 
of anthocyanin had an increment in until the 120 minutes, after this it had a diminution in 
its content. The diminution was due the compounds are sensitive to prolonged exposure to 
temperature, being affected after 150 minutes in the different two temperatures in 
conventional drier and indirect tunnel-type solar drier. The concentration of anthocyanin 
was mostly preserved in the tunnel-type solar dryer, considering a final content of 1.07 
gP3G/gds, reducing 28.61 % of the initial concentration, unlike the different convection 
dryer dehydration temperatures (40 -68.92%, 50-42.2%, and 60 ° C-71.32%). 
4. Conclusions  
The coating does not affect the moisture transfer during the drying process. The drying 
kinetics at 50 °C was similar to drying kinetics in the ISD, besides of the nonconstant 
conditions in air velocity and temperature. The color in the dehydration at 40 °C in a 
conventional dryer had a minor darkening of the red color. The drying at 60 °C had a mayor 
darkening. The concentration of anthocyanin was greater preserved in the tunnel-type solar 
dryer, considering a final content of 1.07 g gP3G/g of Pelargonidin 3-Glucoside, preserving 
the compound in 34.70% in relation to the initial concentration. 
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Abstract 
The objective of this work is to contribute to the generation of a significant 
advance of the coconut agroindustry in Colombia, for which the process of 
spray drying was optimized to obtain coconut powder added with 
functionally active components (CP+PAC) (calcium and vitamins C, D3 and 
E), food that is framed in the context of functional foods. Initially, the 
behavior of the physicochemical properties of the coconut during storage at 
a temperature of 25ºC was evaluated. Then the base emulsion was designed, 
determining the influence of the composition of emulsions based on coconut 
milk, on its physicochemical stability, the answer surface methodology was 
used with a central composite design, considering the independent variables: 
water/coconut ratio; xantan gum; coconut fiber; terbutilhidroquinona. 
Subsequently, it was experimentally optimized according to the operating 
characteristics of the dryer and the product, using a response surface design 
based on five independent variables: Maltodextrin, air inlet temperature, air 
outlet temperature, atomizer disk speed and vacuum pressure in the drying 
chamber. Finally, the stability of the PC+PAC properties was evaluated, 
using a factorial design based on the independent variables: storage 
temperature, storage time and packaging. 

Keywords: coconut, colloidal system, deposit formation, yield, vitamins. 
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1. Introduction 

The coconut is a crop of great importance both economically and subsistence, directly 
dependent on more than 80 million people in more than 90 countries, in addition to the 
importance for its nutritional and medicinal values [1]. One of the most used techniques for 
the production of powders from liquid solutions and suspensions of fruit juices and pulp is 
spray drying (SD), with powdered food being valuable matrixs in terms of transport, 
packaging, storage and life useful [2], it is also one of the most effective techniques, which 
protects, stabilizes, releases the compounds and at the same time allows its solubility in an 
aqueous medium [3]. 

The coconut chain is identified as one of the most interesting for the Pacific and Atlantic 
coasts of Colombia, due to the impact it has on the population, seen from the families that 
depend on primary production to its commercialization and consumption. For which it is 
intended to provide the agroindustrial sector, the technological basis for obtaining a variety 
of dehydrated powders based on coconut and excellent quality attributes, which would 
represent new alternatives for diversification, in addition to contributing to the reduction of 
nutritional deficiencies in the population. In this context, this research aims to contribute in 
the medium to long term to increase the consumption of coconut drinks after reconstitution 
and to encourage the production of powdered coconut milk (CM) as a raw material for 
multidominios of the sector of the food industry and national and international markets 

The objective of this work is to contribute to the generation of a significant advance of the 
Colombian agroindustry from the research, which allows the optimization of the process of 
spray drying (SD) for obtaining coconut powder added with physiologically active 
components (calcium and vitamins C, D3 and E) (CP+PAC), food that is part of the context 
of functional foods. 

2. Materials and Methods 

Cocos (Cocos nucifera L.) variety Malayan Dwarf (manila) or Alto Pacifico (typical) from 
the Colombian Pacific region were used, with a flowering age at harvest of approximately 
12 months and a post-harvest time between 15 and 36 days, time in which through 
preliminary studies was shown to have acceptable quality to be used as raw material for 
processing. The whole coconuts to be used were initially washed with water and disinfected 
with a 200 ppm sodium hypochlorite solution, then the coconut water (CW) was removed 

and blanched for 20 min in boiling water at T≈ 96°C (local barometric pressure≈ 640 
mmHg), subsequently the shell of the coconut pulp (CP) was removed. The selected CP 
was again subjected to a water washing process and disinfection with hypochlorite, cutting 
into pieces and grinding (mill TM32 INOX BRAHER 3HP - 16801002). 

The characterization of the PC+PAC properties were carried out according to the following 
methodologies: humidity (%) (Xw): official method AOAC 930.15 [4]; Water activity (aw): 
determined with a dew point hygrometer at 25ºC (Aqualab 3TE series, Decagon, Devices, 
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Pullman, WA, USA) [5]; Solubility (S): method used by Cano-Chauca et al., (2005) 
modified [6]; Peroxide Index (PI): was performed on the extracted oil, obtained according 
to the method of Bae and Lee (2008) modified [7], where 4 g of powder was taken. The PI 
was determined by the spectrophotometric method based on the ability of peroxides to 
oxidize ferrous ions to ferric ions, which react with various reagents that produce colored 
complexes [8]. 

The quantification of vitamins E and D3 was performed by high performance liquid 
chromatography (HPLC) (Shimatzu Prominence 20A), using a reverse phase column (C18 - 
5 μm 4.6 mm x 250 mm), diode array, mobile phase: acetonitrile/methanol/water 
(45.3/51.2/3.5), flow: 1 mL/min, oven temperature 40°C and wavelengths of 325 and 265 
nm, respectively. The quantification of vitamin C was also performed by HPLC, using a 
column in reverse phase (C18 RP-5 μm 4.6 mm x 250 mm), diode array, mobile phase: 
KH2PO4 0.02 M pH= 3.00 (Ortho-Phosphoric Acid 85% ), flow: 1 mL/min, furnace 
temperature of 35°C, wavelength of 244 nm and an injection volume of 5 μL. The 
extraction of vitamin C was carried out according to the methodology adapted by Peña-
Correa et al., (2013) [9]; while the extraction of vitamins D3 and E was carried out 
according to the methodology proposed by Cortés (2004) modified [10] by inclusion by 
ultrasound treatment for 20 min to the samples treated with hexane. Calcium quantification 
was performed by the spectrophotometry method by flame atomic absorption, according to 
NTC 4807 (2000), supported by ISO 5151 (2003). The CP+PAC fortification criteria were 
set within the framework of the declaration of nutritional properties established in 
Resolution 333 of 2011 (Ministry of Social Protection Colombia), for the purpose of 
declaring the descriptor "Rich in" or "Excellent source of " CFA in a 100 g serving.  

The particle sizes were determined as percentiles D10, D50 and D90, using the Mastersizer 
3000 (Malvern Instrument Ltd., Worcestershire, UK), after dispersing the samples in 500 
mL of distilled water until obtaining a darkening value of 10±1%, considering the size 
distribution from the theory of Mie and using the refractive index of 1.52 [11]. The color 
was determined by means of the CIE-La*b* coordinates, using an X-Rite 
spectrophotometer model SP62, illuminant D65, observer of 10° as reference [5]. 
Additionally, micrographs of the CP+PAC were made using a scanning electron 
microscope (Jeol 5910LV) at 15 Kv [6], where the samples were deposited on a copper 
conductive tape and on a sample holder, then they were coated with gold in a vacuum 
evaporator (Dentom Vacumm, 30 mA, 5 kV, 100 millitorr). 

Preparation of the feed emulsion to the dryer: Batches of 3000 g of dryer feed emulsion 
(DFE) were prepared, initially a mixture of CP, CW and drinking water with a ratio ((CW+ 
H2O)/CP) was homogenized in an Osterizer 600 Watts blender (position III) for 5 min, then 
the mixture was filtered on a 500 μm mesh screen, separating the fiber from the LC. The 
fiber was subjected to a drying process at 40°C for 48 hours and then to a dry milling (IKA 
MF 10.1 mill, USA). The CM was homogenized again in a Silverson series L5 
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homogenizer using the emulsifying head at 10000 rpm for 10 min, adding the native milled 
fiber (5-15% w/w) and the rest of the ingredients: milk whey (Instant WPC 80) as 
surfactant (0.5%), NaCl (9 mMol/L), xanthan gum (0.5-1.0% w/w), terbutilhydroquinone 
(TBHQ) (100-200 mg/kg) and CFA in the chemical forms of Calcium Citrate powder (6.0 
g) (BELL CHEM), Vitamin C (1.0 g) (Ascorbic acid): 99.5% powder, BELL CHEM), 
Vitamin D3 (0.5 g) (Colecalciferol): 512900 IU/g powder, BELL CHEM), Vitamin E (1.0 
g) (DL-α-Tocopherol Acetate): 50% USP GRADE powder, BELL CHEM). A cooling bath 
was used during the preparation to control that the temperature of the DFE will not exceed 
35°C 

Spray drying process: A co-current flow pilot spray dryer was used (Vibrasec, model 
PASLAB 1.5). The evaluation of the spray drying process was carried out using the 
response surface methodology with a central composite design, considering the independent 
variables: Maltodextrin (MD) (5-15%), air entry temperature (AET) (150-170°C), air outlet 
temperature (AOT) (80-90°C), atomizer disk speed (ADS) (24000-28000 rpm) and vacuum 
pressure in the chamber (VPC) (1.0-1.88 "H2O) and the dependent variables: Process 
performance (R*) kg solids of the powder obtained/kg solids of the DFE; Deposit formation 
(DF) kg adhered material/kg DFE; Xw; aw; solubility (S); Retention of the PAC (%); 
Particle size (D10, D50, D90); PI, color (L*, a*, b*). 

Process for assessing the stability of coconut powder during storage: The product was 
packed in multicoated bags made by Alico SA, laminated film thickness (PET): 12 μm, 
aluminum foil: 8 μm polyethylene sealant layer: 100 μm, weight of 136.54 g/m2, with water 
vapor barrier <1 cc/m2 x 24h x atm) and O2 <1 cc/m2 x 24h x atm). The samples were stored 
in climatic chambers conditioned at a relative humidity of 65%, with the treatments 
applied: 15-N2, 15-Amb, 25-N2, 25-Amb, 35-N2 and 35-Amb, at storage times ( tA): 0, 30, 
60, 90, 120, 150 and 180 days. The dependent variables evaluated were: Xw, aw, S, color 
(L*, a*, b*), PI, %R-VC, %R-VD3, %R-VE, %R-ABTS, %R-DPPH, %R-FT, %R-Ca, 
particle size (D10, D50, D90) and microstructural analysis. 

For both the process of optimization of the emulsion and the drying process, the effect of 
the independent variables was determined using the multiple regression method for the 
prediction of the linear, quadratic coefficients and the interaction of the independent 
variables in the surface models In response, a polynomial model of order 2 (equation 1) was 
used: 

Y = β0  + βA βBB + βCC + βDD + βA
2 A2 + βB

2B2 + βC
2C2 + βD

2D2 + βABAB + βACAC + 

βADAD + βBCBC + βBDBD + βCDCD    (1) 

Where βo is a constant, βA, βB, βC y βD is the linear coefficient of each factor; βA
2, βB

2, βC
2 y 

βD
2 is the quadratic coefficient of each factor; βAB, βAC, βAD, βBC, βBD y βCD is the product 

coefficient of the interactions of the factors. The adequacy of the models was carried out 
using the lack of fit test and the regression coefficient (R2); In addition, the analysis of 
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variance (ANOVA) was performed with a confidence level of 95%. The matrix of the 
experimental design, the analysis of the results and the optimization procedure were carried 
out using the software Statgraphics Centurión XVI.I. From the conditions of optimal 
operation, three additional experiments were carried out to verify the accuracy of the model 
with respect to the real response variables, in order to verify the regression models and for 
stability in the storage a design was applied. with a factorial arrangement of the order 6*7 
with two independent variables: treatment and time, where the treatment is defined as the 
combinations (temperature-packaging) and packaging was carried out in N2 atmosphere and 
under environmental conditions. 

3. Results and discussion 

In the 1st phase of physicochemical characterization of the raw material (coconut) to 
identify the ideal conditions and determine the adequate time for its transformation as a raw 
material, the results showed a general deterioration of the CP and CW after 36 days of 
storage, mainly due to the increase in acidity, fermented odor, moisture loss (Xw), lipid 
oxidation, softening and discoloration of the CP, among others. 

In the 2nd phase of design and optimization of the base emulsion, the optimal conditions 
were: water/coconut ratio ((CW+H2O)/CP): 2.0; xanthan gum: 0.5%; Coconut fiber (CF): 
5.0%; antioxidant (TBHQ): 200 mg/kg, reaching a potential-ζ: -45.6±2.5 mV; viscosity: 
741.7±25.5 cP; color (L*: 67.5±0.7, a*: 3.2±0.2 and b*: 8.6±0.5); Peroxide value (PI): 
0.14±0.04 meqH2O2/kg; particle size (D10: 4.3±0.8 μm, D50: 323.7±43.6 μm and D90: 
743.0±65.1 μm) and total solids (TS): 20.0±0.3%.  

The numerical experimental optimization was carried out in order to obtain optimal values 
for independent variables, thus determining the desirable response parameters that allow 
obtaining a final product with the appropriate quality attributes. For this case and according 
to the statistical results found, the criteria were the following: approximate viscosity of 
1000 cP (condition of maximum viscosity allowed by the dryer), higher percentage of TS, 
higher L*, less enzymatic browning and oxidation of the lipids (<IP and <potential ζ). 
These response variables were significantly influenced by the xanthan gum and %FC, being 
the variables that tend for a better emulsion behavior, and where the antioxidant becomes a 
supporting factor that tends to the good performance of the xanthan gum interaction and 
%FC [12, 13, 14]. 

In the 3rd phase of optimization of the SD process according to the operational 
characteristics of the dryer and the product, where the results obtained from the dependent 
variables and the ANOVA performed, were planned taking into account the most important 
variables of the process, maximizing S, L*, R*, D90 and PAC; minimizing H, Hu, PI and 
DF, it was also set at an average value of Xw and aw, since its fluctuations were not very 
large, where the optimal conditions were: air inlet temperature (AIT): 170°C; Air outlet 
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temperature (AOT): 85.8°C; Atomizer disk speed (ADS): 26.676 rpm; Vacuum pressure in 
the chamber (VPC): 1.6 "H2O; percentage of maltodextrin (%MD): 7.0. 

Under these process conditions, the experimental values of the response variables were as 
follows: humidity: 1.7±0.4%; aw: 0.170±0.020; solubility (S): 58.4±2.1%; hygroscopicity 
(H): 8.4±0.6%; L*: 79.5±0.9; a*: 1.5 ± 0.1; b*: 9.5 ± 0.5; % vitamin C retention (%R-VC): 
32.4±6.2; %R-VE: 6.1±1.9; %R-VD3: 7.8±1.8; %R-Ca: 41.7±2.9; Wettability (Hu): 
263.0±19.8 s; peroxide index (PI): 2.4±1.3 meqH2O2/kg fat; Deposit formation (DF): 
32.4±2.3%; yield (*R): 44.0±1.0%, and particle size distribution D10: 1.7±0.1 μm; D50: 
8.5±2.1 μm; D90: 78.2±24.3 μm; obtaining a product with good quality attributes; 
Additionally, the proximal composition of PC+PAC was: fat: 30.5±0.9%, protein: 
4.1±0.5%, total dietary fiber: 23.9±1.6%, ashes: 2.3±0.0%, highlighting the dietary fiber, 
which confers benefits on consumer health, in addition to its PAC present [15, 16, 17]. 

And in the 4th phase, it was determined that the best treatment for PC+PAC storage, with 
respect to all the response variables, was 15°C-N2, where the humidity gain and the 
increase in aw were low for this type of products and the percentages of retention of 
vitamins and antioxidants were the highest, reaching values at 180 days of: Xw: 
2.97±0.09%; aw: 0.342±0.009; color: (L*: 77.96±0.04, a*: 1.44±0.06 and b*: 8.59±0.13); S: 
51.48±2.30%; IP: 0.225±0.19 meqH2O2/kg fat; %R-VC: 62.56±5.70; %R-VD3: 
51.00±0.99; %R-VE: 57.18±3.23; %R-FT: 50.89±4.78; %R-DPPH: 91.88±1.79; %R-
ABTS: 42.14±2.18; D10: 2.44±0.12 μm; D50: 51.49±1.48 μm; D90: 153.80±14.0 μm [18, 19] 
(see figure 1). 

  

Fig. 1. Micrographs of PC+PAC obtained by SA at 100X and 500X. 

4. Conclusions 

In general, the intermediate levels of the hydrocolloid and fiber added are those that tend 
for a better emulsion behavior, the ratio ((CW+H2O)/CP) although it influences in some 
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specific cases, it is not very determinant, while the antioxidant becomes in a support factor 
that tends to the good performance of the hydrocolloid and fiber interaction. 

The experimental optimization carried out using statistical tools represents an effective way 
to define the most appropriate conditions of the SD process, and at the same time represents 
a significant advance for its subsequent industrial scaling and its potential generation of 
added value to the coconut agro chain. 

According to the behavior of the PC+PAC during the storage this is a hygroscopic product, 
potentially sensitive to oxidative processes during storage, which could lead to changes in 
color, flavors or strange odors, so it will require a packing with low permeability to water 
vapor and O2, to minimize these changes. 
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Abstract 
Proliposomes are dry phospholipid-based particles in which bioactives can 
be entrapped, and that can produce liposomal suspensions if adequately 
hydrated. In our study, curcumin and cholecalciferol were incorporated in 
proliposomes obtained by coating of micronized sucrose. Different mass 
ratios of Lipoid S40 and Phospholipon 90H were used to produce the 
proliposomes. The powders were structurally characterized and bioactives 
content were analyzed over 60 days of storage. Curcumin and cholecalciferol 
amounts in F100CV formulation were 100 and 98.7% of their initial amount, 
respectively. Strucutral characterization showed bioactives were successfully 
incorporated in concentrations compatible with recommended daily dosages. 

Keywords: proliposomes, curcuminoid, vitamin D3, Raman spectroscopy, 
powder characterization 
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1. Introduction 

Proliposomes are defined as dry, free-flowing powders composed mainly of phospholipids 
and that can instantly form liposome dispersions upon addition of an aqueous solution 
under appropriate conditions [1]. Advantages attributed to proliposomes as the convenience 
for transportation, distribution, and dosing, including the production of capsules/tablets, 
easier to be industrialized [2]. 

Curcumin is the major yellow hydrophobic pigment of the rhizomes of Curcuma longa. 
Nowadays, despite its use as food spicy, curcumin has been studied by pharmaceutical and 
medical researchers because of its antioxidant, anti-inflammatory and anti-carcinogenic 
actions [3]. However, the main limitation for the application of curcumin in food is its low 
water solubility and its poor bioavailability [4]. Cholecalciferol (vitamin D3) is the naturally 
occurring form of vitamin D. It plays an important role in regulation of calcium 
homeostasis and mineralization of bones [5]. Unfortunately, vitamin D3 carency affects 
almost 50% of worldwide population due, mostly, to lifestyle habits and environment 
factors that reduce the exposition to sunlight [6]. Thus, its supplementation is highly 
necessary as few enriched food are commercially available. However, as curcumin, vitamin 
D3 is extremely sensitive to higher temperatures and exposure to light [7]. Hence, 
encapsulation in lipid delivery system could increase their stability and bioacessibility [8,9].  

In this study, curcumin and cholecalciferol were incorporated in proliposomes obtained by 
coating of micronized sucrose. The powders were characterized by Raman spectroscopy 
(RS) and Fourier-transform infrared spectroscopy (FTIR). In addition, proliposomes were 
analyzed in terms of their morphology, hygroscopicity, solubility, and amount of bioactives 
retained. Data revealed by this research will help to show the feasibility to produce 
proliposomes containing both bioactives in concentrations compatible with their 
recommended daily dosage for further application in food formulations. 

2. Materials and Methods 

2.1. Production of proliposomes by coating of micronized sucrose 

Proliposomes production was based in the methodology described by Silva et al. (2017) 
[10]. Different mass percentages of phospholipids were tested: 50% Lipoid S40 + 50% 
Phospholipon 90H (F50), 70% Lipoid S40 + 30% Phospholipon 90H (F70), and 100% 
Lipoid S40 (F100).  

2.2. Spectroscopical characterizaton of the proliposomes  

The spectra in the infrared regions were obtained in the 4000-400 cm-1 region by using a 
Perkin Elmer FT-IR Spectrometer (Waltham, MA, USA). Raman spectroscopy analyses 
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were performed with a RAMII (Billerica, MA, USA) in the 4000-400 cm-1 region with Ge 
detector and a 1064 nm laser. 

2.3. Morphololgy of proliposomes by scanning electron microscopy (SEM) 

Morphology was studied using a scanning electron microscope (model 3000 TM; Hitachi, 
Japan) equipped with TM3000 software. 

2.4. Hygroscopicity and solubility 

The proliposomes were characterised in terms of hygroscopicity according to the procedure 
described by Cai and Corke (2000) [11]. The solubility of the proliposomes was determined 
according to the method of Eastman & Moore (1984) [12]. 

2.5. Quantification of bioactives in proliposomes 

Curcumin quantification was carried out according to Silva et al. (2017) [10]. 
Concentrations were obtained by absorbance readings at 425 nm in a spectrophotometer 
(Libra S22; Biochrom, Cambridge, UK). Regarding cholecalciferol retained in 
proliposomes, these values were obtained by high-performance liquid chromatography 
(Shmadzu; Kyoto, Japan) according to Staffas and Nyman (2003) [13].  

3. Results and Discussion 

3.1. Visual aspect and morphology of proliposomes  
 
The visual aspect of blank and curcumin-cholecalciferol-loaded  proliposomes are shown in 
Figure 1. The powders containing curcumin presented an intense and characteristic yellow 
color. The formulation prepared with only Lipoid S40 (F100) seemed to be more 
agglomerated than the produced with  Phospholipon 90H. This may be due because Lipoid 
S40 is a non-hydrogenated phospholipid, with a strong tendency to absorve moisture from 
the environment. 

 
Figure 1. Visual aspects of blank (superior line) and curcumin-cholecalciferol-entrapped (inferior 

line) proliposomes produced with (A, D) 50% Lipoid S40; (B, E) 70% Lipoid S40; (C, F) 100% 
Lipoid S40 
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The coating of micronized sucrose by phospholipids produced flake powders whose 
morphological characteristics are shown in the scanning electron micrographies illustrated 
in Fig. 2. In the SEM micrographs, it is possible to distinguish a layer of phospholipid 
coating the micronized sucrose granules. The coated material presented very irregular and 
different shapes, with many agglomerates in the visual fields. 

 
Figure 2. Micrographies obtained by scanning electronic spectroscopy for the blank (superior line) 

and curcumin-cholecalciferol-entrapped (inferior line) proliposomes produced with (A, D) 50% 
Lipoid S40; (B, E) 70% Lipoid S40; (C, F) 100% Lipoid S40. Scale: 2nm. Magnitude: 50x 

3.2. Fourier-transform infrared spectroscopy (FTIR) 

The characteristic absorption peaks for blank and loaded proliposomes obtained by FTIR 
are shown in Figure 3. No major changes were detected in the spectra of empty and loaded 
proliposomes. Intense vibration peaks were observed at 2854 and 2920 cm-1 in all  spectra. 
These peaks are related to sυ(CH2), and the higher their intensity, the more ordered are the 
acyl chains of the phospholipids. Therefore, as shown in Figs. 3E and 3F, higher amounts 
of Lipoid S40 in the proliposomes led to a reduction in the peak intensities. Such reduction 
was mainly due to the high content of unsaturated phospholipids in Lipoid S40, which 
helps to decrease the acyl chains ordering [10]. On the other hand, assymetrical stretching 
mode of a P=O group is identified by a peak in the range 1200-160 cm-1 according to Lewis 
and McElhaney (1996) [14]. In this case, proliposomes showed this peak as the located in 
the wavenumber near 1043 cm-1. Popova and Hincha (2003) [15] stated  this peak increased 
its position with hydrogen bonding. Regarding these peaks in Figs 3E and 3F, it can be 
verified a slight decrease, an indication that part of sucrose interacted with the polar heads 
of phospholipids, in a behavior that resembles that in which sucrose is used as cryoprotector 
during the production of lyophilized liposomes [16]. These interactions caused also a 
decrease in C=O stretching, which was located at 1741 cm-1. Summarily, it can be stated 
that part of sucrose interacted with some polar heads of the phospholipids presented in 
Lipoid S40, hindering the coating process [10].  
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Figure 3. FTIR spectra obtained for formulations F50 (A); F50CV (B); F70 (C); F70CV (D); F100 

(E) and F100CV (F). 

3.3. Raman spectroscopy 

Figure 4 shows the FT-Raman spectra obtained for blank and loaded proliposomes. The 
bands at 1596 and 1632 cm-1, are attributed to v(C=C) motions of the inter-ring chain of 
curcumin and to v(C=O)/v(C=C) vibrations in the side aromatic rings of both curcumin and 
cholecalciferol. As can be seen, these peaks appeared only on formulations F50CV and 
F70CV. Therefore, it can be stated that in formulation F100CV both bioactives remained 
entrapped in the phospholipid matrix in their amorphous form. Changes in the broadening 
of the 1596 and 1632 cm-1 bands seen between F50CV and F70CV are due to 
conformational modifications on the side aromatic rings that can cause a variation of the 
electronic conjugation degree along the entire molecule [17]. Other Raman peak 
assignments for curcumin were obtained by Mohan et al. (2012) [18] and appeared in 
F50CV and F70CV spectras, as it follows: 1125 cm-1 (δ(CCH) of aromatic rings and δ(C–
OH) of the enolic group coupled to δ(C=CH) in the inter-ring chain), 1241 cm-1 (δ(CH) of 
the aromatic rings, combined to υ(C–O) of the ether groups linked to these rings), 1295 cm-

1 (δ(CCH) of the inter-ring chain (C10 and C11), and 1439 cm-1 (δ(CCC), δ(CCH) and δ(C–
OH) of aromatic rings). Cholecalciferol peak at 1650 cm-1 was possibly covered by peak at 
1655 cm-1 commonly found in polyunsaturated lipids [19]. In addition, the low 
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concentration of cholecalciferol added in proliposomes may have remained within the 
surrounding matrix, which explained the absence of its related peak. 

 
Figure 4. FT-Raman spectra obtained for formulations F50 (black); F50CV (red); F70 (blue); 

F70CV (green); F100 (purple) and F100CV (orange). 

3.4. Hygroscopicity, solubility and amount of bioactives retained 

Physicochemical parameters obtained for proliposomes over 60 days of storage are in Table 
1. Higher hygroscopicities were obtained for proliposomes with higher contents of Lipoid 
S40. These values can be considered low, which is a highly desirable characteristic for 
powders. The incorporation of the hydrophobic actives in proliposomes did not lead to a 
decrease in solubility values. This result corroborates what was mentioned before, that both 
molecules remained entrapped in phospholipid matrix. However, the values obtained were 
quite lower than those obtatined by Silva et al. (2017) [10] which also produced 
proliposomes containing curcumin by coating of micronized method. Additionally, it is 
important to mention that Silva et al. (2017) [10] produced proliposomes using only 
Phospholipon 90H, which contains a higher number of hydrogenated phospholipids, which 
are easier to be dispersed in aqueous medium.   

The amount of bioactives retained in proliposomes after 60 days of storage are presented in 
Table 1. Considering that curcumin and cholecalciferol are highly sensitive to degradation, 
the results obtained can be considered promising, as 100% of curcumin and more than 85% 
of the cholecalciferol initially present in the powder were preserved.  
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Table 1. Physicochemical parameters obtained for blank and loaded proliposomes 

 Solubility 
(%) 

Hygroscopicity 
(%) 

 Preserved bioactives 
(after 60 days) (%) 

   Curcumin Cholecalciferol 
F50 36.4C ± 2.02 7.24B ± 0.23 - - 

F50CV 42.4B ± 0.64 5.90C ± 0.23 100 ± 1.18 92.3 ± 3.50 
F70 44.5A ± 0.93 6.49C ± 0.31 - - 

F70CV 44.8A ± 1.38 7.50BC ± 1.47 100 ± 0.91 85.1 ± 0.10 
F100 37.9C ± 1.36 11.1A ± 2.66 - - 

F100CV 42.5AB ± 1.49 8.62AB ± 1.54 100 ± 1.04 98.7 ± 0.37 
 
4. Conclusions 

The experimental data indicate  it is possible to produce proliposomes containing curcumin 
and cholecalciferol by coating of micronized sucrose. The process of coating with 
phospholipid was effective as illustrated by SEM images. Proliposomes presented low 
hygroscopicity and moderate solubility, which not hinders the production of liposome 
dispersions, as mechanical energy can be applied during their preparation. The amount of 
cholecalciferol added to the formulations was low, which hindered its determination by 
spectroscopies. The results showed the feasibility of producing proliposomes incorporating 
both bioactives in concentrations compatible with their recommended daily dosage for 
further application in food formulations. 
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Abstract 
The physical properties of 12 commercially available infant milk formula 
(IMF) and follow-on (FO) powders were assessed. Polarised light 
micrographs of powders revealed that two types of powders existed: Type I - 
homogenous mixtures of milk powder particles and Type II – heterogeneous 
mixtures of milk powder particles and tomahawk-shaped α-lactose 
monohydrate crystals. Conventionally employed correlations between 
particle size, flowability and compressibility were found to be highly 
dependent on the presence of crystalline lactose in powders. Overall, results 
showed the importance of micro-structural evaluation during analysis of 
physical properties of dairy powders and, in particular, IMF/FO powders.  

 

Keywords: max. Infant formula;  microstructure; physical properties. 
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1. Introduction  

Infant milk formula (IMF) powders are dehydrated emulsions consisting of the protein, fat 
carbohydrate, vitamins and minerals necessary to nourish infants in the absence of breast 
milk. Composition of powders changes as infants grow and IMF is classified into “stages” 
based on the age of the infants i.e. from birth, 6 months +, 1 year, follow on (FO), etc.. The 
U.S. Food and Drug Administration (2003) classify IMF manufacturing processes into three 
categories: 1) wet processing, 2) dry processing or 3) a combination of wet and dry-
blending. In wet processing, ingredients are hydrated in water to the desired composition 
and are subsequently spray dried [1]. Dry processing involves mixing of dried ingredients 
and is often employed in combination with spray dried base powder [2].  

The manufacturing process has a large effect on the physical quality of dairy powders [1, 3-
6]. Powder particle size can be controlled by viscosity of feed concentrate and 
agglomeration during spray drying [7, 8]. Large powder particle sizes generally increase 
flowability due to a reduction in the area of contact between particles during flow [9]. 
However, other factors can affect flowability, which in some cases can lead to a weak 
relationship between particle size and flowability. The surface composition of powder 
particles is especially important in dehydrated emulsions and high quantities of non-
emulsified fat at the powder surface can reduce flowability [10]. Shape of particles can also 
affect flowability of powders with more spherical powders having greater flowability [11]. 
α-lactose monohydrate crystals are generally pyramidal or tomahawk shaped [12] and thus 
may reduce spherocity, and possibly, flowability of powders if present.  

In recent years there has been an increase in the publications dealing with IMF manufacture 
[1, 5, 6, 13, 14]. Hanley et al. [13] provided some information regarding the physical 
properties of a limited number of commercial IMF samples, whereas the others did not 
equate data obtained to standard commercial products. This aim of this study were to 
determine differences in physical quality of commercial IMF related to composition of 
powders, microstructure and/or processes employed by manufacturers. 

2.  Materials and Methods   

2.1 Commercial infant milk formula 

A total of 12 IMF and FO powders were studied. 9 samples were purchased from an Irish 
supermarket and 3 samples of non-Irish IMF powders were donated by Biostime Inc. 
(Guangzhou, P.R. China). Crystalline structure of the powders was determined using 
polarised light microscopy (Olympus Corporation, Tokyo, Japan) and powders were 
subdivided into two categories; I – a homogenous mix of milk powder particles (n=6) and 
II – a heterogeneous mix of milk powder particles and crystalline particles (n=6).  
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2.2 Powder properties 

Particle size distribution was measured by a Mastersizer 3000 (Malvern Instruments Ltd., 
UK) as described elsewhere [14]. Sauter mean diameter, D[3,2], which gives the diameter 
of a sphere with the same volume to surface area ratio of the whole distribution was used as 
a measure of particle size.  D(v,0.1), which gives the diameter below which 10 % of the 
distribution (by volume) lies, was used to quantify the amount of fine particles in the 
distribution. 

Particle shape was measured by Morphologi G3 (Malvern Instruments Ltd., UK). Powders 
were dispersed on to a microscope plate, using pressurised air. The air pressure used was 4 
bar, which was applied to the sample dispersion for 10 milliseconds; a settling time of 1 
minute was then allowed for powder particles to disperse on the microscope plate.  

Bulk density and surface free fats were determined as per GEA Niro Standard [15]. The 
difference between poured and tapped (100 times) bulk densities gave the compressibility 
of the powder. Particle densities were measured by a helium gas pyconometer, AccuPyc II 
1340 (Micromeritics, GA, USA). 

2.3 Flowability  

Flowability was measured by two methods: 1 – the time taken for a defined volume of 
powder to leave a rotating drum [15] and 2 – flow function measured using a Powder Flow 
Tester (Brookfield Engineering Laboratories Inc., MA, USA). For the drum flowability 
method it was noticed some powder would always adhere to the walls of the drum and 
would not exit. Therefore, the flowability from this method was defined as a flow-rate 
given by: Fd = (gp1 – gp2)/time, where Fd is the drum flowability (g/s); gp1 and gp2 represent 
the amount of powder (g) in the drum at the start and finish of the test, respectively. Flow 
function was determined as described by Crowley et al. [16]. Five uniaxial normal stresses 
(0.3 to 2.4 kPa) were applied to each powder, in combination with three over-consolidation 
stresses at each normal stress.  The Jenike flow index (i), was used to characterise the flow 
of the powders (Table 1; [11]).   

Table 1. Jenike flow index (i) classification 
Flowability Hardened Very cohesive Cohesive  Easy-flow Free-flowing 

i <1 <2 <4 <10 >10 
 

2.4 Statistical analysis 

A t-test was used to compare Type I and II powders.. Pearson’s r was used to determine the 
degree of correlation between the two sample sets. This was calculated using the CORREL 
function of Microft Excel 
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3.  Results and Discussion  

3.1 Powder properties 

 Polarised light microscopy revealed that standard IMF powders (made from intact 
bovine proteins) could be classified into two groups; I – homogenous powders and, II – 
heterogeneous mixtures of non-crystalline particles and distinct crystalline particles (Figure 
1). Type I powders showed small degrees of crystallinity indicated by bright areas within 
particles. This may be a result of partial lactose crystallisation which could occur, for 
example, if powder is not cooled sufficiently after spray drying or absorbs moisture locally 
during storage. The crystalline particles observed in Type II powders were very likely α-
lactose monohydrate due to their pyramidal or tomahawk shape [12]. The presence of 
crystalline lactose in Type II powders could indicate a manufacturing process where a base 
powder containing protein and fat ingredients was manufactured by spray drying, after 
which α-lactose monohydrate crystals were added by dry-blending [2].  

 
Figure 1. Polarised light images of Type I (powder 1) and II (powder 10) powders. Scale bar is 200 

µm. 

There were significant (P < 0.05) differences in powder particle size and shape between 
Type I and II powders (Table 2). Type I powders had less fine particles (D(v,0.1)), and as a 
result Sauter Mean Diameter, D[3,2], was significantly larger (P < 0.05). D[3,2] gives the 
diameter of a sphere with the same volume to surface area ratio as the whole powder 
distribution [5]. The significantly larger D[3,2] of Type I powders, compared to Type II 
powders, indicated that the specific surface area of Type I powders was lower. Type I 
powders were less elongated than Type II; measured elongation means were 0.18 ± 0.02 
and 0.25 ± 0.03, respectively. The presence of crystalline lactose tomahawks/pyramids in 
Type II powders (Figure 1) likely contributed to the greater elongation observed.  Surface 
free fat content did not vary significantly (P > 0.05) between Type I (0.96 ± 0.30 g free fat 
100 g -1 powder) and Type II (0.81 ± 0.22 g free fat 100 g -1 powder) powders.  
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Table 2. Powder particle size and surface free fat for individual powders (mean of two 
replicates). Average values presented below were calculated based on powder type ± 

standard deviation 
Powder 
Type 

Powder 
No. 

D [3,2]    
(µm) 

D(v,0.1) 
(µm) 

Span of 
particles 

Surface free fat      
(% w/w of powder) 

I 1 183.0 ± 6.0 103.3 ± 1.5 1.5 1.5 ± 0.0 
I 2 139.0 ± 0.1 77.4 ± 0.1 1.5 0.6 ± 0.0 
I 3 166.2 ± 0.1 90.8 ± 0.3 1.6 1.1 ± 0.0 
I 4 181.4 ± 7.1 129.0 ± 3.8 1.1 0.8 ± 0.0 
I 5 170.0 ± 0.1 112.0 ± 0.6 1.3 1.0 ± 0.0 
I 6 220.1 ± 10.1 140.5 ± 6.93 1.2 0.8 ± 0.0 
Average I 176.5 ± 26.5 108.8 ± 23.5 1.4 ± 0.2 1.0 ± 0.3 

      II 7 160.0 ± 7.5 92.4 ± 4.1 1.6 0.9 ± 0.0 
II 8 162.0 ± 1.7 100.9 ± 2.1 1.5 0.9 ± 0.0 
II 9 117.0 ± 0.1 62.1 ± 0.1 1.8 0.4 ± 0.0 
II 10 149.3 ± 1.5 87.6 ± 0.7 1.6 1.1 ± 0.0 
II 11 143.0 ± 1.4 82.3 ± 0.1 1.6 0.8 ± 0.0 
II 12 126.1 ± 1.7 68 ± 0.8 1.8 0.7 ± 0.0 
Average II 142.9 ± 18.2 82.2 ± 14.8 1.7 ± 0.1 0.8 ± 0.2 

 
3.2 Flowability 

Flowability of powders was measured by two means; a – Jenike flow index and b – the rate 
at which powder exited from a rotating drum. Table 3 summarises the flowability data. All 
powders measured had a flow index (i) of greater than 4 and, thus, were deemed to be easy 
flowing powders over the range of consolidating stresses applied [9]. There was no 
significant difference in flow index or drum flowability behaviour between Type I and II 
powders. Flow index and drum flowability were highly correlated for Type I powders (r = 
0.95) and somewhat correlated for Type II powders (r = 0.69). 

Type II powders had lower particle size (P < 0.05), were less spherical (P < 0.05) and were 
more elongated (P < 0.05) compared to Type I powders. Taking this into account, it is 
perhaps surprising that average flowability of Type I and II powders was not significantly 
different (Table 3; P >> 0.05 for both flow index and drum flowability). Large particle size 
is generally desirable for good powder flowability [17].  Large powder particles reduce 
specific surface compared to smaller particles which reduces cohesive inter-particular 
interactions. In addition, increased spherocity of particles has been found to positively 
affect flowability [11].  However, particle size can often be weakly correlated with 
flowability [9] possibly due to the effect of surface composition, which also plays an 
important role in flowability [10]. Presence of crystalline lactose in Type II powders likely 
resulted in different overall surface composition compared to Type I powders. This 
difference could explain the good flow behaviour of Type II powders. Similarly, 
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Yazdanpanah and Langrish [18] found that skim milk powder particles with crystalline 
surfaces and amorphous cores had better flowability than fully amorphous particles.  

Table 3. Flowability of powders (mean of two replicates ± standard deviation). Average values 
presented below were calculated based on powder type ± standard deviation 

Powder Type Powder No. Flow index (i) Drum flow (g min-1) 
I 1 6.5 ± 0.3 32.9 ± 1.0 
I 2 4.6 ± 0.3 11.2 ± 0.2 
I 3 4.7 ± 0.2 17.4 ± 1.7 
I 4 7.7 ± 0.8 38.5 ± 1.2 
I 5 7.7 ± 0.1 38.5 ± 1.5 
I 6 8.7 ± 0.5 38.2 ± 1.2 

Average I 6.6 ± 1.6 29.4 ± 11.6 
    II 7 8.7 ± 3.4 39.0 ± 0.3 

II 8 8.3 ± 0.1 29.0 ± 1.3 
II 9 4.4 ± 0.3 24.8 ± 0.1 
II 10 6.9 ± 0.3 35.1 ± 0.1 
II 11 5.6 ± 0.4 34.6 ± 1.0 
II 12 4.7 ± 0.2 20.2 ± 0.4 

Average II 6.4 ± 2.1 30.5 ± 6.8 
 

3.3 Compressibility 

Compressibility was measured by two means a – difference in powder volume before and 
after tapping 100 times b – difference in volume before and after flow index analysis. No 
significant (P < 0.05) difference in compressibility was observed between Type I and II 
powders. Compressibility measured during flow index testing was always higher than 
compressibility measured by tapping, indicating higher compressive force in the former 
measurement. Correlation between the two tests was high for Type I powders (r = 0.99) but 
for Type II powders no correlation was observed (r = 0.16). The exact reason why there 
was strong correlation for Type I powders and no correlation for Type II powders is 
unclear, but may be related to the presence of lactose crystals in Type II powders.   

High compressibility of powders is often reported to be related to poor flowability [11, 16, 
19]. Table 4 shows correlations, for Type I and II powders, between all flowability and 
compressibility measurements. For Type I powders, compressibility was well correlated 
with flowability; r was between -0.9 and -1 in each case. The negative sign of r indicated 
that as compressibility increased, flowability decreased. For Type II powders, 
compressibility obtained by tapping was not correlated to flowability. Correlation of 
compressibility to flowability in Type II powders was higher when compressibility obtained 
from flow index was used. It is possible that, at the lower compression associated with the 
tapping test, lactose crystals present in Type II powders may have affected the established 
relationship between compressibility and flowability. It is clear from Table 5 that different 
methods which supposedly measure the same parameter i.e. compressibility, can be 
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influenced by powder structure. Researchers must take into account powder structure when 
drawing conclusions from compressibility and flowability data. 

Table 4. Correlation (Pearson's r)  between compressibility and flowability measurements for 
Type I and II powders (n = 6 for each correlation) 

  
Type I Type II 

    
Drum 

flowability 
Flow 
index 

Drum 
flowability 

Flow 
index 

Compressibility by tapping -0.94 -0.90 0.35 0.33 
Compressibility by flow index -0.98 -0.93 -0.88 -0.75 

 

4. Conclusions 

 Quick structural analysis of IMF powders using polarised light microscopy gave 
an indication of the process used for powder manufacture. The presence of large lactose 
tomahawk crystals in some IMF powders indicated a manufacturing process where at least 
some degree of dry blending of lactose was utilised. The presence of lactose crystals 
resulted in markedly different powder behaviour compared to similar powders containing 
no crystalline lactose.   This highlights the importance of powder microstructural analysis 
to compliment more commonly used measurements of particle size, compressibility and 
flowability during analysis of powder behaviour. 
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Abstract 
Unfired tile mechanical properties are very important in the ceramic tile 

manufacturing process. Inadequate mechanical properties lead to rejects 

(both in unfired and fired tiles). Unfired tile mechanical strength changes 

significantly after the tiles exit the industrial dryer. This behaviour can be 

explained by assuming that the fast-drying process generates stresses in the 

tile, which subsequently relax. A kinetic model has been derived, based on 

Maxwell’s viscoelastic elements, which explains the development of dried tile 

mechanical strength. This increases asymptotically when the dried tiles are 

stored in dry conditions. However, if tiles adsorb humidity (upon exiting the 

dryer), tile mechanical strength rises and then decreases. This is the result of 
two opposing phenomena: stress relaxation raises mechanical strength while 

the concurrent rise in moisture content lowers mechanical strength. The 

developed model successfully describes this joint mechanical behaviour. 

Keywords: ceramic tiles, fast drying, stress relaxation, kinetic model. 
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1. Introduction 

Simultaneous heat and mass transport during fast drying (20min) of ceramic tiles produces 
temperature and, in particular, moisture content gradients in the tiles [1]. Such differential 
drying would also lead to differential drying shrinkage of the layers if they were not joined 
together. However, as each individual layer cannot shrink freely, mechanical stresses develop 
among the layers. Indeed, faster drying of the tile faces generates a moisture content gradient 
inside the tile, causing the tile faces to be subjected to tensile stresses while the inner tile is 
under compression. These stresses are not eliminated immediately, so that tile mechanical 
strength will vary after the tile has been dried and has exited the dryer, as the residual stresses 
generated during fast drying relax.  

This study was undertaken to develop a kinetic model that describes the development of 
unfired tile mechanical strength after tile drying, both during tile storage in a completely dry 
and in a humid environment (70% relative humidity). 

 

2. Materials and Methods 

Floor tiles measuring 31x31x1cm, made by industrial pressing of a standard spray-dried 
powder, were used. Fast drying (20min) was performed in a horizontal industrial dryer. 
Moisture content and mechanical strength were determined in all test pieces. Mechanical 
strength was determined by three-point bend testing [2]. Ten tiles were used for each test 
condition. 

 

3. Results and discussion 

 

3.1 Stress relaxation in dried tiles placed in bags to keep the tiles dry 

Unfired tile mechanical strength, σB, rises considerably during dried tile storage time in bags 
owing to relaxation of the stresses generated in the tile during drying (Fig. 1). The proposed 
model that describes these results is based on the following assumptions: 

i) The unfired tile is assumed to consist of a series of uniform layers of infinitesimal 
thickness, each of which is subject to different uniform residual stress. 

ii)  The viscoelastic behaviour of each layer can be described by a Maxwell element [3]. 

iii)  Total strain is independent of time and position. 
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Fig. 1. Variation of the mechanical strength, σB, of dried tiles placed in bags with storage time. Fit 

of the experimental data to the developed model, Eq. 3. 

These assumptions yield the Maxwell model stress relaxation, which describes the 

evolution of the residual stress, σ, for a layer: 

σ�σi exp �- t

�

�  Eq. 1 

where σi is the initial residual stress (at the dryer exit) (MPa) and τ0 is the relaxation 

time of the dried material (h). 

iv) In a bending test, tile mechanical strength, σB (MPa), is the maximum tensile 
strength that the bottom layer can withstand. Consequently, during the relaxation 

process, σB is the difference between the mechanical strength of the already relaxed 

layer, σB∞ (MPa), and the residual stress, σ, acting upon this layer:  

��σB∞-σ Eq. 2 

Introducing  Eq. 1 in Eq. 2 yields: 
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��σB∞ �1 � ���� �� �

�

�� Eq. 3 

where: 

� � �� � ��
��

 Eq. 4 

where σBi is dried tile mechanical strength at the dryer exit. 

This equation describes de evolution, with relaxation time, of the mechanical strength of 
dried tiles stored in bags to keep the tiles dry (tile moisture content: 

X�0 kg water/dry solid). 

The solid line in Fig. 1 is the plot of Eq. 3. Excellent fit was found.  

 

3.2 Relationship of relaxed unfired tile mechanical strength, σBR, to moisture content, 
X 

Fig. 2 shows the mechanical strength of stress-free (relaxed) unfired tiles, σBR, versus 

moisture content, X, for different experiment series: by moisture adsorption in dried tiles and 
on drying as-pressed tiles to different moisture contents.  

The following equation relates σBR to moisture content, X, [4] [5]: 

σBR�σBR0exp+-βX- Eq. 5 

where σBR0 is the mechanical strength of stress-free dry tiles (MPa) and β is a fit parameter.  

The solid line in Fig. 2 is the plot of Eq. 5. Excellent fit was found. 
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Fig. 2. Effect of moisture content, X, on stress-free unfired tile mechanical strength, σBR. Fit of the 
experimental data to Eq. 5. 

 

3.3 Development of dried tile mechanical strength on storage in ambient air 

When a tile emerging from the dryer is stored in ambient air (T=20ºC and relative 
humidity=70%), it will simultaneously be subject to moisture adsorption and stress 
relaxation. The sum of the opposing effects that each of these phenomena has on unfired tile 
mechanical strength causes the variation of this property with time to exhibit a maximum 
value (Fig. 3).  
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Fig. 3. Variation of dried tile mechanical strength, σB, and moisture content, X, with storage time 
in ambient air (T=20ºC and relative humidity=70%). 

To derive the model the following modifications must be performed in Eq. 3: 

i) As moisture content increases, stress relaxation becomes faster, so that τ decreases 

according to the following expression:  

τ-1�τ0-11αX Eq. 6 

where α is a fit parameter. Consequently, in Eq. 3, τ0 must be replaced with Eq. 6. 

ii ) σB∞ must be replaced with Eq. 5. 

ii i) γ does not depend on moisture content, X. This parameter is the same as the 

γ calculated in the previous fit to Eq. 3. 

Taking into account the aforementioned assumptions, the final equation becomes: 

σB�σBR0exp+-βX- �1-γ exp �- � 1
τ0

1αX� t�� Eq. 7 

For this particular case, substituting the fit parameter values into Eq. 7 yields: 
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σB�2.20exp+-0.33X- �1-0.4exp �- � 1
4.69 1100X� t�� Eq. 8 

The agreement between Eq. 8 and the experimental data is good (Fig. 3). The equation 
reproduces the peak strength attained after a certain time. 

 

4. Conclusions 

Unfired ceramic tile mechanical strength changes significantly after the tiles exit the 
industrial dryer. Dried tile mechanical strength increases asymptotically when the tiles are 
stored in dry conditions. When these tiles adsorb humidity, tile mechanical strength exhibits 
a peak.  

A model has been developed, based on Maxwell’s viscoelastic element, which successfully 
describes this mechanical behaviour. 

The relationship between the mechanical strength of stress-free unfired tiles and tile moisture 
content was found to be independent of whether the process involved modifying tile moisture 
content by drying or by moisture adsorption. 

 

5. References 

[1] Mallol, G.; Cantavella, V.; Llorens, D.; Feliu, C., “Study of ceramic tile drying under 
non-isothermal conditions and its industrial applications,” in Proceedings of the 7th 

Conference and Exhibition of the European Ceramic Society, Uetikon-Zuerich, 2002.  

[2] Amorós, J. L.; Cantavella, V.; Jarque, J. C.; Feliu, C., “Green strength testing of pressed 
compacts: an analysis of different methods,” Journal of the European Ceramic Society, 

no. 28, p. 701–710, 2008.  

[3] Moreno, R., Reología de suspensiones cerámicas, Madrid: Consejo Superior de 
Investigaciones Científicas (CSIC), 2005.  

[4] Amorós, J. L., Pastas cerámicas para pavimentos de monococción. Influencia de las 
variables de prensado sobre las propiedades de la pieza en crudo y sobre su 
comportamiento durante el prensado y la cocción, Burjasot: PhD Thesis. Universidad de 
Valencia, 1987.  

[5] Jarque, J. C., Estudio del comportamiento mecánico de soportes cerámicos crudos: 
mejora de sus propiedades mecánicas, Castellón: PhD thesis. Universitat Jaume I, 2001. 

 

779





IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7452 
 
 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

 

Fixed-bed drying of grains: analysis of the structural properties of 
packed-beds of non-spherical particles 

 

Altino, H.O.N.a; Ferreira, M.C.a* 
a Chemical Engineering Department, Federal University of São Carlos, São Carlos, São Paulo, Brazil. 
 
*  E-mail of the corresponding author: mariaf@ufscar.br 
 

Abstract 
Structural properties of packed-beds of non-spherical biological materials 

were investigated. The particles tested were oats, lentil, barley and soy, with 

sphericity ranging from 0.4 to 0.8. Porous alumina particles with sphericity 

of 0.98 were also included. The particles dimensions and sphericity were 

measured under moisture content ranging from the equilibrium up to 24% 

(dry basis). Mean voidage, bulk density, permeability and tortuosity of the 

packed-beds were obtained in the whole moisture range. The data were used 

as input into a correlation to predict Sherwood numbers under constant air 

velocity and the results were compared to evaluate the influence of packing 

characteristics on convective mass transfer. 

 

Keywords: Sphericity; Permeability, Tortuosity, Fixed-Bed Dryers. 
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1. Introduction 

It is well-known that variables such as particle shape, size, surface roughness, among 
others, influence the gas-particle interaction in fixed-bed drying because the packed bed 
permeability, tortuosity, interparticle contact and residence time are greatly affected by 
them. For particles of irregular shape and wide size distribution, a great number of packing 
arrangements can be achieved, leading to changes in the local porosity and contact area that 
affect the heat and mass transfer rates. Drying is a preservation method widely used for 
grains, a class of materials that exhibits a widespread variety of shape and sizes. Besides, 
the dimensions and shape of grains often change throughout drying due to the shrinkage, 
making the design of drying equipment a challenging task [1]. The influence of the particle 
properties on fixed-bed drying is useful information for a fundamental analysis of drying 
processes of grains and seeds.  

As a preliminary stage of a study aimed at investigating how the packed-bed characteristics 
may affect convective fixed-bed drying, a characterization of the packed-bed’s structural 
properties was performed for different biological materials. Particles’ characteristic 
dimensions, volume, equivalent diameter, surface area, sphericity and density were 
obtained as a function of the moisture content. The bulk density, mean voidage, 
permeability and tortuosity were obtained for the different packed-beds. The experimental 
data were used as input to an empirical correlation based on the packed-bed properties to 
evaluate the mass transfer coefficients and compare the mass transfer potential of each bed. 

 

2. Materials and Methods 

2.1. Particulate materials 

The biological materials were selected to cover a wide range of characteristics: soy 
(Glycine max L.), green lentils (Lens culinaris), barley (Hordeum vulgare L.) and oats 
(Avena sativa). Nearly spherical porous alumina particles with a diameter of 2.5 mm were 
included to serve as a standard material for comparison. The dehydrated materials were 
purchased from a local market and either humidified or dried to reach specified moisture 

content (�) (% d.b.), which were set to 24%, 16%, 9% and the equilibrium moisture (���). 

Humidification was done by placing 150 g samples in polyethylene plastic packages, 
adding the necessary amount of deionized water and storing the sealed packages at 4°C for 
48 h. The drying was performed in a hot-air drying oven (TE-394/1, Tecnal®) at 50°C.  
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2.2. Physicochemical characterization 

Particles were assumed to have a triaxial spheroid shape. The length (��), width (��) and 

mean diameter (��) of 60 particles were measured by the image analysis technique using 

the software Image-Pro Plus® 6.0. The thickness (	�) was measured using a digital caliper. 

The volume (
�) and sphericity (�) were calculated according to [2]. The packed-beds’ bulk 

density (�) was obtained by measuring the weight and volume of the samples, using a 

digital scale (AS 1000, Marte®) and a glass measuring cylinder with diameter of 5.0x10-2 
m. Small portions of particles were discharged from a constant height through a funnel into 
a graduated glass vessel. The vessel was tapped over a flat surface until a constant volume. 

The apparent density (�) was estimated by liquid pycnometry with toluene (99.5%, 

Dinâmica®). The mean voidage (��) was evaluated from the values of � and � [2]. The 
measurements were performed in triplicate. 

 

2.3. Determination of the permeability and tortuosity 

The packed-bed static pressure drops were measured in a cylindrical vessel with diameter 

(�) of 5.0x10-2 m and height of 29.5x10-2 m (the ratio �/�� varied from 7.0-16.0). The 
pressure taps were distributed along the vessel height at each 5 cm. The particles were 
randomly packed according to the same procedure described in section 2.2. The pressures 
(P) were measured under different air flow rates and at a constant air temperature (27°C). 

The air velocity (�) ranged between 0.05-0.58 m.s-1. The permeability (�) was obtained 
from a linear regression of Eq. (1), with experimental values of ΔP and U. The tortuosity 

(�) was estimated based on the capillary model, using Eq. (2) [3]. 

∆�
�� � �

� � �
√� �                                                                  (1)  

� �  !"#$% &%
'(�)*+ !,%                                                                    (2)  

 

2.4. Mass transfer coefficients  

To evaluate how the packed-bed structure affect the mass transfer in a hypothetical drying 
limited by the external resistance, the mass transfer coefficients were estimated from a 
generalized semi-empirical correlation developed for porous media. As described in [4], the 
equation assumes that packed-bed structure can be described by a capillary geometry and 

defines a wall energetic criterion (�-.). The correlation is given by: 

/ℎ � 3.66 � 0.101 61 � 74 1 9 ���� )� 9 1, :1 � ���( /;*<-+*<*+ ! ! √=>?�@
AB CD �-.

**EF/;*<         (3) 
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The dimensionless groups �-., /ℎ, G- and /; were estimated according to [4]. The 

diffusivity of moisture in the air (�H) was obtained from [5]. Air physical properties and �H 

were estimated at ambient temperature (30°C). The aspect ratio (I) was obtained from the 

ratio of particle thickness over particle width, 	�/�� [4]. 

 

3. Results and Discussion 

3.1. Particles characteristics 

The particles’ linear dimensions, (��, ��, 	�,, mean diameter (��), volume (
�) and 

sphericity (�) are shown in Figs. 1(a) to 1(f).  
 

 

 

Fig. 1 Particles’ dimensions and sphericity as a function of the moisture content; JK (a), LK (b), MK 
(c), NO (d), PQ (e) and � (f). Legend: soy ( ), lentil ( ), barley ( ) and oats ( ). 

 

A reduction in � resulted in a linear decrease in the particles’ dimensions, owing to the 
shrinkage phenomenon that appears as a result from an unbalance between the material’s 
inner pressure and the external pressure [6]. Shrinkage is usually observed in food materials 
with a solid matrix in the rubbery state [6,7]. The particles characteristics of alumina are not 
shown because its dimensions do not change with moisture variation. The results and 
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qualitative behavior of variables in Fig. 1 are consistent with those reported in the literature 

[8-11]. Although the linear dimensions change, � is not significantly affected by the moisture 
reduction, as can be observed in Fig. 1(f).  
 
3.2. Packed-beds structural properties 

The particles’ sphericity are, in a decreasing order, 0.98 (alumina), 0.8 (soy), 0.7 (green 
lentils), 0.6 (barley) and 0.4 (oats). It is worth noting that the particles differ also in size, 
shape, apparent density and surface roughness. All these variables may affect the packing 
structure, however the differences cannot be avoided when working with biological 

particles. The variation of � and �� as a function of � are shown in Fig. 2 for � equal to 
24% and for dry particles (equilibrium moisture). The results obtained at 16% and 9% 
stayed between the upper and lower limits and for the sake of concision are not shown in 
the graphs.  

 

 

Fig. 2 Bulk properties as a function of φ: �� (a) and � (b) for alumina ( ), soy ( ), lentil ( ), 
barley ( ) and oats ( ). Legend: moistures contents of 24% ( ) and ���  ( ). 

 

Fig. 2 (a) shows that at a constant �, �� did not vary significantly as � was reduced from 

0.98 to 0.60. Only at �=0.40 a slight increase was observed, suggesting that packed-beds of 

oats tend to produce large pores. However, it is not clear why �� was not affected by the 

moisture content in this particular case. The variation of � with � is complex and does not 

show a clear trend, as can be seen in Fig. 2(b). At a constant �, �� and � depend not only 

on �, but also on additional factors, such as the particles’ dimensions and �. Additionally, 

the variation of �� and � with moisture content is different for each particle. Even the 
particles’ surface roughness can be affected by moisture and it is quite difficult identifying 
the different contributions of each variable in the packed-bed structure. The apparent 

density of alumina, for instance, decreases as � is reduced, as its volume does not change. 
On the other hand, the grains shrink and an opposite behavior is observed. Therefore, 
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several combined effects are responsible for the patterns observed in Figs. 2(a) and 2(b). 

The qualitative dependence of � and �� on � were similar to those reported by [8-11] for 

lentil, barley, soy and oats, respectively. A reduction of � caused an increase in � (Fig. 2 

(b)) and a decrease in �� (Fig. 2 (a)), which is probably associated to the decrease in �� 
observed as the moisture content is reduced (Fig. 1(e)). For random packing of non-

spherical particles, smaller values of �� generate smaller intraparticle void spaces, thus 

increasing � and decreasing �� [12]. Alumina presented an atypical behavior, because �� 

does not change with � for this particle.  

The influence of � on � and � is displayed in Fig. 3 as a function of �. A decrease in � 

resulted in lower values of � and higher values of �. This can be attributed again to the 

reduction of �� with � due to the shrinkage of grains, and is consistent with the patterns 
described in Figure 2.  

 

 

Fig. 3 Packed-bed parameters as a function of φ for alumina ( ), soy ( ), lentil ( ), barley ( ) and 
oats ( ); � (a) and � (b). Legend: moistures contents of 24% ( ) and ���  ( ). 

 

It is also observed in Fig. 3 that, at a constant �, � tends to decrease with the decrease in � 

and � tends to increase. According to the literature [5], deviations from the spherical shape 
may contribute to reducing the pore diameter. However, for the particles considered here, 
not only the particle shape but other variables, such as the size and apparent density can 

affect the packed-beds’ structural properties. It can also be observed that the influece of � 

on � and � is much more evident at a high �, which is probably related to the dependence 

of the grains’ dimensions on �. Once more, an atypical behavior is observed for alumina 
for the aforementioned reasons. 
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3.3. Mass transfer coefficients 

The values of G- and /ℎ were estimated for the different packed-beds at �=0.58 m.s-1 and 

are shown in Fig. 4 as a function of �, for values of � equal to 24%, 16%, 9% and ���. G- 

was calculated based on the estimated capillary diameters.  

At �=24%, it can be observed in Fig.4(a) that G- is practically constant for the packed-beds 

of different particles, regardless of the value of �. Only for alumina a significant increase in G- was observed, which is attributed to the smaller size of this particle. At a low moisture 

content (�=9%), a slight decrease in G- is observed as � increases from 0.4 to 0.7 and it 

increases again as � is further increased. The variation in this case is much lower than 

observed at �=24%. These quite different patterns are justified by the influence of the 

moisture content on the particles’ dimensions. The dependence of /ℎ on � in Fig. 4(b) 
shows quite similar patterns to those observed in Fig. 4(a), as the convective mass transfer 

is directly correlated to G-. High values of G- favor fluid turbulence, flow eddies and 
mixing and contribute to increasing mass transfer, as the boundary layer thickness and mass 

transfer resistance are reduced [13]. Therefore, higher values of /ℎ are observed under 

higher values of G-. Among the biological particles tested, and at a constant �, higher /ℎ 

were observed in the packed-beds of oats, which is the particle of lower sphericity. 

 

 

Fig. 4. Estimated values of Re (a) and Sh (b) as a function of � for alumina ( ), soy ( ), lentil ( ), barley ( ) 
and oats ( ) at 0.58 m.s-1. Legend: moisture of 24% ( ), 16% ( ), 9% ( ) and ���  ( ). 

 
4. Conclusions 

Based on the experimental data, it was verified that the permeability and tortuosity of 
packed-beds of soy, oat, lentil and barley were significantly affected by the particles shape 
and size and by the moisture content. The results suggest that the packed-bed structure may 
change significantly throughout drying depending on the particle characteristics, as the 
particles dimensions vary with their moisture content, while their shape practically do not 
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change. Because each particle was differently affected by the moisture content and have 
distinct shape and sizes, no consistent correlation between the structural properties such as 
mean voidage, bulk density, permeability and tortuosity to the particle characteristics could 
be identified. 
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Abstract 
This study aimed to evaluate the effects of ozone pretreatment on drying of 
green apple carried out in a fluidized bed dryer to determine drying kinetics 
and identify operating parameters for improved product quality. Results reveal 
that drying temperature in different levels affected water diffusivity and 
retention of bioactive compounds. The ozone pretreatment showed unexpected 
results since the pretreatment reduced the water difusivity and promoted an 
increase in the enzyme activity. The treatment time strongly afftected the final 
polyphenoloxidase and peroxidase activities. On the other hand, the ozone 
treatment resulted in lower color changes compared to non-ozone treated 
dried apples.  
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1. Introduction 

Foods with high moisture like fruits and vegetables are dried to increase shelf storage and to 
reduce the storage and transportation costs. However, the drying methods used for food 
should be not only efficient and economical but also produce high quality, tasty and nutritious 
products with good uniformity, appearance, and texture. The main challenge in drying food 
is to maintain the quality of the product1,2. 

The drying process is related to the simultaneous application of heat and removal of food 
moisture. The main parameters that control the drying rate of fruits are the air temperature, 
relative air humidity and air velocity as processing conditions variables. These parameters 
are chosen based on the nature of the food and the particular design of the dryer3,4. Fluidized 
bed drying is a method for controlled and mild drying of wet solids. A proper bed flow control 
provides a homogeneous drying, with greater drying efficiency without the application of 
excessive heat and mass transfer when compared to other conventional drying systems. 
However, the efficiency of a conventional fluidized bed system is usually low. It is, therefore, 
desirable to improve the efficiency of the drying process. 

Pretreatment with ozone in fruits and vegetables is usually carried out to prolong its shelf 
life. One of the applications of ozone as a preservative treatment in fresh fruits and vegetables 
is due to the effective increase of the antioxidant defense system by increasing the activity of 
superoxidase dismutase (SOD), peroxidase (POD) and catalase (CAT)5.  

Polyphenoloxidases are enzymes responsible for the enzymatic browning in fruits and 
vegetables. These enzymes also cause degradation of polyphenols, leading to discoloration 
and loss of antioxidant activity2. 

Thus, this study aimed to evaluate the application of ozone pretreatment before drying of 
green apple carried out in a mini vibrated fluidized bed dryer to determine drying kinetics 
and identify the main operating parameters for improved product quality. 

 

2. Materials and Methods 

 

2.1 Preliminary drying tests 

The apples (Granny Smith variety) were cut in cubes (0.5 cm) and dried at 40, 45 or 50 ° C 
in a mini fluidized bed dryer and evaluated in different temperature and air flow parameters 
(Table 1). The final moisture obtained was 10 % (dry base), and the processing effects on 
color parameters, phenolic compounds, antioxidant capacity (DPPH) 6 and the polyphenol 
oxidase (PPO) and peroxidase (POD) activities2 were evaluated. The optimum drying 
temperature was selected based on the effective water diffusivity of apple cubes calculated 
using Fick’s law.  
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Table 1. Drying parameters 
Temperature  
(°C) 

Airflow  
(m³/min) 

Final Airflow  
(m³/min) 

Drying time  
(h) 

40 75 40 2 
45 75 40 2 
50 75 40 2 

 

2.2 Ozone pretreatment 

To evaluate the blanching effects of ozone pretreatment on dried apples, the cubes were 
inserted into a glass column reactor with a sintered glass porous plate (4.5 cm in diameter 
and 30 cm hight), coupled to a Model O & L1.5 Portable Ozone Generator, (OzoneLife, São 
José Dos Campos, São Paulo, Brazil).  

For ozone pretreatment, samples with 65 g of green apple cubes were exposed to different 
processing times: 10, 20 or 30 minutes. The oxygen flow  was  250 mL/min and the ozone 
production was 40.9 mg / L.  

For drying, 55 g of ozone pretreated green apple cubes were dried in a fluidized bed dryer 
(Labmaq do Brasil, Ribeirão Preto, São Paulo, Brazil). The ozone pretreated apples were 
dried at 50 oC because this temperature resulted in the highest diffusivity of drying.  
 
2.3 Quality parameters of the dried apples 
     
The sample's moisture was determined using a moisture balance (Marconi, Piracicaba-
Brazil). The water activity was determined at 25°C with a water activity meter (AquaLab, 
Decagon CX-2, Pullman, Washington, USA). The drying kinetics the thermal diffusivity 
apples were calculated according to the Fick´s law.  

The instrumental color was determined using a Minolta CR300 colorimeter (Tokyo, Japan) 
and the color parameters were expressed as L* (whiteness/darkness), a* (redness/greenness), 
b* (yellowness/blueness), C* (saturation index) and °h (hue angle). The readings were done 
in quintuplicate and the total color difference (∆E), was calculated according to the following 
equation: 

 

                                ∆𝐸𝐸 =  �(∆𝐿𝐿)2 + (∆𝑎𝑎)2 + (∆𝑏𝑏)²                                                     (1) 

 

Total phenolic compounds were determined by the Folin-Ciocaulteu method2.  
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3. Results and Discussion 

 

3.1 Effects of fluidized bed drying on bioactive compounds and drying kinetics 

 
According to the results presented in Table 2, fluidized bed drying has influenced the activity 
of the spoiling enzymes reaching almost 80% of inactivation for PPO and POD at 50°C after 
2 hours of drying. Yemenicioglu et al. (1997)6 reported that the time required for 50% 
reduction of initial PPO activity of Granny Smith apples at 68°C and 78°C was 35 and 3 min, 
respectively, showing the effect of temperature on PPO. Antioxidant capacity (DPPH) also 
decreased due to the drying processes. However, at 40°C it was observed an increase of 200% 
for total phenolic compounds (TPC), which agrees to the highest antioxidant value found at 
40 oC. Possibly, drying promoted the release of insoluble phenolics increasing both the 
phenolic content and the antioxidant activity. Water activity reached values below 0.4, after 
2 h (50°C), 2.4h (45°C) or 3h (40°C) of drying, which is appropriate to prevent bacterial and 
fungi growth. The results suggest that fluidized drying is a viable technology for drying 
apples.  
 

Table 2. Residual concentrations of total phenolic compounds, polyphenol oxidase (PPO), 
peroxidase (POD) and total antioxidant activity (DPPH) of fluidized bed dried green apple 

Temp. 
Residual Concentrations (%)  Diffusivity  

(109 m2/min) TPC PPO POD DPPH 
40°C 301.47±22.78 30.46±1.07 31.61±0.89 101.44±0.32 8.50 ± 1.02 
45°C 88.11±2.92 31.42±1.00 39.53±1.51  36.82±2.78 11.50 ± 0.85 
50°C 78.25±1.14 21.36±2.54 15.30±0.43 27.82±0.79 16.50 ± 3.20 
 

3.2 Ozone pretreatment 

The ozone pretreatment reduced the water diffusivity as showed in Table 3, which leads to a 
reduced drying efficiency. The negative effect on the water diffusivity was proportional to 
the ozone application time. After 30 min of ozone pretreatment, the diffusivity was reduced 
by 43%. This might be occurred probably due to structural changes after increasing time 
exposure to ozone.  

Table 3. Diffusivity values of ozone pretreated apples at 50 ° C 
 

Time (min) 
Diffusivity 

(109 m2/min) 
0 

10 
20 
30 

16.50 ± 3.20 
15.80 
12.90 
9.39 
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The results of the color analysis are presented in Table 4. The color difference (ΔE) was 
calculated against the control sample (non-dried apple). For all pretreated samples, the drying 
process increased the total color difference, but this variation was lower when the drying was 
combined with the ozone pretreatment. Thus, it is possible to state that the application of 
ozone before drying reduced the color changes during drying. The mechanism involved are 
object of future studies.  
 

Table 4. Colors values of fluidized bed dried green apple 
 L* C* h a* b* ΔE 
 Control-OZ 10 76.03 24.51 99.42 -4.01 24.18 - 
 OZ 10 68.53 9.74 100.65 -1.80 9.57 16.56 
 OZ 10 + FB 62.19 14.80 91.63 -0.47 14.80 17.09 
 Control-OZ 20 72.34 24.21 114.97 -10.22 21.95 - 
 OZ 20 69.17 13.39 100.58 -2.46 13.16 12.14 
 OZ 20 + FB 63.08 15.09 92.43 -0.64 15.08 14.99 
 Control-OZ 30 72.02 14.21 101.07 -2.73 13.94 - 
 OZ 30 63.30 22.15 87.28 1.05 22.12 11.06 
 OZ 30 + FB 76.03 24.51 99.42 -4.01 24.18 13.85 
 Control 86.53 22.05 107.80 -6.73 20.99 - 
 FB 50°C 68.73 17.09 76.08 4.11 16.59 21.3 

Control: non-processed apple; OZ – sample submitted to ozone treatment; OZ+FB – sample submitted to ozone treatment followed by fluidized 

bed drying. 

 
Table 5 shows the residual activity of PPO and POD after ozone pretreatment and fluidized 
bed drying.   

Table 5. Residual activities (%) of ozone pre-treated and fluidized bed dried green apple 
 POD PPO 
 OZ 10 442.96 ± 5.90 162.28 ± 13.94 
 OZ 10 + FB 243.80 ± 13.22 30.54 ± 13.25 
 OZ 20 85.71 ± 2.96 102.42 ± 4.84 
 OZ 20 + FB 182.56 ± 8.84 48.68 ± 8.50 
 OZ 30 76.24  ± 0.0 121.10 ± 3.06 
 OZ 30 + FB 54.92 ± 3.06 49.55 ± 6.04 

 
The maximum reduction (23.76%) was achieved after 30 minutes of ozone exposure. An 
inhibitory effect of ozone on POD occurred probably due to the high oxidation potential of 
ozone7. For PPO the activity increased up to 62% after short time ozone processing (10 min) 
and then it was reduced. After drying, PPO activity decreased probably due to the temperature 
effect (Table 2). The highest enzymes inactivation was achieved in the samples treated with 
ozone by 30 minutes. However, the POD and PPO residual activity were higher than the 
found in the samples dried without the ozone pretreatment.  
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Conclusions 

Our results suggest that fluidized bed drying is a viable technology for drying apples. The 
ozone pretreatment resulted in unexpected results since the pretreatment reduced the water 
difusivity and promoted an increase in the enzyme activity. The treatment time strongly 
afftected the final PPO and POD activity. On the other hand, the ozone treatment resulted in 
lower color changes when compared to non-ozone treated dried apples.  

To our knowledge this the first study applying ozone as pretreatment for fruit drying. The 
results strongly suggest a behavior similar to the ultrasound pre-treatment where some 
parameters can increase or decrease depending on the intensity and processing time. Thus, 
more studies on the effect of ozone as pretreatment for drying fruits are necessary to 
understand the mechanism of the effects reported in the present study.  
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Abstract 
By combining vacuum freeze drying combined with high-frequency dielectric 

and/or infrared heating, the drying time for frozen gels containing 1% agar 

with sucrose or sodium chloride was successfully shorten, and the drying 

time was influenced by the heating methods and by the additive component to 

the sample. Additionally, it was experimentally confirmed that the power 

consumption for freeze drying combined with electromagnetic wave heating 

could be reduced because of the shortened drying time. Consequently, this 

study could be a very important step for designing a vacuum freeze drying 

process optimally combining electromagnetic wave heating for each sample 

component. 

 

Keywords: freeze drying, electromagnetic wave heating, food model, sucrose, 

sodium chloride 
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1. Introduction 

 

Vacuum freeze drying (FD) is less physical and with less chemical changes in the sample 
qualities; in recent years the application fields have been expanded. Vacuum FD is 
commonly and widely utilized for high quality preservative foods [1]. However, the drying 
time for conventional FD is very long (for example; several tens of hours). Therefore, 
freeze drying is actively studied for the purpose of shortening the drying time. Wang et al. 
performed FD of sliced potatoes by combining microwave heating, and established the 
drying time could be shortened by 37% [2, 3]. Microwave, combined FD is not enough 
uniform heating under the high vacuum. Additionally, Pan et al. tried to shorten the FD 
process of sliced bananas in consideration of the influence of infrared irradiation [4]. 
Furthermore, Schössler et al. studied an ultrasound assisted freeze drying of red bell pepper 
pieces cut into 1-cm squares, but noted only a minimal effect [5]. 

We then focused our attention on high-frequency dielectric (HF) heating to directly heat 
frozen foods for the purpose of the reduction of the time of the vacuum FD. The combined 
vacuum FD and HF heating has the potential of a multi-stage operation without a heating 
medium, and a large number of samples could be vacuum freeze-dried at one time. As the 
results, drying time could be shortened by using HF heating [6]. However, on the first half 
of the drying, the combination effect was very slight. This study aims to further shortening 
the drying time by combining vacuum FD combined with HF and/or infrared (IR) heating 
since infrared rays could be significantly absorbed by all phases of water. As the food 
model, a cylindrical frozen agar gel was selected because of easy formability and 
adjustments to its components. We then study the effects of the assistance of HF and/or IR 
heating on the FD characteristics and the influences of the additive of sucrose or sodium 
chloride (NaCl) to the food model on them. 

 

2. Materials and Methods 

 

2.1. Materials 

Frozen agar gels containing 1 wt% agar were used as the food model samples. We also 
made the frozen agars including sucrose of 20 wt% or NaCl of 7.5 wt% as the drying 
samples. The outline of the sample preparation procedure is shown in Figure 1. The agar, 
sucrose and NaCl were of special grade and obtained from Wako Pure Chemical Industries 
(Osaka, Japan). The initial water content of the agar was preciously controlled by 
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suppressing the moisture evaporation. The formed sample was stored in a freezer which 
was set to 253 K. 

 

 
Fig. 1 Outline of sample preparation procedure. 

 

2.2. Experimental apparatus 

Drying experiments were performed in a Lab-scale vacuum chamber (Espec Co., Ltd., 
Osaka, Japan) equipped with the high frequency dielectric and infrared radiative heating 

①  Vacuum chamber  ②  HF introduction part  ③  Optical fiber 
temperature and humidity sensors  ④ Thermometer  ⑤  Drying 
sample  ⑥ Thermal and electrical insulator  ⑦ Upper electrode  ⑧ 
Lower electrode  ⑨ Matching box  ⑩ Vacuum exhaust valve  ⑪ 
Piping leak valve  ⑫ HF power source (13.56 MHz)  ⑬ Oil-sealed 
rotary vacuum pump  ⑭  Oil-water separator  ⑮  Data logger 
(pressure, HF power recorder)  ⑯ P C ⑰ Teflon® plate  ⑱ Teflon ® 
O-ring  ⑲  Optical fiber type temperature sensor  ⑳  Infrared 
heaters   

Fig. 2 Schematic diagram of high frequency dielectric heating with freeze-dryer. 
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systems. A scheme of the drying equipment is presented in Figure 2. The output power of 
the high frequency dielectric heating is automatically adjusted to a set point by the 

matching box ⑨ during freeze-drying. The upper electrode ⑦ has the holes on the 

circumference for transmitting the infrared rays from the infrared heaters ⑳ equipped on 

the top plate inside the vacuum chamber ①. The infrared radiative power is controlled by 
adjusting the energization time to the infrared heaters. A vacuum pump was used for 
maintaining the vacuum in the chamber. The data of the pressure, high frequency traveling 
wave power and high frequency reflection wave power are recorded using the data logger 

⑮. 

 

2.3. Drying experiments 

Six frozen agar samples are put on the Teflon® plate (82× 82× 10.5 mm) and are kept in a 
freezer set at 253 K overnight. The samples and the plate were put on the lower electrode. 
To avoid the heat transfer from the lower electrode to the sample, a Teflon® O-ring (φ3, 60 

mm inside diameter) ⑱ was put on the lower electrode ⑧, and the samples ⑤ on the 

plate ⑰ were put on the O-ring. The distance from the sample to the upper electrode 

(GND) was set at 15 mm based on the preparatory experiment results. 

In case of the assistance of HF heating, after the pressure in the vacuum chamber reached 
around 100 Pa, HF power was supplied to the frozen samples and the drying experiment 
was started. During drying, the sample temperature and the pressure in the chamber were 
continuously monitored. At the specified drying time, one agar was sampled from the 
chamber after the inner pressure was returned to atmospheric pressure. Drying of the 
remaining agar samples were then started again. To determine the moisture content of the 
sample, the sample after vacuum freeze drying was dried in an oven set at 378 K for 24-72 
hours. The dry weight of the sample was gravimetrically measured. 

 

3. Results and Discussion 

 

3.1. Drying characteristics 

The influences of the HF power on the combined vacuum freeze drying characteristics of 
the frozen agar gel were experimentally studied, and Figure 3 shows the influences on the 

time courses of the normalized water content (ω/ω0) relative to the initial one (ω0) for the 
frozen agar gel (no additive) and of the sample temperatures. As shown in Figure 3, the 
drying rate was accolated by combining electromagnetic wave heating. The drying time 
was shortest when HF and IR heating were simultaneously used (HF+IR). However, the 
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sample temperature rose and the part became burned. We then performed the other 

combination of HF and IR heating with FD (HF+IR→HF). Drying with HF+IR was carried 

out in the initial stage, and infrared irradiation was cut off when the sample temperature 
began to rise. As the result, the temperature rise of the sample was suppressed, and it was 
possible to shorten the drying time almost the same as HF+IR drying. 

Drying of frozen agar supplemented with sucrose or NaCl was performed by combining 
electromagnetic wave heating, and Figure 4 shows the relationship between the drying time 
td and the final temperature of the samples. We then performed the preliminary approach to 
quantitatively confirm the differences of the drying characteristics of each sample. For the 
additive free sample under the FD process without the assistance of HF and/or IR heating, 
the time course of the normalized water content was fitted using the following simple 
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exponential equation. 

   (1) 

Here, t and k are the drying time and the drying rate constant, respectively. 

For the other samples, the curve fitting for the time courses of the normalized water content 
was carried out using the following equation which modified Eq. (1) from the middle of the 
drying process [6]. 

   (2) 

Here, ts and (ω/ω0)s are the start point of the exponential curves for parallel translation of 
Eq. (1). An intersection of both curves expressed by Eq. (1) and (2) means the critical point 
of the drying characteristic. k1 is the drying rate constant for the latter exponential curve. 
We could then calculate the drying time td based on Eq.(2). 

As indicated in Figure 4, for the samples added sucrose as an organic substance, the effect 
of shortening the drying time was more pronounced for IR heating assistance than for HF 
heating assistance. In addition, for the samples added NaCl as an electrolyte substance, no 
significant difference was observed in the time reduction effect by HF and IR heating 
assistance, but the dry sample temperature was lower for HF heating assistance than in for 
IR heating assistance. 
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Fig. 4 Relationship between dried sample temperature and drying time. 

800



 Hashimoto, A.; Suehara, K.; Kameoka, T; Kawamura, K. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

3.2. Electric power consumption during drying process 

We also measured the electric power consumption during each drying process. Figure 5 
illustrates the relationship between the electric power consumption and the drying time. It 
was confirmed that the power consumption could be reduced by shortening the drying time 
with the assistance of electromagnetic wave heating. In addition, based on the near-infrared 
spectroscopic imaging results of the dried samples (data not shown), it was experimentally 
confirmed that the component changes of the dried samples except for those dried under the 
HF+IR drying conditions could be negligible. Consequently, from the experimental results 
indicated in Figure 3, 4 and 5, the effectiveness of the assistance of electromagnetic heating 
to vacuum FD of the food model was experimentally found. 
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Fig. 5 Relationship between electric power consumption and drying time. 

 

4. Conclusions 

 

By controlling the combined use conditions of HF and/or IR heating for each sample 
component, drying time could be shortened. Additionally, a vacuum freeze drying process 
could be optimally designed by combining electromagnetic wave heating with the reduction 
of electric power consumption and without the quality change of the dried sample. 

 

5. Nomenclature  
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k drying rate constant h-1 

t drying time h 

Greek letters 

ω water content kg-water kg-1-
dry material 

Subscripts 

0 initial state  

1 state after critical point  

s start point defined by Eq. (2)  
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Abstract 
Flavor release from powders depends on the glass transition temperature (Tg) 

and water absorption. This study reports a simple method to estimate the 

apparent Tg by aroma sensing upon flavor release from spray-dried powders. 

Four different wall materials (maltodextrin (MD), MD blends with fructose at 

20 and 40wt%, and yeast cells) were used to encapsulate flavors by spray-

drying. The apparent Tg values of MD and MD with 20 and 40wt% fructose 

were determined as 130, 110, and 75 °C, respectively, similar to those 

calculated by the Gordon–Taylor equation. The slow flavor release from dried-

yeast powder afforded the highest Tg. 

Keywords: yeast; flavor; encapsulation; spray drying; aroma sensor. 
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1. Introduction 

Spray drying is a unique technique to encapsulate active compounds. The rapid drying rate, 
availability of the instrumentation, and continuous operation processing make spray drying 
a widely useable technique in the encapsulation field. Additionally, good quality powders 
and high flavor-retention powders can be obtained by spray drying. Encapsulation is the 
entrapment of an active material inside a wall material. The encapsulation of flavors in solid 
powders has great benefits as it can reduce the volatility losses, protect from adverse 
environments, and increase their shelf-life and stability. The encapsulation efficiency differs 
vastly among different wall and core materials. The glass transition temperature (Tg) is a key 
property that affects the release of flavors from encapsulated powders.[1] Chirife and 
Karel[2] and Roos and Karel[3] have described how flavor retention or release from 
amorphous matrices may be due to the transformation of said amorphous matrices from a 
glassy to a rubbery phase. They highlighted two causes for this transition: an increase in the 
moisture content and an elevated temperature. At the Tg, the molecular movement in the 
powder increases and the amorphous material changes from a glassy to a rubbery state, with 
consequences of stickiness and collapse of the powder.[4] Furthermore, the stickiness of the 
powder observed at the Tg results in poor quality and low yields during drying, and handling 
and storage problems.[5] Therefore, the determination of the Tg of wall materials is very 
important for application in encapsulating powders. Usually, the glass transition temperature 
is measured by differential scanning calorimetry (DSC). However, the determination of Tg 
values by DSC is very difficult due to the small changes in the heat capacity near the Tg.  

In this study, a method for the measurement of the Tg of flavor-encapsulated spray-dried 
emulsified powders and yeast powders is proposed using a simple instrument named aroma 
sensor. The rapid increment in flavor release from the encapsulating powders was monitored 
using a ramping method (linear programmed temperature gradient). 

 

2. Materials and Methods 

 

2.1. Materials 

Drum-dried yeast cells, Saccharomyces cerevisiae cells (partially β-glucan extracted), were 
obtained from Fuji Foods Corp. (Yokohama, Japan). Maltodextrin (MD, DE = 19) and 
fructose (Fr) were kindly donated by Matsutani Chemical Industries, Ltd. (Itami, Japan). 
Sodium caseinate, the emulsifier, was received from Mitsubishi-Chemical Foods Corp. 
(Tokyo, Japan). The flavors, i.e., the core materials, hexanol, d-limonene, and ethyl 
hexanoate were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All 
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other chemicals were of analytical grade and obtained from Wako Pure Chemical Industries, 
Ltd. (Osaka, Japan).  

 

2.2. Methods 

 

2.2.1. Preparation of d-limonene and ethyl hexanoate-encapsulated yeast powders  

d-Limonene and ethyl hexanoate were encapsulated in yeast cells following the method 
described by Sultana et al.[6] 

 

2.2.2. Preparation of hexanol-encapsulated emulsified powders 

Three different powders were prepared by changing the MD-to-Fr ratio in the feed solution. 
Powders of MD (100%) and blends of MD and Fr at ratios of 4:1 and 3:2 were prepared using 
a pilot spray dryer Ohkawara-L8 (Ohkawara Kakouki Co., Ltd., Yokohama, Japan) equipped 
with a centrifugal atomizer. Feed solutions were prepared by dissolution of MD or its blends 
with Fr (38.5 wt%) together with sodium caseinate (1.5 wt%) and hexanol in medium chain 
triglyceride (MCT) oil (10 wt%) in distilled water (50 wt%). The solid content was 
maintained at 50 wt%. Hexanol was diluted in MCT oil at a ratio of 1:4 (%wt). The mixture 
was homogenized using a mechanical homogenizer, a polytron homogenizer (PT-10, 
Kinematica GA, Littau, Switzerland), at 8000 rpm for 3 min. Finally, the carrier solution was 
spray-dried at an inlet air temperature of 160 °C, atomizer speed of 10,000 rpm, and feed 
flow of 20 mL/min. The outlet temperature was monitored at 83–106 °C. 

 

2.2.3. Analysis of the d-limonene and ethyl hexanoate extracted from yeast powder 

The encapsulated d-limonene and ethyl hexanoate were extracted from yeast cells and 
analyzed by gas chromatography following the procedure described by Sultana et al.[7] 

 

2.2.4. Analysis of hexanol from flavor-encapsulated powders 

The flavor-encapsulated powder (0.1 g) was completely dissolved in 5 mL of distilled water 
in a glass bottle. Diethyl ether with cyclohexanone (5 mL of 1000 ppm) was added as the 
internal standard and the mixture was vortexed for 20 min at 20 °C in a high speed shaker 
(CM-1000, Tokyo Rikakikai Co., Ltd., Tokyo, Japan). After centrifugation, a small amount 
of anhydrous sodium sulfate was added to the upper phase and 1 µL was injected in a gas 
chromatograph-mass spectrometer (GC-MS, Shimadzu Corp., Kyoto, Japan). The GC-MS 
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was equipped with a fused silica capillary column (30 m × 0.25 mm × 0.25 µm; DB-1, Agilent 
Technologies Japan Ltd., Tokyo, Japan). The column temperature was programmed from 80 
to 260 °C at a rate of 3 °C/min and from 260 to 300 °C at 20 °C/min, where the temperature 
was maintained constant for 28 min. 

 

2.2.5. Measurement of the apparent Tg of flavor-encapsulated powders with  aroma sensor 

The flavor-encapsulated powder (1 g) was placed in a glass vessel (24d×45h mm) and covered 
with a rubber cap. The cap of the glass vessel had holes for two needles, one for nitrogen 
supply and the other one for air sampling. The air sampling port was connected to a handheld 
odor meter (KANOMAX, OMX-SRM model, Kobe, Japan) through a polyurethane tube 
(PISCO, Okayama, Japan). The released flavors were detected by the aroma sensor. A 
nitrogen flow rate of 30–50 mL/min was maintained depending on the aroma strength of the 
sample. To determine the aroma strength of the encapsulated yeast powder, a Tee connector 
was connected to the tube from the sampling vessel to the sensor to dilute the flavor 
concentration. The vessel was placed in an aluminum block on a digital plate heater, which 
was used to control the temperature of the powder at two different ramp rates (0.5 and 
1°C/min). The powder temperature was recorded with a data logger. The data filing software 
OMX-SRM was installed in the computer to collect the released flavor data during the whole 
process. The apparent Tg was the intercept temperature of the tangent line in the flavor release 
plot.  

 

3. Results and Discussion 

 

3.1. Measurement of the apparent Tg of emulsified flavor powders 

The moisture content of the emulsified flavor powders was below 2%, whereas the retention 
of encapsulated hexanol in the MD (DE = 19) and MD with 20 or 40 wt% Fr samples was 
about 100%, 70%, and 65%, respectively. Figure 1 shows the hexanol release behavior of the 
emulsified powders with the increasing temperature at rates of 1 and 0.5 °C/min. The flavor 
strength gradually increased with the temperature, even though the flavor strength was very 
low near 20 °C. However, the strength of the flavor sharply increased at a certain temperature, 
indicating the glass transition temperature of the wall material. The apparent glass transition 
temperature is the intercept point of the tangent line for the hexanol release rate (flavor 
strength detected by the aroma sensor). The apparent glass transition temperature of the MD 
(DE = 19) and MD with 20 and 40 wt% Fr containing powders were determined to be around 
130, 110, and 75°C, respectively. 
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It can be seen that the addition of Fr to MD reduces its glass transition temperature. The low 
Tg of pure Fr, which was reported by Roos[8] to be 5 °C, reduces the apparent Tg of the wall 
material. It must be noted that the Tg values for the above mentioned powders calculated 
using the Gordon–Taylor equation are very similar to the experimental values shown in the 
graphs. 

Fig. 1 Hexanol release behavior of emulsified powders: (a) maltodextrin (DE = 19), (b) MD with 
20 wt% Fr, and (c) MD with 40 wt% Fr (solid lines: 1 °C/min; dotted lines: 0.5 °C/min). 

807



Estimation of the apparent glass transition temperature of spray-dried emulsified powders and yeast powders 
by their flavor release behavior under temperature ramping conditions 

 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

0

0,2

0,4

0,6

0,8

1

1,2

0

200

400

600

800

1000

1200

0 40 80 120 160 200 240

R
et

en
tio

n
 [-

]

F
la

vo
r 

st
re

n
gt

h
Temperature (°C)

0

0,2

0,4

0,6

0,8

1

1,2

0

200

400

600

800

1000

1200

0 40 80 120 160 200 240
R

et
en

tio
n

 [-
]

F
la

vo
r 

st
re

n
gt

h

Temperature (°C)

a b 

3.2. Measurement of the apparent Tg of flavor-encapsulated yeast powders 

 

  

 

  

 

  

 

 

 

 

 

Figure 2 illustrates the release behavior of ethyl hexanoate and d-limonene from yeast cells 
with the increasing temperature at 1 °C/min. The initial high flavor strength possibly 
corresponds to the surface flavor of the yeast powder. After that, the flavor strength decreases 
to finally increase again at very high temperatures (180–190 °C). The complex structure of 
yeast, i.e., the presence of different sugars, proteins, and others species, hampers the accurate 
monitoring of the flavor release. To confirm the apparent Tg of the flavor-encapsulated yeast 
powders, d-limonene and ethyl hexanoate were extracted from yeast cells under ramping 
temperature conditions (at 1 °C/min) and analyzed by GC-FID. The retention of the 
encapsulated flavor was calculated following the method by Sultana et al.[6] The obtained 
intercept point was very similar to the apparent Tg value found using the aroma sensor. The 
presence of trehalose, sucrose, and other sugars in yeast cells may be the reason behind the 
high apparent Tg of yeast cells. 

 

4. Conclusions 

The apparent glass transition temperatures of flavor encapsulated spray-dried powders were 
successfully determined using an aroma sensor. The apparent Tg of powders composed of 
MD (DE = 19) and MD with 20 and 40 wt% Fr were approximately 130, 110, and 75 °C, 
respectively. The increasing temperature rate did not significantly affect the Tg of the 
encapsulating powders. In contrast, yeast cells exhibited a slower release of flavors and 
higher Tg value.  

Fig. 2 Release behavior of (a) ethyl hexanoate and (b) d-limonene from yeast powders (solid 
lines: flavor strength; dotted lines: retention of flavor). 
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Abstract 
In this paper, hot air drying (HAD) was applied when moisture content of apple 
slices range from 50% to 86%, and then vacuum-filling nitrogen drying 
(VFND) was used till moisture content reaching 7%. Results showed that, the 
drying rate of apple slice during VFND period increased with temperature 
increment and decreased with increment of slice thickness; compared to 
freezing dried samples,  samples dried in this research were owned lower Vc 
and higher flavonoid; when HAD (70℃,3.0m/s)+VFND(relative pressure 
0.08MPa, 50℃) and thickness of 6.0mm, nutrients reached better levels: 
retentions of Vc, total phenolics and flavonoid were 1.63mg/100g, 
4.07mg/100g and 2.10mg/100g, respectively.  

Keywords: apple slices, hot air drying, vacuum-filling nitrogen drying, drying 
rate, nutrients 
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1. Introduction 

Apple is a main fruit in many countries. As the results from Wang and others, till 2013, the 
annual production of fresh apple fruit in China is about 39.7 million t, accounting for 49% of 
the global production[1]. Fresh apple fruits are usually graded for higher economic benefit. 
Fresh apples with the better quality would just be fresh consumed while the apples with the 
poor quality are generally used to produce juice, jam, and dried products for examples apple 
chips or nature apple powder and so on. Drying process of apple is a better way to prolong 
storage. And the main drying techniques used to dehydrate apple slices include FD, HAD, 
VD, HAD combined VD, and so on. HAD apple slices is the conventional technology studied 
widely in the past two decades[2-4], however, browning and oxidation even hardening 
happened during HAD[5-7], which induced undesirable quality. Freeze drying can produce 
perfect quality dried fruits and vegetables[8,9], but it also high energy consumption. So, 
various combine drying methods applied to dry fruit and vegetable appear in recent years. 
Hazervazifeh et al. studied combined microwave-hot air and other drying methods 
dehydration of apple slices and found that, microwave power 2000W at 70℃ with the air 
velocity of 2.0m/s can induce the minimum drying time[10]. However, fruit and vegetable 
dried by microwave combined hot air does not always maintain the better quality, for 
example low rehydration[11]. Huang and others investigated effects of combined drying 
methods on composition, aroma, eating quality of apple slices[12]; in their studies, freeze-
drying, freeze-drying + microwave vacuum drying and microwave vacuum drying + freeze-
drying were used to dry apple slices; and the results showed that, microwave had significant 
effects on aroma, total phenols and pectin, and longer drying time high temperature at 
desorption drying stage and short time higher temperature at microwave vacuum drying 
period during freeze-drying + microwave vacuum drying induced lower retention of both 
aroma and reducing sugar. It was proved that vacuum drying can afford a low oxygen 
environment and the retention of various nutrients in vegetables and fruits could be better. 
Nitrogen is an inert gas and if it was filled with vacuum drying circumstance, it may be induce 
dried products with better quality. 

The aim of this work is to study the drying characteristics of HAD + VFND dried apple slices 
and the quality of apples slice including retention of vitamin C, total phenolics and flavonoid. 
For this purpose, experiments of apple slices dried after HAD and then dried in VFND under 
different conditions were conducted and nutrients were also determined. 

2.  Materials and methods 

2.1. Samples preparation 

Fresh apples malus pumila mill were obtained from local market and stored at 3-4℃ in a 
refrigerator and were used within 14 days. The initial moisture contents of fresh apples were 
within 85 to 87% (wet basis), which were determined by hot air oven method at 103-105℃ 
until the constant mass. Samples were sliced to the thicknesses of 2.0-8.0mm after peeling 
and then immersed into 0.2% ascorbic acid solution for 2minites to restrain browning. 
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2.2. Hot air drying 

Apple slices were dried with hot air at 70℃ with the velocity of 3.0m/s after immersed into 
0.2% ascorbic acid solution for 2 minutes and the moisture contents were declined from about 
86% to 50%w.b. During hot air drying, the weights of samples were obtained by electronic 
balance with an accuracy of 0.001g every 10 minutes. 

2.3. Vacuum-filling nitrogen drying 

The half dried apple slice samples were dried in vacuum-filling nitrogen drying oven until 
the moisture contents were about 7% w.b. In vacuum-filling nitrogen drying method, 
materials were put into vacuum oven,  and then  vacuuming(10kPa)→filling with nitrogen 
(near 0.1MPa)→vacuuming(10kPa)→filling with nitrogen (near 0.1MPa)→vacuuming 
(10kPa). Temperatures were range from 50 to 80℃ during VFND. While during vacuum-
filling nitrogen drying, the weights of samples were obtained every 20 minutes. 

2.4. Nutrients assay 

Dried apple slices were crushed by a pulverizer, and nutrients in nature apple powder were 
determined. 

In this research, vitamin C was determined by Philin's reagent colorimetry according to the 
methods of Benassi & Antunes[13]and Marfil, Santos &Telis[14] with some modifications. 
Apples powder of 0.500g was homogenized with the extraction solution (2 g oxalic acid/100g 
solution) and diluted to 50ml with the extraction solution in a volumetric flask, and then 
vacuum filtered after 30 minutes’ standing. Filtrate of 10ml was taken for titration with 2,6-
dichlorophenolindophenol solution (50mg 2,6-dichlorophenolindophenol/250ml pure 
water). When the pink color of filtrate did not disappear in 15s, the titration end point was 
determined. All analyses were performed in triplicate. 

The flavonoid content of apple powder was analyzed according the method described by Jia 
etal[15] with slight amendments. 1.000g apple powder was homogenized with 50ml of ethamol 
(7:10) for 60 minutes and then vacuum filtrated. 1.0ml of the filtrate was placed in a 25ml 
volumetric flask, 10ml of ethamol (7:10) and 1ml of NaNO2(1:20) were added and shaken 
well, 10ml of 1 mole per litre NaOH was added after 6 minutes, and the total volume was 
made up to 25ml with ethamol (7:10). After 15 minutes’ standing, this sample was placed in 
colorimetric tube and the absorbance was measured at 510nm. 

Total phenolics content of natural apple powder were determined by the Folin-Ciocalteau 
method[16]. Apple powder of 1.000 grams were added to the ethanol solution with the content 
of 75% and diluted to 50ml. 5ml of sample was taken into volumetric flask，50ml of pure 
water and 4ml of Folin-Ciocalteu reagent were also added. After 3-4minutes’ standing, 8ml 
of 10% sodium carbonate was put into the volumetric flask. And the final volume was made 
up to 100ml with pure water. After 120 minutes of reaction at 25℃, absorbance at 765nm 
was measured and used to calculate the phenolic contents using a standard curve prepared 
with gallic acid. All measurements were conducted in triplicate. 
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3. Results and discussion 

3.1. Hot air drying characteristic of apple slice 

In this paper, drying rate was expressed as follow: 

t
MCMCDR ttt

∆
−

= ∆−                                (1) 

Where MCt-△t and MCt represented moisture content at the time of t-△t and t, separately, dry 
basis, %; t was drying time, min; and △t was time interval, min. 

During HAD apple slices, there existed significant falling rate period, and the constant rate 
period was obvious for apple slices with the thickness of 2.0mm, while it was not evident for 
the apple slices with the thicknesses of 4.0-8.0mm, such as figure 1. Because, there exists 
longer path and greater resistance in the thicker slices for water molecules migrating. 
Moisture content of apple slices declined more slowly as the increase of the slice thickness. 

 
Fig. 1 Curves of dehydration rate of apple slices with different thicknesses during HAD(70℃, 

3.0m/s) 

3.2. Vacuum-filling nitrogen drying characteristics of apple slice 

After HAD, apple slices were dried with VFND until the moisture content lower than 
7.0%w.b. And there is only falling rate period for apple slices during VFND, showed in 
figures 2 and 3, owning to bound water in apple slices in this period. 

During VFND, dehydration rate of apple slices declined as the decrease of temperatures and 
the increase of the slices thickness. As the analyzed above, there are the longer path and 
greater resistance for moisture to transfer to surface in the thicker apples slices. And when 
the thickness was 2.0mm, the greatest dehydration rate appeared which is approximate twice 
of that with the thicknesses of 6.0, 8.0mm. The higher temperature, the greater drying rate is 
for apple slices dried in vacuum-filling nitrogen condition, and it was the same as the results 
from apple slices vacuum drying[17]. 
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Fig. 2 Drying rate curves of apple slices during VFND with different thicknesses (60℃) 

 
Fig. 3 Drying rate curves of apple slices during VFND at different temperatures (4.0mm) 

3.3. Nutrients of apple slice dried with combined drying methods 

Nature apple powder was made by the dried apple slices dried with different drying methods. 
And the nutrients of Vc, total phenolics, flavonoid in apple powder were expressed as 
mg/100g of initial fresh samples, showed in table 1. From table 1, it was found that, retentions 
of Vc in samples dried with HAD+VFND were lower than that of samples dried with FD, 
while the retentions of total phenolics of both samples dried with HAD+VFND and FD were 
at the same levels, and flavonoid retentions of samples dried with combined drying were 
almost higher to that of FD. Results reviewed that the combined method of HAD+VFND 
could be an available method for maintain flavonoid and total phenolics of apples; although 
vitamin C in samples dried with HAD+VFND was lose seriously, just only about 30% to 
52% of that in fresh apples.  And when HAD at 70℃, 3.0m/s combined with VFND at 
temperature 50℃, relative pressure -0.08MPa and slice thickness of 6.0mm, nutrients in dried 
sample were better: the vitamin C content of 1.63mg/100g, total phenolics content of 
4.07mg/100g and the flavonoid content of 2.12mg/100g. In generally, it is available for HAD 
combined VFND to dehydrate apple slice. 
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Table 1. Contents of nutrients in nature apple powder produced by various drying methods 

Thickness 
(mm) 

Temperature 
(℃) Vc (mg/100g) total phenolics  

(mg/100g) 
flavonoid  
(mg/100g) 

2.0 50 1.38±0.03 3.57±0.14 2.10±0.06 

2.0 60 1.50±0.03 3.61±0.05 1.71±0.03 

2.0 70 1.29±0.03 4.03±0.06 1.55±0.04 

2.0 80 1.04±0.05 3.52±0.06 1.39±0.03 

4.0 50 1.81±0.03 3.43±0.06 1.20±0.02 

4.0 60 1.32±0.09 3.29±0.09 1.21±0.04 

4.0 70 1.26±0.06 3.19±0.05 1.03±0.04 

4.0 80 1.66±0.06 3.35±0.04 1.08±0.02 

6.0 50 1.63±0.09 4.07±0.00 2.12±0.07 

6.0 60 1.49±0.02 2.83±0.02 1.55±0.01 

6.0 70 1.58±0.02 3.61±0.07 1.77±0.09 

6.0 80 1.58±0.02 3.36±0.06 1.83±0.08 

8.0 50 1.74±0.05 3.01±0.01 1.46±0.04 

8.0 60 1.55±0.08 3.33±0.03 1.58±0.04 

8.0 70 1.38±0.03 3.41±0.00 1.67±0.09 

8.0 80 1.23±0.09 3.57±0.04 1.80±0.05 

2.0mm , FD 2.81±0.06 3.72±0.02 1.49±0.04 

fresh sample 3.51±0.21 19.52±0.11 6.39±0.22 

 

Effects of temperatures during VFND period on vitamin C retention of apple slices dried with 
HAD+VFND showed in table1. It was clearly found that, when the temperature was set 50
℃ during VFND period, vitamin C content of samples dried with combined method was 
higher than others. Because, vitamin C is heat sensitive material and is decomposed seriously 
as the increase of the drying temperature[18]. However, the difference of vitamin C among all 
samples was not obvious when apples were sliced with different thicknesses.  

Total phenolics in apple slice slightly declined with the increase of slice thickness. As 
thickness of apple slice became greater, drying time was longer that mean samples were 
exposed to high temperature condition for longer time, and it would induce lower retention 
of total phenolics.  

Retention of flavonoid in samples was decreased firstly and then increased with the increase 
of slice thickness, showed in table1. When slice thickness was 2.0mm, flavonoid retention in 
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apples slice was decreased with the increase of temperature, while the result was on the 
contrary when slice thickness was 8.0mm. The main reasons were that, it took short drying 
time to reach moisture content safe level when slice thickness was 2.0mm at different drying 
temperatures during VFND period, and lower temperature can keep flavonoid at better level; 
however, the drying time became longer when slice thickness was 8.0mm at all temperatures, 
especially at lower temperature, that means samples were exposed in the high temperature 
condition for long time. 

4. Conclusion 

In combined drying method of HAD+VFND, the drying rate of apples slice in VFND period 
was significantly affected by thickness and temperature. Retention of total phenolics and 
flavonoid in both samples dried with HAD+VFND and FD were at same levels although 
vitamin c was lower in samples dried with combined method. VFND might be an available 
drying technique for resisting oxidation reaction during drying process of fruits and 
vegetables. 
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Abstract 
An alternative as to offer higher stable and easy handling than fresh fruit is 

in powdered form, as long as the process used to obtain it ensures a high 

quality product. The objective of this study was to compare the 

bioavailability of the vitamin C of a juice prepared from powdered grapefruit 

obtained by freeze-drying and by spray-drying. A trial was conducted with 11 

healthy volunteers. A relative increase of 1,4 – 25,8 % of blood serum 

vitamin C concentration was quantified after juices intake, with no 

significant differences (p>0.05) due to the process used to obtain the powder. 

 

Keywords: vitamin C; bioavailability in humans; grapefruit powder; freeze-

drying; spray-drying. 
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1. Introduction 

Consumer attention is currently focused on healthy eating habits. Fruit juices can be clearly 
included in a healthy diet as they contain different health-promoting bioactive compounds, 
mainly vitamin C and phenolic. Nevertheless, consumer also looks for high quality, stable 
and ease to handle foods. In this sense, fruit powder may be an interesting alternative to 
offer a juice after being rehydrated. Different techniques can be used to obtain food 
powder, freeze-drying and spray-drying being the most commonly used as they offer very 
high quality products. A lot of studies, too much to be cited in the context of this 
manuscript, have been carried out to evaluate the impact of different food processes on the 
product quality. In fact, many processes have been optimized taking into account these 
quality aspects. Nevertheless, the studied quality attributes are related to the composition, 
physical, chemical or biochemical properties or sensory aspects, among others. 
Nonetheless, we have not found any study investigating the impact of the processes on the 
bioavailability of the bioactive compounds potentially responsible for the functional value 
of foods. 

The biological functions of vitamin C depend upon its ability to act as an electron donor. 
Among these it acts as cofactor for a variety of enzymes with critical functions throughout 
the body, functions as a highly effective water-soluble antioxidant and it is suggested that is 
involved in the regeneration of vitamin E in vivo[1,2]. Reported beneficial effects of this 
vitamin include increased baroreflex sensitivity, improved endothelial vascular function, 
augmented inotropic and thermogenic response to beta-adrenergic stimulation, decreased 
systemic inflammation and reduced fluid requirements during recovery from thermal injury, 
improved fatigue resistance, increased iron bioavailabilty and decreased risk of 
cardiovascular diseases[3,4,5]. Severe vitamin C deficiency produces scurvy. Despite humans 
are unable to synthesize their own vitamin C, it must be easily obtained from the diet, 
principally through a adequate fruit and vegetable consumption[1]. 

The research on which this study is part, started with the comparison of freeze drying (FD) 
and spray drying (SD) as two drying technologies with which to obtain grapefruit powder 
with the lowest water content, hygroscopicity, luminosity, color change and the highest 
content of total phenolic, total carotenoids, vitamin C and antioxidant capacity, despite the 
highest powder yield [6]. In that study, response surface methodology (RSM) was used to 

evaluate the effect of three process variables on the different mentioned properties. The 

considered process variables were the amount of gum Arabic and bamboo fiber added to 
prevent the powder stickiness, also as the feed inlet water content or the inlet air 
temperature in the case of FD and SD processes, respectively. The conclusion of that study 
was that FD might be proposed as a better technology than SD with which to obtain 
grapefruit powder with a higher vitamin C and total carotenoids content. Taking these 
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results into account, the aim of the present study was to investigate if there was a different 
impact of the previously optimized FD and SD processes on the bioavailability of the 
vitamin C. 

 

2. Materials and Methods 

 

2.1 Tested grapefruit products 

The volunteers who participated in the trial consumed two grapefruit juices. They were 
obtained by rehydration of the grapefruit powder obtained by freeze-drying (FDJ) and by 
spray-drying (SDJ) of a previously formulated grapefruit mix. The same grapefruit (Citrus 

paradise var. Star Ruby) batch, purchased in a local supermarket (Valencia, Spain), was 
used to obtain both powdered products which were processed taking into account the 
optimum conditions proposed in the previously mentioned study[6]. Briefly, peeled and 
grounded grapefruit was mixed with 4.2 g GA + 0.6 g BF/100 grapefruit pulp to obtain FDJ 
or with 4.3 g GA + 2.1 g BF/100 liquidized grapefruit to obtain SDJ. No shelf temperature 
was applied during FD and inlet air temperature for SD was 120 ºC. FD cake was crushed 
to obtain a powder which was vacuum packed and freezing stored until used. SD powder 
was stored in the same conditions. The vitamin C content of the grapefruit batch used in the 
study, analyzed as described below, was 41.8 mg /100g pulp. 

Each powder was rehydrated in the day of the trial, two hours before being given to the 
participants. The amount of water to be added to the powder was calculated in order to 
ensure a juice which offers the same amount of grapefruit own’s solutes present in the 
grapefruit batch used for the study. The corresponding mass balance was applied to this 
end, taking into account the water mass fraction of the grapefruit, the amount of GA and BF 
added to the prepared mix and the water mass fraction of the obtained powders. 

 

2.2 Research participants 

Ethical approval for the trial was obtained from the Ethics Committee of the Universitat 
Politècnica de València (Valencia, Spain). The trial was conducted with a total of 11 
healthy volunteers from different countries of South America and Europe, who met the 
inclusion and exclusion criteria established for the study. Inclusion criteria included age 
within the range of 18–40 years, with a normal body mass index (BMI between 19 and 29 
kg/m2). Exclusion criteria included smokers and people with special dietary habits 
(vegetarians, vegans, macrobiotics, etc.), allergic to any food, pregnant or with intention to 
be in the trial period, medicated (includes dietary supplements: vitamin, protein, etc.), 
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suffering infectious diseases by blood (positive serology for hepatitis B virus and C or 
human immunodeficiency virus), presenting some picture of intestinal malabsorption, 
suffering metabolic diseases (diabetes, dyslipidemia, thyroid disorders, etc.) and suffering 
cardiovascular or kidney diseases (high blood pressure, renal insufficiency, etc.). All the 11 
selected participants signed the corresponding informed consent after being explained about 
the nature, purpose and risks of the study. 

 

2.3 Experimental design and blood sample collection 

A crossover design was considered for the clinical trial. With this design, each research 
participant consumed both juices, obtained from FD and SD rehydrated powders, in 
different time periods separated by 15 days. One of the advantages of crossover designs in 
contrast to parallel ones is that the former could yield the same level of statistical power or 
precision with a lower sample size, as each subject serves as his/her own matched control, 
thus blocking the variability due to the subjects. 

All the participants in the study were cited on two different days, one for FDJ consumption 
and another one for SDJ. Each day, each subject underwent a first overnight fasting blood 
test and another one 4 h after having drunk 400 g of the corresponding juice which was 
given with no meal. They were not allowed to eat anything in the 4 h between extractions. 
Two blood samples from each participant were collected into BDVacutainer SSTII 
Advance Tubes (REF 367953), that were allowed to coagulate for 30 min and after 
centrifuged at 20 ºC and 1500 x g for 10 min to separate the serum which was analyzed in 
its vitamin C content. Serum concentration of ascorbic and dehydroascorbic acids, as 
related to grapefruit juice vitamin C bioavailability, was analyzed by means of HPLC as 
described below. The mean value (and standard deviation) of the two tubes of each subject 
was considered as the corresponding result. 

 

2.4 Vitamin C analysis 

The total vitamin C content of the grapefruit batch used for the study was analyzed as 
described by Igual et al.[7] and Xu et al.[8]. The same methodology slightly modified was 
used to quantify the total vitamin C content present in serum. Briefly 0.5 mL serum was 
mixed with 1 mL of a 20 g/L DL-dithiothreitol solution for 2 h at room temperature and in 
darkness. Afterwards, 1 mL of this mixture was extracted with 2.25 mL 0.1% oxalic acid 
for 3 min and immediately filtered through a 0.45 mm membrane filter before injection. The 
HPLC conditions were: Ultrabase-C18, 5 mm (4.6 x 250 mm) column (Análisis Vínicos, 
Spain); mobile phase 0.1 % oxalic acid, volume injection 20 mL, flow rate 1 mL/min, 
detection at 243 nm and at 25 ºC. A standard solution (Panreac, Spain) was prepared. 
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2.5 Statistical analysis 

The difference in serum vitamin C concentration before and after the juices intake was 
considered as the response variable, taken as a measurement of the juice vitamin C 
bioavailabity. A multifactor analysis of variance was performed for this response variable 
taking into account the factors individual and juice, with a total of 11 individuals and 2 
juices tested. Statgraphics Centurion XVI.II for Windows was used for the statisticall 
analysis. 

 

3. Results and discussion 

Figure 1 shows the vitamin C concentration found in blood serum. The fasting serum 
vitamin C values of the paticipants in the trial varied between 10.1 and 13.6 mg/L. As 
expected from the country of habitual residence of the participants, all of them were above 

the adequate level of plasma vitamin C (i.e. 50 µmol/L[1 = 8.80 mg/L), with any 
hypovitaminosis case detected.  
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Fig. 1. Mean value and standard deviation of serum blood vitamin C concentration analyzed in the 
participants the days of consuming reconstituted freeze-dried (FDJ) and spray-dried (SDJ) juices, 

both fasting and 4 h after the intake of each juice. 
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The level of vitamin C in the blood serum of all the participants in the trial increased after 
the ingestion of each juice, the level reached varing between 11.1 and 16.6 mg/L (Fig. 1). 
This increase, compared to the basal fasting level, evidenced the absorption of vitamin C 
from juices. When comparing the circulating concentration of vitamin C fasting with the 
one 4 h following the ingestion of the juices, an increase between 0.17 and 3.27 mg/L was 
observed. The increase related to the fasting level, for each participant, is shown in Figure 
2, this relative increase being in the range 1.4 – 25.8 %.  
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Fig. 2. Mean value and standard deviation of the relative increase of serum blood vitamin C 
concentration suffered by the participants due the intake of reconstituted freeze-dried (FDJ) and 

spray-dried (SDJ) juices. 

 

Taking into account the average values of the 22 relative increase values considered, for 
each of the 11 people on the day of the intake of each of the juices, only three times the 
relative increase in the concentration of vitamin C in blood compared to fasting baseline 
was below 5%. In eight cases this increase was between 5 and 10%, in three between 10 
and 15%, in four between 15 and 20% and in four between 20 and 25%. In order to 
compare the blood vitamin C increase caused in each participant by FDJ and SDJ ingestion, 
an ANOVA was carried out with the factors juice and individual. No significant differences 
(p>0.05) were observed in any case. In this way, the mean 10.85 % relative increase of 
blood circulating vitamin C in the participants in the trial caused by FDJ ingestion was not 
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significant different (p>0.05) to the mean 13.23 % detected after SDJ ingestion (standard 
error 2.5). As far as the individuals is concerned, the mean relative increase caused by the 
two juices tested was not significant different (p>0.05) in any of them, the lowest relative 
incrase being 5.7 % and the highest 17.9 % (standard error 0.06). In this way a relative 
increase of vitamin C in blood due to juices intake of 12% can be assumed as a grand mean 
of the 22 average values considered. 

 

4. Conclusions 

Vitamin C present in juices prepared by rehydration of grapefruit powder obtained by 
freeze-drying and by spray-drying is absorbed by the human body, without differences in 
its bioavailability due to the different process applied to obtain the powder. 
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Abstract 
Fruit is a highly valuable food whose consumption should be encouraged. In 

addition, it would be desirable to design processes and products to channel 

the surplus and take advantage of the post-harvest losses that limit its fresh 

marketing. Freeze-drying is a known industrial process that permits the 

obtaining of high quality products, despite having always been labeled as 

very expensive. In this study, the economic feasibility of freeze-drying to 

obtain powdered fruit has been proven, as it yields a product more than twice 

as cheap as when obtained by spray-drying, recognized for its low cost. 

 

Keywords: freeze-drying; spray-drying; economic profitability; production 

costs 
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1. Introduction 

The influence of climatic conditions on fruit production makes seasonal surpluses an 
inherent characteristic of the sector. In addition, they are highly perishable foods that in the 
phases of post-harvest, storage and transport lose a part of their properties, which limits 
their fresh consumption. Last but not least, a great deal of fruit is lost both in wholesale and 
household waste. In this sense, preventing the waste of fruit becomes a challenge for 
society. For this reason, it seems appropriate to propose viable new processed fruit 
products, so that their surpluses are used and the consumption of this food is promoted. 
Freeze-drying is a dehydration technique that allows high quality products to be obtained, 
ones which are highly stable and very easy to handle, in terms of their greater ease of 
transport and storage. However, this process has always been labeled as a very expensive 
one. Spray-drying also allows high quality powder to be obtained from food. An important 
difference between the two processes is that freeze-drying may take advantage of all the 
edible part of the fruit in the form of a puree, whereas the liquidized fruit is required for the 
spray-drying, with the consequent generation of a greater quantity of by-products. In both 
cases, the obtained powdered product will be of great microbiological, chemical and 
biochemical stability. However, it could present important physical problems related to the 
glass transition of its amorphous matrix. In the rubbery state, the structural collapse of the 
amorphous matrix occurs. In the case of powdered products this leads to phenomena such 
as stickiness development[1]. To avoid this problem, the incorporation of high molecular 
weight biopolymers as stabilizers is suggested[2]. In this context, the research team involved 
in this study has worked towards obtaining powdered fruit by freeze-drying and spray-
drying. In this sense, the amount of biopolymers to be added has been optimized in order to 
obtain a powdered grapefruit with a high product yield and also of high physical, nutritional 
and functional quality[3]. The obtained results allow freeze-drying to be put forward the 
propose as a better technique than spray-drying for the purposes of obtaining high quality 
fruit products. However, from the perspective of the commercial viability of new products, 
it is essential to consider the final consumer cost, dependent on both the initial investment 
and the cost associated with its production. Thus, it seems necessary to perform an 
economic analysis by comparing both processes, which was the objective of the present 
study. 

 

2. Materials and Methods 

The industrial processes considered in this study were freeze-drying and spray-drying. The 
raw material needed to carry out both of them were grapefruit (Citrus paradisi, var. Star 

Ruby), gum Arabic (GA, Scharlab) and bamboo fiber (BF, Vitacel® BAF 200). Water was 
also needed in the case of spray-drying. 
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2.1. Quantification of the initial investment 

To quantify the initial investment, the machinery necessary to implement both processes 
was considered. To select the different equipment needed in each case, the estimated 
product production volume was considered, as were its technical characteristics and price. 
In order to propose the necessary amount of powder product, it was assumed that its final 
use was to be rehydrated for the purposes of obtaining a fruit juice. In order to fix the fruit 
juice to be obtained, the average annual production of refrigerated juice by a company 
located in the Valencian Community between 2009 and 2014, 87 t, was selected as a 
reference value. The amount of raw material to be processed by each process was 
calculated taking into account the amount of powdered product needed to obtain the 87 t of 
rehydrated juices[4]. The most appropriate and economical machinery was selected from 
what was proposed by the different manufacturing companies and consequently 
dimensioned. 

 

2.2. Production cost analysis 

Variable and fixed production costs were calculated. Variable costs depend on the quantity 
of product produced and include raw material, personnel costs, electrical costs and the 
management of by-products (grapefruit peel, pulp and water removed from fruit). The fixed 
costs are independent of the quantity produced and include maintenance and amortization, 
calculated according to the straight-line method, which consists of dividing the machinery 
acquisition value by the useful life according to the technical information. 

 

2.3. Investment analysis 

To calculate the minimum cost of the product, a static analysis was carried out, comparing 
income and expenses and equalling the profit to zero. On the other hand, to calculate the 
price that provides a minimum profitability, a dynamic analysis was carried out. A discount 
rate calculated as the sum of a risk-free rate plus a risk premium was used. As a risk-free 
rate, the average of the 10-year bond yield on the primary market, issued by the Spanish 
government in 2016, was taken, this being 1.6%. As a risk premium, 5.5% was considered. 
These data were obtained from a study carried out in 2015 on 41 countries [5]. Therefore, 
the assumed discount rate was 7.1%. 
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3. Results and discussion 

 

3.1. Selected machinery 

To prepare the sample for freeze-drying, an industrial automatic-feeding knife peeler (1000 
- 1100 grapefruit/h). was selected. The selected crusher was a hammer mill with vertical 
axis (1500 kg/h). The grinding process does not generate waste because the hammers of the 
mill disintegrate the particles until they reach the right size. For the sample to be spray-
dried, a high-performance centrifugal liquidizer was chosen. This machine guarantees a 
quick process so that product oxidation is minimized. In this case, obtaining the liquidized 
product generates a by-product in the form of grapefruit pulp. According to the technical 
characteristics of the selected equipment, for each kilo of fruit that enters the liquidizer, 
0.383 k of pulp and 0.617 k of liquidized fruit are obtained. The obtained by-product has 
been supposed to be commercialized. For both processes, a horizontal shaft vane mixer was 
selected to incorporate the biopolymers and the water into the puree or the liquidized fruit, 
thus achieving a better product homogenization. 

Due to the characteristics of the sample and the estimated production volume, two freeze-
dryers based on conduction heat transfer and a centrifugal spray-dryer were chosen. In the 
case of freeze-drying, this process was estimated to require 24 hours of operation to 
sublimate the water correctly[3]. For this reason, two freeze-dryers have been considered 
working in parallel so that they can operate continuously every day. In the case of the 
spray-dryer, as the one that most suited the required volume of powder production actually 
has a higher production capacity, the corresponding operational costs were refitted to the 
latter in order not to discriminate by oversizing it. 

For the packaging of the obtained powdered products, an opaque material of very low water 
vapour permeability was selected, so as to prevent the humidification and destruction of 
photosensitive compounds, such as vitamin C. The selected packaging machine allows 
different formats to be used. A mono-dose (44.5 g of powder) and another one for the 
HORECA channel (379 g of powder) were chosen. These quantities respond to the powder 
needed to obtain a glass of juice of 125 cm3 and 1100 cm3, respectively. 

 

3.2. Production costs 
 
To obtain the 87 t of juice assumed as the reference value, 26,551 kg of powder obtained 
either by freeze-drying or by spray-drying need to be rehydrated. The corresponding raw 
material required (grapefruit, GA, FB and water) and its cost was calculated by taking into 
account the yield of each selected machine and our own preliminary experiences[4] (Table 
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1). Assuming the price of the raw materials, according to commercial data (0.73 €/kg 
grapefruit, 78.9 €/kg GA, 2.5 €/kg FB and 0.0025 €/kg water), the total annual costs were 
771,309.27 and 2,704,407.92 € for freeze-drying and spray-drying, respectively. As can be 
observed in Table 1, the total cost of the raw material needed for the spray-drying process is 
3.5 times higher than for freeze-drying. The former has a much lower powder yield than the 
latter, especially due to the powder loss that occurs in the spray-dryer itself. A significant 
part of the powder remains adhered to the walls and nozzle of the equipment. For this 
reason, the fruit cost of spray-drying is 6 times that of freeze-drying. 
 

Table 1. Daily needs (Dn) and annual cost (Ac) of raw materials for freeze-drying (FD) and spray-
drying (SD) processes 

 Grapefruit GA BF Water 
Dn FD (kg/day) 654,1 20,60 2,94 147 
Dn SD (kg/day) 3885 57,03 28,52 1425,8 
Ac FD (€)  174.281,76 593.207,37 2.685,85 134,29 
Ac SD (€)  1.035.088,26 1.641.998,13 26.020,51 1.301,03 
 
 
The total cost in machinery for each technology is presented in Table 2. The initial 
investment in machinery is 1.4 times higher for the spray-drying than for the freeze-drying 
process, even though a freezer is used for freeze-drying and two freeze-dryers are required 
working in parallel. The spray-dryer and the 2 freeze-dryers account for 96% and 94% of 
the total machinery investment in each process. 

 

Table 2. Variable and fixed production costs and product price in monodose and HORECA format 
 Freeze-drying Spray-drying 
Electric costs (€) 354.861,65  41.955,41 
Raw material costs (€) 770.309,27  2.704.407,92 
By-products costs (€) -658,98 -17.777,56 
Personnel expenses (€) 150.970,26 368.494,39 
Amortization (€) 55.266,67 73.355,56 
Maintenance (€) 97.500,00 130.800,00 
Investment in machinery (€) 955.000 1.288.000 
Total cost (€) 1.428.248,86 3.301.235,72 
Static price mono dose (€/ud) 2,39 5,53 
Static price HORECA (€/ud) 17,94 41,47 

 
The electrical cost is usually one of the highest in this type of industry. To calculate the 
total electrical cost, it is necessary to calculate the energy cost due to electricity 
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consumption and the contracted power cost that is necessary for the machines to operate. 
To calculate the electrical cost, the consumption of each selected machine, the number of 
machines needed in each stage, the working hours per machine and the power were 
considered (Table 2). For these calculations, an electricity tariff was selected which 
considers different prices of the kWh depending on whether it is a weekday or weekend and 
also on the operating hours of the day. When comparing the electrical costs of both 
processes, it can be affirmed that freeze-drying has an annual consumption that is 8.5 times 
higher than spray-drying. 

Amortization is an economic term referring to the distribution over time of a durable value, 
with a maximum linear coefficient, or a maximum percentage regulated in the accounting 
that is allowed to amortize annually, of 12%. The annual amortization has been calculated 
based on the quotient between the price of the machinery and its useful life. The useful life 
was considered to be what was specified in the technical characteristics of each machine, 
except in the case of the freeze-dryer and the spray-dryer. As there were no data available 
for these equipment, the accounting useful life was considered, this being 18 years 
according to the provisions of Law 27/2014, of November 27. The amortization of the 
spray-dryer was 1.3 times higher than that of the freeze-dryer (Table 2). This is due to the 
fact that the machinery used in the spray-drying technique has a higher cost than what was 
used for freeze-drying. Again, the freeze-dryer and the spray-dryer are the machines with 
the highest cost in amortization, due to the much higher acquisition cost of these 
equipment. 

As regards by-products, there are two that could be exploited by other companies: the 
grapefruit peel after both processes and the pulp that is separated when liquidizing in the 
case of spray-drying. In these cases, it has been considered that the peel and pulp can be 
sold at 0.015 and 0.025 €/kg, respectively, according to the average price provided by 
various companies in the sector. Taking into account the volume of the generated by-
products, their sale would provide the income that is observed in Table 2. Thus, the only 
thing that would cause a real cost would be the discharge of water. Therefore, there is really 
no a net cost in the management of by-products, but an income that, in the case of spray-
drying, is 26 times higher than the income obtained from the management of by-products 
generated with the freeze-drying. 

 

3.3. Minimum price of the product: static analysis 

The total annual cost of the spray-drying technique is 2.3 times higher than that of freeze-
drying (Table 2). Figure 1 shows the percentage represented by each item over the total 
cost. The maintenance and amortization expenses in the case of spray-drying are 1.34 and 
1.32 times, respectively, those of freeze-drying. This is because of the greater initial 
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investment in machinery. In adition, the personnel cost needed to obtain the spray-dried 
powder is 2.4 times that of the freeze-dried, while the electrical cost for the spray-drying 
process is 8.5 times lower than for freeze-drying. Such a great difference is due to the need 
for a vacuum in the case of freeze-drying and the operating time per kg of the fresh product. 
The highest cost in both processes is that of the raw material, which is 54% and 82% for 
freeze-drying and spray-drying, respectively. This difference is due to the low yield of the 
latter when working with fruit. 

The static price, or the final product cost, in the case of the spray-dried powder is 2.31 
times higher than that of the freeze-dried (Table 2). It was calculated for the two formats 
with which the powder product was considered to be packaged. 

 

Fig. 1 Percentage of the cost represented by each of the items considered, calculated as related to 
the total cost of the freeze-drying and spray-drying processes. 

 

3.4. Price of the product that provides a minimum profitability: dynamic analysis 

To calculate this price, the internal rate of return (IRR) and the net present value (NPV) 
were calculated for both the freeze-drying and spray-drying processes. To this end, it is 
necessary to know the different cash flows that are calculated, in turn, from the 
extraordinary payments (renovations in machinery originally planned and that are taken as 
5% of the value of the machine when new) and ordinary charges (capital inflows from the 
sale of the product). In this case, we have considered the NPV null hypothesis in order to 
calculate the price that will result in IRR being 7, which is the same as looking for the price 
that will obtain a 7% profitability. Thus, for freeze-dried powder, the price is 2.84 and 
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21.25€ per unit in the mono-dose and HORECA formats, respectively. The corresponding 
prices for the spray-dried powder is 6.13€ and 45.95€ per unit. 

 

4. Conclusions 

This economic study shows that the application of freeze-drying to obtain powdered fruit 
provides a product at a cost that is less than half that of spray-drying, a process known for 
its low cost. The lower cost of freeze-drying is mainly due to the poor yield of spray-drying 
in the case of fruit processing. Thus, although the electrical costs are 8.5 times higher in the 
case of freeze-drying, both the cost in raw material and the initial investment in machinery, 
personnel costs, maintenance and amortization are higher in the case of spray-drying. So 
much so that the estimated price for a dose of grapefruit powder equivalent to a piece of 
fruit, for example, would be 2.84 versus 6.13 euros depending on whether it was obtained 
by freeze-drying or by spray-drying, respectively. 
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Abstract 
Freeze-drying may be a good alternative to get less perishable fruit products. 
The objective of the present study was to evaluate the impact of freeze-drying 
conditions of an orange puree on some flow related and rehydration properties 
of the obtained powders. The results showed that the application of heat during 
freeze-drying does not affect the parameters studied. However, the partial 
dehydration of the initial sample results in a lesser porosity and wettability 
values. 

Keywords: freeze-drying; porosity; wettability; angle of repose; particle size 
distribution. 
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1. Introduction 

Fruits are basic foods and of great interest in human nutrition. The benefit of fruit 
consumption in health seems to be related to the presence of various compounds that belong 
to the group of phytochemical or bioactive substances. The daily consumption of fruits, in 
sufficient quantity and in a well-balanced diet, helps to avoid serious diseases, such as heart 
disease, cardiovascular accidents, diabetes and cancer, as well as deficiencies of important 
micronutrients and vitamins[1]. However, the consumption of fruit has declined gradually in 
recent years, since they have changed the eating habits of society. Despite the great benefits 
of fruit consumption, two major problems limit its availability, its seasonality and its short 
shelf life.  

The orange is the fruit of the sweet orange tree that belongs to the genus Citrus of the 
Rosacea’s family. Its nutritional composition highlights its low energy value, thanks to its 
high water content and its high content of vitamin C, folic acid and minerals such as 
potassium, magnesium and calcium. It contains appreciable amounts of beta-carotene, 
responsible for its typical color and known for its antioxidant properties, in addition to malic, 
oxalic, tartaric and citric acids, which enhance the action of vitamin C. The amount of fiber 
is appreciable and this is found mainly in the white part between the pulp and the bark, so 
that its consumption favors the intestinal transit. The orange has been selected as the object 
of this study because it is one of the most typical products of the country. Due to the great 
production that exists, Spain has become one of the largest producers of orange in the world 
and an asset for export. For this reason the orange represents a product of great importance 
in the economy of the country. 

Currently, new alternatives for the development of less perishable products are being 
proposed. Powdered products represent a good option as healthy foods, lengthening the 
useful life of the product and facilitating its transport. Freeze-drying is a technology that 
consists of dehydrating the freeze product at low pressure. The process does not require the 
application of high temperatures, however its high cost has limited its use in the food 
industry. Therefore, the main interest is to find alternatives to minimize energy consumption, 
in order to decrease the process cost preserving the quality of the product. In this study, two 
options are proposed for this purpose, as they are the partial dehydration of the feed food and 
the application of heat during the process. However, this may affect the characteristics of the 
obtained powder in terms of the size and density of the particles, their porosity and surface 
properties, among others. In turn, these characteristics will determine the characteristic flow 
and / or rehydration behavior of a powder. Taking into account all of the above, the objective 
of this work was to know the impact of a pre-dehydration treatment and of the application of 
shelf temperature while the freeze-drying of a formulated orange puree on the properties of 
the obtained powder. 
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2. Materials and Methods 

2.1. Raw material and formulation 

Orange (Citrus x sinensis var. Navelina) always acquired in the same chain of supermarkets 
in Valencia was used for the study. To obtain the orange puree, the fruit was washed, peeled, 
cut and crushed in a food processor (Thermomix TM 21, Vorwek, Spain). Gum Arabic and 
bamboo fiber (5 and 1 g, Shaurlau-Vitacel, respectively) were added to 100 g puree and 
homogenized with the same food processor. The ºBrix of the mixture were measured 
(Refractometer Mettler Toledo 30Px), this being 17 ºB. A part of this orange formulation, 
named O, was reserved. The rest of the sample was partially dehydrated (Moulinex Ultimys 
Duocombi, 600W) by heating in short period times until the sample reached 22 ºB. This 
partially dehydrated orange formulation was named OD.  

2.2. Freeze-drying 

Each formulation was placed in aluminium plates, 1 cm thickness, and freeze in a 
LIEBHERR MEDLINE equipment at -45 ° C for 48 hours. The freeze-drying step was 
carried out in a Telstar Lyo Quest 55 equipment operating at -50 ºC in the condenser and at 
0.063 mbar, for 48 hours. Samples O and OD were freeze-dried with the shelfs at room 
temperature and sample O was also freeze-dried at 40 °C in the shelf (sample O40). 

2.3. Obtaining powder 

The cakes obtained from the freeze dryer were crushed in a food processor (Thermomix TM 
21, Vorwek, Spain), at speed 5 for 20 s to obtain a powder. Batches of about 40 g of the 
powder were sieved through 800 µm mesh, with the corresponding top and bottom placed, 
to select the particles lower than this size which were characterized in the properties described 
below. A vibrating drum (AMP0.40, CISA, Barcelona, Spain), 50 Hz, for 5 minutes was used 
to this end.  

2.4. Particle size distribution 

A batch of about 40 g of the obtained powder lower than 800 µm was again sieved in the 
same vibrating drum and conditions. The mesh of the sieves used in this case were 500, 300, 
200, 150 and 100 µm, with a top and a botton placed in the column of sieves.The powder 
collected in each sieve and in the bottom was weighed.  

2.5. Angle of repose 

This is the angle formed between the slope of the product when dropped down from 5 cm 
height from the horizontal surface. The test consists of pouring 15 g of powdered product in 
a funnel (top diameter= 80 mm, stem = 11 mm diameter, 29 mm length; Overall height = 85 
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mm) and measuring the diameter and height of the formed product cone, applying equation 
(1). 

𝛼𝛼° = arctan∗ (2ℎ
𝑑𝑑

)                                                 (1) 

where h = height from the top of the formed product cone (cm); d = maximum cone product 
diameter (cm), taken as an average of at least 6 values. 

2.6. Wettability 

A modified UNE[2] standard method for milk powder was used. Briefly 10 g of powder were 
weighed and dropped progressively (in 25 s) into 250 g of water, measuring the time (s) from 
when the powder falls until all the particles in the sample have been wetted. 

2.7. Bulk flow properties 

The porosity (ɛ) was calculated from the true and bulk densities by using equation (2). The 
true density (ρ) of the sample was calculated from its individual components. In this case, 
water and carbohydrates, both own and added, were considered to be the main components 
of the samples (equation 3). The apparent density (ρa) was calculated by dropping the sample 
in a graduated tube until approximately 10 mL, with the help of a funnel; the weight and 
volume of the exact sample was recorded. Finally the previous sample was compacted using 
a vortex (1200 rpm, t = 10 s) and the volume of the sample was recorded again to calculate 
the value of bulk density (ρb). Based on these data it was possible to calculate the Hausner 
Index and the Carr Index by using equations (4) and (5). 

 
𝜀𝜀 =  𝜌𝜌−𝜌𝜌𝑏𝑏

𝜌𝜌
                                                     (2) 

1
𝜌𝜌

=  𝑥𝑥𝑤𝑤
𝜌𝜌𝑤𝑤

+ 𝑥𝑥𝐶𝐶𝐶𝐶
𝜌𝜌𝐶𝐶𝐶𝐶

                                              (3) 

               𝐼𝐼𝐻𝐻 =  𝜌𝜌𝑏𝑏
𝜌𝜌𝑎𝑎

                                                      (4) 

             𝐼𝐼𝐶𝐶 =  𝜌𝜌𝑏𝑏−𝜌𝜌𝑎𝑎
𝜌𝜌𝑏𝑏

                                                   (5) 

 
where ɛ is the porosity; ρ, ρb and ρa (g/cc) are the true, bulk and apparent densities of the 
powder, respectively; x (w/w), ρw (g/cc) and ρCH (g/cc) are the mass fraction and density (20 
ºC) of water (0.9976 g/cc[3]) and carbohydrates (1.4246 g/cc[3]), respectively. 
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3. Results and Discussion 

The particle size distribution is represented in figure 1. All the samples had the greater 
proportion of particles with a size lesser than 100 µm. In these range, OD sample stands out 
above the other two samples.  

 

Figure 1. Relative powder particle size distribution (µm) obtained from the formulated puree 
orange freeze-dried at room temperature (O), formulated and pre-dehydrated puree orange freeze-

dried at room temperature (OD) and formulated puree orange freeze-dried at 40 ºC (O40). 

 

The pondered average size particle of each sample was calculated from powder particle size 
distribution (table 1). Significant differences (p<0.05) were observed among all the samples, 
sample OD40 being the one with the greatest average particle size and sample OD the one 
with the smallest average particle size. Particle size may be related with the fracture 
resistance of the cake when crushed, the greater the resistance the greater the particle size. 
The increase in the solutes concentration of the microwave pre-dehydrated sample will lead 
to a decrease in the freezing rate. In this case, greater ice crystals are expected to be formed. 
This will suppose to obtain a cake with greater porous size and more fragile. On the other 
hand, when 40 ºC shelf temperature is applied during freeze-drying, the drying of the sample 
is accelerated. In this case, smaller pores size are formed and a more resistant cake is obtained 
(data not publicated). 

Measured properties related to powders flowability are presented in table 1. Samples doesn´t 
show sifnificant differences (p>0.05) regarding the angle of repose. The values ranged from 
40,35º to 42,51º, which are included among acceptable flow properties[4]. 
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Table 1. Mean values (± standard deviation) of the properties measured to the powder obtained 
from the formulated puree orange freeze-dried at room temperature (O), formulated and pre-

dehydrated puree orange freeze-dried at room temperature (OD) and formulated puree orange 
freeze-dried at 40 ºC (O40). 

The same lowercase letter within rows indicates homogeneous groups established by ANOVA 
(p<0.05).  

The wetting time is inversed related to wettability, the higher the wetting time the worse the 
wettability. In this way, the microwave pre-dehydrated sample before freeze-drying (OD, 
table 1) showed the worst degree of wetting. This probably may be related with the smaller 
average particle size of this sample[5]. The lesser particle size induces the particles 
aggregation and the lump formation. 

It is well recognized that dehydrated products obtained from freeze-drying are highly 
porous[6]. However, it is observed that OD sample, which was microwave pre-dehydrated 
before freeze-drying, shows a value of porosity much lower than the other two samples (table 
1). This may also be related to the smaller average particle size of this sample. It has been 
observed that porosity decreased with decreasing the particle size, because of the decrease in 
the inter-particle voids with smaller sized particles[6]. 

Hausner and Carr indexes indicate the level of interaction between particles and therefore the 
flow properties. There was no significant differences (p<0.05) between the values of both 
indexes for the samples. According the classification of Farmacopea[4], all the samples show 
an excellent to acceptable flowability. 

4. Conclusions 

The different freeze-drying conditions used in this study doesn´t affect the flowability of the 
freeze-dried orange powder. Nevertheless, pre-dehydration of the formulated orange puree 
decreases the mechanical resistance of the obtained cake so that a powder with a smaller 
average particle size may be obtained. This affects the rehydration capacity of the freeze-
dried powder, with increased wetting time. In this sense, 40 ºC shelf temperature during 

 Sample 

Property O40 O OD 

Average size particle (mm) 0.210a ± 0.008 0.1703b ± 0.0006 0.117c ± 0.004 

Angle of repose (º) 43a ± 2   40.3a ± 0.5 41.7a ± 0.5 

Wettabillity (s) 571b ± 54   467b ± 18   1924a ± 400   

Porosity (%) 77.1a ± 0.6 80.1a ± 1.4 69b ± 3 

Hausner index 1.124a ± 0.018 1.11a ± 0.06 1.20a ± 0.08 

Carr index (%) 11.0a ± 1.4 10a ± 5 17a ± 6 
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freeze-drying may be recommended in order to short the process time and to get a product 
with both a good flow behavior and good wettability. 
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Abstract 
The freeze-drying kinetics and the superficial porosity development of 

grapefruit puree. The impact of biopolymers addition (gum Arabic and 

bamboo fiber) and to apply (40 ºC) or not shelf temperature (room 

temperature) was considered. To increase the shelves temperature during 

freeze-drying allowed to an important drying time reduction and doesn’t 

supposed a lower porosity related to the collapse development of the structure. 

Biopolymers do not affect the drying kinetics. From this results, biopolymers 

addition and to heat at least up to 40 ºC during grapefruit freeze-drying should 

be recommended. 

Keywords: freeze-drying; shelf temperature; drying kinetics; image analysis; 

pore size distribution. 
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1. Introduction 

The growing consumer demand for expanding the diversity of food products has resulted in 
a rapid development of the food ingredients market. Most of these food products are supplied 
in powdered form and the technologies involved in their production are increasingly 
important, since their quality and functionality strictly correspond to the efficiency of the 
production processes [1,2]. Today, the growing awareness of consumer health is forcing food 
producers to add natural ingredients to food products. Fruit ingredients in powdered form can 
be applied in many food and pharmaceutical products to improve their color and taste and, at 
the same time, to provide the human body with an additional constituent for health 
promoting[1]. The quality of a fruit powder depends to a large extent on the drying / grinding 
conditions, as well as on the composition and physical properties[2,3]. Within this context, 
freeze-drying emerges as a gentle dehydration technique that represents the ideal process for 
the production of high value dry products. This technique is known for its ability to maintain 
the quality of the product (color, shape, aroma and nutritional value) greater than many other 
drying methods, due both to its low processing temperature as to the virtual absence of 
oxygen during processing, which minimizes degradation reactions[4]. Other prominent factors 
include the structural rigidity exhibited by the previous freezing of the food, as well as the 
limited mobility of frozen water, that prevents collapses and contractions of the solid matrix 
when drying[5,6]. The freeze-drying process consists mainly of two stages in which the 
product is frozen first and then a controlled amount of heat is applied under vacuum (vacuum 
freeze drying) or at atmospheric pressure (atmospheric freeze drying) to promote an initial 
stage where the sublimation of ice crystals occurs and a secondary stage where the desorption 
of the remaining non-frozen water occurs[2,4-6,]. To improve the control of any dehydration 
process giving high quality dried products, it is important to have models to simulate drying 
curves in different conditions[7]. It is important to note that the composition of the fruit (for 
example, pectin, dietary fiber, oligosaccharides, polyphenols) influences the degree to which 
the fruit can be transformed into a powder. In this sense it is necessary to point for the low 
glass transition temperature (Tg) exhibited by the dried fruit products[8]. To exceed the Tg 
involves the change of the amorphous matrix from a highly stable glassy state to a more 
unstable rubbery one. In the glassy state structural collapse of powdered products occurs. As 
in the case of powdered fruit the Tg is in the range of the room temperature, to add high 
molecular weight biopolymers is suggested[8]. High quality freeze-dried materials are 
characterized by a low bulk density and high porosity in addition to a minimal shrinkage and 
negligible collapse. However, it is important to mention that the fraction of the food collapsed 
during freeze-drying can increase with the heating temperature of the shelf. In fact, many 
authors have related the most intense contraction exhibited when freeze-drying is carried out 
at higher temperatures[9] and the greater porosity of freeze-dried materials with the lower 
freeze-drying temperatures[2]. The aim of this study was to determine the impact of both to 
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add gum Arabic and bamboo fiber and to increase the shelf temperature to 40 ºC during the 
freeze-drying of grapefruit puree. The effect on the drying kinetics and the porosity of the 
obtained product have been studied.  

2. Materials and Methods 

The citrus grapefruit (Citrus paradise var. Star Ruby) was purchased in a local market 
(Valencia, Spain). The fruits were selected according to their size, firmness and absence of 
physical damage. Biopolymers used to stabilize the powdered product: gum Arabic (GA) 
Scharlab and Bamboo Fiber (FB) Vitacel® BAF 200. 

2.1. Sample preparation and process conditions 

The peel, albedo and central axis were detached manually from the grapefruit before being 
crushed (Thermomix Vorwerk TM-21). The obtained product was characterized in its water 
and soluble solid content (vacuum oven JP Selecta, 60 ± 1ºC and pressure <100 mm Hg; 
Mettler Toledo 30PX refractometer). Two samples of grapefruit puree were prepared, one 
without the addition of biopolymers (G) and another one with the addition of 4.2% GA and 
0.58% FB (GB) (Thermomix Vorwerk TM-21 working at speed 2 for 300 s)[10]. Both samples 
were also characterized in the water and soluble solid content. Samples G and GB were 

placed in aluminum trays (1 cm thickness, ≅27 g), a pair per sample and after they were 
frozen (Liebherr LGT 2325) at -45 ºC for 6h. The frozen samples were freeze-dried for 
different times from 1.5 to 21 h in a Telstar Lyo Quest-55 freeze-dryer. The pressure of the 
chamber (0.09 mbar) was maintained and the temperature of the shelves was varied: without 
applying heat to the shelves (samples RT, room temperature) and applying 40 °C to the 
shelves (samples 40). In this way, four samples were processed: G(RT), G(40), GB(RT) and 
GB (40). Each freeze-drying process was carried out twice. Samples obtained at the different 
freeze-drying times were weighed (accuracy 0.0001 g). Two images by sample were taken 
using a Canon EOS 350D digital camera placed in a Kaiser RS2XA, at 23 cm from the 
sample, and illuminated with a standard white light (6500K). The images were acquired with 
a focal aperture of 55 mm (Lens EFS 18-55) and in automatic mode.  

 

2.2. Modeling of drying kinetics 
 
The drying kinetics was studied on the basis of the mass loss by the samples. The residual 
water content present in the obtained samples was calculated based on Eq. (1) and used to 
obtain the moisture ratio (MR) evolution (Eq. 2). 
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Where Xwt, mt, Xwo, mo and Xwe indicate the water content (g water / g sample, db) and the 
mass (g) of the freeze-dried sample at time t, of the sample that enters to the freeze-drier, and 
of the sample freeze-dried at equilibrium, respectively. The equilibrium water content values 
are usually very low, and the Eq. 2 is often simplified assuming Xwe=0 without a significant 
change in the MR value [11]. 

Preliminary tests conducted in this study proved that the best fit to our data was obtained with 
the modified Page model (Eq. 3) [1, 11]. The Matlab R2015b software was used to fit the drying 
model. For each sample, the MR (Eq. 2) calculated for each freeze-drying experiment was 
fitted to the model and the mean value of the model constants was considered as the 
corresponding result. 

�� �   � ∗ ���∗��
                               
3� 

Where k, n and a are the constants of the model and t the freeze-drying time (h). 

2.3. Number and pore size distribution 

The pore size distribution was based on the area of the superficial pores formed in the 
samples. The area of the pores at each freeze-drying time in every sample was analyzed from 
the images (section 2.1) analyzed by means of the software image J, 1.51g [12,13]. The 
frequency or number of pores formed of each size was stablished based on a geometric 
distribution of the areas containing the minimum and the maximum values found in the image 

analysis and considering 30 area range. From this data, the mean area of the pores (� mm2) 

at each freeze-drying time was also calculated (Eq. 4). 

� �
∑ 
�� ∗  ��!

∑ "��

                                
4� 

Where i is each area range, A is the greatest range area (mm2), F is the pore frequency. 

 

3. Results and Discussions 

3.1 Drying kinetics 

The water and soluble solute content of the grapefruit puree used in the study were 0.876 ± 

0.004g water / g sample and 11.47 ± 0.12 ºBrix. They changed to 0.830 ± 0.001 g water / g 

of sample and 15.23 ± 0.06 ºBrix after biopolymers addition. For each sample, these water 

contents were those considered as the corresponding (Xw0). The change of MR during the 

846



Egas-Astudillo, L. A.; Silva, A.; Uscanga, M.; Martínez-Navarrete, N.; Camacho, M. M. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

freeze-drying of the different processed samples is presented in Figure 1. As it can be 
observed, the drying time was greatly reduced when 40 ºC shelf temperature was applied.  

  

Fig.1 Experimental and predicted (modified Page’s model) moisture ratio evolution throughout the 
freeze-drying of grapefruit samples with (samples GB) and without (samples G) biopolymers added 

and applying (samples 40) or not (samples RT) heat to the shelves. 

 
Kinetic data were fitted to the modified Page model (Table 1). The k and a parameters were 
lower (p<0.05) when the freeze-drier shelfs were not heated, with no significant differences 
(p>0.05) between the samples with and without biopolymers added. This behavior is related 
with the enhanced heat transfer promoted when heating the shelfs, which is linked to an 
increased drying rate of the process and a decreased drying time [14,15]. Table 1 shows the 
drying time needed to achieve a target water content of 0.04 g water/g dry sample (db), this 
assumed as a normal water content for this kind of products. To heat the shelves just to 40 ºC 
during the freeze-drying considerably reduces the process time up to 52 - 60 %. 

 
Table 1. Mean values and standard deviation in brackets of the constants of the modified Page’s 
model (k, n and a). Time needed to reach 0.04 g water/g sample (db): t0.04. Freeze-dried samples: 
grapefruit with (samples GB) and without (samples G) biopolymers added and applying (samples 

40) or not (samples RT) heat to the shelves. 
 

Sample k n  a R2 RSME t0.04 (h) 

G(RT) 0.041±0.009a 1.57±0.11b 0.934±0.009a 0.978 0.040 21.8±1.6b 

GB(RT) 0.056±0.011a 1.41±0.08ab 0.941±0.009a 0.964 0.046 23.6±1.0b 

G(40) 0.25±0.04b 1.31±0.10a 0.993±0.003b 0.993 0.018 10.4±1.6a 

GB(40) 0.20±0.01b 1.42±0.10ab 0.996±0.002b 0.994 0.016 9.5±1.5a 

(*)Adjusted regression coefficient (R2), root mean square error (RMSE; Different (a, b) letters 
in columns indicate non-homogeneous groups established by the ANOVA (p<0.05). 
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3.2   Number and pore size distribution 

Figure 2 shows, as an example, the number of pores of each areas range considered that was 
formed in samples G(RT) and GB(RT) freeze-dried for 22 h and in samples G(40) and 
GB(40) freeze-dried for 10 h. These were approximately the times needed to reach a sample 
with 0.04 g water/ g sample (db) (Table 1). A similar pore number distribution was observed 
at each studied freeze-drying time (data not shown) which was used to calculate the pore 
mean area (Fig. 4). As it can be observed in Fig. 3, at each temperature, more pores were 
formed in samples without biopolymers added. This could be related with a certain 
cryoprotector effect of the biopolymers, these decreasing the amount of ice formed [8]. On the 
other hand, in samples G or GB, the higher the temperature, the greater the pore number 
related to the faster drying rate. Taking into account what it was observed visually in freeze-
dried samples, the number of pores formed may be related with the firmness of the structure. 
In this sense the interaction of the added biopolymers with the own’s fruit solutes seems to 
promote a more compact and firmer structure and a higher drying rate to a weaker one. 

For each sample and freeze-drying time, a mean pore size was calculated (Figure 3). As it 
can be observed, the samples freeze-dried at room temperature showed a greater mean pore 
size than when heated at 40 ºC and, at each temperature, it was greater when no biopolymers 
were added. In this case, both the biopolymers presence and to increase the drying 
temperature contribute to decrease the pore size. 
 

 

 

 

 

 

 

 

  

Fig. 2. Distribution of the number of pores (frequency) formed of each area range. Samples: 
grapefruit with (samples GB) and without (samples G) biopolymers added and heating (samples 40) 

or not (samples RT) the shelves. 
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Fig. 3 Mean area of the pores formed throughout the freeze-drying time. Samples: GB and G: 

grapefruit with (samples) and without (samples G) biopolymers added and heating (samples 40) or 
not (samples RT) the shelves. 

 

4. Conclusions 

To increase the shelves temperature to 40 ºC during freeze-drying decreases in more than 50 
% the drying time and allows to obtain a sample with more pores formed although these being 
smallest. The gum Arabic and bamboo fiber added to stabilize the dried product doesn’t affect 
the drying rate although it shows less and smallest pores. As no collapse of any of the 
obtained samples was observed, to add the biopolymers to grapefruit puree and to heat the 
shelfs to 40 ºC during freeze-drying should be recommended. 
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Abstract 
The effects of saccharide additives on the dehydration and drying properties 
as well as the quality properties of dried kiwi fruit products were 
investigated. Sliced kiwi fruits were soaked and dehydrated in citric acid, 
glucose, sucrose and the pH-adjusted sugar solutions, individually. Osmotic 
dehydration and drying kinetic parameters were calculated using exponential 
models. Drying rate constants and water activities of dried kiwi fruits with 
osmotic dehydration were superior to those without osmotic dehydration. 
Soaking solutions with a lower pH led to a decrease in lightness. However, 
soaking sokution pH had no significant effect on the water activity or drying 
kinetics. 

 

Keywords: drying; kinetics; kiwi fruit; osmotic dehydration 
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1. Introduction 

Kiwi fruit (Actinidia deliciosa) is a popular fruit due to its taste, cost, cooking affinity, 
nutrition and functional properties. Kiwi fruit is low in fat and sodium, and it is high in 
organic acids, vitamin C, vitamin E, folic acid, dietary fibre, potassium and polyphenols. 
Vitamin C, vitamin E and polyphenols show strong antioxidant activities. Additionally, 
many components in kiwi fruit have a positive effect on human health. Therefore, the 
consumption of kiwi fruit in Japan has approximately doubled in the last 10 years. 

Dried fruit is known to have a long shelf life and has specific texture, taste and 
functional properties [1-3]. The manufacturing process of dried fruits requires a certain 
amount of sugar; however, consumers pay attention to their health, and dried fruits with 
less sugar or without sugar are more desirable. Thus, food companies in Japan have been 
developing new dried fruit products, such as those with lower calories. 

The manufacturing process of dried fruit products involves two main procedures, 
osmotic dehydration and a drying process. Osmotic dehydration draws water from the fruit 
and adds a sweet taste by soaking the fruit in a sugar solution [4]. Osmotic dehydration also 
prevents colour degradation and hardening. Sugar-soaked fruits are then dried in a hot air 
drying oven or by sun drying. While osmotic dehydration and drying characteristics of 
fruits are well established [1-4], the addition of pH-adjusted saccharides has rarely been 
reported in osmotic dehydration and drying processes. 

The objectives of this study were to investigate the effect of pH in osmotic dehydration 
solutions on dehydration and drying properties and to investigate the quality properties of 
dried kiwi fruit products. 

 

2. Materials and Methods 

2.1. Osmotic dehydration of fresh kiwi fruit 

Saccharides, such as glucose, sucrose, maltose, citric acid (Wako Pure Chemical 
Industry, Osaka, Japan), sorbitol, erythritol (B Food Science Co., Ltd., Tokyo, Japan) and 
trehalose (Hayashibara, Okayama, Japan), glucose and sucrose adjusted to pH 2.0 were 
selected as soaking solutions for osmotic dehydration.  

Fresh kiwi fruits (Zespri, New Zealand) were purchased from a local supermarket. Kiwi 
fruits were cut into 10-mm-wide slices and weighed. Sliced kiwi fruits were soaked in 60% 
(w/w) soaking solutions at 60°C for 80 min at 50 rpm in a shaking water bath (Taitec, 
Saitama, Japan). During soaking, kiwi fruit slices were weighed every 5 min. The kiwi fruit 
slices were gently wiped with paper towel after soaking. 

852



Ueno, S.; Iijima, R.; Harada, M.; Liu, H.; Shimada, R.; Fukami, K. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

 

 
2.2. Drying of osmotic-dehydrated kiwi fruit and kinetic analysis 

After osmotic dehydration, the kiwi fruit slices were transferred to a drying oven 

(WFO-410W, Nakayama Rika, Saitama, Japan) and dried at 80°C for 6 h. During drying, 

kiwi fruits were weighed every 30 min. Based on the weight changes during drying, 
moisture content was calculated as the time course of the sample weight and equilibrium 
dry weight. Drying characteristics were evaluated by several mathematical models. The 
dimensionless relative moisture content against drying time was plotted as a drying curve. 
Utilising the drying curves of samples with different osmotic dehydration solutions, kinetic 
parameters of the most simplified model, known as the exponential model [4], were 
calculated as follows: 

MR = (M − Me) / (M0 − Me)                                                         (1) 

 MR = exp(−kt)                                                                       (2) 

Where MR and M indicates the dimensionless relative moisture content and the certain 
moisture content, M0 indicates the initial moisture content, Me indicates the equivalent 
moisture content, k indicates the drying rate constant (min−1) and t indicates the drying time 
(min). Usually, this model does not provide an accurate simulation of the drying curve for 
many foods, particularly by underestimating the beginning of the drying curve and 
overestimating the later stages [5]. Therefore, another exponential model called the Page 
model was also applied [5,6]. 

MR = exp(−ktn)                                                                       (3) 

Where n indicates the empirical constant. Equations (2) and (3) were applied to the 
dimensionless relative moisture content during drying, and the drying rate constant k was 
calculated using Kaleida Graph 4.0 J (Hulinks, Tokyo, Japan). 

 

2.3. Quality analyses of dried kiwi fruit 

Several quality factors are important for both consumers and food suppliers; consumers 
mainly determine product quality based on the colour of dried fruit in a supermarket, while 
the most important factor for suppliers is the shelf life. We determined the quality of dried 
kiwi fruits by surface colour and water activity in this study. Colour parameter L*a*b* (L; 
lightness, a; green-red, b; blue-yellow) of quarter-cut dried kiwi fruits was measured using 
a colour metre (ZE2000, Nippon Denshoku Industry. Co. Ltd., Tokyo, Japan). Two-thirds 
of the cut dried kiwi fruits were fixed in a plastic pan for water activity measurements using 
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a water activity metre (LabMaster aw, Novasina, Switzerland). All experiments were 
performed in quintuple, and results are presented as means ± standard deviations. 

3. Results and Discussion 

3.1. Colour 

The colour of fresh kiwi fruit and dried kiwi fruit with or without (dried control) selected 
osmotic dehydration was measured (Table 1). Fresh kiwi fruit showed the lowest a* value, 
and fresh and dried control kiwi fruits showed higher L* values. Dried samples in which 
the pH was adjusted to 2.0 showed slightly lower L* and b* values compared with non-pH-
adjusted samples (sucrose, pH 6.0, and glucose, pH 3.8). Dried fruits soaked in citric acid 
solutions showed the lowest L* and b* values and the highest a* values. Combinations of 
osmotic dehydration and drying processes led to a decrease in lightness. These results 
suggest that kiwi fruit’s green pigments, such as chlorophyll a and b, melt into the soaking 
solution during osmotic dehydration and change during the thermal drying process, 
resulting in a change in the colour of dried kiwi fruits. However, colour changes in dried 
kiwi fruit soaked in sucrose and glucose solutions were limited, and these products would 
be more acceptable to consumers. 

Table 1. Colour parameters of dried kiwi fruit with saccharide and pH-adjusted sugar solutions 
Sample L*  a* b* 
Fresh 48.9 ± 1.6 −6.9 ± 1.0 28.4 ± 1.5 

Dried control (no sugar) 49.2 ± 2.9 1.5 ± 0.7 30.1 ± 2.0 

60% sucrose, pH 6.0 47.0 ± 2.9 1.4 ± 1.0 32.1 ± 1.8 
60% sucrose, pH 2.0 45.5 ± 2.8 1.6 ± 0.8 29.5 ± 1.5 
60% glucose, pH 3.8 45.6 ± 3.9 1.8 ± 1.0 30.3 ± 2.7 
60% glucose, pH 2.0 43.9 ± 3.0 1.6 ± 1.2 29.7 ± 1.8 

6% citric acid 37.2 ± 2.5 3.8 ± 0.9 23.9 ± 2.0 
60% citric acid 35.0 ± 2.6 7.9 ± 1.1 21.3 ± 2.2 

 

3.2. Water activity 

The water activity in food products is a well-known index of storability. While the water 
activity of dried kiwi fruit without osmotic dehydration was 0.61, those of osmotic-
dehydrated samples ranged from 0.43 to 0.49 (Table 2). The shelf life of a food product at a 
given water activity may vary depending on the structure and composition of the food 
material, and spoilage is a concern. Microbial activity, enzyme reaction, browning reaction 
and lipid oxidation are strongly dependent on water activity. In this study, the microbial 
activities, such as those of bacteria, yeast and mould, and enzyme reactions were limited 
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when the water activity ranged from 0.43 to 0.49. These results indicate that osmotic 
dehydration with sugar (including pH-adjusted samples) improves the shelf life. 

 Table 2. Water activity of dried kiwi fruit 
Sample Water activity 

Dried control (no sugar) 0.61 ± 0.08 

60% sucrose, pH 6.0 0.49 ± 0.02 
60% sucrose, pH 2.0 0.48 ± 0.01 
60% glucose, pH 3.8 0.48 ± 0.01 
60% glucose, pH 2.0 0.47 ± 0.01 

6% citric acid 0.47 ± 0.03 
60% citric acid 0.43 ± 0.04 

 

3.3. Kinetic analysis of drying 

Based on the weight changes during drying, the moisture content was calculated as the 
time course of the sample weight and equilibrium weight. Then, the dimensionless relative 
moisture content against drying time was plotted as a drying curve. The most simplified 
model was applied to the drying curves. The lowest drying rate constant of dried kiwi fruit 
was observed in the control (Table 3). In contrast, osmotic-dehydrated samples showed 
higher values than the dried control (Table 3). The pH-adjusted dried samples had values 
similar to those of non-pH-adjusted samples. Moreover, dried samples with a citric acid 
solution showed lower values than those with sucrose or glucose. 

Osmotic dehydration with saccharide solutions enhanced drying. However, the soaking 
solution pH did not have any apparent effect on the drying characteristics. A lower soaking 
solution pH would destroy the internal structures of kiwi fruit, such as membranes, and 
once membranes are destroyed during osmotic dehydration and drying processes, the 
internal structure of kiwi fruit will easily shrink. Therefore, the drying rate constants of 
lower pH samples did not increase compared with those without a pH adjustment. 

Table 3. Drying rate constants of dried kiwi fruit 
Sample Drying rate 

constants (min−1) 
Dried control (no sugar) 0.0045 ± 0.0001 

60% sucrose, pH 6.0 0.0059 ± 0.0001 
60% sucrose, pH 2.0 0.0062 ± 0.0005 
60% glucose, pH 3.8 0.0062 ± 0.0005 
60% glucose, pH 2.0 0.0063 ± 0.0001 

6% citric acid 0.0055 ± 0.0001 
60% citric acid 0.0058 ± 0.0007 
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3. Conclusions 

We investigated the effects of saccharide additives on dehydration–drying kinetics and 
the quality properties of dried kiwi fruit. Drying rate constants and water activities of dried 
kiwi fruits with osmotic dehydration were superior to those without osmotic dehydration. 
Soaking solutions with a lower pH led to a decrease in lightness. However, soaking 
sokution pH had no significant effect on the water activity or drying kinetics. The 
combination of sugar and citric acid for a single soaking solution would enable to 
investigate a novel physicochemical and taste parameters. Further analysis of taste 
characteristics are essential for the dried fruit industry. 
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Abstract 
The goal of this study was to prove the feasibility of a conical spouted bed 
dryer for the drying of wastes of almond tree fruit. The drying operating 
regimes ranges in sspouted beds contactors were determined. The drying 
tests were conducted in the spouted bed regime under determined 
experimental conditions. Beds consisting of almond shells were dried at 
drying air temperatures ranging from room temperature to 140 ºC. The 
drying behaviour was assessed based on the decrease in moisture content of 
almond shells with the time and the effect of drying air temperature on the 
drying process was analyzed. 

 

Keywords: Almond shells wastes; conical spouted beds; biomass wastes; 
drying 
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1. Introduction 

World energy consumption has increased by 28% in 2017 and renewable fuels are the 
world’s fastest-growing energy source, predicting an increase of 2.3%/year between 2015 
and 2040 [1]. Biomass is a key renewable resource, which supplies 14% of the world’s 
energy consumption. Since biomass wastes usually have high moisture content, in order to 
increase the yield of thermal valorization of these wastes, it is advisable to reduce the 
moisture content previously.  

Almond nut production annually generates more than 4,800 dry tons of by-products per 
1,000 acres of harvested almond trees [2]. This biomass wastes including shells, hulls, and 
pruning, composed mainly by cellulose, lignin and hemicelluloses are suitable for energy 
production. The most common treatments for these wastes are landfills, compostage, 
recycling and direct burning [3]. However, there is little research of energy uses for waste 
from almond processing including gasification, pyrolysis, and combustion or co-firing [2]. 
World production of almonds was estimated about 3.2 million tonnes in 2016, being the 
United States the largest producer with 2 million tonnes. Spain is the second world’s 
almond producer, with a yearly production around 200 thousand tonnes [4]. Almond shell is 
the hard layer between the hull and the almond nut, which protects the almond from insects 
while on the almond tree (Prunus dulcis).  

Spouted beds technology can be an appropriate alternative for energy exploitation of 
renewable biomass wastes, with a previous reduction of moisture content of biomass wastes 
by drying, due to the high mass and energy transfer. Conical spouted beds have been 
applied for drying biomass wastes such as agricultural wastes [5-6], vineyard pruning 
wastes [7] sludge wastes [8-11], of yeast [12]. 

 

2. Materials and Methods 

The experimental unit used, Fig. 1, comprises a conical dryer, a blower, two high efficiency 
cyclones, an electrical preheater and thermocouples. The conical dryer (Fig. 1) made of 
AISI-310S stainless steel is externally insulated to reduce heat loss, has an angle of 36º, 
base diameter of 0.03 m and inlet gas diameter to inlet dryer diameter ratio, Do/Di, 1/2, 2/3 
and 1. The geometric factors of this dryer are listed in Table 1. 

The drying air velocity was determined by the air flow rate measured by mass flowmeter, 
installed at the inlet pipe, and controlled by a computer to an accuracy of ±0.5%. 
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Fig. 1 Schematics of the experimental plant and of the conical spouted bed dryer with an outline of 
solid particles movement in the spouted bed regime. 

Table 1. Geometric factors of the conical spouted bed dryer 
Conical spouted bed dryer   

Diameter of the cylindrical section Dc (m) 0.23 
Cone angle γ (deg) 36 
Gas inlet diameter Do (m) 0.015, 0.02 and 0.03 
Diameter of the cone bottom Di (m) 0.03 
Upper diameter of the stagnant bed Db (m)  Di + 2 Ho tan (γ/2) 
Height of the conical section Hcone (m) 0.31 
Stagnant bed height Ho (m) between 0.03 and 0.20 
Thickness of the dryer wall Xsteel (mm) 2 
Thickness of the insulation Xins (mm) 14 

 

During the drying process, solids were sampled by a suction pump, and the solids moisture 
content was measured by Mettler Toledo HB43-S Halogen hygrometer. Room temperature, 
the relative air humidity and air humidity at the inlet and the outlet were measured using 
Ahlborn MT8636-HR6 thermal conductivity detectors (accuracy ± 2% relative humidity). 
The drying air temperature was measured by a K-type thermocouple (relative error: the 
greater ± 0.75% or ± 2.2°C) located at the inlet to the dryer. 

Dryer 
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Biomass wastes studied, Fig. 2, were almonds shells. In the industry almonds are washed 
before peeling. Almonds shells have a density of 1220 kg/m3, particle sizes 5-8 mm and 
moisture content 25-30 wt%. Bed masses of almond shells used are 100-400 g. Solids 
moisture content is measured by Mettler Toledo HB43-S Halogen hygrometer (accuracy ± 
0.01 %). 

  
(a)    (b) 

Fig. 2 (a) Grinded wet almond shells wastes inside the feeder. (b) Grinded dry almond shells wastes 
inside the conical spouted bed dryer. 

 

3. Results and discussion 

The performance of conical spouted beds for drying of beds formed from almond shells and 
operation conditions at inlet gas temperature at room temperature and at 105 ºC have been 
established in this paper. Likewise, the evolution of solids moisture content has been 
measured with the time, and effect of operating conditions on drying time has been 
analyzed. 

In order to prove the feasibility of the conical spouted bed dryer for thermal exploitation of 
almonds shells, the range of the stable operating regimes of homogeneous beds formed 
from wastes of almond shells was determined. The minimum air flow rate necessary to 
achieve the spouted bed regime was characterized by pressure drop fluctuations with a 
standard deviation less than 10 Pa [13]. The experimental values of minimum air velocity 
corresponding to the spouted bed regime are shown in Fig. 3 for beds consisting of wastes 
of almond shells with stagnant bed height (Ho) in the range of 0.02-0.14 m along with an 
outline of solid particles in the stagnant bed and in the spouted bed regime for a system 
taken as example. Starting in the stagnant bed, increasing stagnant bed height, the air 
velocity necessary to reach the spouted bed regime increases, therefore the velocity 
operating range over the minimum spouting flow is narrower. The spouted bed regime is 
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reached in all studied systems, characterized by the vigorous cyclic movement as is shown 
inside the conical dryer, Fig. 1. 

With the aim of determining the drying behaviour of the conical spouted bed dryer, beds 
consisting of the almond shells waste were dried under different experimental conditions.  

  

Fig. 3 Operating map of stagnant bed height versus the gas velocity. Experimental system: γ= 36º 
Do= 0.03 m, almond shells of dS= 5.6 mm. 

The experimental results for the time evolution of the moisture content of almonds shells, 
X, from the initial moisture content of 40 wt % (d.b.) to the equilibrium moisture content 
are plotted in Fig 4 for a bed consisting of 400 g of wet almond shells with drying air 
temperatures of 25 and 105 ºC. The air flow rate, was high enough, so that the outlet air 
humidity was lower than saturation humidity, resulting in a driving humidity gradient. The 
drying process was assumed concluded when the difference between two consecutive 
measurements of solids moisture content did not exceed ±0.05 wt%. 

At the beginning of the process the decrease in the moisture content is more pronounced, 
almost proportional, controlled by evaporation of free moisture. At the end of the drying 
process, variation of almond shells moisture content is asymptotic until the moisture 
content reaches its equilibrium value. 

 

 

Spouted bed 

Fixed bed 
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Fig. 4 Time evolution of the moisture content of a bed of almond shells. Experimental system: γ= 

36º; Do= 0.03 m, M= 400 g, dS = 5.6 mm, initial moisture content 33 wt % (d.b.), u= 1.10 ums; T= 25 
and 105 ºC. 

As the inlet air temperature is increased, the solids moisture content decreases faster, with 
shorter drying time to reach the moisture equilibrium content, which depends on the inlet 
air temperature and the relative humidity. In drying of almonds shells, as inlet air 
temperature is increased 80 ºC, from 25 to 105 ºC, drying time is decreased by around 75% 
from 60 to 15 minutes. 

 

4. Conclusions 

The feasibility of a conical spouted bed equipment for thermal exploitation of almond shells 
wastes by drying in the spouted bed regime has been proven at low air temperatures. The 
range of operating regimes beds consisting of almond shells has been determined under 
different experimental conditions. 

The moisture content of almond shells decreases almost proportionally with time from the 
initial moisture content to equilibrium moisture content, and this disminishing is more 
noticeable at the beginning of the drying process, at high moisture content. The drying time 
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to reach the equilibrium moisture content decreases with increasing drying air temperature 
around 75% with a temperature increase of 80 ºC. 
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5. Nomenclature  
 

Db upper diameter of the stagnant 
bed, Db = Di + 2 Ho tan (γ/2) 

m 

D, Di, 
Do 

diameter of the cylindrical 
section, of the dryer base, and 
of the gas inlet 

m 

dS mean Sauter diameter m 

H, Hc, 
Ho 

height of the cylindrical 
section of the dryer, of the 
conical section and of the 
stagnant bed 

m 

t time min 

T temperature ºC 

M solids mass kg 

X solids moisture content (dry 
basis),  

kg water/kg dried 
sludge, % 

X* equilibrium solids moisture 
content (dry basis),  

kg water/kg dried 
sludge, wt % 

Xsteel, 
Xins 

thickness of the dryer wall and 
of the insulation 

m 

u, ums velocity of the air and air 
minimum spouting velocity 

m/s 

Greek letters 

γ angle of the conical section of 
the dryer 

deg 

ρs density of solids kg /m3 
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Subscripts 

d drying  

ms minimum spouting  
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Abstract 
The purpose of this study was to determine the effects of convective air-

drying at different temperatures (35, 50, 60 and 75°C) on the color of 

Bifurcaria bifurcata (BB) seaweed powders obtained after milling, the 

antioxidant activity and polyphenolic and carbohydrate content of the 

aqueous extracts obtained by ultrasound-assisted extraction. BB seaweed 

powders exhibited significant color differences between powders obtained 

from BB dried at 35ºC (yellowish-green) and 50–75 °C (brown). High air 

drying temperature (above 60ºC) significantly reduced the total polyphenolic, 

carbohydrate content and scavenging activity of aqueous extracts of BB. 

Keywords: Phaeophyceae Antioxidant activity Carbohydrates Color 

Polyphenols 
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1. Introduction 

The safety and toxicity issues related with synthetic antioxidants [1] can explain the 
increasing interest in natural antioxidants to replace synthetic additives in foods or 
nutraceuticals. Natural antioxidants are effective in protecting the body against damage 
caused by Reactive Oxygen Species (ROS) and extending the storage time of food. They 
have the capability not only to improve oxidative stability but also to provide a wide variety 
of additional health benefits [2]. They inhibit or prevent the oxidation of a substrate and 
evolve to protect biological systems against damage induced by ROS. 

It has been demonstrated that antioxidant compounds from seaweeds have health benefits 
such as antimutagenic, anti-viral, amelioration of diabetic complication, bactericides, etc. 
Some types of polyphenols and tannins (i.e. phlorotannins) have strong antioxidant 
activities, and they are abundant in brown macroalgae [2]. Regarding the potential uses of 
brown seaweeds, due to their interesting antioxidant properties, it is necessary to study how 
the processing (including operations such as collection, preservation (drying) and storage, 
among others) affects the biological activity of certain compounds. Traditionally, seaweeds 
are sundried for long periods and the final properties can be altered. The current increase of 
marine algae production rates requires the application of faster and controlled industrial 
methods. In this sense, in order to overcome the long periods of natural sun drying (days), 
several alternatives can be useful such as freeze-drying or convective hot air drying, which 
is the most widely employed method for preserving biological materials, where the air 
conditions (temperature, relative humidity and velocity) are controlled [3]. 

Several authors studied the effect of different drying techniques on the antioxidant 
properties of extracts of different seaweeds such as Sargassum sp., Kappaphycus alvarezii, 
Gracilaria chilensis, among others [4,5]. However, no studies assessing the effect of drying 
conditions on phytochemical properties of Bifurcaria bifurcata were found in the literature. 
Consequently, the main objective of this work is to determine the effect of the air drying 
temperature on color and phytochemical properties of brown seaweed Bifurcaria bifurcata. 

2. Materials and Methods 

Bifurcaria bifurcata seaweeds previously dried at 35, 50, 60, and 75ºC in a hot convective 
air dryer were milled in order to obtain seaweed powders. Milling was carried out using a 
centrifugal mill (ZM 200, Retsch GMBH, Germany). The rotor speed was adjusted to 8000 

rpm and a standard sieve (500 µm) was employed. The milled systems obtained at different 
drying temperatures (BB35P, BB50P, BB60P, and BB75P) were stored at 5ºC in 
polyethylene plastic bags under vacuum with a vacuum-packer (Sammic V201, Spain) for 
further utilization. 
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Color of obtained powders and their different particle size fractions obtained after sieving 

(sieves from 40 up to 500 µm) was determined using a colorimeter (Chroma Meter CR-400, 

Konika Minolta, Japan). Color was measured by means of CIELab coordinates: L* 
(whiteness (L* = 0) or brightness (L* = 100)), a* (redness (a* > 0) or greenness (a* < 0) 
and b* (yellowness (b* > 0) or blueness (b* < 0)). Moreover, total color difference 

parameter (∆E*, Eq. (1)) for each size fractions (i) was estimated and classified according 
to [6] using as reference (r) the color coordinates of the seaweed powder prior to sieving 
(whole).  

∆E∗ � ��L�
∗ 	 L
∗��  ���

∗ 	 a
∗��  ���
∗ 	 b
∗��                                                                   (1) 

Seaweed aqueous extracts were obtained from the different dried seaweed powders in order 
to determine the effect of air drying in total polyphenols and carbohydrate content and the 
antioxidant activity of seaweeds. Samples of powdered seaweed, were processed with an 
ultrasound sonicator (Hielscher, UIP-1000 hdT, Germany) to enhance the extraction of 
polyphenols and carbohydrates. All experiments were carried out in batch. The procedure 
starting with a rehydration step (15 min) before extraction. Then extraction operation took 
place using a 200 mL beaker at controlled temperature (< 35ºC) employing a cold water 
bath to avoid that high temperatures could affect the antioxidant activity. All extractions 
were performed using water as solvent. The equipment operated with a frequency of 20 
kHz and the irradiation power (< 1000 W) was regulated in the ultrasound generator at 80% 
amplitude. The conditions were 4 min of contact time and 30 w·w-1 of liquid-solid ratio. 
Finally, obtained extracts were centrifuged at 12400 rpm for 15 min using a high speed 
laboratory centrifuge (2-15, Sigma, UK), and the supernatant obtained was then filtered by 

pressure using syringe filters with a pore size of  0.25 µm and used for characterization 
analysis. All seaweed aqueous extracts were analyzed by means of DPPH scavenging 
activity, total solids, polyphenols and carbohydrate content.  

The quantitative determination of total polyphenols content (TP) was measured as 
phloroglucinol (PHL) equivalents following a colorimetric method [7]. TP was evaluated in 
reference to raw seaweed powder sample (mg PHL·(100 g dry powder)-1,  TPw) and also to 
total solids content in the extract (mg PHL·(100 g dry solids)-1, TPs). 

Carbohydrates content of the extracts was determined following a method previously 
reported [8]. Carbohydrates content was expressed as glucose equivalents (GL) referred to 
raw seaweed powder sample (mg GL·(100 g dry powder)-1, CHOw) and also to total solids 
content in the extract (mg GL·(100 g dry solids)-1, CHOs). 

The DPPH scavenging activity assay measures the capacity of a system to react with a free 
radical agent (2, 2-diphenyl-1-picrylhydrazyl, DPPH). It was employed the method 
proposed by Brand-Williams [9]. In its radical form, DPPH· shows an absorption peak at 
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515 nm, but upon reduction by an antioxidant (AH) or a radical species (R·) the absorption 
disappears. As the reaction takes time to fully develop, for the determination of the DPPH 
scavenging activity absorbance is measured every 5 min until it reaches the stationary state. 
Scavenging activity, SA, is evaluated by means of Eq. (2): 

���%� �
�����
��

� 100                                                                                                          

(2) 

where A0 (-) is the absorbance at time 0 and Af is the absorbance after one hour. 

3. Results and Discussion 

3.1. Color characterization 

The trends for color parameters values of powders from seaweeds dried at 35, 50, 60 and 
75ºC with the corresponding particle size fractions are displayed in Figure 1.  

 

 

Fig. 1 a* (A), b* (B), L* (C) and ∆E* (D) color parameters of Bifurcaria bifurcata seaweed 
powders obtained after drying at different temperatures 35ºC (■), 50ºC (■), 60ºC (■) and 75ºC (■). 

868868



Arufe, S. V.; Sineiro, J.; Chenlo, F.; Moreira, R. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

Specifically, a* parameter values increased with increasing drying temperature. It is 
noticiable that the trend of a* changes from green to red with drying temperatures above 
35ºC. Regarding particle size effect, a* increased in general for all assessed seaweed 
powders. 

The effect of drying temperature did not cause relevant changes in b* values. All seaweed 
powders have a yellowness predominance (b* > 0). Regarding color properties of size 
fractions, b* slightly decreased for all systems as mean size increased. Both trends might be 
related to the presence of still structurally undamaged parts of the seaweed in the biggest 
particles. 

It can be seen that L* parameter significantly decreased with increasing particle size up to 

200-250 µm for all drying temperatures. Nevertheless, regarding drying temperature effect, 

no clear trends were observed.  

The evaluation of total color difference (∆E*) trend showed minimum values at 

intermediate particle sizes (from 80 to 200 µm). Particularly, the found color difference can 

be classified as small ∆E*= 0.60, 1.60, 1.54, and 0.79 for BB35P, BB50P, BB60P, and 
BB75P, respectively, according to [6].  

Summarizing, drying temperature effect on color properties of Bifurcaria bifurcata 
seaweed powders modifies from greenness to redness predominance at drying temperatures 
above 35ºC. 

3.2. Seaweeds extracts 

3.2.1. Total polyphenols content 

Total polyphenols content values (TP) of aqueous extracts from Bifurcaria bifurcata dried 
at different temperatures are shown in Figure 2. 

 

Fig. 2 Total Polyphenols (TP) of aqueous extracts of Bifurcaria bifurcata powders formerly dried 
at different temperatures (35ºC (■), 50ºC (■), 60ºC (■) and 75ºC (■)): referred to raw powder (mg 

869



Effect of air drying temperature on phytochemical properties of brown seaweed Bifurcaria bifurcata 

 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

PHL·(100 g dry powder)-1, TPw (left) and total solids content in the extract (mg PHL·(100 g dry 
solids)-1, TPs (right). 

It can be observed that TPw content of Bifurcaria bifurcata extracts did not significantly 
change when drying with air-drying temperatures lower than 60ºC. TPs in the extracts 
showed the same trend. The fact that both parameters, one referred to raw powder (TPw) 
and the other to total solids content in the extract (TPs) indicates that the significant 
differences in TP can be attributed to the different temperatures employed during drying 
and not to differences in the extraction yields. 

Extracts obtained from seaweeds dried at 75ºC rendered the lowest TP values indicating 
that air-drying temperature clearly influences TP content of the extracts. The use of a hot 
air-drying technique can lead to thermally-promoted physical and chemical processes i.e. 
structural collapse of cells during drying, textural modifications, migrations of chemical 
compounds, accumulation of substances in cell membranes and several chemical reactions) 
during this step, which make difficult the subsequent extraction of phenolic compounds. 

3.2.2. Carbohydrate content 

The effect of drying temperature on carbohydrate content (CHO) of extracts can be 
observed in Figure 3.  

 

Fig. 3 Carbohydrate content (CHO) of aqueous extracts of Bifurcaria bifurcata powders formerly 
dried at different temperatures (35ºC (■), 50ºC (■), 60ºC (■) and 75ºC (■)): referred to raw powder 
(mg GL·(100 g dry powder)-1, CHOw (left) and total solids content in the extract (mg GL·(100 g dry 

solids)-1, CHOs (right). 

As in the case of TP content, air-drying temperatures higher than 60ºC significantly 
decreased CHO content. The extracts obtained from BB75 showed the minimum values of 
CHOw and CHOs (2103 ± 143 mg eq. GL/100 g dry powder and 4426 ± 301 mg eq. GL/100 
g dry solid, respectively) and the maximum value of CHO content was observed for BB35 
(2394 ± 167 mg eq. GL/100 g dry powder and 521 ± 363 mg eq. GL/100 g dry solid, 
respectively). These results might be related to the physical and chemical processes that 

870870



Arufe, S. V.; Sineiro, J.; Chenlo, F.; Moreira, R. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

may difficult the extraction of carbohydrates, in the same mode than the phenolic 
compounds. Similarly, to the TP content results, CHO obtained results indicated that their 
differences should be attributed to the effect of drying conditions (temperature) and not to 
the differences in the extraction yields, because trends of CHOw and CHOs values with 
temperature were similar.  

3.2.3. Antioxidant activity 

The antioxidant activity of aqueous seaweed extracts was evaluated by means of total 
DPPH radical scavenging activity (SA), Table 1.  

Table 1. Radical scavenging activity (SA) of extracts from Bifurcaria bifurcata seaweeds dried at 
different temperatures. 

Drying Temperature (ºC) SA (%) 
35 58.3±2.3a 
50 54.7±7.2a 
60 55.4±0.7a 
75 45.3±2.5b 

♣Data are presented as means±standar deviation. Data value of each parameter with different superscript letters in columns are 

significantly different (P≤0.05). 

The effect of air drying temperature was very similar to the previously described for TP and 
CHO. Air drying temperatures higher than 60ºC significantly decreased the SA of 
Bifurcaria bifurcata aqueous extracts. The reduction in TP content and SA at high drying 
temperatures may be due to several factors: release of phenolic compounds bound to cell 
wall during drying; thermal degradation by oxidative enzymes; phenolic compounds may 
rapidly degrade at drying temperatures above 40ºC; binding of polyphenols to other 
substances (proteins) or alterations in their chemical structure [5,10,11]. 

The observed trend of SA and TP was previously reported in literature by other authors. 
Tello-Ireland et al. [5] reported a loss of antioxidant activity when drying Gracilaria 

chilensis at high temperatures (70ºC) and Gupta et al. [10] a 30% decrease in TP of 
Himanthalia elongata when dried at 40ºC in comparison with fresh seaweed. 

4. Conclusions 

Air drying temperature has a clear effect on phytochemical properties of brown seaweed 
Bifurcaria bifurcata. Regarding color properties, temperatures of drying higher than 35ºC 
enhance a change from greenness to redness predominance on the color of the seaweeds 
powders. In the case of  total polyphenolic and carbohydrate contents and scavenging 
activity of the aqueous extracts, all parameters are significantly reduced when drying at 
temperatures higher than 60ºC. These results clearly define the drying conditions to be 
employed for this brown seaweed when specific properties of the final powders or extracts 
are required. 
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Abstract 
In this work the spray drying of the fresh stevia leaves aqueous extract 
without encapsulating agents was carried out. The effect of the inlet air 
temperature (160-200 ºC) and the feed flow rate (2-3 kg/h) on the total 
phenolic content, the total flavonoid content and the antioxidant capacity 
were evaluated using Folin-Ciocalteau, aluminum chloride and DPPH 
methods respectively. The inlet air temperature had a significant effect on all 
parameters evaluated that showed a decrease when increasing the inlet air 
temperature, the feed flow rate had a significant effect on total flavonoids 
content and the antioxidant capacity, by increasing the feed flow rate the 
inhibition of the DPPH radical decreased and the total flavonoid content 
increased. The treatment at 160 ºC and 3 kg/h retained highest total 
flavonoid content and the antioxidant capacity. 

Keywords: Phenolic compounds, stevia, spray drying, antioxidant capacity  
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1. Introduction 

Several families of compounds with nutraceutical y functional properties have been 
described in the stevia polyphenolic family. These compounds include phenolic 
compounds[1] , flavonoids[2] and tannins[3]. 

Spray drying is a continuous operation technology commonly used to obtain high 
concentrations of soluble compounds[4]. For plant extracts, spray drying has been used to 
obtain products with high physical, chemical and microbiological stability, low storage 
costs and long shelf life[5]. 

This research aimed to evaluate the effect of the inlet air temperature and the feed flow (FF) 
rate of the spray drying of fresh stevia leaves aqueous extracts on the total phenolic 
compounds (TPC) and the antioxidant capacity (AA). 

2. Materials and Methods 

2.1 Raw material 

Fresh leaves of S. rebaudiana variety Morita II were collected from an organic crop in 
Oaxaca, Mexico (Fig.1).  

 

  
Fig. 1 Fresh stevia leaves. 

2.2 Aqueous extract 

Distilled water at 80 ºC was added to the fresh leaves in 5:1 v/w ratio, followed by 
ultrasonic extraction at 25 ºC. Afterward, it was left at 25 ºC for 48 h in the dark. The 
extract was filtered using a mesh sieve (pore size 0.149 mm). 

2.3 Spray drying 

A Mobile Minor concurrent flow spray dryer (Niro Copenhagen, Denmark), equipped with 
a pneumatic pulse rotary atomizer (TS-Minor, M02/B), was used. The atomization rate was 
set at 23,000 rpm, and the drying air flow was 84 ± 2 kg/h.  
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2.4 Moisture content and total solids 

Moisture contents was determined according to the AOAC[6] method 934.01. The total 
solids of the extract, expressed as gram of dry matter per liter (gdm/L), was determined 
according the AOAC[6] 990.19 method. 

2.5 Determination of total phenolic content 

Phenolic compounds were extracted with methanol acidified with hydrochloric acid at 1% 
(v/v).The total phenolic content was analyzed by the Folin-Ciocalteu method, as described 
by Periche et al [7]. 

2.5 Determination of antioxidant capacity 

An 80% methanol solution was used for extraction of antioxidant compounds. The 
antioxidant capacity (%) was measured with the DPPH method according to Shukla et al [8].  

2.7 Determination of total flavonoid content 

An 80% methanol solution was used for extraction of flavonoids.The aluminum chloride 
colorimetric method was used, according to Kumazawa et al[9]. The absorbance was read at 
510 nm. Standard de quercetin was used as references. Flavonoids were expressed as 
quercetin equivalent per litre (mg QE/mL). 

2.8 Conversion of concentration units 

In order to compare the effect of the drying conditions on the content of total phenolic 
compounds, the total flavonoid content and the antioxidant activity, the measurement units 
were expressed on a dry basis, using Eqs. (1) and (2): 

         (1) 

Wdl  was calculated using Eq. (2): 

        (2) 

2.9 Statistical analysis  

All the analysis were performed on triplicates. A 22 factorial design, with three central 
points, was applied to evaluate the effect of inlet air temperature (Tin) (160 and 200 ºC) and 
FF rate (2 and 3 kg/h) on the total phenolic content, antioxidant activity and total flavonoids 
content. Data analysis was done using ANOVA, and a response was performed with 
Statistica software Ver. 7. 
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3. Results and discussion 

The concentration of phenolic compounds in the fresh leaves was 77.00 ± 0.59 GAE/gdl, 
which was higher than that reported in other works. Periche et al[7]  reported an average 
content of 44.40 ± 1.04 GAE/gdl while Lemus-Mondaca et al [11] obtained 0.29 ± 0.02 
GAE/gdl.  

The drying process significantly influenced (p<0.05) the phenolic compounds content. In  
all drying treatment (Table 1) the phenolic compound content decreased when the drying 
temperature was raised. The powders showed an average phenolic compounds loss of 57%. 
The FF rate did not have a significant effect on TPC (p>0.05). The results obtained in this 
work contrast with those obtained by Periche et al[7]. (2015), who dried stevia extracts by 
convection and lyophilized reporting an increased total phenolic content as temperature 
increases. This inconsistency could be due to direct exposure of the extract of ground fresh 
stevia leaves to the spray drying conditions. Therefore, the phenolic compounds were more 
exposed during the spray drying as opposed to when the whole leaf is dried, in which the 
phenolic compounds are protected in the vacuoles[12].  

Table 1. Total phenolic, flavonoids and antioxidant capacity content. 

Temperature 
°C 

Feed flow 
rate 
kg/h 

      Phenolic 
compounds 
mg GAE/gdl 

 Flavonoids 
mg QE/gdl 

Antioxidant 
capacity 

% 
Fresh leaves  77 ± 0.59 170.45±0.61 93.66±0.55 

200 2 40.90 ± 0.57 110.47±0.48 88.68±0.64 

200 3 41.48 ± 0.78 117.26±1.08 76.93±0.30 

160 2 49.93 ± 0.91 117.10±0.24 86.36±0.68 

160 3 47.21 ± 0.11 124.68±0.58 90.13±0.78 

 

The flavonoid concentration in the fresh leaves was 170.45 ± 0.61 mg QE/gdl. In all drying 
treatments the flavonoid concentration decreased (Table 1). 

 For instance, Lemus-Mondaca et al [12]  reported, in fresh samples, an lower amount of 0.89 
± 0.02 mg QE/gdl. The flavonoids concentration was affected by the drying process 
(p<0.05), showing a decrease with the increase in temperature and an increased when FF 
decrement. This results could be because flavonoids are sensitive to oxidation and thermal 
degradation during spray drying[5]. 

The inlet air temperature and the FF rate significantly impacted (p<0.05) on the antioxidant 
capacity. The highest antioxidant capacity was observed at the lowest temperature (160 ºC) 
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and the highest FF (3 kg/h). This results were similar to Georgetti et al[13] and Krishnaiah et 
al[14] who reported similar behavior for spray-dried soybean extract and Morinda citrifolia. 

4. Conclusions 

Spray drying is an efficient technology for the preservation of the antioxidant compounds 
of the fresh stevia leaves aqueous extract, even without the use of encapsulating agents. The 
antioxidant capacity of the final product ranged from 76 to 90%. The treatment at 160 ºC 
and 3 kg/h retained highest total flavonoid content and the antioxidant capacity Therefore, 
the aqueous stevia leaves extract could be considered as a natural source of antioxidants, 
with prospects to be considered as a food complement. 

5. Nomenclature 

C Total phenolic content, total flavonoid content or 
antioxidant activity concentration 

mg/gdl 

 

FF Feed flow rate  kg/h  

V Water volume  mL 

W Weight of the leaves  gdl 

X Moisture content  gw/g  

Subscripts 

C Concentration obtained from the calibration 
curve    

 dl Anhidra leaves  

ex Used for extraction 

fl Fresh leaves 

in Inlet 

dm Dry matter 

T Total 

wb Water basis 

Superscripts 

f Fresh leaves 
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Abstract 
The commercial value of stevia dehydrated leaves is related to the content of 
glycocides and their appearance. The present work approaches the effect of 
packed bed drying conditions (temperature, flow rate and solid loading) on 
glycosides and antioxidants activity of stevia leaves of Morita II variety. 
Diffusion coefficient was calculated. The drying times ranged between 34 and 
160 minutes, the temperature was the most significant factor followed by solid 
loading and flow rate. Drying increases the concentration of antioxidants, 
stevioside and reduces rebaudioside A.  

Keywords: drying, packed bed, stevia rebaudiana, glycosides, antioxidants  
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1. Introduction 

Stevia leaves are a source of bioactive compounds, among which are steviol glycosides that 
confer a high sweetening capacity and antioxidant compounds such as phenols and 
flavonoids, which has a therapeutic value[1]. The commercial value of stevia dehydrated 
leaves is related to the content of glycosides and their appearance. Some drying methods has 
been applied on stevia leaves, among shade drying, convective drying with longitudinal-flow 
at low (30 and 80°C) and high temperatura(100 and 180°C) and liophylization[2, 3, 4]. In the 
traditional process, fresh leaves are spread on a mesh or perforated plate in thin or thick layer 
and warm air is forced through the layer leaves to remove the moisture. The drying time 
could be reduced by fluidizing the leaves, but the quality of the final product may decrease. 
This research aimed to evaluate the effect of the drying conditions (temperature, flow rate 
and solid loading) of packed bed (PB)  of stevia leaves Morita II variety on glycosides and 
antioxidants content.  

2. Materials and Methods 

2.1. Raw material 

Fresh leaves of S. rebaudiana variety Morita II were collected from an organic crop in 
Oaxaca, Mexico (latitude: 16º19', longitude: 98º23'). Fresh leaves with no mechanical 
damage, no apparent evidence of fungi or bacteria harm and uniform color were selected. 

The dimensions, density, and moisture content of the fresh leaves were measured. The void 
fraction of the bed was calculated by dividing the density of the bed between the density of 
the leaves. The thickness was measured with a micrometer. The area of the leaves was 
measured with image analysis using the ImageJ® version 1.50i program. The density of the 
leaves was determined using the buoyant force method (YDK 01S kit, Denver Instrument).  

The moisture content was determined by the method 934.01 of the AOAC. [5]. 

2.2. Fixed Bed Drying 

The samples were dehydrated in a lab scale fluidized bed dryer with a glass fluidization tube 
with a height of 50 cm, a diameter of 10 cm and a thick of 0.2 cm. The packed bed drying 
process was carried out introducing the load of leaves in a perforated plastic basket. The dried 
air is heated with an electric resistance of 1 kW and the temperature is regulated by a PID 
controller (Love control, 32DZ). The air flow is regulated with an adjustable AC drive 
controller using a asynchronous motors (Altivar™ 16 Telemecanique). The drying kinetics 
were obtained by weighing the fluidization tube and the loading of the stevia leaves in a 
precision balance (Sartorius ED4202S-CW), considering time intervals determined by the 
drying conditions (2, 3 or 5 min). The drying was finished when the weight does not change 
in three consecutive measurements. The effective diffusion coefficient was calculated using 
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the analytical solution of the Fick equation considering only the first term of the serie and 
employing experimental data (Ln(X-Xf/Xo-Xf) vs time), with lineal tendence and a 
coefficient correlation ˃0.995. 

2.3. Antioxidant compounds. 

The measurement of antioxidant capacity (CA), total phenolic content (FT ) and total 
flavonoid content (FL), were determined using the 2,2-diphenyl-1-picrylhydrazyl  free radical 
scavenging activity, the  Folin-Ciocalteu method and the  aluminum chloride colorimetric 
method respectively, as detailed by Méndez-Lagunas et al. [6]. All the chemical products were 
purchased in Sigma–Aldrich. 

2.4. Steviol glycosides compounds. 

2.4.1. Chemicals and reagents 

Acetonitrile and water (HPLC grade, Sigma Aldrich, USA) were used for the mobile phase 
preparation. Standard of stevioside and rebaudioside A were purchase in Sigma Aldrich. 

2.4.2. Sample preparation 

Fresh (0.4 g) or dry (0.1 g) ground leaves were mixed 5 mL de agua. The mixture was 
sonicated at 44 KHz for 20 minutes at room temperature and centrifuged at 2080 rpm for 5 
min. The supernatant was separated from the precipitate. Two consecutive extractions were 
made to the precipitate. The accumulated volume of the supernatant was measured and stored 
in amber vials. An aliquot (20 μl) of the accumulated of the three supernadant consecutives 
extractions was used for the quantification of stevioside (EV) and rebaudioside A (RA). 

2.4.3. HPLC analysis 

An isocratic HPLC method was performed for the determination of steviol glycosides using 
an ODS Hypersil C18 column (250 × 4.6 mm, particle size 5 µm) and a UV detector set at 
210 nm. The mobile phase consisted of acetonitrile-water (35:65, v/v) at a flow rate of 1 
ml/min. Data analysis was carried out using Chromera software. Calibration curves of 
stevioside and rebaudioside A were constructed over the range 0.03-0.9 mg/ml. In order to 
compare the effect of the drying conditions on the RA and EV  concentrations, the units of 
measure were expressed on the basis of dry matter (mg/gdm). 

2.5. Experimental design and statistical analysis 

The drying tests were carried out following a 3x2x2 complete factorial experimental design 
with 3 replicas. The factors studied were temperature, T (40, 50 and 60 °C), air flow, ū, (2 
and 3.5 m/s) and area solid loading,  ρA (1.5 and 3 kg/m2). 
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All the chemical analysis was performed on triplicates. The analysis of variance (ANOVA) 
was used to evaluate the effect of operating conditions on the drying time, the concentration 
of antioxidants (antioxidant capacity, total phenols and flavonoids) and the concentration of 
glycosides (stevioside and rebaudioside A). The software NCSS version 9 was used to 
perform the statistical analysis. 

3. Results and Discussions 

3.1. Physical characteristics. Fresh stevia leaves had a moisture content (Xo) of 0.75 ± 0.03 
kgw/kgwm, a thickness of 2.08 ± 0.1 mm, a maximum equivalent diameter of 6.53 cm and a 
minimum of 2.53 cm. The density of the leaves was 0.95 ± 0.031 g/cm3. The packed bed of 
1.5 kg/m2 solid loading had a bed height of 3.2 cm, a bulk density of 60 kg/m3 and a void 
fraction of 0.93, while the bed of 3.0 kg/m2 had a height of 5.2 cm, a bulk density of 80 kg/m3 
and a void fraction of 0.92.  
3.2. Drying kinetics. Figures 1 show drying curves of packed bed of stevia leaves. The 
curves are grouped depending on the drying temperature, the air flow and the packing. The 
drying rate increases with the increase in temperature and air velocity, as well as with the 
decrease of solid loading. At low air flow the packaging has a greater effect on the drying 
rate. The drying rate curves have a second-order polynomial tendency. 

Fig. 1 Drying curves of leaves of stevia  in packed bed.  
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Table  1. Effective diffusivity in stevia  leaves and drying time  of packed bed of leaves. 

T 

(°C) 

 ū 

(m/s) 

ρA 

(kg/m2) 

t     
(min) 

Deff *1010 

(m2/s) 

40  2.0 3.0 160 6.73 
40  2.0 1.5 130 9.31 
40  3.5 3.0 135 9.74 
40  3.5 1.5 124 10.65 
50  2.0 3.0 87 11.61 
50  2.0 1.5 75 16.18 
50  3.5 3.0 70 13.26 
50  3.5 1.5 60 15.80 
60  2.0 3.0 40 18.17 
60  2.0 1.5 36 21.74 
60  3.5 3.0 36 21.27 
60  3.5 1.5 34 21.27 

 

Table 1 shows the diffusivity of water and the drying time to reach a moisture content of 0.10 
kgw/ kgdm. Drying temperature followed by the solid loading and the air flow and the  air 
temperature-solid loading interaction are statistically significant (p <0.05) on drying time. 
The drying time in trays with longitudinal flow,[3] is three times less than with flow through 
in packed bed. The air temperature is significant (p <0.05) on effective diffusivity. The air 
flow and the solid loading affect the diffusivity value, however, its effects are less than the 
temperature. 

3.3. Antioxidant compounds. The content of phenolic compounds, flavonoids and 
antioxidant capacity are shown in table 2. The antioxidant capacity of dryed stevia leaves is 
similar with the fresh leaves. The content of phenols and flavonoids is higher in dry leaves 
than in fresh stevia leaves, however, the drying conditions studied did not have a significant 
effect. The solid loading could give a difference in antioxidant compound. The increase in 
polyphenols may be due to the breakdown of cellular constituents of the material, associated 
with the availability of precursors of phenolic molecules that are derived from the non-
enzymatic interconversion between its.[3, 7] 

3.4. Steviosides compounds. The content of rebaudioside A (RA) decreases and the content 
of stevioside (EV) is increased in dehydrated leaves relative to fresh leaves (Table 3). The 
degradation of steviol glycosides by hydrolysis has been proposed to explain this behavior 

[8]. A decrease in rebaudioside A may be related to the increase in the content of stevioside. 
The three variables, temperature, air velocity and charge density, as well as their interactions, 
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have a significant effect (p <0.05) on the content of EV and RA. Lower flow rate and higher 
solid loading give a higher content of RA.  

Table 2. Total phenolic compounds, flavonoids and antioxidant capacity of stevia leaves. 
T  
°C 

ū 
m/s 

ρA 
kg/m2 

FT                    
mgGAE/gdm 

FL               
mgQE/gdm 

CA               
%Inh  

Fresh 71.50±1.74 161.46±1.0 92.79±0.13 

40 2.0 1.5 91.33±0.39 135.14±3.75 91.55±1.63 

40 2.0 3.0 114.60±1.01 275.90±1.35 92.58±0.95 

40 3.5 1.5 95.82±2.92 126.45±3.33 92.00±0.12 

40 3.5 3.0 118.04±0.11 373.86±3.97 93.80±0.34 

50 2.0 1.5 115.27±1.25 342.88±5.71 91.72±2.90 

50 2.0 3.0 118.19±0.07 319.96±9.60 93.66±0.33 

50 3.5 1.5 81.85±1.86 100.19±3.99 92.40±1.75 

50 3.5 3.0 102.08±1.29 264.89±3.47 92.93±0.52 

60 2.0 1.5 91.35±1.67 259.49±6.67 93.16±0.57 

60 2.0 3.0 94.43±0.07 308.48±5.70 92.80±0.29 

60 3.5 1.5 83.85±0.89 276.59±3.29 92.65±0.40 

60 3.5 3.0 114.45±4.72 402.68±1.42 93.31±0.18 

 
Table 3. Rebaudioside A and stevioside content  of stevia deshydrated leaves. 

T 
°C 

ū 
m/s 

ρA 
kg/m2 

RA 
mg/gdm 

EV                
mg/gdm 

Fresh 154.69±0.13 22.54±0.08 
40 2.0 1.5 79.57±7.96 38.27±15.01 
40 2.0 3.0 87.14±1.82 45.21±14.08 
40 3.5 1.5 87.97±1.84 41.45±0.19 
40 3.5 3.0 86.15±4.72 40.33±3.79 
50 2.0 1.5 92.94±4.43 35.25±13.02 
50 2.0 3.0 85.95±1.12 51.85±2.28 
50 3.5 1.5 77.42±11.51 36.13±9.34 
50 3.5 3.0 86.72±5.75 40.78±1.39 
60 2.0 1.5 81.81±0.32 30.67±10.84 
60 2.0 3.0 88.91±0.87 43.07±19.67 
60 3.5 1.5 82.80±4.64 38.94±10.70 
60 3.5 3.0 83.68±5.46 44.02±6.02 
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4. Conclusions 

The three variables evaluated (temperature, air flow and solid loading) had a significant effect 
on the drying time. The order of importance was the temperature, the solid loading and the 
flow rate. 

The drying in packed bed increases the content of phenols and flavonoids of stevia leaves, 
none of the variables studied was significant in the content of antioxidants, however, the solid 
loading is a factor that must be taken into consideration; the higher the solid loading, the 
higher the antioxidant content. 

The drying in packed bed reduce the content of rebaudioside A (RA) and increases the content 
of stevioside (EV) of stevia leaves. The load of solids was a  significant factor, the  higher 
solid loading, the  higher content of steviosides. 

The proposed drying conditions for the conservation of the physicochemical properties in 
packed bed of the stevia leaves are 50°C, 2 m/s and 1.5 kg/m2 

5. References 

[1] Wölwer-Rieck, U.  The leaves of Stevia rebaudiana (Bertoni), their constituents and the 
analyses thereof: A review. Journal of Agricultural and Food Chemistry 2012, 60(4), 
886–895. 

[2] Periche, A.; Castelló, M. L.; Heredia, A.; Escriche, I. (2015). Influence of drying method 
on steviol glycosides and antioxidants in Stevia rebaudiana leaves. Food Chemistry 
2015, 172, 1–6.  

[3] Lemus-Mondaca, R.; Ah-Hen, K.; Vega-Gálvez, A.; Honores, C.; Moraga, N. Stevia 
rebaudiana Leaves: Effect of Drying Process Temperature on Bioactive Components, 
Antioxidant Capacity and Natural Sweeteners. Plant Foods for Human Nutrition 2016, 
71(1), 49–56.  

[4] Gasmalla, M.; Yang, R.; Amadou, I.; Hua, X. Nutritional Composition of Stevia 
rebaudiana Bertoni leaf: effect of drying method. Tropical Journal of Pharmaceutical 
Research 2014, 13(1), 61.  

[5] AOAC Official Methods of Analysis of the association of official analytical chemists. 
Arlingtong, Virginia, 1984. 

[6] Méndez-Lagunas L.L.; Rodríguez-Ramírez J.; Cruz-Gracida M.; Sandoval-Torres S.; 
Barriada-Bernal G. Convective drying kinetics of strawberry (Fragaria ananassa): 
effect on antioxidant activity, anthocyanins and total phenolic content. Food Chemistry 
2017, 230, 174–181. 

[7] Shukla, S.; Mehta, A.; Mehta, P.; Bajpai, V.K. Antioxidant ability and total phenolic 
content of aqueous leaf extract of Stevia rebaudiana Bert. Experimental and Toxicologic 
Pathology 2012, 64(7–8), 807–811. 

[8] Jooken, E.; Amery, R.; Struyf, T.; Duquenne, B.; Geuns, J.; Meesschaert, B. Stability of 
Steviol Glycosides in Several Food Matrices. Journal of Agricultural and Food 
Chemistry 2012 60 (42), 10606-10612. 

885

http://creativecommons.org/licenses/by-nc-nd/4.0/


http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7530 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

 

 

Effect of ultrasound on drying kinetics of El Henna leaves 
(Lawsonia inermis) 

Bennaceur, S.a*; Bennamoun, L.b; Mulet, A. c; Draoui, B. a; Carcel, J. A.c 

a Laboratoire d’Energétique en Zones Arides, Université Tahri Mohamed de Béchar, Algeria. 
b Department of Mechanical Engineering, University of New Brunswick, NB,Canada. 
c ASPA group, Department of Food Technology, Universitat Politècnica de València, Valencia, 
Spain. 

 

*E-mail of the corresponding author: bssaide@yahoo,fr   
 

Abstract 
In this work the influence of some process variable on drying rate of henna leaves was 

studied. For this reason, henna leaves were dried (1 m/s) with and without ultrasound 
application at three temperatures, 40, 50 and 60 °C. As can be expected, the higher 

the temperature the faster the drying process. Ultrasound application increase drying 
rate at every temperature tested. Drying kinetics were modeled by using different 

experimental models. Weibull model provided the best fit for henna leaves drying 
kinetics. 

 

Keywords:Ultrasonic; Weibull model; henna leave;, temperature.  
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1. Introduction 

Henna (Lawsonia inermis) leaves (Fig. 1) is an important product consumed widely in 
Algerian society. This plant is found mainly in the southern region of Algeria and it is 
available eight months a year. Its height can reach 2-3 m at the end of its life. The dark 
green oval leaves (2-4 cm long) present hih interest not only for cosmetic but also for 
medicinal issues [1].  

Among the methods used to conserve medicinal plants, drying is one of the most extended. 
The reduction of  the moisture content prevents the degradation of this material [2] making 
possible its use for different applications [1]. The traditional drying of henna by exposition 
to the sun is being substituting by convective hot air drying. This permits to standardize the 
production and avoid problems such as contamination with particles (dust) or insects. 
However, drying can highly affect the quality attributes of henna leaves. Therefore drying 
kinetics studies can contribute to the better understanding of the process and select the best 
drying conditions that permits to obtain a high quality product. 

 

 

                               

                                         Fig. 1 The fresh leaves of El henna (Lawsonia inermis). 

High intensity ultrasound has been used to intensify drying process. This could permit the 
use of milder drying conditions that can improve the product quality. Thus, the aim of this 
work was to determine the drying kinetics of henna leaves at different temperatures and 
quantify the influence of the application of ultrasound during the process. 
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2. Materials and Methods 

2.1. Experimental drying  
 
2.1.1. Sample preparation 

The henna leaves studied were cultivated and neatly transported by air from the wilaya of 
Béchar, in the south west of Algeria, to the laboratory of the Analysis and Simulation of 
Agro-food Process (ASPA) research group, Food Technology Department, Universitat 
Politècnica de València, Spain. There, they were stored in a refigerator at 5±1 °C until 
drying experiments. The moisture content was measured by placing the samples in a 
vacuum oven at 70 °C and 200 mmHg until constant weight, following standard method 
n°934.06 [3]. 
 
2.1.2.   Experimental drying kinetics 

Drying kinetics were carried out in an ultrasonically-assisted convective dryer previously 
described [4,5]. This equipment is a laboratory scale dryer modified to apply power 
ultrasound, with automatic control of the air temperature and velocity and provided with an 
automatic sample weighing system. 

 

                                            

Fig. 2 Scheme of ultrasonicallyassisted convective drier[6]. 

The drying experiments were carried out in triplicate at three different air temperatures (40, 
50 and 60 °C) without (Air) and with ultrasound application (Air+US; 21.7 kHz, 20.5  
kW/m3). In every case, an air velocity of 1 m/s was used. The dehydration process was 
stopped when samples lost 75% of their initial weight. 
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2.2.  Drying kinetics 

The evolution of moisture content of samples during drying was determined by weighting 
the henna leaves after different drying times and the initial moisture content [7]. The 
equilibrium moisture content of the henna leaves was experimentally obtained by placing 
the henna samples at the drying conditions for a very long time. This time was enough to 
have no difference in sample weight for two hour. Then the moisture content of samples 
was expressed in non-dimensional way by using Eq. 1 [8]. 

                  (1) 
 

Where MR is the non-dimesional moisture content or moisture ratio, X(t) is the moisture 
content after a drying time (kg water/kg dry matter, d.m.), X0 is the initial moisture content 
of samples (kg water/kg d.m.) and Xeq (kg water/kg d.m.) is the equilibrium moisture 
content.

 2.3.  Mathematical modeling 

Given the complexity of the phenomena involved in the drying of a product, it has been 
proposed mathematical models of different complexity including theoretical and empirical 
models. Thus, theroretical models can provide parameters, such as diffusivity, than can help 
to better understand the drying process. On the other hand, empirical or semi-empirical 
relationships permit to describe the drying curves and quantify the influence of drying 
conditions on drying rate. [8] Thus, in the case of this work eight different empirical models 
were used to describe the drying kinetics (Table 1). 

Table 1. Mathematical models applied to the experimental drying kinetics 

Name of model Model 

Newton ( )ktMR −= exp  

Page ( )nktMR −= exp  

Henderson and Pabis ( )ktaMR −×= exp  

Logarithmique ( ) cktaMR +−×= exp  

Tow term ( ) ( )tkbtkaMR 10 expexp −×+−×=  

Weibull ( )nktMR /exp −=  

Diffusion approach ( ) ( ) ( )kbtaktaMR −×−+−×= exp1exp  

Wang and Singh 2..1 tbtaMR ++=  

 

( )
eq

eq

XX

XtX
MR

−
−

=
0
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The parameters of each equation were identified by using the non-linear optimization 
method of Marquardt-Levenberg (CurveExpert and Origin 6.1 sotware). To assess the 
goodness of the fit, the correlation coefficient (r) (Eq. 2) and standard error (EST) (Eq. 3) 
were calculated. 
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Where  MRcali  is  the  calculated  value  of  the non-dimesional moisture content by  using  
the tested model, MRexpi is the  experimental value of  equilibrium  moisture  content, 
nparam is  the  number of parameters of the particular model and  nexp.data  is the number 

of  experimental points. The mean value of the non-dimesional moisture content (
−

MR) was 
calculated as follows: 

                    
=

−
=

datan

i
i

data

MR
n

MR
.exp

1
exp

.exp

1
                             ( 5) 

3. Results and discussion 

3.1. Experimental drying kinetics 

The initial moisture content of henna leaves was 2.33 kg water/kg d.m. Temperature affects 
the experimental drying kinetics; the higher the temperature the faster the process (Fig. 3). 
Thus, the time needed to achieve a moisture content of 1 kg water/kg d.m. was 2.64 h at 40 
ºC, 1.94 h at 50 ºC and 1.25 h at 60 ºC. 

Ultrasound application significantly accelareted drying of Henna leaves (Fig. 4). In this 
sense, at 40 ºC, drying time in experiments carried out with ultrasound was 50 % lower 
than the needed in experiments carried out without ultrasound application. The influence of 
ultrasound in drying rate was quite similar at the different temperatures tested.  
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Fig. 3 Experimental drying kinetics of the Henna leaves  without ultrasound application . 
 
 

3.2. Modelling 

Among the different models tested, the Weibull model gave the best fit, that is, the highest 
value of r parameter and the lowes of EST. The model parameters identified are shown in 
Table 2. The studied process variables, temperature and ultrasound application, did not 
significantly affect (p<0.05) the n parameter. This parameter is related with the product 
considered. 
On the contrary, k parameter, which is inversely proportional to the drying rate, was 
affected by both, temperatue and ultrasound application. Thus, the higher the temperature, 
the lower the k value, which indicates a faster drying. 
The application of ultrasound also reduced the identified k figures, meaning a lower time of 
drying becoming this influence more important at moderate drying temperature. Thus, at 
ºC, the k identified in Air+us experiments was 27% lower than the idientified in Air 
experiments. This difference was 16 % at 50 ºC and only 7% at 60 ºC. 
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Table 2. Weibull model parameters identified by fitting to the experimental drying kinetics of 
henna leaves at different temperature and without (Air) and with (Air+us) ultrasound application. 

Correlation coefficient (r)and standar error (EST) 

Type of experiment Temperature (ºC) n K r EST 
Air  40 0.900 14434.7 0.9948 0.0208 

Air+us 40 1.062 10523.7 0.9985 0.0136 
Air  50 1.088 7495.6 0.9979 0.0173 

Air+us 50 0.993 6286.0 0.9962 0.0207 
Air  60 1.114 4705.3 0.9939 0.0271 

Air+us 60 1.171 4391.8 0.9900 0.0322 
 

Henna leaves dried at 40 ºC, with or without ultrasound application, kept their green color 
while samples dried at higher temperature showed a brown color. This fact indicates the 
limited deterioration of the active product at the lowest temperature tested compared with 
the highest ones. Therefore, ultrasound application represent an alternative to intensify 
drying rate during drying at milder tempertures and preserving product quality. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 The experimental moisture ratio described by the Weibull model of the Henna leaves  
without and with ultrasound. 
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4. Conclusions 

The drying kinetics of henna leaves was affected by both temperature and ultrasound 
application. The higher the temperature the faster the process. However, the green color of 
samples, which is a measurement of the quality of final product, was maintained only at the 
lowest temperature tested, 40ºC. The ultrasound application accelerate the drying. Its 
application at low temperature was an interesting alternative to accelerate the drying 
maintain the quality. 
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Abstract 
A quality by design approach was used to investigate the influence of 
formulation composition and spray drying conditions on physicochemical 
properties of redispersable lipid based nanosystems loaded with Syzygium 
aromaticum essential oil. Four critical independent variables were studied: 
presence or absence of the liquid lipid oleic acid (0% - 1%), of the cationic 
surfactant CTAB (0% and 1%), inlet drying temperature (60 ºC -80 ºC), and 
ratio of the drying aids (ADJ) regarded to total formulation constituents weight 
(1:1 and 2:1). Resuls showed the production of spray dried redispersable  lipid 
systems loaded with essential is feasible under very restrict conditions. 

   

Keywords: Encapsulation; lipid systems; essential oil; spray drying; 
redispersable. 
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1. Introduction 

Currently, significant attention has been addressed towards the use of essential oils (EOs)  in 
food, pharmaceutical and cosmeceutical sectors, mainly due to their broad spectrum of 
proven biological activities, particularly antifungic, antibacterial insecticide, antiviral, 
antioxidant, among others.[1] EOs are hydrophobic, volatile and odoriferous liquids, produced 
by the plant secondary metabolism, and consist of complex mixtures of chemicals.[2] Several 
limitations exhibited by the EOs such as the high volatility, insolubility in aqueous systems 
and propensity to degraded due to environmental factors, would deter they use in more 
elaborated products. Encapsulation processes can modulate and improve the EO 
physicochemical properties, thus expanding  its potential of use in a high variety of products. 
In this way, the incorporation of essential oils in lipid systems such as solid lipid 
nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) can be a promising strategy 
to modify its physicochemical properties; which might positively alter its stability, volatility, 
water solubility, bioavailability and biological activity.[3] Since the SLNs and NLCs are 
generally presented in liquid forms; the drying of these systems can furnish a redispersible 
powdered product with higher shelf-life; which can be reconstituted when exposed to 
aqueous solution or be used in more refined applications.[4-6] The drying process as well as 
the constituents of the encapsulating composition affects directly the physicochemical 
product properties, such as product granulometry, microstructure, redispersability capability, 
retention of bioactive compound, and so on. These characteristics affect strongly the product 
functionality, stability and other technological and biopharmaceutical properties. Several 
drying technologies can be used to dehydrated these systems, including freeze drying and 
spray drying.[7] Although spray drying is one of the most used method for drying and 
encapsulation of thermosensitive materials, its use for drying of emulsions and other lipid 
systems are barely reported in the current literature.[8,9] Most of the lipids and surfactants 
used to develop these systems (and the EOs as well), are liquid at ambient temperature or 
present low melting temperatures, turning their dehydration process challenging. On the other 
hand, Syzygium aromaticum, popularly knowed as clove, is an important aromatic plant rich 
in phenolic antioxidants, and has been used for centuries as a food preservative and pain 
reliever.[10] Clove buds contains an essential oil rich in eugenol, substance usually linked to 
its biological properties, such as antioxidant, antimicrobial, larvicide, and anti-inflammatory. 
So, clove EO is a promising active phytopharmaceutical ingredient. Therefore, the aim of 
this work was to investigate the spray drying of lipid based nanosystems (SLNs and NLCs) 
loaded with Syzygium aromaticum EO, evaluating the effects of formulation composition and 
spray drying temperature on physicochemical properties of the dried product. 
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2. Materials and Methods 

Syzygium aromaticum EO (from a clove essential oil producer located in Valença, BA, 
Brazil), solid lipid Precirol® ATO 5 (glyceryl palmitostearate - Gattefossé, France – Melting 
point ~56 °C), liquid lipid oleic acid (cis-9-octadecanoic acid - LabSynth, Brazil), anionic 
surfactant Kolliphor P 188 (Poloxamer® 188 - BASF, Brazil), cationic surfactant CTAB 
(cetyl trimethylammonium bromide - Sigma-Aldrich, Germany - Melting point 237-243 °C), 
and reverse osmose water were the materials used for the development of primary SLNs and 
NLCs. Arabic gum (AG - Nexira, Brazil), Aerosil® 200 (SiO2 - Evonik Degussa, Germany), 
Maltodextrin DE-10 (MD - Ingredion, Brazil), were used as spray drying aid (ADJ). Eugenol 
and eugenyl acetate with purity of 99.0 % and 98.0 % respectively (Sigma-Aldrich, 
Germany), HPLC grade solvents (Sigma-Aldrich, Germany), and milliQ® water were used 
in the quantification of Eugenol (EU) and Eugenyl acetate (ACT) by high performance liquid 
chromatography with diode array detection (HPLC-DAD). 

2.1 Preparation of SLNs and NLCs formulations 

The preparation of the  SLNs and NLCs loaded with Sygyzium aromaticum EO was 
conducted by the phase inversion method. Solid lipids were melted at 10 ºC above their 
melting temperature, and mixed with 1 % of the liquid lipid oleic acid (only for NLCs). EO 
at concentration of 3 % (wet basis) was added to this lipid phase and maintained at same 
temperature. 3% of Poloxamer 188 and 1% of CTAB (when used) were solubilized in the 
reverse osmose water and kept at the same temperature of the lipid phase. Then, the aqueous 
phase was slowly dispersed in the lipid phase under magnetic stirring, and then submitted to 
a ultraturrax (UltraTurrax T-18 IKA WORKS, Inc., Wilmington, NC, EUA) at 21.500 rpm 
during 3 minutes.[10] To reduce the particle size of the NLCs, the lipid system was submitted 
to ultrasonic processing (US), using a VCX-750 (SONICS Vibracell, Newtown, EUA) with 
a 13 mm probe at amplitute of 45%, during 30 minutes at cycles of 5 minutes on and 2 
minutes off.[11] The total amount of solid lipid, plus liquid lipid and CTAB were set constant 
at 10% (wet basis). Hence, the ADJ (SiO2:GU:MD - 1:3:6), hydrated overnight, were added 
to the primary lipid compositions at 1:1 or 2:1 ratio regarded to the total amount of 
formulation components (dry basis). After a stabilization period of 24 hours, the SLNs and 
NLCs formed were characterized, to determine the effects of composition constituents on 
selected physicochemical properties. Differential scanning calorimetry of the formulations 
prepared (freeze-dried) were conducted in a PerkinElmer calorimeter (mod. Jade-DSC), 
running from 20 to 250 °C, heating rate at10 °C/min, and N2 atmosphere (3.0 kgf/cm2) to 
estimate their melting and crystallization temperatures. 

2.2 Spray drying of the SLNs and NLCs loaded with Sygyzium aromaticum EO 

The drying runs were performed in a SD05 spray dryer (Lab-Plant UK Ltd, Huddersfield, 
UK), operating in a concurrent flow regime. First, the system was fed with distilled water to 
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stabilize the SD temperature and humidity profiles. The outlet gas temperature was measured 
each 5 minutes to detect  the instant when the process attains steady state, after which the 
feed of encapsulating composition began.  Operating conditions were: feed rate 4 g/min, 
diameter of the atomizer nozzle 1 mm, drying gas flow rate 60 m3/h, pressure and flowrate 
of atomizing air of 3 bar and 17 L/min, respectively; and inlet drying temperatures (Tgi) of 
60 and 80 °C. Solids concentration (Cs) was set at 26%. Samples of the spray dried powders 
were reserved, and their physicochemical properties determined.  

2.2.1 Experimental planning 
 A 24-1 fractional factorial design with addition of a central point[12] was used to study the 
effect of following variables: presence or absence of the liquid lipid oleic acid (OA - 0% - 
1%), of the cationic surfactant CTAB (0% and 1%), inlet spray drying temperature (60 ºC 
and 80 ºC), and ratio of ADJ regarded to total formulation constituents (1:1 and 2:1 – dry 
basis). The set of experiments conducted are presented in Table 1 (coded variables). 
Regression analysis were performed to evaluate the significance of the effects of processing 
variables on product properties and drying performance.  

Table 1. Processing conditions used according to the 24-1experimental design. 

Run Tgi 
( - ) 

CTAB 
( - ) 

OA 
( - ) 

ADJ 
( - ) 

F1 -1 -1 -1 -1 
F2 1 -1 1 -1 
F3 -1 -1 1 1 
F4 1 -1 -1 1 
F5 -1 1 1 -1 
F6 1 1 -1 -1 
F7 -1 1 -1 1 
F8 1 1 1 1 
F9 0 0 0 0 

 

2.2.2 Determination of SD product properties and drying performance 
The moisture content, water activity, content and retention of marker compounds were 
measured for the SD powders. The moisture content was determined by Karl Fischer titration, 
using a Karl Fischer 870 Titrino Plus (Methrom, Switzerland). The water activity was 
determined in an Aqua Lab 4Tev® water activity meter (Decagon devices, USA) using the 
capacitance electrode. Results were expressed as mean and deviation of triplicate 
mesurements. The concentrations of eugenol (EU) and eugenyl acetate (ACT) in liquid and 
spray dried samples were determined by a validated high performance liquid chromatography 
method (HPLC).[9] Retention of EU (REU), and ACT (RACT) were defined as the percentual 
ratio of the amount of marker compounds in the SD product related to the values in original 
liquid formulation (dry basis). Particle sizes (dp) and the polydispersity index (PDI) of the 
liquid and redispersed SD samples were determined by dynamic light scattering (DLS) using 
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a Zetasizer Nano ZS90 (Malvern, UK). Zeta potential (Z) was measured in the same 
equipment, using the specific measurement cell. The SD samples were redispersed with 
reverse osmose water at the original concentration and stirred for 30 minutes. Then, the 
original and redispersed samples were diluted to 1:200 (v/v) before the measurements 
(triplicate assays). Microphotographs of selected SD samples were acquired  by scanning 
electronic microscopy (S.E.M. - Zeiss mod. EVO 50). Product recovery (REC), defined as the 
percentual ratio of the mass of SD product collected by the cyclone by the total mass fed (dry 
basis), was used as a measure of spray drying performance. The outlet spray drying gas 
temperatures were monitored during the drying.  

3. Results and discussion 

Nine distinct lipid compositions were produced according to the experimental planning 
(Table 1). After 24 hours, the compositions were characterized through determination of dp, 
PDI, Z, and the contents of eugenol (EU) and eugenyl acetate (ACT). The pH and electrical 
conductivity of compositions ranged from 4.23 to 4.93 and from 359.0 to 1,068.2 (µS/cm), 
respectively (data not shown). The amount of marker compounds in the liquid compositions 
are linked to the ADJ ratio; decreasing conversively with this composition variable.  

3.1 Effects of processing variables on product properties and drying performance 

The moisture content of the SD product varied slightly with processing variables, reaching a 
mean value of 5.3 ± 0.4  (% w/w d.b). The water activity (aw) of the SD powders ranged from 
0.357 to 0.578. Values of water activity lower than 0.5 are desired to avoid microbial spoilage 
of dried powders, resulting in longer shelf-life.[13]. Most of SD powders reach water activity 
bellow this value, except compositions F4 and F6 that show aw of 0.578 + 0.003 and 0.568 + 
0.003, respectively, although none of the variables studied showed statistical significant 
effect on aw. The physicochemical properties (EU, ACT, REU, RACT, dp, PDI and Z)  of the 
SD product and of the redispersed samples were submitted to a regression analysis (Table 2). 
Table 2 shows similar effects of processing variables on the responses EU, ACT, REU, RACT, 
with R2 ≥ 0.95. The increase in Tgi leads to a decrease in these responses (α ≤ 0.05), perhaps 
due to the increase of drying energy available, which can contribute to the increase of 
volatilization of EO constituents. The effect of ADJ on EU and ACT are expected (dilution 
effect), but its effects on REU and RACT were in an opposite direction to the normal reasoning, 
seemingly due to the interactions between ADJ and the main lipid formulation constituents 
(CTAB, OA, poloxamer 188, and precirol). The addition of OA in the lipid systems increased 
EU, ACT, REU, RACT, as expected for NLCs, compared to SLN, but this effect only show 
statistical significance for ACT (α ≤ 0.05). Surfaces responses of EU as a function of CTAB 
and ADJ for SLNs and NLS are presented in Fig. 1 (Tgi = 60°C). Spray dried products with 
7% of EU were formed at selected processing conditions.  
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Table 2. Regression coefficients and their statistical significance for selected process responses. 

 PROCESS RESPONSES 

FACTORS EU 
(mg/g) 

ACT 
(mg/g) 

REU 

( - ) 
RACT 
( - ) 

dp 
( nm ) 

PDI 
( - ) 

Z 
( mW ) 

REC 
( % ) 

Mean 35.836* 2.910* 34.96* 44.88* 1680.7*

* 0.54* -29.33* 46.67
* 

Tgi -8.309* -
0.448* -8.14* -

6.70** 66.6 0.05** 1.567 -3.45 

ADJ -
11.334* 

-
0.790* 

-
3.86** 

-
4.86** -77.1 0.00 -0.367 -2.48 

CTAB 8.586* 0.388* 9.61* 7.56* -43.2 -
0.06** 3.892** 3.32 

OA 1.516 0.160*

* 1.37 2.56 -313.1 0.05** -1.642 1.48 

R2 0.956 0.959 0.984 0.973 0.258 0.918 0.725 0.715 
* Effect significant at α ≤ 0.01 - ** Effect significant at α ≤ 0.05  
 

Fig. 2 shows graphs comparing data of dp, PDI and zeta potential of the original lipid systems 
with the corresponding values for redispersed SD samples. It can be seen that nanosized liquid 
SLNs and NLCs were engineered (F1 to F4), with small polydispersity index (PDI) and 
adequate |Z|. Significant increase of the droplets size for formulations containing CTAB were 
observed, perhaps due to interaction between the negatively charged[14] Arabic gum with the 
cationic lipid CTAB. This interactions were strong enough to invert the zeta potential of the 
CTAB primary lipid systems (without ADJ),[11] from highly positive values (+32.97 to 
+44.03 mW) to negative (from -30.8 ± 0.1 to -21.0 ± 1.0), linked to ADJ amount and OA 
addition. Therefore, a previous scrutiny of the charges of the composition constituents is 
highly recommended to reduce the likelihood of occurrence of unwanted interactions. The 
graphs also show good redispersion properties of SD powders; although some compositions 
exhibit dp slightly higher than the initial value, except for F6 to F8 products (containing CTAB). 
The redispersed SD powders with CTAB (F5 to F9) showed a reduction of PDI comparatively to 
initial composition. Similar values of [Z] were observed for the redispersed SD product and the 
original liquid lipid systems. These results give robust evidences that our initial goal, the 
production of redispersible SLNs and NLCs loaded with Sygyzium aromaticum OE, is feasible. 
Fig. 3 shows S.E.M. micrographs of selected spray dried SLNs and NLCs; showing 
predominance of spherical somewhat wrinkled particles. The addition of OA caused a slight 
decrease in dp (Figs. c and d). Strutural changes in the SLNs and NLCs are linked to their 
thermal and crystalline properties. DSC analysis show small differences in temperatures and 
enthalpies of fusion and crystallization, linked to systems composition (data not shown). 
Fig. 4 shows the experimental results of REC as a function of the outlet SD temperature. The 
solid line shows linear fit of the experimental data, indicating a tendency of decrease of REC 

conversely with Tgs. Traced lines shows the mean values of melting and crystallization 
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temperatures of lipid compositions. Drying at temperatures at left side of these lines show 
positive effects on REC. 

        Fig. 1 Effects of CTAB and ADJ on Eugenol content in spray dried SLN and NLC (Tgi = 60 
°C).  

F1 F2 F3 F4 F5 F6 F7 F8 F9
0

500

1000

1500

2000

2500

3000

 

 

 

dp
 ( 

nm
 )

F1 F2 F3 F4 F5 F6 F7 F8 F9
0

500

1000

1500

2000

2500

3000

 

 

 

dp
 ( 

nm
 )

F1 F2 F3 F4 F5 F6 F7 F8 F9
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

PD
I (

 - 
)

F1 F2 F3 F4 F5 F6 F7 F8 F9
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

PD
I (

 - 
)

F1 F2 F3 F4 F5 F6 F7 F8 F9
0

10

20

30

40

 

 

 

|Z
| (

 m
W

 )

F1 F2 F3 F4 F5 F6 F7 F8 F9
0

10

20

30

40

 

 

 

|Z
| (

 m
W

 )

 
Fig. 2. Comparison of particle size (dp), Polidispersity index (PDI) and zeta potential (|Z|) of the original 

liquid lipid system and of the redispersed SD product (respectively, open and solid columns). 

    

Fig. 3. S.E.M. images of the SD powder. a: SLN (Tgi = 60 °C, ADJ = 1:1; CTAB = 0%); b: SLN (Tgi = 80 °C, ADJ = 
1:1; CTAB = 1%); c: NLC (Tgi = 80 °C, ADJ = 1:1; CTAB = 0%); d: NLC (Tgi = 60 °C, ADJ = 1:1; CTAB = 1%). 
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Fig. 4. REC as a function of Tgs 

901

http://creativecommons.org/licenses/by-nc-nd/4.0/


Spray drying of lipid nanosystems loaded with Sygyzium aromaticum essential oil 
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

4. Conclusions 

The properties of the nanosized lipid systems loaded with EO are affected by processing 
conditions. EU and ACT in SD products depend on drying temperature and formulation 
constituents. REU was higher (~50-60%) for systems with CTAB and OA, at lower SD 
temperature. Dried SLNs and NLCs are easily redispersed, indicating the potential of this 
technology.  

5. Acknowledgements 

The authors express their gratitute to São Paulo State Research Foundation (FAPESP) for the 
financial aid (Grants 2014/15905-1; 2011/10333-1), and to Brazilian National Council of 
Research and Development (CNPq) for the fellowship to the first author. 

6. References 

[1] Sherry, M.; Charcosset, C.; Fessi, H. ; Greige-Gerges, H. Essential oils encapsulated in liposomes: 
A review. J. Liposome Res. 2013, 23(4), 268-75. 

[2] Matos, F.J.A.; Oliveira, F. Lippia sidoides Cham.- farmacognosia, química e farmacologia. 
Revista Brasileira Farmácia. 1998, 70(3/4), 84-87. 

[3] Bilia, A.R.; Guccione, C.; Isacchi, B.;   Righeschi, C.; Firenzuoli, F.;  Bergonzi, M.C.  Essential oils 
loaded in nanosystems: A developing strategy for a successful therapeutic approach. Evid. Based 
Complement. Alternat. Med., 2014, Article ID 651593,14 pages. 

[4] Christensen, K.L.; Pedersen, G.P.; Kristensen, H.G. Preparation of redispersible dry emulsions by 
spray drying. Int. J. Pharm. 2001, 212, 187-194. 

[5] Gallarate, M.; Mittone, E.; Carlotti, M.E.; Trotta, M. Formulation of dry emulsion for topical 
applications. J. Dispersion Science and Technology 2009, 30(6), 823–833.  

[6] Zhao, Y.; Chang, Y.X.; Hu, X.; Liu, C.Y.; Quan, L.H.; Liao, Y.H. Solid lipid nanoparticles for 
sustained pulmonary delivery of Yuxingcao essential oil: Preparation, characterization and in vivo 
evaluation. Int. J. Pharm. 2017, 516(1-2), 364-371.  

[7] Tan, A., Rao, S., Prestidge, C.A. Transforming lipid-based oral drug delivery systems into solid 
dosage forms: an overview of solid carriers, physicochemical properties, and biopharmaceutical 
performance. Pharm. Research 2013,30(12), 2993-3017. 

[8] Freitas, C.; Müller, R.H. Spray drying of solid lipid nanoparticles (SLNTM). European J. Pharm. 
Biopharm 1998, 46(2), 145-151.  

[9] Cortés-Rojas, D.F.; Souza, C.R.F.; Oliveira, W.P. Encapsulation of eugenol rich clove extract in 
solid lipid carriers. J. Food Engineering 2014, 127, 34-42.  

[10] Pérez-Jiménez, J.; Neveu, V.; Vos, F., Scalbert, A. Identification of the 100 richest dietary sources 
of polyphenols: an application of the Phenol-Explorer database. Eur. J. Clin. Nutrition 2010, 
64(Suppl 3), S112-20. 

[11] Rosa, D.M.; Oliveira, W.P. Syzygium aromaticum essential oil loaded in nanosystems: Effect of 
system composition (Po5). Proc. 3rd Latin-American Symposium on Microencapsulation 2017, 
82-83. 

[12] Montegomery, D.C. Design and analysis of experiments, 8th Ed., John Wiley and Soons: USA, 
2012. 

[13] Labuza, T.P.; Altunakar, L. Water activity in foods: fundamentals and applications. Blackwell 
Publishing Ltd: Oxford, UK, 2007. 

[14] Klein, M.; Aserin, A.; Ishai, P.B.; Garti, N. Interactions between whey protein isolate and gum 
Arabic. Colloids Surf. B Biointerfaces. 2010, 79(2), 377-83. 

902

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.ncbi.nlm.nih.gov/pubmed/23879218
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guccione%20C%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Isacchi%20B%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Righeschi%20C%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Firenzuoli%20F%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bergonzi%20MC%5Bauth%5D
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chang%20YX%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Quan%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liao%20YH%5BAuthor%5D&cauthor=true&cauthor_uid=27884712
https://www.ncbi.nlm.nih.gov/pubmed/27884712
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23775443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rao%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23775443
https://www.ncbi.nlm.nih.gov/pubmed/?term=Prestidge%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=23775443
https://www.ncbi.nlm.nih.gov/pubmed/?term=P%C3%A9rez-Jim%C3%A9nez%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21045839
https://www.ncbi.nlm.nih.gov/pubmed/?term=Neveu%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21045839
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vos%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21045839
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scalbert%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21045839


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7600 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

Effect of rehydration on texture properties of Mexican plum 
(Spondias purpurea L.) dehydrated by tray drying and freeze 

drying 

 

Guillén-Velázquez, P. a*; Muñoz-López, C. a; Cantú-Lozano, D. a; Luna-Solano, G.a 
aDepartamento de Estudios de Posgrado e Investigación, Instituto Tecnológico de Orizaba. Orizaba, 
Veracruz, México 

 
*E-mail of the corresponding author: paulina.guillen@hotmail.com 
 

Abstract 
Mexican plum (Spondias purpurea L.) is a fruit with high nutritional content. 

Freeze and tray drying increases its shelf life, however non-reversible 

changes may ocurr. Properties as rehydration capacity and texture are 

considered as a measure of the injury to the material caused by drying. In 

this sense, the objective of this research was to evaluate the texture profile of 

dehydrated plum during rehydration and compare it with properties of raw 

plum. Freeze drying provided a product with less tissue damage reflected in 

the high rehydration capacity and texture characteristics very close to 

original unlike those dehydrated by hot air.  

 

Keywords: Mexican plum; rehydration; texture profile analysis. 
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1. Introduction 

Mexican plum (Spondias purpurea L.) is a fruit with qualities and potential for many 
different applications in the food industry. Nevertheless, the plums are mainly 
commercialized in local markets and have an incipient postharvest management with few 
methods for postharvest conservation currently in place [6]. Drying techniques, as freeze 
drying and tray drying, can be an excellent alternative to make their shelf-life longer and 
commercialization easier. It allows conversion of perishable materials into stabilized 
products by lowering water activity to appropriate levels, thus preventing microbial 
spoilage and quality deterioration [7].  

Freeze drying prevents undesirable shrinkage and produces materials with high porosity, 
good nutritional quality, superior texture, aroma, flavor and color retention [10]. In contrast, 
tray drying is the most widely employed method for preserving food materials because of  
its simplicity and low cost that demands small investments for industries. It is commonly 
used for drying fruits and vegetables using hot air as a carrier of heat [12]. 

Despite advantages of preserving foodstuffs, drying methods may cause many non-
reversible physical and chemical changes in the material such as color, nutritional value, 
shrinkage, texture etc. [3] Thus, rehydration can be considered as a measure of the injury to 
the material caused by drying and treatments preceding dehydration [5]. According to 
Farahnaky and Kamali the ultimate objective of rehydration process is to obtain a product 
with textural properties similar or close to original [4]. 

Textural properties of a food are that group of physical characteristics that arise from the 
structural elements of the food, are sensed primarily by the feeling of touch, are related to 
the deformation, disintegration, and flow of the food under a force, and are measured 
objectively by functions of mass, time, and distance [2]. It is known that the sensations 
experienced as the food material deforms and fractures during the initial stages of 
biting/chewing govern our acceptance or rejection of the product [1]. In this way, textural 
parameters can be considered as an attribute to assess acceptability and quality of products.    

There are few studies of textural properties of dried and rehydrated foodstuffs, in special 
Mexican plums. Thus, the purpose of this work was to study the evolution of texture 
properties during rehydration process of plum slices dehydrated by tray drying and freeze 
drying.  

2. Materials and Methods 

2.1 Raw material 

Mexican plums (“beetroot” ecotype) were obtained from Orizaba and Coscomatepec, 
Veracruz, Mexico and selected according to the ripening degree (30 % green, 70 % red). 
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The plums were washed and cut into slices of 3 cm of diameter and 0.2 cm of thickness for 
tray drying (TD) and 1.4 cm of diameter and 0.2 cm of thickness for freeze drying (FD).  
For freeze drying, the plum slices were frozen at -20 °C during 2 hours. 

2.2 Drying process 

Hot air drying was performed in a pilot scale vertical tray dryer (MOD-SEM-2 Polinox, 
MX) at air temperature of 53 °C during 4.5 h. The freeze drying was conducted in a 
laboratory scale dryer (Mod-742004 Labconco, USA) at 0.1 mbar vacuum pressure during 
4.3 h [10].  

2.3 Texture Profile Analysis  

The texture profile analysis (TPA) was performed on fresh, dehydrated and rehydrated 
slices of plum using a Texture Analyzer (CT3-100, USA). TPA involved properties as 
hardness, cohesiveness, springiness and adhesion and was carried out by two compression 
cycles and operating conditions of the equipment were selected according to the drying 
method applied in order to reach a right compression of the product. Cylindrical probes 
were used to perform TPA tests (25.4 mm diameter, 35 mm length for TD; 12.7 mm 
diameter, 35 mm length for FD). Table 1 shows operating conditions used for each size of 
slice, with its respective drying method.  

Table 1. Operating TPA conditions 

 

Rehydration of plum slices was performed in water and milk at 10, 20 and 30 °C. For TPA 
test an amount of 7 slices were added to the immersion media. Every 5, 10, 15, 20, 25, 30 
and 35 min a different slice was taken out, drained in absorbent paper and set in the texture 
analyzer to measure the texture parameters during rehydration. Every experiment was made 
by triplicate.  

3. Results and discussion  

3.1 Texture analysis of rehydrated freeze dried plums  

Differences on texture properties during rehydration (Fig. 1 and 2) can be attributed to the 
swelling and the leaching of solubles also these results can be explained based on the fact 
that at short times of rehydration, samples are not still equilibrated with the presence of 

 
Operating conditions 

Tray drying Freeze drying 

Fresh/ 
Rehydrated 

Dehydrated 
Fresh/ 

Rehydrated 
Dehydrated 

Trigger (N) 0.01471 0.01471 0.01471 0.01471 
Deformation (mm) 1 1 2 1 

Speed (mm/s) 1.2 1 1.5 1 
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great gradients of moisture content from surface to centre [9] and in consequence, affecting 
to the measure of texture profile.  

Graphics (Fig. 1 and 2) show texture properties of freeze dried plum during rehydration and 
its variation with respect time. Analysis of variance (ANOVA) and the test of mean 
comparison (Dunnett) were conducted with a level of significance of 0.05. Texture 
properties of fresh plum were selected as the control. Final value of hardness (water, 10 °C) 
had no significant differences compared with fresh plum. In contrast there were significant 
differences at higher rehydration temperatures. 

With respect to rehydration in milk, final values of hardness remained unchanged at the end 
of rehydration process with every temperature. Cohesiveness at 10 and 30 °C of plum 
rehydrated in water showed similar values than non-dried plum. On the other hand, 
rehydration in milk allowed to reached final cohesiveness values with no significant 
difference for all the temperatures used. 
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Fig. 1 Textural properties during rehydration of freeze dried plum immersed in water. 
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Fig.2 Textural properties during rehydration of freeze dried plum immersed in milk. 

Springiness characteristics only showed significative differences at the ending of the 
rehydration in water at 20 °C, increasing from 1.5 to 2.25 mm. Slices of plum rehydrated in 
milk kept similar springiness than fresh ones. Adhesion characteristics had no significant 
differences in final values for both rehydration medias and rehydration temperatures. 

3.2 Texture analysis of rehydrated hot air dried plums  

Textural properties of hot air dried slices of plum during rehydration and its variation with 
respect time are presented in Fig. 3 and 4. Statistical analysis indicated that hardness of 
plum rehydrated in water (10 and 30 °C) had no changes compared to fresh product. Milk 
immersion allowed to reach similar values at 10 and 20 °C. Cohesiveness final values 
presented no significant differences for water rehydration of plum. Milk immersion 
presented only significative differences at 20 °C. With respect to springiness, final values 
after immersion in water showed differences at 30 °C. In contrast, milk rehydration at the 
three temperatures used, presented higher values that were significantly different from fresh 
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plum. Finally, adhesion for plum rehydrated in water was similar to fresh one at 10 °C; 
milk immersion reached the same characteristics at 10 and 20 °C.   

As can be seen, there were variations of texture properties during and at the ending of 
rehydration process, it can be attributed to the drying method used. According to Meda and 
Ratti [8], hot-air drying usually destroys the food thus, the final air dried products have a 
compact structure and a reduced volume, which can explain a non-uniform restoration of its 
original form, and as a consequence, variations during texture evaluation.     

Assesment of texture profile of rehydrated plum slices allowed to see a clear influence of 
the drying methods. Freeze dried slices of plum presented less differences when compared 
to the fresh fruit. In contrast plums dehydrated by hot air, showed more variations on 
texture properties during rehydration. These differences were attributed to the tissue 
collapse and cell damage produced by higher air temperatures [11]. 
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Fig.3 Textural properties during rehydration of hot air dried plums immersed in water. 
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Fig.4 Textural properties during rehydration of hot air dried plums immersed in milk. 

4. Conclusions 

The texture studies were carried out on fresh, dehydrated and rehydrated plum slices, 
determining the parameters of hardness, cohesiveness, springiness and adhesion. Plum 
slices dehydrated by hot air presented more significative differences with respect to fresh 
plum that were attributed to the high temperatures during drying producing more structural 
damage as a consequence. On the other hand freeze drying allowed to reach texture 
characteristics close to fresh plum at the end of the most rehydration experiments. Finally it 
was possible to conclude that TPA provides valuable information not only after dehydration 
but also rehydration and application in freeze dried and hot air dried products, as plums, 
assures to the consumers a product with high quality and similar texture as fresh one, 
increasing its potential as snacks and cereal-based products.   
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Abstract 
Artisanal fresh cheese is a type of cheese from Hispanic origin and one of the 

most consumed; however, its shelf life is short due to of its pH is close to 

neutrality, high aw and low salt content. The fluidized bed drying was employed 

as an efficient alternative to fresh cheese; however, in order to achieve the 

desired shelf life in a product, it is necessary to study different packaging and 

storage conditions that will depend on the specific characteristics of the 

product. A design of factorial experiments 23 was adopted, the storage study 

was carried out for 90 days, studying two qualitative variables: type of 

packaging and type of atmosphere in the packaging, and one quantitative 

variable: drying temperature.  

 

Keywords: Dehydrated cheese; storage; water activity; type of packing.  
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1. Introduction 

Artisanal cheese is the most recognized cheese of Latin American origin and the most 
consumed internationally. Fresh cheeses have short shelf life because of their pH (near to 
neutrality), the high water activity and the low salt content. Usually, the shelf life of fresh 
cheese under refrigeration is seven days[3,5]. For this reason, fluidized bed drying was 
employed as an efficient alternative to preserve perishable food[4]. However, the need for 
proper packaging for traditional products has pushed to design packaging conditions 
according to the characteristics of each food[2]. Shelf life is an important feature of all foods 
and it may be define as the period that the food retains an acceptable level of eating quality 
from a safety and organoleptic point of view[10]. It is well known that vacuum packaging 
not only reduces the incidence of oxidative damage and inhibits aerobic bacteria, but also 
preserves sensory quality in foods, because under vacuum conditions, oxygen in the package 
headspace is reduced to <1%, maintaining stable moisture and water activity[6]. For this 
reason, vacuum packaging is an interesting alternative to storage in dehydrated samples as 
cheese.  
 

2. Materials and Methods 

2.1 Drying process 

The artisanal cheese was obtained from a cheese making group located in the city of 
Tlalixcoyan, Veracruz, México. A fluidized bed dryer (Model Restch TG-200) was employed 
for the drying process. Drying conditions for this study were selected according to results 
reported by Domínguez-Niño et al.[4] (air temperature of 50 and 60 °C, drying time of 60 min 
and particle size of 2 cm).  

 
2.2 Packaging of dehydrated cheese 

The dehydrated cheese samples (12.1 g), were packaged in two types of packing (13.2 x 9.5 
cm) made out of polyethylene and metalized with 30 µ thickness. The samples were sealed 
by means of a vacuum packing machine (Food saver model sealing system FSFSSL3880) 
under atmospheric conditions: air and vacuum (VP).  

 

2.3 Physicochemical characterization 

Moisture content: The moisture content was determined using an infrared moisture balance 
(MA35 SARTORIUS, Germany), at 65°C and 1 g of cheese. 

 
Water activity (aw): the dehydrated cheese samples were analized at 25 °C using Aqualab 
water activity meter (model SERIES 3 TE, DECAGON, Washington). 
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Color difference: the sample color was measured by colorimeter of HunterLab (model 
MiniSccan XE plus, Associates Laboratory, Retson, VA, USA). The equipment was 
calibrated with white and black standards tiles. The experimental color was determined by 
reflectance mode and expressed by L, a and b parameters. The color difference (∆E) was 
calculated using the following equation reported by Lozano-Acevedo et al.[8].  

 

∆� � ��∆��� 	 �∆
��	�∆���                        (1) 

Where ∆L = L of dried sample at storage time-L of initial dried sample, ∆a= a of dried sample 
at storage time -a of initial dried sample and ∆b= b of dried sample at storage time-b of initial 
dried sample.  
 
Protein, sodium chloride and fat content: the protein content of the stored cheese was 
determined by a standard Kjeldahl method, using a nitrogen conversion factor of 6.38 for 
dairy products. Sodium chloride was assessed following the method described by James[7] 
and fat content was quantified by extraction method using Soxhlet equipment. 

 
2.4 Experimental design 

A mixed experimental design 23 was used. In this design two qualitative variables were 
analyzed type of packing (polyethylene and metalized) and atmosphere type (air and 
vacuum), and, as a quantitative variable, drying temperature of 50 and 60°C, thus making a 
total number of eight experimental storage condition (Table 1). 
 

Table 1. Experimental storage conditions of dehydrated cheese 
Experiment Drying temperature 

(°C) 
Packing type Atmosphere 

1 50 Polyethylene Air 
2 50 Polyethylene Vacuum 
3 50 Metalized Air 
4 50 Metalized Vacuum 
5 60 Polyethylene Air 
6 60 Polyethylene Vacuum 
7 60 Metalized Air 
8 60 Metalized Vacuum 

 

3. Results and discussion 

3.1 Moisture content 

Figure 1 shows the evolution of moisture of dehydrated cheese under different storage 
conditions (Table 1). The statistical analysis using the Dunnett test (α=0.05) shows less 
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a) 

b) 

significant differences in the samples that were dehydrated at 60°C. The increase in moisture 
content during the storage time may can be attributed to the water retention capacity in the 
matrix of the cheese particles due to the presence of sodium chloride[3]. 
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Figure 1. Evolution of moisture content in dehydrated cheese stored under different conditions: a) 

air and b) vacuum. 
 

3.2 Water activity 

Figure 2 shows the results obtained from the evolution of water activity of dehydrated cheese 
during storage at different conditions. The statistical analysis using the Dunnett test (α = 0.05) 
showed the existence of significant differences in the stored cheese with respect to the initial 
samples. The dehydrated samples at 60°C and stored under vacuum conditions were 
maintained below 0.6 units during the 90 days of storage, which can assure that the cheese is 
free of microbial growth and enzymatic deterioration. 
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a) 

b) 

Similar results were found by Akarca et al.[1] who reported that vacuum packaging prolongs 
the microbiological quality of mozzarella cheese for a considerably longer period of time.  
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Figure 2. Evolution of water activity in dehydrated cheese stored under different conditions: a) air 
and b) vacuum 

3.3 Color difference  

Figure 3 shows the results obtained for the color difference during storage at different 
conditions. The statistical analysis using the Dunnett test (α=0.05) indicated significant 
changes among the different storage conditions. 
 
During storage, a slight increase in a values and a clear increase in b values were observed. 
Therefore, a tendency towards yellowing occurred. According to the literature, dehydrated 
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a) 

b) 

foods lose color due to the oxidation of highly unsaturated molecules once exposed to light, 
air and chemical changes[9]. 
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Figure 3. Evolution of color difference in dehydrated cheese stored under different conditions: a) 
polyethylene and b) metalized. 

3.4 Protein, fat and sodium chloride content 

During the drying process the concentration of proteins, fat and NaCl in the cheese samples 
increased considerably due to the elimination of water in the product. The cheese samples 
showed a decrease in the content of proteins, fat and NaCl after storage with respect to the 
sample analyzed at time zero, 40.4477, 35.8573 y 3.2901% (Table 2). The analysis of 
variance (α=0.05) showed that the drying temperature had influence on the protein and fat 
content at the end of storage, this can be attributed to the gain of moisture during storage. 
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The results may indicate that the conditions of use of the storage reduce the oxidation 
reactions in the dehydrated cheese. The use of vacuum packaging has shown to maintain 
stability in parameters such as color and fat and protein content, maintaining its 
physicochemical quality. 

 
Table 2. The experimental results of protein, sodium chloride, fat content of dehydrated cheese at 

the end of storage period. 

Experiment Protein content (%) Fat content (%) NaCl content (%) 

01 37.9848 41.1643 3.0947 

02 38.0924 38.2357 3.1295 

03 38.4578 41.2845 3.2236 

04 38.0628 39.4582 3.0568 

05 40.1912 38.7047 3.6326 

06 39.5431 40.4399 3.4123 

07 40.2083 41.1547 3.4072 

08 40.1238 37.6055 3.469 

 
4. Conclusions 

According to the results obtained in this study, samples packed in vacuum and dehydrated at 
60 ° C were found to be adequate for storage for 3 months, because they obtained the lowest 
moisture gain and maintained water activity below 0.6 units allowing to guarantee the 
stability of the product. The content of proteins, fat and NaCl was maintained during the 
storage period, ensuring the physico-chemical quality of the dehydrated cheese. Finally, 
dehydrated cheese can be used as a snack or as an ingredient in traditional food because it 
has similar characteristics to the fresh cheese. 
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Abstract 
Dehydration is widely involved in tobacco processing such as tobacco leaf 

curing, tobacco trip redrying and cut tobacco drying, which plays a key role 

due to its effect on the physical and chemical quality of tobacco. The current 

drying methods in tobacco processing mainly use heat conduction, heat 

convection or their combination to dehydrate tobacco materials. However, 

radiation heat transfer as one of basic heat transferways has not been 

investigated in the tobacco drying. In the present work, infrared radiation 

dryer was designed to explore the tobacco infrared radiation drying 

characteristics. The effect of radiation heat transfer conditions and vacuum 

on the drying kinetics and temperature of tobacco leaves was investigated. 

Diffusion coefficient of middle tobacco leaves C2F is between 0.848×10-10 ~ 

1.597×10-10 m2/s. At the same time, the pore structure andpetroleum ether 

tobacco extracts in dried tobacco were also analyzed in order to explore the 

different effects of infrared radiation drying and traditional drying 

technology on tobacco quality. 

 

Keywords: Flue-cured tobacco; Infrared radiation; Vacuum; Dryingkinetics; 

Tobacco quality 
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1. Introduction 

In tobacco primary processing, drying plays a key role due to its effect on the physical and 
chemical quality of tobacco[1]. Therefore, to explore new drying method is always the focus 
of tobacco processing technology. In terms of heat transfer ways, the current drying 
methods in tobacco processing mainly use heat conduction, heat convection or their 
combination to dehydrate tobacco materials. However, radiation heat transfer as one of 
basic heat transfer ways has not been investigated in the literatures involving tobacco 
drying. The infrared-vacuum drying, infrared-hot air drying and infrared-heat pump drying, 
have been investigated and applied in the argo-processing such as seeds, vegetables and 
fruits [2-8]. Many results have showed that the infrared radiation drying could improve the 
drying efficiency, reduce the shrinkage of dried materials and maintain the nutrient and 
functional components when compared to the traditional hot-air drying method. Whereas, 
there is little work on the infrared radiation heat transfer in the current tobacco industry, 
especially in the tobacco primary processing. Considering this, in the present work, two 
kinds of infrared radiation dryer were designed to explore the tobacco infrared radiation 
drying characteristics, including the fixed bed dryer and cylinder dryer. The effect of 
radiation heat transfer conditions and vacuum on the drying kinetics and temperature of 
tobacco leaves was investigated. 

2. Materials and Methods 

2.1 Materials 

The flue cured tobacco C2F from Luoyang of China were chosen as experimental materials. 
Tobacco leaves were pretreated into cut tobacco by a cutter. The raw material is pretreated 
as follows: by adding a calculated amount of distilled water to cut tobacco, and moisture 
content of cut tobacco was adjusted to the desired level of moisture content. In this work, 
moisture content of the testing cut tobacco was set as 30% (on the wet basis). After 
adjusting the moisture content, cut tobacco was bagged and put into isothermal and equal 
humidity equipment to balance moisture for 48h. 

2.2 Experimental apparatus 

The structure of infrared-vacuum drying apparatus was shown in Fig.1. The drying 
chamber size is 45*45*45 cm. 4 pieces of ceramic radiant panel with the size of 12*12 cm 
were arranged in the rectangular on the top of drying chamber. A temperature sensor is 
installed on ceramic radiant panel and connected to the temperature controller unit, which 
could control the radiation temperature with the precision of ±1 ℃. A vacuum pump with 
the swept volume of 4 L/s (S.T.P.) is connected to the drying chamber through exhaust line. 
The pressure of drying chamber is adjusted and controlled by the flow meter and vacuum 
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meter in exhaust line. A weighing sensor with the precision of 0.1g is set at the bottom of 
drying chamber. During the drying experiments, the radiation heat transfer conditions and 
vacuum degree can be flexibly adjusted according to requirements. 

     

Fig.1 Infrared-vacuum drying apparatus. 1 The bottom of cabinet; 2 Vacuum pump; 3 Buffer 
vessel; 4 gas flow meter; 5 Vacuum meter; 6 Temperature display panel; 7 Bracket; 8 weighing 
sensor; 9 Material plate; 10 the upper of cabinet; 11radiant panel; 12 weight display panel; 13 

radiation temperature sensor; 14 material temperature sensor; 15 temperature controller 

2.3 Experiment methods 

Before drying, the radiation temperature and distance are set as the desired levels. Then the 
apparatus is preheated for 30 min until the stable radiation temperature is reached. The 
sample of 35g cut tobacco is put into a thin layer on the material plate and then placed on 
the bracket of weighing sensor. The vacuum pump is started and pressure of drying 
chamber is adjusted to the desired level. During drying of cut tobacco, the mass and 
temperature data of sample are collected at the frequency of 30s until the constant weight of 
sample is reached. Four levels of radiation temperature are investigated, and they are 353 
K, 368 K, 383 K and 398 K. The pressure of drying chamber is investigated at the levels of 
30 kPa, 45 kPa, 60 kPa and 75 kPa (absolute pressure).  

3. Results and discussion 

3.1 Infrared-vacuum drying curves of cut tobacco   

The moisture and temperature evolution of cut tobacco were investigated at different levels 
of radiation temperatures, as shown in Fig.2. It can be seen that, when radiation temperature 
changed from 353 K to 398 K, the drying times of samples were reduced by 50% (when cut 
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tobacco was dehydrated to the moisture content of 12%). The temperature of cut tobacco 
during drying also has an increasing trend at higher radiation temperature, and the final 
temperature of sample has a slight increasing.  
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Fig. 2 Effect of radiant temperature on cut tobacco moisture content and temperature  

The moisture and temperature evolution of cut tobacco were investigated at different levels 
of vacuum degrees, as were shown in Fig.3. As can be seen, the vacuum degree has 
opposite influence on the drying rate and temperature of cut tobacco. Low pressure, namely 
high vacuum degree, resulted in the increasing of drying rate and the decreasing of final 
sample temperature. The effect of vacuum degree was associated with its impact on the 
following two aspects. On the one hand, high vacuum degree could increase the difference 
of vapor partial pressure between the internal and external of wet materials. At the same 
time, high vacuum degree also leads to the low boiling point of water, which reduces the 
evaporation temperature of water during drying. The synthetic effect of the above two 
aspects caused that drying rate increased and final sample temperature decreased when 
vacuum degree is increased. 
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Fig. 3 Effect of vacuum level on cut tobacco moisture content and temperature 
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3.2  Moisture  diffusion coefficient of cut tobacco 

According to the Fick's second law[9], the following diffusion equation was used to describe 
the variation of cut tobacco moisture. 
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Where, M0, M and Me are the moisture content of cut tobacco at t=0, t=t and t=∞, 
respectively. The De is the effective diffusion coefficient of cut tobacco. The t is drying 
time. L is half of cut tobacco width. In the above equation, the Me, as equilibrium moisture 
content of cut tobacco at the drying condition, could be neglected. The L is 0.5mm. The 
first three terms were taken into account to calculate the effective diffusion coefficient[10]. 
The calculated values of De for two kinds of tobacco were shown in Table 1. It can be seen 
that the diffusion coefficient of tobacco during infrared-vacuum drying increased with the 
increasing of radiation temperature and vacuum degree. The radiation temperature has more 
significant influence on diffusion coefficient than vacuum degree. The diffusion coefficient 
of middle tobacco leaves C2F is between 0.848×10-10 ~ 1.597×10-10 m2/s.  

 

Table 1. The De experimental values of cut tobacco 

Radiation temperature / K Vacuum degree / kPa De (×10-10) / m2·s-1 

353 30 0.8409 

368 30 1.0317 

383 30 1.2657 

398 30 1.5529 

383 45 1.1049 

383 60 0.9645 

383 75 0.8419 

 

3.3  Pore structure in dried cut tobacco by different drying methods   

The microstructure of dired cut tobacco was analyzed by SEM. Different drying methods 
were compared, including infrared-vacuum drying, infrared drying and triditional hot air 
drying  at 55oC.  The results were shown in the Fig.4. It can be seen that both the infrared-
vacuum drying and infrared drying resulted in the porous microstruture in the cross section 
of cut tobacco. This indicated that the infrared radiation heat transfer decreased the pore 
drying shrinkage of pore structure compared to the triditional hot air drying, as could be 
related to the penetrating heating characteristics of infrared radiation. 
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(a)                                                     (b)                                              (c) 

Fig. 4 Pore structure of cut tobacco C2F by different drying methods:（a）dried by infrared 

radiation and vacuum,（b）dried by infrared radiation,（c）dried by hot air 

3.4  Petroleum ether tobacco extracts in dried tobacco 

The petroleum ether tobacco extraction mainly consists of volatile oil, resins, fatty acids, 
waxes, lipids, sterols, and pigments. Its content is often considered as an important index in 
estimating the quality of tobacco aroma. The petroleum ether tobacco extraction in dried 
cut tobacco by different drying methods was analyzed, as shown in the Table 2. It can been 
seen that the infrared radiation heat transfer improved the content of petroleum ether 
tobacco extraction compared to the triditional hot air drying. The tobacco aroma change 
during drying mainly could be realted to two factors. The one is the Maillard reaction in 
tobacco during drying, which leaded to the increase of aroma components. The other one is 
the  evaporative loss of  volatile flavor components. The infrared radiation heat transfer 
may be more beneficial to the Maillard reaction than the hot air drying. However, the the 
vaccum would cause the increasing loss of volatile flavor components. The effect of two 
aspects resulted in that the petroleum ether tobacco extraction  content for infrared-vacuum 
drying is higher than that of hot air drying, while lower than that of infrared drying. 

Table 2. The petroleum ether extract content 

Drying methods petroleum ether extract content / % 

Before drying 3.95 
Hot air drying 4.01 

Infrared-vacuum drying 4.23 

Infrared drying 4.67 

 

4. Conclusions 

The infrared-vacuum drying characteristics of flue-cured tobacco leaf  were investigated. 
Drying quality of tobacco was analyzed by comparing to the traditional hot air drying. The 
results showed that the average drying rate and final temperature of cut tobacco increased 
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with the increasing of radiation temperature. The vacuum degree has opposite influence on 
the drying rate and temperature of cut tobacco. Low pressure, namely high vacuum degree, 
resulted in the increasing of drying rate and the decreasing of final sample temperature. 
Diffusion coefficient of middle tobacco leaves C2F is between 0.848×10-10 ~ 1.597×10-10 
m2/s. The infrared radiation heat transfer decreased the pore drying shrinkage of pore 
structure compared to the triditional hot air drying. The infrared drying resulted in the 
higher petroleum ether tobacco extraction  content than infrared-vacuum drying and  hot air 
drying. 
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Abstract 
Moisture sorption isotherms of the habanero pepper powder were determined 

using the Dynamic Vapor Sorption (DVS) method at 20, 25, 35, 45 and 55 °C 

in a range of water activity from 0.10 to 0.90 at which the processes of 

drying, packing and storage of habanero pepper are developed. The sorption 

capacity decreased with increasing temperature at a given water activity and 

the sorption isotherms showed a sigmoid form (Type II). The hysteresis 

phenomenon was observed in the sorption isotherms at all temperatures 

studied and it was more pronounced at temperatures high. The experimental 

sorption curves were fitting to the GAB, BET and Oswin models. It was 

concluded that the models that best describe the adsorption and desorption 

data for habanero pepper dehydrated powder were the GAB and Oswin 

models.  The isosteric heat of water sorption was calculated with the 

moisture content data in equilibrium. The desorption isotherms present a 

higher isosteric heat in relation to the adsorption isotherms. In both, the 

isosteric heat decreased as the moisture content increased.  

Keywords: Habanero pepper dehydrated powder; Convective drying; 

Moisture sorption isotherms; Mathematic models 
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1. Introduction 

Habanero pepper is a variety of red pepper most popular in the Mexican territory, it has a 
high moisture content (> 80 % wet base) and the main characteristics of the habanero are 
color (carotenoids), aroma and mainly the pungencia due to the capsaicinoids [1,2]. 
Therefore, the export and conservation of fresh fruit have several disadvantages because 
habanero pepper is very perishable and has a limited shelf life. Convective drying is one of 
the most popular and efficient heat and mass transfer process that allows to prolong and 
preserve the useful life of foods by reducing water activity (aw) and decreasing moisture 
content [3]. The state of water plays an important role in the preservation of food. The 
degree of sorption of water from a food system depends on the vapor pressure of the water 
present in the food sample and in the surroundings. The equilibrium moisture content 
(EMC) is obtained when the vapor pressure of water present in food is equal to the vapor 
pressure of the surroundings. The water activity (aw) of a food is an equilibrium property of 
the water and its constituents present, which defines as the ratio of the partial pressure of 

the water vapor in the food () and the partial pressure pure water vapor () at the same 

temperature, as shown in equation 1: 

 

    (1) 

The relationship between EMC and aw in a range of values at a constant temperature 
generates an evaluation tool very useful called ``Moisture sorption isotherm´´, which relates 
the amount of water adsorbed or desorbed in equilibrium. An adsorption isotherm refers to 
the behavior of dehydrated foods, which tend to adsorb water against the surrounding 
relative humidity to have equilibrium pressures. While a desorption isotherm refers to the 
behavior of hydrated foods, which tend to eliminate water to have equilibrium conditions at 
a given temperature. These behaviors depend on the interaction between water and food 
components. Sorption isotherms provide information for a variety of processing 
applications and product stability, such as prediction of moisture transfer, determination of 
product stability and shelf life, storage conditions, selection of packaging systems [3, 4, 5]. 
Therefore, the aim of this study was to analyze the isotherms (adsorption and desorption) of 
the habanero pepper dehydrated powder. 
 

2. Materials and Methods 

1.1. Raw material and convective drying of habanero pepper 
Habanero pepper was obtained from the city of Orizaba, Veracruz, Mexico. The selected 
fruits showed an orange color and similar size (4-7 cm length, 3-5 cm width). Samples of 
habanero pepper were cut into slices 0.6 cm wide and placed on metal trays of a convective 
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dryer (Polinox SEM-2). The convective drying process was performed at a temperature of 
60°C and at an air velocity of 1.5 m/s for 360 min until moisture ≥0.05 g water/g dry solids 
is constant. The data obtained from drying at 60 °C was plotted as moisture ratio (MR) 
according to the equation 2: 

 

      
(2) 

Where  is the moisture content at any time ,  is the equilibrium moisture and  is the 

initial moisture. These experimental sets (, ) were fitted to different empirical models 
from literature applicable to agricultural products: Page, Newton, Henderson & Pabis, 
Logarithmic and Wang & Sing. These equations for drying kinetics are indicated below 
(equations 3 to 7), respectively.  

 (3) 

 (4) 

 (5) 

 (6) 

 (7) 

Where n, a, b and c are constants of the models, and t is any time in the drying kinetics. 

1.2. Physicochemical analysis 

During the convective drying process of dehydrated habanero pepper, the evolution curves 
of water activity and color difference were performed. The water activity was determined at 
25 ± 1 °C using a water activity meter (AQUALAB series 3 model TE). The moisture 
content (g water/ g dry solids) of habanero pepper was measured with a halogen 
thermobalance (OHAUS, model MB35).  

 
1.3. Moisture sorption isotherms 

Habanero peppers were milled in a manual pulverizer of blades at laboratory scale, model 
GRT-20B of 3000 Watts and 25000 rpm for 3 min to obtain samples of habanero pepper 
powder to analyze moisture sorption isotherms. The sorption isotherms (adsorption and 
desorption) were determined by a vapor sorption analyzer (AquaLab VSA), which consists 
of an equipment that automatically generates moisture sorption isotherms in foods, 
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allowing the determination of the complex relationship between aw at each reading and the 
EMC of the sample at a constant temperature. The isotherms were determined at 20, 25, 35, 
45 and 55 °C. The VSA equipment generates the static isotherms in equilibrium by the 
Dynamic Vapor Sorption (DVS) method, which consists of monitoring the weight change 
of the sample as it is exposed to different controlled relative humidities. The sample is 
maintained at each humidity for a period of time until the sample reaches a steady state 
weight change, where the objective is to achieve the equilibrium between the aw and the 
controlled humidity inside the generator chamber. The experimental sorption isotherms of 
the habanero chili powder were performed in duplicate. 

 
1.4. Prediction of mathematical models 
The mathematical models GAB (Guggenheim & Anderson de Boer), BET (Branauer, 
Emmett & Teller) and Oswin represented by equations 8, 9 and 10 were used to adjust and 
predict the experimental values of sorption isotherms (adsorption and desorption). 

 

 

 (8) 

 

(9) 

 

(10) 

Where: A, B, C and K are constants of the models, aw is the water activity, EMC is the 
equilibrium moisture content (g water/g dry solids) and Xm is the moisture content in the 
monolayer (g water/g dry solids). 
 
1.5.  Net isosteric heat of sorption 

The net isosteric heat of sorption was determined from moisture sorption using the equation 
11, derived from the Clausius Clapeyron equation: 
 

 

(11) 

Where  is the water activity,  is the absolute temperature (K),  is the net isosteric 
heat of sorption (J mol-1), R is the gas constant (J mol-1 K-1). 
 
1.6. Results and discussion  
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Figure 1 and 2 show the adjustment of the mathematical models of the drying kinetics and 
the evolution curves of aw of habanero pepper during drying as a function of time, 
observing that the aw and moisture content of the fresh fruit is relatively high. However, 
when the drying process is performed, the values of moisture content and aw decreased 
significatly. A food with an aw less than 0.60 and moisture content low is considered safe 
and stable during storage in relation to microbial growth [6]. The aw is considered a 
parameter for the conservation and stability of food as well, it has been used as an 
important variable to evaluate and reduce the rate of microbial growth, chemical reactions, 
lipid oxidation and enzymatic activity in the food [5].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Fitting of the experimental data with the different models tested 

 
Figure 1 shows the experimental data points obtained from temperature 60 °C of the drying 
process together with the plots corresponding to the fittings obtained for all the models 
tested. It is observed that the Page and Newton curves are better describing the habanero 
pepper drying process. On the other hand the models of Henderson & Pabis and 
Logarithmic do not represent the initial state (t=0 min), while the Wang & Singh model 
does not exemplify the final state (t=360 min). However, the best model to describe this 
drying kinetics process is the Page model because it shows a sigmoidal shape in the curve. 
In Figure 2(a), it is possible to observe how the moisture behavior follows a sigmoidal 
shape, which is characteristic of the drying process. The initial moisture content was 
83.59% and the final content 1.56%. Regarding water activity in Figure 2(b), shows also a 
sigmoidal shape and it is possible to reach a safe range (below 0.6) at time 180 min. 
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            a)                                                                                     b) 

Figure 2. Drying curves for physicochemical parameters of habanero pepper: a) moisture content 
and b)water activity 

 
The shapes of the adsorption and desorption curves of habanero pepper dehydrated powder 
showed a behavior similar to the five temperatures (20, 25, 35, 45 and 55 °C) studied and 
presented a non-linear trend type II (sigmoid) typical shape for most foods [7], which is 
shown in Figure 3. As the temperature increases, the EMC decreased to a constant water 
activity, this change generates that the water molecules are activated due to a change in the 
increase in the pressure of the water vapor inside the particles of habanero pepper powder 
through a state of excitation, becoming less stable and consequently accelerating the 
moisture transfer of the food around it [8]. In addition, it was observed a simultaneous 
increase of the EMC because the food particles are saturated by water molecules according 
to an incremented in the values of water activity at a constant temperature. This is due to 
the decrease in the degree or capacity of sorption of water in habanero pepper powder when 
the temperature increases. In the process of desorption, it was observed that the high and 
intermediate values of the water activities in the desorption curves of habanero pepper 
powder present a remarkable decrease of the EMC due to the dissipation of the water 
molecules present in the surfaces towards the surroundings. This indicates the influence of 
temperature on the desorption isotherms. However, it is also shown that the desorption 
curves between low values of aw (0.3-0.1) and the EMC are very close to each other. This 
means that the water molecules bind more firmly and the enthalpy of vaporization is greater 
due to the transition of the water that is strongly attached to the capillaries of habanero 
pepper powder.  
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a)                                                                              b) 

Figure 3. Isotherms of habanero pepper: a) adsorption and b) desorption 

The GAB, BET and Oswin models were fitted to evaluate the behavior of moisture sorption 
isotherms and the goodness of fit for each model was evaluated according to the coefficient 
of determination (R2), sum of the square error (SSE) and the residual mean square error 
(RMSE). The results of the non-linear regression analysis are presented in Table 1. The best 
fits were obtained with the GAB and Oswin models with a R2> 0.995 and R2> 0.987, 
SSE<7.705 and 19.91, for RMSE<1.133 and 1.687 respectively for the sorption isotherms 
of habanero pepper dehydrated powder. However, the GAB model presents an advantage 
due to it presents theoretical bases and the value of moisture content in the monolayer (Xm) 
whereby it is best model that empirical model of Oswin. The net isosteric heat of sorption 
(qst) decreased with increasing moisture content. The higher values of qst were found at 
low moisture contents, this can be explained by the fact that the water molecules are tightly 
bound to the monolayer structure and food components; and therefore, the quantity of 
energy needed to adsorb or desorb these water molecules is very high. However, a rapid 
decrease in sorption isosteric heat was observed when the moisture content began to 
increase due to the sorption of water molecules in the multilayer. The isosteric sorption heat 
of habanero pepper powder, which was determined using the Clausius-Clapeyron equation, 
decrease with an increase of moisture content, ranging from 4.86 KJ mol-1 to 1,07 KJ mol-
1 and 7.59 KJ mol-1 to 1,43 KJ mol-1.for adsorption and for desorption witn an equilibrium 
moisture content ranging from 5 to 45% (g water/g dry solids). 

 

2. Conclusions 

The isotherms of adsorption and desorption of habanero pepper dehydrated powder 
presented a sigmoid shape (Type II) at five different temperatures: 20, 25, 35, 45 and 55 ° 
C. According to the results of this study, the GAB model presents a better fit of the 
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experimental results of the sorption isotherms of the habanero pepper powder with a R2> 
0.995, SSE<7.705 and RMSE<1.133. Habanero pepper powder was less hygroscopic as the 
temperature decreased. This behavior of sorption can be attributed to the low solubility 
nature of carbohydrates and bioactive compounds present in habanero pepper powder with 
water molecules. Water activity values from 0.3 to 0.4 represent the optimum moisture 
content at which most dehydrated foods will have maximum shelf life. Therefore, 
considering 0.35 as the average water activity, among these values, the safest for 
dehydrated habanero pepper powder, the limit equilibrium moisture content for this product 
should be 7.38%, 7.13%, 6.79%, 6.50% and 6.04% at temperatures of 20 °C, 25 °C, 35 °C, 
45 °C and 55 °C respectively, since above this moisture content, enzymatic oxidation, 
chemical instability and/or oxidation will begin proliferation of microorganisms.  
Regarding drying kinetics, according to the obtained results, it was concluded that the 
empirical models that best describe the dehydration kinetics for habanero orange bell 
pepper are Page and Newton. 
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Abstract 
X-ray computed tomography technique was used to observe microstructure 
formation during freeze-drying. A specially designed vacuum freeze-drying 
stage was equipped at the X-ray CT stage, and the frozen and dried 
microstructures of dextrin solutions were successfully observed. It was 
confirmed that the many parts of the pore microstructures formed as a replica 
of the original ice microstructures, whereas some parts formed as a 
consequence of the dehydration dependent on the relaxation level of the glassy 
phases, suggesting that the post-freezing annealing is advantageous for 
avoiding quality loss that relates to the structural deformation of glassy 
matters. 

Keywords: freeze-drying; X-ray CT; ice microstructure; glassy state 
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1. Introduction 

Freeze-drying is known as one of the best drying methods in terms of preservation of product 
qualities. Due to its higher processing cost than the other drying method, quality assurance is 
a critical issue to meet requirements of industries. Detailed knowledge on the phenomena 
occurring in a freeze-drying system plays an important role in further improvement of process 
design. Freeze-drying process consists of freezing and drying steps. When an aqueous 
solution is subjected to freezing, an ice crystal phase coincidently forms with the freeze-
concentrated phase. In most cases of freeze-dried formulations, the freeze-concentrated phase 
transforms into a glassy phase, and the water content in the glassy phase can be related to the 
temperature. The glass transition temperature (Tg) of the maximally freeze-concentrated 
glassy phase is commonly denoted as T’g, and this temperature has a critical importance in 
terms of carrying out an appropriate freeze-drying run. During drying step, water is mainly 
removed from the ice crystal phase by sublimation (i.e. primary drying). The removal of 
water coincidently forms dried layer, and the subsequently sublimated water vapor must 
transfer through the dried cake layer with porous microstructures. The mass transfer 
resistance in the cake layer is thus controlled by modifying the ice crystal morphologies.[1-3] 
Water is also removed from the freeze-concentrated glassy phase by vaporization (i.e. 
secondary drying) at above T’g. The viscous flow of the glassy phase may cause the loss of 
the dried layer structure that is called as collapse. The occurrence of collapse is thus provoked 
by the excessive increase of the product temperature and/or decrease of the evaporation rate. 
[4-8] Furthermore, it must be noted that the glassy phase in a rapidly frozen solution is not 
perfectly freeze-concentrated because of the formation of the non-crystalized water (i.e. 
vitrified water).[9-11] Annealing over Tg reduces the fraction of the amorphous phase toward 
the completion of the freeze-concentration; this is called as relaxation (glassy phase 
relaxation). The degree of the relaxation relates to the Tg and viscosity of the glassy state, and 
it would affect the dehydration rate from the glassy phase and consequently the strength of 
the dried layer. Therefore, the freeze-dried microstructure forms not only in the freezing step 
but also in the drying step. The formation of freeze-dried microstructure in the sufficiently 
freeze-concentrated frozen solution would be different from the one in the immature frozen 
solution. Our interest in this study was thus to investigate the influence of the glassy state 
relaxation on the microstructure formation during freeze-drying.  

X-ray computed tomography (CT) is a powerful tool to visualize microstructure of a 
material without sample destruction. In this study, X-ray CT was used to observe 
microstructure formation during freeze-drying. Our interests in this study is to investigate the 
primary and secondary drying behavior by using in-situ CT technique with monochromatized 
X-ray from the synchrotron radiation. A freeze-drying system was set-up at the X-ray CT 
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stage, and the microstructure change during vacuum freeze-drying of dextrin solution was 
observed.  

2. Materials and Methods 

2.1. Materials 

Millipore-purified water was used for the sample preparation. Sucrose was purchased from 
Wako Pure Chemical Industries (Osaka, Japan). Dextrin was donated by Matsutani Chemical 
industry Co., Ltd. (Hyogo, Japan). Dextrin of which dextrose equivalent (DE) equal to 11 
was used in this study. Glass transition temperatures of the maximally freeze-concentrated 
aqueous dextrin solution (T’g) measured by DSC was around –11ºC. 

 

2.2. Frozen sample preparation 

Aqueous dextrin solution with a concentration of 20 %(w/w) was prepared and filled in a 
sample stage. Sample stage was composed of a metal base (made by stainless steel) and a 
plastic tube (diameter 6 mm, height 10 mm). The tube was attached on the metal base to make 
a space for putting a solution. The bottom of a solution contacts to the metal part. The sample 
stage with a sample solution was placed on a cupper block pre-cooled in liquid nitrogen so 
as to freeze inner solution rapidly with keeping its direction of freezing from the bottom to 
the top. Frozen solutions were subsequently annealed at –5ºC in an electric cooling devise 
for selected duration (0–12 h). Frozen samples were then stored in a refrigerator at–90ºC until 
measurement. 

 

2.3. Synchrotron X-ray computed micro tomography 

X-ray computed tomography was carried out at synchrotron facility SPring-8 (BL19B2, 
Hyogo, Japan). Monochromatized X-ray was used for this measurement in order to obtain X-
ray attenuation linear coefficient from the tomograms. The X-ray energy was adjusted to 12.4 
KeV by a double Si-crystal monochromator (net plane: (111)). As schematized in Fig. 1, the 
measurement stage was equipped with a turntable with a cold finger of which temperature 
was controllable by an external air blowing device in the range of –80 to –10ºC. The sample 
stage with a frozen sample was rapidly fixed on the sample stage pre-cooled at around –15ºC. 
The sample stage on the turntable was then fully covered with a housing case, and the inner 
space was evacuated by connecting a vacuum pump in order to start freeze-drying. The top 
of this housing component was made by acrylic resin with a thickness of 0.5 mm. The X-ray 
passed through this acrylic window and the sample, and then exposed to X-ray camera that 
was set 100 mm behind the housing component. An X-ray imaging unit (AA40, Hamamatsu 
Photonics K.K., Japan) and CCD camera (C4880-41S, Hamamatsu Photonics K.K., Japan) 
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were used for image acquisition. 256 transmission images were acquired for one set of 
measurement by rotating the turntable from 0 deg to 180 deg at a speed of 1.2 deg/s. The 
exposure time of X-ray was set to 0.12 s for taking an image, and the pixel size in the image 
was 2.92 µm square. A horizontal cross-sectional image (i.e. tomogram) was reconstructed 
from the transmission image by the filtered back projection method. Freeze-drying run was 
carried out with the sample stage temperature at around –14ºC, inner pressure around 12 Pa. 

 

Fig. 1 X-ray CT measurement set-up equipped with freeze-drying stage. 

 

3. Results and Discussions 

3.1. CT images during freeze-drying 

The freeze-drying runs were carried out and CT images were successfully captured by the 
present system. First of all, CT images taken from the frozen zones were compared in Fig. 2. 
The boundary between the ice and freeze-concentrated phases was obviously formed in the 
sample prepared via longer annealing. One reason is due to the ice crystal size increase by 
Ostwald ripening mechanism. Another reason is the progress of the freeze-concentration due 
to the glassy state relaxation. The details of these kinetics during annealing were investigated 
in a former study of the authors [12], suggesting that both the glassy phase relaxation and 
Ostwald ripening jointly control the ice crystal growth/ripening kinetics, and the dominant 
mechanism was depending on the stage of annealing. Furthermore, the progress of freeze-
concentration increases the density of the phase, this contribute to increase the attenuation 
level in the CT image and make clear contrast with the ice phase. It was also suggested that 
the dextrin-water system required more than 20 hours of annealing time for the completion 
of the glassy phase relaxation.  
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Fig. 2 X-ray CT images of frozen specimens (vertical cross sections); (A) Annealed for 0h, (B) 
Annealed for 12 h, (C) Annealed for 30 h. 

 

Fig. 3 X-ray CT images of freeze-drying specimens (the duration under vacuum was stamped in the 
images); (A1–3) Annealed for 0 h, (B1–3) Annealed for 12 h . 
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3D reconstructed images of the samples during freeze-drying were shown in Fig. 3. It was 
visibly confirmed from the images of the sample via 12 h of annealing that the ice crystals 
were removed from the system by maintaining the original architectures made by the freeze-
concentrated phase (Fig. 3A). This observation agrees with conventional explanation of a 
freeze-drying mechanism where a microstructure in a freeze-dried matrix is a replica of the 
frozen microstructure. On the other hand, this was hardly observed in the images of the 
sample prepared without annealing (Fig. 3B). Although extremely fine porous structures 
were formed at the top part, the formations of specific large pores were obvious in this drying 
system. These large pores were not visible in the frozen zone, and randomly distributed in 
the sample geometry. Considering that the glassy phase in the non-annealed solution was not 
perfectly freeze-concentrated, the apparent vapor pressure of this phase is higher than the 
perfectly freeze-concentrated phase. The apparent water vapor pressure, this is not 
equilibrium thermodynamic pressure, of the glassy phase is observed lower as the value of 
(T– Tg) become smaller. This is because the properties of glassy phase is kinetically 
controlled.[7] Therefore, in the drying of non-annealed solution, water removal from this 
phase would be accelerated and easily lost its original microstructure.  

 

3.2. Fractal dimension and lacunarity 

The previous section discussed about the microstructure formation that occurred 
simultaneously with dehydration. In order to evaluate the differences in microstructures, the 
fractal dimension and the lacunarity of the porous microstructures were calculated from the 
images. Fractal dimension is a measure of structural roughness, whereas lacunarity is a 
measure of inhomogeneity or texture. In other words, lacunarity is the ratio of void space 
filled in a fractal structure. Cross sectional images were selected from the dried zone, and 
converted into binary images (Fig. 3). Image analysis was carried out on the binary images 
by a software FracLac version 2015 for ImageJ. The fractal dimension values for the non-
annealed and annealed samples were both calculated as 1.8. The lacunarity values, on the 
other hand, for the non-annealed and annealed samples were 0.14 and 0.12, respectively. 
These values suggested that the structural difference between the non-annealed and annealed 
freeze-dried matrix was mainly due to the formation of the void space. The difference in the 
lacunarity values implies that the obvious void spaces seen in the non-annealed sample were 
not casted by ice crystals. Annealing in freeze-drying process has been recognized as a 
technique to reduce primary drying time and also to alter crystallinity and/or aggregation 
degree of the components[9, 10, 13-15] The result of this study suggested that these advantages 
of annealing are realized by avoiding the structural deformation as seen in the freeze-drying 
of the non-annealed sample, and largely relate to the degree of the glassy phase relaxation. 
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Fig. 4 X-ray CT images of freeze-dried specimens (horizontal cross sections); (A) Annealed for 0h, 
(B) Annealed for 12 h. Binary images converted from A1 and B1 are shown at the bottom. 

 

4. Conclusions 

In-situ computed tomography technique with X-ray from the synchrotron radiation was used 
to observe microstructure formation during freeze-drying to investigate the primary and 
secondary drying behavior. A specially designed vacuum freeze-drying stage was equipped 
at the X-ray CT stage, and the frozen and dried microstructures of dextrin solutions were 
successfully observed. It was confirmed that the many parts of the pore microstructures 
formed as a replica of the original ice microstructures, whereas some parts formed as a 
consequence of the dehydration. This would relate to the relaxation level of the glassy phases. 
When rapidly frozen and non-annealed solution was subjected to freeze-drying, obvious 
deformation of the original ice microstructures could be provoked by the water removal from 
both ice and freeze-concentrated phases. Considering that the glassy phase in the non-
annealed solution was not perfectly freeze-concentrated, water was rapidly removed from 
this phase and lost its original microstructure. It was suggested that the advantages of 
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annealing are not only to reduce primary drying time due to the modification of ice crystal 
morphologies but also to avoid quality loss that relate to the structural deformation of the 
glassy matters. 
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Abstract 
Green Coffee Products (GCP) consumption have been increased recently and 

is justified due its benefits to human health, as the antioxidant activity and 

thermogenic properties and ant mutagenic and ant carcinogenic capacity 

and also present alleged weight loss control. The aim this work was to 

elaborate a GCP with Coffea canephora by spray drying and compare its 

antioxidant capacity to commercial GCP samples by ORAC methodology. 

The results presented a range of 33.02 – 2,408.05 µmol Trolox/g for 

commercial products and 1,861.91 µmol Trolox/g for the product obtained in 

this work.  

Keywords: Antioxidant Activity;Green Coffee;Spray Drying;ORAC. 
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1. Introduction 

In recent years, the studies on the biological activity of green bean coffee and their 
beverages has been more encouraged and explored [1]. Green coffee beans differ in 
chemical composition according to species and origin. Coffee beans are composed of 
polysaccharides, lipids and proteins and as secondary compounds caffeine, trigonellin, 
chlorogenic acids, free sugars (mainly sucrose), free amino acids, diterpenes, melanoidines, 
among others [2]. However, during the coffee roasting process, several chemical reactions 
occur at the same time, from which some compounds are degraded, such as proteins, 
polysaccharides, and chlorogenic acids [3]. 

A cup of the roasted coffee drink is rich in different and complex bioactive substances, 
which can present antioxidant activity, being the beverage an important source of the 
consumption of natural antioxidants [4]. 

The process and formulation to obtaining food supplements from green coffee may be the 
differential, as the commercial products of dietary supplements based on green coffee has 
different formulations which  uses various food materials sources of bioactive compounds. 
Besides the formulation and choice of raw material, since it is known that the robusta 
coffee beans (Coffea canephora) contains more acids chlorogenic than C. arabica, which 
plays an important role in the antioxidant capacity [5]. The product obtained in this work 
was composed only by green coffee extract from C. canephora and maltodextrin. 

In addition to the consumption of the traditional coffee beverage made by infusion of 
roasted and ground coffee, green coffee extract (GCE), commercialized in different forms, 
such as capsules, flours or liquid extract, has gained a market share by the appeal of 
antioxidant activity and for the help in the weight loss process [6], since it contains 6 to 
12% of chlorogenic acids, of which during the roasting process of the grain for the 
preparation of the traditional coffee beverage undergoes degradation [7]. In this way the 
aim of our study was elaborate a GCP with C. canephora by spray drying and compare its 
antioxidant capacity to commercial GCP samples. 

 
2. Materials and Methods 

2.1 Green Coffee Products 

It was evaluated nine different products of commercial dietary supplements based on green 
coffee, purchased directly from Rio de Janeiro trade, in the form of capsules or flours and 
one GCP imported from USA, Figure 1A. A GCP 10 was elaborated under our laboratory 
conditions, Figure 1B.  
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Fig. 1. Market GCP analysed (A), GCP produced by spray drying 

 
2.2 Extraction of bioactives compounds and production of green coffe dietary 
supplement by spray drying  
 
For extraction of bioactives compounds  of robusta coffee (C. canephora) the grains were 
grounded in an IKA grinder (A11) and sieved (480-680 μm). Then, the aqueous extract was 
according to a methodology adapted from Liu et al., (2010) [8], using a ratio of 0.11 g/mL 
(mass/volume) between green coffee and distilled water for the extraction of bioactive 
compounds in Hielscher model tip ultrasound with 200 watts power for 10 minutes with a 
sample immersed in an ice bath. After extraction, the samples were taken to the refrigerated 
centrifuge ROUTINE 38 at 7000 rpm for 14 minutes at 25ºC to separate the solid phase.  

In spray drying a first step is to evaluate if it is necessary use of carrier’s agents. Priors tests 
indicating it is indispensable for protection from heat and facilitate its flow into the tower to 
prevente adherence of product to the equipment walls. The most commonly carrier used is 
the maltodextrin, a hydrolyzed starch widely that has a property of aiding the dispersion of 
a product and preventing its agglomeration pipelines. Maltodextrin DE10 (10% equivalent 
dextrose) was mixed with GCP extract (7 oBrix) using an ultra turrex forming an emulsion 
to be atomized in a spray dryer. The percentage of maltodextrin was established according 
to the solids content of extract in this case 70 grams per liter of extract. The spray-drying 
process was performed using a laboratory-scale Mini Spray Dryer Buchi B-290 (Buchi 
Labortechnik AG). The emulsion was fed at a flow rate of 0.96 L/h, co-current air flow rate 
of 25 kg/h and air inlet and outlet  with temperatures of 170 °C and 90 °C, respectively, C, 
using a nozzle of 0.7 mm diameter. The powder product was stored into sealed metallic 
packaging and conserved at 25 oC until the moment of analyses. 

 
 
2.3 Extraction of bioactives compounds of commercial products 

A B 
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The extraction of bioactives compounds of the commercial products analyzed in this work 
followed the same procedures described in the section 2.2 only modifying the ratio 
mass/volum to (0.067 g/mL). 

 
2.4 Determination of antioxidant capacity by ORAC  
 
The determination of antioxidant capacity by the Oxygen Radical Antioxidant Capacity, 
equation 1, was done according to Zulueta and colaborators [9] that consisted on the 
transfer of hydrogen from the antioxidant material (samples or trolox) to the AAPH radical 
[2,2'-azobis amidinopropane)], avoiding attacking the fluorescein present in the reactional 
medium. Samples were diluted in sodium phosphate buffer pH 7.4 and transferred to a 96-
well microplate 80 μL. It was built a calibration curve, in triplicate, as well as the same 
amount of the samples besides the blank of the reaction, where 80 μL of phosphate buffer 
was applied. The plate was taken to the Infinite 200 model Tecan Fluorimeter spectrum at 
37 °C programmed with excitation wavelength of 485 nm and emission wavelength of 535 
nm. It was dispensed 80 μL of fluorescein solution and performed the excitation e emition 
reading. After initial reading, it was dispensed 40 μL of the AAPH radical solution and read 
excitation e emition of all wells at every 5 minutes for 90 cycles. The area under the curve 
(AUC) was calculated by software (Prism), using the fluorescence reading over the 90 
cycles of the analysis. A trolox AUC values were subtracted from the blank AUC and the 
differences used for the construction of the Trolox calibration curve. The linear and angular 
coefficients obtained in the calibration curve were used to quantify the samples. 

 

 

(1) 

 

AUC sample = Area Under the Curve of the sample 

AUC blank = Area Under the Curve of the blank 

b = linear coefficient 

a = angular coefficient 

CA = Concentration of the sample in solution given in mg/L 

 
2.5 Determination of caffeine nd chlorogenic acid contents in GCP  

 
The determination of caffeine and chlorogenic acid were conducted in triplicates by HPLC 
Aliance 2695 with PDA detector 2996, with  280 nm and software Empower® (Waters, 
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Massachusetts, EUA). The cromatographic column used was a BDS Hypersil C18 (5cm x 
4,6mm e 3μm – Thermo Scientifc, Massachusetts, EUA), according Rosa and colaborators 
[10]. The quantification of both analytes were performed by external standardization base 
on calibration curves made with commercaial analitycal standards.  

 
3. Results and Discussion 

The results of antioxidant capacity determined by the ORAC methodology ranged from 
33.02 μmol trolox/g to 2,408.05 μmol trolox/g, which shows the heterogeneity of the 
products (Figure 2). The range of antioxidant capacity of the GCE likely to be due to 
variation in the formulation of products containing other sources of compounds that exert 
antioxidant function [11]. The products 2, 3 and 5 showed low range of antioxidant 
capacity. The GCE supplement elaborated in this study (sample 10) showed an excellent 
antioxidant potential when compared to commercial green coffee products, besides 
presenting only coffee and maltodextrin in its formulation. Compared to 9 products 
analyzed, the product obtained in this work (Sample 10) presented third best antioxidant 
activity against commercial products. 

Liang and colaborators [12] analyzed the antioxidant capacity of green arabic coffee beans 
from the Dominican Republic, Peru, Sumatra, Papua New Guinea and Ethiopia and 
obtained values of 410; 450; 420; 380 and 410 μg trolox equivalent/gram. 

A great variation in the values of antioxidant capacity from GCP samples were observed, 
probably due to the different raw material, formulation and ways of processing to obtain 
each GCE. This information is emphatized through caffeine and chlorogenic acid results 
obtained by HPLC in our green coffee product. Since our GCP, sample 10, presented 
greated values for caffeine and clororogenic acid (Figure 3).  

The antioxidant capacity of dietary supplements based on green coffee plays an important 
role which refer to quality of this products since the marketing of this products is around 
the antioxidant capacity. 
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Figure 2. Antioxidant capacity of green coffee products 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Caffeine (A) and chlorogenic acid (B) contents in green coffee products 

 

 

4. Conclusions 

A product of green coffee extract was elaborated in this work (Sample 10) with great 
antioxidant capacity .  

A B 

Dietary supplement 
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A great variation in the values of antioxidant capacity from GCP samples were observed, 
probably due to the different raw material, formulations and ways of processing to obtain 
each GCP.   

The antioxidant capacity of dietary supplements based on green coffee plays an important 
role which refer to quality of this products since the marketing of this products is basen on 
their antioxidant activity. 
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Abstract 
The aim of this work was to verify the influence of drying on physical and 

chemical characteristics of residues from rice milk production. Residues 

were from the production of white, red and black rice. They were dehydrated 

in an oven with air circulation at 60ºC for 8h. Characterization of them were 

carried out by physical and chemical analyses. Residues have presented 

statistical difference for all parameters measured. Its characterization is 

necessary to justify its use in other process or application on new 

products.The residues from rice milk production have high content of 

nutrients and phenolic compounds, even after dehydration. 

 

Keywords: Nutrients; Oryza sativa; waste. 
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1. Introduction 

Rice is one of the most consumed cereal in the world, mainly in Asian countries[1]. Its 
sucess is related not only on its nutritional quality or its practicality and applicability on 
food industry, but also on some characteristics that this grain present, like absence of 
allergenic substances and gluten[2]. In addition, rice has presented in its composition a high 
amount of proteins, mineral salts and B vitamins, and a low percentage of lipids, which 
confer a great nutritional value to the grain and make it a source of energy[3,4]. 

There are many variety of rices, and some of them, like red or black rice, are source of 
compounds important for human nutrition. Red and black rice can be considered a source of 
important compounds for human nutrition and health, such as phenolic compounds, 
anthocyanins, catechins, and fibers[5,6,7]. 

Vegetable milk is considered an option for dairy products. It is defined as an aquous extact 
made by vegetable raw materials[8]. Comparing with cow milk it stand out based on its 
composition, that presents low fat, cholesterol free, and high percentage of proteins and 
energy[9]. In addition it is lactose free[10] and made by vegetables, so lactose intolerants and 
vegans can drink it. 

Although vegetable milk is an important food product for consumers, its process generate 
some residues. Those residues produced still has important compounds which can be used 
in human diet. An alternative is the dehydration of this material and its application in many 
other food products. Thus, food industries could reduce its waste of resources on the 
environment. 

The dehydration of residues from food industries is a way to preserve this material by loss 
of water, however processing and storage conditions have to be studied with the aim of 
preserving nutrients and bioactive compounds. So, it can be inserted in formulations of 
many kinds of foods, such as cereal bars, cakes, biscuits, among others. 

Thereby, the aim of this work was to verify the influence of drying on physical and 
chemical characteristics of residues from the production of rice milk. 

 

2. Materials and Methods 

Residues were from the production of vegetable milk based on white, red and black rice. 
They were dehydrated in an oven with air circulation at 60ºC for 8 hours. The 
characterization of them were carried out by analyses of moisture, ash, lipids, proteins, 
carbohydrates, total caloric value, Aw, pH, titratable acidity and phenolic compounds. 

952



Silva, L. R.; Casari, A. C. A. B.; Velasco, J. I.; Fakhouri, F. M. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

Moisture content was quantified according to AOAC[11]. Samples were submitted to an 
oven with air circulation (70ºC for 24 hours) and results expressed in percentage of 
moisture in wet basis. Ash was carried out by incineration in muffle oven at 550ºC[11], and 
results expressed in percentage of ash. Lipid was carried out by cold extraction[12] and 
expressed as percentage of lipids. The determination of protein was done by micro Kjeldahl 
method and results calculated by conversion factor for rice (5.95) and expressed as 
percentage of proteins. Carbohydrate was calculated by difference (Nifext fraction). Total 
caloric value was calculated by multiplicated values of lipid, protein and carbohydrate by 
Atwater constants and expressed in kcal/100 grams. Water activity (Aw) was carried out by 
direct measurement in digital hygrometer (Aqualab, Decagon, 3.0 Serie). pH was measured 
directly with potenciometer, by diluation of 10 g of sample in 100 mL of distillated water. 
Titratable acidity was determined by titulation with sodium hydroxid[11] and expressed in 
percentage. 

For determination of phenolic compounds, extracts were made according to Rufino et al.[13]. 
The phenolic compounds were determined by Folin and Ciocalteau method[14], developed 
by Singleton and Rossi[15], with gallic acid as standart. Results were expressed as 
mgEAG/g. 

All analyses were carried out in triplicate and datas were submitted to variance analyse and 
compared by Tukey test, with 5% of significance. 

 

3. Results and Discussion 

Residues from vegetable milk based on white, red and black rice (Fig. 1) have presented 
statistical difference (p≤0.05) for all parameters measured (Table 1 and 2). 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 1 Dehydrated residues from processing of vegetable milk based on white (a), red (b) and black 

(c) rice. 
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Table 1. Characterization of residues from processing of vegetable milk based on white, red and 

black rice (part I). 

Rice Moisture (%) Ash (%) Lipid (%) Protein (%) Carbohydrate (%) 

White 4.11±0.10b 0.45±0.01c 0.45±0.07b 7.56±0.32c 87.43±0.49ª 

Red 7.85±0.56ª 0.99±0.04b 2.05±0.13ª 12.39±0.08a 76.73±0.64c 

Black 2.13±0.04c 1.19±0.07ª 1.81±0.16ª 10.75±0.02b 84.12±0.06b 

Values in the same column followed by the same letter do not differ by Tukey test at 5% of 

probability. 

 

According to the composition of residues, protein value is an important parameter that can 
be observed. Residue from red rice milk presented 12.39% of protein, and make it as a great 
source of this macronutrient. 

 

Table 2. Characterization of residues from processing of vegetable milk based on white, red and 

black rice (part II). 

Rice Total caloric 

value* 

Aw pH Titratable 

acidity (%) 

Phenolic 

compounds** 

White 384.05±0.10b 0.248±0.005b 5.93±0.07b 1.65±0.07c 19.30±0.60c 

Red 374.01±0.70c 0.527±0.002ª 6.11±0.07ª 374.01±0.70c 110.26±0.01b 

Black 395.13±0.63ª 0.195±0.000c 6.20±0.02ª 3.98±0.09ª 123.41±0.50a 

*kcal/100 grams; ** mg EAG/100 g. Values in the same column followed by the same letter do not 

differ by Tukey test at 5% of probability. 

 

The characterization of residues from food industry is necessary to justify its use in other 
process or application on the development of new food products, such as cereal bars, 
cookies, breads, biscuits, cakes, and others. Using up all nutrients and reducing the waste of 
them and the environmental impact.  

Dehydration process do not degraded the content of phenolic compounds present on the 
samples. Residue from black rice milk presented highest phenolic compounds content 
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(123.41 mg EAG/100 g), due to the difference on the variety of rices (white: 19.30 mg 
EAG/100 g; red: 110.26 mg EAG/100 g).  

Even after dehydration, residues still presented a great content of nutrients and bioactive 
compounds. Many researchers use the dehydration of residues to make flours and use it in 
new food products. So all important nutrients and compounds is used and consumed by 
people. 

 

4. Conclusions 

In conclusion, residues from rice milk production have high content of nutrients and 
phenolic compounds, even after dehydrated. Also they can be used on others process to 
improve the nutritional quality of new food products and reduce the waste of nutrients. 
Dehydration, at the studied conditions, of the residues from rice milk production is an 
indicated process for preservation of nutrients and bioactive compounds. 
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Abstract 

The MW heating at early or at final stage of drying process to obtain a crispy 

apple snack was studied. The effect of MW power and time of application was 

also evaluated on colour, texture, physico-chemical and sensory properties. 

Apple snack obtained with the MW heating (7.5 min at 3.000 W) at early stage 

after an osmotic pre-treatment resulted in apple slices more porous and with 

better sensory attributes than if it is applied at later stage of drying.  

 

Keywords: apple; snack; drying; microwaves 
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1. Introduction 

One of the main barriers for fruit consumption is convenience. The application of new 
preservation technologies allows developing new food concepts, such as snacks, which can 
fulfil the consumer demand of convenience and, as a result, increase fruit consumption.  

Apple drying has been studied extensively during the few past decades [1-4] by means of 
processes which combine an osmotic treatment and a conventional convective drying. 
Results were acceptable and a stable shelf-life over 6 months [5] has been reached. However, 
these processes are very time consuming (4.5 h). Microwave drying (MW) combined with 
other drying conventional methods could decrease the processing time [6]. Therefore, 
including MW in the drying process, could be useful in order to save time and energy and, in 
addition, improve the snack quality. It is still not clear which is the best time to apply MW 
to obtain a crispy snack. Some authors [7] assert that MW heating applied at the earlier stage 
of drying leads to more porous product, whereas others [8,9] indicate that this parameter is 
enhanced when the MW heating is carried out at the final stage of drying process.  

The present work aimed to compare the effect of the MW heating at early or at final stages 
of drying on the colour, texture, physico-chemical and sensory properties of an apple snack. 

 

2. Materials and Methods 

2.1 Sample preparation  

Golden Delicious apples and apple juice from local suppliers were stored at 4ºC. Quality of 
the raw material was relatively stable since all the experiments were completed in 1-2 weeks. 
Apples were washed and manualy sliced at 4±0.3 mm-thickness with a calibrated cork borer.  
Sugar content of the apple juice was 12.2±0.2º Brix. 

2.2 Apple snack processes 

The preparation of the apple snack consisted in a three stage process. The stage was an 
osmotic pre-treatment (O) followed by a combined treatment of MW/Convective drying (C) 
or C/MW. Different MW power ratios were applied to the product (Table 1).  

Table 1. Treatments used to develop the apple snack 

Process 
Drying 
Stage 1 

Drying 
Stage 2 

MW power ratio 
(W/g) 

MW power 
(kW) 

MW time 
(s) 

1 MW C 2.98 3.0 452 
2 MW C 5.56 6.0 226 
3 C MW 18.77 3.0 452 
4 C MW 40.76 6.0 226 
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Osmotic pre-treatment (O) 

Apple slices were dipped in apple juice at 4ºC in a solution ratio 1:2 (w/w) for 60 min. Then, 
moisture content (MC) and water activity (aw) were measured. After the osmotic treatment 
and before starting the drying process, samples were blotted by gravity to remove the excess 
of water. 

Microwave drying (MW) 

MW heating was carried out in an industrial MW continuous tunnel (F00003801A, MES 
Technologies, France; see Fig.1). Apple slices were placed onto the conveyor belt (single 
layer) at 0.45 m/min at 25 ºC. Table 1 shows the MW power ratio applied. 

Convective drying (C) 

Convective drying (C) was carried out in a conventional dryier placing the apple slices in a 
single layer onto a grid. Samples were dried at 107±3ºC, RH < 3% and 1.5 m/s air velocity 
for 60 min. Between drying stages 1 and 2 and at the end of the process, samples were cooled 
down during 5 min at 15±3ºC. 

 

2.3. Parameters recorded or analysed 

Temperature (T) 

Temperature was measured with optic fiber probes (FOT-L-NS-484B,FISO Technologies, 
Canada). The probe was placed inside the apple slice, 15 mm from the surface and connected 
to a data logger (TMI, FISO Technologies, Canada).  

Water activity (aw) 

Water activity (aw) was measured at 25 °C with an AquaLab Series 3 instrument (Lab-Ferrer, 
Cervera, Spain). Three replicates per treatment were carried out. 

Moisture content (MC) 

Moisture content (MC) of the samples was determined by drying until reaching constant 
weight (Association of Official Analytical Chemists [AOAC], 1990). Three replicates per 
treatment were carried out. 

Density and porosity  

True density of dried apple slices was measured by means of a pycnometer using the 
volumetric displacement method [10]. The apparent density was measured using the solid 

displacement method [11] and a graduated burette of 100±0.5 ml. Porosity (��, was calculated 
according to Eq.1: 
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� � 1 �
��

��
 (1) 

where 	
 and 	� are the bulk density and solid density expressed in g/cm3. Three replicates 

per treatment were carried out. 

Instrumental Colour measurements 

Instrumental colour measurements were carried out with the colorimeter Konica Minolta 
Chroma Meter CR-400 ( AQUATEKNICA, S.A.,Valencia,Spain) with illuminant D65 (2º 
standard observer ans specular component included) in the CIE-Lab space: L* (lightness), a* 
(redness) and b* (yellowness) (Commission Internationale de l´Éclairage [CIE], 1976). 
Colour measurements were performed on 8 samples per treatment and averaging 3 readings. 

Instrumental Texture measurements  

Texture was measured using a TA.XT plus Texture Analyzer (Stable Micro System 
Ltd.,Godalming, UK) for force/displacement with a 5 kg load cell, using a spherical probe 
(P/0.25). Samples were placed onto the HDP/CFS (Crisp Fracture Support Rig and 
corresponding platform, SMS). Test settings were: speed 7 mm/s, trigger force 0.049 N, 
probe travel distance 5 mm. A force-time curve was recorded and maximum peak Force (N)  
was measured. Ten measurements per treatment were carried out. 

Sensory analysis 

Six trained assessors [12] undertook the sensory analysis on dried apple slices. The 
generation and selection of the descriptors was previously carried out by 2 open discussion 
sessions. Product was evaluated for appearance, odour, flavour/taste, texture and overall 
sensory quality. A non-structured scoring scale [13] was used, where 0 means absence of the 
descriptor and 10 means very high intensity of the descriptor. Two tasting sessions were 
carried out. Samples were coded with three random numbers and were presented to the 
assessors balancing the first-order and carry-over effects. 

Statistical analysis 

The analyses of variance were performed with the General Linear Model (GLM) procedure 
of the SAS statistical package (Statistical Analysis System [SAS], 9.4). The model for the 
physicochemical, instrumental colour, instrumental texture parameters and sensory attributes 
included the treatment as fixed effect. Differences among means were tested with the Tukey 
test (p<0.05). 
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3. Results and discussion  

Apples used in the present study had 83.3±0.3% moisture content and 5.7±0.8 N 
firmness.The osmotic pre-treatment was studied only in terms of moisture gain; samples 
absorved apple juice up to a moisture of 85.1 ±0.04%. 

Moisture content (MC), water activity (aw) and porosity (ε) 

Table 2 shows that the application of MW treatment at the 1st drying stage (processes 1 and 
2) reduced the MC by about 5 %, while the convective drying (2nd drying stage) reduced the 
MC by about 70 %. No significant differences were observed in MC and aw between 
processes 1 and 2, therefore, the power ratio applied did not affect them. Slice porosity (ε ) 
in process 2 was lower than in process 1. This could be explained by the temperature reached 
by the slices through the MW heating. In process 2, slices reached up to 68 ºC, while in 
process 1, up to 55 ºC. Some studies reported that high temperature causes damage in the 
porous structure and, as a consequence, porosity decreases [14].  

Table 2. Moisture content (MC), Water activity (aw) and porosity (ε) of the apple snack samples 

Sampling time 
Variable 

RMSE Process 
1 2 3 4 

After stage 1  
MC [%] 0.897 79.15a 80.32a 9.44b 8.77b 

aw [-] 0.0091 0.980a 0.979a 0.191b 0.198b 

       

After Stage 2 
MC [%] 0.796 7.31b 7.40b 9.91a 9.05a 

aw [-] 0.0022 0.165b 0.167b 0.221a 0.201a 

 ε  [-] 0.0084 0.545a 0.423b 0.494ab 0.520a 
a b Means without a common superscript in a row are significantly different (p<0.05); RMSE: Root 
mean standard error; Process 1: MW (7.5 min at 3000 W)+C; Process 2: MW(3.75 min at 6000 W)+C; 
Process 3: C + MW (7.5 min at 3000 W); Process 4: C + MW (3.75 min at 6000W). 
 
When convective drying was applied at the 1st drying stage (processes 3 and 4), the MC was 
reduced by about 76 % whereas the MW application at the 2nd stage of drying could not 
reduce it. The power ratio applied did not significantly affect the MC and aw. No significant 
differences in porosity (ε) were observed between processes 3 and 4.  

Treatments with the MW application at the 1st stage resulted in a significant reduction of 
both MC and aw at the end of the process. Therefore, the MW application at earlier drying 
stage is more efficient than the MW application at later drying stage under the experimental 
conditions of the present trial.  
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Colour and instrumental texture parameters 

The driest samples (process 1 and 2) showed the lowest lightness (L*) and the highest redness 
(a*) (Table 3). This is attributed to the lower MC of these apple slices, although some studies 
reported that higher a* is also related with the Maillard reaction, caramelization or pigment 
degradation [5].  

These samples also showed the lowest Max. Force, which can be related to their lower MC. 
The lowest values were observed in samples from process 2, which also have the lowest 
porosity. 

Several studies reported that the higher porosity requires greater compressive strength to 
fracture samples [15]. 

Table 3. Instrumental colour and instrumental texture parameters of the apple snack samples  

Colour parameter 
RMSE Process 

1 2 3 4 

L* 3.044 74.75b 74.52b 80.47a 76.62ab 
a* 1.494 6.23a 4.37a 2.16b 2.16b 
b* 2.180 33.47 32.71 32.41 34.07 

Max.Force(N) 1.909 5.40ab 3.52b 7.43a 6.74a 

a b Means without a common superscript in a row are significantly different (p<0.05); RMSE: Root 
mean standard error; Process 1: MW(7.5 min at 3000 W)+C; Process 2: MW(3.75 min at 6000 W)+C; 
Process 3: C + MW (7.5 min at 3000 W); Process 4: C + MW (3.75 min at 6000W). 
 
 Sensory Analysis 

Regarding appearance attributes, no significant differences were observed (results not 
shown). This fact indicates that, in spite of the differences observed in L* and a* parameters, 
these were not noticeable by the panelists. Similarly, no significant differences regarding 
taste/flavour attributes were observed (results not shown). However, samples obtained by 
process 1 showed a tendency to be scored with a high intensity of apple flavour, which is a 
desirable attribute. 

Processing (MW/C or C/MW) significantly affected dried grass odour, crispiness and 
easiness to chew of the apple slices (Table 4). Samples obtained in process 1 (MW at the 1st 
drying stage and low power ratio), tended to be more crispy and more easy to chew. 
Differences are attributed to its lower MC and higher porosity. Samples of process 2 had 
lower porosity and these of processes 3 and 4 had higher MC. Other authors reported the 
effect of MC and porosity on crispiness and chewiness in the same direction [16,17]. 

Regarding dried grass odour, results showed that samples obtained with processes with 
higher power (2 and 4) were scored with higher intensity. This effect should be taken into 
account because this is an attribute not desirable for an apple snack. 

962



Fartdinov, D.; Comaposada, J.; Muñoz, I.; De Wit, N.;Gou, P.; Guàrdia, M. D. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

Overall sensory quality showed a tendency to be higher in samples of process 1. This result 
could be explained by the fact that these samples were scored with higher intensity of apple 
flavour, crispiness and easiness to chew and with lower intensity of dried grass odour. 

Table 4. Sensory attributes  

Attribute 
RMSE Process 

1 2 3 4 

Dried grass odour 1.10 1.3b 2.8ab 1.1b 3.3a 
Crispiness 1.81 7.0a 4.8ab 3.5b 4.8ab 

Easiness to chew 1.49 6.3a 3.8b 3.5b 3.5b 
Overall sensory quality 1.60 6.8 4.3 4.8 4.8 

a b Means without a common superscript in a row are significantly different (p<0.05); RMSE: Root 
mean standard error; Process 1: MW(7.5 min at 3000 W)+C; Process 2: MW(3.75 min at 6000 W)+C; 
Process 3: C + MW (7.5 min at 3000 W); Process 4: C + MW (3.75 min at 6000W). 
 
 
4. Conclusion 

The application time of MW treatment in the apple snack process affects their physico-
chemical parameters and sensory attributes. The MW treatment (7.5 mint at 3000 W) applied 
at the 1st stage of drying followed by convenctive drying results in more porous apple slices 
and with better sensory attributes. 
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Abstract 
Citrus aurantium flowers are high value aromatic and medicinal plants. The 
storage conditions and quality of dried Citrus aurantium flowers depends on 
their hygroscopic stability. The equilibrium moisture content was determined 
at temperatures (from 30 to 60 °C), and the sorption phenomenon is well 
described by Peleg model. The optimal water activity for the storage of the 
product was estimated at awop=0.373. Afterwards, the net isosteric heat was 
evaluated in the range of 88 kJ.mol−1 for small values of the moisture content 
(Xeq=0.14kg water/kg d.b), and it decreased along with the increase of Xeq. 
The experimental drying curves showed only a falling rate period. Finally, 
Midilli-Kucuk model was found to be the more suitable to describe the drying 
kinetic of Citrus aurantium flowers. 

Keywords: Drying kinetics; Solar energy; Modeling; Citrus aurantium; 
Sorption isotherms; Conservation process. 
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1. Introduction 

Medicinal and aromatic plants have a crucial value in the pharmaceutical industry and 
traditional medicine. Drying is the most used preservation operation in the storage of 
medicinal and aromatic plants and it is a part of the extraction process of high value 
substances. The indirect solar drying is more adapted to developing countries; it is 
economic, fast and leads to a homogeneous and edible product [1]. 

Citrus aurantium flowers are known for their benefits on nervous balance and digestion [2]. 
They are often used for the extraction of the main assets. These flowers are very rich in 
essential oil that can be used in the composition of some perfumes. For the natural 
medicine, the leaf is used for its sedative and soothing properties. Indeed its essential oil, 
associated with other bitter principles gives him soothing and relaxing properties. 
Furthermore, they are usually prescribed to regulate mild sleep disorders and to treat 
nervousness. In this case, the preservation of this material by drying and the establishment 
of desorption isotherms are very useful for its conservation [3]. 

The sorption isotherms are a good way to describe how active water is bound to a wet 
product [4]. They are also an extremely valuable tool because it provides precious 
information about the hygroscopic equilibrium [5]. In other words, it is necessary to 
determine the optimum moisture content and the water activity that must be achieved 
during drying for better preservation of the dried product. 

Only experimental studies allow determining the drying kinetics of products. Therefore, it 
is interesting to study variations of moisture content for different controllable aerothermal 
parameters. The mechanisms of these transfers are very complex and they lead to large 
physical, chemical and biological changes. Hence, the evolution of these parameters must 
be controlled in order to achieve the best quality [6,7]. 

The main objectives of this study are: 

• To determine the effect of temperature on the moisture desorption and adsorption 
isotherms of Citrus aurantium flowers, and to find the appropriate model that describes 
its sorption curves. 

• To determine the optimal storage condition of the product and the isosteric heat of 
sorption. 

• To investigate the drying kinetics of Citrus aurantium flowers. 

2. Materials and Methods 

2.1. Sorption isotherms 
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The hygroscopic equilibrium was achieved by the static gravimetric technique [8]. The 
samples that were used for desorption were fresh and weighed around 1±0.1g. The ones 
that were used for adsorption had been dried for 24h in an oven at 105°C before putting 
them on the glass jars; their weight was around 0.1±0.01g. This process was performed at 
three different temperatures (30, 40 and 50 °C). 

2.2. Description of the solar drying 

The experimental apparatus consists of an indirect forced convection solar dryer. The solar 
dryer was described in detail in [9]. The same mass of fresh Citrus aurantium flowers 
(20±1g) was used for each drying experiment. Drying experiments were performed for 
three temperatures (40, 50 and 60 °C) with the air flow rate of 0.083m3.s-1. 

3. Results 

3.1. Desorption and adsorption isotherms 

Figs. 1 and 2 show the effect of temperature on desorption and adsorption of Citrus 

aurantium flowers. Xeq increases by decreasing temperature at constant water activity. This 
result may be explained by the higher excitation state of water molecules at higher 
temperature thus decreasing the attractive forces between them [10]. The sorption isotherms 
are type II of the IUPAC classification and exhibit a sigmoidal shape; this is consistent with 
the behavior of other medicinal and aromatic plants [11]. In the present study, the 
relationship between Xeq and aw at 30, 40 and 50 °C was predicted by applying 
mathematical models. The used models’ equations (GAB, Modified Henderson, Modified 
Halsey, Modified Oswin , Enderby and Peleg) are given in [12]. The best model, describing 
sorption isotherms of the product, has the highest value of the correlation coefficient r and 
smallest values of SEM and MRE. These statistical errors are defined respectively by Eqs. 
(1) and (2): 
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=
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100
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Where Xeqi,exp is the ith experimental moisture content, Xeqi,pre is the ith predicted 
moisture content, and df is the freedom degree of the regression model. The Peleg model 
gives the best fitting to the experimental data with a correlation coefficient r of 0.9847 and 
0.9920, SEM of 1.0856 and 1.0562, and MRE of 9.3654% and 10.1268% respectively for 
desorption and adsorption isotherms. 
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Fig. 1 Desorption isotherms of Citrus aurantium flowers at 30, 40 and 50 °C. 

 
Fig. 2 Adsorption isotherms of Citrus aurantium flowers at 30, 40 and 50 °C.  

 
3.2. Determination of the optimum conditions for the storage 

All experimental data of desorption and adsorption at 30, 40 and 50°C were gathered on the 
same graph (Fig. 3). This curve allowed to determine the value at which the second 
derivative of Xeq equals to zero and consequently the optimum value of water activity for 
storage. The found value for Citrus aurantium flowers (awop=0.373) is in agreement with 
the general stability domain of biological products that is between 0.2 and 0.4 [13]. 

 

Fig. 3. Determination of the optimal water activity for storage of Citrus aurantium flowers. 
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3.3. Net isosteric heat 

The net isosteric heat of sorption was calculated from the experimental data using the 
Clausius Clapeyron equation given by Eq. (3): 

R
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)T/1(d

)a(lnd d

X

w

eq

∆−=








  (3) 

Fig. 4 presents the isosteric heat of sorption of Citrus aurantium flowers at temperatures 
ranging between 30 °C and 50 °C. This curves show that the isosteric heat is higher for 
small values of the moisture content (88 kJ.mol−1 for Xeq=0.14kg water/kg d.b) indicating 
the highest binding energy for water removal, and it decreased along with the increase of 
the Xeq [14]. 

 
Fig. 4. Net isosteric heat of desorption and adsorption of Citrus aurantium flowers versus 

equilibrium moisture content. 
 

3.4. Drying kinetics of Citrus aurantium flowers 

An increase in the drying air temperature had led to a significant reduction in the drying 
time; from 340 min for a temperature of 40 °C to 220 min for a temperature of 60 °C (Fig. 
5). It can be noticed the presence of only the falling drying rate period (phase 2) which is 
governed by the water diffusion in the material [15]. 

Several mathematical models are used to describe the macroscopic behavior of the 
products. In this work, the most models describing drying kinetics were used: Newton, 
Page, Henderson and Pabis, Logarithmic, Two term, Two term exponential, Wang and 
Singh, Diffusion approach, Verma et al. and Midilli-Kucuk. The models’ expressions are 
given in literature [16]. The moisture ratio of Citrus aurantium flowers during the thin layer 
drying experiments was calculated by using Eq. (4): 

eqXX

eqXX
X*

0 −

−
=

  (4) 
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The appropriate model was selected according to the highest correlation coefficient (r), the 
lowest MBE (Eq. (5))and the lowest χ². 


=

−=
N

1i
)*

,iexpX*
pre,i(X

N

1
MBE

  (5) 
Where X*exp,i stands for the experimental moisture ratio found in the measurements; 
X*pre,i is the predicted moisture ratio for this measurement. 
Midilli-Kucuk model was selected as the most convenient model to represent the drying 
behavior of Citrus aurantium flowers with R, χ² and MBE respectively of 0.9991, 0.00037 
and 0.00017. These result highlighted the ability of this model to better simulate the change 
in water content in the solar drying Citrus aurantium flowers. Hence, this product presents 
a weak external resistance to heat and mass transfer [17]. 

 

Fig. 5. Variation of moisture content as a function of time. 
 

4. Conclusions 

The storage conditions and the quality of dried Citrus aurantium flowers depend to a great 
extent on their hygroscopic stability. Hence, the equilibrium moisture content was 
investigated at three temperatures in the most convenient range for plants (from 30 to 60 
°C). The sorption phenomenon is well described by the semi-empirical Peleg model. The 
optimal water activity for the storage of the product was estimated at awop=0.373. Then, the 
net isosteric heat of sorption of the samples was computed from the predicted sorption data. 
It was evaluated in the range of 88kJ.mol−1 for small values of the moisture content 
(Xeq=0.14 kg water/kg db), and it decreased along with the increase of the Xeq; this 
thermodynamic quantity estimates the required energy for dehydration processes. Drying 
experiences were conducted in Marrakech (Morocco) by using an indirect forced 
convection solar dryer at three temperatures (40, 50 and 60°C). The experimental drying 
curves showed only a falling rate period. Finally, Midilli-Kucuk model was found to be the 
more suitable to describe the drying kinetic of Citrus aurantium flowers. 
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5. Nomenclature 

Md  Mass of dry matter kg 

Meq  Mass at the hygroscopic equilibrium kg 

X  Moisture content at any time during drying (kg water/kg db) 

X0  Initial moisture content (kg water/kg db) 

Xeq  Equilibrium moisture content (kg water/kg db) 

X*  Moisture ratio  

aw  Water activity  

r  Correlation coefficient  

SEM  Standard Error of Moisture  

MRE  Mean Relative Error % 

MBE  Mean bias error  

∆hd  Net isosteric heat of sorption kJ.mol−1 

∆Hvap  Heat of vaporization of pure water at 35 °C 43.53 kJ.mol−1 

R  Universal gas constant 8.3145 J.mol−1.K−1 

Greek letters 

χ² Reduced chi-square  
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Abstract 
Organic dried apples are common snacks fulfilling functional as well as 
nutritional aspects. However, appearance of dried slices does not always 
satisfy consumer requirements, thus, improvements are needed. In this study, 
partial least squares (PLS) regression models were successfully developed to 
monitor changes in colour and moisture content in apple slices during the 
drying process over the Vis/NIR spectral range. The regression vector 
analysis results suggested that features at 580, 750 and 970 nm are better for 
predicting moisture content, while 580 and 680 nm allow to measure the 
(a*/b*) colour ratio. 

 

Keywords: Drying; Dried apple slices; Moisture content; Colour; PLSR 
modelling 
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1. Introduction 

The demand for organic dried agricultural products is increasing globally due to their health 
promoting aspects, ecological protection and biodiversity maintenance. [1,2] Organically 
grown fruits and vegetables contain a higher polyphenol content compared to 
conventionally grown ones, having anti-carcinogenic, anti-inflammatory, antimicrobial, 
antioxidant, antihypertensive, immune modulating, cardio protective, vasodilatory and 
analgesic proprieties. [3] The majority of people prefer fresh produce; however, it is 
difficult to preserve perishable foods owing to their high moisture content and high 
metabolic activity. Thus, drying is one of most important techniques to produce foods with 
an improved shelf-life, organoleptic quality, and nutritional value and to widen product 
availability and diversify the market throughout the years. Amongst food commodities, 
apple is the most common commercial fruit consumed globally [4] due to its nutritional 
properties. Dried apples be used as raw material in the production of snacks, integral 
breakfast foods, flour, chips and more, thus increasing in the global market. [5] However, 
maintaining a proper structure and appearance of dried organic products has been 
challenging.  

Convective hot-air drying is one of the most common and energy intensive drying methods 
in the food industry. This leads to a dried product with a reduced weight making it suitable 
for transportation and a prolonged shelf-life with minimal nutrient deterioration during 
storage. However, the potential negative outcomes of this process are several physical and 
biochemical changes which might occur leading to quality degradation such as changes in 
colour, texture, size and shape as well as the organoleptic, nutritional and functional 
properties during the drying process. This will impact on the consumer acceptability. [6] 

Most of the quality parameters are highly temperature dependent. [5] 

Moisture content measurement is a labour intensive and time consuming during the drying 
process. Therefore, a non-invasive and non-destructive method is both more useful and 
favourable to detect quality metrics in a production line setting. The presented method is 
based on models that were developed from measured data and hyperspectral data relating 
the products and quality parameters. Many studies have been carried out estimating dried 
apple quality characteristics. [7-10] However, very few studies have been carried out in the 
organic sector. Thus, the aim of this study was to determine the impact of the drying 
temperature on the drying behaviour and colour parameters of organic apple slices, as well 
as to investigate quality metrics predictions such as moisture content and chromaticity 
using the visible/near-infrared (Vis/NIR) spectroscopy during the drying process.  

 

 

974

http://creativecommons.org/licenses/by-nc-nd/4.0/


Shrestha, L.; Moscetti, R.; Crichton, S. O. J.; Hensel, O.; Sturm, B. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

2. Materials and Methods 

Apples (cv. Elstar) were purchased from the Hessische Staatsdomäne Frankenhausen, 
(Grebenstein, Germany) on the evening before each trial, where they had been stored at 8 ± 
1 °C. Fruits of uniform size and colour were used and stored at room temperature overnight 
until the experiments were conducted. Apples were cored using an apple stainless steel 
corer of 2.5 cm (lurch, Schineklstrasse 6, Germany) and sliced to 4-mm thickness using an 
electrical slicer (Graef, Allesschneider Vivo V 20, Arnsberg, Germany). Apple slices were 
cut into equal diameter using a cookies dicer of 62-mm diameter (Flammable, Germany).  

During drying experiments, the samples were dried at 60 ± 2 °C and 70 ± 2 °C for 6 and 4 
h, respectively, in a tray dryer (HT mini, Innotech Ingenieursgesellschaft mbH, Germany). 
The dryer was pre-heated until set temperature was reached before being loaded with the 
sample. Four replications were performed for each assessment. Batch sampling was 
performed at 0, 15, 30, 60, 90, 120, 180, 240, 300 and 360 min for 60-°C drying 
temperature, while at 0, 15, 30, 60, 90, 120, 150, 180, 210 and 240 min for 70-°C drying 
temperature. In each drying interval, sample weighting, chromaticity and hyperspectral 
scans were performed and analysed following the procedure mentioned by Crinchton et al., 
2017. In addition, the a*/b* ratio was calculated in this experiment. 

The spectral data were analysed using Partial least squares regression (PLSR) in relation to 
the moisture content (gw/gDB) and the CIELab coordinates. PLSR is a regression 
technique used to find linear relationships between the reflectance spectra and specific 
qualitative measurement values. The train-test (calibration-prediction) split for the complete 
dataset was on a 70:30 basis. The classification performance of each PLS model was 
determined in terms of regression vector (RV). 

One-way analysis of variance (ANOVA) was performed to evaluate statistical differences 
among the drying times. The Tukey's pairwise comparison method was performed, and the 
Honestly Significant Difference (HSD) was calculated for an appropriate level of 
interaction (P < 0.05). Results were reported as the mean and standard error of the mean. 

 

3. Results and Discussion 

3.1. Drying Behaviour 

Fig 1. shows the moisture content of the organic apple slices as a function of drying time at 
60-°C and 70-°C drying temperatures. As expected, the moisture content decreases 
gradually with drying time and the drying rate is higher at the highest temperature. [8- 10] 
The drying time to reach the final moisture content of 0.11 g H2O/ g D.M were 360 min and 
240 min at the drying air temperatures of 60 and 70 °C, respectively. ANOVA indicates 
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significant effect of drying time on moisture content. The free water content reduced 
significantly at higher temperature causing higher internal moisture diffusion resistance 
during the drying process. [4-6] 

 
Fig 1. Effect of drying air temperature on moisture content of slices over drying time 

 

 

3.2. Colour changes 

Table 1 depicts the a*/b* ratio of slices at two different drying temperatures. Tukey’s test 
of comparison revealed significant differences at different stages of the drying process for 
a*/b* value. The greatest change loss occurred at 210 min which was significantly different 
to that at 0-, 15-, 30- and 60-min drying times. At 210 min, Maillard reaction might occur 
causing the slices to brown faster (Table.1). Moreover, the enzymatic reaction due to 
polyphenol oxidase (PPO) is first very likely to occur and afterwards non-enzymatic 
browning that contributing to changes in colour. The browning reactions occurring during 
drying can have a significant impact on the final colour of the product. [6]  
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Table 1. Effect of drying time on a*/b* ratio of organic apple slices. Mean values with no common 
letters are statistically different according to HSD of (p ≤ 0.05). 

Drying at 60- °C and 70- °C 

Drying time (min) a*/b ratio 

0 -0.23d  ± 0.007 

15 -0.14c ± 0.006 

30 -0.13bc  ± 0.006 

60 -0.12bc ± 0.005 

90 -0.11abc ± 0.006 

120 -0.10abc ± 0.009 

150 -0.09abc ± 0.011 

180 -0.09abc ± 0.006 

210 -0.07a  ± 0.010 

240 -0.08ab ± 0.007 

300 -0.09ab ± 0.010 

360 -0.09abc ± 0.006 

 

3.3. Spectral Analysis 

PLS regression models with excellent predictability were obtained to monitor changes in 
moisture content and colour parameters of apple slices during drying process. The model 
performances for moisture content and a*/b* ratio are presented in Table 2. The prediction 
model on the test (prediction) set achieved good moisture content predictions with highest 
R2 (0.98) and lower RMSEP (0.27 g Water/g D.M) and for a*/b* ratio with R2 (0.82) and 
lower RMSEP (0.23). The selection of optimal wavebands was performed using Regression 
vector (RV) to find the most vital information for moisture content distribution (Fig 2b) and 
a*/b* ratio (Fig 2c). For moisture content prediction, the highest peak was observed at 
wavelengths 580 nm and two downward peaks at 750 nm and 970 nm. At 970 nm, there 
might be the non-bonded O-H stretching second overtone vibration in water and free water 
molecules in the apple slices. [11,12] In case of the a*/b* ratio, 580 nm and 680 nm were 
found to be important wavelengths using RV analysis (Fig 2c). Specifically, 680 nm is 
related to change in chlorophyll content. [9] Moreover, as moisture evaporates during 
drying, different pigments such as anthocyanins concentration might increase leading to a 
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change in colour. Noteworthy, moisture content in the product and changes in colour seem 
to be correlated to each other which have to be optimised during the drying processes to 
produce acceptable dried slices. 

 

Table 2. Calibration models based on quality metrics using PLSR method 

a Latent Variables 
b Root Mean Squared Error 
m Calibration 
n Prediction 

 

  
 

Fig 2. PLS model at full –wavelength range in the spectral range of  500 – 1010 nm . (a) 

Plot of predicted versus measured moisture content (b)  Plot of regression vector for 

moisture content (c) Plot of regression vector for a*/b* ratio 

 

 
Parameter 

 
Spectral pretreatment 

(Pt) 

 
LVa 

 
RMSEb 

 
R2 

 
Pt-1 Pt-2 

 
Pt-3 

 
 Cm Pn C P 

 
Moisture 
content 

 
MSC 

(Mean) 

 
2nd 
Der 

 
Mean 
Center 

 
4 

 
0.24 

 

 
0.27 

 

 
0.98 

 

 
0.98 

 
         
 

a*/b* 
 

MSC 
(Mean) 

 
2nd 
Der 

 
Mean 
Center 

 
3 

 
0.021 

 

 
0.023 

 
0.81 

 
0.82 
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4. Conclusions 

Drying temperature, time and product quality are the important considerations for drying 
processes. Lowering the drying temperature reduces the drying potential and increases 
drying time. Colour (a*/b* ratio) parameter changed periodically as the onset of drying. RV 
of moisture content showed the importance of three wavelengths (i.e. 580, 750, 970 nm) 
and for colour change (a*/b*) ratio at 580 and 680 nm. RV had a higher prediction accuracy 
indicating that wavelengths selected are more powerful in predicting the MC and a*/b* 
colour of organic apple slices. Thus, using this Vis/NIR based technique, can provide an 
efficient means of quality metric estimation such as moisture content and a*/b* colour 
prediction information of organic apple slices.  

 

5. Nomenclature 

Vis/NIR Visible to near infrared 
PLS Partial Least Squares regression 
HSI Hyperspectral imaging 
RMSE Root mean squared errors 
RV Regression vector 
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Abstract 
This study presents the consumer acceptance of coffee beverages made from 

espresso coffee pods (CCE) and american coffee pods (CCA), six quality 

attributes were evaluated by a sensory panel conformed to judges of different 

experience level. A physicochemical characterization was made for the coffee 

powder in CCA and CCE. The beverage preparation via different machines 

was made for to observe the influence on the consumers acceptance. The 

coffee powder in CCA showed high aw and high moisture content, this 

factors should affect the consumer perception; in general, a low acceptance 

level of coffee beverages made from CCE and CCA was observed, maybe 

because of the strong habit of consuming filtered coffees. 

Keywords: Coffee; Espresso; American; sensory; physiochemical. 
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1. Introduction 

During the preparation of a coffee cup there is a solid-liquid extraction process in which the 
following steps occur: 1. the water absorption of the ground coffee; 2. the massive transfer 
of soluble from coffee grinds to hot water; and 3. the separation of the beverage extract and 
the spent coffee solids. [1] 

Among the various processing techniques, filter coffee (drip filter) is the most used coffee 
obtained by the infusion method, while espresso coffee is the most appreciated coffee 
produced by the pressure method. In drip filtration methods, water at 92-96 ° C flows 
through a bed of hardly compressed ground coffee and the extract drips vertically. The 
turbulence generated in the processing prevents the water from saturated [2]. The sensory 
properties of coffee prepared by dripping hot water through the ground grain on a filter are 
affected by particle size, solid / water ratio, contact time and temperature [3]. While an 
espresso coffee is obtained by the pressure method, water at approximately 9 bar and 88-92 
° C is forced to pass through the compacted coffee beans in a small preparation chamber 
[2], a fast preparation time and a fine particle size is necessary [4] since the result is 
strongly affected by the physical condition that controls the filtration process (grinding 
degree, temperature and water pressure and time) of percolation. The espresso is produced 
by professional machines and after specific operations carried out by expert hands that 
define the quality and quantity, the degree of grinding and compression of the coffee to 
obtain a cup of espresso with specific sensory properties. [5] 

The Coffee pods, prepared in single-use (single-use) for coffee machines, have gained 
considerable popularity due to their end-use convenience and longer shelf life than 
conventional coffee [1]. The key point of this success is to allow any person, expert or non-
expert, to prepare it at any time and in all places (home, car, office and plane) where the 
limited quantities consumed do not justify or allow the use of professional machines [5]. 
The pods compatible with Keurig® are composed of a thermoformed multilayer high-
barrier capsule, in which a paper or other filtering medium is attached to the side wall near 
the top of the capsule, forming a filter that separates the capsule into the pods. upper and 
lower compartments. The roasted and ground coffee beans are introduced into the upper 
compartment, and then sealed with an aluminum foil lid to form the final product of the 
PODS [1]. The preparation time in individual coffee is considerably shorter than 
conventional coffee (30-60 seconds versus 8-12 minutes), and as a result, the contact time 
with water is relatively shorter. In addition, since the preparation time, the water 
temperature, the pouring volume and the flow parameters are controlled by the 
microprocessor and controller of the coffee machine, and the coffee grinds are of portion 
size in the capsule, the intervention of the user is largely eliminated during the preparation 
process [1]. The pods compatible with Nespreso used by a simple technology that includes 
pre-packaged individual doses containing pre-measured and pre-stamped ground coffee. 
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The ground coffee is hermetically sealed between two thin layers of filter paper, in 
aluminum or plastic pods [5]. Despite the considerable popularity, the information on the 
elaboration of coffee pods, the preparation of the drink and the acceptance by consumers is 
not available in the literature. The objective of this study is to investigate the influence of 
physicochemical parameters on the encapsulation and acceptance by coffee consumers. 

 

2. Materials and Methods 

Five commercial espresso coffee pods (CCE) and five commercial american coffee pods 
(CCA) were characterized in powder coffee and the beverages made from CCE in single-
dose machines C50-US-CW-NE coffee machine (Nespresso®, Switzerland)  and CCA 
extracted in the K50 CLASSIC SERIES coffee machine (Keurig®, United States) were 
characterized too. For CCE beverages the double-distilled water temperature was 70±2 °C 
and for CCA beverages it was 80±2 °C. The extraction volume for espresso coffee was 40 
ml (35 ml of prepared coffee and 5 ml of foam) and for american coffee it was 177±2 ml (6 
oz). the extraction time for espresso coffee was 14±2 seconds and for american coffee it 
was 25±2 seconds. The water-coffee ratio was 20 g/100 ml for espresso and 7 g/100 ml for 
american coffee. 

The physicochemical parameters evaluated in powder coffee and in the beverages included 
moisture content from wet basis (%) in infrared balance OHAUS-MB45 (Parsippany, USA) 
(105 °C for 5 min) according to Zanin et al. [6]; water activity using the AQUALAB VSA 
(Vapor Sorption Analyzer) equipment from Decagon Devices, Inc.; color (L) in powder 
coffee and color (L) of the beverages, using the digital colorimeter CR-410 (Konica 
Minolta Sensing Inc., Japan). Refractive indexes (expressed in ° Brix) were measured with 
the Atago PR-201α digital refractometer, the titratable acidity (expressed as chlorogenic 
acid) was determined by titration and pH with the digital potentiometer BP- 3001 (Trans 
Instruments, Singapore). Measures was made in triplicate.  

The sensory attributes of the beverages were evaluated using a QDA quantitative 
descriptive analysis, a sensory panel conformed to judges of different experience level: 
Colombian experts in tasting by SCAA methodology (p1), Colombian inexperienced coffee 
consumers (p2) and Colombian habitual specialty coffee consumers (p3) . The acceptance 
scale of 6 discrete values in which "I dislike extremely" was evaluated with 0 and "I like 
extremely" corresponded to 5. 

Anova tests were performed (p <0.05) to observe the statistically significant differences in 
the physicochemical parameters and on the quality attributes evaluated in the sensory panel 
for espresso coffee and american coffee. The statistical package StatGraphics Plus 5.1 for 
Windows (Manugistics, Inc., Rockville MD) was used. 
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3. Results and discussion 

Physicochemical characterization  

Table 1 presents the results of the comparison of the powder coffee contained in CCE and 
CCA, in addition the comparison of the parameters obtained in the CCE and CCA 
beverages. The moisture content, aw, color, in powder coffee from CCE presented 
statistically significant differences (P<0.05) compared to CCA; likewise, in the analysis of 
the beverages, pH, oBrix and color presented statistically significant differences (P<0.05) in 
the two types of drinks. 

 

Table 1. Physicochemical parameters in powder coffee and beverages coffee extracted  for espresso 
and american pods. 

Samples Parameters CCE CCA 

Powder coffee 

Moisture content (%) 2.71±0.62a  4.51±1.52b 

Water activity (aw) 0.25±0.11a  0.38±0.11b 

Roasting degree (L) 23.20±0.53a  24.79±1.5b 

Titratable acidity 1.68±0.4a  1.85±0.36a 

Beverages 

pH 5.21±0.13a  4.92±0.11b 

Refractive index (°Brix) 3.92±053a  1.66±0.45b 

Color (L) 32.04±2.89a  29.80±1.15b 

(n = 3) mean ± SD. Different letters, in the same row indicate significant difference (P<0.05). 
 
The moisture content (%) and aw in CCA is significantly higher than in CCE, this result 
may be influenced by the storage process that depends mainly on factors related to 
environmental coditions and technological factors such as the availability of oxygen and 
moisture, the exposed surface area, temperature and packing material [7] ; the CCE 
moisture content (2.71±0.62%) is similar to that found by Lee et al. [8] for roasted and 
ground coffee. Apparently the result indicates that the CCE allow less water vapor 
exchange between the inside of the pods and the surrounding environment. Additionally, 
taking into account that Cardelly and Labuza [9] reported aw of 0.106% for roasted and 
ground coffee, the values of aw found for CCA (0.38±0.11%) were much higher, unlike the 
values of aw for CCE (0.25±0.11%) that were closer to that found by the same author. 

The color of roasting in the powder coffee of CCE and the CCA, showed significant 
differences (p< 0.05), the magnitudes of the coordinate L obtained (23.1±0.5 and 24.1±1.7 
respectively) correspond to the degree of dark roasting according to the classification 
proposed by Franca et al. [10], this result is linked to the generalized concept for the 
preparation of espressos and American coffee; although L in CCA is significantly higher 
than in CCE,  indicating less roasting degree and higher moisture content. 
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The refractive index in the beverages, result higher in espresso than in american coffee as 
shown in Table 1, similar results were obtained by Gloess et al. [11] who determined that 
espresso coffee has a refractive index closer to 4.0%, the author evaluated this parameters 
in different machines: a semi-automatic espresso machine, an automatic machine and a 
Nespresso brand single-use machine. In the american coffee, the same author determined 
refractive index slightly higher than 1.0%; finding for the filtered coffee extract a refractive 
index of 1.03±0.01% and for the French press 1.43±0.01%, these results are similar to those 
found for the CCA. 

The pH in beverages is a characteristic that could suggest sensory acidity, according to the 
results shown in table 1, the pH for the CCE is 5.2±0.1 and for CCA of 4.9±0.1, these 
results are similar to those found by Ludwig et al [2] who presented for the filtered coffee 
extract (water-coffee ratio of 6.0% and time extraction time of 75 seconds) a pH of 
5.12±0.01 and for espresso (15% water-coffee ratio and 16 seconds of extraction) a pH of 
4.9±0.01. Other results such as those obtained by Fujioka et al. [12] showed that the pH in 
extracted coffee is related to the presence of chlorogenic acids; this author found that the 
pH in seven types of commercial coffees (with a water-coffee ratio of 3% and filtered) 
varies from 4.95±0.01 to 5.99±0.01 results very similar to those shown in table 1. 

Sensorial analysis in espresso beverages and american coffee beverages.  

Table 2 shows the sensory acceptance of coffee beverages made from CCE and CCA, the 
crema (foam) was evaluated only in espresso coffee since american coffee does not 
generate it; statistically significative differences (P<0.05) between CCA and CCE was 
obtained only in Color (L), expressed by P2; while statistically significative differences by 
panelist type was obtained in all quality attributes, indicating higher strictness in the 
evalution expressed by P1 and P3, maybe because they have most experience and 
knowledge in coffee quality. 

In the cream evaluation in CCE, the panelists criticized because this is disperse and not 
homogeneous. According to Gloess et al. [11] that compared several methods of 
preparation of espresso coffee, found that the crema of the espresso coffee pods was 
noticeably bigger and of a more intense color compared with other espressos coffees and 
that the espresso of the semiautomatic machine had the best foam. 
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Table 2. Sensory Evaluation in beverages made from CCE and CCA 
 

Quality atributes Panelists 
Type 

CCE CCA 

Color 
P1-P3 3.1  0.8a 3.1  1.0a 

P2 3.8  0.9b 3.6 0.8a 

Aroma 
P1-P3 2.2  1.2a 1.6 0.9a 

P2 3.4  1.0b 2.7 0.8b 

Flavor 
P1-P3 1.9  0.9a 1.6 0.9a 

P2 3.0  1.3b 3.0 1.2b 

Balance 
P1-P3 1.9  0.9a 1.8 0.8a 

P2 3.2  1.3b 2.6  1.2b 

Aftertaste 
P1-P3 1.7  1.1a 1.2  1.2a 

P2 3.1  1.8b 2.9  1.1b 

Score global 
P1-P3 1.8  0.9a 1.4  0.9a 

P2 2.8  1.3b 2.8  1.3b 

crema 
P1-P3 2.9  1.2a ------------ 

P2 4.6  0.5b ------------ 

n = 3 mean ± SD. Different letters, in the same row for each treatment, indicate significant difference 
(P≤0.05). Different letters, in the colum for each quality attribute indicate significant difference 
(P≤0.05). 
 
According to the observations expressed by panelists in the sensory questionnaire, they 
described greater sensory acidity in espresso coffee, while the results in table 1, the highest 
titratable acidity and pH concentration occurs in american coffee, which would lead to 
thinking that it is possible to relate it to sensory acidity. To demonstrate this, it is necessary 
to do in-depth research of titratable acidity, pH and sensory acidity in an expert panel. The 
objective of this research was not to evaluate only expert tasters for this reason, we can not 
assure that the acidity in American coffee is directly due to the sensory acidity perceived by 
the panel . 

 

4. Conclusions 

A high moisture content and aw was found in powder coffee in commercial pods of CCA 
type, this can significantly affect sensory acceptance since high moisture contents can be 
indicators of product interaction with the environment given the high degree of 
hygroscopicity of the coffee. Likewise, the physicochemical parameters studied did not 
allow demonstrating the correlation between pH and acidity titratable versus sensory 
acidity, is recommended to deepen the subject by evaluating the acidity content through 
chemical analysis, titratable acidity, pH and sensory acidity. 
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In all cases, it was found that the panelists evaluated separately the attributes of color and 
foam in relation to the other attributes associated with the senses of smell and taste. 

In general, the american coffee and espresso coffee pods had low acceptance, perhaps due 
to the accentuated custom of consumption of filtered coffee in Colombia 
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Abstract 
Ethnic foods are healthy products interesting for the new societies. Mesquite 

flour offers another option for making gluten-free recipes as part of a diet for 

people with celiac disease. The physicochemical properties of mesquite flours 

(Prosopis laevigata) were characterized. The mesquite pods were dried at 

60°C, 15% RH and 2 m/s airflow; then a grinding and sieving process were 

applied. The nutritional composition and the sorption isotherms were 

obtained at 30, 35, 40 and 45°C  for  water activities of 0.07-0.9. The 

particle-size distribution, morphology and thermal stability of the flours were 

determined by different methods. 

Keywords: Mesquite Flours; drying; isotherms; chemical properties; 
morphology. 
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1. Introduction 

Mesquite (Prosopis spp) are extremophile trees, comprising 44 species around the world 
[1]. In Mexico, mesquite trees are distributed in northern, central and southern states of the 
country. In ancient times, the indigenous peoples of Mexico used mesquite pods as food, to 
produce flour, sirups and bread [2]. The pods having a high protein content in addition to 
the sucrose content offers a wide potential for the development of new ethnic products [3]. 
For example, flours of Prosopis pallida and Prosopis juliflora were obtained from the 
fractions of different grinds, then a bread was elaborated with 25% wheat flour [4]. In the 
last years, different studies have analysed the properties of flours of P. alba, P. chilensis 

and P. flexuosa for the elaboration of bakery products. Nevertheless, mesquite flours must 
satisfy the culinary requirements and the storage conditions must be well stablished [5]. In 
this work we determine the physicochemical properties of Mexican mesquite flours 
(Prosopis laevigata) in order to characterize the flour and to identify the storage conditions. 

2. Materials and Methods 

2.1. Mesquite flours  

Prosopis laevigata pods were harvested between April and August 2016 in the community 
of Santiago Suchilquitongo, In Oaxaca (Mexico). The pods in stage three of maturity were 
used. Pods were dried in a tunnel dryer at 60°C, relative humidity of 10% and air velocity 
of 2.6 m/s. The pods were milled by two methods: a) in an Osterizer blender model 465-15 
for 20 seconds, and b) in a mill pulverizer for legumes Model HC-2000Y, during intervals 
of 5 seconds until 20 seconds. The milled material was sieved through #40 (0.420mm) and 
#60 (0.250mm) sieves. After the sieving process the powder was stored in a vacuum 
desiccator for 24 hours. 

2.2. Physicochemical characterization  

The moisture content of pods was determined by the oven-dry method (105°C, during 24 
hours). The total raw protein content was determined by the Kjeldahl method (AOAC 
960.52, 1997). For the determination of reducing and direct sugars, the Lane-Eynon 
volumetric method was followed. Total fat extraction was carried out by the Soxhlet 
method (AOAC 920.3, 1990). Raw fiber (NMX-F-090-S-1978) was obtained by using the 
flour residues, which were dried at 130 °C in an electric oven for 2 hours. The ash content 
was obtained by calcining in crucibles at 550°C for 30 min in a muffle oven model KLS 
03/10. 

The particle size distribution of mesquite flour obtained from the pulverizer was analyzed 
using the principle of blue laser light diffraction measurement (ISO13320, 2009) by the 
Microtrac Blueray M3551-1W-BU00 in a humid medium, with a measuring range of 10 nm 
up to 2000 microns. An ultrasound was applied for 30 seconds with a power of 30 watts to 
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800 grams of flour, then it was divided in three samples to facilitate the dispersion of the 
particles. 

The mesquite flours were analyzed by Scanning Electron Microscope (SEM) in a JEOL 
brand microscope, model JIB-4601F, with a spatial resolution of 1.2 nm. Secondary 
electron detector E-T (Everhart-Thornley) and a range of magnification were taken from 
50x to 2500x. 

The sorption isotherms of mesquite flour  were determined by the gravimetric static method 
with water activities ranging from 0.07 to 0.97 and temperatures of 30, 35 ,40 and 45°C. 
The used salts were the following: NaCl, MgCl2 * 6 H2O, KOH, KCl, Kl, K2SO6, Mg(NO3)2 

* 6H2O  [9]. For high water activities, vials were prepared with an antifungal agent, which 
were introduced into the equilibrium systems. The samples were weighed every 2 days until 
constant weight was observed. The experimental data was fitted to the GAB (Guggenheim-
Anderson-Deboer) model (Equation 1). The parameters of this model were estimated by 
using the solver tool in excel [6].  
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The isosteric heat of sorption (Qst) was determined by solving the equation derived from 

the Clausius Clapeyron formulation [6] (Equation 2): 
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Samples of mesquite flours conditioned at relative humidity of 7%, 32%, 51% and 67% at 

45°C were prepared for a DSC analysis (TA Instruments, model Q2000). The samples 

started at an initial temperature of 0°C, followed by a heating rate of 2°C /min up to a final 

temperature of 250°C. The thermogram was obtained by using the TA Instruments 

Universal Analysis DSC software. 

 

3. Results and Discussion 

The nutritional compositions of flours presents a high content of sugars, fiber and protein. It 

was observed that the carbohydrates increased according to the type of milling, which 
increases the flour hygroscopicity (Table 1). 
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 Table 1. Nutritional composition of mesquite flours obtained by the two grindings. 

 

The particle size distribution (Fig. 1) showed a smooth and Gaussian distribution. The flour 
presented a homogeneous distribution with an average particle size of 148 microns, which 
is adequate to be considered as flour for bakery and confectionery products. 

 

 

 

 

 

 

 

 

Fig. 1 Particle size distribution. 

The SEM images show the morphological characteristics of flours. Figure 2 reveals a 
surface rounded particle, without rocky parts, or forced cuts. Figure 3 shows a particle 
organized with smaller particles, forming a tortuous, irregular form, porous, and rocky 
agglomerate; a strong attraction was observed between the particles with different sizes. 

Components Blender   Mill pulverizer 

 Average  

(g / 100 g) 

Standard 
 deviation 

Average  

(g / 100 g) 

Standard 
 deviation 

Energy content (kcal / 100 g) 170.97 0.07 198.72 0.50 

Carbohydrates (g) 24.27 0.09 26.18 0.08 

Sugars (g) 7.48 0.03 10.18 0.02 

Proteins (g) 12.4 0.08 11.77 0.12 

Fats (Lipids) (g) 2.16 0.03 2.90 0.06 

Fiber (g) 16.9 0.2 17.25 0.11 

Ashes (g) 3.12 0.01 3.45 0.05 

Humidity (g H20 / g dry matter) 0.1 0.01 0.10 0.01 
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The experimental and simulated sorption isotherms at 30, 35, 40 and 45°C are shown in 
Figure 4, which display a type II form. The shape of the curve indicates a probable small 
adsorption force in the monolayer [7]. An increase in Xeq was identified when aw is near 
from 0.65, at this water activity a degradation of flour was observed. This type of isotherm 
has been obtained in materials containing fibers (wheat, rice, potato, soybean, corn) [8]. 
Also an interlacing of the curves was observed, indicating a non-dependence on 
temperature. The GAB model correctly describes the experimental data. 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Adsorption isotherm of mesquite flour (Prosopis laevigata) at the four working 
temperatures. 

 

 

Fig. 2 Micrograph of mesquite flour (Mill 
pulverizer), 2500x. 

Fig. 3 Micrographs of mesquite flour 
(Blender), 160x. 
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Table 2. Parameters obtained from the GAB model  

Xwa = Monolayer value; C and k = constants for the model; r2 = correlation coefficient; s = standard error 

Figure 5 shows the isosteric heat (Qst). Qst increases as Xw decreases; At Xw=0.25 the 
value of Qst is 47.69 kJ/mol and at Xw=0.05 Qst=81 kJ/mol. This fact indicates a low 
availability of active sites and liaison forces on the surface of the flour [9]. Qst indicates a 
requirement of 81 kJ/mol in order to remove 0.05 g water/g dry solid, without affecting the 
stability of the flour. 

 

 

 

 

 

 

 

 

Fig. 5 Isosteric heat of sorption as a function of the moisture content of mesquite flours subjected 
to constant temperatures of 30, 35, 40 and 45°C. 

Figure 6 shows the DSC curves for mesquite flours. A glass transition (Tg) of the mesquite 
flour was not observed, due to a probable flexibility and mobility of the glucose and 
fructose chains, as well as the presence and increase in the water content of the sample [10]. 
The flours displayed a wide thermal stability (0-130°C). The phase transition observed in 
all the flours were melting points from 148°C to 158°C and crystallizations at 170°C due to 
the presence of simple sugars, such as fructose. 

Model Parameters 30°C 35°C 40°C 45°C 

 

 

 

GAB 

Xwa 

(g H20 /g dry matter) 

 

0.1039 

 

0.0905 

 

0.0894 

 

0.0824 

C 22.1997 19.9075 16.6142 15.2432 

k 0.9219 0.9355 0.9475 0.9656 

r2 0.9898 0.9772 0.9817 0.9773 

s  0.0555 0.0741 0.0592 0.0703 
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Fig. 6 DSC curves. Flours conditioned at different aw, at 45°C. 

4. Conclusions 

The nutritional content of the powders reveals important properties for the mesquite flours. 
Flours have a high content of sugars and fiber, and an important content in protein. Flours 
are highly hygroscopic, and this fact can be explained by the sugar content. Microscopic 
images reveal irregular, agglomerated and porous structures. Flour displays a type II 
isotherm, a water activity higher than 0.6 provoques a degradation of the powders. 
According to the isosteric heat, 81 kJ/mol are required in order to remove 0.05 g water/g 
dry solid, without affecting the stability of the flour. The calorimetric data showed a wide 
thermal stability (0-130ºC) of this material. The flour reveals a potential use for the food 
industry. 

5. Acknowledgements 

The authors are grateful to Conacyt for the scholarship granted to Larissa Reyes, and to the 
Instituto Politénico Nacional (Mexico) for SIP funding 20161016 and 20170755. Thanks to 
Dr. P. F. de Jesús Cano Barrita and M.C. Frank León Martinez for their technical assistance 
in the use of SEM microscope. 

6. Nomenclature 

Subscripts 

Xeq Equilibrium moisture content.  

Xm Monolayer moisture content.  

C Heat-related constant of the monolayer.  

K Heat-related constant of the multilayer.  

qst Net isosteric heat of sorption.  
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Qst Total isosteric heat of sorption.  

R Universal constant of the gases.  

aw Activity of water.  

T Temperature.  
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Abstract 
Developing a technique to disperse hydrophobic ingredients homogeneously 
in a water-soluble solid matrix (solid dispersion) is one of the topics that have 
been extensively investigated in the pharmaceutical and food industries. 
Recently, we have devised a novel solid dispersion technique (surfactant-free 
solid dispersion), in which a preliminarily amorphized sugar was dissolved in 
an organic media containing hydrophobic component, without using any 
surface active substances, and then vacuum dried into the amorphous solid 
mixture [Food Chem., 197 (2016) 1136; Mol. Pharm., 14 (2017) 791]. In this 
study, the physicochemical properties, especially thermal stability of the 
surfactant-free amorphous solid dispersion, were investigated. 

 

Keywords: solid dispersion; amorphous sugar; surfactant-free; vacuum 
drying; glass transition temperature 
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1. Introduction 
To date, many attempts have been made to improve the solubility of hydrophobic drugs in 
physiological fluids [1,2]. One promising approach for improving the water solubility of a 
hydrophobic drug is the use of an “amorphous solid dispersion (ASD)”[3-5], in which 
hydrophobic drug molecules are dispersed at the molecular level in the carrier matrix 
comprised of water-soluble substance. When a medicine in the ASD is taken into a human 
body, the dissolution of the carrier matrix is accompanied by the release of hydrophobic drug 
molecules [6]. The concentration of the dissolved drug temporarily increases much above the 
equilibrium solubility (over-dissolution), possibly resulting in the improvement of the 
bioavailability of the hydrophobic drug [6]. In the solid dispersion of hydrophobic drugs, an 
amphiphilic polymer such as polyvinylpyrrolidone and hydroxypropyl methylcellulose is 
frequently used as the carrier matrix [6,7], and a combination of a surfactant with an 
amorphous carbohydrate matrix has also been reported to be effective for the stable 
dispersion of drugs [8,9]. On the other hand, we recently developed a new ASD technique 
that does not involve the use of a surface active agent [10]. In this method, (i) sugar is 
amorphized and (ii) added to an organic solvent containing a hydrophobic substance, 
followed by homogenization. (iii) The homogenized solution is then dried to a solid 
(surfactant-free solid dispersion). The amorphized sugar can be dissolved in an organic 
solvent such as methanol to a greater extent than a crystalline one. Hydrophobic drugs 
(Indomethacin, ibuprofen, gliclazide, nifedipine) can be stably embedded in the surfactant-
free solid dispersion without any detectable segregation and exhibited marked over-
dissolution at the initial stage of the dissolution in water [11].   

The stability of the dispersion state of drug molecules in an amorphous carrier matrix is also 
an important quality aspect of the ASD besides the drug dissolution behavior in water: When 
hydrophobic drug molecules segregate from the amorphous carrier matrix, the over-
dissolution of the drug is mostly precluded. The segregation of hydrophobic drug molecules 
is caused by the glass-to-rubber transition of the carrier matrix, and the glass transition 
temperature (Tg) of amorphous carrier matrix therefore is considered to correspond to the 
drug dispersion stability. In this study, first the Tg values of the surfactant-free solid 
dispersion were measured and compared to those for authentic freeze-dried ones. As a result, 
the Tg value of amorphous sugar matrix obtained from an organic solvent (methanol) was 
found to be significantly lower than that from an aqueous solution and furthermore indicated 
to be increased, as the result of a heat treatment, to as high as that for the water-originated 
one. Hence, at the next step, the methanol-originated amorphous sugars were heated under 
different conditions, including temperature and period, and analyzed for the Tg value and the 
drug dissolution behavior in water.  The mechanism of the markedly low Tg for the methanol-
originated amorphous sugars as well as what happens in the heat-treatment were investigated. 
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2. Materials and Methods 

2.1. Materials 
α-Maltose, maltitol, palatinose, and trehalose were purchased from Wako Pure Chemical 
Industries, Ltd., (Osaka, Japan). Indomethacin (γ-form of the crystal) and ibuprofen (Wako 
Pure Chemical Industries) were used as hydrophobic drugs. Methanol was obtained from 
Wako Pure Chemical Industry. 

2.2. Methods 

Vacuum Foam Drying and Heat Treatment  The amorphous sugar cake that had been freeze-
dried from an aqueous solution [12] was added to a methanol solution, containing a model 
hydrophobic drug, at the concentration of 100 mg/mL. Immediately thereafter, a 100 µL 
aliquot of the mixture solution was transferred to a 1.5 mL-polypropylene tube and the 
resulting solution was then dried under a reduced pressure of around ca. 1 Torr and 
centrifugation at 30±1˚C for 60 min (methanol-originated sample), using a TOMY Micro 
Vac MV-100 centrifugal concentrator (TOMY SEIKO Co., ltd., Tokyo, Japan). At this initial 
drying stage, foaming was minimal. After a 60 min period of initial drying, the residue was 
punctured with a steel needle, followed by the secondary vacuum drying for an additional 30 
min [11]. The subsequent vacuum drying reliably resulted in foaming [11]. These series of 
procedures had preliminarily been indicated to be indispensable for drying the sample 
sufficiently (< 0.01 g-MeOH/g-dry matter) within a convenient drying period [11]. 

The obtained dried sample was alternatively transferred in a glass vial and then heated in a 
drying oven. The sample vials were sealed with heat-resistant caps to avoid the water sorption 
in the drying oven. The heating temperature and period were varied from 30 to 120˚C and 
from 0 to 120 min. 

Differential Scanning Calorimetry  Differential scanning calorimetry (DSC) analyses of 
amorphous sugar matrices, obtained from methanol as well as water, were carried out, using 
a TA Q2000 calorimeter (TA instruments Co., New Castle, DE) equipped with RCS90 
cooling system (TA instruments Co.) in the same procedures as was used in our previous 
study [11]. From the obtained DSC curves, the Tg of the sample was determined as the onset 
of the corresponding thermal event.  

Fourier Transform Infrared Ray Spectroscopy  IR spectra for amorphous sugar samples were 
measured by means of a diffuse diffraction method using an FTIR in the same ways as was 
used in our previous study [13]. In order to semi-quantitatively estimate the degree of 
formation of hydrogen bonding in an amorphous sugar matrix, the peak wavenumbers of 
sugar O-H stretching vibration bands of amorphous sugar samples were analyzed. The IR 
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band due to sugar O-H stretching vibration (3200~3500 cm-1) was smoothed at 80 points to 
determine the peak wavenumber.  

Specific Molar Volume Analysis  A ten mL of methanol or water was put in a 20 mL graduated 
cylinder, and 0.1~2 g (0.3~6 mmol) of amorphous sugar cake that had been freeze-dried from 
water and then thoroughly dehydrated over P2O5 [12] was then added to the methanol. α-
Maltose was used as a sugar since it can be highly dissolved in methanol from amorphous 
state compared to the other sugars [10]. The freeze-dried amorphous α-maltose was 
absolutely dissolved by gently inverting the graduated cylinder several times. After removing 
bubbles on the cylinder wall, the change in the volume (dV) was determined and converted 
into the apparent partial mole volume of sugar (vsugar) by being divided by the amount of the 
added sugar (n g) (Eq. (1)). 

vsugar = dV/n (1) 

Dissolution Behavior of Hydrophobic Drugs from Solid Dispersion Samples  The prepared 
surfactant-free solid dispersions of model hydrophobic drugs were added to a known amount 
of water (final drug conc.: 50 µg/mL for indomethacin, 500 µg/mL for ibuprofen) and the 
suspension was stirred at 200 rpm with a 1.5-cm magnetic stirring bar at 37±1˚C. A 
200~1,000 µL aliquot of the suspension was withdrawn and then filtered with 0.2 µm pore 
size filter (Nihon Millipore K.K., Tokyo, Japan). The concentration of the dissolved model 
drug was typically measured by UV-vis absorption at specific wavelengths (indomethacin: 
318 nm; ibuprofen: 233 nm). 

 

3. Results and Discussion 

The DSC thermograms for the 
surfactant-free solid dispersion 
sample, obtained by vacuum foam 
drying from methanol solution, 
showed single heat capacity shift due 
to glass-to-rubber transition but no 
endothermic peak. This demonstrates 
that the surfactant-free solid 
dispersion sample was fully 
amorphous and methanol was fully 
removed during the vacuum foam 
drying. 

Table 1 compares the Tg values of differently dried matrices of sugars. The Tg values for the 
sugar matrices dried from methanol are ~50˚C lower than those for the samples dried from 
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aqueous solutions. Considering the fact 
that the methanol-originated samples had 
been thoroughly dried, as described 
above, the Tg value for an amorphous 
sugar matrix can be deduced to strongly 
varied, depending on the original solvent 
type. 

As shown in Table 1, when the methanol-
originated sugar matrix was scanned 
twice, the Tg value is markedly increased, 
suggesting that the thermal treatment 
may improve the physical stability of the 
sugar matrix dried from methanol. 
Hence, the influences of temperature and 
duration of heating on the methanol-
originated sample were investigated. 

Figure 1 shows the Tg values for different heating temperatures. As the heating temperature 
(Fig. 1) and period (data not shown) increase, the Tg increases and appears to reach the value 
for the water-originated sample. 

The dissolution of hydrophobic drugs in water from the heat-treated solid dispersion sample 
as well as from the unheated ones were measured (Fig. 2). Both the heated and unheated solid 
dispersion samples show typical “spring and parachute” dissolution curves [14]. Namely, the 
concentration of dissolved drug jumps up to much above the equilibrium solubility at the 
early stage (“spring”) and then decreases to reach the equilibrium value (“parachute”), 
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whereas the crystalline drug exhibits gradual increase toward the saturation concentration. 
When compared between the heated and unheated solid dispersions of indomethacin, the 
decrease in the dissolved indomethacin concentration after the over-dissolution is markedly 
slowed down as the result of the heat-treatment although the attained maximum dissolved 
concentration of indomethacin is slightly lowered. On the other hand, in the case for 
ibuprofen, the attained maximum dissolved concentration is slightly increased as the result 
of the heat-treatment while the slowing down of the ”parachute” process is less significant 
than in the case for indomethacin. Considering these, the heat-treatment of the surfactant-
free solid dispersion, originated from methanol, can be deduced to serve to improve the 
aqueous dissolution of hydrophobic drug, the effect and extent of which vary depending on 
the drug type. 

At present stage, the mechanism for the improvement of aqueous dissolution of hydrophobic 
drugs by heating is obscure. However, this study indicates that the heat-treatment can 
overcome the low Tg of amorphous sugar (carrier) matrix, dried from methanol, and possibly 
the instability of over-dissolution of hydrophobic drugs. Hence, the possible mechanism for 
the markedly low Tg for the methanol-originated amorphous sugars and what happened in the 
heat-treatment were further investigated. 

The IR spectra for the amorphous sugar 
matrices dried from methanol and water 
were compared (Fig. 3), indicating that the 
peak position of the absorption due to O-
H stretching vibration for the methanol-
originated sample (3350 cm-1) was much 
lower than that for the water-originated 
one (3388 cm-1). Accordingly, more 
sugar-sugar hydrogen bondings may be 
formed in the amorphous sugar matrix 
dried from methanol than in that from 
water. On the other hand, when the 
methanol-originated sample was heated 
(at 120˚C for 60 min), the peak frequency 
of O-H stretching vibration was positively 
shifted toward the value for the water-
originated sample (Fig. 3).  

From the volumetric measurements of the methanol and aqueous solution containing 
different amount of amorphous sugar (α-maltose), the occupied volume of sugar molecule in 
methanol and water were calculated to be 133 mL/mol and 188 mL/mol, respectively. This 
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indicates that a sugar molecule may have considerably compact conformation in methanol 
relative to in water.  

Sugar molecule in a poor solvent may change its conformation so as to decrease the solvent-
contacting surface area. The lower permittivity of methanol than that of water may allow 
intramolecular hydrogen bonding in the disaccharide molecule, which would also reduce the 
occupied volume of a sugar molecule. Consequently, the partial molar volume of α-maltose 
in methanol is considered to be markedly smaller than in water, as shown above.  

When assumed that the sugar molecules in the matrix dried from methanol, more or less, 
maintain their compact conformation before being drying, the methanol-originated matrix is 
considered to have smaller mean intermolecular distance and thus greater extent of hydrogen 
bondings, as indicated by the lower frequency of sugar O-H stretching vibration. It would 
also follow that the smaller volume assigned to each sugar molecule provides the lower Tg 

where the free volume of sugar molecule reaches a critical value (Table 1)． Furthermore, 

the markedly small occupied volume of sugar molecule in the matrix obtained from methanol 
may be accompanied by the distortion of the sugar molecule. The relaxation of sugar 
molecule to less awkward conformation is thus considered to be time-dependent and 
accelerated with increasing temperature, as shown in Fig. 1. 

 

4. Conclusion 

Amorphous sugar can be temporarily dissolved in methanol and dried into amorphous 
powders from methanol, which was applied to the surfactant-free solid dispersion of 
hydrophobic drugs (surfactant-free solid dispersion). However, the Tg of the methanol-
originated sample was much lower than that of amorphous sugar dried from water. More 
hydrogen bonds are formed in the amorphous matrix dried from methanol than in the matrix 
dried from water. The specific characteristics of the methanol-originated sample were 
reduced as the result of heating: The Tg and degree of hydrogen bonding for the surfactant-
free solid dispersion sample were respectively increased and reduced close to those for 
amorphous sugar dried from water by heating under appropriate conditions. The heat 
treatment was indicated to improve aqueous dissolution of hydrophobic drugs (indomethacin 
and ibuprofen) from the surfactant-free solid dispersion. The comparison of the apparent 
sugar molar volumes in methanol and water suggested that the occupied volume of sugar 
molecules in methanol was ~30% smaller than that in water. The markedly lower Tg and 
higher extent of hydrogen bonding for the methanol-originated amorphous sugar matrix were 
deduced to closely relate to the highly compact and possibly awkward conformation of sugar 
molecules in methanol. 
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Abstract 
In this study, the effects of drying temperature (70, 80, 90°C) and air velocity 
(0.5, 1.8 m/s) of hot air drying (tray drying) on quality of dried 2-phase olive 
pomace and system’s energy efficiency were investigated. The drying 
experiments were carried out in a tray dryer. The effects of drying conditions 
were evaluated with analyzing drying time, the primary and secondary 
oxidation and calculating specific moisture extraction rate (SMER), moisture 
extraction rate (MER) and specific energy consumption (SEC). The results 
showed that increase in drying temperature and decrease in air velocity led to 
decrease in quality of dried olive pomace.  

Keywords: Waste valorization, 2-phase olive pomace, Tray dryer, Energy 
efficiency, oxidation stability 
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1. Introduction 

The differences in olive oil production methods in terms of 2-phase and 3-phase extraction 
result in varies wastes in terms of property and quantity [1]. The olive mill waste water and 
olive pomace (35-40 % moisture) are obtained as wastes in 3-phase extraction, while 2-phase 
extraction only consists of olive pomace with higher moisture content (60-70 %) as waste. 
The pollution degree with respect to COD (chemical oxygen demand) and BOD (biological 
oxygen demand) of olive pomace in 3-phase system are considerably high compared to 2-
phase system [2]. Although olive pomace is presented as a waste, it can be used as an 
ingredient in animal feed additives, fertilizer and source of alternative fuel [3].Moreover, 
lipase enzyme by fermentation, activated carbon by hydrolysis and biodiesel are also 
obtained from olive pomace [3]. It is necessary to dry the olive pomace in order to be 
evaluated as a high-value-added by-product. The drying process improves the processability 
and durability of the olive pomace. Drying of olive pomace is generally carried out in rotary 
dryer at a range of 400 to 800°C in the industry [4]. Unfortunately, 2-phase olive pomace (2-
POP) cannot be easily dried in rotary dryer at this temperature range due to high moisture 
content and low thermal stability [5]. For these reasons, 2-POP is mixed with different 
amounts of 3-phase olive pomace to regulate the moisture content and to avoid the adhesion 
on dryer wall [4]. However, the quality of 2-POP decreases due to high drying temperature 
and long drying time. New drying methods should be taken into consideration to overcome 
this issue.   

The aim of this study was to determine the effects of drying temperature and air velocity of 
tray drying as an alternative drying method on the quality of dried 2-POP and the system’s 
energy efficiency. 

 

2. Materials and Methods 

2.1. Materials 

2-phase olive pomace (2-POP) was purchased from a factory where 2-phase olive oil is 
produced by 2-phase extraction system in Aydın, Turkey. Then, it was stored at -25°C until 
drying experiments. Prior to drying, the samples were thawed at 4°C in a refrigerator. The 
moisture content of 2-POP was determined as 66.4 % (wb.). 

2.2. Drying Procedure 

Due to high moisture content, 2-POP was pre-dried in a drum dryer whose conditions were 
selected as vapor pressure~3 bar (133.52°C), drum rotational speed:~6 rpm, drums gap:~3 
mm in order to decrease the moisture content from 66.4% to 50% (wb.). After pre-drying, 1 
kg of pre-dried 2-POP having 50% moisture content was dried in a tray dryer (Eksis makine, 
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Isparta, Turkey) until 8% moisture content at different conditions. Drying temperature (70, 
80, 90°C) and air velocity (0.5, 1.8 m/s) were selected as independent variables of tray dryer. 
Drying experiments of 2-POP were performed at each drying temperature and air velocity, 
while the sample thickness (0.5 cm) and drying area (25x25 cm) were kept constant for all 
experiments. All drying experiments were done in duplicate for each drying condition and 
all analysis was applied triplicate.  

2.3. Analysis 

2.3.1. Moisture Content 

Moisture content of raw, pre-dried and dried olive pomace was determined by vacuum oven 
at 65°C and 0.25 bar [6].  Moisture content of samples was identified as wet basis. 

2.3.2. Oxidation Level 

For determination of oxidation level of dried samples, the oil was extracted from 2-POP by 
cold extraction with chloroform/methanol as solvent. After that, this mixture was evaporated 
at 50°C by a rotary evaporator (Heidolph, Germany). Peroxide value, free fatty acid and 
ultraviolet (UV) absorbance (K232 and K270) were analyzed to determine oxidation level. 
Peroxide value of samples was analyzed by titration method given in AOAC (1990) [7]. Free 
Fatty Acid analysis was performed by titration used KOH according to Sun-Waterhouse et 
al. (2011) [8]. Ultraviolet (UV) Absorbance (K232, K270) value of oil obtained from samples 
was measured by spectrophotometer after that oil was diluted in iso-octane (2,2,4- 
trimethylpentane). 
2.3.3. Drying system efficiency 

Criteria of Specific Moisture Extraction Rate (SMER), Moisture Extraction Rate (MER) and 
Specific Energy Consumption (SEC) were calculated to determine drying efficiency of 
system. Specific moisture extraction rate (SMER) (kg water/kWh) shows that the mass of 
water removed from the product to be dried for consuming per unit the energy kWh. 
According to Hawlader ve Jahangeer (2006), SMER values were calculated [10]. Moisture 
Extraction Rate (MER) (kg water/h) is defined as the mass of moisture removed from the 
dryer at the unit time. This proportion is calculated according to Gürlek et al. (2015)[9]. 
Specific Energy Consumption (SEC) (kJ/kg water) is described as the amount of energy 
required to remove per unit moisture (kg) from the samples during drying. According to Sadi 
et al. (2015),  these values were calculated [10].  

2.3.4. Statistical analysis 

ANOVA test was conducted to determine the effect of drying temperature and air velocity 
on dried 2-POP. The statistical analyses were performed using SPSS (Statistical Package for 
the Social Sciences, SPSS Chicago, Illinois, USA) software version 15.0. 
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3. Results and Discussion 

As a result of drying experiments at different temperatures and air velocities, drying time 
changed between 74 and 170 min. Drying at high temperature and air velocity (90°C and 1.8 
m/s) had a short drying time (74±1.4 min), while drying time (170.0±2.1 min) at low 
temperature and air velocity (70°C, 0.5 m/s) was longer than other experiments (Table 1). 
Increase in drying temperature and air velocity caused a decrease in drying time due to the 
increase heat transfer rate. Increase in air velocity gave rise to accelerate the mass transfer 
from the surface of samples. Thus, drying time also decreased at high air velocity. Moreover, 
the process conditions of tray dryer in terms of temperature and air velocity had significant 
effect on the drying time as given in Table 2 (p<0.05). 

Olive pomace, which is rich in poly unsaturated fatty acids, is easily exposed to oxidative 
degradation. Oxidative degradation is one of the important factors for limiting the shelf life 
of products and causing quality losses [11]. Hence, it is necessary to examine oxidation 
mechanism during drying of 2-POP.  

The drying temperature and air velocity were considerably effective variables on dried olive 
pomace’s peroxide value, free fatty acid, K232 and K270 values (Table 1). Increase in drying 
temperature and decrease in air velocity caused an increase in peroxide value, free fatty acid, 
K232 and K270 values showing the quality loss of product. Long drying time caused an increase 
in oxidation level of samples [12]. Although drying at high temperature resulted in a decrease 
in drying time, the oxidation level of samples dried at high temperature were higher compared 
to those dried at low temperature (Table 1). According to the literature, oxidation mechanism 
accelerates with heat treatment. Application of heat treatments at high process time and 
temperature causes an increase in quality loss of samples [13]. The peroxide, K232 and K270 
values of samples were significantly affected by temperature and air velocity. Although free 
fatty acid values of samples were affected by drying temperature and velocity,  free fatty acid 
values only changed with drying temperature at significant level (Table 2; p <0.05). 

Energy consumption of drying process constitutes 10-25 % percentage of industrial energy 
consumption [14]. Thus, drying processes and systems which are provided to use efficient 
energy are necessary to develop [4]. SMER, MER and SEC values were calculated and 
compared to determine tray dryer’s system efficiency at different conditions in this study.
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Table 1. Results of dried 2-POP’s drying time (min), peroxide value (meq O2 /kg oil), free fatty acid 
(% Oleic Acid) and specific absorption value at UV light (K232, K270) and results of drying system 

efficiency definitions at different process conditions 

T 
(°C) 

V 
(m/s) 

Drying 
time 
(min) 

PV FFA K232 K270 SMER MER SEC 

90 1.8 74.0 
±1.4 

10.55 
±0.38 

0.481 
±0.010 

0.680 
±0.002 

0.328 
± 0.001 

0.2820 
± 0.0245 

0.314 
± 0.009 

3.56 
±0.31 

80 1.8 82.5 
±3.5 

9.57 
±0.02 

0.472 
±0.021 

0.545 
±0.004 

0.301 
± 0.002 

0.2746 
± 0.1017 

0.247 
± 0.049 

3.91 
±0.45 

70 1.8 102.5 
±3.5 

8.64 
±0.64 

0.458 
±0.004 

0.511 
±0.002 

0.284 
± 0.001 

0.2493 
± 0.0347 

0.170 
± 0.010 

4.05 
±0.26 

90 0.5 117.0 
±4.9 

14.38 
±0.01 

0.573 
±0.012 

0.869 
±0.004 

0.373 
± 0.002 

0.2072 
± 0.0133 

0.126 
± 0.027 

4.84 
±0.31 

80 0.5 132.5 
±3.5 

13.35 
±0.74 

0.570 
±0.019 

0.851 
±0.002 

0.367 
± 0.001 

0.1833 
± 0.0013 

0.096 
± 0.002 

5.46 
±0.04 

70 0.5 170.0 
±2.1 

12.91 
±0.33 

0.555 
±0.015 

0.806 
±0.001 

0.359 
± 0.003 

0.1820 
± 0.0085 

0.063 
± 0.013 

5.50 
±0.26 

T:Drying Temperature; V: Air Velocity; PV: Peroxide value; FFA: Free fatty acid 

Table 2. ANOVA evaluation for each response variable for 2-POP (β1 : Temperature; β2 :Air 
Velocity). 

Variation  
Source 

df 

p-value 
Drying 

time 
(min) 

PV 
 FFA K232 K270 SMER 

 
MER 

 
SEC 

 

Corrected 
Model 

5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Intercept 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
β1 2 <0.0001 <0.0001 0.082 <0.0001 <0.0001 0.063 <0.0001 0.12 
β2 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
β1 β2 2 <0.0001 0.596 0.931 <0.0001 <0.0001 0.550 0.040* 0.735 

R2  0.993 0.970 0.943 1.000 0.998 0.875 0.951 0.907 
Adj-R2  0.990 0.958 0.919 1.000 0.997 0.823 0.931 0.868 

PV: Peroxide value; FFA: Free fatty acid 

Results of SMER (kg water/kWh), MER (kg water/h) and SEC (kJ/kg water) values are given 
Table 1 while their ANOVA results are shown in Table 2. It is necessary to reach maximum 
SMER and MER value and minimum SEC value in order to operate the dryer with high 
drying performance and energy efficiency. Motevali et al. (2011) investigated the effect of 
drying temperature on drying system efficiency. They found that drying system efficiency in 
tray dryer decreased with increasing temperature at constant air velocity [16]. Increasing 
drying temperature resulted in increase in SMER and MER values; a decrease in SEC values 
(Table 1). Although high-energy consumption needed to reach high temperature in tray dryer, 
energy efficiency of dryer system was increased at high temperature due to shorter drying 
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time. With increasing air velocity, SMER and MER values had an upward tendency whereas 
SEC values had a downward tendency. An increase in air velocity caused a decrease in drying 
time so dryer system’s performance was increased.  It was determined that SMER and SEC 
values were significantly affected by temperature (Table 2; p<0.05) in contrast to air velocity 
(Table 2; p>0.05). Moreover, temperature and air velocity were effective variables on MER 
values (Table 2; p<0.05). 

 

4. Conclusion 

In this study, the effects of temperature and air velocity on quality of dried 2-POP and the 
system’s energy efficiency were determined. Increase in temperature and decrease in air 
velocity caused an increase in the peroxide value, free fatty acid and specific absorption value 
at UV light (K232, K270) of 2-POP whereas decrease in the drying time. It was determined that 
drying at low temperature and high air velocity led to increase in oxidation stability of olive 
pomace dried in a tray dryer. Maximum SMER, MER and minimum SEC values were 
expected to determine for high performance and energy efficient dryer system. The effective 
conditions of tray dryer were specified at high drying temperature and air velocity (90°C and 
1.8 m/s). As a conclusion, this study showed that it was necessary to examine the quality of 
product and energy efficiency of dryer systems together in drying applications. 

 

5. Nomenclature  
2-POP 2 phase olive pomace  

FFA free fatty acid % Oleic Acid 

MER moisture extraction rate (kg water/h) 

PV peroxide value meq O2/kg oil) 

SEC specific energy consumption (kJ/kg water) 

SMER specific moisture extraction rate (kg water/kWh) 

T drying temperature °C 

V Air velocity m/s 

w.b wet basis  

 
6. References 
[1] A. Ranalli and N. Martinelli, “Integral centrifuges for olive oil extraction, at the third 

millenium threshold. Transformation yields,” Grasas Aceites, vol. 46, no. 4–5, pp. 
255–263, 1995. 

1010

http://creativecommons.org/licenses/by-nc-nd/4.0/


Baysan, U.; Koç, M.; Güngör, A.; Kaymak-Ertekin, F. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

[2] M. D. Liebanes, J. M. Aragon, M. C. Palancar, G. Arevalo, and D. Jimenez, “Fluidized 
bed drying of 2-phase olive oil mill by-products,” Dry. Technol., vol. 24, no. 12, pp. 
1609–1618, 2006. 

[3] V. Hernández, J. M. Romero-García, J. A. Dávila, E. Castro, and C. A. Cardona, 
“Techno-economic and environmental assessment of an olive stone based biorefinery,” 
Resour. Conserv. Recycl., vol. 92, pp. 145–150, 2014. 

[4] R. Arjona, P. Ollero, and others, “Automation of an olive waste industrial rotary 
dryer,” J. Food Eng., vol. 68, no. 2, pp. 239–247, 2005. 

[5] J. S. Torrecilla, J. M. Aragón, and M. C. Palancar, “Modeling the drying of a high-
moisture solid with an artificial neural network,” Ind. Eng. Chem. Res., vol. 44, no. 21, 
pp. 8057–8066, 2005. 

[6] Association of Official Analytical Chemists (AOAC), Official Methods of Analysis, 
13th ed. Arlington, VA: Official Method, 1980. 

[7] Association of Official Analytical Chemists (AOAC), Official Methods for Analysis, 
15th ed., 2 vols. Arlington, VA: Official Method, 1990. 

[8] D. Sun-Waterhouse, J. Zhou, G. M. Miskelly, R. Wibisono, and S. S. Wadhwa, 
“Stability of encapsulated olive oil in the presence of caffeic acid,” Food Chem., vol. 
126, no. 3, pp. 1049–1056, 2011. 

[9] G. Gürlek, Ö. Akdemir, and A. Güngör, “Gıda Kurutulmasında Isı Pompalı 
Kurutucuların Kullanımı ve Elma Kurutmada Uygulanması,” Pamukkale Üniversitesi 
Mühendis. Bilim. Derg., vol. 21, no. 9, pp. 398–403, 2015. 

[10] T. Sadi, S. Meziane, and others, “Mathematical modelling, moisture diffusion and 
specific energy consumption of thin layer microwave drying of olive pomace,” Int 
Food Res J, vol. 22, no. 2, pp. 494–501, 2015. 

[11] Ö. E. Çoban and B. Patır, “Antioksidan etkili bazı bitki ve baharatların gıdalarda 
kullanımı,” Gıda Teknol. Elektron. Derg., vol. 5, no. 2, pp. 7–19, 2010. 

[12] N. K. Andrikopoulos, N. Kalogeropoulos, A. Falirea, and M. N. Barbagianni, 
“Performance of virgin olive oil and vegetable shortening during domestic deep-frying 
and pan-frying of potatoes,” Int. J. Food Sci. Technol., vol. 37, no. 2, pp. 177–190, 
2002. 

[13] A. Zungur, M. Koç, B. Yalçın, F. Kaymak-Ertekin, and S. Ötleş, “Storage stability of 
microencapsulated extra virgin olive oil powder,” in 9th Baltic Conference on Food 
Science and Technology “Food for Consumer Well-Being,” 2014, p. 257. 

[14] E. Eroğlu and H. Yıldız, “Gıdaların ozmotik kurutulmasında uygulanan yeni 
tekniklerin enerji verimliliği bakımından değerlendirilmesi,” Gıda Teknol. Elektron. 
Derg., vol. 6, no. 2, pp. 41–48, 2011. 

[15] K. J. Chua, S. K. Chou, J. C. Ho, and M. N. A. Hawlader, “Heat pump drying: recent 
developments and future trends,” Dry. Technol., vol. 20, no. 8, pp. 1579–1610, 2002. 

1011

http://creativecommons.org/licenses/by-nc-nd/4.0/


Effect of tray dryer’s independent variables (drying temperature and air velocity) on the quality of olive pomace 
and system’s energy efficiency) 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

[16] A. Motevali, S. Minaei, M. H. Khoshtaghaza, and H. Amirnejat, “Comparison of 
energy consumption and specific energy requirements of different methods for drying 
mushroom slices,” Energy, vol. 36, no. 11, pp. 6433–6441, 2011. 

 

 

1012

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7739 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Identification of key factors determining the surface oil 
concentration of encapsulated lipid particles produced by spray 

drying 
Linke, A. a*; Balke, T. a ; Kohlus, R.a 
a Department of Food Powders and Process Engineering. University of Hohenheim, Stuttgart, 
Germany 
 
*E-mail of the corresponding author: annika.linke@uni-hohenheim.de 
 

Abstract 
Potential factors leading to surface oil were investigated by analyzing the 
impact of emulsion properties, atomization and drying conditions separately. 
An increased oil load, droplet size and in particular the size of droplet 
aggregates led to significant more surface oil. Increasing the viscosity, inlet 
temperature and relative humidity resulted in larger particles with a higher 
encapsulation efficiency. The results indicate that the probability of oil 
droplets being in contact with the particle surface determines the amount of 
surface oil. Oil diffusion towards the surface was excluded due to the short 
residence times and high viscosities. 

 

Keywords: microencapsulation; encapsulation efficiency; emulsion 
properties; atomization; drying conditions  
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1. Introduction 

Polyunsaturated fatty acids are susceptible to oxidation. Microencapsulation is a strategy to 
protect lipids against environmental oxygen by embedding oil droplets in a solid matrix 
acting as an oxygen diffusion barrier. Some droplets are not fully covered and are in contact 
with the particle surface. This so-called surface oil is not protected and directly exposed to 
environmental oxygen.  
In literature several hypotheses about surface oil creation during spray drying are stated. 
Apart from emulsion stability, oil droplet disruption during atomization and oil diffusion 
towards the particle surface are believed to be the main factors leading to surface oil [1]–[3]. 
Experimental confirmation is partly lacking due to the high number of potential factors 
interacting with each other and influencing the encapsulation efficiency (EE). 
In this study it is hypothesized that the probability of oil droplets being in contact with the 
particle surface determines the surface oil concentration. The aim of this study is to identify 
key factors determining the EE by investigating the impact of emulsion properties, feed 
atomization and drying rate separately.  

2. Materials and Methods 

High quality fish oil (Omega Oil 1812 TG Gold) was kindly provided by BASF Personal 
Care and Nutrition GmbH (Illertissen, Germany). Rapeseed oil, maltodextrin DE21 
(AGENABON) and Soy Protein Isolate (Vegacon 90) were obtained from Herny Lamotte 
Oils GmbH (Bremen, Germany), Agrana GmbH (Frankfurt am Main, Germany) and Eurosoy 
GmbH (Hamburg, Germany), respectively.  

2.1. Emulsion and Powder Preparation 

Soy protein and maltodextrin DE21 were hydrated in distilled water for 12 h. Oil was 
dispersed by operating an IKA SPP25 (Staufen, Germany) for 10 min. The emulsion was 
homogenized in four passes using the homogenizer HL 1.3-400KX (HST Maschinenbau 
GmbH, Dassow, Germany). Emulsions were spray dried using a pilot plant dryer (type FSD 
4.0, GEA-Niro, Copenhagen, Denmark) with a maximum water evaporation capacity of 30 
kg/h operated at an airflow of 200 kg/h in the closed loop mode. The feed was atomized using 
a two fluid nozzle set to 1 bar (ex GEA-Niro). Inlet and outlet temperature were set to 180°C 
and 85 °C, respectively. 

2.2. Analysis 

2.2.1. Oil droplet size 

Static light scattering: A Mastersizer 2000 (Malvern Instruments Ltd, UK) was used to 
analyze the oil droplet size according to Mie-Theory. Three samples of each emulsion were 
measured in triplicate. 
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Pulsed field gradient: A Bruker minispec mq 20 NMR Analyzer (Bruker, Rheinstetten, 
Germany), operating at 20 MHz and equipped with a controlled pulsed gradient unit with a 
probe head H20-10-25-AVXG (Bruker, Rheinstetten, Germany) was operated at 20 °C. The 
oil droplet size of emulsions and within the powder was determined according to the 
procedure described by Linke et al. (2017) [4].  

2.2.2. Particle Size Distribution 

A Mastersizer 2000 (Malvern Instruments Ltd, UK) was used to determine the particle size 
by dispersing the powder in ethanol. Data were analyzed according to Fraunhofer theory. 
Three samples of each powder were measured six times. 

2.2.3. Oil Load, Surface Oil and Encapsulation Efficiency 

The surface oil was removed applying a procedure described by Bae and Lee (2008) with 
some modifications [5]. Approximately 1 g powder and 10 mL n-Hexane (ROTISOLV® 
HPLC) were shaken for 2 min. The powder was separated by filtration and washed three 
times with 10 mL n-Hexane. The oil load of the untreated and washed powder was 
determined according to a method described by Linke et al (2017). Briefly, a Bruker Minispec 
MQ20 NMR Analyzer (Bruker, Rheinstetten, Germany) with an absolute probe head H20-
18-25-A1 was operated at 40 °C with a resonance frequency of 19.95 MHz. The powder was 
weighed into tubes and tempered at 40°C for 45 min. The instrument was calibrated with 
standards consisting of 0.07 and 0.9 g fish oil. The surface oil was calculated by subtracting 
the remaining oil from the total oil. The encapsulation efficiency was determined by dividing 
the amount of encapsulated oil by the total oil times 100. 

3. Results 

3.1. Impact of emulsion properties on the encpasualtion efficiency  

In order to vary the emulsion properties in terms of viscosity, oil content and oil droplet size 
the homogenization pressure, oil load, dextrose equivalent (DE) of the maltodextrin and the 
soy protein concentration were modified (Figure 1). With increasing ratio of soy protein to 
oil the d3,2 of oil droplets decreased (Figure 1A). Additionally, the diameter measured by 
static light scattering (SLS) and nuclear magnetic resonance (NMR) differed at 
concentrations below 0.07 g (w/w) protein per oil. Due to different measurement principles, 
the latter method measures the size of individual droplets, whereas SLS determines the 
average diameter of droplet clusters [6], [7]. Insufficient concentrations of soy protein lead 
to droplet flocculation, which was confirmed by light microscopy (data not shown). Using 
maltodextrin with a higher DE led to a significant reduction of viscosity, due to shorter 
glucose chains (Figure 1B). Homogenizing emulsions at higher pressure decreased the oil 
droplet size, whereas the viscosity remained constant (Figure 1C). In case of an higher oil 
content the droplet size and viscosity slightly increased (Figure 1 D). 
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Figure 1: Emulsion viscosity and Sauter mean diameter d3,2 of oil droplets determined by static 
light scattering (SLS) and nuclear magnetic resonance (NMR) as a function of the soy protein 

concentration (A), dextrose equivalent of maltodextrin (B) homogenization pressure (C) and oil 
content (D); default settings were set to a solid content of 45% and maltodextrin DE21 

3.1.1. Impact of the droplet size on the EE 

Modifying the emulsifier concentrations and homogenization pressure resulted in a change 
in the Sauter mean diameter of oil droplets (Figure 1). Plotting the d3,2 as a function of the EE 
shows that larger droplets lead to a less efficient encapsulation (Figure 2).  

 
Figure 2: EE [% of total oil] as a function of the Sauter mean diameter d3,2 of oil droplets [µm], 

determined by nuclear magnetic resonance (NMR) (A) and static light scattering (SLS) (B) 

In case of the d3,2 determined by NMR, the droplet size modified by the homogenization 
pressure affects the EE less compared to the protein concentration (A), whereas the impact 
of the diameter measured by SLS is aligned for both samples sets (B). As SLS measures the 
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size of droplet clusters it is concluded that apart from the individual size, oil aggregates lead 
to more surface oil. As droplet clusters are larger compared to individual droplets, it is more 
likely for them being in contact with the powder particle surface and contributing to surface 
oil. 

3.1.2. Impact of the oil load on the EE 

The EE and the amount of surface oil is plotted as a function of the oil concentration in the 
emulsion (Figure 3, A). A higher oil load leads to more surface oil supporting the hypothesis, 
as the likelihood for droplets being in contact with the particle surface is higher if more oil is 
present. However, the EE increases up to oil loads of 15 % and decreases at higher 
concentrations. Even though less oil is located at the particle surface, the ratio to the amount 
of encapsulated oil fraction is smaller leading to a decreased encapsulation efficiency.  

 
Figure 3: EE [% of total oil] and surface oil as a function of the oil concentration in the emulsion 

(A); EE and particle diameter d50,3 as a function of the viscosity for samples containing  
maltodextrin with a different dextrose equivalent (B) 

3.1.3. Impact of the viscosity 

Modifying the dextrose equivalent of the maltodextrin resulted in a change in the emulsion 
viscosity (Figure 1). With increasing viscosity larger particles and a more efficient 
encapsulation is obtained (Figure 3, B). It is assumed, that larger particles increase the EE 
due to a lower ratio of particle surface to particle volume. Thus, the viscosity is affecting the 
EE indirectly by changing the size of encapsulated lipid particles. 

3.2. Impact of drying conditions and particle properties 

Figure 4 shows the particle diameter and the EE as a function of the solid content, inlet 
temperature and relative humidity of the drying medium. A higher solid content and inlet 
temperature resulted in larger particles, due to a higher viscosity and faster crust formation 
preventing shrinkage, respectively. A higher humidity in the drying air resulted in slightly 
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larger particles. This is unexpected, as the drying rate is supposed to decelerate enabling 
particle shrinkage.  

 

Figure 4: Particle diameter d50,3 [µm] and EE [% of total oil] as a function of the solid content, 
inlet temperature and relative humidity for samples differing in oil concentration and solid content, 

the default settings were set to a solid content and oil load of 35% and 30%, respectively. 

Plotting the EE as a function of the particle diameter shows an increase until a plateau is 
reached (Figure 5). Apart from the modified drying conditions, particles containing different 
dextrose equivalent are following the same trend. Larger particles have a lower particle 
surface to volume ratio. Thus, it is more likely for oil droplets being embedded in the particle 
center and not being in contact with the particle surface. Particles above approximately 100 
µm are powder aggregates. The EE might reach a plateau as aggergates consist of a number 
of individual particles, which determine the particle surface. Hence, the surface is not 
decreasing further with increasing aggregate size.   

 

Figure 5:  EE [% of total oil] as a function of the particle diameter d50,3 [µm]; Samples contain 
different solid content (SC) and maltodextrin dextrose equivalent (DE) and are spray dried at 

different inlet temperatures (Tin) and relative humidity (rH). 
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4. Discussion 

In this study the impact of potential factors on the encapsulation efficiency during the 
production of encapsulated lipid particles was investigated. In order to do so, the influence 
of emulsion properties and spray drying conditions on the surface oil creation was analyzed 
separately. Due to the number of potential factors and their interaction with each other it is 
challenging to identify the main contributors causing surface oil.  

Smaller particles, oil droplets and in particular oil droplet clusters decreased the 
encapsulation efficiency significantly. This supports the hypothesis, that the probability of 
oil droplets being in contact with the particle surface determines the amount of surface oil. 
This might explain that encapsulated lipid particles produced by a benchtop spray dryer 
generally have a lower encapsulation efficiency compared to powders obtained on pilot plant 
scale as the obtained particles are smaller. 

Larger particles were obtained at a higher solid content and inlet temperatures. Due to the 
increased viscosity and the fast drying the mobility of oil droplets was reduced, so that the 
likelihood of oil diffusing towards the particle surface is decreased. In terms of the increased 
humidity, the drying medium is more polar, which might prevent oil diffusion additionally. 
However, due to the short residence times and high viscosity it is suggested that oil droplet 
diffusion has no significant impact on the encapsulation efficiency.   

Increasing the oil load up to 15% resulted in a higher efficiency even though the amount of 
surface oil was raising. Maximizing the concentration of lipids being fully embedded in the 
matrix increases the efficiency, but does not necessarily enhance the shelf life, as the absolute 
amount of surface oil being exposed to environmental oxygen may also increase. 
Additionally, to the investigated properties the volume of vacuoles in the particles should be 
considered, as it decreases the ratio of outer particle surface to the effective matrix volume. 
This might reduce the encapsulation efficiency, due to a higher likelihood of being in contact 
with the particle surface.  

5. Conclusions  

In this study the impact of the emulsion properties and spray drying conditions on the 
encapsulation efficiency was investigated. An increased oil load, smaller particles and larger 
oil droplets and droplet aggregates led to more surface oil. It supports the hypothesis, that the 
probability of oil droplets being in contact with the particle surface determines the success of 
the encapsulation.  
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6. Nomenclature  
 

d3,2 Sauter mean diameter µm 

EE Encapsualtion Efficiency % 

DE Dextrose Equivalent - 
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Abstract 
Gluten-free (GF) dry egg pappardelle was prepared with tigernut flour 

(50%), chickpea flour (50%) and pregelatinized TNF (0, 5, 10%), and 

compared to plain pasta (100% durum wheat semolina). The GF pasta may 

have a significant higher content of insoluble fibre, minerals and fat rich in 

oleic acid and a similar protein content. It was not found any clear 

relationship between the flour functional properties and its proximate 

composition. The use of PG did not imply an improvement on the firmness 

but did provide some continuity to the pasta structure. 

 

Keywords: Gluten-free pasta, tigernut flour, chickpea flour, texture, cooking 

properties. 
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1. Introduction 

The celiac disease is one of the most common food induced disorders worldwide with an 
estimated mean prevalence of 1% of the total population [1]. To date, the only efficacious 
treatment for celiac disease affected patients is a gluten-free diet. However, many GF 
products based on cereals exhibit lower nutritional quality [2] and, not less important, 
higher glycemic index [3] than their gluten containing counterparts. Since pasta is one of 
the products that is most demanded by people with celiac disease [4], the aim of this study 
was to evaluate the chemical composition, the cooking characteristics and microstructure of 
GF pappardelle prepared with tiger nut and chickpea flours. Chickpea flour is a source of 
proteins, carbohydrates, dietetic fibre and oligosaccharides. Tigernut flour is a rich source 
of dietary fibre, high-quality fatty acid profile oil, which is similar to olive and hazelnut oil, 
minerals and vitamins such as phosphorus, potassium, iron and calcium, as well as vitamins 
E and C. Therefore, the combination of these flours may lead to an improved nutritional 
value of the resulting pasta, with a high fibre content and a lower glycaemic index. Despite 
the great efforts made in the last few decades to produce GF pasta with sensory 
characteristics similar to durumwheat products (good texture, minimum cooking losses, 
surface resistance to disintegration, without surface stickiness), the GF pasta currently on 
the market is still far from what the consumer is looking for [4]. The role of gluten could be 
replaced by choosing suitable formulations to achieve the desirable quality attributes and 
also making the dough easy to handle under industrial conditions [5]. Frequently, GF 
products are formulated using sintetic additives to improve the textural characteristics. 
Nowadays, both industry and consumer preference is to use other additives from natural 
sources. Previous studies have demonstrated the positive impact that the use of 
pregelatinized starch from rice [6] or cassava [7] has on the GF pasta texture. Pregelatinized 
flour can act as a binder [8] that may lead to the development of a viscoelastic and compact 
dough, which may contribute to obtain suitable palatability and textural characteristics on 
the pasta products. In this sense, this work assess the feasibility of replacing chickpea flour 
by tiger nut pregelatinized flour to improve the cooking behavior and final textural 
characteristics of dry GF pappardelle based on tiger nut and chickpea flours. 

2. Materials and Methods 

2.1. Raw materials and characterisation 

Commercial durum wheat semolina –DWS– (Harinas Villamayor. S.A., Huesca. Spain). 
tiger nut flour –TNF–(Tigernuts Traders S.L., Valencia. Spain) and chickpea flour (CP) 
were used. Fresh eggs, CP and mineral water were purchased in a local market. PG was 
obtained by hot treatment (80ºC, 20 min, 1:7.5 g/mL deionized water) followed by drying 
(40ºC, 24 h) and grinding. DWS, TNF, CP and PG were analysed for their water, protein, 
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fat and ash contents according to the American Association of Cereal Chemists´ approved 
methods [9] and for their total, soluble and insoluble fibre, amylose/amylopectin ratio and 
damaged starch according to the corresponding Megazyme methods K-TDFR, K-SDAM 
and K-AMYL (Megazyme Ltd., Ireland). Digestible carbohydrates were determined by 
difference (100 – percentage of estimated proximate chemical composition). The particle 
size distribution (PSD) of DWS, TNF, CP, PG and their mixtures (TNFCPPG0, 
TNFCPPG5, TNFPPG10) was determined by using a MasterSizer® Laser Diffraction 
Particle Size Analyser (Malvern Instrument Ltd., Malvern, England). equipped with a PS 
65 (dry sample). For each sample, 10–20 g of flour mixture was used. Size distribution was 
quantified as the relative volume of particles in size bands, presented as size distribution 
curves (Malvern MasterSizer Micro software v 5.40). The PSD parameters recorded 
included mean particle diameter/volume mean diameter (D[4.3]) and span value 
(measurement of the width of the size distribution). The functional properties of DWS, 
TNF, CP, PG and their blends (TNFCPPG0, TNFCPPG5, TNFPPG10). were determined as 
follows. The water-holding capacity (WHC) was determined by using the modified 
methods from [10] and [11]. The fat adsorption capacity (FAC) was determined according 
to [12]. Each analysis was made in triplicate. 

2.2. Pasta preparation 

The S formulation, used as the control sample, was obtained by mixing durum wheat 
semolina (72% w/w), fresh egg (13% w/w) and water (15% w/w). For the GF formulations, 
TNF and CP were used at 50/50 weight (76% w/w) and mixed with fresh egg (13% w/w) 
and water (11% w/w). Three GF formulations were assessed, considering three levels for 
chickpea replacement by pregelatinized TNF (0, 5 and 10% w/w, named henceforth as 
TNFCPPG0, TNFCPPG5 and TNFCPPG10 respectively). All raw materials were mixed 
and kneaded in an electric cooking device (Thermomix TM-31, Vorwerk Spain M.S.L., 
S.C., Madrid). The dried (CP/TNF/PG) and liquid (egg/water) components were separately 
blended and then kneaded together (10 min for S and 20 min each for GF pasta) with a rest 
period in between. The resulting doughs were rested for 20 min at 4 ºC inside a plastic bag 
in order to enable sample relaxation. Afterwards, the fresh pasta sheets (1.0±0.03 mm thick) 
were formed by using a domestic pasta making machine (Simplex SP150, Imperia, Italy) 
coupled with a specific motor (A2500, Imperia, Italy). The pappardelle (4.4 cm width) were 
obtained by using the Duplex reginette 12/44 mm device (Imperia, Italy). Samples of 7 cm 
± 0.03 mm length were then dried for 5.5 h (SCC 62, Rationel, Germany) under controlled 
temperature (55ºC) and relative humidity (60%) conditions (until the pasta reached a water 
content of 10-12% (similar to that of dried commercial pasta). Once dried, the pappardelle 
were packed in vacuum bags and stored at 4ºC temperature until further analysis. 
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2.3. Uncooked pasta structure 

FESEM (ULTRA 55, Carl Zeiss AG. Oberkochen. Germany) was used in order to observe 
the microstructure of dry GF pappardelle (TNFCPPG0, TNFCPPG5 and TNFCPPG10). 
The samples (cross-section) were fixed on copper stubs, platinum coated and observed 
using an accelerating voltage of 2 kV. 

2.4. Pasta cooking 

Dried pappardelle (25 g) was cooked in 300 ml deionised water (98ºC) according to the 
American Association of Cereal Chemists´ approved method 16-50 [9]. To avoid 
evaporation losses and maintain the 90% of the initial volume, the flask was partially 
covered and boiling water was added during cooking. Once reached the optimal cooking 
time (9 min for S and 5 min for the rest ), the pappardelle were removed from the flasks and 
the cooking process was immediately stopped with 50 ml of cold deionised water. Finally, 
the pappardelle were drained for 2 min and immediately analysed for its firmness and 
cooking properties. Cooking trial was made in duplicate for each pasta formulation. 

2.5. Cooking properties and cooked pasta firmness 

The water absorption index –WAI– (g/g) was calculated from the mass gain and the 
increase in water content after cooking. The water content in dry and cooked pasta was 
determined according to the AACC 44-40 method [9]. Cooking loss –%CL– (g/100 g) is 
the amount of solid substance lost to cooking water and it was determined according to the 
AACC-approved method 16-50 [9]. The swelling index –SI– was expressed as the relative 
volume changes (cm3/cm3) between the uncooked and cooked pasta. The measurements of 
the pappardelle (thickness, width and length) were determined with a caliper (PCE-DCP 
200N, PCE Ibérica S.L., Albacete, Spain). A TA.XT2 Texture Analyser (Stable Micro 
Systems. Godalming. Surrey. UK) was used to perform the AACC method 16-50 [9] at a 
rate of 0.17 mm/s until total sample deformation. Each analysis was made in triplicate for 
each pasta formulation. 

2.6. Statistical analysis 

Analysis of variance (ANOVA) was carried out by using Statgraphics Centurion XVI 
software version 16.1.17 (StatPoint Technologies. Inc., Warrenton, VA) The significance 
level was p = 0.05 in all cases. 

3. Results and discussion 

3.1. Characterization of raw solid materials 

The chemical composition of the solid raw materials (DWS, TNF, CP and PG) are shown in 
Table 1. As expected, the TNF and CP fibre (specially insoluble) content was much higher 
than that of DWS. Fat content was also much higher for TNF, while the highest protein 
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content was obtained for CP. On the other hand. the highest amount of digestible 
carbohydrates was obtained for DWS, followed by TNF and CP, being the amylose content 
lower for TNF. Damaged starch was significantly higher for PG.  

Table 1. Proximate chemical composition of solid raw materials (g/100 g). Mean values of three 
replicates (standard deviation). 

 DWS TNF CP PG 
Water 13.43 (0.13)b 12 (0.7)c 11.48 (0.95)c 16.8 (0.3)a 

Protein 13.18 (0.7)b 3.7 (0.2)c 23.7 (0.07)a - 
Fat 0.9 (0.05)d 21.44 (0.06)b 4.31 (0.03)c 23.59 (0.04)a 

Ash 0.27 (0.03)c 2.29 (0.07)b 3.298 (0.007)a 2.32 (0.03)b 

Fiber     
-Soluble 2.99 (0.13)b 3.5 (1.3)b 6 (3)ab 7.5 (0.8)a 

-Insoluble 7 (3)c 16.6 (0.8)b 24 (0.6)a 24 (4)a 

-Total 9.1 (0.4)c 20 (2)b 30 (3)a 32 (3)a 

DC* 63.3 (0.2)a 40 (2)b 28 (4)c - 

Amilose (%) 27.2 (1.4)a 17 (2)b 28 (2)a - 

Damaged starch 3.31 (0.12)b 0.622 (0.109)c 0.6717 (0.005)c 20 (3)a 

Means with different letters in the same row indicate significant differences (p < 0.05). 
* Digestible carbohydrates calculated by difference 

 
Concerning PG, its chemical composition was near to that of TNF, except for the fibre (due 
to a higher extraction capacity) and the damaged starch (due to gelatinization) contents. 
These results suggest that the use of TNF and CP at 50% w/w may allow to obtain GF pasta 
with a similar protein content and a higher presence of fibre, minerals and fat than the DWS 
formulation. It can be observed in Table 2 that the average particle size (expressed as the 
mean diameter of the equivalent volume) was significantly lower for CP, followed by TNF 
and DWS. Fibre hydration and starch gelatinization could be the responsible for the 
significantly higher particle size of PG. Furthermore, the uniformity in the particle size 
distribution (span) was higher in DWS (from industrial milling) and PG (obtained after 
grinding). The greater presence of fibre in TNF (20 (2)%) and CP (30 (3)%) compared to 
9.1 (0.4)% in DWS) -with a much higher insoluble/soluble ratio- (16.6/3.5% in TNF and 
24/6% in CP compared to 7/2.99% in DWS) could be responsible for the greater 
heterogeneity in TNF (span 2.39) or CP (span 6.9). Water holding capacity (WHC) reports 
the ability of a protein matrix to absorb and retain bound, hydrodynamic, capillary and 
physically entrapped water against gravity. The results show a significant lower value for 
DWS, which can be attributed to the higher fibre content of TNF and CP and the smaller 
particle size of TNF and CP, which implies a larger surface area available for water 
absorption [13]. The highest WHC obtained for PG may be due to the its higher damaged 
starch content; however, no effect was observed on the mixture when PG was added at 5 
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and 10%. The fat absorption capacity (FAC) is attributed to the ability of proteins to bind 
lipids. Only TNF presents a significant higher value of this parameter.  

Table 2. Particle size distribution and Functional properties of solid raw materials and their blends. 
Mean values of three replicates (standard deviation). 

Sample D[4.3](μm) Span 
WHC (g water/g 

flour) 
FAC (g fat/g 

flour) 
DWS 317.9 (1.8)b 1.156 (0.012)f 0.9 (0.07)d 1.2 (0.2)b 
TNF 221 (4)d 2.39 (0.03)c 2.1 (0.2)b 1.749 (0.104)a 
CP 141 (12)f 6.9 (0.9)a 1.98 (0.2)b 1.25 (0.04)b 
PG 632 (8)a 1.77 (0.03)d 2.9 (0.2)a 1.31 (0.06)b 

TNFCPPG0 225 (2)d 2.382 (0.008)c 1.591 (0.112)c 1.29 (0.02)b 
TNFCPPG5 191.3 (0.9)e 3.07 (0.05)b 1.586 (0.012)c 1.3 (0.03)b 
TNFCPPG10 232 (3)c 2.22 (0.03)c 1.6 (0.4)c 1.19 (0.06)b 

Means with different letters in the same column indicate significant differences (p < 0.05). 

3.2. Cooking properties and cooked pasta firmness 

Cooking loss, a measure of the amount of solids lost in the cooking water, is considered to 
be an important indicator of pasta quality [14]. As reported by [15], cooking losses for GF 
pasta can reach 20-25 % values as compared to those of a wheat semolina pasta due to the 
better weaker gluten network in which swelled starch granules are worse entrapped. 
Obtained values in this work (Table 3) are similar to those obtained for other GF pasta 
based on legume flours [16] and quinoa [17]. No significant differences could be observed 
for WAI and SI with the percentage of PG used, but both parameters were significant 
higher for control samples.  

Table 3. Cooking properties of pasta formulations. Mean values (standard deviation). 

Sample WAI (g/g) %CL SI F (N) 

S 1.74 (0.02)a 2.9 (0.2)c 0.80 (0.02)a 20.6 (0.2)a 

TNFCPPG0 0.82 (0.05)b 11.7 (0.2)a 0.62 (0.06)b 8.8 (0.5)b 

TNFCPPG5 0.79 (0.03)b 8.7 (0.2)b 0.58 (0.03)b 7.6 (0.3)c 

TNFCPPG10 0.81 (0.02)b 12.0 (0.2)a 0.37 (0.02)c 6.5 (0.4)d 

Means with different letters in the same column indicate significant differences (p < 0.05). 

A good quality pasta product should present certain degrees of firmness and elasticity, 
absence of stickiness, appearance uniformity and structural integrity. As expected, the 
firmness of GF formulations was significantly lower than that of control pasta (Table3), 
decreasing with higher contents of PG (although variations were small for this parameter). 
Although the use of PG at 5 or 10% did not imply an improvement on the firmness of 
cooked pasta, it did provide some continuity to the pasta structure (Figure 1). 
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Fig. 1 FESEM dry pasta TNFCPPG0 and TNFCPPG10 (500x). 

4. Conclusions 

The consumption of gluten free pappardelle formulated with tiger nut and chickpea flours 
can have positive implications for human health, due to their increased nutritional quality. 
Cooking losses were acceptable and a certain structural continuity was obtained when 
pregelatinized tiger nut flour was used, thus further investigations are required. 
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Abstract 
The aim of this work was to investigate the convective drying process of malt 
bagasse and to evaluate the influence of this process on the application of this 
residue as adsorbent in methylene blue removel by adsorption process. The 
experimental system for drying was a fixed bed dryer with parallel airflow, 
with operating conditions: air temperature in the range of 40 to 90 oC and air 
veocity of 2 m/s. The adsorption experiments were perfomed with solution of 
methylene blue at 70 ppm concentration. The drying kinetics showed a constant 
drying rate period followed by a falling drying rate. The results obtained for 
the dye removal efficiency were 56% for in natura sample and in the range of 
81.69% to 93.99% for dried samples. 
 
Keywords: dryin; malt bagasse; adsorption  
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1. Introduction 

Nowadays, environmental problems and energy demands have demanded the search for 
energies renewable and clean. The use of biomass is part of the concept of sustainable 
development, besides reducing costs and not harming the environment [1].  Adsorption is a 
unit operation commonly used to separate solid-liquid, and can be efficient and low cost, 
using different adsorbents [2]. Solid residues from the agroindustry, such as sugarcane 
bagasse, coconut mesocarp and wood sawdust, are available in large quantities and can be 
considered as potential adsorbents due to their low cost due to not receiving any previous 
treatment and their physical- chemical properties [3].  

In the process of brewing many solid wastes are generated, such as malt bagasse. Acording 
to Ferrari [4], the malt bagasse is the main byproduct resulting from the fermentation process 
formed by the solid part of the filtration of the fermentation must before boiling. One of the 
applications of the malt bagasse is the use as low-cost biosorbent in the sorption of dyes. 
These residues have limitation related to their high moisture content, which has a negative 
influence on transport, storage and for applications. Thus, the drying of malte bagasse is the 
first step for the biomass preparation. Piffer et al. [5] studied the adsorption of textile dye on 
malt bagasse in order to evaluate the efficiency of the process and Zanette et al.[6] reported 
the adsorption of 5G blue dye using the malt bagasse, verifying the influence of the agitation 
speed in the process. 

The aim of this work was to investigate the convective drying process of malt bagasse and to 
evaluate the influence of this process on the application of this residue as adsorbent in 
removal efficiency of methylene blue by adsorption process. 

2. Materials and Methods 

The raw material was supplied from artisanal beer producers from Bagé, Rio Grande do Sul, 
Brazil, and was packed in plastic bags at -18 °C until analysis. The moisture content was 
determined by the oven method at 105 oC for 24 h.  

Figure 1 illustrates the experimental system used in the drying experiments. The experimental 
system involved a fixed bed dryer. The air flow coming from the blower [a] was monitored 
by psychrometer [b] and was heated by an electrical heater (c). Measurements of air velocity 
were performed by an anemometer [f]. In order to monitor mass of samples during the drying 
experiments a digital balance [e] was used, connected with a tray in the drying chamber. 
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Fig. 1 Experimental system. 

The malt bagasse samples were distributed uniformly as a thin layer onto the stainless steel 
tray of size 12x0.5 cm and dried. The ranges of operating conditions were defined in 
preliminary tests. The inlet air temperature (Tair) were 40, 60, 75 and 90 oC and air velocity 
(vair) was 2 m/s. Drying curves ((M-Me)/(M0-Me) as a function of time) were obtained and the 
equilibrium moisture content was assumed as the final moisture content, when the drying rate 
was practically null, for each drying condition. 

The calibration curve of methylene blue dye was obtained from different concentrations and 
their respective absorbances in UV-VIS spectrophotometer at the wavelength of 664 nm. The 
calibration curve obtained for methylene blue is presented in Equation 1. 

��� � 0,1175 ���                              (1) 

where [MB] corresponds to the concentration of the dye in ppm and abs the absorbance. 

The adsorption process was performed in a batch system. 2 g of the malt bagasse in natura 
and dried were first placed in a Erlenmeyer flask. 50 mL of methyle blue solution at a 
concentration of 70 ppm was added to the flask. The mixture were stirred continuously using 
a shaker at speed of 150 rpm for 60 min in a constant temperature at 25 oC. After adsorption, 
each sample containing the solution and adsorbent was subjected to centrifugation at 3000 
rmp for 10 min. Then, the concentration of methylene blue were measured using UV-VIS 
spectrophotometer. The removal efficiency of methylene blue (% Rem) was determined 
using the Equation 2. 

%��� �  
��� ���

��
 x 100                            (2) 

where Co is the initial concentration of the dye, Ceq is the final concentration. 

Experimental data were analyzed by Statistica 7.1 software. Mean comparasions were carried 
out by Tukey test (p < 0.05 was considered as significant). 

1031



 Experimental investigation of  drying of malt bagasse 

 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

3. Results and discussion 

Figure 2 shows the typical drying curves obtained for malt bagasse.  
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Fig. 2 Drying kinetics at different operation conditions. 

 

In all experiments, the drying kinetics showed a constant drying rate period followed by a 
falling drying rate period. As expected, an increase in air temperature also significantly 
increased the drying kinetics and resulted in lower final moisture contents. The moisture 
content for in natura malt was 74.25% ± 0.43 (% w.b.) and after the drying process the results 
were in the range of  2.6 to 6.9%, similar with results showed by Gonçalves et al. [7]. 
According to Lopes et al. [8] the final moisture content of the material is directly related to 
the drying time and temperature. According to Wang and Chen [9] the temperature and 
moisture content of the material play a very important role in the heat and mass transfers 
during the drying. At lower temperatures it was necessary a longer time for the removal of 
water from the material because, according to Vilela and Silva [10], drying requires gradients 
that help as the driving force for the mass flow of water into the air drying. 

Table 1 shows the results to the removal efficiency of the methylene blue dye using malt 
bagasse samples before and after drying. 
 

Table 1. Removal efficiency of methylene blue. 
 in natura Dried samples 
  40 °C 60 °C 75 °C 90 °C 

Rem (%) 56.00±0.87a 93.60±0.25b 93.71±0.26b 93.48±0.13b 93.99±0.32b 
Average±deviation (n=3) 
Different letters indicate significant differences between samples (p < 0.05) 
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It can be observed that drying of the adsorbent material favored the adsorption process 
because it allowed the reduction of moisture content of the adsorbent material, and, 
consequently, the increase of the intraparticle porosity and adsorption sites as mentioned by 
Geankoplis [11]  and Arim et al. [12]. There were no significant difference (p<0.05) between 
the removal efficiency using dried samples at differents conditions. Then, the results 
indicated that the adequate drying condition for malt bagasse is at 90 oC, since the drying can 
be faster with lower cost of energy. 

4. Conclusion  

The malt bagasse drying showed a constant drying rate period followed by falling drying rate 
period, wich is typical of materials with high moisture content. The dried malt bagasse 
showed to be efficient in the removal efficiency of methylene blue, with no significant 
difference between samples dried at differents temperatures. The results showed promising 
results, and it was possible to affirm that malt bagasse can be used as adsorbent for adsorption 
of dye, reducing the environmental impact and showing a new application for this residue. 

5. References 
[1] Cordeiro, L.G. Caracterização e Viabilidade Econômica do Bagaço de Malte Oriundo 

Cervejarias Para Fins Energéticos. Dissertação de Mestrado. Universidade Federal da 
Paraíba. 2011. 

[2] Oliveira, L.H.; Arraes, D.D.; Gomes, G.E.; Lima, A.E.O.; Ramos, P.H. Estudo Da 
Adsorção Do Corante Rodamina B Em Argila Natural. 10°Encontro Brasileiro 
Deadsorção. Guarujá –Sp, 2014. 

[3] Matos, T.T.S.; Jesus, A.M.D.; Araújo, B.R.; Romão, L.P.C.; Santos, L.O.; Santosa, J.M. 
Aplicação De Subprodutos Industriais Na Remoção De Corantes Reativos Têxteis. 
Revista Virtual Química, V.5, Pp. 840-852, 2013. 

[4] Ferrari, V. O Mercado De Cerveja No Brasil. Dissertação De Mestrado. Univerdidade 
Católica Do Rio Grande Sul, 2008. XII Congresso Brasileiro de Engenharia Química Em 
Iniciação Científica Ufscar – São Carlos – SP 16 a 19 de Julho de 2017. 

[5] Piffer, H.H.; Juchen, P.T.; Veit, M.T.; Fagundes-Klen, M.R.; Palácio, S.M.; Gonçalves, 
G.C. Estudo Da Dessorção Do Corante Têxtil Reativo Azul 5g Adsorvido Em Bagaço 
De Malte. In: Anais Do Xi Congresso Brasileiro De Engenharia Química Em Iniciação 
Científica. São Paulo: Blucher, 2015.  

[6] Zanette, J.C.; Piffer, H.H.; Veit, M.T. Biossorção Do Corante Têxtil Azul 5g Utilizando 
O Bagaço De Malte. In: Anais Do I Encontro Anual De Iniciação Científica, Tecnológica 
E Inovação. Santa Catarina, 2015. 

[7] Gonçalves, C. ; Echevarria, E.R. ; Rosa, G.S. ;Oliveira, E.G.; Biossorção De Corante 
Catiônico Utilizando O Bagaço De Malte. Anais Do Xxi Congresso Brasileiro De 
Engenharia Química, Fortaleza, 2016 

1033



 Experimental investigation of  drying of malt bagasse 

 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

[8] Lopes, C.R.; Queiroz, A. M.; Silva, K. C.; Mendes, E. C. S.; Silvério, B.C.; Ferreira,M. 
M. P.; Estudo Cinético De Desidratação E Caracterização Do Bagaço De Malte Resíduo 
Da Indústria, P. 2697-2702. In: Anais Do Xi Congresso Brasileiro De Engenharia 
Química Em Iniciação Científica. São Paulo: Blucher, 2015. 

[9] Wang, Z.H.; Chen, G. Heat And Mass Transfer In "Xed-Bed Drying. Chemical 
Engineering Science 54 (1999) 4233}4243, Kowloon, Hong Kong, 1999 

[10] Vilela, F.A.; Silva, W. R. Efeitos Da Secagem Intermitente Sobre A Qualidade De 
Sementes De Miho.P. 185-209. In: Anais Esalq. Piracicaba, 1991. 

[11] Geankoplis, C.J. Procesos De Transporte Y Operaciones Unitarias. 3° Edição, México: 
Cecsa, 1998 

[12] Arim, A.L.; Mesquita, V.R.; Echevarria, E.R.; Lima, D.R.; Morais, M.M.; Rosseto,V.; 
Almeida, A.R.F.; Rodrigues, L.M. Investigação Do Bagaço De Butiá Quaraimana 
Comomaterial Adsorvente Alternativo Para O Tratamento De Efluentes. In: Anais Do 
10° Encontro Brasileirosobre Adsorção. São Paulo, 2014. 

[13] Barbosa, R.M. Contribuição Do Mercado De Carbono Para A Viabilidade De Projetos 
De Eficiência Energética Térmica E De Troca De Combustíveis Em Cervejarias. 
Dissertação De Mestrado. Universidade De São Paulo, 2010.  

[14] Brasil. Ministério Da Agricultura, Pecuária E Abastecimento. Portaria N° 166 De 12 De 
Abril De 1977. Padronização, Classificação E Comercialização Do Malte Cervejeiro Ou 
Cevada Malteada Para Fins Cervejeiros. 

[15] Foust, A.S.; Wenzel, L.A.; Clump, C.W.; Maus, L.; Andersen, L.B. Princípios Das 
Operações Unitárias. Rio De Janeiro, Guanabara Dois, 1982. 670 p. 

 

 

1034



IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7803 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA   
 

Vitamin C content of freeze dried pequi (Caryocar brasiliense 
Camb.) pulp 

 

Soares, C.T. a*; Nogueira, G.F.a;  Santana, A. A.b; Oliveira, R. A.a 
a School of Agricultural Engineering, University of Campinas, Campinas - SP, Brazil. 
b School of Chemical Engineering, Federal University of Maranhão, SãoLuís - MA, Brazil. 
 
*E-mail of the corresponding author: augustus@feagri.unicamp.br 
 

Abstract 
Vitamin C is one of the constituents of pequi pulp. It is a natural antioxidant, 

capable of sequestering free radicals. The present study aimed to freeze dry a 

pequi pulp encapsulated with maltodextrin and whey protein and analyze 

vitamin C content. Vitamin C loss was lower in the experimental run that did 

not use encapsulating agent. Whereas, the run that used 15% of whey protein 

concentrate as encapsulant agent in relation to pequi solids presented the 

highest value (220.74 mg vitamin C / g pequi solids). Freeze drying of pequi 

pulp is a technique for vitamin C conservation independently of the variation 

in maltodextrin and whey protein proportion. 

Keywords: drying; encapsulating agent; ascorbic acid. 
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1. Introduction 

The pulp of pequi (Caryocar brasiliense Camb.) is rich in vitamin C, which present 
antioxidant capacity [n1]. This fruit is produced in the regions that compose the Brazilian 
Cerrado biome and because of this, it is an extractive product. The lack of adequate 
methods of conservation and perishability of the fruit result in great loss [n1]. New 
technologies allow the aggregation of value to the product and among them is freeze 
drying. This technique minimizes losses of nutrient compounds during the drying process 
based on the dehydration by sublimation of a frozen product resulting in a dry material [n2, 
n3]. Microencapsulation is a technique that maintains product properties as stable as 
possible and extends its shelf-life. Encapsulating agents protect the core material from 
interaction with environmental factors such as light, oxygen, temperature and humidity, and 
among them are maltodextrin and whey protein concentrate (WPC). Maltodextrin is a 
partially hydrolyzed starch widely used in the food industry as it has a mild and long-lasting 
flavor [n4]. WPC is an excellent protein isolate in the edible coating, as well as in food 
enrichment and edible film production [n5]. The objective of this work was to dry the pequi 
pulp encapsulated with maltodextrin and WPC and to analyze the composition of vitamin C 
after freeze drying process. 

 

2. Materials and Methods 

2.1 Materials 

Pequi fruits from a single batch production of the state of Minas Gerais, Brazil, were 
purchased at the Campinas Supply Center (Ceasa-Campinas) and used on all the 
experiments. After processing, the samples were stored in a freezer at -60 ± 3 °C and dried 
by a laboratory freeze dryer (Edwards High Vacuum, Super Modulyo model, Great 
Britain). Maltodextrin (MOR-REX® 1910, Ingredion, Mogi-Guaçu, Brazil) and whey 
protein concentrate (WPC 80, Alibra, Campinas, Brazil) were used as encapsulating agents. 

 

2.2 Methods 

2.2.1 Preparation of pequi pulp 

The fruits were stored in a Biochemical Oxygen Demand (B.O.D.) chamber at 5 °C until 
their processing stage. The pequi pulp processing followed the subsequent steps: selection, 
washing, sanitization, peeling, second sanitization, pulping, packaging, homogenization. 
Homogenization was carried out by a domestic mixer, adding distilled water in the 
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proportion 1: 1 (pulp:water, m/m) to the pequi pulp and different encapsulants in different 
concentrations, according to Table 1.  

A central composite experimental design with two independent variables and three central 
points, totalling 11 experimental runs, was performed. The independent variables were the 
maltodextrin/whey protein concentrate proportion and total concentration of encapsulating 
in relation to total solids content of pequi pulp.  

Vitamin C content after freeze drying were considered the dependent variable (response). 
Table 1 presents the encoded and real values of independent variables of the experimental 
design. In Table 1, Ctotal: total concentration of encapsulants in relation to the total solids of 
pequi pulp. CWPS: whey protein concentrate concentration. CM: maltodextrin concentration. 

Table 1. Experimental design 

Run 

Independent variables 

Encoded Real 

CM % Ctotal [%] CM % CW % Ctotal [%] 

1 -1 -1 14,6 86,4 4,4 

2 -1 1 14,6 86,4 25,6 

3 1 -1 85,4 14,6 4,4 

4 1 1 85,4 14,6 25,6 

5 -1,41 0 0,0 100,0 15,0 

6 1,41 0 100,0 0,0 15,0 

7 0 -1,41 50,0 50,0 0,0 

8 0 1,41 50,0 50,0 30,0 

9 0 0 50,0 50,0 15,0 

10 0 0 50,0 50,0 15,0 

11 0 0 50,0 50,0 15,0 

Variation of the parameters encapsulant concentration, maltodextrin / WPC (Cenc%) and relation 

between the encapsulant and ST of the pulp (Totalratio%). 

 

2.2.2 Freeze drying 

The samples were previously prepared with the addition of the encapsulants according to 
the planning design, forming distinct treatments and, later, placed in stainless steel trays of 
the freeze-dryer with capacity of 200 g each one and submitted to freezing in a freezer at -
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60ºC before starting the freeze-drying process. After freezing, the samples were taken to the 
freeze dryer, which consists of a vacuum chamber, condenser, refrigeration unit, and 
vacuum pump. The average time for freeze drying of the samples was about 72 hours. 
Then, the porous plates obtained in this process were broken using a porcelain mortar and 
pestle and, after that, homogenized. 

 

2.2.3 Vitamin C 

For the analysis of vitamin C, absorbance readings were performed in a spectrophotometer 
at 760 nm using trichloroacetic acid and Folin-Ciocalteu Phenol 2.0N as reagents, described 
by Jagota and Dani [n6]. Vitamin C was quantified based on a standard curve fitted from 
various dilutions of vitamin C (5 to 70 μg). The values were expressed as mg of vitamin C 
in 100g of pequi pulp. 

 

2.2.4 Statistical analysis 

Significant differences between average results were evaluated by analysis of variance 
(ANOVA) and Tukey test at 5% of level of significance, using SAS software (Cary, NC, 
USA). 

 

3. Results and discussion 

The vitamin C results of the pequi pulp encapsulated with maltodextrin and whey protein 
are shown in Table 2. Vitamin C for fresh pequi pulp was 311.72 ± 1.25 mg of ascorbic 
acid g-1 solids of pequi. The vitamin C values of the experimental runs ranged from 99.03 
to 220.74 mg of ascorbic acid g-1 solids of pequi being within the values found by [n7] for 
spray dried pequi pulp. Run 7, with no encapsulating agent, presented lower vitamin C 
content compared to the other runs. It is believed that the use of encapsulating agent had a 
significant effect on the conservation of vitamin C, especially when the percentage of whey 
protein in the total solids of the pulp was used (run 5). The pequi pulp encapsulated with 
maltodextrin and whey protein concentrate, after freeze drying process, suffered losses of 
vitamin C when compared to the fresh pulp. However, when compared to the non-
encapsulating agent run, the losses were not pronounced, showing that the technique of 
encapsulation has protected the oxidation of ascorbic acid from a number of biochemical 
mechanisms, which are responsible for the loss of vitamin C activity. 

Even the lowest content of vitamin C found in experimental runs is superior to that of raw 
avocado fruit, ‘Maçã’ banana, ‘Nanica’ banana, cupuassu, jackfruit, ‘Red Delicious’ apple, 
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‘Fuji’ apple, watermelon, ‘Williams’ pear, ‘Aurora’ peach, pomegranate, tamarind, umbu 
and ‘Ruby’ grape [n8]. 

 

Table 2. Vitamin C for freeze dried pequi pulp using maltodextrin and WPC as encapsulant agent. 

Run CM (%) CWPS (%) Ctotal (%) 
Vitamin C (mg / g solids 

of pequi) 
1 14.6 85.4 4.4 183.48±2.77g 

2 14.6 85.4 25.6 191.06±0.98ef 

3 85.4 14.6 4.4 186.59±1.07gf 

4 85.4 14.6 25.6 213.14±2.25bc 

5 0.0 100.0 15.0 220.74±2.54a 

6 100.0 0.0 15.0 196.62±0.41ed 

7 50.0 50.0 0.0 99.03±2.73h 

8 50.0 50.0 30.0 202.33±1.47d 

9 50.0 50.0 15.0 210.76±3.14c 

10 50.0 50.0 15.0 196.06±2.16ed 
11 50.0 50.0 15.0 219.41±2.14ba 

*Same letters in the column show no statistical difference (p > 0.05). 

Experimental data of vitamin C for freeze dried pequi pulp using maltodextrin and WPC as 
encapsulant agent are shown in Table 2. The experimental values of vitamin C oscillated 
from 99.03 to 220.74 mg vitamin C/ g solids of pequi.  

The determination coefficient (R2) for the fitted model was 0.75. The model was tested for 
adequacy and fitness by the analysis of variance (ANOVA) without considering the non-
significant terms (p>0.05). The coded second-order polynomial model (Equation 1) was 
considered significant and predictive. 

���. � � �	
	
���
  ��  �����  � = 211.98 + 22.53������ − 26.57������2

 

  (1) 

 

Fig. 1 shows the contour plot generated by the proposed model. It is observed that there is 
no influence of maltodextrin/WPC proportion on Vitamin C values. 
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Fig. 1 Response surface for vitamin C content of microencapsulated pequi powder. 

 

4. Conclusions 

The experimental run using no encapsulant agent on freeze drying process has a lower 
vitamin C value because of the absence of protection against ascorbic acid oxidation. The 
runs that showed the best protection against oxidation of ascorbic acid were those 
encapsulated with 15% independent of the encapsulant used. Drying of pequi pulp by 
freeze drying is an excellent technique for the protection of ascorbic acid, regardless of 
variation (proportion) in the use of maltodextrin and/or whey protein concentrate (WPC).  
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Abstract 
The objective of this work was to optimize the drying conditions in order to 
obtain acerola powder and to focus on the product aroma quality. Acerola 
fruits were selected, washed and sanitized before extracting the pulp. An 
emulsion was obtained by adding maltodextrin in the pulp. The dehydrated 
powders were obtained in spray dryer by drying at inlet temperatures of 128 
and 152 ºC. Twenty five volatile compounds were identified in fresh acerola 
pulp and in the dehydrated powder. These results prove that use of 
maltodextrin in spray drying of acerola pulp helps in retention of key aroma 
compounds in acerola powder. 

 

Keywords: Acerola, Spray drying, dehydration, volatiles, aroma, GC-MS. 
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1. Introduction 

The aceroleira is a fruit tree native to the Antilles, North of South and Central America, that 
showed good adaptation in several countries being mainly cultivated in Brazil.[1] Its 
potential as a natural source and capacity for industrial use has attracted the interest of fruit 
growers and it has attained economic importance in several regions of Brazil.[2] The acerola 
(Malpighia glabra) is a fruit species widely accepted by consumers, which has been 
prominent in Brazil and the world, mainly because it is one of the main natural sources of 
vitamin C and carotenoids and it is widely industrialized in the form of frozen pulp, 
characterizing as functional foods, since it confers benefits in reducing the risk of some 
non-transmissible chronic diseases such as cancer.[1] 

The transformation of acerola fruit into an industrial product will allow its preservation for 
a prolonged period, but it is also required that the beneficial properties and the fruit´s 
sensorial characteristics will be maintained to its maximum.[3] Among the techniques used 
to maintain post-harvest quality of fruit, dehydration, besides being used as a conservation 
method, prevents deterioration and losses of commercial value and adds value to the 
product giving rise to a new option in the market.[4]  

The spray drying consists of the transformation of the product from the fluid state to dry 
particles in the form of powder. The dried powder should retain maximum initial 
characteristics of the fruit pulp and protect it from the adverse conditions of the external 
environment. For this purpose wall materials or microencapsulants are incorporated into the 
pulp before drying.[5] Thus, the present work had as objective to optimize the drying 
conditions of the parameters for atomization of the acerola pulp in spray dryer and evaluate 
its effect on the volatile compounds of acerola pulp. 

2. Materials and Methods 

2.1. Fruits purchase  

The ripe fruits of acerola were acquired from the Central Market of Supply (CEASA) in the 
city of Aracaju/SE. The fruits were then taken to the Laboratory of Processing of Vegetable 
Origin (LPOV), located in the Department of Food Technology (DFT) at the Federal 
University of Sergipe (UFS). 

2.2. Sanitation and pulp extraction  

The selected fruits were submitted to selection, sanitization in a solution of 200 ppm of 
residual chlorine (Sumaveg®) for 10 minutes to eliminate possible microorganisms that 
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withstood the previous step. The rinse was carried out in solution at 3ppm of active chlorine 
for 10 minutes. After the rinsing the fruits were washed in water for 10 minutes to remove 
all chlorine and pulped in a stainless-steel pulp (ITAMETAL), using a 1.5mm diameter 
screen. The pulp was weighed and packed in polyethylene packages. The packages with the 
pulps were stored in a freezer at freezing temperature (-21 ° C). 

2.3. Spray Drying Process 

For the Spray dryer atomization process, tests were carried out by varying the drying air 
temperature and the carrier agent concentrations, as detailed in Table 1. 

 

Table 1. Formulations and Temperatures used in spray drying process in obtaining dried powder 
from acerola pulp. 

Sample 
code 

Pulp 
(%) 

Maltodextrin 
(%) 

Input Temperature 
(ºC) 

Output Temperature 
(ºC) 

AC 1 86 14 128 65 

AC 2 86 14 152 78 

AC 3 74 26 128 65 

AC 4 74 26 152 78 

 

The spray drying was performed in a spray dryer (LABMAQ, model MSDi 1.0, Riberão 
Preto-SP, Brazil) with injector nozzle having the orifice of 1.2 mm diameter, air flow of 
4.00 m³ / min and air pressure of 4 kgf/cm². The dryer was fed through a peristaltic pump, 
with rotation speed adjusted as a function of the maximum speed; the flow was 0,44 L/h. 
Samples were produced with 14 and 26% of maltodextrin and the two inlet temperatures 
used were 128 and 152 °C (Table 1).  

2.4. Determination of Volatile Compounds 

The volatile composition of the acerola fresh pulp and dried powder was determined using 
the purge and trap (P&T) technique by varying 3 different dilutions of the pulp with water 
(4g:10mL, 4g:20mL and 4g:30mL). The volatiles were captured and concentrated in the 

P&T system (Tekmar, Model ATOMX, Mason-45040, USA) under the following 

conditions: 4 g of pulp were diluted with 10 mL of distilled water and taken to the purge 
and trap system, operating with helium gas flow of 40 mL/min, purging time of 11 min, 
desorption time of 5 min in a trap containing Tenax/silica gel/charcoal.  
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2.5.  Separation and Identification of Volatile Compounds 

The P&T system used the Vocarb3000 trap and analyzed in the gas chromatography system 
coupled to a mass spectrometer (GC-MS QQQ Agilent 7000). The compounds were 
separated on carbowax capillary column (30 m x 0.25 mm x 0.25 μm) using helium as the 
carrier gas (1.0 mL/min). The temperature of the injector was 220°C and the column 
temperature programming was: 35°C for 2 min, increase at 10°C/min to 100°C, 
maintaining for 1 min followed by an increase of 3°C/min to 250 °C, totaling 59 min of 
analysis.  

The identification of the volatile compounds was performed by comparing the mass spectra 
of the sample compounds with those in the NIST (National Institute of Standards & 
Technology), containing approximately 150,000 reference spectra and by comparing the 
linear retention index (LRI) of the compounds with those of publications in the literature 
and LRI calculated on the basis of the retention times of a series of n-alkanes mixtures of 
C8-C30, C8-C40 and C8-C17, injected at identical analytical conditions. 

The linear retention index (LRI) was calculated based on the retention time of the authentic 
alkane standards versus the number of carbon atoms of the respective alkane standards, 
multiplied by 100. 

The quantification of volatile compounds was related to the percentage area of the peak of 
each compound and to the total area of all peaks normalized in the chromatogram. 

3. Results and Discussion 

3.1. Volatile compounds in the fresh pulp and dehydrated powder of acerola. 

Aroma is one of the most important attributes in food and it is used to mainly relate the 
sensory quality of fruit and fruit products. In the determination of volatile compounds of 
acerola pulp, 25 compounds were found from the sample containing 4g:10mL (Pulp:Water) 
and the main compounds identified were: ethanol (10.96%), ethyl acetate (9.61%), pent-4-
en-1- yl propyl carbonate (8.20%), ethyl hexanoate (6.88%), ethyl butanoate (6.36%), 4-
pentenyl butanoate (3.57%), (E)-2-hexenal (2.82%) and 4-pentenol (2.32%). For the 
dilution (4g:20mL) of the pulp, the number of identified compounds decreased, being only 
the compounds found in the first dilution consisting of ethyl acetate (5.73%), ethanol 
(11.32%), ethyl butanoate (5.52 %). However, in the third dilution (4g:30mL) only ethyl 
acetate (11.23%) and ethyl butanoate (2.34%) were identified. The P&T technique 
generally provides a higher extraction yield, which may be associated with a larger surface 
of the adsorbent trap in relation to other techniques such as SPME.[6]  
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In the dried acerola powder, 20 compounds were found in the samples dried at the two 
temperatures of 128 and 152°C while using a maltodextrin concentration of 26%. This 
concentration of maltodextrin showed a retention of 80% of aroma in the dried powder. The 
powder obtained using 14% concentration of maltodextrin did not show a better retention of 
volatile compounds and only 12 compounds were retained. The main compounds identified 
in the dried powder were ethyl hexanoate (2.01%), (E)-2-hexenal (1.95%), methyl 
hexanoate (1.2%) and methyl acetate (0.8%). These volatile compounds were reported 
previously in other studies on acerola aroma.[7,8,9,10,11] Ethyl hexanoate was the main 
contributor to acerola aroma and its odor quality resembled that of apple peel, being fruity 
and sweet.[12,13,14] 

The concentration of ethyl hexanoate decreased from 6.88% in the fresh pulp to 2.01% in 
the dried powder as showed in the Figure 1. Nunes et al.[15],studying the effect of drying 
temperatures in the volatile compounds of guava, reported in spray drying the volatile 
compounds could be affected by solubility in pulp of fruit lipids and/or residual water, 
which is probably the major factor contributing to volatiles retention.[16] Therefore, 
compounds with high vapour pressure and/or low liposolubility tend to be loose the 
components during drying, whereas compounds with low vapour pressure and/or high 
liposolubility tend to concentrate in dried powders. 

 

 
Figure 1: Influence of temperature on the key aroma compounds from acerola pulp 
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Tong Chin et al.[17] studied the influence of temperature on the retention capacity of the 
volatile compounds of the dried Durian pulp by atomization process and monitored the key 
aroma compounds, propanethiol and ethyl propanoate, at two temperatures (170°C and 
130°C), noting that at a temperature of 170°C a reduction in the number of volatile 
compounds occurs. 

Other compound that showed reduction was (E)-2-hexenal that are reported that together 
with hexanal it is strongly related to the flavour of fresh guava fruit, providing an 
herbaceous and fresh aroma note.[18] 

The retention f volatile compounds can be influenced by maltodextrin. Maltodextrins with 
higher DE are more hydrolyzed, and these provide more hydroxyl groups for the 
interactions with volatile compounds.[19] This interpretation is in accordance with one 
proposed by Reineccius[20], who found that more volatile compounds were retained in the 
system containing maltodextrins of higher DE values. 

4. Conclusions 

The various combinations used for spray drying od acerola pulp by varying drying air 
temperature and maltodextrin concentrations had influence on volatile compounds. The 
concentration of 26% of maltodextrin preserved more volatile compounds than the 
concentration of 14% maltodextrin. Compounds classified as key aroma compounds such 
as ethyl hexanoate and (E)-2-hexenal in fresh acerola pulp were retained in the acerola 
dried powder. These results prove that use of maltodextrin in spray drying of acerola pulp 
helps in retention of key aroma compounds in dried acerola powder. 
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Abstract 
This study was aimed to obtain and characterize the dried powder of cajá-
umbu (Spondias spp) fruit pulp obtained by spray-drying and lyophilization. 
Spray-drying of the pulp was done at different temperatures. Analysis of 
bioactive compounds and volatile compounds was performed. The total 
phenolic compounds content was high in the dried powder obtained at the 
temperature of 140 °C. The volatiles analysis of dried powders revealed  that 
the powder dried at  140°C contained a larger number of compounds. The 
cajá-umbu powder showed that it is a better alternative for storage and 
conservation since it retained the majority of volatile compounds.  

 

Keywords: Cajá-umbu, volatile compounds, gas chromatography, mass 
spectrometry. 
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1. Introduction  

Aroma is an important characteristic in exotic tropical fruits, which has increasingly 
attracted consumers due to their peculiar sensorial attributes. Brazil is one of the countries 
that have a large variety of these fruits, which are usually produced widely and are mostly 
consumed in fresh form or in the form of juices, ice cream, jams and jellies. Among the 
large variety of tropical fruits grown mainly in the Brazilian northeast region, fruits 
belonging to the genus Spondias, involving umbu (Spondias tuberosa Arruda Camara), 
yellow mombin (Spondias mombin L.), cajá-umbu (Spondias spp), purple mombin 
(Spondias purpurea L.) and amberella (Spondias dulcis L. syn. Spondias cytherea Sonn.) 
are prominent. The volatile composition of these fruits pertain to several chemical classes, 
such as tannins, terpenoids (sesquiterpenes and monoterpenes), flavonoids, etc.[1,2] 

The cajá-umbu (Spondias spp.) owing to its particular sensorial characteristics, such as 
aroma and flavor, is a fruit which is very much appreciated in the northeastern region of 
Brazil. It is native to the semi-arid regions and is cultivated between the states of Rio 
Grande do Norte, Ceará, Piauí, Pernambuco and Bahia. Its sensorial characteristics 
possessing strong acidic exotic aroma and attractive color, make this fruit to be highly 
demanding in the regions of the country where it is found.[3,4,5] 

Being a climacteric fruit, the shelf life of cajá-umbu fruit is low and thus it is 
commercialized in the near by places where it is produced. It is therefore a great challenge 
to transport and commercialize this fruit to places far from its cultivation. In order to 
preserve this fruit and to develop new products with increased commercial value, 
dehydration techniques such as freeze drying and spray drying can be used. 

To the best of the author´s knowledge no studies have been performed until the present 
moment on drying of cajá-umbu fruit and also to identify volatile and bioactive compounds 
in cajá-umbu dehydrated by these two techniques of drying. Thus the objective of this study 
was to evaluate the effect of two drying processes - freeze-drying and spray-drying of cajá-
umbu pulp (Spondias spp) on the retention of volatile and bioactive compounds. 

2. Materials and Methods 

2.1. Fruit purchase and pulp extraction  

The ripe mature fruits of cajá-umbu were acquired from the Center of Supply (CEASA) of 
the city of Aracaju/SE. These were then taken to the Laboratory of Processing of Vegetable 
Origin, located in the Department of Food Technology at the Federal University of Sergipe 
(UFS). The selected fruits were submitted to selection, sanitization pulping and packaging 
in polyethylene packages. 
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2.2. Spray Drying 

For the Spray dryer process, experiments were performed by varying the drying air 
temperature (100, 120, 140 and 160°C) while maltodextrin concentration was maintained at 
15%. The atomization was performed in a spray dryer with a nozzle atomization system of 
the brand LABMAQ (model MSDi 1.0, Brazil) with injector nozzle having 1.2 mm 
diameter orifice, air flow of 4.00 m³/min and pressure of air of 4 kgf/cm². The spray dryer 
was fed through a peristaltic pump, with rotation speed adjusted as a function of the 
maximum speed; this flow being 0.52 L/h. The dried powder was stored in glass containers 
with a screw cap, then sealed and stored in a desiccator at room temperature (25 ± 2 0C).  

2.3. Lyophilization 

The drying of pulp was also performed in a Christ Freeze Dryer, (model Alpha 1-4 LSC, 
Germany). The pressure used was 0.42 mbar, at a sublimation temperature within the 
chamber was - 58°C.  

2.4. Separation and Identification of Volatile Compounds 

The volatile compounds were captured through the purge and trap system (Tekmar Mark, 
Model ATOMX), using the Vocarb3000 trap and analyzed in the gas chromatography 
system coupled to a mass spectrometer (GC- QqQ MS, Agilent 7000) according to the 
method with adaptations reported by Narain et al.[5]  The volatile compounds were analyzed 
in GC-MS system using a Carbowax column (30 m x 0.25 mm x 0.25 μm). The oven 
temperature was programmed: initiation at 35°C (held for 2 min) then raised at a rate of 
10°C to 100°C (held for 1 min) and finally increased at 3°C/min to 250°C. Volatile 
compounds were tentatively or positively identified by comparing their mass spectra with 
the compounds from NIST (National Institute of Standards & Technology) database and 
comparing the linear retention index (LRI) of the standards and compounds with those of 
literature publications and other databases (Flavornet, PubChem, Pherobase). 

3. Results and Discussion  

3.1. Volatile compounds of dehydrated powder 

Dehydration reduces the moisture content and therefore can result in the loss of volatile 
compounds in the final product at the end of the process.[6] Studies on the influence of 
temperature are very important to guarantee the quality of the final dehydrated product.[7] 
When developing a powder obtained by spray drying or lyophilization it is necessary to 
always standardize the best temperature where a powder can be obtained with the aroma 
very close to that of the fresh fruit. Thus, it is important to study the volatile composition of 
the product obtained by dehydration at various temperatures in order to define the best 
condition for obtaining an aromatic product at the end of the process.  
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In the Table 1 presents the data on number of peaks obtained on the analysis of dried 
powders obtained at different temperatures used for spray drying and by lyophilization. The 
volatiles analysis of dried powders revealed that the spray dried product at 140°C contained 
higher number (29) of compounds, compared to lyophilization which had only 26 
compounds. 

Table 1: Number of volatile compounds found in various dried powders obtained by 
spray and freeze drying of cajá-umbu pulp. 

Dehydration type Temperature Number of peaks 
Spray-drying 100°C 18 
Spray-drying 120°C 20 
Spray-drying 140°C 29 
Spray-drying 160°C 19 

Lyophilization -58°C 26 
The most representative class of compounds for the dried powders obtained by atomization 
were the terpenes, and the compound with the highest concentration was limonene at all the 
operating temperatures of the Spray-dryer (Table 2). Other terpenes identified were α-
pinene, cis-α-bisabolene, 3-carene, β-pinene, m-xylene. Narain et al.[5] reported the 
presence of these compounds in ripe cajá-umbu (Spondias sp) fruit pulp when the 
extraction was performed by the Purge & Trap extraction technique and compounds were 
separated by using Carbo-WAX column and identified in a  GC-MS system. 

Tong Chin et al.[8] studied the influence of the temperature on the retention capacity of the 
volatile compounds markers of the atomized durian pulp and monitored the propanethiol 
and ethyl propanoate compounds at two temperatures of 170°C and 130°C, and reported 
that at a temperature of 170°C a reduction in the number of volatile compounds occurred. 
In the present work as seen in Table 1, the temperature at which a higher number of peaks 
was obtained and also a higher intensity was observed was at 140°C. At this temperature it 
is also possible to detect the appearance of compounds which at other temperatures were 
not found, for example, 3-carene, m-xylene while there was an increase in the concentration 
of the esters such as ethyl acetate, ethyl butanoate and ethyl lactate. 

The use of high temperatures can also lead to the formation of new compounds in 
dehydrated products. Gozales-Palomare et al.[9] working with dehydrated powder of 
Hibiscus sabdariffa at temperatures of 150, 160, 170, 180, 190, 200 and 210°C reported the 
formation of furfuraldehyde in the dehydrated product at temperatures of 180-210°C. 
Similar results were found for dehydrated cajá-umbu powders at temperatures of 140 and 
160°C, being higher in 160°C. According to Nunes et al.[10], the presence of furfural in 
ODG is probably expected as heating increases ascorbic acid degradation. Therefore, 
furfural analysis could be used to monitor product quality during guava drying processes as 
it may be considered as a marker of heating. 
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Table 2: Volatile compounds present in dried powder of cajá-umbu pulp 

 

 

Compound LRILit Dried powder-Spray drying FDP 100°C 160°C 140°C 120°C 
Ethanal 724 0.322 3.007  2.188  Pentanal 935  0.544 0.674   
Verbenone    1.837   
Furfural 1455  2.64 0.415   Acetone  1.966 1.727 2.396 2.524  3-Methyl-4-propenyl-oxetan 
-2-one   0.21  0.129  
Ethyl acetate 907 1.841 1.104 2.181 2.007  Ethyl lactate      16.964 
Ethyl butanoate 1037 1.92  0.695 0.431  
Prenylacetate  0.696  0.586 0.38  Propyl butanoate      8.432 
Ethyl isovalerate 1100     1.039 
Ethyl octanoate 1436     0.265 
Pyrrole 915     6.248 
m-xylene 1150   0.461   3,4-Dimethyl styrene  0.145  0.606 0.129  Ethanol 932 4.212 3.95 9.914 3.919  δ-Octalactone      2.054 
δ-Nonalactone      1.239 
3-Aminobutanoic acid      4.627 
α-Pinene 1030 0.644 0.577 3.934 0.604  1R-α-Pinene 1055     6.22 
(Z) Hydrated sabinene 1123     0.354 
3-Carene 1148   0.116  0.237 
1,3,8-p-Menthatriene 1158  0.082 1.606   β-Pinene 1138 0.129 0.114 0.843 0.519  α-Terpinene 1178     5.001 
Limonene 1177 18.92 16.759 15.797 19.37  
(+)-Limonene 1201     18.714 
Cyclofenchene      4.628 
cis-β-Ocimene 1234   0.463   Ocimene 1225     4.852 
o-Cymene 1261 0.322 0.49 1.277 0.355  (E)-β-Ocimene 1242     1.557 
Copaene 1488     0.68 
Alloaromadendrene 1599 17.35 18.704 10.537 16.67  
Isocaryophyllene 1570     2.588 
cis-α-bisabolene 1543 1.317 1.789 0.824 1.319  (3Z)-2,7-Dimethyl-3-octen 
-5-yne  0.309 0.207 0.955 0.27  
* LRI -  Linear Retention Index;  FDP - Freezed dried powder 
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An interesting factor to be emphasized is the higher presence of esters in the cajá-umbu 
pulp powder obtained by freeze-drying than in powder obtained by spray-drying. 
Compounds such as ethyl lactate (16.96%), which possesses a mild odor and propyl 
butanoate (8.432%) characterized by a fruity odor, were found in significant concentrations. 
Tietel et al.[11] studying the changes in concentrations of volatile compounds of tangerine 
reported that a slight increase in temperature caused a decrease in the concentration of 
esters such as ethyl acetate, ethyl butanoate, ethyl hexanoate. Similar behavior was 
observed in this study when compared to the lyophilization technique that uses low 
temperatures, when compared with the spray-drying technique that uses high temperatures. 

Another aspect that probably influenced a lower retention of esters in the spray-drying was 
the retention capacity of the wall material in relation to these compounds. Rosenberg et 
al.[12] studying the factors that affect ester retention in the spray-drying technique observed 
that these compounds are not readily retained in the carrier material with a concentration of 
less than 30%. For the dehydrated cajá-umbu pulp, a similar behavior was observed to that 
reported by Rosenberg et. al.[12] since the carrier material (maltodextrin) concentration was 
15%, thus not resulting in a better retention of the esters. 

4. Conclusions 

The pulp dehydration in the spray dryer maintained the nutritional and organoleptic 
characteristics of the fresh pulp resulting in a promising product for marketing purposes. In 
the identification of the volatile composition of the dried powders, 29 compounds were 
identified in the spray-drying process at 140°C and 26 compounds in the dehydrated 
powder by lyophilization. However, the major compound identified was limonene in both 
dehydration techniques. At all temperatures (100, 120, 140 and 160°C) of dehydration 
tested by spray drying, the highest number of volatile compounds were identified in the 
dried powder at a temperature of 140°C. Thus, it is concluded that the optimum dehydration 
temperature of the cajá-umbu pulp by the spray-drying process is 140°C. 
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Abstract 
The objective of this research work was to obtain blackberry pulp powder 
(BL, without encapsulating agent) and microencapsulated blackberry pulp 
(ML, with encapsulating agent :mixture of starch arrowroot and gum arabic 
(1:1)) obtained by freeze drying and spray drying and evaluate their physico-
chemical properties. The yield of blackberry freeze drying process was 
higher than the value found for spray drying process. The presence of 
encapsulating agent and drying method used for producing the powders 
influenced the average particle size, diameter, hygroscopicity, solubility, 
wettability and anthocyanin content of the powders. 

Keywords: process yield; average size; hygroscopicity; solubility; 
anthocyanin; antioxidant property. 
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1. Introduction 

Blackberry (Rubus fruticosus) cv. Tupy is a fruit rich in anthocyanins and phenolic 
compounds, which has high antioxidant activity.[1] However, its short shelf life, due to 
their fragility and high postharvest respiration rate, consists of an enormous challenge for 
agri-food industries. Application of microencapsulation by spray drying and freeze drying 
is a technique to maintain or increase the stability of blackberry pulp bioactive compounds 
and to prolong its shelf life.[2] More specifically, spray drying is a technological process in 
which a fluid product is transformed into powder by atomizing it into a hot gas stream.[3] 
Freeze drying is based on dehydration by sublimation of a frozen product resulting in a dry 
material.[4] Both processes can be used as encapsulation method when it incorporates 
‘active’ material within a protective matrix, which is essentially inert to the material being 
encapsulated.[5] The arrowroot (Maranta arundinaceae L.) starch presents good 
digestibility [6] and gelling ability [7]. Gum arabic is widely used in food industry. It is 
nontoxic, odorless and tasteless. It interacts with water and has a wide range of 
applications, such as emulsification, texture control and flavor encapsulation.[8] Until now, 
no study used arrowroot starch and gum arabic mixture as encapsulating agent during spray 
drying or freeze drying. The objective of this research work was to obtain pulp blackberry 
in powder microencapsulated with mixture of starch arrowroot and gum arabic (1:1) by 
spray drying and freeze drying processes in order to evaluate the influence of different 
drying methods and presence of encapsulating agent on the physico-chemical properties of 
blackberry powders. 

 

2. Materials and Methods 

2.1. Materials 

Frozen fruits of blackberry (Rubus fruticosus), cv Tupy, were acquired from "Agro Monte 
Verde Eirelli", Cambuí – MG, Brazil, and used in this research work. Pulp was obtained by 
grinding of blackberry fruit in a blender, previously thawed in the refrigerator (8 °C) for 24 
h. Then, pulp was sieved to remove the seeds, homogenized and packed in polypropylene 
bottles and coated with aluminium foil to protect against photodegradation. The samples 
were stored in freezer at -40 ± 3 °C until drying process. Blackberry soluble solids content 
was 9 °Brix, determined with a benchtop refractometer (Reichert, Model AR200, USA). 
The pulp presented total solids content of 10.3 g/100g of pulp.  
The following encapsulating agents were used: arrowroot starch containing 15.24 ± 0.19% 
of water, 0.40 ± 0.03% of protein, 0.12 ± 0.01 % of fat, 0.33 ± 0.01% of ash and 83.91 ± 
0.00% of carbohydrates [9]; and gum arabic (Instantgum®, Colloides Naturels, São Paulo, 
Brazil) containing 14.00 ± 0.10% of water, 1.38 ± 0.16% of proteins, 0.37 ± 0.02% of 
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lipids, 3.70 ± 0.10% of ash and 80.46 ± 0.00% of carbohydrates.[9] All other reagents used 
for the analyses presented analytical grade.  
 

2.2 Preparation of blackberry pulp microparticles 

Blackberry microparticles were produced from homogenization of blackberry pulp with 
encapsulating agent, consisting of arrowroot starch and gum arabic mixture (1: 1 mass / 
mass) in ratio of 1:1.78 (mass / mass, blackberry pulp solids and encapsulating agent). 
Solution of encapsulating agent and blackberry pulp was performed in a mixer type 
homogenizer at room temperature for 5 minutes. Spray drying and freeze drying techniques 
were used to prepare blackberry pulp microparticles. 

 

2.2.1 Spray drying 

The freshly prepared solution of blackberry pulp and encapsulating agent (item 2.2) was 
diluted in water in proportion of 1:2 (w / w) to enable its spraying. A benchtop spray dryer 
(Model B191, Büchi, Flawil, Switzerland) with feed mass flow rate of 0.2 kg / h was used 
in the process. Atomization was accomplished using a 0.5 mm double-flow atomizer 
nozzle. Compressed air was used as atomizing media and the inlet and outlet air 
temperatures were 143 °C and 105.43 ± 3.13 °C, respectively. Compressed air flow rate 
was 0.6 m3 / h and its pressure was maintained at 8 bar. Powders were collected at cyclone 
and finally transferred for polyethylene packages. These spray dried blackberry 
microparticles were stored in desiccator containing dried allochroic silica gel at 25 °C. 

 

2.2.2 Vacuum freeze drying 

A portion of frozen blackberry pulp with and without encapsulating agent (item 2.2) was 
freeze dried (Mod. 501, Edwards Pirani, Crawley, West Sussex, UK), with initial 
temperature of -40 °C, pressure of 0.1 mmHg and final temperature of 25 °C per 2 h, with 
total cycle time of 48 h. The product obtained was ground in hammer mill (MR Manesco 
and Ranieri LTDA, model MR020, Piracicaba- Brazil) and sieved. Freeze dried blackberry 
microparticles were stored in the same conditions of spray dried samples. 

 

2.3 Powder characterization 

2.3.1 Drying process yield, moisture content, water activity, hygroscopicity, solubility, 
wettability, particle size distribution of the blackberry powders 
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Drying process yield was determined by ratio between powder solids mass and feeding 
solids mass of blackberry pulp. The powder moisture content was gravimetrically obtained 
by vacuum oven at 60 °C until constant weight. [9] Water capacity was determined by 
direct reading at 25 °C, using AquaLab Lite apparatus (Decagon Devices Inc., Pullman, 
USA).  
Hygroscopicity was determined according to methodology proposed by Cai and Corke [10], 
with some modifications. About 1 g of each powder sample was placed in desiccators 
containing saturated sodium chloride (NaCl) solution, equivalent to 75.7% relative 
humidity at 25 °C. After one week, the samples were weighed in triplicate and 
hygroscopicity was expressed in grams of water absorbed per 100 g of solids dry mass of 
the sample (g / 100g). 
Solubility was determined according to the method of Eastman and Moore (1984), cited by 
Cano-Chauca et al. [11]. The method consisted of adding 1 g of sample to a vessel 
containing 100 mL of distilled water, operating with high-speed magnetic stirring - level 4 
of magnetic stirrer for 5 minutes, followed by centrifugation at 3000 G for 5 minutes. 
Aliquot of 25 mL of supernatant was removed and brought to the oven at 105 °C until 
constant weight. The solubility was calculated by weight difference. 
Wettability time was evaluated according to the method described by Hla and Hogekamp 
[12]. The method consisted in dropping of 1 g of powder over 400 g of distilled water at 25 
°C in 600 mL beaker and visual measurement using a stopwatch to determine the time 
required for presence of powdered material on the water surface. 
The particle size distribution was determined by a particle size analyzer based on laser 
diffraction (Mastersizer 2000, Malvern Instruments, UK). The mean diameter was 
determined based on the diameter of a sphere with equivalent volume (De Brouckere Mean 
Diameter, D[4.3]). Samples were analyzed in triplicate with dispersion in 99.5% ethanol. 

 

2.3.2 Anthocyanins content 

Anthocyanins in powders were determined according to the method employed by Sims and 
Gamon [13] with adaptations. Samples were weighed in triplicate and homogenized with 3 
mL of cold solution of acetone/Tris-HCl (80:20, volume/volume, pH 7.8 0.2M) for 1 
minute. The samples remained at repose for 1 hour, protected from light. Then, they were 
centrifuged for 15 minutes at 3500 rpm and the supernatants were immediately taken to be 
read in spectrophotometer (B422 model, Micronal) in visible region at 537 nanometers 
(anthocyanins). The acetone/tris-HCl solution was used as blank sample. The absorbance 
values were converted to mg/100g of blackberry pulp solids. 
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2.3.3 Statistical analysis 

Significant differences between average results were evaluated by analysis of variance 
(ANOVA) and Tukey test at 5% of level of significance, using SAS software (Cary, NC, 
USA). 

 

3. Results and discussion 

Microencapsulated blackberry pulp were successfully obtained by spray drying and freeze 
drying techniques, using a mixture of arrowroot starch and gum arabic as encapsulating 
agents. However, spray drying of blackberry pulp without encapsulating agent was not 
possible. There is great difficulty in drying fruit pulps by spray drying method without 
addition of encapsulating agent, since fruits are rich in low molecular weight sugars, which 
have low glass transition temperatures and influence transition temperature of dried 
particles, hindering drying process by this method. With addition of encapsulating agent, 
the end glass transition temperature of the pulp and agents mixture tends to increase, 
reducing stickiness of pulp by microencapsulation and, consequently, decreasing its 
adhesion in drying chamber, making possible to collect the powder. [14] 
The powders presented blackberry characteristic sweet aroma and reddish color. The results 
of characterization of freeze dried blackberry pulp (BL), microencapsulated freeze dried 
blackberry pulp (ML) and microencapsulated spray dried blackberry pulp (MS) powders 
are shown in Table 1. The yield of freeze drying process was significantly (p <0.05) higher 
than value found by spray drying. In spray drying method, losses are due to the material 
adhered to drying chamber and cyclone, which is generally not suitable for use. Blackberry 
powders with encapsulating agent (ML and MS) presented significant water contents (p 
<0.05), lower than the non-encapsulating blackberry (BL) powder. The water activity 
values for all powders was below 0.3, indicating their microbiological stability (Aw < 0.3). 
Particles of ML and ML powders were significantly (p <0.05) higher than MS powder 
particles and, although BL and ML powders were produced by the same method, ML 
powder particles were significantly (p <0, 05) smaller than BL powder particles, without 
encapsulant. The presence of encapsulating agent and the type of method used to produce 
the powders influenced the average particle diameter of powders. The size of spray 
particles is directly influenced by the size of spray droplets. Size of these droplets is 
dependent on type of atomizer and physical properties such as atomizer rotation, atomizer 
pressure and solution solids concentration.[15] The size of particles produced by freeze 
drying is a consequence of type of milling and its operating conditions. 
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Table 1. Characterization of freeze dried blackberry pulp (BL), microencapsulated freeze dried 
blackberry pulp (ML) and spray dried microencapsulated blackberry pulp (MS) powders. 

Analysis 

Powder of 
freeze dried 
blackberry 
pulp (BL) 

Freeze dried 
microencapsulated 

blackberry pulp 
(ML) 

Spray dried 
microencapsulated 

blackberry pulp 
(MS) 

Process yield (%) 
89.24 ± 

2.81A* 
95.86 ± 0.89A 57.69 ± 8.97B 

Moisture content (%) 10.72 ± 2.81A 4.50 ± 0.31B 1.30 ± 0.10B 

Aw (decimal) 0.13 ± 0.01B 0.11 ± 0.01B 0.16 ± 0.02A 

Mean diameter D [4.3] (µm) 
149.50 ± 

2.92A 
95.96 ± 5.87B 9.82 ± 0.12C 

Hygroscopicity (g of 
adsorbed water / 100g 

solids) 
21.28 ± 0.45A 12.86 ± 0.14C 17.04 ± 0.30B 

Solubility in water (%) 61.26 ± 0.49A 53.84± 0.76B 60.16± 0.60A 

Wettability (min) 0.99 ± 0.53B 1.66 ± 0.01B 9.77 ± 0.22A 

Total Anthocyanins (mg / 
100 g of blackberry solids) 

125.27 ± 

9.77A 
125.99 ± 5.25A 86.35 ± 3.37B 

*Same letters in the same line show no statistical difference (p > 0.05). 

BL powder was shown to be more hygroscopic and more water soluble than powders 
produced with encapsulating agent. Arrowroot starch and gum arabic used as encapsulants 
have low hygroscopicity. Accordingly, microencapsulation of blackberry pulp tends to 
reduce the hygroscopicity of resulting powder. Moreover, although gum arabic is highly 
soluble in water [16], arrowroot starch in its native form has low solubility in water at room 
temperature, which probably contributed to decrease the solubility of the blackberry 
powders. This behavior indicates that the blackberry pulp was actually microencapsulated 
by the arrowroot starch and gum arabic mixture and by both methods. 
The wettability of freeze drying powders (BL and ML) were significantly (p <0.05) lower 
than the value found for spray dried powder. This occurred because powders obtained by 
freeze drying presented larger particle size (Table 1). Particles of larger sizes have more 
spaces between them, being more easily penetrated by water.[2] On the other hand, powder 
particles obtained by spray drying were much smaller and less porous. This led to a larger 
formation of lumps when they came into contact with water. The low wettability of very 
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fine powders is due to their high surface tension and the viscous layer formed on the 
surface of the liquid that prevents capillary flow between the intergranular pores.[17]  
Concerning the anthocyanin content, freeze dried blackberry powders (BL and ML) 
presented values significantly (p <0.05) higher than spray drying (MS) powder. The 
bioactive compounds losses in spray drying process are related to the large air exposed 
surface [18] and high temperatures, whereas the loss during freeze drying is associated with 
the grinding of the material after lyophilization.[19] 
 
4. Conclusions 

Freeze drying and spray drying methods were successfully used for powder 
microencapsulation of blackberry pulp (ML and MS) and only freeze drying method was 
able to dry blackberry pulp (BL) without encapsulant. The yield of the freeze dried 
blackberry drying process powders was significantly (p <0.05) higher than the value found 
for spray drying process. Blackberry powders was microbiological stability. The presence 
of encapsulating agent and the type of method used to produce the powders influenced in 
physical chemical characteristics of the powders.  
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Abstract 
Capsicum pubescens, a chili specie present in south Mexico (Veracruz state) 
registers upon 30% loss due to the constraints of the market. Therefore, the 
objective of this project was to determine the physical and chemical 
parameters of Capsicum pubescens as well as to evaluate the kinetics of 
drying of this species. Color tests revealed that the samples were the color 
was less affected by drying conditions (p>0.05) correspond to those dried at 
60ºC (0.5 cm thickness), and 50ºC (0.5 and 1 cm thickness) which coincides 
with the preference of surveyed population. Thus, Capsicum pubescens may 
be dried under these conditions. 

 

Keywords: Capsicum pusbescens; drying; sensorial analysis; food loss. 
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1. Introduction 

Most chile belongs to the species Capsicum annuum while four other lesser known species 
have also been domesticated. One of this species, the pepper tree (C. pubescens), also 
known as rocoto and locoto in South America, manzano or peron in Mexico, originated in 
the Andean highlands with extensions in Central America and Mexico [1] [2]. The varieties 
of this species of chile vary in shape, and the color changes from green (in its immature 
state) to yellow, orange or red (mature state) [3]. This species is of recent introduction to 
Mexico where it is cultivated in states with high elevations (1200 to 3000 m) including the 
High Mountain regions in the state of Veracruz [4]. C. pubescens is  mainly cultivated in 
the months from August to December [5]. Despite this fact, it is highly appreciated in 
several Mexican states and European markets [5][6] because it is more resistant than other 
common chile species (C. annuum) to aphids and its particular flavor. Even though there is 
scarce information on its sensory qualities, it has been reported that it contains a relatively 
greater number of individual capsaicinoids and show more diversity in capsaicinoid profiles 
than other Capsicum species [2]. Moreover, its capsaicin:dihydrocapsaicin ratio is different 
from C. annuum which supports and sustain its particular flavor. 

Even though C. pubescens seems to possess particular properties and its appreciated in 
international markets, there is scarce information regarding its conservation. Moreover, 
local producers from the High Mountains region in the state of Veracruz register up to 30% 
loss of manzano chile due to the constraints of the market. Convective drying is an 
excellent option to diminish C. pubescens loss as well as to provide national and 
international markets with product throughout the year. Therefore, the objective of this 
project was to evaluate the kinetics of drying of this species and to determine  the physical 
and chemical parameters of Capsicum pubescens during drying. Also,  a sensorial analysis 
of manzano chili powder obtained after drying of fresh fruit was performed. 

2. Materials and methods 

2.1 Selection and characterization of the raw material 

Samples of Capsicum pubescens were collected in their mature state (established by the 
presence of intense yellow color) in a rural area called Ateopa in the municipality of 
Alpatlahuac, Veracruz (Mexico, 1860 m altitude) between August 2017 and January 2018. 
After collecting the samples they were transported to Orizaba, Veracruz to be dried. The 
samples were cut into slices of 0.5 and 1 cm thickness.  

2.2 Drying process 

Tests were conducted in a pilot plant scale vertical tray dryer (MOD-SEM-2 Polinox, MX). 
Drying tests were carried out  at  temperatures of 50, 60 and 70ºC and the air velocity was 
imposed at 1.2 m/s. In each test, the drying kinetics were evaluated by recording the  
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moisture content change as function of time. During the drying process, samples were taken 
to analyze the main physical-chemical parameters (aw, moisture content and color) every 15 
minutes during the first hour, 30 minutes in the following hour, and finally every 60 min 
until the water activity of the samples reached 0.6.  

2.2.1 Effective diffusion 

The effective diffusivity of food products can be estimated by Fick’s second law of 
diffusion. Considering the geometry of the pepper tree samples, diffusion is better 
estimated through the solution of Fick’s equation for slab geometry. For long drying 
periods, this solution can be simplified to only the first term of the series as: 

 ln 𝑀𝑀𝑅𝑅 = 𝑙𝑙𝑙𝑙 8
𝜋𝜋2
− �𝜋𝜋

2𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡

4𝐿𝐿2
�  

Where the moisture content was expressed as the moisture ratio (MR), Deff corresponds to 
water diffusivity in m2/s, t is the time in s and L is the thickness in m. Moisture content ratio 
was calculated by means of eq. (2): 

 𝑀𝑀𝑅𝑅 = 𝑋𝑋

𝑋𝑋0
  

Where X corresponds to the moisture content at any time in g water/g of dry solid and X0 is 
the initial moisture content in  g water/g of dry solid. Tests were conducted in duplicate. 

Drying kinetic data was adjusted to a single exponential as shown in equation 3: 

 

𝑀𝑀𝑅𝑅 =
𝑋𝑋
𝑋𝑋0

= 𝑒𝑒−𝑘𝑘𝑡𝑡 

 where k is a model parameter.  The goodness of fit of the data to the model was evaluated 
by means of the R2 parameter. 

2.3 Sensorial analysis test 

Manzano chili samples were subjected to a sensorial analysis by means of an hedonic 
verbal test of  7 points with untrained panelists (N= 150). The samples were presented 
simultaneously and later, each panelist evaluated each sample only once accompanied by 
Mexican yam bean (jicama) (Pachyrizus erosus). Each participant was asked to indicate 
how much they liked each sample, assigning an attribute according to the category reported 
on a scale which ranged from "I disliked it a lot" to "I really liked it a lot". The samples 
were coded to identify the condition in wich it was dried. After concluding each test, 
panelists were asked to drink water as a neutralizer to avoid interference with the next 
treatment. 

 

(2) 

(1) 

(3) 
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2.4 Statistical analysis 

Differences between drying kinetics and physicochemical parameters of C. pubescens 
samples regarding the drying parameters as well as the significance  in the preference of 
samples were analyzed through an ANOVA test (MiniTab, 2016).  

3. Results and  discussion 

3.1 Air drying kinetics 

Fig. 1 and 2 shows the drying kinetics of C. pubescens dried at two thickness (0.5 and 1 
cm) and three temperatures (50, 60 and 70ºC) and Table 1 shows the values of the rate 
constants for the first order kinetic parameter as well as the diffusion coefficient for each 
drying condition proposed. 

 

 

Fig. 1 Drying kinetics of C. pubescens samples of 1 cm thickness  (▲=70ºC, ●=60ºC, ♦=50ºC) 
 

Table 1 reveals that the diffusion  coefficient is in the range of 10-9-10-10 m2/s which is 
similar to the diffusion value reported by Lucio-Juárez et al (2012) for habanero chili (C. 
chinense) (5.9470 x10-10 m2/s) which has similar structure to C. pubescens. In accordance 
with the findings of Nguyen and Price [7], the diffusion coefficients for the thicker slices (1 
cm) are greater than those for thiner slices (0.5 cm) which are not observed in all  
foodstuffs.  As exposed in this last study, the rate constant from a first order kinectic drying 
model encompasses several mass transfer mechanisms including the diffusion of water in 
the falling drying rate. 
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Fig. 2  Drying kinetics of C. pubescens samples of 0.5 cm thickness  (▲=70ºC, ●=60ºC, ♦=50ºC) 

Table 1. Rate constant and diffusion coefficient for the drying kinetics of C. pubescens 
Drying condition Rate constant (min-1) Diffusion coefficient (m2/s) 
50ºC, 0.5 cm 0.0152 6.4516x10-10 
50ºC, 1 cm 0.0075 1.2706x10-9 
60ºC, 0.5 cm 0.0168 7.1135 x10-10 
60ºC, 1 cm 0.0129 2.1909 x10-9 
70ºC, 0.5 cm 0.0177 7.4706x10-10 
70ºC, 1 cm 0.0149 2.5267 x10-9 

 

In the present case, the rate constant parameter for the single exponential equation (which is 
generally related with the diffusion coefficient)  effectively represents the drying rates for 
the samples of  1 cm thickness but is less accurate for samples of 0.5 cm thickness (Fig. 2). 
Moreover, statistical analysis revealed that the water content difference beetwen samples of 
chili of 0.5 and 1 cm thickness dried at the same temperature was not significant (p>0.05). 
This may be explained by the internal structure of C. pubescens which may play a role in 
the similarity of loss water at both sample thickness.  

3.2 Physicochemical parameters of samples of manazano chili (C. pubescens) during 
the drying process  

The color change of the different samples of manzano chili was recorded during the drying 
process. Table 2 shows the average value of ΔE after 300 min at each drying condition 
tested for C. pubescens. Results showed that color changed significantly depending on the 
drying conditions at which samples were subjected (p<0.05).  After 300 min the lesser color 
change was observed in samples dried at 60ºC and 0.5 cm,  and 50ºC for both sample 
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thickness (1 cm, and 0.5 cm). Color of C. pubescens (and of chili species in general) is 
given by carotenoids which may be affected by heat (Hernández-Ortega et al., 2015). Thus, 
the difference in color may also reflect the loss of carotenoids due to drying.  

Regarding the water activity, after 300 min of drying all samples of manzano chili were 
below 0.6.  Analysis test revealed that the decrease of the water activity was not 
significantly different among the drying conditions studied (p>0.05).  The lack of 
difference between the samples suggests that the loss of water is similar regardless the 
thickness. This supports the idea that there is a concentration of the water content in thiner 
samples due to natural causes, such as the internal structure. 

Table 2. ΔE and aw of slices of C. pubescens (after 300 min) at different drying conditions 
Drying condition ΔE aw 
50ºC, 0.5 cm 12.26±0.12 0.391±0.55 
50ºC, 1 cm 9.6±0.22 0.524±0.71 
60ºC, 0.5 cm 7.79±0.03 0.378±0.07 
60ºC, 1 cm 15.41±0.57 0.367±0.21 
70ºC, 0.5 cm 14.24±0.09 0.301±0.02 
70ºC, 1 cm 15.34±0.12 0.405±0.10 

 

3.3 Sensorial analysis test 

Statistical analysis revealed that 145 out of 150 people manazano chili powder was highly 
desirable (p<0.05). We counted the type of samples that were highly accepted (I strongly 
prefer) by panelists, and we found that nearly 70% preferred the samples dried at 60ºC and 
0.5 cm thickness and 60% preferred the samples dried at 50ºC and 1 cm thickness. 
Interestingly, this drying conditions coincide with those in which the samples showed lesser 
color change (Table 2). As surveyed population was invited to chose the sample as a 
function of its flavor, this last result suggests that population relates a good flavor with 
reddish color. 

4. Conclusions 

Capsicum pubescens slices dried at different drying conditions showed values of water 
activity lesser than 0.6 after 300 min process. The diffusion coefficient of thicker samples 
(0.5 cm) was higher than the values observed in thicker samples (1 cm) similarly with what 
was observed in bananas. This behavior suggests that there is a concentration of the water 
content in thiner samples due to natural causes, such as the internal structure. A sensorial 
analysis test revealed that panelists prefered the samples with lesser color change. As this 
conditions coincide with those in which the carotenoid content is less damaged C. 
pubescens may be dried in slices at 60ºC and 0.5 cm or 50ºC and 1 cm.  
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Abstract 

Tarragon is a small shrubby perennial herb in the Asteraceae family. It is 
cultivated for the use of its aromatic leaves in seasoning, salads, sauces, 
vinegars, mustard and spices. In this study, tarragon was dried in two different 
drying equipment (infrared (ID) and microwave dryers (MD)) to compare the 
drying and final product properties (moisture content, water activity and 
colour change). Three different output power levels of 125, 250 and 500 W 
were used for MD, whereas the ID treatment involved three drying 
temperature levels that were 60, 70 and 80°C. A comparison of the drying 
kinetics, MD was more effective in shortening drying time when compared with 
ID.  

Keywords: Tarragon, microwave drying, infrared drying, color change 
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1. Introduction 

Herbs and spices are used to season foods throughout the world. These are the aromatic 
substances that enhance savoury character as flavouring agents and as appetite stimulants. 
The use of spices has increased significantly over the past years, partly due to renewed 
interest in dishes that use a wide variety of spices. Tarragon (Artemisia dracunculus L.) is a 
medicinal and aromatic plant that extends all over Eurasia. Tarragon is an herbaceous plant 
of the Asteraceae family. It is a strong aromatic plant and is also considered as a medicinal 
plant [1]. Two varieties of tarragon can be distinguished [2; 3]: French Tarragon and Russian 
Tarragon. French Tarragon of the South European origin is mainly used as a culinary herb in 
oils, sauces, vinegars, mustard and spices [4; 5]. Tarragon can be consumed as fresh, dried 
and frozen product. Drying is the main step in the preparation of tarragon for marketing. Not 
enough data is available in the literature about drying and storage of tarragon. 

Correct drying of aromatic plants is necessary for high quality and stable products. The final 
moisture content (MC) must reach 5-10%. Colour is an important component of quality 
throughout agriculture and food industry, because colour is closely associated with factors 
such as freshness, ripeness, desirability and food safety. It is often the primary consideration 
of consumers when making purchasing decisions. A limited amount of information was 
found about the stability of dried tarragon and the colour change after drying. Some of 
tarragon’s aspects are lost when it is dehydrated, though, and its colour deteriorates. There 
has been much research into microwave drying techniques, examining a broad spectrum of 
fruits and vegetables [6] and others, however, more data are still needed on the effect of 
microwave drying on the potential role of medicinal plants. 

Mathematical modelling of drying processes and kinetics is a tool for process control and can 
be used to choose suitable method of drying a specific product. The developed models can 
be used to design new drying systems, determine optimum drying conditions and to 
accurately predict simultaneous heat and mass transfer phenomena during the drying process. 
Taking into account the above-mentioned considerations, this study was designed with the 
objectives to (1) determine the drying characteristics and quality degradation in terms of 
colour, moisture content and water activity of tarragon subjected to the two drying methods; 
and (2) examine and compare the applicability of eleven different thin-layer models to the 
simulation of moisture loss in tarragon during drying.   

2. Materials and Methods 

2.1. Material 

Fresh tarragon leaves of uniform maturity were purchased from the local market at Gaziantep. 
They were handpicked and cleaned, washed in sufficient tap water twice to remove mud and 
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other foreign matter and drained completely. The roots and mature stems were removed prior 
to washing. 

2.2. Drying 

Drying trials were carried out at three microwave generation power levels: 125, 275, and 
625W by using a microwave dryer (Arçelik ARMD580, Turkey). The tarragon leaves (25 g) 
selected from uniform and healthy plants. Three drying trials were conducted at each power 
level. The values obtained from these trials were averaged and the drying parameters 
determined. The rotating glass plate was removed from the oven every 30 s during the drying 
period and moisture loss determined by weighing the plate using a digital balance (Mettler 
Toledo PM30, Germany) with 0.01 g precision. 

A laboratory scale infrared dryer was used for infrared dehydration of the samples (OHAUS 
MB200, USA).  Approximately 5 g of tarragon leaves were uniformly spread on a dish (12 
cm diameter 3 cm height) The drying experiments were conducted at infrared temperatures 
levels of 60, 70 and 80°C. This drier is equipped with a temperature controller and an 
electronic balance with an accuracy of ±1℃ and ±0.001 g, respectively.  

Three drying trials were conducted at each drying temperatures and power levels. Drying 
process continued until they reached equilibrium state, i.e. constant weight. 

2.3. Colour measurement 

The colour of fresh and dried leaves was determined by using colorimeter (Hunterlab 
Colorflex, USA). The results were expressed in accordance with the CIE Lab system. The 
total colour change (ΔE) of dried tarragon leaves with respect to fresh tarragon was calculated 
by Eq. (1). 

∆E=√∆𝐿𝐿2 + ∆𝑎𝑎2 + ∆𝑏𝑏2    (1) 

2.4. Moisture content 

Moisture content was determined by drying a sample in an air oven at 105°C until constant 
mass was obtained. 

2.5. Water activity 

Water activity was measured with a water activity measurement device (Rotronic, HP23-
AW-A, New York) with a 0.0001 sensitivity. 

2.6. Mathematical modelling of drying curves 

A few theoretical, semi-theoretical and empirical drying models have been reported in the 
literature. The most frequently used type of model for thin layer drying is the lumped 
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parameter type, such as the Newton equation [9-11]. The moisture ratio during drying is 
determined using equation (2): 

𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑡𝑡−𝑀𝑀𝑒𝑒
𝑀𝑀0−𝑀𝑀𝑒𝑒

   (2) 
where, Mt is the moisture content of the product at any time, Me is the equilibrium moisture 
content, M0 is the initial moisture content all in kg water/kg dry matter. 

In this analysis, it was assumed that the moisture gradient driving force during drying is a 
liquid concentration gradient; meanwhile the effect of heat transfer was neglected as a 
simplifying assumption. For all experimental conditions, the value of (Mt-Me)/ (M0-Me), a 
dimensionless moisture content was obtained. Because samples were not exposed to uniform 
relative humidity and temperature continuously during drying, the moisture ratio was 
simplified as recommended by [7] expressed as follow: 

𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑡𝑡
𝑀𝑀0

   (3) 
For mathematical modelling, the equations in Table 1 were tested to select the best model for 
describing the drying curve equation of the tarragon. The moisture ratio of the tarragon leaves 
during drying was calculated using equation (3). The goodness of fit of the tested 
mathematical models on the experimental data was evaluated using coefficient of 
determination (R2), mean relative percentage deviation (P) value and the percentage root 
mean squares error (RMSE) value with higher R2 values and lower RMSE and P values 
indicating a better fit [8] as follow:  

P=100
𝑁𝑁
∑ |𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀|

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 
𝑁𝑁
𝑖𝑖=1    (15) 

            RMSE=�100
∑  (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)2

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�

𝑁𝑁
     (16) 

where Mexp and Mcal are experimental and predicted moisture content values, respectively, 
and N is the number of experimental data. A model was considered acceptable if the P values 
and RMSE values were below 10% and 𝑀𝑀2 values were higher than 0.90. 

3. Result and Discussion 

Microwave drying trials were conducted at output power levels of 125, 275 and 625 W and 
the influence of each microwave power level on moisture ratio over drying time presented in 
Fig. 1a. The drying time decreased as microwave power level was increased. The times 
required for the moisture content of tarragon leaves to decrease from 7.897 to 0.097 % (d.b) 
were 188, 60 and 40 min at microwave output power levels of 125, 275 and 625W, 
respectively. The effect of microwave power level of decreasing drying time was observed 
by [23, 24]. The results indicate that mass transfer is more rapid at higher microwave power 
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levels because more heat is generated within the sample, creating a larger vapor pressure 
differential between the interior and the surface of the product [25]. 

Table 1. Mathematically models used for modelling of drying curves 

Model Name Model Equation Reference 

Lewis-Newton MR=exp(-k*t)                                                                      (4) [9] 
Page MR=exp(-k*tn)                                                                     (5) [10] 
Modified Page  MR=exp(-(k*t)n)                                                                  (6) [11] 
Henderson and Pabis MR=a*exp(-k*t)                                                                  (7) [12] 
Logarithmic MR=a*exp(-k*t)+c                                                              (8) [13] 
Two-Term MR=a*exp(-k0*t)+b*exp(-k1*t)                                          (9) [14] 
Two-Term 
Exponential MR= a*exp(-k*t)+(1-a)*exp(-k*a*t)                                  (10) [15] 

Diffusion Approach MR= a*exp(-k*t)+(1-a)*exp(-k*b*t)                                 (11) [16] 
Modified Henderson 
and Pabis 

MR= a*exp(-k*t)+b*exp(-g*t)+ c*exp(-h*t)                          (12) [17] 

Verma MR=a*exp(-k*t)+(1-a)*exp(-g*t)                                      (13) [18] 
Midilli and Küçük MR=a*exp(-k*tn)+b*t                                                         (14) [19] 

MR moisture ratio; a,b,c,g,h coefficients; n drying exponent specific to each equation; k specific to each coefficients equation;t time 

Infrared drying trials were conducted at radiation temperature levels of 60, 70 and 80°C. A 
graph of moisture ratio versus drying time during the infrared drying of tarragon leaves at 
different temperature levels is presented in Fig. 1b. From the data, moisture ratio decreased 
over drying time. Furthermore, infrared radiation temperature level influenced the change in 
moisture ratio of tarragon leaves. The results also showed that when infrared radiation 
temperature level increases, the time taken to dry tarragon leaves greatly decreased. 
Accordingly, the drying times required to reduce the moisture content of tarragon leaves to 
approximately 0.115 % (w.b) were 126, 88 and 66 min when infrared temperature levels of 
60, 70 and 80°C, respectively, were applied. A decrease in drying time with increased 
infrared temperature level has also been reported by other researcher [20].  

From these findings it could be stated that drying time for tarragon leaves at 80°C was 2 
times shorter than that of 60°C. The experiments data showed that drying time for tarragon 
leaves at 625 W was 4 times shorter than that of 125W. 

The eleven different MR models used to predict the moisture content as a function of drying 
time are presented in Table 1. The coefficient of determination (R2), the RMSE and P value 
were used to assess how well the models characterized the drying curves. The statistical 
analysis of the models for a given set of drying conditions are shown in Table 2. An analysis 
of variance indicated that the microwave power and infrared temperature levels significantly 
affected the drying parameters. Higher microwave power and infrared temperature levels are 
associated with significant decrease in drying time and moisture ratio which was much more 
noticeable in microwave than infrared drying. This has been demonstrated in the studies of 
Azzouz et al. [21]. On the other hand, among the eleven models, the Midilli and Küçük, 
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model provided the best fit to the microwave and infrared radiation drying data as indicated 
by a higher R2 and lower RMSE and P value than those of the other models.  

  
(a)                (b) 

Fig. 1 Variations of moisture ratio as a function of time for different a) infrared drying 
temperatures, b) microwave drying power  

Table 2. Statistical analysis of drying models at various infrared temperatures and microwave 
powers 

  Equation No 
    4 5 6 7 8 9 10 11 12 13 14 

60 0C 
R2 0.92 1.00 1.00 0.96 0.98 1.00 0.96 1.00 1.00 1.00 1.00 

%RMSE 1.32 0.14 0.14 0.79 0.38 0.23 0.88 0.24 0.23 0.24 0.02 
P 60.2

 
15.5

 
15.5

 
49.7

 
40.6

 
18.0

 
52.1

 
18.9

 
18.0

 
18.9

 
0.82 

70 0C 
R2 0.93 1.00 1.00 0.97 0.98 1.00 0.97 1.00 1.00 1.00 1.00 

%RMSE 1.17 0.06 0.06 0.67 0.46 0.06 0.69 0.09 0.06 0.09 0.02 
P 52.2

 
13.1

 
13.1

 
40.5

 
33.1

 
11.4

 
41.0

 
12.3

 
11.4

 
12.3

 
2.15 

80 0C 
R2 0.97 0.99 0.99 0.97 0.99 1.00 0.99 1.00 1.00 1.00 0.99 

%RMSE 1.03 0.33 0.33 0.86 0.39 0.11 0.63 0.10 0.11 0.10 0.08 
P 54.7

 
26.6

 
26.6

 
50.3

 
37.2

 
9.57 43.5

 
7.80 9.57 7.80 13.8

 125 
Watt 

R2 0.94 0.99 0.99 0.96 0.98 1.00 0.97 1.00 1.00 1.00 1.00 
%RMSE 1.33 0.34 0.34 1.00 0.46 0.17 0.90 0.17 0.17 0.17 0.08 

P 56.4
 

26.5
 

26.5
 

50.4
 

47.3
 

13.6
 

48.8
 

13.9
 

13.6
 

13.9
 

14.5
 275 

Watt 
R2 0.94 0.99 0.99 0.95 0.98 1.00 0.96 1.00 1.00 1.00 0.99 

%RMSE 1.31 0.27 0.27 1.11 0.72 0.13 0.95 0.13 0.13 0.13 0.19 
P 78.0

 
40.6

 
40.6

 
73.6

 
73.9

 
29.9

 
71.4

 
29.9

 
29.9

 
29.9

 
19.6

 625 
Watt 

R2 0.93 1.00 1.00 0.94 0.97 1.00 0.96 1.00 1.00 1.00 1.00 
%RMSE 1.21 0.21 0.21 1.07 0.89 0.22 0.95 0.22 0.22 0.22 0.10 

P 85.2
 

45.5
 

45.5
 

83.3
 

80.6
 

43.4
 

80.6
 

43.4
 

43.4
 

43.4
 

3.93 
 
Water activity of the dried tarragon leaves at different infrared temperatures and microwave 
power are given in Table 3. Water activity decreased as temperature increased in the infrared 
dryers. In addition, water activity decreased as microwave power increased in the microwave 
dryers.  

The impact of various drying techniques upon the colour parameters of the dried tarragon 
leaves was exhibited in Table 3. The L value of all the dried tarragon declined considerably 
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when compared with the fresh tarragon. Additionally, temperature and/or microwave power 
rise significantly prompted the decline of L values and surge of a values which may be by 
reason of non-enzymatic browning reaction. Among the used microwave drying, the 
highest a value was obtained by the microwave drying at 125 W, while the lowest a value 
loss was obtained by the microwave drying at 625 W.  ∆E is a function of a, b and L values, 
and it was reliant on drying techniques. Microwave drying technique at 275 W resulted in 
the highest ∆E while lowest ∆E value was attained from the infrared drying technique at 
80℃. 

Table 3-Comparison between infrared temperatures and microwave power for colour parameters 
and aw values 

 aw L a b ∆E 
Fresh 

 
- 35.15a±2.18 -8.02b±0.20 12.17ab±0.19 - 

60℃ 0.565±0.004
 

31.07b±0.18 -5.96e±0.04 11.77b±0.19 4,68 
70℃ 0.336±0.003  31.91ab±1.02 -5.56e±0.05  12.10ab±0.08 4.07 
80℃ 0.332±0.013 32.68c±1.02 -6.11d±0.57 12.57a±0.63 3.15 

125 Watt 0.364±0.001 31.02b±0.10 -4.87a±0.13 11.84b±0.11 5.20 
275 Watt 0.154±0.002 30.58b±0.64 -5.46e±0.43  12.17ab±0.56 5.23 
625 Watt 0.095±0.002  31.48ab±1.07 -6.57c±0.23 12.56a±0.19 3.96 

a-e Means superscript with different alphabets in the same column differ significantly  

4. Conclusions 

This study characterized the influence of drying conditions on the drying behaviour of 
tarragon leaves using infrared radiation and microwave drying. It was found that the drying 
rate increases substantially with the microwave power level or infrared temperature level 
used. The Midilli model was found to be more suitable for predicting the drying behaviour 
of tarragon leaves, with the values for R2 above 0.99 and with the lowest values of RMSE 
and P values for both drying methods. A comparison of microwave and infrared drying times 
indicate that irrespective of the power or radiation temperature applied, microwaving is an 
effective method of shortening the time required for drying to the desired moisture content 
without charring the samples. Moreover, microwave drying had less influence on the colour 
and rehydration ratio of the finished product than infrared drying. 
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Abstract 
Technical performance of two solar drying technologies was evaluated: 

Solar Greenhouse Drying (SGD) with auxiliary heating system, and Direct 

Solar Drying (DSD) in order to evaluate its effect on antioxidant activity 

(AA) and total flavonoids of blackberry (rubus spp) waste destined. The SDG 

and DSD results were compared with those of the dehydrated samples in an 

electric stove (ES). The fresh and dried fruits were evaluated; the blackberry 

seedless pulp was used. The AA and flavonoids showed degradation of 70% 

and 20% compared to the fresh sample. For both compounds, SGD is the one 

that offers the greatest conservation. 

Keywords: solar drying; antioxidant capacity; flavonoids; blackberry pulp 

(rubus spp); solar energy 
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1. Introduction 

México was the leader in the production of blackberry in recent years, with 248 thousand 
500 tons per year and 13 thousand hectares had been planted for the year 2016 and 96% of 
the total production corresponds to the state of Michoacán [1,2]. Generally, the largest 
consumption of blackberries is fresh, but they can be processed and sold in different 
presentations such as: frozen in bulk or in individual containers, with or without seeds, 
lyophilized or in juices, in dietary supplements, jelly and jams  [3]. 

The consumption of blackberry has received considerable commercial attention due to its 
content of phenolic compounds that contribute to its high antioxidant capacity whose health 
benefits have been well described [3]. Flavonoids have a wide range of biological effects, 
including antioxidant, anti-inflammatory, antiallergic, anti-ulcer, antibiotic and anticancer 
properties [3,4]. However, the blackberry is one of the most sensitive and perishable fruit 
products that exist. It is estimated that 50% of blackberry production is wasted from 
production to the end of the value chain (both cold and fresh), due to causes associated with 
the sensitivity of fruits and lack of conservation methods [5].  

Solar dehydration technology offers an alternative for food preservation that is economical, 
needs low maintenance, environmentally friendly and preserves nutrients [6]. The objective 
of this study was to perform the solar dehydration of the blackberry pulp without seed and 
in form of a film with a thickness of 0.5 mm, determining the characteristics of the drying 
using a greenhouse  solar dryer and a direct solar dryer. The direct solar dryer was with 
natural convection and the greenhouse solar dryer with forced convection at 0.5 ms-1 
(equipped with three solar air heaters). Additionally, the antioxidant capacity and the 
flavonoid content were determined as a measure of the quality deterioration of the product. 

 

2. Materials and Methods 

2.1. Samples and pretreatment 

The samples of fresh blackberry were supplied by a local farmers from Los Reyes 
Michoacán Valley, the samples were considered "production process", that is, they did not 
meet export standards. They were frozen and transported to the Renewable Energy 
Institute, in Temixco Morelos where the tests were carried out. Before carrying out the 
drying tests, the blackberries were disinfected, pureed in a blender and the seeds were 
separated from the pulp with a strainer. They were placed in plastic trays of 33x47x1 cm, 
the pulp formed a homogeneous film with thickness 0.5±0.1 cm and then dehydrated by 
each of the following methods. 

2.2. Drying methods  
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The experimental study was carried out in Temixco, Morelos with a latitude of 18˚ 50'N 
and a length of 99˚ 14'W situated at elevation 1299 meters above sea level. The tests were 
carried out on July 16-17 (first drying), June 21-22 (second drying) and July 5-6 (third 
drying), of 2017. The samples were dehydrated between 9:30 am and 5:00 pm (solar time) 
continuously. The DSD and SGD prototypes are described in López, V. et al, [7] and 
Tamayo [8] and developed in the Renewable Energy Institute, (IER-UNAM). 

2.2.1. Direct Solar Drying (DSD). 

Two trays with blackberry pulp were placed in the direct dryer prototype (Fig. 1a), with an 
area of 0.48 m2 and exposed to direct sunlight until reaching a water loss equilibrium  
measured with a balace with an accuracy of 0.1 g. The monitoring of the moisture loss of 
the product during drying was carried out by successive records every 20 minutes (first two 
hours of drying) and then every 30 minutes (up to constant weight). 

2.2.2. Solar Greenhouse Drying (SGD).  

Twenty six trays were placed with blackberry pulp (thirteen in each table) extended all 
along the table (Fig. 1b), inside the drying chamber of the greenhouse which operated with 
auxiliary solar heating up to constant weight. The recording and monitoring of weight loss 
was performed in the same way as that described for DSD. 

2.2.3. Electric Stove (ES). 

Two trays with blackberry pulp were placed inside the electric stove drying chamber at 
60±1 ˚C with forced convection at 1 ms-1 for seven hours (time required to reach a constant 
weight loss). The recording and monitoring of weight loss was performed in the same way 
as that described for DSD and SGD. 

                                       

a)                                                               b) 

Fig. 1a. Direct Solar Drying (DSD) scheme; 1b. Solar Greenhouse Drying (SGD). 

2.3. Extraction of organic compounds 
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It was weighed 0.5 g of fresh and dried sample of blackberry pulp. Two secuencial 
extractions of organic compounds was carry out usin 5 ml of methanol at 80%, sonicated in 
an ultrasound bath for 30 min, centrifuged at 1820 rpm for 10 min. The supernatant was 
recovered. The total organic extract was filtered with a Pasteur pipette packed and stored in 
an amber vial at 4°C until analysis. 

2.4. Antioxidant activity (AA) 

It was used the method developed by Blois, 1958 [9] and described by Brand-Williams et 
al. in 1995 [10] to determine antioxidant activity by the use of a stable free radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH). In total darkness is added 100 μL of the organic extract 
to a spectrophotometric cell followed by 2.9 ml of DPPH reagent. After reaction for 30 min 
at 25 ˚C the absorbance versus prepared blank was read at 517 nm. The results of 
antioxidant activity of the blackberry pulp (fresh and dried) were expressed as mg of 
equivalent ascorbic acid per gram of dry matter (mg AAE/g d.m) through the calibration 
curve with ascorbic acid (all samples were performed in triplicates). The calibration curve 
range was 0, 5, 9, 12.5, 17, 21 and 25 mg/100ml (R2 = 0.98).  

2.5. Total Flavonoid  

The total flavonoid content was determined by the aluminum chloride colorimetric assay 
[11, 12]. An aliquot (1 ml) of extracts or standard solution of quercentine was added to 10 
ml amber vial containing 4 ml distilled water and vortexed for 30 seconds. Was added 300 
µl NaNO2 at 5%, vortexed for 30 seconds, and incubate at room temperature for 6 minutes. 
Af ter the time, 300 µl of AlCl3 at 10% was added and keep it for 5 minutes at room 
temperature. Subsequently, 2 ml of  NaOH (1M) was added, and finally the volume of each 
dilution was completed with 2.4 ml of distilled water. The absorbance  versus prepared 
blank was read at 510 nm after 30 min of reaction at 25 ˚C . The results of total flavonoid 
content of the blackberry pulp (three replicates per treatment) are expressed as mg of 
equivalent quercetin per gram of dry matter (mg QE/g d.m). The calibration curve range 
was 20, 40, 60, 80 and 100 mg/l (R2 = 0.99). 

3. Results and discussion 

3.1. Comparison of drying kinetics 
Fig. 2 shows the relationship of the average drying time (n=3) and the final moisture 
content (less than 32% dry matter) by the different drying methods of the blackberry pulp. 
The reference of the kinetics is given by drying in electric stove (ES) were the drying time 
was 480 min at 60˚C and 1ms-1, the final moisture content was 0.31 kg of water per 
kilogram of dry matter. The DSD tests are carried out by natural convection and the SGD 
with forced convection at 0.5 ms-1. The average drying times for SGD and DSD 
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corresponded to 960 min respectively, with a moisture content of 0.33 and 0.35 kgw/kgdm. 
The drying times for solar technologies do not show significant differences. 

 

Fig. 2 Comparison of drying kinetics (n=3) by different methods: Solar Greenhouse Drying (SGD), 
Direct Solar Drying (DSD) and reference in electric stove (ES). 

 

3.2. Antioxidant Activity in blackberry pulp 
In Fig.3 the antioxidant activity in the blackberry pulp of the fresh and dehydrated samples 
by the different technologies are presented. The fresh sample contains 20.22±2.94 mg 
AAE/g d.m, and on average dehydrated samples loss 70% of their antioxidant capacity 
compared to fresh samples. The antioxidant activity in the blackberry dehydrated by SGD 
and DSD (5.86±0.51 and 5.80±0.39 mg AAE/g d.m) is barely greater than the method of 
drying in the electric stove SE (5.28±0.32 mg AAE/g d.m). 

 
Fig. 3 Antioxidant activity of the blackberry pulp, fresh and dehydrated by different technologies 

The concentration of the antioxidant activity is shown in Fig.4a for each of the three tests 
and for ecah drying technologies. The influence of the average irradiance of the day on the 
total antioxidant capacity of the samples is shown. For SGD and DSD samples 1 and 3 are 
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affected by the influence of irradiance, with an inversely proportional correlation, a higher 
irradiance lower antioxidant activity, a lower irradiance greater antioxidant activity. 
However, sample 2 of SGD and DSD, seems not to follow this trend.  

The Fig. 4b shows the influence of temperature on antioxidant activity, for each of the tests 
dried by different technologies. The effect is shown by the influence of temperature giving 
an inversely proportional correlation. That is, the samples subjected to a higher average 
drying temperature correspond to the lower concentrations of the antioxidant activity. The 
samples dehydrated in the electric stove at 60 ˚C, are those that have a lower antioxidant 
activity. 

  
a)                                                                             b) 

Fig. 4a Antioxidant activity in blackberry pulp and its effect by irradiance; 4b antioxidant 
activity in blackberry pulp and its effect by temperature. 

3.3.  Total flavonoid content in blackberry pulp 

Fig.5 shows the content of total flavonoids in the blackberry pulp of the fresh and 
dehydrated sample. The fresh sample contains 12.17±0.79 mg of QE/g d.m. The samples 
dehydrated by SGD, DSD and ES technologies contain 10.53±0.46, 9.94±0.21 and 
8.89±0.24 mg of QE/g d.m. On average the total flavonoids in dehydrated samples are 
degraded 20% compared to fresh samples. 

Fig.6a shows the influence of average irradiance on the total flavonoid content. A 
correlation of the concentrations was observed for the samples that subjected it to a higher 
average irradiance, resulting in lower concentration of total flavonoids. In the same way, 
Fig. 6b shows the influence of the average temperature of the day on the concentration of 
total flavonoids present. A greater effect due to the temperature is observed, since the 
samples dehydrated in the electric stove at 60˚C, are those that have a lower concentration, 
even when they are in darkness inside the drying chamber. Inside the drying chambers of 
SGD and DSD the samples that were subjected to a higher average temperature are those 
that show lower concentration of flavonoids, and vice versa. 
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Fig. 5 Total flavonoids in the blackberry pulp, fresh and dehydrated by different technologies 

 

a)                                                         b) 

Fig. 6a Total flavonoids in blackberry pulp and its effect by irradiance; 6b total 
flavonoids in blackberry pulp and its effect by temperature. 

 

4. Conclusions 

The samples dehydrated by ES showed an average drying time of 480 min with a final 
moisture content  0.26  kgw/kgdm. The samples dehydrated by solar technologies do not 
present significant differences between them, for SGD and DSD the average drying time 
was 960 min, with final moisture content 0.33 and 0.35 kgw/kgdm.. The antioxidant 
activity of dehydrated blackberry pulp by different technologies (SGD 5.86 ± 0.51, DSD 
5.80 ± 0.39 and 5.28 ± 0.32 mg AAE / gdm) show a decrease of 70% compared to fresh 
samples (20.22 ± 2.94 mg AAE / gdm). The concentrations of total flavonides in fresh 
samples corresponding to 12.17 ± 0.79 mg of QE / gdm, and the concentrations measured 
in the dehydrated samples (SGD 10.53 ± 0.46, DSD 9.94 ± 0.21, 8.89 ± 0.24 mg of QE / 
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gdm) represent a 20% decrease. In the comparison of solar technologies and electric stove, 
both solar technologies present a better conservation of flavonoid and antioxidant capacity. 
In the individual analysis of the tests a relation of temperature and irradiance in the final 
concentrations was observed, at higher temperature and irradiance, lower concentration of 
total flavonides and lower antioxidant capacity, having a greater effect on the drying 
temperature, since the dehydrated samples in the stove at 60˚C shows the lowest 
concentrations. 
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Abstract 
Dried and sterile acellular esophageal matrix was obtained within a new 
drying process based on the use of supercritical carbon dioxide (SC-CO2). 
Experiments were performed coupling a conventional detergent enzymatic 
treatment with two different drying methods: (i) SC-CO2 drying alone; (ii) 
dehydration in ethanol and a subsequent SC-CO2 drying. Long term 
preservation was achieved for several months after drying, demonstrating the 
maintenance of extracellular matrix (ECM) structure, mechanical properties 
and biocompatibility within cell repopulation studies in vitro. Overall, the 
results highlighted the potential of this novel technology to obtain a dry and 
sterile acellular matrix that can be easily stored for oesophageal 
regeneration in patients with emergency need.  
 
Keywords: decellularized tissue; supercritical drying; carbon dioxide; tissue 

engineering; long term storage 
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1. Introduction 

Congenital and acquired diseases may involve surgical esophagus substitution. In adult 
population, esophageal cancer is the eighth most common cancer in the world [1] while 
esophageal atresia is a congenital anomaly in children that occurs in 1/2500 to 1/4000 live 
births [2,3]. Esophageal tissue engineering is an emergent alternative for the development 
of esophageal substitute as repairing technology [4]. Several esophageal engineered 
substitutes have been explored using synthetic and natural derived scaffolds and materials 
[5], however, at present, tissue engineering applications to esophageal replacement are 
limited to enlargement plasties with absorbable non-cellular matrices [6]. Therefore the 
development and reinforcement of alternative approach are needed to improve the current 
state of the art. The use of natural matrices in tissue engineering has become extremely 
promising as tissue substitute for organ reconstruction. Natural acellular matrices are 
derived from animal or human organs/tissues within a decellularization process which is 
able to remove cells and immunogenic material [7]. The result is a natural derives scaffold 
that retains the architecture of the original tissue and also the molecular components of the 
native extracellular matrix (ECM). Organ decellularization for tissue engineering has 
become more and more promising for the organ/tissue replacement with preliminary 
promising clinical experience [8]. Organ decellularization can be successfully applied to 
esophagus, resulting in a scaffold that maintains ultrastructure and composition of the 
native extracellular matrix (ECM) [9]. In a clinical scenario, long term preservation and 
banking of sterile decellularized organs ready for transplantation would be desirable for 
patients with emergency needs. However, once produced, decellularized scaffolds can’t be 
stored for long time because sterilization and preservation technologies are still lacking. 
Improvement of the current state of art could be obtained within supercritical carbon 
dioxide (SC-CO2) drying. SC-CO2 drying has been already used in for the production of 
biomaterials such as 3D porous scaffolds [10] and hydrogel [11]. Within SC-CO2 drying 
the vapor-liquid interface can be avoided with a minor capillary stress for the product that 
maintains the original structure. SC-CO2 has a low critical temperature that doesn’t degrade 
thermo sensitive components. SC-CO2 has also bactericidal properties and it has been 
deeply investigated as alternative pasteurization and sterilization methods [12,13]. 

In this scenario the aim of this work is the development of a novel method for the 
sterilization and long maintenance of decellularized tissue using SC-CO2 drying.  

2. Materials and Methods 

Porcine esophagus was chosen as test sample. Esophagi were collected from white 
domestic piglets (Sus scrofa domesticus) from 25 to 40 kg in weight. All surgical 
procedures and animal handling were carried out in accordance with UK Home Office 
guidelines under the Animals (Scientific Procedures) Act 1986 and the local ethics 
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committee. Esophageal decellularization was achieved by using a detergent enzymatic 
treatment (DET) as previously reported [9]. Two different experimental procedures have 
been explored for the drying: a single step SC-CO2 drying at 35°C and 10 MPa up to 360 
min, and a combined double step with ethanol (EtOH) for 80 min followed by SC-CO2 
drying (EtOH+SC-CO2) at 35°C and 10 MPa up to 90 min. A high pressure sapphire 
window cell (Separex S.A.S.) was used to carry out the experiments. The internal 
temperature and pressure were set with a thermostatic bath and an HPLC pump (Gilson 
25SC). CO2 (purity 99.990%, Messer) was flowed into the reactor at a constant flow rate of 
23 ml/min until 10 MPa; then the pressure was maintained constant by tuning on a 
micrometric valve. The vessel was depressurized opening the valve at the end of the drying. 
Samples were packaged for long-term storage in sterile plastic bag at 4°C up to 6 months. 
Samples were weighted after the treatment assuming that all weight loss was due to the 
moisture removal from the ECM. Weight reduction was expressed as the ratio of % 
Wend/Wstart, with Wend and Wstart expressing respectively the weight of the sample after and 
before the treatment. Microbiological analysis were performed by means of the standard 
plate count techniques as previously reported [14] for mesophilic bacterial, mesophilic 
bacterial spores and yeasts and molds. The enumeration was referred to the weight of initial 
product and expressed in colony forming units CFU/g. The degree of inactivation was 
calculated considering the log(N/N0), where N0 (CFU/g) and N (CFU/g) is the number of 
CFU per gram in the untreated and treated sample, respectively. Mechanical 
characterization was performed with tensile tests with a Midi 10 electromechanical testing 
machine (Messphysik Materials Testing) at a speed of 0.1 mm/s on regular rectangular 
peaces fixed at the loading frame. Before testing, the dried samples were rehydrated for 24 
h in Phosphate Buffer Saline (PBS-Sigma). Histological analysis were performed on 
tissue’s slice for Haematoxylin and Eosin (H&E), Masson’s trichrome (MT) and Alcian 
blue (all from Bio-Optica). Cytochemistry analyses on tissue’s slices were performed using 
Alexa Fluor 488 Phalloidin (Thermo Fisher) 1:200 and Hoechst (Sigma Aldrich) 10 µM 
diluted in PBS with 0.1% Triton X-100 (Sigma Aldrich). Color and fluorescence images 
were obtained using a color camera mounted on fluorescence inverted microscope (Leica 
DMI4000). Human bone marrow mesenchymal stem cells (hBMMSCs) were provided by 
the Cell factory of Policlinico Hospital (Milan, IT) and they were used for scaffold 
repopulation in vitro. Cell repopulation experiments were performed up to 8 days of culture 
in customized microwell evaluating the cell adhesion and viability. Cultured samples were 
analyzed with Live/Dead viability/cytotoxicity kit for mammalian cells (Thermo Fisher) 
according to manufacturer’s instructions 

3. Results and Discussion 

Two methods were investigated for the obtainment of a dried acellular esophagus. A 
successful dried matrix was reached in a shorter time using the combined ethanol and SC-
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CO2 treatment. The addition of EtOH as co-solvent during the process positively 
influenced the solubility of polar solvent in SC-CO2 [15] and therefore reduced the time of 
drying. In Fig 1 is represented a cylindrical portion of decellularized esophagus before and 
after the supercritical drying, and after the rehydration in PBS.  

 

 
Fig. 1. Picture of cylindrical section of esophagus before (not dried) and after the supercritical 

drying and the subsequent rehydration in PBS.  

 

Certain shrinkage was observed after the rehydration; mechanical tests didn’t show 
significant differences between the two processes (data not shown) and also a good 
maintenance of mechanical properties during time (data not shown). The preservation of the 
esophageal architecture was demonstrated with the presence of the three layers with 
histological analyses: mucosa, submucosa and muscular layers in all the analyzed samples 
for H&E (data not shown). MT staining pointed out the maintenance of the collagen in the 
lamina propria, submucosa and intermuscular septa of the muscularis externa. AB staining 
did not show a further decrease of glycosaminoglycan (GAG) after the drying (data not 
shown). The preservation of the architecture were obtained till 6 months for the H&E (Fig 2 
Top) and confirmed with MT and AB (data not shown). Live and Dead analysis 
demonstrated good biocompatibility in vitro up to 8 days of culture for the samples dried 
with the combined process, meaning that SC-CO2 alone was not able to remove some toxic 
component from decellularization (data not shown). Repopulation tests demonstrated the 
presence of live cells on the surface; the repopulation was possible also after 3 and 6 
months of storage. Fig 2 (centre and bottom) shows the live and dead analysis at the surface 
for the total nuclei (Hoechst) in blue and for the dead cells in red (Ethidium). Cells shown 
high viability in vitro and therefore good biocompatibility even after 8 days of culture in the 
samples stored for 6 months. The initial load of natural flora population is shown in Table 
1. A complete inactivation of the microorganisms was obtained after the EtOH-SC-CO2 
process, while SC-CO2 drying alone was not able to inactivate completely mesophilic 
bacterial and spores (data not shown).  
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Fig. 2. H&E staining (Top), live and dead analysis for nuclei with Hoechst (centre) and with 

Ethidium (bottom) at different storage time.  

 

Table 1. Initial microbiological load of the decellularized esophagus before the treatment 
Microorganism Log N0 [CFU/g] 

Mesophilic bacteria 8.22±0.89 
Mesophilic spores. 0.57±0.12 
Yeast and molds 8.27±0.66 

 

4. Conclusions 

Overall the results highlighted the potential of this novel method to obtain a dry acellular 
matrix that can be stored for long term without substantial change of properties from the 
native tissue. SC-CO2 drying represents a promising alternative for the long term 
maintenance of decellularized tissue. 
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Abstract 
Harnessing the benefits of rosemary polyphenols is limited by variability in 
their physicochemical properties. These limitations may be overcome by 
encapsulation in systems possessing hydro-lipophilic centers thereby 
accommodating molecules of different polarities. Proliposomes offer a viable 
option in this regards, being particles which form liposomal suspension in 
water. Lyophilized extracts of rosemary was encapsulated in 
hydrogenatedsoyphosphatidylcholine/cholesterol by solvent replacement 
method. Spray dried proliposomes were obtained with lactose as carrier. 
Using Central Composite Design, the effects of lipid, extract and carrier 
concentrations on response variables including bioactive content and 
retention, moisture content characteristics, recuperation and redispersibility 
were evaluated by statistical analysis. 

 

Keywords: Polyphenols; antioxidant;  proliposomes; spray drying. 
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1. Introduction 

Plant polyphenols have indeed proven to be very worthy antioxidants with evidence of 
protection of cell constituents against oxidative damage, therefore, limiting the risk of 
various degenerative diseases associated to oxidative stress.[1] This efficacy together with 
their safety profile, biocompatibility, multifunctionality, relative affordability and ready 
availability may have favoured their choice as additives in foods and nutraceticals.[2] 
Research into polyphenol has garnered much momentum over the years.[3] One important 
vegetable source of these polyphenol compounds is Rosmarinus officinalis L. (Lamiaceae) 
commonly called rosemary. Extracts of rosemary have been evaluated for antioxidant and 
various other effects, and its efficacy correlated to high amounts of phenolic acids e.g. 
rosmarinic acid and caffeic acid; phenolic diterpenes being chiefly carnosic acid and 
carnosol; and flavonoids.[4] The performance of obtained extract is influenced by 
processing and environmental conditions to which it is exposed as well as its 
physicochemical properties. [5] Thus, employment of strategies that ensure incorporation of 
the multiple bioactive polyphenol components of these extracts for synergistic activity 
while desirable physicochemical properties are kept intact is evidently desirable. The aim of 
this study, therefore, is to use Design of Experiments (DoE) in evaluating the effects of 
composition factors critical to desirable response attributes and system performance during 
spray drying of proliposomes of rosemary polyphenols. 

2. Materials and Methods 

2.1 Preparation  of rosemary extract 
Polyphenol-rich powder extracts of rosemary was obtained by freeze drying. Concentrated 
liquid extract was congealed at -20 and -80 oC then lyophilized using VLP 195 FD-115, 
Thermo Fischer Scientific Lyophilizer at -40 oC. Dry rosemary powder particles obtained 
was collected in airtight amber bottles and stored at -20 oC. 

2.2 Quantification of marker compounds in lyophilized extract by HPLC 
Polyphenol markers, namely caffeic acid (CA), rosmarinic acid (RA), carnosol (CAR), and 
carnosic acid (CNA) in the powdered extract were quantified by HPLC. The 
chromatographic method used was previously developed and validated by our group.[6] 

2.3 DoE for evaluation of effect of composition variables in proliposome formulations 
Control parameters critical to physicochemical characteristics of proliposome powders were 
selected using Quality by Design (QbD) approach,with a focus on composition variables. 
Critical independent variables evaluated were concentration of lipid, extract and drying 
carrier (relative to liposomal solid content). The effects of these factors on quality attributes 
of proliposomes such as biomarker retention, biomarker content, water activity and 
moisture content were investigated. The individual and combined effects of these factors 
were evaluated at three levels using a completely randomized 23 Box-Wilson Central 
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Composite Design (CCD),[7] with three replicates in the central point. Tables 1 and 2 show 
the uncoded and coded variables studied, respectively.  

Table 1: Uncoded variables and their respective values 
Coded variable Uncoded variables -1 0 1 

A Lipid concentration (%) 4 7 10 
B Extract concentration (%) 1.5 3 4.5 
C Carrier concentration (%) 

i.e. Carrier:(Lipid+extract) 
1 1.2 1.4 

Table 2: CCD for proliposomes of rosemary (coded variables) 
 

Formulation 
Coded variables 

A B C 
F2 1.000 -1.000 -1.000 
F9 -1.682 0.000 0.000 
F4 1.000 1.000 -1.000 
F3 -1.000 1.000 -1.000 
F11 0.000 -1.682 0.000 
F13 0.000 0.000 -1.682 
F10 1.682 0.000 0.000 
F16 0.000 0.000 0.000 
F1 -1.000 -1.000 -1.000 
F12 0.000 1.682 0.000 
F15 0.000 0.000 0.000 
F7 -1.000 1.000 1.000 
F17 0.000 0.000 0.000 
F5 -1.000 -1.000 1.000 
F6 1.000 -1.000 1.000 
F8 1.000 1.000 1.000 
F14 0.000 0.000 1.682 

The process model has the following form (Eq. 1): 

(1) 
where: a0 to a33 are the regression coefficients, X1 to X3 denotes the factors, Yi is the relative 
average or expected response associated with the combination factors and ε represents the 
experimental error. Statistical significance of linear, quadratic and interaction effects of the 
investigated variables on evaluated proliposomes properties was assessed through variance 
analysis (ANOVA) and regression analysis using Statistica® 10 (StatSoft Inc, USA). 
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2.4 Preparing proliposomes of polyphenol-rich rosemary extract 

2.4.1 Incorporation of rosemary polyphenols 
Liposomal preparations incorporating polyphenols of rosemary were prepared by solvent 
replacement method.[8,9] The lipid phase comprised predetermined quantities (by DoE) of 
hydrogenated soy phosphatidyl choline (Phospolipon 90H - LIPOID GMBH, 
Ludwigshafen, Germany) and cholesterol (Sigma-Aldrich, St Louis, USA). The aqueous 
phase consists of a dispersion of lyophilized rosemary extract in purified water. The two 
phases were brought to the same temperature before the lipid phase was injected into the 
aqueous phase under agitation. Residual solvent was removed by rotary evaporation at 48 
oC/600 mmHg. Liposomal formulation obtained was dried with lactose (Natural Pharma, 
SP, Brasil) as the drying carrier (quantity determined by CCD). 

2.4.2 Spray drying  
Spray dried proliposomes (SDP) were generated from the liquid liposomal formulation 
(LLF) in a laboratory scale bench top SD-05 spray dryer (Lab-Plant UK Ltd, Huddersfield, 
UK) with a concurrent flow regime. Spray drying conditions were maintained as follows: 
atomizer, 1 mm; inlet drying gas temperature, 100 oC; feed flow rate of liquid formulation, 
4 g/min; atomizing air pressure, 1.5 KgF/cm2; feed flow rate of atomizing air, 17 Lpm; and 
feed flow rate of spray drying air, 60 m3/h. 

2.5 Proliposome characterization 
Proliposome powders were characterized as follows: 

2.5.1 Water activity (Aw) and moisture content (Xp) 
Moisture content of the spray dried product was determined in a moisture analyzer 
Sartorius MA35 (Goettingen, Germany). Water activity was measured in an AquaLab 
4TEV (Decagon Devices Inc., Pullman, WA) at 25 oC, using dew point sensor. 

2.5.2 Retention and content of biomarker compounds in proliposomes 

Total retention and concentration of bioactive markers in proliposomes was evaluated by 
the HPLC quantification method described. [6] Retention was determined as % biomarker 
compound quantified in a sample of proliposome powder relative to amount in lyophilized 
extract contained in the proliposome sample. Total content of biomarker in bulk quantity 
was determined relative to proliposome powder (w/w). Concentrations were determined by 
comparison to those of standards. 

 
3. Results and Discussion 

3.1 Proliposome characterization 
Experimental data of proliposome properties evaluated were subjected to regression 
analysis to detect the statistically significant effects of composition variables on 
proliposomes properties. In this way, the linear, quadratic and interaction regression 
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coefficients and their statistical significance were derived (Table 3). ANOVA and effect 
estimates assume normal and independent residuals distribution, with mean zero and 
constant variance. 

3.1.1 Water activity (Aw) and Moisture content (Xp) 
Water activity (Aw), a measure of the energy state of water present in a system, is a 
qualitative property independent of sample quantity. It is usually considered as indicative of 
microbiological stability with values less than 0.5 recommended as enough to guarantee 
product stability. Results showed that besides the interaction effects between lipid/extract 
concentration and extract/carrier concentration, only the quadratic effect of carrier 
concentration also had significant effect on water activity (Table 3). The negative value 
attributed to the effect may be that water activity is related to the form in which the lactose 
exists, among other factors. Lactose has been previously used in drying of lipid systems 
encapsulating polyphenols.[10] Lactose monohydrate has been shown to lose its water of 
hydration at 100 oC, the drying temperature in this study.[11] Thus, increasing the carrier 
concentration leads to a higher percentage bound-water loss and lower Aw. While Xp and 
Aw are mainly related to the drying conditions, formulation composition also plays an 
important role as drying could promote changes in water binding and dissociation, with 
effect product properties. On the other hand, carrier concentration showed no level of 
significance on Xp of SDP while lipid and extract concentrations became significant only at 
p ≤ 0.1. Values of Aw and Xp were < 0.5 and 5%, respectively, for SDP (data not shown). 
This suggests that proliposomes obtained are potentially stable to microbial proliferation. 

3.1.2 Retention of selected biomarkers 
Retention of RA and CAR in SDP showed significant dependence on similar factors. Linear 
effects of % extract was observed as highly significant (p ≤ 0.01) for retention of both 
compounds. However, while the effect on RA was positive, it was negative for CAR, 
implying that as the quantity of extract incorporated increases, retention of the former 
increases while that of the latter decreases. The degradation pattern of CAR in this system 
appears to be concentration dependent thus giving rise to decreased % retention on 
increasing concentration,[12] typical of first order degradation. Its higher lipophilicity also 
suggests favored partitioning into lipidic wall of the proliposomes rather than aqueous core. 

Hence, higher extract/lipid ratio favourably retained hydrophilic compounds protected in 
the aqueous vesicle core against lipophilic components which are no longer efficiently 
encapsulated and therefore exposed to degradation at the vesicle periphery.[13] The linear 
effect of % lipid incorporated further demonstrates this relationship, although quasi 
significant (p ≤ 0.10) to both RA and CAR retention with respective negative and positive 
effects. It may be that the negative effect of % lipid on RA retention is related to solubility 
of the compound. Increasing lipid concentration is suggested to favor retention of lipophilic 
material such as CAR (positive value for same factor) as against less lipophilic ones such as 
RA. Evaluated lone factors ranged from being significant (p ≤ 0.05) to highly significant (p 
≤ 0.01) for CNA retention. Lipid and carrier concentrations showed positive effects on 
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CAN, similar to CAR and in line with their lipophilicity. Increasing % extract, however, 
significantly (p < 0.05) reduces relative retention of CAN. Since the degradation of CAR is 
concentration dependent, the reaction is skewed away from buildup of its concentration 
hence, further degradation of CNA. The significant (p < 0.05) positive effect of carrier 
concentration on CNA retention may be due to protective effect offered by lactose 
molecules to prevent or slow down it`s degradation.[10,14] Evaluated factors showed no 
interactive effect on retention properties of bioactive compounds in SDP. In any case, the 
integrity of the bioactive compounds was largely preserved with proliposome products 
exhibiting 60.0% – 104.6 % retention. It is noted that these retention extremes is in 
accordance with the lipophilicity of each compound i.e. more lipophilic compounds such as 
CAR and CNA have the highest retention values at F11 with the highest lipid ratio whereas 
the less hydrophobic compound, RA is more concentrated at F9 with least lipid ratio, and 
vice versa (Table 4). Response surface plots (not shown) for visual effects of relationship 
between studied variables and biomarker retention response revealed that retention pattern 
of marker compounds at 0.0 (mean) level of Carrier/CSolid is similar to that at -1.682 (low), 
and 1.682 (high) levels. While RA retention is facilitated at high level of % extract, both 
CAR and CNA are favourably retained at high levels of % lipid. 

Table 3: Linear, quadratic and interaction regression coefficients and statistical significance for SDP 

Formulation 

Regression Coefficients for Selected Responses 
Biomarker Retention 

(%) 
Total Biomarker content 

(mg/100g) 
Aw 
( - ) 

Xp 
( % ) 

RA CAR CNA RA CAR CNA   
a0 - Mean/Interc. 97.342* 88.284* 80.157* 116.776* 88.472* 73.005* 0.402* 1.837* 
a1 - A(L) -3.587*** 4.827*** 4.741* -45.242* -22.403* -19.385* -0.001 0.239*** 
a11 - A(Q) 1.268 -4.116 -1.192 15.738* 3.249 5.187* 0.009 0.290*** 
a2 - B(L) 7.058* -12.941* -3.383* 47.765* 24.194* 23.725* -0.008 -0.193 
a22 - B(Q)  -4.261** 6.494*** -0.715 -7.387*** -5.343** -5.788* 0.004 0.260*** 
a3 - C(L)) 0.013 -0.292 2.175** -11.404* -8.819* -5.249* 0.000 -0.101 
a33 - C(Q)  0.983 -1.050 1.994** 0.136 1.418 2.513** -0.023** 0.161 
a12 - A(L)* B(L) 1.061 0.162 0.674 -8.809*** -2.817 -1.958*** 0.023** 0.296*** 
a13 - A(L) * C(L) 0.710 -1.565 0.965 4.220 1.963 1.748*** -0.015 -0.216 
a23 - B(L) * C(L) -0.832 -2.424 -0.740 -5.070 -5.643*** -1.801*** -0.025** -0.192 

R2adj 0.744 0.720 0.853 0.967 0.951 0.992 0.824 0.751 
* Effect significant at α ≤ 0.01; ** Effect significant at α ≤ 0.05; *** Effect significant at α ≤ 0.1  

 

3.1.3 Biomarker composition of proliposomes 
Linear effects of lipid and extract concentrations were most significant (p ≤ 0.001) of 
factors evaluated. This being that the overall content of polyphenols components of 
proliposome product is directly proportional to the amount of extract incorporated and 
inversely to the lipid concentration and is consistent with results obtained for other extracts 
incorporated in lipid systems.  Regression coefficients presented (Table 3) showed that 
whereas % extract has positive values for all compounds, those of % lipid are negative. R2 

values indicate the adequacy of adjustment of results obtained by the statistical model 
proposed. Carrier concentration was also highly significant (p ≤ 0.01) to concentrating all 
marker compounds in the proliposome. Lone effects of all factors evaluated showed 
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different levels of significance. Whereas interactions between % lipid and % extract, and % 
extract and carrier concentration showed quasi significance (p ≤ 0.1) on the total content of 
RA and CNA, the same level of significance was observed on CNA content following 
interaction between % lipid and carrier concentration. These results reveal that polyphenols 
accumulation is highly dependent on the % extract present and independent of the levels of 
concentration of carrier. Surface plots (not shown) show effects of the most significant 
variables (%extract and % lipid) remained visibly constant at all Carrier/CSolid levels.  

Table 4: Retention and total concentration of biomarkers in spray dried SDP 
 

Formulation 
Biomarker retention in SDP 

(%) 
Total biomarker content of SDP 

(mg/100g) 
RA CAR CNA RA CAR CNA 

F1 97.2±2.8 88.1±1.8 77.4±1.7 579.9±16.6 443.7±9.0 355.7±8.0 
F2 86.1±0.8 101.3±2.4 82.0±0.9 245.9±2.2 244.2±5.8 180.2±2.0 
F3 102.9±2.2 83.2±2.0 71.1±0.5 1191.6±25.8 814.1±19.5 634.4±4.2 
F4 97.8±1.0 83.7±1.0 77.8±0.5 664.2±6.8 479.9±6.0 406.7±2.6 
F5 96.9±0.7 103.0±1,6 84.0±0.9 481.9±3.4 432.6±6.5 321.8±3.3 
F6 90.5±1.9 96.6±2.4 91.9±3.5 215.1±4.6 193.9±4.9 168.3±6.4 
F7 101.0±1.2 75.1±0.9 74.2±0.3 975.1±11.3 611.8±7.0 551.5±2.0 
F8 97.1±0.7 82.7±1.7 85.3±1.5 549.3±3.9 395.1±8.3 371.8±6.6 
F9 106.4±1.5 62.0±0.4 66.2±1.1 1281.9±18.1 630.8±3.9 614.1±9.9 

F10 93.0±0.8 92.4±1.3 86.8±0.5 369.0±3.1 309.3±4.5 265.0±1.5 
F11 63.8±2.6 104.6±0.9 83.6±2.2 80.9.0±3.3 150.7±0.9 81.7±2.2 
F12 104.4±1.8 73.8±0.5 72.1±0.8 916.0±16.0 546.3±3.9 487.0±5.2 
F13 99.3±0.1 87.4±0.1 84.7±1.0 699.6±5.1 519.5±4.8 459.6±5.5 
F14 98.5±2.3 84.4±1.1 86.3±1.8 510.1±12.0 368.7±4.8 343.8±7.3 
F15 98.1±1.1 88.5±1.4 79.2±1.5 585.4±6.5 425.9±.3 364.1±7.0 
F16 97.3±1.2 88.4±1.2 80.4±0.6 580.9±7.2 465.6±6.2 369.3±2.6 
F17 97.0±1.0 87.7±0.7 81.0±0.5 578.8±6.0 441.8±3.3 381.3±2.5 

 

4. Conclusions 

Proliposome is a viable system for the retention of polyphenols of rosemary. Careful choice 
of carriers and their appropriate concentration may, however, be necessary towards 
obtaining these desirable properties. These many factors and possibilities underscore the 
importance of Design of Experiments, a systematic approach to determine the relationship 
between factors involved in a process and the effects of those factors on the output of that 
process. The Central Composite Design is demonstrated as an efficient approach in which 
the effects of several factors can be assessed within a workable number of experiments. 
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Abstract 
Chayote (Sechium edule) is a fruit that is said to be a  nutritional and have 

healing properties. 90% of its weight is made up of water which makes  this 

fruit highly perishable. Convective drying is an excellent option to reduce the 

loss of this product as well as prolong its shelf life. Thus, the main objective 

of this work was to assess the physicochemical characteristics of different 

chayote samples (slices, cubes and strips) during its drying and rehydration 

process.  Results suggest that cubes represent an alternative for commercial 

use as an additive in foodstuffs due to their size. 

 

Keywords: chayote; convective drying; rehydration process; physiochemical 

properties. 
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1. Introduction 

The chayote (Sechium edule) is native to Mesoamerica where the greatest genetic diversity 
is found, however, it can also be found in other parts of the world. Mexico is one of the 
leading producers of this fruit which losses up to 25% of the harvest due to bad practices 
during the postharvest, particularly during the storage and refrigeration of the product as 
estimated by local producers. These bad practices lead to physical damages that generate 
darkening in the pericarp, formation of depressions, incomplete maturation, susceptibility to 
microbial attack, formation of shoots and weight loss [1].  

Resarchers have studied methods for the preservation of the fruit due to its good nutritional 
and healing properties as well as for its accessibility to low-income groups [2] [3] [4] [5]. 
Chayote has a low content of lipids, proteins and calories, and is an important source of 
minerals, aminoacids and vitamins. At the same time, this fruit is highly perishable because 
about 95% of its fresh weight is water [6]. The reported properties of chayote include 
diuretic (leaves and seeds), as well as cardiovascular and anti-inflammatory properties 
(leaves and flesh). Also, the consumption of chayote was associated with the reduction of 
the retention of urine and burning when urinating when kidney stones are dissolved [7].  

The drying process allows prolonging the shelf life of foods with high moisture content. 
Convective drying may particularly constitute a good option for the conservation of chayote 
due to the ease of the operation of convective driers as well as the relative simplicity in the 
handling of the samples to be treated. On the other hand, the analysis of the rehydration of 
dried food is necessary since it allows to evaluate indirectly the damage that occurred in the 
food due to the drying process.  Moreover, it is fundamental to evaluate the 
physicochemical properties of rehydrated foods to ensure the conservation of their flavor 
and sensorial properties. To date, there are few studies where the physiochemical 
characteristics of the chayote during its drying and rehydration process are evaluated. On 
that basis, the aim of this work was to, determine the drying characteristics of samples of 
chayote cut in three different geometric shapes (cubes, slices and  strips) dried in a 
convective dryer at temperature of 60ºC; to study the drying process parameters on the 
physical and chemical properties of this fruit (water, moisture and color activity); and to 
study the rehydration process of the samples obtained in the drying process.  

2. Materials and Methods 

2.1 Selection and characterization of the raw material 

Export-quality chayote samples  (Sechium edule v. virens levis) from the city of Campo 
Grande located in the municipality of Ixtacxoquitlan, Veracruz were used in the present 
study. Chayote samples fruits were completely smooth and without spines. They weighted 
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between 200-300 g, had an average moisture content of  92.8% and water activity (aw) of 
0.994, in average. 

After the selection of the samples, they were washed and cut with a manual cutter in three 
different geometric shapes: slices (5 cm diameter and 0.5 cm thickness), cubes (1 cm 
length); and strips (7cm height, 1cm length and 0.5cm thickness). 

2.2 Drying process 

Tests were conducted in a pilot plant scale vertical tray dryer (MOD-SEM-2 Polinox, MX). 
Drying tests were carried out  at a temperature of 60ºC and the air velocity was imposed at 
1.2 m/s. In each test, the drying kinetics were evaluated by recording the  moisture content 
change as function of time. During the drying process, samples were taken to analyze the 
main physical-chemical parameters (aw, moisture content and color) every 15 minutes 
during the first hour, 30 minutes in the following hour, and finally every 60 min until the 
water activity of samples reached 0.6. Tests were conducted in duplicate. 

Drying kinetic data was adjusted to three common models employed in the drying process 
to model data: Page model, Newton model and Henderson-Pabis model (Table 1) where MR 
corresponds to the adimensional moisture content and k, k1, k2, k3, a and n are model 
paramters.  For this purpose, the  moisture moisture content (MR) was expressed as the 
moisture ratio (MR) by means of eq. (1): 

 �� �
�

�0

  

Where X corresponds to the moisture content at any time in g water/g of dry solid and X0 is 
the initial moisture content in  g water/g of dry solid. The goodness-of-fit of the data to the 
proposed models was evaluated by means of the R2 parameter. 

2.2.1 Physicochemical characterization of the chayote 

Water activity was determined using the AquaLab equipment (AquaLab Series 3 TE model, 
USA) in conditions of 25 ± 1°C. Moisture content (X) was determined by means of an 
Infrared moisure analyzer (Sartorius MA35, USA). In order to obtain more realisitc 
moisture content values, the moisture analyzer was warmed up for 30 minutes prior the 
determination of the moisture content. After this, the samples used for the determination of 
X (1 g) were returned to the dryer chamber where they were previously taken.. The color 
was determined by using a MiniScan XE plus colorimeter (HunterLab, USA). The color 
measurement was carried out by placing the sample inside the equipment, thus, acquiring 
the color parameters corresponding to the luminosity: L *, and chromaticity: a * and b *.  
The color data was captured in a computer integrated  to the colorimeter and processed by a 
software application (Universal software 4.10, USA) to obtain the total difference of color 
(ΔE). Tests were conducted in duplicate. 

(1) 

1109



The drying and rehydration process of chayote (Sechium edule) 

 

 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  

 

 
2.3 Rehydration of convective dried chayote samples 

The adsorption capacity of the samples was determined by weighing 0.5 g of the dried 
chayote samples on an electronic analytical balance (Santorius TE14S, USA). Then, the 
samples were submerged in 150 mL of water at 3 different temperatures: 20, 50 and 85 ° C, 
respectively. The samples were removed at different times  (2, 4, 6, 10, 15, 20, 25, 30, 35, 
40, 50 and 60 min). The final weight of the samples was recorded after removing the excess 
of water from the surface with absorbent paper. The rehydration ratio was calculated as the 
maximum amount of water absorbed (g) per g of dehydrated material for each experiment 
at the different times as proposed by Domaz [8]. Tests were conducted in duplicate. 

3. Results and  discussion 

3.1 Air drying kinetics 

During the drying process the moisture content of the samples was monitored at different 
times. The coefficients of drying models and the goodness of fit for chayote samples are 
given in Table 1. In general, the Page model sufficiently described the drying kinetics for 
strips and cubes (Fig. 1 and Table 1). All samples showed a slight losss of wáter at the 
beginning of the process but in the case of slices this slight loss was also observed at the 
gap of time between 120 and 180 min (Fig. 1). The best model fit for slices was observed 
with a polinomial model (Fig. 1). 

Table 1. Coefficients of convective drying models and goodness of fit for chayote samples 

Model Equation Sample Parameter R2 
Newton MR=exp(-kt) Strips k= 0.0155 0.9476 

  Cubes k=0.0129 0.8257 
  Slices k=0.0083 0.6167 
Henderson-

Pabis 
MR=a*exp(-k2t) Strips k2=0.0153; a=1.1810 0.9315 

  Cubes k2=0.0129; a=1.4783 0.8237 
  Slices k2=0.0097; a=1.4264 0.6128 

Page MR=(-k3tn) Strips k3=0.0051; n=1.2 0.9521 
  Cubes k3=4.2868x10-7; n=2.9 0.9866 
  Slices k3=4.2868x10-7; n=2.9 0.9167 

 
The drying kinetics for sliced samples of chayote previously reported showed a typical 
first-order kinetic shape. The structure of the seed of chayote is shown in Fig. 2. In general, 
the seed is composed by three structures: the endocarp, the endosperm, and the cotiledons 
and it differentiates from other seeds in that its moisture content remains high during 
maturity. Moreover, the seed remains intact within the fleshy fruit [9].  In the light of the 
structure of the seed, it seems that the shape of the drying kinetics of the chayote slices 
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determined in the present work corresponds to a first period into which water loss of flesh 
occurs and a second period corresponding to the subsequent drying of the seed. Akonor and 
Tortoe [10] worked with the drying of slices of chayote of thickness of 4±1 mm. 
Eventhough they did not report neither the exact variety nor the state of maturity of the 
samples used in the tests a photograph included in their study suggests that the internal 
structure of the seed of the variety used in their study differs from the structure of the seed 
used in the present study. As for Huerta-Mora et al. [11], they worked with the drying of 
slices of chayote of thickness of  2 cm. This fact may diminish the wáter diffusivity of the 
wáter in the flesh of the fruit, thus, led to a drying kinetic of first order. 

 

 
Fig. 1 Drying kinetics of chayote samples (T = 60 ° C). Circles correspond to sliced samples, 

squares to cubes and the diamonds to strips. 

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Chayote slices. 
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There are few reports in the literature regarding the drying kinetics of cubes and strips of 
chayote. The calculated values for the coefficients of the Newton model (Table 1) for cubes 
and strips samples are three times greater in average than those calculated by Ruíz-López 
[5] for slices. These may indicate that the water loss is facilitated by the shape and the 
smaller volume of the samples submitted to a drying process which may also be reflected in 
the rehydration of the samples as it will be discussed below. 

3.1.1 Color change of samples of chayote during the drying process  

The color change of the different samples of chayote was followed during the drying 
process. In general, results showed that in general samples after 240 min of drying are 
slightly darker, less greener and yellower than samples before drying. ΔE determination 
revealed that the samples that registered less color change correspond to the ones cut into 
slices followed by cubes. 

3.2 Rehydration process of different shapes of dried chayote samples 

The rehydration process of the samples of chayote is shown in Fig. 3. In general, the degree 
of rehydration increased in the first minutes and diminished with time in accordance with 
the reported previously [11].  The time in which the degree of rehydration began to stabilize 
corresponds to 20 min for strips, 30 min for slices and 25 min for cubes. The  samples that 
showed a higher capacity of rehydration were the ones cut into cubes in contrast with the 
chayote slices which showed the lesser rehydration ratio among all samples.  Also, higher 
rehydration ratios were observed when higher water temperatures were employed as 
reported by Kumar et al [12] for chayote samples (Fig. 3). In order to better explain the 
higher water gain in cubes, we performed an image analysis with the software ImageJ© to 
assess the differences of the samples’ sizes before and after rehydration. We also calculated 
the surface area of the dehydrated samples. Tests revealed that the samples that showed the 
higher ratio surface area and volume corresponds to the cubes followed by the strips and 
slices. In fact, both, chayote strips and cubes showed a moderate deformation on its length 
and thickness and length after drying, respectively. However,  the  samples in cubes 
recovered its original shape more easily than strips possible due to less mechanical stress 
present in cubes compared to strips. Despite this fact, all samples presented good 
rehydration ratios (Fig. 3). Interestingly, Kumar et al [12] reported lesser rehydration ratios 
for chayote cubes with the same size of our samples (L= 1 cm) compared with the ones 
found in the present work. According to Lewicki [13], pre-drying and drying may limit the 
water absorption of plant tissue and at the same time both procedures may intensify the 
leakage of solubles. Thus, the difference on the rehydration ratios of the samples observed 
by Kumar et al [12]  and us may be due to the pre-drying treatment used by Kumar et al 
[12] which could led to the leakage of solubles of the samples. 
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Fig. 3. Rehydration ratios at 20, 50 and 85ºC of  chayote samples. 

 

4. Conclusions 

The moisture content of chayote samples was reduced by more than 85% through 
convective drying at 60ºC showing a slight color change at this temperature. Samples in 
slices showed a second water loss period unlike the other shapes studied which could be 
attributed to the presence of the seed in these tests. As for the rehydration process, after 60 
minutes at three different temperatures (20, 50 and 85ºC), the samples showed a 
rehydration capacity between 53-98% which confirmed that the internal structure of the 
samples did not suffer significant structural damage due to convective drying. Also, the 
rehydration capacity tend to increase as the temperature of the fluid increases as previously 
reported [12]. According to the results obtained, dried chayote may represent an alternative 
as complement of food products and, particularly,  samples in cubes represent an alternative 
for commercial use as an additive in instant soups due to their size.  
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Abstract 
The aim of this work is to study the effects of drying conditions on the quality 

of extracted pricly pear seed oil, specifically α-tocopherol content. Drying 

experiments were carried on following a full 23 factorial design using a 

vertical drying tunnel. The temperature range was 45 to 70°C, relative 

humidity range was 15 - 30% and   air velocity was 1 and 2 m/s. The Midilli-

Kucuk model was found with satisfaction describing the seed air drying 

curves with a correlation coefficient of 0.999 and a standard error of 0.01. 

For each drying condition, the extraction of fixed oil seeds was performed at 

cold using mechanical pressing method. The oil quality was evaluated on the 

basis of the α-tocopherol content. The α-tocopherol was identified and 

quantified by high-performance liquid chromatography (HPLC-UV). 

According to the experimental results, it was found that convective drying of 

thin layer of seeds at soft air conditions, drying temperature of 45°C, relative 

humidity of 15% and air velocity of 1m/s give the optimal quality of extracted 

oil in terms of α-tocopherol content.    

 

Keywords: prickly pear seeds;  convective drying; semi-empirical modeling; 

α-tocopherol seed oil; optimization. 
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1. Introduction 

The constantly research of new essential oil sources should be performed in order to meet 
the new needs of industry. Prickly pear cactus (Opuntia ficus-indica) is extensively 
cultivated in Tunisia. The current production is estimated at more than 1 200 000 tons of 
fruits per year.  
Seeds constitute about 10-15% of the edible pulp and are usually discarded as waste after 
extraction of the pulp. According to Stintzing et al.[1], oil processed from the seeds 
constitutes 7-15% of whole seed weight and is characterized by a high degree of 
instauration wherein linoleic acid is the major fatty acid (56.1-77%). According to Hasani 
et al.[2], the most active form of vitamin E in the oils seed is α-tocopherol which is believed 
to protect the body against degenerative malfunction, particularly cancer and cardiovascular 
disease.  
Fresh prickly pear seeds, by-products from prickly pear fruit processing, are highly 
perishable and their drying at equilibrium moisture content is recommended for the storage, 
standardization and the biochemical stability of the product before extraction[3]. According 
to the literature, convective drying affected the quantity and the quality of the extracted 
essential oil and volatile compounds from various medicinal and aromatic plants.  
Therefore, this work aims (i) to investigate the effect of the hot-air convective drying 
conditions on the drying kinetics of a thin layer of prickly pear seeds,  (ii) to select the best 
mathematical model predicting the drying curves (iii) to study, according to full 23 factorial 
design  approach,  the effect of convective drying air conditions on the quality of fixed oil 

extracted from seeds, on the basis of the α tocopherol content, at temperature ranging from 

45 to 70°C, relative humidity between 15 and 30% and air velocity of 1 and 2 m/s.  

2. Materials and Methods 

Fruit samples of the ‘Ameclyae’ variety in the ripe stage (Fig.1) were harvested in August 
from Knais, region of Sousse (Tunisia). They were taken to the laboratory the same day, 
where they were carefully selected and washed with tap water to remove glochids and 
impurities. Then the fruits were air-dried during few minutes and manually peeled. Seeds 
were separated by pressing the whole edible pulp and rinsing the residue, several times 
abundantly with distilled water.  
A laboratory scale convective dryer (designed and constructed in the LETTM laboratory) 
was used for realising drying tests of thin-layer of seeds. For each experiment, a mass of 

500 ± (1) g of fresh prickly pear seeds was distributed on a stainless perforated tray as a 

thin layer of about 0.5 cm thickness. The tray was suspended to a digital balance, the 
balance being placed outside the drying chamber. The dryer worked in closed loop and was 
equipped with an industrial programmable controller to adjust air temperature, air relative 
humidity and air velocity to a given set point. The mass of the product was continuously 
measured and recorded by a microcomputer until constant weight. At the end of each 
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drying test, the essential oil of the seeds was extracted and submitted to qualitative 
analyses. The dry mass of the product was determined by vacuum oven drying method at 
105 ± 1°C for 4 hours. The change in moisture of prickly pear seeds during drying was 
expressed as a moisture ratio MR defined by the expression of Eq. (1). 

eqo

eq

XX

XX
MR

−
−

=                                          (1) 

where X, Xo, and Xeq are moisture content at any drying time, initial and equilibrium 
moisture content (kg water/kg dry matter), respectively. This last parameter Xeq was 
experimentally determined at different climatic conditions (desorption isotherms)[4]. 

            
 
 
 
 
 
 
 
 
 
 

Fig. 1  Prickly pear fruit of the ‘Ameclyae’ variety.  
 

The extraction of oil from dried seeds was performed at cold temperature using liquid/solid 
separation method. Before the extraction process, the dried seeds were reduced into a fine 
powder using electronic grinder, at a temperature around 23°C. This mechanical separation 
processing is the most recommended in agricultural industry for its low cost and it 
preserves nutrients. There are four tocopherols and four tocotrienols in the seeds oil.         

α-tocopherol was chosen because it is the most active molecule and represents a good 
reagent against oxidation parameters. Besides, the α-tocopherol plays a vital role in the 
human body as antioxidant to neutralize free radicals and protect the cell tissues. The α-
tocopherol was identified and quantified by using an analytical HPLC system Agilent 
Series 1100, equipped with a quaternary pump and a UV-visible detector (diode array 
detector). Identification of compound was achieved by comparing their retention time 
values with those of standard curve (concentration versus peak area).  

3. Results and discussion 

3.1. Chromatograms of α-tocopherol in prickly pear oil 

Typical chromatograms of α-tocopherol in seeds oil corresponding to two different drying 
conditions are presented on Fig. 2. 

seeds 
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(a) 

(b) 
Fig. 2  Chromatograms of α-tocopherol in prickly pear oil (a) at (Ta = 70°C, HR = 15%, ua = 2m/s) 

and (b) at (Ta = 45°C, HR = 15%, ua = 2m/s) 

3.2.  Experimental drying curves 

The drying kinetics curves of thin layer prickly pear seeds at different drying conditions are 
given on Figs. 3 and 4. As it can be observed, the constant rate-drying period do not appear 
clearly in drying curves which is similar with those reported in literature: orange seeds by 
Rosa et al.[5] and grapefruit seeds by Cantu-Lozano et al.[6]. The absence of a clearly 
constant rate period is due to the difficulty of the capillary migration of water from the wet 
heart to the rigid surfaces of prickly pear seeds. The heating up period is attributed to the 
warming of the seeds from the ambient temperature to the over temperature of 45 or 70°C, 
and shorter by 45°C drying temperature. Otherwise, the air temperature is the operating 
parameter which affect significantly the drying kinetics of thin layer of seeds as reported by 
several investigators, e.g. Tang and Sokhansang[7] for lentils and Desmorieux and Decaen[8] 
for Spirulina. Although, the drying process is controlled by the water internal diffusion 
inside the seeds, the less important effect of air velocity on the drying kinetics can be 
explained by the dependence of the convective exchange coefficients with the air velocity. 
This suggests that the moisture content depends on the effective diffusion and can be 
simply modelled by the Fick’s second law and the semi-empirical models derived from it. 
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3.3.  Smoothing of the experimental drying curves 

The experimental data obtained were fitted by eight  semi-empirical models proposed in the 
litterature (Newton, Modified Page, Henderson and Babis, Modified Henderson and Pabis, 
Two-Term, Logarithmic and Midilli-Kucuk). All the models gave high coefficient of 
determination (r) values in the range 0.9697-0.9998 at 45 °C, 0.9615-0.9998 at 50 °C and 
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0.9474-0.998 at 70 °C. This indicates that all the models could satisfactorily describe the 
convetive drying of the prickly pear seeds from 45 to 70°C. According to our results, the 
Midilli-Kucuk model obtained the highest r value of 0.9992, and the lowest (s) value of 
0.0143, averaged over the range of the drying conditions. This selected Midili-Kucuk 
model is expressed as: 

                                  tn)ktexp(nMR 3
n

1
2 +=                               (2) 

3.4. Effect of drying conditions on the extracted oil quality 

According to our results, reported in Table 1, α-tocopherol was found in variable 
concentrations (0.249-0.970 mg/kg). These values are arithmetic mean of at least three 
separate determinations. They are lower than those reported by Ramadan and Morsel[9] for 
prickly pear seed oils (56 mg/kg) obtained by solvent extraction and analyzed by HPLC 
technique. This difference in the α-tocopherol concentration can be explained essentially by 
the fruit variety, the stage of fruit ripeness, the drying mode prior extraction and also the 
extraction process. Indeed, according to Tuberoso et al.[10], tocopherol contents were 

significantly higher (p < 0.05) in oils obtained by solvent extraction than by pressing. 
Furthermore, the amount of α-tocopherol in grape seeds oil was 124,5 mg/kg[11] and in Chia 
seed oil ranging from 0.4 to 9.9 mg/kg[12].  

Table 1.  α-tocopherol concentrations corresponding to 23 factorial design 

The effect of increasing the air velocity from 1 to 2 m/s, averaged over all levels of air 
temperature and air humidity, decreases the α-tocopherol concentration from 0.693 to  
0.437 mg/kg. Also, the effect of increasing the air humidity from 15 to 30% decreases the 
α-tocopherol concentration from 0.628 to 0.502 mg/kg.  Temperature is a factor of lesser 

Test number Ta(°C) HR(%) u a (m/s) Y (mg/kg) 

1 45 15 1 0.970 

2 70 15 1 0.830 

3 45 30 1 0.482 

4 70 30 1 0.491 

5 45 15 2 0.249 

6 70 15 2 0.463 

7 45 30 2 0.725 

8 70 30 2 0.311 
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importance. Indeed, the effect of increasing air temperature from 45 to 70°C decreases the 
α-tocopherol concentration from 0.606 to 0.523 mg/kg. That mean that α-tocopherol 
molecule is more stable at heat treatments. Stability of α-tocopherol is explained by the role 
of phenolic compounds that protect the α-tocopherol from oxidation during the heating. 
Indeed, Ramadan and Morsel[9] reported that, the amount of phenolic compounds in prickly 
pear seeds was found to be 403 mg/kg of seeds. According to Rocha et al.[13], drying 
temperatures is the most important parameter to preserve the active ingredients of volatile 
oil in gland cells, which are very sensitive to temperature increase. Likewise, Miranda et 
al.[14] observed an increase in tocopherol content with drying air temperature in quinoa 
seeds within temperature range of 40-80°C. Our results show that α-tocopherol is more 
sensitive to increase velocity, which can be linked to oxygen, than to the temperature. 
These results are consistent with those found by Park et al.[15] who reported that more than 
20% α-tocopherol degradation were observed in conditions of 21% oxygen.  

4. Conclusions 

- The experimental drying kinetics of a thin layer of prickly peer seeds exhibits a heating-
up, constant rate and falling rate periods. The drying air temperature was the main factor 
influencing the drying kinetics.  
- The Midilli-Kucuk model was the best for fitting the drying kinetics of prickly pear seeds. 
- The relative humidity and the velocity of air were the factors that influence the prickly 

pear seed oil quality, qualified by α-tocopherol contents after extraction. The convective 
drying of thin layer fresh seeds at air drying temperature of 45°C, air relative humidity of 

15% and air velocity of 1m/s involves the highest quality of extracted oil in terms of α-

tocopherol compound concentration. This optimum scenario for best oil quality can be used 
in photochemical industries. 

5. Nomenclature  

HR Air relative humidity  (%) 
MR Moisture ratio    
Ta Air temperature  (°C) 
ua Air velocity (m/s) (m.s-1) 
X Moisture content on dry basis (kg.kg-1) 
Y α-tocopherol concentration  (mg.kg-1) 
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Abstract 
Amorphous solid dispersions (ASDs) refers to drug - carrier systems, where the 
drug is dispersed in the carrier at a molecular level. In this work, ASDs were 
formulated by spray drying. The aim was to achieve high drug loads of an 
amorphous hydrophobic drug (Efavirenz - EFV) in  the  carrier Soluplus®. Solid 
state characterizations (mDSC, XRPD, DVS, Raman, SEM, stability and 
solubility studies) were done. EFV amorphisation in ASDs (20 to 85% EFV 
loads) resulted in improved drug solubility compared to unprocessed EFV 
crystals and tendency of properties evolution over time for ASDs with EFV loads  
higher than 70 wt%. 

  

Keywords: amorphous solid dispersion, spray drying, high drug loading, 
soluplus, efavirenz. 
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1. Introduction 

Poorly water-soluble drugs have steadily grown on the global pharmaceutical industry. The 
technological approach focused on rendering the drug amorphous to improve apparent 
solubility remains a challenge since amorphous state is metastable in nature with a potential to 
undergo recrystallization [1]. In order to prevent this conversion, amorphous materials have 
been stabilized as solid dispersions using generally hydrophilic carriers for stabilization [2]. 

An amorphous solid dispersion (ASD) refers to drug–carrier systems in which the mechanism 
of drug dispersion is the key to understand its behavior. Such formulations impart an 
antiplasticizing effect on the amorphous compound yielding an increase in the glass transition 
temperature thereby reducing molecular mobility [3]. However, in order to achieve adequate 
stabilization, solid dispersions are often produced with a relatively low drug load (<30 wt%) 
dispersed in the carrier at molecular level. The problem is that a low drug-loaded ASD requires 
a large dose to ensure therapeutic efficacy. 

The insertion of high drug load formulations on the market is expected to meet patients demand 
for fixed, unique and smaller dosage combinations products. Furthermore, the supersaturated 
combinations may reduce dosage amounts as well as decrease the production in the 
pharmaceutical industries to supply cost savings. The aim of the current work was to generate,  
by spray drying, ASDs comprising a hydrophobic drug class II BCS (low solubility, good 
permeability for oral administration) in a hydrophilic carrier (Soluplus®-SOL) expecting to 
achieve drug loads higher than 40% w/w in the binary mixtures. The physical stability will be 
the critical control point. The drug of choice is Efavirenz (EFV). EFV is a non-nucleoside 
reverse transcriptase inhibitor used in the first-line treatment of HIV with low solubility (3-
9 μg/mL) and high permeability [4].   

2. Materials and Methods 

EFV was kindly supplied by Cristalia Ltd (Itapira, Brazil), SOL (polyvinyl caprolactam-
polyvynil acetate-polyethylene glycol) was obtained from BASF corporation (Ludwigshafen, 
Germany) and Ethanol (Carlo Erba, Italy) was used as organic solvent.  

The feeding solution was prepared by dissolving EFV in a 10 wt% solution of Soluplus in 
ethanol. Binary mixtures EFV-SOL containing from 20 to 85 wt% of EFV were formulated as 
spray-dried powders. The individual constituents (drug and polymer) were also spray-dried 
from ethanol solutions and used for comparison purposes. 

A Buchi B-290 minispray dryer (Buchi Labortechnik AG, Flawil, Switzerland) equipped with 
Inert Loop B-295 and an integrated two-fluid 0.7 mm nozzle was used to produce the ASD 
samples. Compressed nitrogen was used as the drying/carrying gas with a flow rate of 600 L/h. 
The solution feed rate was typically 3 g/min, the inlet temperature was set to 80±2 °C and the 
outlet temperature was maintained at 59±2 °C.  
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X-ray diffraction (XRD), modulated differential scanning calorimetry (mDSC), Raman 
spectroscopy, Scanning electron microscopy (SEM) and Infrared Spectroscopy (IR) were used 
to characterize the solid state of the spray-dried samples.  

Water sorption isotherms were determined gravimetrically using an automated dynamic water 
sorption analyzer (DVS). Samples were subjected to 0–95 % relative humidity (RH) sorption-
desorption cycle, over 10 % RH increments. For stability studies, samples were analyzed using 
DVS and exposed to stress conditions at 40 °C and 75 % RH during 15 days. Every 3 days, the 
samples were quickly analyzed by DSC to monitor changes in the physical state. 

Solubility studies of unprocessed EFV crystals and ASDs were carried out in duplicate. For 
that purpose, an excess amount of samples was added into 30 mL of a dissolution medium 
containing purified water plus 0.25 wt% of sodium lauryl sulfate (SLS) under agitation at 
37±0.5 °C in a water bath. The withdraws were collected from 5 min until 48 h. 

3. Results and discussion 

3.1. X-ray diffraction (XRD) 

The absence of Bragg peaks in X-ray diffractograms (Fig. 1) of all spray-dried solids indicates 
the complete loss of the crystalline structure of EFV, which becomes amorphous during the 
spray-drying process. 

3.2. Thermal analysis (mDSC) 

Thermal analysis was performed to investigate the apparent EFV-Soluplus® miscibility. Fig. 2 
shows the single experimental glass transition temperature (Tg) identified for pure contituents 
and for each binary mixture EFV- SOL loaded with 40, 60 and 85 wt% EFV. The 𝑇𝑇𝑔𝑔 of 
mixtures (Tg

mix) are placed as an intermediary between the pure drug and polymer values and 
are close to the theoretical values of 𝑇𝑇𝑔𝑔 calculated by Gordon-Taylor (GT) equation (Equation 
1). This equation relates the individual contributions of each component in an ideal mixture 
(with no interactions between the components). 

𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎
𝒈𝒈 = 𝑾𝑾𝑷𝑷𝑷𝑷 .𝑻𝑻𝑷𝑷𝑷𝑷

𝒈𝒈 + 𝑲𝑲.(𝟏𝟏−𝑾𝑾𝑷𝑷𝑷𝑷).𝑻𝑻𝑷𝑷𝑷𝑷
𝒈𝒈

𝑾𝑾𝑷𝑷𝑷𝑷+𝑲𝑲.(𝟏𝟏−𝑾𝑾𝑷𝑷𝑷𝑷)
     (1) 

𝑻𝑻𝑷𝑷𝑷𝑷
𝒈𝒈  and 𝑻𝑻𝑷𝑷𝑷𝑷

𝒈𝒈  are the drug and polymer glass transition temperatures (K), respectively. 𝑾𝑾𝑷𝑷𝑷𝑷 is 
the drug mass fraction in the mixture. K is defined as fitting parameter characterizing the 
curvature of the evolution and is defined by equation 2 [5].  

𝑲𝑲 =  𝑻𝑻𝑷𝑷𝑷𝑷
𝒈𝒈  .𝝆𝝆𝑷𝑷𝑷𝑷
𝑻𝑻𝑷𝑷𝑷𝑷
𝒈𝒈 .𝝆𝝆𝑷𝑷𝑷𝑷

      (2) 

Densities (g/cm3), determined by helium picnometry, 𝝆𝝆𝑷𝑷𝑷𝑷 and 𝝆𝝆𝑷𝑷𝑷𝑷, are 1.39 and 1.18, 
respectively.  
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According to XRD and DSC results, an amorphous solid dispersions of EFV- SOL seems to 
be formed during the spray-drying process. 

 
Fig. 1 XRD diffractograms of: (1) pure EFV; (2) pure SOL; (3) 40 % EFV; (4) 60 % EFV and (5) 

85 % EFV. 
 

 
Fig. 2 Glass transition temperature (Tgmix): measured (blue circles) and theoretical values by GT 

equation (dotted red line). 
 
3.3. Raman microscopy 

Raman microscopy was also performed for three EFV-SOL ASD (Fig. 3). They were evaluated 
by observing the characteristic peaks of pure drug (peak at 2250 cm-1) and pure polymer (peak 
at 2900 cm-1). As expected, the increase of the drug load in the mixture corresponded to a more 
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intense characteristic EFV peak. The presence of characteristic peaks of pure components in 
all ASD Raman spectra shows the absence of specific interactions between the two components 
and confirms the ideal mixing suggested by the evolution of the mixtures 𝑇𝑇𝑔𝑔  and SOL for all 
studied drug loads. 

 
Fig. 3 Raman spectra for the EFV-SOL ASD with different drug loads: 40%; 60%; 85% EFV. 

 
3.4. Scanning electron microscopy (SEM) 

SEM images of the spray-dried powders are shown in Fig. 4. ASD EFV-SOL particles are 
predominantly spherical and different in shape from both original constituants that are the 
unprocessed EFV crystals (Fig. 4B - long rods with regular and organized multi-face geometry) 
and the spray-dried polymer (Fig. 4A - wrinkled particles). A good mixing between both 
compounds could led to these apparently homogeneous solid particles. 

3.5. Stability studies 

Fig. 5 displays the DVS isotherm plots for the studied samples, showing the change in mass 
percentage as a function of changing relative humidity. The reversibility of the water uptake 
was clearly seen in all cases. Taking as example the curves at 75 % RH (Fig. 5B), the tendency 
of increasing the hydrophobic character of EFV-SOL ASD by increasing the EFV load is 
demonstrated. The decreased affinity to water with increased drug load could be an interesting 
attribute for the physical stability of the amorphous drug phase in high drug load ASDs. 
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Fig. 4 SEM images of spray-dried ASD constituted by a EFV-SOL binary mixture. 

 

 
Fig. 5 A) DVS isotherms for 1- pure SOL; 2- 40% EFV; 3- 60%  EFV; 4- 85% EFV; 5- pure EFV. 

B) Water mass change (%) at 75%RH for the ASD. 

The stability results under stress conditions are presented in Table 1. It is noticeable that the 
samples have evolved over time since Tg

mix increases in both cases, suggesting a variation in 
the amorphous mixture composition. However, we did not observe any particular signs of 
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amorphous phase separation or drug recrystallisation for the sample loaded with 40 % EFV. 
Contrarily, 70 % EFV-SOL ASD revealed an evolution of crystallization enthalpy (ΔH) over 
time, corresponding to a partial EFV recrystallization. This tendance for recrystallization can 
be attributed to the high drug load of the ASD, probably corresponding to a supersaturated (and 
instable) amorphous state of the drug. Considering ΔH=52.83 J/g for the unprocessed EFV 
crystals, it was possible to estimate the percentage of drug recrystallizing in this ASD during 
storage. Table 1 also shows that, after 15 days of storage, approximately 6.6 % of the 
amorphous EFV dispersed in Soluplus recrystallized. 

3.6. Solubility studies 

In Figure 6, the results showed that spray-dried EFV- SOL ASDs produced with 20, 40 and 60 
wt% EFV presented a good solubility enhancement in comparison with the unprocessed EFV 
crystals. EFV- SOL ASDs solubility decreases gradually with drug load increasing in the spray-
dried powders. Indeed, EFV- SOL ASD with 20wt% EFV exhibited the maximum apparent 
EFV solubility over approximately 36h in simulated intestinal fluid. 

Table 1. Stability results under stress conditions (40 °C/75 % RH) 
 for EFV-SOL ASD with drug loads of 40 % and 70 % 

 40 % EFV-
SOL 

70 % EFV-SOL 

t (days)  𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎
𝒈𝒈  (°𝑪𝑪) 𝑻𝑻𝒎𝒎𝒎𝒎𝒎𝒎

𝒈𝒈  (°𝑪𝑪) 
Crystallization 

enthalpy  
ΔH (J/g) 

  
Crystallization  

(%) 

3 59.8 51.4 1.3 2.4 

6 64.9 53.4 2.6 4.9 

9 64.1 55.9 2.8 5.3 

15 67.2 57.7 3.5 6.6 

 

4. Conclusions 

A robust formulation with optimal drug load and excipients is one of the key factors of 
successfully developing an ASD system. In this work, amorphous solid dispersions of the 
poorly water soluble compound Efavirenz were prepared with drug loads in the range 20 to 
85 wt% EFV, using Soluplus® as hydrophilic carrier and spray drying as the production 
process. Solubility tests revealed a good solubility enhancement for all ASD compared with 
crystalline drug solubility. To the best of our knowledge, it is the first study reporting such 
high levels of drug loading (up to 85 wt%) in supersaturated amorphous solid dispersions of 
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EFV. However, our results also showed that the physical stability should be a monitoring 
critical point for EFV-SOL ASDs with EFV loads higher thanv 70 wt% EFV. 

 

Fig. 6 Kinetic solubility of spray-dried EFV-SOL ASD. 
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Abstract 
Producing dried powders from blueberry pomace allows to reduce its 
environmental impact and gives value to this waste material. This work aims 
to evaluate the effect of particle size (fine or coarse) of blueberry pomace dried 
at 70 ºC on its fibre content and main physicochemical properties, including 
antiradical capacity, total phenols and anthocyanins content, hydration and 
emulsifying properties. The effect of storage on antioxidant properties was also 
evaluated. Results showed a significant effect of particle size on fibre content 
and consequently, on water retention, holding and emulsifying capacity of the 
powder. Neither phenols nor anthocyanins were affected by particle size or 
storage time. 

 

Keywords: blueberry pomace, powders, fibre, antioxidant properties. 
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1. Introduction 

Fruit and vegetables industrialization produces a huge amount of waste with negative impact 
on the environment and expensive management [1]. Most of this waste is used as animal feed 
or as fertilizers, both having low economic value. In an environmentally friendly way, it 
would be very interesting to use agro-food industry waste and by-products as a source of 
edible ingredients, thus increasing added value of the waste materials. Fruit powders have 
become an emerging way of consuming fruit and vegetables and it has attracted a growing 
interest in recent years [2], according to their broad applications in food formulation as 
colorant, flavoring ingredient or as natural preservatives. Fruit by-products also contain high 
amounst of health-promoting compounds such as, fibre, proteins, vitamins and minerals [1]. 
Blueberries has anti-inflammatory properties and has been reported to prevent several 
diseases. This health benefits have been attributed to their content in various phenolic 
compounds such as anthocyanins and other flavonoids [3]. Due to the fruit seasonal 
availability and a recent increase in the production, industrialization of the blueberries into 
juice, dried fruit and powders has increased in the last years. Fiber and phenolic constituents 
have higher concentration in blueberry pomace, a by-product of juice processing, than in the 
fruit itself [1]; in addition, beneficial effects of these by-products on metabolomic alterations 
have been reported [4]. Fiber content of blueberry pomace may offer functional properties 
associated with water retention and emulsifiying capacity. Among the processing methods 
that could be applied to estabilized bluberry pomace, drying an further powdering could be a 
good way to increase the shelf life of the product [5]. The aim of this research was to evaluate 
physicochemical properties, including antioxidant properties and other technological 
properties, of a blueberry pomace powder obtained by air driying at 70 ºC and grinding at 
two different intensities. Changes on antioxidant properties after 20 weeks of storage were 
also determined. 

 

2. Materials and Methods 

2.1. Blueberry pomace 

Frozen blueberries (V. corymbosum var. duke) were supplied by Samanes S.L (Navarra, 
Spain) and processed as [7]. Separated blueberry pomace (P) was air dried at 70 ºC (POL-
EKO, Controltecnica, S.L., Madrid) until reaching a water activity below 0.3. Dried pomace 
(DP) was grinded at 10,000 rpm (Thermomix®, Vorwerk, Spain) for 10 s to obtain a coarse 
powder (CP) and for 2 min at 30 s intervals to obtain a fine powder (FP). Powders were stored 
in opaque glass jars under controlled relative humidity of 24% at 25±1 ºC until analysis. 
Antioxidants stability of powders during 20 weeks of storage were evaluated. 

2.2. Physicochemical properties 

Water activity was measured with a dewpoint hygrometer (Aqualab 4TE; Decagon devices 
Inc., Pullman WA, USA). Moisture was obtained by method described by [7]. Total soluble 
solids content of samples (xss) were determined by refractometry, measuring Brix degrees of 
a solution 1:10 (w/v), and transformed into xss as appropriate. Specific volume of powders 
was obtained by measuring the volume of a sample in a 10 mL test tube. All determinations 
were performed in triplicate. 
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Particle size distribution of the powders was determined by diffraction laser (Mastersizer 
2000, Malvern Instruments, UK) with air as dispersant at 2.5 bar (dry method) or water (wet 
method); refraction indexes were 1.52 for the sample and 1.33 for the dispersed phase. 
Characterization was made in terms of D [4,3], D [3,2], and d10, d50 and d90. Provided results 
are the average of five replicates. CIEL*a*b* coordinates, hue and chrome were measured 
with a spectrocolorimeter (MINOLTA model CM-1000R). Values provided are the average 
of triplicates. Fibre content, Neutral Detergent Fibre (NDF), Acid Detergent Fibre (ADF), 
and Lignin Detergent Fibre (LDF) were obtained as [8]; these allowed obtaining the amount 
of hemicellulose (soluble fibre), cellulose, lignin (non-soluble fibre) and total fibre. Fiber 
determinations were performed in duplicate and results were given in percentage of dry basis 
(db). 

An 80% methanol:water solution was used to extract the antioxidant compounds of the 
fresh pomace (1:20 w/v solution) and the dried powders (1:100 w/v solution). After 1 h of 
stirring, the mixture was centrifuged at 10,000 rpm for 5 min. Total phenol content of samples 
was obtained following the Folin-Ciocalteau method slightly modified [9]. Results were 
given in mg of Gallic Acid Equivalents (GAE) per 100 g of sample (db). Monomeric 
anthocyanin content was obtained by the pH differential spectrophotometric method as in 
[10]. Absorbance (Helios Zeta UV/Vis, Thermo scientific, UK) was measured at 510 nm and 
700 nm at pH 1.0 and 4.5. In order to obtain the monomeric anthocyanin content equations 
(1) and (2) were applied, where: Abs510 is the absorbance at 510 nm Abs700 is the absorbance 
at 700 nm, Mw: molecular weight of glucosid-3-cyanidin (449.2 g/mol), f: dilution factor, ε: 
molar extinction coefficient (26,9 L/mol·cm). Results were given as mg of cyanidin-3-O-
glucoside equivalents per 100 g of sample (db). The antioxidant activity (AA) was measured 
with DPPH and ABTS methods described in [9]. Presented results were expressed in mg of 
Equivalent Trolox (ET) per g of sample sample (db). All antioxidant determinations were 
performed in triplicate. 

ABS=(Abs510-Abs700)pH 1.0- (Abs510-Abs700)pH 4.5                         (1) 
 

Total monomeric anthocyanin= 
ABS·Mw·f·1000

ε·l
 (2) 

Hygroscopicity was measured according as the water gained by the powders in a hermetic 
container with a saturated solution of Na2SO4 (81% RH) during one week(g/100 g dry solids). 
Solubility was determined as the ratio of soluble solids:total solids. Wettability was 
determined as a result of the time in which 2 g of samples takes to get completely wet in 
water. The swelling capacity (SC) was obtained from the ratio between the volume of the 
sample after 18 h at 25 ºC and the initial weight. Results are given in mL/g as the average 
and standard deviation of thee replicates. 

Water holding capacity (WHC) was obtained as the water contained in the hydrated residue 
per unit of dry matter. It was obtained by means of equation 3, where HR is the weight of the 
hydrated powder (∼1 g of powder hydrated during 18 hours at 25 ºC), and DR the weight of 
the freeze dried sample (DR). Water retention capacity (WRC) was obtained as follows: 
sample was weighed in a conical tube and hydrated with water during 18 h at 25 ºC. Then, 
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the tube was centrifuged at 514 x g during 30 min and sample weighed (R+W). After, ther 
residue was freeze dried and weighed (R). WRC was calculated as the ratio between the W 
and the R. Results correspond to the average of three replicates. 

WHC =
HR-DR

DR
                         (3) 

 
Oil holding capacity (OHC, in g of oil per g of powder) was obtained following the method 
described by [11]. Powdered samples were mixed with sunflower oil and kept overnight at 
room temperature. Samples were then centrifuged at 1,500 x g during 5 min, the supernatant 
was discarded and weight of pellet obtained. Results are the average of three replicates. 
Emulsifying activity (EA) was obtained as described by [12]. Samples were diluted in water 
(2% w/v) and mixed with sunflower oil in a vortex at 2,400 rpm for 5 min. Then, the mixture 
was centrifuged at 12,857 x g for 5 min and the emulsion volume was obtained according to 
equation 6, in which VEL refers to the volume of the emulsified layer (mL) and V to the total 
volume of fluid (mL). Emulsion stability (ES) was evaluated using the method described by 
[12]. The emulstion prepared to obtain EA, was heated up to 80 ºC during 30 min. When 
tempered again at room temperature, it was centrifuged at 514 x g during 5 min. ES was 
obtained as equation 7, where VREL is the volume of the emulsion layer (mL) and V is the 
total volume of fluid (mL). 

%EA=
VEL

V
·100                         (6) 

% ES=
VREL

V
·100 (7) 

 

3. Results and discussion 

Water activity (aw), moisture content (xw) and total soluble solids (xss) of fresh pomace (P), 
dried pomace (DP) and grinded dried pomace to a coarse powder (CP) or to a fine powder 
(FP) are shown in table 1. 

Table 1. Water activity, moisture (gw/g) and xss (gsoluble solids/g) of fresh and dried blueberry 
pomace. Mean ± standard deviation of three replicates. 

 aw xw xss 
P 0.989±0.003c 0.722±0.003b 0.079±0.002a 

DP 0.189±0.004a 0.0173±0.0015a 0.28±0.011b 
CP 0.236±0.004b 0.0170±0.0019a 0.35± 0.011b 
FP 0.20±0.06a,b 0.019±0.0006a 0.46±0.012c 

Values with different superscript letters in the same column are significantly different (p < 0.05). 

As expected, dried pomace resulted in a much more stable and rich in soluble solids product 
than wet pomace. After grinding, both the water activity and the soluble solids content 
increased significantly, thus indicating that the reduction in the particle size promotes the 
water ability to conduct deterioration reactions and the solutes ability to dissolve. Indeed, the 
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finer the powder, the greater the breakdown of long polysaccharides chains and the release 
of shorter and more soluble ones. As a result, not only the soluble solids content of FP was 
higher than that of CP, but also the fiber content of FP was significantly lower than that of 
CP (table 2). It is worth noting that the fiber content of any of the powders is over 30% and 
that insoluble fiber represents around 68% of total fiber, since other properties such as the 
hydration and emulsifying properties of the powders will depend on them [13]. 

Table 2. Content (%) of cellulose, hemicellulose, lignin, insoluble fibre and total fibre of coarse 
(CP) and fine (FP) powders. Mean ± standard deviation of two replicates. 

 Cellulose Hemicellulose Lignin Insoluble 
fiber Total fiber 

CP 18.0±0.4b 12.847±0.018b 7.6±0.2b 25.6±0.8b 38.5±0.8b 
FP 16.69±0.14a 10.444±0.003a 6.6± 0.2a 23.24±0.06a 33.69±0.06a 

Values with different superscript letters in the same column are significantly different (p < 0.05). 

Grinding intensity of the powders, for the powder and for the powder in solution, the average 
size of particles in FP was significantly lower than that in CP (table 3). This will affect 
hydration related properties of the powders. 

Table 3. Results of D [4,3], D [3,2], and d10, d50 and d90 of particle size distribution of coarse (CP) 
and fine powder (FP). Mean ± standard deviation of six replicates. 

  D[4,3] D[3,2] d10 d50 d90 
Dry 

method 
CP 659±10d 239±8d 129±5d 606±10c 1247±17d 
FP 211±2a 81±4a 36±1a 170,1±0,7a 446±7a 

Wet 
method 

CP 437±106c 177±32c 71±13c 398±79b 873±236c 
FP 293±66b 100±48b 52±6b 209±51a 680±206b 

Values with different superscript letters in the same column are significantly different (p < 0.05). 

Specific volume, solubility, hydration and water retention and emulsifying properties of 
coarse and fine powders are collected in table 4. 

Table 4. Results of specific volume, solubility, hydration and water retention properties and 
emulsifying properties for the powders. Mean ± standard deviation of three replicates. 

 CP FP 
Specific volume (mL/g)  9.60±0.12b 7.57±0.06a 
Solubility (%)  31.6± 1.5a 33.1±0.7a 
Higroscopicity (%)  61± 3a 62.7±1.8a 
Wettability (s)  175±21b 77±6a 
Swelling capacity (SC, mL/g)  2.88±0.13b 2.56±0.06a 
Water holding capacity (WHC) (g/g)  5.1±0.2b 4.63±0.16a 
Water retention capacity (WRC) (g/g)  3.4±0.3a 3.08±0.18a 
Oil holding capacity (OHC) (g/g)  2.7±0.6a 2.9±0.5a 
Emulsifying activity (EA, %)  0.4±0.1a 0.53±0.12a 
Emulsion stability (ES, %)  3±2b 1.5±0.7a 
Values with different superscript letters in the same row are significantly different (p < 0.05). 
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Regardless of the particle size, solubility of blueberry pomace powders was quite low, but 
similar to that reported for asparagus fiber [14]. The high fiber content, especially of the 
insoluble type, would be the main cause of this. In the same way, hygroscopicity was of the 
order of that obtained by [15]. Among the properties here analyzed, only the specific volume, 
the wettability, the SC, the WHC and the ES were significantly affected by the particle size 
of the powder, with higher values in CP samples than in FP ones. This could be due to the 
higher porosity of the powders of bigger size particles and, consequently, to the higher 
amount of air retained in their structure [16]. As for wettability, the lower density of CP 
involved that this sample remained more time on the water surface, thus increasing the time 
to get completely wet. Although emulsifying properties are reported to be affected by the 
type, the size, the shape the superficial area and the chemical composition of different fiber 
particles [17], these took very similar values in the two powders analyzed. OHC, EA and ES 
of blueberry pomace powders were similar to that of peach, and apple fibers [18]. Color of 
powders (table 5) were affected by both the drying and the grinding steps. Drying 
significantly increased all the color coordinates, including chrome and hue. Grinding effect 
on color was only evident for FP, that resulted slightly less red and yellow than the CP. In 
any case, differences in the color of the samples were imperceptible to the human eye. 

Table 5. CIEL*a*b* coordinate, chroma and hue of fresh pomace (P), dried pomace (DP), coarse 
(CP) and fine (FP) powder. Mean ± standard deviation of two replicates. 

 L* a* b* C h 
P 26.50±1.0a 3.0±0.3a 0.19±0.3a 3.0±0.3a 3.7±0.7a 

DP 37.5±0.3b 3.80±0.10c 0.65±0.09b 3.86±0.08c 9.8±1.5b 
CP 37.52±0.2b 3.8±0.08c 0.68±0.08b 3.9±0.07c 10.1±1.3b 
FP 37.08±0.10b 3.37±0.05b 0.12±0.05a 3.37±0.5b 2.0±0.9a 

Values with different superscript letters in the same column are significantly different (p < 0.05). 

Antioxidant properties of different samples are shown in table 6. As it can be observed, total 
phenols content (TP) reached higher values in P and DP than in grinded samples. Within the 
powders, the higher values obtained for FP could be due to a greater extractability of such 
compunds as the particle size decreased [13]. As regards the monomeric anthocyanidins 
content (MA), their content decreased significantly after the drying step because they are 
sensitive to both temperature and oxidation [19]. Grinding only affected MA content of FP 
due to its higher surface/volume ratio and its subsequent higher exposure to oxygen. In 
agreement with these results, the antioxidant activity (AA) of blueberry pomace measured by 
both DPPH and ABTS methods was significantly reduced due to drying and further grinding. 

Table 6. TP content (mg GAE/100 g db), MA (mg glucosid-3-cyanidin/100 g db), AA with DPPH 
and ABTS methods (mg TE/g db). Mean ± standard deviation of three replicates. 

 TP MA AA- DPPH AA- ABTS 
P 4.4±0.2c 74.5±0.4c 145.7±0.6c 87.3±0.4c 

DP 4.48±0.12c 48.9±0.7b 101.1±0.7b 60.0±1.6b 
CP 3.02±0.12a 49.0±0.9b 100.8±0.7b 55±3a 
FP 3.36±0.10b 31±4a 83.8±1.5a 57±2a,b 

Values with different superscript letters in the same column are significantly different (p < 0.05). 
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Antioxidant properties of the powders were measured again after 20 weeks of storage under 
controlled conditions. Differences between initial and final values of all compounds are 
shown in table 7. In general terms,  the antioxidant properties of the powders remained quite 
stable during storage, regardless of the powder particle size. Only the antioxidant activity of 
the coarse powder measured by DPPH was significantly lower after storage. 

Table 7. TP (mg GAE/100 g db), MA (mg glucosid-3-cyanidin/100 g db)content and AA with 
DPPH and ABTS methods (mg TE/g db) reduction after 20 weeks of storage. Mean ± standard 

deviation of three replicates. 
 TP MA AA- DPPH AA- ABTS 

CP -0.18±0.13a 0±3a 18.4±1.1b -1±2a 
FP 0.35±0.18a -4±2a 8.2±1.1a 0.1±1.1a 

Values with different superscript letters in the same column are significantly different (p < 0.05). 

 
4. Conclusions 

Thermal treatment associated with drying reduces antiradical capability of blueberry pomace, 
mainly by reducing total phenol and anthocyanin content. Mechanical damage induced by 
grinding operation of dried pomace reduces total fiber content determining water and oil 
interaction properties. This effect results in a lower wettability, swelling capacity, water 
holding and water retention capacity of fine powder. Although emulsifying activity is not 
affected by particle size, the emulsion stability is significantly higher in coarse powder. 
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Abstract 
This research developed an apple snack with potential probiotic effect (> 107 
CFU/g) by combining vacuum impregnation with Lactobacillus salivarius spp. 
salivarius (CECT 4063) and freeze-drying. Throughout storage (30 days), both 
the lactobacillus viability and the total flavonoids content decreased. 
Trehalose adition (10% by weight) to the impregnation liquid and/or its 
homogenization at 100 MPa accelerated the loss of cell viability but delayed 
flavonoids degradation and promoted an increase in the amount of phenols 
and total antioxidants.  

Keywords: L. salivarius spp. salivarius; homogenization; trehalose; freeze-
drying; antioxidants. 
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1. Introduction 

Helicobacter pylori is a pathogenic bacterium that causes severe gastric problems to a large 
part of the world’s population, especially in less developed countries [1]. Traditional 
treatments based on antibiotics have side effects and are not 100% effective [2]. Recent 
studies show that some strains of the Lactobacillus genus are effective in the treatment 
against Helicobacter pylori, reducing the colonization of this pathogen, what has promoted 
the incorporation of Lactobacillus in the formulation of certain foods [3]. However, the 
survival of these microorganisms in food is rather limited, especially in not dairy products. 
Some food engineering techniques, such as the formulation with certain ingredients (e.g. 
probiotics) or the modification of the structures conferring protection to the microorganism 
(e.g. encapsulation) can be applied in order to alter probiotics functionality and/or increase 
their survival against adverse conditions. Specifically, in this study the effect of trehalose 
addition (10%, w/w) to the impregnation liquid and/or its homogenization at 100 MPa on 
Lactobacillus salivarius spp. salivarius (CECT 4063) survival during the manufacture and 
storage of a freeze-dried apple snack was evaluated. Given the high content in antioxidant 
compunds of the raw materials, also changes in this bioactive substances were analyzed.       

 

2. Materials and Methods 
2.1. Solid matrix 

Apples (var. Granny Smith) cut into 5 mm thick rings (20 and 65 mm of internal and external 
diameter, respectively) were used as solid matrix for the snack preparation.  

 

2.2. Impregnation liquids 

The impregnation liquid was prepared from commercial clementine juice (Hacendado brand). 
Following the procedure described by Betoret et al. [4], yeast extract (5 g/L) and sodium 
bicarbonate (9,8 g/L) were added for the optimal microbial growth. When required, 100 g/kg 
of food grade trehalose (TREHATM, Cargill, Barcelona, Sapin) were also added to the juice 
formulation. Once all the ingredients were dissolved, the liquids were inoculated (109 CFU/L) 
with strain CECT 4063 of Lactobacillus salivarius spp. salivarius (Colección Española de 
Cultivos Tipo, Universitat de València, Burjassot, Spain) that had been previously grown on 
MRS Broth agar. After 24 h of incubation at 37 ºC, part of the liquids were homogenized at 
100 MPa on a laboratory scale high pressure homogenizer (Panda Plus 2000, GEA-Niro 
Soavi, Parma, Italy) before their use as impregnation liquids. Four different impregnation 
liquids were prepared in total (Table 1).    

Table 1. Different impregnation liquids employed in the present study. 
Impregation liquid Trehalose (g/kg) Pressure  (MPa) 

0%_0MPa 0 0 
0%_100MPa 0 100 
10%_0MPa 100 0 

10%_100MPa 100 100 
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2.3. Experimental procedure 

This section describes the unit operations involved in the manufacture of apple snacks 
enriched with Lactobacillus salivarius spp. salivarius (CECT 4063). 

First, vacuum impregnation was performed in a vacuum chamber (HERAEUS Vacuun Oven, 
THERMO SCIENTIFIC) connected to a vacuum pump (ILMVAC, Germany). A vacuum 
pressure of 50 mbar was applied for 10 min to the apple rings immersed in the corresponding 
liquid. Then, the atmospheric pressure was restored and maintained for another 10 min. 

Vacuum impregnated apple rings were deep-frozen and kept at -40 °C for 24 h (Matek model 
CVN-40/105). Then, they were placed in a pilot scale freeze-drier (TELSTAR LIOALFA 6-
80) at -45 °C and a vacuum pressure of 0.1 mbar for 24 h more. 

In the end, freeze-dried apple slices were stored in hermetic and opaque bags and kept under 
controlled conditions of humidity and temperature for 30 days.  

 

2.4. Analytical determinations 

All the analytical determinations were carried out at least in triplicate on liquid and/or solid 
samples at different stages throughout the snack manufacture process. 

 

2.4.1. Water content and water activity 

The apple samples moisture content was determined by drying a known amount of sample in 
a vacumm oven at 60 ºC and 200 mbar until it reached a constant weight. 

The water activity of apple samples was measured at 25 °C in a properly calibrated dew poin 
hygrometer (Decagon Aqualab model CX-2, with an accuracy of ± 0.003). 

 

2.4.2. Antioxidant properties 

Extracts from solid samples were obtained by mixing 2 g of fresh and impregnated apple or 
0.35 g of freeze-dried apple with 10 mL of a 80:20 (v/v) methanol-water solution. 

Total phenols content was measured at 760 nm in a Helios Zeta UV/Vis Thermo Scientific 
spectrophotometer by the Folin-Ciocalteu reagent method [5]. Results were expressed in 
milligrams of gallic acid equivalents per gram of sample (mg GAE/g).  

Total flavonoids content was measured at 368 nm in a Helios Zeta UV/Vis Thermo Scientific 
spectrophotometer by the colorimetric method of aluminum chloride [6]. Results were 
expressed in milligrams of quercetin equivalents per gram of sample (mg QE/g). 

Antioxidant activity was determined at 515 nm in a Helios Zeta UV/Vis Thermo Scientific 
spectrophotometer by the DPPH method [7]. Results were expressed in milligrams of trolox 
equivalents per gram of sample (mg TE/g). 
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2.4.3. Viable counts 

The Lactobacillus salivarius spp. salivarius (CECT 4063) concentration was analyzed both 
in the growing medium, the impregnation liquids and the apple samples by the serial dilution 
and plating method. MRS seeded plates were incubated in anaerobiosis at 37 °C for 3 days.  
In the case of solid apple samples, the first dilution was carried out in a stomacher bag in 
which 5 g of sample were crushed with 45 mL of sterile peptone water. 

 

2.5. Statistical analysis 

The effect that the different variables considered exert on the obtained results was evaluated 
with the Statgraphics Centurion XVI program by simple analysis (simple ANOVA) with a 
95% confidence level. 

 

3. Results and discussion 

3.1. Changes in Lactobacillus salivarius spp. salivarius (CECT 4063) content  

As it is shown in Fig. 1, Lactobacillus salivarius spp. salivarius (CECT 4063) content in the 
impregnation liquid (VI liquid) increased significantly by adding 10% of trehalose by weight 
to its formulation or by its homogenization at 100 MPa. However, the combination of both 
factors did not notably improve the viable counts.  

Similar trends were observed in vacuum impregnated apples (VI apple), whose microbial 
content was significantly lower than that of any of the impregnation liquids. This is logical 
considering that only 20% of fresh apple volume is filled with the impregnation liquid during 
the vacuum impregnation step [8].  

Finally, freeze-dried apple samples (FD apple) potential probiotic effect was higher than that 
of vacuum impregnated ones, but not as high as expected from the decrease in their water 
content (from 85.3 ± 1.2% in VI apple to 4.97 ± 1.02% in FD apple). Regarding the 
composition of the impregnation liquid, the addition of trehalose to its composition slightly 
reduced the adverse effect of freeze-drying on the microbial population. On the contrary, the 
subsequent homogenization of trehalose enriched juice increased L. salivarius spp. salivarius 
vulnerability to the freeze-drying step.   
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Fig. 1. Microbial counts in the impregnation liquids and both in vacuum impregnated (VI) and 
freeze-dried (FD) apple samples. Different letters within a single series indicate statistical 

significant differences at 95% confidence level. 

 
Throughout storage (Fig. 2), L. salivarius spp. salivarius (CECT 4063) content in freeze-
dried apple samples suffered a notable decline, in spite of the low water activity reached by 
the snack (0.27 ± 0.02). This fact was particularly evident when trehalose and/or pressure 
were applied to the impregnating liquid, thus suggesting that the stress caused by the osmotic 
and/or the pressure gradient favored the loss of vialbility and the shortening of the snack self 
life. Just to mention that for a food to be considered probiotic it must contain at least 107 
CFU/g when consumed [9]. Only snacks impregnated with liquids 0%_0MPa and 
10%_0MPa met this condition at the end of the storage.  

 

 

 

 

 

 

 

 

 
Fig. 2. Changes in microbial counts troughout storage of freeze-dried apple snacks. Different 
letters within a single series indicate statistical significant differences at 95% confidence level. 
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3.2. Changes in antioxidant properties  

Despite the notable differences observed in their total phenols and flavonoids content, 
antioxidant capacity assessed by DPPH method both in the impregnation liquids and the 
vacuum impregnated apple samples were of the same order (Table 2). As expected, all the 
antioxidants increased their concentration significantly after the freeze-drying step. As for 
the composition of the vaccum impregnation liquid, neither the addition of trehalose nor the 
homogenization resulted in a final snack with improved antioxidant properties.        

 

Table 2. Antioxidant properties of the impregnation liquids and both the VI and FD apple samples.  
Food 

matrix 
Impregation  

liquid 
total phenols 
(mg GAE/g) 

total flavonoids 
(mg QE/g) 

DPPH 
(mg TE/g) 

VI liquid 

0%_0MPa 
10%_0MPa 

0%_100 MPa 
10%_100 MPa 

0.78(0.07)a 
0.79(0.08)a 

0.7235(0.0007)a 
0.82(0.03)a 

1.01(0.07)c 
0.904(0.004)c 
0.954(0.014)c 

0.93(0.03)c 

0.70(0.04)a 
0.78(0.06)a 
0.7(0.2)a 

0.73(0.05)a 

VI apple 

0%_0MPa 
10%_0MPa 

0%_100 MPa 
10%_100 MPa 

0.441(0.015)a 
0.34(0.06)a 
0.82(0.11)a 
0.64(0.03)a 

0.291(0.002)b 
0.175(0.003)a 
0.217(0.002)ab 
0.132(0.002)a 

0.89(0.12)a 
0.61(0.03)a 
0.92(0.07)a 
0.77(0.04)a 

FD apple 

0%_0MPa 
10%_0MPa 

0%_100 MPa 
10%_100 MPa 

11.4(0.6)e 
3.025(0.012)b 

6.0(0.3)d 
4.8(0.4)c 

8.70(0.07)f 
1.186(0.012)d 

2.01(0.14)e 
1.19(0.02)d 

7.84(0.07)d 
5.5(0.2)c 
5.0(0.3)c 
2.3(0.8)b 

Mean values and standard deviation in brackets. Different superscripts in the same column indicate statistical 
significant differences at 95% confidence level. 

 

Regarding the stability of the antioxidant compounds throughout the snack storage, it is 
shown in Fig. 3 the change in each component concentration from the beginning to the end 
of the storage referred to the initial concentration (∆xi): 

∆xi(%) = xt=0i −xt=30i

xt=0i ∙ 100                                            (1) 
 

where xt=0i  and xt=30i  indicate the component i concentration in freshly made and 30 days 
stored FD apples, respectively (g of component i/total g). 

Generally speaking, the total phenols gain was significantly higher and the total flavonoids 
loss was significantly lower (p-value < 0.05) in apple snacks that were impregnated with any 
of the liquids that included trehalose in its composition, but especially in those impregnated 
with the liquid that was additionally homogenized (10% _100MPa). As a result, these 
samples also showed a significantly higher increase in the total antioxidant content measured 
by the DPPH method.  
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Fig. 3. Changes in antioxidant properties after 30 days of storage of freeze-dried apple snacks. 
Different letters within a single compound indicate statistical significant differences at 95% 

confidence level. 

Given the ability of trehalose to protect biological structures [10], apple tissue would have 
been less damaged during the freeze-drying step. As a result, antioxidant compounds would 
have been less accessible to adverse conditions that promote their degradation. Trehalose 
protective effect could be promoted by the reduction in the particle size that implies the 
application of a homogenization step [11], thus favouring the inflow of a greater amount of 
liquid (and trehalose) into the apple porous structure during the vacuum impregnation. 

 

4. Conclussions  
Vacuum impregnation allows to incorporate lactobacillus into the apple porous structure to 
a greater or lesser extent, depending on the viable counts in the impregnation liquid. The 
subsequent freeze-drying increases apples stability without negatively affecting the microbial 
content or the antioxidants content. Lactobacillus salivarius spp. salivarius survival during 
the further storage was negatively affected by the addition of trehalose to the impregnation 
liquid and/or its homogenization. On the contrary, the addition of trehalose to the 
impregnation liquid and/or its homogenization delayed flavonoids degradation and promoted 
an increase in the amount of both phenols and total antioxidants. 
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Abstract 
A spray dryer was modified and tested with superheated steam as the drying 
medium. The effect of the inlet temperature on the recovery and morphology 
of the dried powder was then investigated. The results were compared with 
those obtained from hot-air spray drying. The results showed that the use of 
superheated steam and an increase in the inlet temperature led to an increase 
in the product recovery. The morphological results correlated with those of 
the product recovery in that superheated steam powder exhibited more inflated 
skin, leading to less adhesion of the sprayed droplets to the dryer wall. 

 

Keywords: morphology; product recovery; spray drying; superheated steam 
drying. 
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1. Introduction 

Superheated steam drying is considered to be well established, with many ongoing studies 
showing that this drying process generally results in products with higher quality, either in 
terms of physical, chemical or organoleptic properties.[1,2] However, most superheated steam 
drying studies involved the use of solid samples although in reality many liquid materials 
also need to be dried. Only a few works are so far available on the use of superheated steam 
as the medium for drying liquid products, which require the use of, for example, a spray 
dryer.  

The idea of superheated-steam spray drying has been verified mainly only via theoretical 
analysis or numerical modeling. Frydman et al.[3] and Ducept et al.[4] employed commercial 
software to simulate the most important features of both superheated steam and hot air spray 
dryers, including the fields of gas temperature and velocity inside the chamber, droplet 
trajectories and deposits on the chamber wall. The simulations were experimentally validated 
by comparing the experimental and simulated residence time distribution of water and KCl 
solution droplets in the study of Frydman et al.[3] and Ducept et al.[4], respectively. However, 
these investigators did not make any attempt to investigate the characteristics of the resulting 
powder.  

Among the limited attempts to study superheated steam spray drying, the works of Islam et 
al.[5,6,7] exist on the use of vacuum superheated steam spray drying to dry orange juice and 
orange juice with pulp with maltodextrin as the drying aid. Selected characteristics and  
properties of powder, i.e., moisture content, hygroscopicity, water activity, particle size, 
particle morphology, color, rehydration behavior and ascorbic acid retention, produced from 
the solutions of four different combinations of juice:maltodextrin were studied. Nevertheless, 
no attempt was made to compare the results with those obtained from a hot air spray dryer at 
equivalent conditions. 

More recently,  Lum et al.[8] studied the effect of superheated steam drying on the component 
migration during the formation of multicomponent droplets. The study was conducted by 
drying fresh milk droplets in the so-called single droplet drying apparatus; the results were 
then compared with those belonging to hot-air drying conducted in the same apparatus. The 
results revealed the possibility of controlling component relocation in a multicomponent 
droplet based on the improved hydrophilicity of the droplet surface as a result of the use of 
superheated steam, which is hydrophilic in nature, as the drying medium. By appreciating 
the potential of superheated steam as the medium for spray drying, engineered 
multicomponent particles with specific features can be produced. 

Despite its potential benefits, no attempt has so far been made to experimentally investigate 
the effect of superheated steam as the drying medium in a typical (multiple-droplet) 
atmospheric-pressure spray dryer. No comparison also exists with the results belonging to 
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hot-air spray drying at equivalent conditions in terms of the dryer performance and the 
characteristics of the dried powder.  

In the present study, modification was made to an atmospheric-pressure hot-air spray dryer, 
so it can be used for superheated steam spray drying. Preliminary study was then conducted 
to investigate the effect of inlet drying temperature on the product recovery; for simplicity, 
maltodextrin was used as the test material. Morphology of the powder was also observed to 
support and explain the measured product recovery. The results were compared with those 
obtained in the case of hot-air spray drying in the same dryer set-up at the same inlet 
temperatures. 

2. Materials and Methods 

2.1. Materials 

An aqueous solution (30% w/v) of maltodextrin (DE 10), which was supplied by Chemipan 
Corporation Co., Ltd. (Thailand), was prepared by dissolving maltodextrin in distilled water 
and stirring using a magnetic stirrer at 300 rpm for 30 min. 

2.2. Spray-dryer set-up 

A schematic diagram of the atmospheric-pressure superheated steam spray dryer setup is 
shown in Fig. 1. A water-tube boiler (Takuma, model TWA-500, Tokyo, Japan), which is 
able to generate a maximum saturated steam mass flow rate of 500 kg/h at a steam pressure 
of 7 bar (gauge), was used to supply steam to the system. To remove excess moisture from 
the steam, a steam pocket (1 inch in diameter), steam header (4 inches in diameter) and steam 
separator were used. Thermodynamic steam traps were used to drain excess water from the 
above three components. The steam pressure was adjusted via the use of a pressure reducing 
valve (Yoshitake, model GD-30, Tokyo, Japan), which was used to control the steam 
pressure at near-atmospheric pressure of 20 kPa (gauge). An electric heater rated at 9 kW, 
which was controlled by a proportional-integral-differential (PID) controller (Omron, model 
E5CN-RMTC-500, Tokyo, Japan) with an accuracy of +1ο C, was used to convert saturated 
steam into superheated steam. A blower was used to deliver the saturated steam to the heater. 
The steam velocity was adjusted to 14-15 m/s by the use of two globe valves; the steam 
velocity was measured using a pitot tube (Testo, model 445, Lenzkirch, Germany) at point 
A with an accuracy of +0.2 m/s. The inlet steam temperature was varied at 160, 170 and 180ο 

C. The inlet steam temperature as well as the outlet steam temperature were measured at 
points B and C, respectively, and were continuously recorded by type T thermocouples 
connected to a data logger (Yokogawa, model µR100, Tokyo, Japan). 

The drying chamber consists of a stainless steel cylindrical chamber, which is 25 cm in 
diameter and 50 cm in height, connected to a bottom conical section of 30 cm in height. 
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Fig. 1 Schematic diagram of atmospheric-pressure superheated steam spray dryer and associated 
units: (1) water-tube boiler; (2) globe valves; (3) steam pocket; (4) steam traps; (5) steam header; 
(6) pressure gauges; (7) steam separator; (8) pressure reducing valve; (9) ball valves; (10) blower; 
(11) air compressor; (12 ) liquid feed pump; (13) electrical heater; (14) spray drying chamber; (15) 

atomizer; (16) cyclone; (17) PID controllers; (18) thermocouples; (19) temperature data logger; 
(20) powder collector; (21) auxillary heater; (22) steam outlet; (23) cylindrical filter 

A two-fluid nozzle with an orifice internal diameter of 1.0 mm was installed at the top of the 
drying chamber. The nozzle pressure was maintained at around 2 bar (gauge) during all the 
spray drying experiments. A glass cyclone, which is 10 cm in diameter and 20 cm in height 
and has the bottom conical section of 30 cm in height, was used to separate dried powder 
from the exhaust steam. The dryer can also be operated as a hot-air spray dryer with the use 
of hot air, which can be supplied to the drying chamber via the use of the blower, as the 
drying medium.   

Maltodextrin solution was fed into the drying chamber via a peristaltic pump (Watson-
Marlow, Model 505S, Cornwall, UK) at a feed flow rate of 5 mL/min. The obtained powder 
sample was collected and sealed in an aluminum bag until further analysis. 

Since the superheated steam spray drying experiments were conducted at atmospheric 
pressure, there was inevitable steam condensation in the powder collector. To prevent the 
condensation of steam within the powder collector, an auxillary heater was used to maintain 
the temperature within the powder collector at around 105ο C; this value is higher than the 
saturation temperature of the exhaust steam. Moreover, a steam outlet was provided to drain 
out the exhaust steam. A cylindrical filter made of stainless steel screen of 500 openings per 
square inch was used to trap dried powder (see an inset in Fig. 1).   

2.3. Analytical methods 
2.3.1. Product recovery 

The percentage product recovery was calculated by the following equation: 

𝑊𝑊p

𝑊𝑊F
 ×100%          (1) 

B 

21 

22 

23 
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where 𝑊𝑊p is the amount of solid mass of the collected powder (g) and 𝑊𝑊F is the amount of 
solid mass of the liquid feed (g).  

2.3.2. Scanning electron microscopy 

The morphology of a spray-dried powder sample was observed via the use of a scanning 
electron microscope (JEOL, JSM-6400LV, Tokyo, Japan) at an accelerating voltage of 10 
kV. Each sample was coated with a gold layer and photographed at 300× magnification level. 

2.3.3. Statistical analysis 

The effects of the type of the drying medium  and inlet drying temperature as well as their 
interactions on the product recovery were determined by the univariate full-factorial analysis 
of variance (ANOVA). Each experiment was carried out in duplicate. All the experimental 
data were analyzed using SPSS 16.0 for Windows® (SPSS Inc., Chicago, IL) and are 
presented as mean values with standard deviations. Differences between mean values were 
established using Duncan’s new multiple range tests at a confidence level of 95%. 

3. Results and Discussion  
3.1. Product recovery  

The effects of the type of the drying medium and inlet temperature on the product recovery 
were investigated and are shown in Table 1. The type of the drying medium and inlet drying 
temperature had a significant effect on the product recovery (p < 0.05). However, there were 
no interactions between the two parameters (p > 0.05).  

Use of superheated steam as the spray drying medium led to an increase in the product 
recovery when compared with the use of hot air. This is probably because superheated steam, 
which has higher heat transfer coefficient and specific heat capacity, could increase the gas-
droplet heat transfer rate. The solid surface was more rapidly formed around a droplet during 
drying, leading subsequently to less adhesion of the sprayed droplets to the drying chamber 
wall.[9]  

Table 1. Effect of drying medium and  inlet  temperature on  product recovery 
Drying medium Inlet temperature  

160ο C 170ο C 180ο C 

Superheated steam 38.0+2.82b 45.0+1.41a 48.5+2.12a 

Hot air 32.5+2.12c 34.5+2.12bc 37.0+2.82b 

Values with different superscripts are significantly different (p < 0.05). 
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An increase in the inlet temperature led to an increase in the percentage product recovery.  
This is because an increase in the drying temperature led to a larger driving force for heat 
and mass transfer to/from the droplets during drying.[10] This in turn resulted in faster drying 
and more rapid solid surface formation, leading again to less adhesion of the sprayed droplets 
to the dryer wall.  

3.2. Particle morphology  

Microstructural characteristics of the powder were investigated, so that the results can be 
used to support and explain the measured product recovery. Fig. 2 illustrates the effects of 
the type of the drying medium and inlet drying temperature on the morphology of the 
maltodextrin powder.    

Superheated steam spray-dried maltodextrin powder exhibited overall morphology as larger 
spherical particles with inflated skin. This indicated that during superheated steam drying, 
water vaporization took place rapidly and the solid surface was rapidly formed. Besides, it 
was found that the process conducted at higher temperatures (170ο C, 180ο C) resulted in a 
combination of non-broken particles, fractured spheres and broken shells. Broken shells were 
due to excessive vaporization of water within the particles during superheated steam drying; 
such vaporization led to significant volume expansion due to rapid pressure build-up in 
superheated steam drying and as a result the broken structure if the generated vapor could 
not move out of the particles fast enough.[2] On the other hand, hot air spray-dried 
maltodextrin powder exhibited overall morphology as spherical particles with shrivel skin. 
This is probably due to the results of the slower water evaporation. The skin of the particles 
remained moist for a longer period of the time, so the particles deflated when vapor 
condensed within the vacuole as particles were moved into the cooler region of the dryer.  

In both the cases of superheated steam and hot air drying, it was found that an increase in the 
inlet temperature led to a larger size of the dried particles. This is because an increase in the 
inlet temperature led to a larger driving force for drying to/form the droplets as mentioned 
earlier.[10] However, it was found that larger particles were obtained in the case of hot air 
drying than in the case of superheated steam drying at an inlet drying temperature of 160ο C. 
This is probably due to the fact that the drying temperature of     160ο C was below the so-
called inversion temperature where the drying rate during superheated steam drying was 
lower than that during hot air drying, leading to the solid surface of particles drying hot air 
spray drying more rapidly formed than during superheated steam spray drying.  
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Fig. 2 Morphology of maltodextrin powder dried by superheated steam at (A) 160ο C, (B) 170ο C 
and (C) 180ο C;  dried by hot air at (D) 160ο C, (E) 170ο C and (F) 180ο C 

4. Conclusions  

Modification was made to an atmospheric-pressure hot air spray dryer to allow the use of 
superheated steam as the drying medium. Preliminary study was then conducted to 
investigate the effects of the type of the drying medium and inlet drying temperature on the 
powdery product recovery. Particle morphology was also evaluated. The use of superheated 
steam as the drying medium as well as an increase in the inlet temperature could improve the 
product recovery. The morphological results correlated with the results of the measured 
product recovery in that superheated steam spray-dried powder was noted as larger spherical 
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particles with inflated skin, leading subsequently to less adhesion of sprayed droplets to the 
dryer wall.  
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Abstract 
The great amount of waste produced by the food industry can be an 

interesting source of bioactive compounds. To this end, convective drying is 

one of the most extended method to stabilize the industrial by-products. 

However, drying conditions can affect not only drying kinetics but also the 

bioactivy of some compounds. Apple skin constitutes one of the main by-

product generated in apple juice or cider production. It contains important 

amounts of functional compounds such as polyphenols or vitamin C whose 

extraction can be interesting. The main aim of this work was to determine the 

influence of drying conditions, temperature and application of ultrasound, in 

some quality parameters of dried apple skin. For this purpose, apple skin 

samples were dried at different temperatures (-10, 30, 50 and 70 ºC) and with 

(20.5 kW/m3) or without application of ultrasound. Color, total phenolic 

content, antioxidant activity and vitamin C was measured in fresh and dried 

samples. The increase of drying temperature and the ultrasound sligthly 

reduced the antioxidant properties of samples while no influence in sample 

color was observed. 

 Keywords: by-product; antioxidant; polyphenol; vitamin C; color. 
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1. Introduction 

The high volume of waste produced in the actual food industries has a great environmental 
impact. However, in many cases, the waste can be considered as a by-product that 
constitute a source of interesting bioactive compounds.[1] 

Apple is one of the most popular fruits in the world being consumed such as fresh fruit, 
jam, baby food, juices or snacks. In this sense, apple skin constitutes one of the main by-
products generated in the apple industrialization. Apple skin contains great amounts of 
compounds with high antioxidant capacity, even greater than those present in the flesh.[2, 
3, 4] In fact, apple skin can be directly used as a functional ingredient of other food 
products. [5, 6]. To facilitate the storage and the manage, apple skin must be stabilized and 
for this purpose convective hot air drying is one of the most applied.[7] However, the 
temperatures and the long time of processing can damage flavor, nutritional composition or 
look of dried product.[2, 8]. In fact, the influence about drying process on antioxidant 
activity of apples and been previously studied not ontly in apple flesh [9, 10, 11] but also in 
apple skin.[2] Taking into account the final quality of the product, the drying processes at 
low temperatures emerges as an excellent alternative. However, the low drying rate at this 
contidions makes necessary the search of methos to intensify the process [22, 23]. In this 
sense, ultrasound application constitutes an efficient way to intensify mass transport which 
can shorten the processing time.[12] Moreover, the effects of ultrasound are mainly 
mechanical which dn’t produce a significant heating of the samples.[13] 

The main aim of this work was to assess the influence of the drying temperature and 
ultrasound application on the color and the antioxidant properties of apple skin. 

2. Materials and Methods 

2.1. Sample preparation 

Apples (Royal Gala var.) of similar ripness state were choosen in a local market (Valencia, 
Spain). The fruits were washed with tap water and peeled using a household peeler. After 
that, the samples of apple skin were blanched for 30 s in boiling water  in order to inactivate 
the enzyme polyphenol oxidase.[14] Initial moisture content was determined after 
maintaining apple samples in a vaccumm oven at 60 ºC until constant weight [15]. 

2.2. Drying 

Experiemntal drying processes was carried out at atmospheric freeze-drying and at hot air 
drying conditions.  
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2.2.1. Atmospheric freeze-drying experiments 

Apple skin samples were placed in a holder with regular distribution that assure the 
homogeneity of air flow and ultrasound treatment during drying process. After, the set was 
introduced in a blast freezer (HIBER, mod. ABB BF051, Italy) where samples were frozen 
at -35 ± 1ºC. Later, the frozen samples were placed in an ultrasonically-assisted convective 
drier [22] where drying experiments were carried out at -10ºC and 2 m/s, without (AIR-10) 
and with (US-10; 50 W; 21.9 kHz) ultrasound application. Experiments ended when 
samples lost 85 % of initial weight.   

2.2.2. Hot air drying experiments 

Fresh apple skin samples where placed in a similar holder than the used for atmospheric-
freeze drying experiments, and placed in a dryer assisted with ultrasound [16]. Drying 
experiments (2 m/s) were conducte at 30, 50 and 70ºC, without (AIR30, AIR50 and AIR70) 
and with (US30, US50, US70; 50 W; 21.7 kHz). All the conditions tested were carried out 
by triplicate. 

2.3. Quality parameters 

2.3.1. Color 

Apple skin sample color was assesd by measuring the CIELab parameters L* 
(lightness/darkness), a* (redness/greenness) and b* (yellowness/blueness) with the help of a 
colorimeter CM-2500d (Konica Minolta, Japan). All readings were done in triplicate using 
a D65 illuminant reference system. Chroma was estimated from Eq. 1. 

�∗ = ���∗2 + 	∗2
 
     (1) 

2.3.2. Antioxidant properties 

An extract of dried apple skin was obtained for measuring antioxidant properties. For this 
purpose 3 g of sieved powder of apple peel were placed in 25 mL of an ethanol (96 % v/v). 
(3,5 g of apple’s peel powder in 10 mL of ethanol (96 % v/v) in the cas of acorbic acid 
measurements). The mix was introduced in an ultrasonic cleaner bath (VMR mod. USC-T, 
USA) forg 15 min. After that, the samples were filtered using nonsterile hydrophobic PTFZ 

syringe filters of 4.5 µm (VMR, USA). 

2.3.3. Antioxidant capacity 

Antioxidant Capacity (AC) of the apple skin was determined by the Ferric-Reducing 
Ability Power (FRAP) method, which was described by Benzie and Strain.[17] The results 
were expressed as mmol Trolox equivalent per g of dry mass of apple skin. 
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2.3.4. Total Phenolic Content 

The Total Phenolic Content (TPC) of the apple’s peel extracts was determined following 
the Folin-Ciocalteau method.[18] In this case, the results were expressed as mg of Gallic 
acid equivalent (GAE) per g of dry mass of apple skin. 

2.3.5. Ascorbic Acid content 

The Ascorbic Acid content (AA) was determined adapting the method proposed by Jagota y 
Dani [19], and expressed as mg of ascorbic acid content per g of dry mass of apple skin. 
Every measurements were done in triplicate. 

The percentage of retention of the different antioxidant parameters was estimated (Eq. 2) 

������� =
��
�0
· 100 

    (Eq. 2) 

where P0 is the value of the parameter obtained (AC, TPC and AA) from fresh apple skin 
and Pf from the different dried apple skin samples. 

3. Results and Discussion  

3.1. Color measurements 

The measuerements of apple skin sample color showed that in the AIR experiments, 
samples dried at the greater drying temperature presented higher luminosity but lower 
redness and yelowness (Fig. 1). The results obtained at the lower temperature tested were 
the opposite, being samples less luminous, but with higher values of redness and 
yellowness attributes being these last characteristics more appreciated for the apple skin of 
the Royal Gala apple variety.  

As for the ultrasound influence on the color, the parameters obtained in US-10 experiments 
were similar than the obtained at AIR50. The mechanical stress produced by ultrasound 
over the frozen samples during the long drying period may be the reason for this result. In 
the case of US30, US50 and US70, the relationship between color parameters and 
temperature was similar than for AIR experiments. 

Regarding the chroma, in the case of AIR experiments, the highest value was obtained at 
the lowest drying temperature tested, decrasing its value with the increase temperature. 
(Fig. 1). In the case of US experiments, the US-10 experiments showed significant (p<0.05) 
lower chroma value than those found at AIR-10. However, at temperatures above freezing 
point, the application of ultrasound increased the chroma value. In fact, the value obtained 
in US30 experiments was not significantly different that the obtained in AIR-10, showing 
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that is possible to achieve the same saturation color in this condition that at atmospheric 
freeze-drying condition but in a shorter process time. 

 

Figure 1. CieLAB Color parameters and chroma of apple skin dried at different temperatures 

without or with (50 W) ultrasound application. 

3.2. Antioxidant Capacity (AC) 

The antioxidant capacity (AC) of the fresh apple peel was 42±1 mg Trolox/g d.m, being 
this value higher than those obtained for other authors in apple’s flesh.[10, 11, 12] On the 
contrary, the retention of AC after drying was in the range.[10, 11, 12]  

No seignificant difference wer found about AC retention among the samples dried at 
different conditions except for AIR30 ones (Table. 1). In this conditions, samples showed a  
significant (p<0.05) higher percentage of AC retention. In general, the application of 
ultrasound dind’t signficanly affect the AC retention. Therefore, the use of ultrasound can 
be interesting to reduce drying temperature without significantly affect the AC retention. 

3.3. Total Phenolic Compounds (TPC) 

The TPC content of dried apple skins was 16.6±0.9 mg de GAE/ g d.m, being in the range 
found for fresh apple skin by Lata [20], and slightly lower than those found by Henriquez et 
al. [2]. As expected, the drying process reduced significantly the TPC (Table. 1). Above 
freezing point, the higher the temperature the lower the TPC retention showing the termo-
sensibility of TPC.[2] Regarding the atmospheric-freeze dried samples, TPC of AIR-10 
samples was not significantly different than the TPC of AIR50 ones. The previous freezing 
of AIR-10 samples could contribute to the rupture of some cells increasing the phenolic 
compounds degradation. The long time spent in this type of drying process could also 
increase the TPC degradation. 
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The ultrasound application generated a slightly decrease of the TPC retention. The 
mechanical stress induced by ultrasound can be responsible of this slight degradation of 
phenolic compound being this effect more significant when other adverse effects such as 
high temperature or freein were less important. Santacatalina et al. [9] also found similar 
effects of ultrasound application in dried apple flesh. 

3.4. Ascorbic Acid content 

The ascorbic acid (AA) content obtained of fresh apple peel was 1.6±0.2 mg of ascorbic 
acid/g d.m. As was already expected, the drying produced a partial degradation of this 
propertie, being the percentage of retention in the range than those found by Moreno et 
al.[11] In AIR processes above freezing point, the lower the temperature the greater the 
percentage of AA retention (Table. 1). At -10ºC, the long dying time and the previous 
freezing of sample can explain the greater AA degradation. Therefore, regarding the 
antioxidant properties of dried apple skin, the atomospheric-freeze drying is not the more 
adequate drying method. 

As for ultrasound application, no significant (p<0.05) effect on AA retention was observed 
except when drying took place at 70ºC. In this case, the retention in US70 experiment was 
significantly (p<0.05) higher than AIR70 process, although these differences were small. 

Table 1. Percentage of retention of total phenolic content, antioxidant capacity and ascorbic acid of 
apple peel after been dried at different temperature with and without ultrasound application. 

Treatment 
% retention 

AC  TPC AA 
AIR-10 61.8 64.0 59.8 
AIR30 78.9 84.9 88.7 
AIR50 59.4 73.4 61.3 
AIR70 62.0 59.0 55.0 
US-10 60.5 61.1 60.8 
US30 69.2 62.3 88.9 
US50 58.9 66.3 58.9 
US70 67.2 50.8 68.5 

 

4. Conclusion 

Drying temperature and ultrasound application affected the apple skin quality. The results 
obtained showed that the atmospheric freeze-drying was not an interesting drying method 
for both the long processing time and the no-significant influence on qualtity attributes 
tested, color and antioxidant properties. General speaking, the influence of ultrasound 
application during drying on quality attributes was negligible. Then, it constitutes an 
interesting way to intensify drying process and could permit the reduction of drying 
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temperature, which can means a energy needs reduction. However ,this last fact must be 
deeply studied.  
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Abstract 
A radio frequency (RF) vacuum technology is proposed for drying kiwifruit 
slices using a 27.12 MHz, 3 kW RF-vacuum drying system. The results 
demonstrated that electrode gap, vacuum pressure and sample thickness had 
major effects on the RF-vacuum drying. The RF-vacuum drying was associated 
with internal heating and rapid drying, resulting in 65% reduction of hot air 
(60ºC) drying time. Moreover, kiwifruits dehydrated by RF-vacuum drying 
were associated with better color stability, higher vitamin C retention and 
higher rehydration capacity (P<0.05). Overall, the RF-vacuum drying process 
may provide a more effective and practical method for high-quality 
dehydration of kiwifruits. 

 

Keywords: radio frequency-vacuum drying; hot air; moisture content 
distribution; moisture effective diffusivity; quality 
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1. Introduction 

Kiwifruit (Actinidia deliciosa) is recognized as “the king of fruits” due to its remarkably high 
amounts of vitamin C and bioactive compounds with antioxidant activity. The global 
production of kiwifruit was around 4.27 million metric tons (Mt) in 2016 mainly contributed 
by China (2.39 Mt), Italy (0.52 Mt), New Zealand (0.43 Mt) and Chile (0.23 Mt). [1] However, 
kiwifruit is a seasonal fruit being harvested during August-October in China. Owing to high 
moisture content, fresh kiwifruit is highly perishable after harvest, even under refrigerated 
storage conditions. Thus, developing a proper postharvest drying technique is an important 
consideration to overcome the problems of seasonality and extend kiwifruit shelf-life to 
protect farmers’ income and local economy. 

The most conventional drying methods for kiwifruits, such as osmotic dehydration and hot 
air drying, have low technical barriers in developing/undeveloped countries and are preferred 
in industry, but with intensive labor cost, high energy consumption and long drying time.[2] 
Microwave (MW) and radio frequency (RF) drying methods also known as dielectric heating 
generate heat within the food material by molecular friction as a result of dipolar rotation and 
ionic conduction.[3, 4] RF heating has received increasing attention over the past decade due 
to its longer wavelength and deeper wave penetration as compared with MW and is thereby 
technologically more feasible for industrial applications.[5] Furthermore, the use of vacuum 
in RF heating, resulting in RF-vacuum drying, may further raise drying rate and ensure high 
quality in the final product because of the reduced drying temperatures as well as oxygen 
potential and considerably higher vapor pressure gradients between the interior and the 
surface of materials.  

Therefore, the objectives of this study were (1) to determine the effect of RF process variables 
and sample thickness on the RF-vacuum drying characteristics of kiwifruit slices, (2) to study 
the drying kinetics and effective moisture diffusivity of hot air and RF-vacuum drying, and 
(3) to evaluate the quality of dried kiwifruit samples in terms of moisture content uniformity, 
color, vitamin C content and rehydration capacity.  

 

2. Materials and Methods 

2.1. Materials and RF-vacuum drying system 

Freshly harvested kiwifruits (Actinidia deliciosa cultivar “Hayward”) observed visually for 
similar ripeness and size were obtained from Shaanxi, China. The fruits were then hand 
peeled and cut into slices with diameter 45.5 ± 5.4 mm and three thicknesses: 6.1 ± 0.2, 8.0 
± 0.2 and 10.0 ± 0.3 mm.  
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A 3 kW, 27.12 MHz free-running oscillator RF-vacuum drying system (GJ-3-27-JY, Jiyuan 
High Frequency Electric, Shijiazhuang, China) was used for RF-vacuum drying experiments 
(Fig. 1). The RF electrode gaps between the two parallel plates (400 mm × 400 mm) could 
be adjusted from 20 mm to 300 mm to deliver desired RF energy for specific applications. 
The system pressure (vacuum) in the RF chamber, and sample temperature and mass were 
continuously recorded by a pressure sensor (APC500, Sensor Way Technologies Inc., 
Beijing, China) located in the vacuum cavity, four-channel fiber-optic sensor system (HQ-
FTS-D120, Heqi Technologies Inc., Xian, China), an electronic scale (AT8106, Pengheng 
Electronic Inc., Shanghai, China) with a precision of 0.1 g mounted underneath the bottom 
electrode, respectively, during the entire drying process. 

 

Fig. 1 Schematic view of the 3 kW, 27.12 MHz RF-vacuum drying system 

 

2.2 Moisture content determination and drying procedures 

The moisture content of kiwifruit slices was determined following the AOAC Official 
Method 925.40 and expressed as g[water]/g[solid] through the drying process.  
RF-vacuum drying: Twenty-four freshly prepared kiwifruit slices (523.4 ± 18.0 g) were 
placed uniformly in a single layer inside a container (400 mm L× 270 mm W× 20 mm H) 
made of polypropylene (PP) with its side and bottom walls perforated with 10 mm diameter 
holes. Three electrode gaps (50, 60 and 70 mm) with three vacuum pressure levels (0.01, 0.02 
and 0.03 MPa) and three sample thicknesses (6, 8 and 10 mm) were selected as 
process/product variables for determining RF-vacuum drying characteristics. The sample 
temperature and mass were continuously recorded by the fiber-optic temperature sensors and 
the electronic scale without having to turn off RF power or taking out samples. The RF-
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vacuum drying process was continued until the moisture content of kiwifruit samples reached 
0.18 kg/kg (d.b.)  
 
2.3 Mathematical modeling of drying curves  

The transient changes in moisture content of kiwifruit samples during drying was expressed 
as moisture ratio (MR) defined as: 

e

ei

-
-

MM
MMMR

o

=
 

(1) 

where MR is the dimensionless moisture ratio, Mi or Mi-1 (kg/kg, d.b.) is the moisture content 
at any time i or i-1, Δt is the drying time interval between time i and i-1 (min), M0 is the initial 
moisture content (kg/kg, d.b.) and Me is the equilibrium moisture content (kg/kg, d.b.). 
 
2.4 Evaluation of product quality  

2.4.1 Moisture content uniformity 

Moisture content uniformity was moisture distribution among dried kiwifruit slices in the 
container. The moisture contents of kiwifruit slices located at 10 representative container 
locations were measured after drying.  

2.4.2 Color 

The color (L*, a*, b*) of fresh (control) and dried kiwifruit slice samples was measured using 
a computer vision system. The total value of color difference (ΔE) was calculated as follows: 

2
0

2
0

2
0 bbaaLLE )()()( ****** −+−+−=∆  

(2) 

2.4.3 Vitamin C (ascorbic acid) content  

Ascorbic acid content was determined by the standard 2,6-dichloroindophenol titration 
method.  

2.4.4 Rehydration capacity  

Rehydration capacity of dried kiwifruit slices was measured according to the method of 
Maskan (2001) [6] 

%100
W

WWcapacity  nRehydratio
0

0 ×
−

=
 

(3) 

where W0 and W are the sample weight values (g) before and after rehydration, respectively. 
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3. Results and Discussion 

3.1. RF-vacuum drying and heating characteristics 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 2 RF-vacuum drying characteristics of kiwifruits influenced by electrode gap (a), vacuum 
pressure (b) and sample thickness (c)  

 

The electrode gap, vacuum pressure and sample thickness had significant effects on RF-
vacuum heating and drying characteristics of kiwifruit slices (Fig. 2). The RF-vacuum drying 
profile involved three stages regardless of various operating parameters: Stage Ⅰ in which RF 
energy was transformed into thermal one within the materials and sample temperature rapidly 
increased. Once the moisture vapor pressure in the samples exceeded that of environment, 
the moisture expulsion process got and the drying rate gradually increased. Stage Ⅱ began 
when the product temperature reached the highest value (wet bulb temperature), the drying 
process entered into a rapid drying period (constant drying rate period) and the sample 
temperature remained at a fairly constant level. As the drying progressed into Stage III, the 
loss of water in the samples reduced the associated dielectric properties, resulting in reduced 
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absorption of RF energy, and led to a gradually decreasing rate of drying toward the final 
stage of drying. Additionally, the thermal energy required for breaking away bound water is 
higher than that required for free water. Consequently, the RF-vacuum drying rate gradually 
decreased and the drying process was dominated by the falling drying rate period (Stage Ⅲ). 
In general, the RF-vacuum drying process may limit the temperature raise in the samples and 
reduce severe thermal deterioration of product quality. 

Fig. 3 shows a typical drying temperature-time profile at the core and sub-surface of kiwifruit 
slices subjected to RF-vacuum and hot air drying, indicating that the RF-vacuum dried 
materials were heated throughout the sample whereas surface higher temperatures were 
found in hot air drying.  
 

 

Fig. 3 Typical temperature-time history for sub-surface (2 mm) and core (20 mm) of kiwifruit slices 
when subjected to hot air and RF-vacuum drying  

 

3.2 Drying kinetics and moisture effective diffusivity 

The curves for MR versus drying time with the best drying models under hot air and RF-
vacuum drying are shown in Fig. 4. The Page model (R2 of 0.9998 and RMSE of 0.0056) was 
the best fit to describe hot air drying while the logarithmic model (R2 of 0.9977 and RMSE 
of 0.0145) provided the best fit for RF-vacuum drying. Generally, the drying time for 
kiwifruit slices was reduced by about 65% when using RF-vacuum drying technology as 
compared to hot air drying, highlighting the advantage associated with RF-vacuum drying 
technology. 
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Fig. 4 Drying kinetics of kiwifruit slices when subjected to hot air and RF-vacuum drying 
 

3.3 Quality of dried kiwifruit slices 

Table 1 quality characteristics of kiwifruits before and after drying 
 L* a* b* 

 
ΔE Vc content 

(mg/100 g) 
RC 
(%) 

Fresh 42.2±1.0a# -8.9±0.1c 24.7±0.4a - 115.3±6.5a - 
AD 29.7±3.9c -0.8±0.8a 20.4±0.6c 15.5±1.4a 45.8±5.6c 115.8±4.5b 
RF 36.4±2.2b -5.4±0.4b 22.2±0.4b 7.1±0.8b 62.5±4.7b 148.4±6.8a 

 

Table 1 summarizes the results for kiwifruit product quality after hot air and RF-vacuum 
drying. The total color change (ΔE) of RF-vacuum dried kiwifruits was significantly smaller 
(P<0.05) possibly due to the shorter drying time, lower temperatures and reduced oxygen 
concentration. The retention ratio of vitamin C was less than 60% or lower (54% and 40% 
for RF-vacuum and hot air dehydrated samples, respectively. Because vitamin C is oxygen 
and heat sensitive, and can be degraded through oxidation even under low oxygen conditions 
during drying. The rehydration capacity of RF-vacuum dried kiwifruits was significantly 
higher (P<0.05) than that in hot air dried samples. The positive vapor pressure pushed from 
within foods leads to the creation of a porous, loose and fragile texture for the RF dried 
kiwifruits and therefore results in better water absorption capacity. 

Fig. 5 shows the measured moisture distribution in the samples spread over 10 different 
compartments after the RF-vacuum and hot air drying. For hot air drying, the sample moisture 
removal was in line with the direction of air flow and resulted in reduced moisture loss as the 
tray numbers increased from 1 to 10. But the moisture contents of RF-vacuum dehydrated 
samples were more random and uniform, thereby demonstrating relatively more uniform 
moisture distribution in kiwifruit slices with RF-vacuum drying.  
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(a) 

 
(b) 

Fig. 5 Moisture distribution of hot air (a) and RF-vacuum (b) dried kiwifruit samples at 10 
compartments in the container with x-axis parallel to the hot air flow 

 

4. Conclusion 

The RF-vacuum drying protocol of RF-vacuum of kiwifruits is electrode gap of 60 mm, 
vacuum pressure of 0.02 MPa and kiwifruit slice thickness of 8 mm, reducing more than 65% 
drying time as compared to AD. Further, the RF-vacuum drying process ensured better 
quality retention in the dehydrated kiwifruit slices in terms of color, vitamin C content and 
rehydration capacity due to fast heating/drying rates and low vacuum pressure. Better 
uniform moisture distribution was achieved when subjected to the RF-vacuum drying than 
possible with hot air drying. Overall, RF-vacuum drying technology may provide a more 
effective and practical dehydration method for kiwifruits with acceptable quality attributes.  
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Abstract 
In this study, we aimed to investigate chemical and technological 
characteristics of oven-dried Jerusalem artichoke powder (JAP) to be further 
incorporated into emulsified chicken meatballs (with/without sodium 
carbonate) as sodium tripolyphosphate (STPP) replacers. The dietary fiber 
content of JAP was quite high to improve the health profile of the meat 
system. JAP samples showed equivalent technological quality to industrial 
inulin in terms of water-holding, oil-binding, emulsification and gelling 
abilities. Phosphate-free meatballs formulated with JAP and sodium 
carbonate had better health impacts compared with phosphate containing 
meatballs while cooking characteristics were similar. The results showed that 
oven-dried JAP presented a good health profile and high technological 
quality to be evaluated as inorganic phosphate replacers in formulation of 
emulsified poultry products.          

 

Keywords: Jerusalem artichoke, oven-drying, emulsified chicken meatball, 
sodium tripolyphosphate, phosphate-free  
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1. Introduction 

Jerusalem artichoke (Helianthus tuberosus L.) is a natural raw material which highly 
contains fiber, minerals and vitamins. The tubers are known to be a health-promoting food 
source that contains inulin, a soluble dietary fiber, instead of starch as a carbohydrate 
reserve [1, 2]. Today utilization of natural ingredients in the formulation of meat products 
as phosphate replacers has come into prominence as a novel topic due to health concerns 
about chemical additives. Phosphates have a common use to improve quality of various 
meat products by shifting the pH away from isoelectric point, thereby increasing protein 
functionality and water-holding capacity and enhancing overall quality attributes, however, 
due to the emerging and newly identified health risks associated with phosphates, there has 
been a tendency to decrease the amount of their levels in meat product formulations [3-5]. 
Therefore, Jerusalem artichoke is a promising ingredient that could be used as an economic 
source of functional components in phosphate-free meat product formulations. In this study, 
we aimed to investigate chemical and technological characteristics of oven-dried Jerusalem 
artichoke powder (JAP) to be further incorporated into emulsified chicken meatballs 
(with/without sodium carbonate) as a clean-label sodium tripolyphosphate (STPP) replacer.   

 

2. Materials and Methods 

1.1. Production of Jerusalem artichoke powder (JAP) and emulsified chicken 
meatballs 

Jerusalem artichoke powder (JAP) was produced from fresh and non-damaged tubers. The 
tubers were obtained from a local producer in Izmir region, washed with tap water, peeled 
and immediately immersed in citric acid (%1) solution to avoid enzymatic color changes. 
The tubers were then sliced into 0.2 mm thickness (Berkel Slicers, Italy). Slices were then 
air-dried in an industrial drying oven (Defne Spices Co., Izmir) at 60±5°C for 8 h. The 
dried slices were finally ground through a hammer mill (Brook Crompton, UK) and sieved 
through 0.5 mm. JAP was stored in glass jars prior to meatball production.    

Chicken meatballs were formulated either with STPP (control) or JAP and/or sodium 
carbonate (SC) as STPP replacers. 70% of the chicken breast muscle was minced through 8 
mm plate. The rest of the breast muscles (30%) and chicken skin were minced through 3 
mm plate and then emulsified with NaCl, STPP, rosemary extract and ice at 4400 rpm for 5 
min (control) in a bowl cutter (K+G Wetter, Germany). Other treatments were prepared 
using 3.8%, 5.7% or 7.6% JAP, with or without 0.2% SC as STPP replacers. After the 
emulsification procedure, the emulsions were mixed with 8 mm minced breast muscle and 
the doughs were cold-set at 0°C for 1 h. After that, the doughs were portioned with molds 
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and cold-set again at -18°C for 20 min. Meatballs were then deep-fat fried with canola oil 
in an electric fryer (Inoksan, Turkey) at 180±2°C for 3 min. The samples were cooled at 
4°C prior to analysis.  

1.2. Methods 
1.2.1. Characteristics of JAP 

Proximate analysis was performed in order to determine total moisture [6], lipid [6], ash [6] 
and protein [7] content. The water-soluble dietary fiber content of JAP samples was 
analyzed by Megazyme dietary fiber assay kit (Megazyme International Ireland Ltd., 
Wicklow, Ireland) according to AOAC [8]. Sucrose, D-glucose and D-fructose 
concentrations in JAP samples were determined by enzymatic assay (Boehringer 
Mannheim, R-Biopharm, Germany). In order to evaluate technological quality of JAP 
samples; water-holding capacity (WHC) [9], oil-binding capacity (OBC) [10], emulsifying 
capacity (EC) [11] and volumetric gel index (VGI) [12] were analyzed.     

1.2.2. Characteristics of emulsified chicken meatballs 

The dietary fiber content of meatball samples was calculated from the dietary fiber content 
and incorporation amount of JAP in meatball formulations. The salt content of the samples 
was determined according to Mohr method [6]. Cook yield (CY) of the samples were 
calculated from the weight of pre-cooked and cooked samples according to Murphy et al. 
[13]. Data was statistically analysed by SPSS software with one-way ANOVA and Duncan 
Post-hoc tests.    

 

3. Results and Discussions 

3.1. Characteristics of JAP 

The initial moisture content of fresh Jerusalem artichoke tubers was 82.9%, while the final 
moisture content of JAP was 5.31%, which indicated that approximately 93% of the water 
in the raw material could be removed by drying operation. Some images from dried 
samples could be seen in Fig. 1. Sucrose, D-glucose and D-fructose content of JAP samples 
were 18.11 g/100 g, 2.6 g/100 g, and 5.8 g/100 g, respectively. Other than that, JAP 
samples had 11.96% protein, 5.81% ash, and 2.09% lipid. Similar results were previously 
reported by Praznik et al. [14]. The dietary fiber content of JAP samples was recorded as 
58.76%, which is more than half of the chemical composition. This result indicated that 
dried Jerusalem artichoke tubers represent considerable potential for increasing dietary 
fiber content and so improving health-promoting effects of meat products as a natural and 
nutritious ingredient. Our findings were in accordance with Khuenpet et al. [15], who found 
that inulin content of JAP was 54.86/100 g. The composition of the tubers could differ 
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depending on varieties, harvesting maturity, storage time, growing conditions and 
processing technique [14, 15].     

 

  

   
Fig. 1 Some images of dried Jerusalem artichoke tubers and the final product 

 

Technological characteristics of JAP samples were as follows: WHC, OBC, and EC of the 
samples were 3.03±0.60 ml water/g, 3.63±0.45 ml oil/g and 150.0±7.0 ml oil/g, 
respectively. Afoakwah et al. [16] reported that oven-dried JAP had 4.30±0.10 g water/g 
WHC and 2.06±0.03 g oil/g OBC, and they stated that OBC of JAP are higher than many 
other fibers. In their study, freeze-dried JAP samples had higher OBC (3.02±0.14 g oil/g) 
compared to oven-dried samples, but the values were not as high as our results, probably 
due to the different origin of the raw materials. Rodríguez-Furlán et al. [9] reported that 
chicory inulin had 100±5 mL oil/g product EC. This result showed that JAP had a better 
emulsification ability compared to industrial inulin.  

VGI values of JAP samples were recorded as 10.1±1.2%, 53.3±4.8% and 100.0±0.0% in 
5%, 10% and 25% (w/v) water solutions, respectively. This result showed that an initial 
partial gel formation was observed in 5% water solution, whilst JAP samples were able to 
form a total gel structure in 25% water solution. Gel formation ability of JAP is a 
considerable quality attribute since the composite gel structure formed after hydrating and 
swelling of the samples could easily be distributed when used in the meat matrix. Kim et al. 
[12] reported that 30 and 35% inulin suspensions made 100% gel structure. Thus, JAP 
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samples could form a gel structure in lower concentrations compared to inulin, in other 
words gel formation ability was higher in JAP samples than in inulin samples.    

3.2. Characteristics of emulsified chicken meatballs 

The dietary fiber and salt content of emulsified chicken meatballs are presented in Table 1. 
Since the dietary fiber content of the meatballs was calculated based on the dietary fiber 
content of JAP samples, expectedly the values were increased with added JAP. According 
to this, the samples formulated with 3.8% JAP had 2.23% dietary fiber, while the samples 
formulated with 7.6% JAP had 4.46% dietary fiber. This result showed that in phosphate-
free meat product formulations, utilization of JAP would lead to increase dietary fiber 
content and thus improve the health profile of the product, besides to provide technological 
advantages. The salt content of the samples was between 0.77-0.97%, which was 
significantly affected by formulation (P<0.05). The highest salt content was recorded in 
samples containing STPP (P group), while the lowest salt content was recorded in samples 
containing 7.6% JAP (J3 and JC3 groups) (P<0.05). The relatively higher salt contents of P 
and C samples among treatments could be arised from the sodium content of these samples. 
It was noted that increased concentrations of JAP were effective to reduce salt content 
regardless of sodium carbonate incorporation. This result could be due to the increase in the 
dietary fiber content with added JAP, which might dilute the sodium chloride used in the 
formulation.       

Table 1. The dietary fiber and salt content of emulsified chicken meatballs 
Treatments* Dietary fiber content (%) Salt content (%)** 

P 0.00 0.97a±0.01 
C 0.00 0.95b±0.02 
J1 2.23 0.88c±0.01 

JC1 2.23 0.87c±0.03 
J2 3.35 0.82d±0.01 

JC2 3.35 0.82d±0.01 
J3 4.46 0.78e±0.01 

JC3 4.46 0.77e±0.01 
* The meatballs were formulated with P: 0.5% STPP, C: 0.2% Na2CO3, J1: 3.8% JAP, JC1: 3.8% JAP+0.2% 
Na2CO3, J2: 5.7% JAP, JC2: 5.7% JAP+0.2% Na2CO3, J3: 7.6% JAP, JC3: 7.6% JAP+0.2% Na2CO3.  
** Data are presented as the mean values of replications ± standard deviation of the mean. abcd: Means with the 
different letter in the same column are significantly different (P<0.05). 
 

Cook yield (CY) of the treatments are shown in Fig. 2. The values were between 77.19-
90.96% and significant changes among treatments were recorded (P<0.05). Samples with 
JAP and sodium carbonate (JC1, JC2, and JC3) showed similar CY to each other, but JC2 
samples had higher CY than samples with STPP (P). This data indicated that JC2 samples 
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showed a better performance than P samples to reduce fluid losses upon cooking. It was 
concluded that fiber-sourced ingredients have an important effect to meet the behaviors of 
phosphates by their water-holding ability in case of appropriate pH values. Our results were 
in agreement with Prabhu and Husak [17], who reported that utilization of native potato 
starch and sodium carbonate was effective to increase CY of phosphate-free pork loins.     

 

 
Fig. 2 Cook yield of emulsified chicken meatballs. The meatballs were formulated with P: 0.5% 

STPP, C: 0.2% Na2CO3, J1: 3.8% JAP, JC1: 3.8% JAP+0.2% Na2CO3, J2: 5.7% JAP, JC2: 5.7% 
JAP+0.2% Na2CO3, J3: 7.6% JAP, JC3: 7.6% JAP+0.2% Na2CO3. The standard deviation of the 
means ranged between 1.93-4.49. a, b, c: different letters indicate significant difference among 

means (P<0.05). 

 

4. Conclusions 

The results of the present research showed that oven-dried JAP is a health-promoting 
ingredient in terms of high dietary fiber content and also it has technological advantages 
over industrial inulin. Utilization of JAP in combination with sodium carbonate in 
emulsified chicken meatballs have a good potential to enhance the dietary fiber content and 
reduce the salt content of the product, simultaneously to increase cook yield. Overall, it was 
concluded that oven-dried JAP presented a good health profile and high technological 
quality with the aid of SC to be evaluated as inorganic phosphate replacers in formulation 
of emulsified poultry products.   
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Abstract 
In this study, it was aimed to determine the effects of partial replacement of 
beef fat with olive oil on quality changes of fermented turkey sausages 
(sucuk) during processing. Three formulations were prepared by using the 
lipid phase as 100% beef fat (control), 85% beef fat+15% olive oil and 70% 
beef fat+30% olive oil. Total moisture, pH, acidity, water activity (aw) and 
peroxide values were analyzed in sausage dough, at the end of the 
fermentation and at the end of ripening. The production steps significantly 
affected moisture decrease in samples, pH and aw values were decreased and 
acidity was increased in all samples during production. Peroxide value of the 
samples increased during processing steps and the samples with olive oil had 
higher peroxide values compared to control. The results showed that during 
processing steps of fermented turkey sausages, considerable changes could 
occur depending on lipid type.    

 

Keywords: sucuk, fermented sausage, dry fermentation, fat replacement, 
olive oil, turkey meat  
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1. Introduction 

Sucuk, one of the most popular Turkish fermented meat sausages, is typically produced 
from beef, beef backfat and/or tail fat, salt, sugar, garlic, nitrite/nitrates, various spices and 
other ingredients [1, 2]. However, poultry meat could also be utilized as the raw material of 
sucuk especially in industrial production to increase product variability and minimize costs. 
Fermented meat products are known to contain high contents of fat. Although fat plays a 
key role in most of the quality attributes like color, texture, flavor and nutritional value of 
meat products [3, 4], today saturated fat reduction and lipid modification approaches for 
developing healthier meat products are highly encouraged [5]. Olive oil is a well-known 
health promoting vegetable oil that contains mostly monounsaturated and polyunsaturated 
fatty acids, tocopherols and phenolic substances [6, 7]. The objective of the present study 
was to investigate the quality changes during processing of fermented turkey sausages 
(sucuk) formulated with olive oil as partial beef fat replacers.  

 

2. Materials and Methods 

2.1. Production of turkey sucuks 

Fresh post-rigor turkey breast muscles were supplied from a local butcher in Izmir. Other 
ingredients were purchased from local market. Breast muscles were trimmed of visible fat 
and connective tissues. Turkey meat and beef fat were then minced through a 3 mm plate 
grinder. Each treatment was formulated to contain 20% total fat. Control (C) group was 
formulated with 100% beef fat. Olive oil was added to the formulations by replacing 15% 
(O15) or 30% (O30) of beef fat. The other ingredients added to treatments were salt, 
saccharose, ascorbic acid, sodium nitrite, garlic powder and spice mix.  After mixing all the 
ingredients homogenously, the sausage doughs were then stuffed into casings using a filling 
machine (Alpina, Switzerland). Samples were allowed to stand at 22.5℃ and 60% relative 
humidity (RH) for 3 hours before fermentation in a fermentation chamber (Wisd, South 
Korea). After that, samples were fermented at 23℃ and 88% RH until the pH reached 5.4. 
After fermentation, sausages were ripened at 21℃ and 83% RH for 3 days and at 19℃ and 
73% RH, respectively to drop the moisture under 40%. During the production, sampling 
was performed in sucuk dough, at the end of fermentation (pH=5.4) and at the end of 
ripening (final product).  

2.2. Methods 

The total moisture content of the samples was determined according to AOAC [8]. pH was 
measured from three different points by using a pH-meter (WTW pH 330i/SET, Germany) 
with a penetration probe. Acidity was determined by a titrimetric method and expressed as 
lactic acid % [8].  Water activity (aw) was measured with a water activity measurement 
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device (Testo AG 400, Lenzkirch, Germany), with a 0.001 sensitivity. For peroxide 
analyses, fat was extracted with chloroform and methanol according to the method of Flynn 
and Bramblett [9] and the peroxide value was analyzed according to AOAC [8]. The data 
were analyzed by one way ANOVA using the SPSS software version 21. Differences 
among the means were compared using Duncan’s Multiple Range Test. A significance level 
of 0.05 was used for all evaluations. 

 

3. Results and Discussions 

The change in total moisture content of the fermented sausages is presented in Fig. 1. The 
moisture content of sausage doughs was between 61.31-64.33%, while the values were 
between 40.21-41.40% in final products. The production steps significantly affected 
moisture decrease in samples due to the removal of free water by drying operation. In final 
products, O15 samples had lower moisture content compared to other groups (P<0.05).  
While C and O15 had similar moisture contents, moisture increased with higher olive oil 
levels in the formulation. Formation of an olive oil film between casing and sucuk mixture 
resulted in an incomplete drying of the product. According to Bloukas et al. [10], the 
granulated animal fat in sausage mixture helps to loosen up the structure, which aids the 
continuous release of moisture from the inner layer of the product. 

 

 
Fig. 1 Moisture content of fermented turkey sausages during processing. The lipid phase of the 
samples was formulated with C: 100% beef fat, O15: 85% beef fat+15% olive oil, O30: 70% beef 

fat+30% olive oil 

 
pH values, acidity, and water activity (aw) of sucuk samples recorded during processing are 
given in Table 1. In sucuk dough, pH values were between 5.80-5.85, no significant 
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differences were recorded among samples. pH values were significantly decreased and 
acidity was significantly increased in all samples during production (P<0.05) with the 
effect of lactic acid fermentation. In final products pH values were between 5.23-5.31, pH 
values of O15 and O30 samples were higher than C samples (P<0.05). Geçgel et al. [11] 
reported that utilization of various vegetable oils in fermented beef sausages resulted in an 
increment in pH values. Despite the increase in pH values of olive oil treatments, the 
addition of olive oil had an increasing effect on the acidity of the final products (P<0.05). 
That is probably due to free fatty acids naturally present in olive oil. In sucuk doughs, aw 
values were recorded between 0.939-0.947, all the samples had similar values. aw values of 
all the samples were significantly decreased during production (P<0.05) due to the decrease 
in free water content by the drying process. Although no significant differences in aw of the 
samples were recorded after fermentation, in final products, the samples formulated with 
olive oil had higher aw values compared to control (P<0.05). This result could be arisen 
from different interactions of various lipids with meat protein matrix affecting drying 
behavior. The aw values recorded during processing were in accordance with Ensoy [12].  

 

Table 1. The change in pH, acidity and water activity of fermented turkey sausages during 
production 

  Treatments* 

  C O15 O30 

pH 

Dough 5.80a, A±0.02 5.82a, A±0.13 5.85a, A±0.29 

After fermentation 5.41b, A±0.13 5.43b, A±0.21 5.42b, A±0.11 

Final product 5.23c, B±0.04 5.31c, A±0.02 5.29c, A±0.03 

Acidity 

Dough 0.54c, B±0.01 0.52c, B±0.02 0.65c, A±0.01 

After fermentation 0.98b, AB±0.02 0.94b, B±0.01 1.03b, A±0.03 

Final product 1.13a, B±0.02 1.23a, A±0.01 1.29a, A±0.04 

Water activity 
(aw) 

Dough 0.939a, A±0.03 0.947a, A±0.02 0.939a, A±0.00 

After fermentation 0.927b, A±0.05 0.934b, A±0.04 0.922b, A±0.01 

Final product 0.906c, B±0.01 0.913c, A±0.04 0.917c, A±0.00 
* The lipid phase of the samples were formulated with C: 100% beef fat, O15: 85% beef fat+15% olive oil, O30: 
70% beef fat+30% olive oil 
Data are presented as the mean values of replications ± standard deviation of the mean. For different analysis; 
abcd: Means with the different letter in the same column are significantly different (P<0.05). ABC: Means with 
the different letter in the same row are significantly different (P<0.05). 
 
Peroxide values of the treatments are shown in Fig. 2. The values of the dough samples 
showed that autoxidation reactions had already started before stuffing. Processes of mixing 
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and stuffing were not carried out under vacuum conditions; therefore the presence of high 
concentration of oxygen in dough could lead the early development of autoxidation 
reactions. The processing steps were recorded to increase lipid oxidation of all the samples 
in terms of peroxide value (P<0.05). However, in all cases, peroxide value was lower than 
25 meq O2/kg of fat which is the limit of acceptability for fatty foods [13, 14]. Peroxide 
values of the final products formulated with olive oil were higher compared to control 
(P<0.05), probably due to the high unsaturated fatty acid content of olive oil. Similarly, 
Geçgel et al. [11] reported that incorporation of different vegetable oils to the formulation 
of fermented beef sausages caused increments in peroxide values. 

 
 

 
 

Fig. 2 Peroxide values of fermented turkey sausages during processing. The lipid phase of the 
samples was formulated with C: 100% beef fat, O15: 85% beef fat+15% olive oil, O30: 70% beef 

fat+30% olive oil 
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3. Conclusions 

The results showed that during processing steps of fermented turkey sausages (sucuk), 
considerable changes could occur depending on lipid type. Since olive oil treatments had 
different pH, acidity and water activity values from control treatments with beef fat, these 
features could change sensory characteristics and shelf life of the product. Thus, free water 
content and thereby water activity should be considered during the production of fermented 
sausages formulated with vegetable oils. In addition, since olive oil is highly susceptible to 
lipid oxidation and thereby incorporation of it resulted in an increment in peroxide values, 
utilization of antioxidants or encapsulation of the added oil could be suggested to improve 
the oxidative stability of the product.    
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Abstract 
This research work is about dehydrofreezing assisted by DIC treatment as an 
innovative conservation process of apple fruits. Samples previously 
dehydrated and DIC treated were frozen at -30 °C and at two different 
practical freezing rates. The effects of sample water content (W) and 
practical freezing rate (PFR) on freezing characteristics and apple texture 
were examined. Thaw exudate water (TEW) of 200% and 100% db samples 
was approximately 3 g/100 g water. Whereas, it was lower than 0.5 g/100 g 
water for samples with 30% db W during thawing at 4 °C. Moreover, the 
impact of PFR on TEW was significant and very important only for high W 
samples. For samples whose water content was lower than 100% db, 
firmness was as higher as the W was lower, without any significant impact of 
PFR.  

Keywords: Dehydrofreezing; Instant controlled pressure drop; Water 
content; Practical freezing rate; Texture. 
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1. Introduction 

Freezing is a common fruit and vegetable conservation process that preserves the sensorial 
quality and nutritional compounds [1]. However, in the case of high-water-content 
perishable fruits and vegetables, the treatment is usually accompanied by irreversible 
damage of cell structures and possible deterioration of textural quality of the frozen 
products after thawing due to large ice crystals formed in the tissue during freezing process 
[2]. Dehydrofreezing which is a preservation process that involves partial dehydration 
before freezing can be used in order to diminish tissue damage [3-5].  
The reduction in the product water content before freezing improves both freezing 
performance and product quality in the case of Golden delicious apples [6]. Process 
performance is revealed through an improvement of freezing rate and a decrease of freezing 
time [7] as well as lower energy consumption, lower cost of packaging, distribution, and 
storage. Whereas, quality improvement includes better preservation of structural and 
textural characteristics and decrease of thaw exudate water rich on soluble nutrients. 
In the other hand, since the partially dried products are not yet microbiologically stabilized, 
subsequent treatment is necessary, before freezing, for product decontamination.  
Likewise, to remove the impact of possible shrinkage of partially dried products instant 
controlled pressure drop (DIC) process is also required [8]. 
However, no work has been reported in the literature about mechanical properties after the 
combined process ‘‘air drying + DIC + freezing’’. Hence, the main objectives of this study 
were to (i) establish a new freezing method, namely, DIC-assisted dehydrofreezing, and to 
(iii) assess and compare the impacts of water content and practical freezing rate on thaw 
exudate water and textural characteristics of dehydrofrozen products previously DIC 
treated. 

2. Materials and Methods 

2.1. Process treatments 

Initial water content (W) of apple fruits (var. Golden delicious) was determined according 

to AOAC official method 934.06 [9]. It was of 700±10% dry basis (db). Discs of 10.0±0.2 

mm thick were prepared for process treatments and texture analysis. 

2.2. Partial drying 

Partially drying experiments were carried out in a airflow dryer under constant conditions: 
air temperature, air velocity, and air relative humidity of 45 °C, 2 m/s, and 12%, 
respectively. Drying experiment was stopped once desired water content (W) levels were 
attained (200, 100, and 30% db). 
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2.3. DIC treatment 

Partially dried apple samples with different water contents (200, 100, and 30% db) were 
DIC treated by an adequate equipment (ABCAR-DIC Process, La Rochelle, France).  
2.4. Freezing 

Partially dried and DIC treated apple samples at different water content levels were frozen 
in a freezer (Whirlpool Model AFG 363/G, Italy) with air temperature of -30 °C at two 
different practical freezing rates;high practical freezing rate (PFR+) and low practical 
freezing rate (PFR−) depending on the thermal resistance established between the freezing 
airflow and the sample surface [7]. 

2.5. Thawing process 

Completely frozen apple samples previously DIC treated were thawed in a refrigerator 
(FAR Model RT 140, Romania) at 4 °C overnight just before starting the textural 
measurements [6]. 

2.6. Quality assessments 

2.6.1. Determination of thaw exudate water  

Dehydrofrozen DIC treated-apple samples were used to measure thaw exudate water 
(TEW) expressed in g/100 g water, during the thawing phase [7,10]. 

2.6.2. Texture measurement 

Textural firmness of DIC treated-dehydrofrozen/thawed apple slices was evaluated by 
measuring the maximum puncture force through a puncture test with a cylindrical puncture 
probe of 2 mm in diameter at a constant speed of 5 mm/s using Instron Universal Testing 
machine (Model 5543, USA) [6].  

2.7. Statistical analysis 

Bifactorial analysis of variance and SNK test were carried out using the Statistical Package 
for the Social Sciences (SPSS) version 20. 

3. Results and discussions 

3.1. Thaw exudate water 

The impacts of water content (W) of apple samples and practical freezing rate (PFR) on 
thaw exudate water (TEW) during thawing of DIC treated-dehydrofrozen apple samples 
were investigated and experimental results are illustrated in Figure 1. 
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Figure 1. Impacts of water content and practical freezing rate on thaw exudate water (TEW) of 

DIC treated-dehydrofrozen apples. (Data are expressed as the mean ± standard deviation. Values 

for the same practical freezing rate having the same letter (a, b and c) for thaw exudate water 

(TEW) are not significantly different at a confidence level of 95%. Values for the same water 

content level having the same letter (A, B and C) for thaw exudate water (TEW) are not 

significantly different at a confidence level of 95%). 

Figure 1 shows the impact of the two different practical freezing rates on the thaw exudate 
water (TEW) of dehydrofrozen DIC treated-apple samples with different water contents 
(200, 100, and 30% db) during thawing process. Thaw exudate water (TEW) of 200% and 
100% db apple samples frozen at -30 °C was approximately 3 g exudate water /100 g water 
in the product at high practical freezing rate (PFR+) after thawing at a temperature of 4 °C. 
Indeed, it was lower than 0.5 g/100 g water for apple samples with 30% db water content 
and frozen at the same practical freezing rate (PFR+).  
Previous researches have equally demonstrated that dehydration by hot air causes a 
diminution in drip loss during the thawing process in the case of dehydrofrozen strawberry 
and pineapple fruits [11,12]. These authors reported that air drying prior to freezing 
presents the advantage of decreasing the drip loss and the water exudate volume after 
thawing process as compared to osmotic dehydration [11,12]. 
As it is shown in Fig. 1, the higher the initial water content of dehydrofrozen apples, the 
higher the amount of TEW. Same results were obtained for several dehydrofrozen fruits 
such as strawberry, kiwi fruits, and pears [13,14]. The TEW decrease during thawing of 
DIC treated-dehydrofrozen samples may also be explained by a preservation of the 
structural and textural properties of apple samples as a consequence of the partial removal 
of water before freezing.  
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In the other hand, the impact of practical freezing rate on thaw exudate water (TEW) was 
significant and very important for high water content samples (200% and 100% db). It had 
less significantly detrimental effect on TEW for lower water content samples (30% db).  

3.2. Texture variation 

The maximum puncture forces (firmness) after thawing of DIC treated-dehydrofrozen apple 
samples, which were frozen at two different practical freezing rates (PFR+ and PFR-) are 
shown in Figure 2.  

 

Figure 2.  Impacts of water content and practical freezing rate on firmness of DIC treated-

dehydrofrozen apples. (Data are expressed as the mean ± standard deviation. Values for the same 

practical freezing rate having the same letter (a, b and c) for maximum puncture force are not 

significantly different at a confidence level of 95%. Values for the same water content level having 

the same letter (A, B and C) for maximum puncture force are not significantly different at a 

confidence level of 95%). 

As it is shown in Figure 2, firmness (maximum puncture force) of DIC treated-
dehydrofrozen apple samples was constant (about 2 N) for high water content levels of 
200% and 100% db, for both practical freezing rates. It increased for lower water content to 
reach 6.5 N for 30%-db samples, while no effect due to practical freezing rate was 
evidenced. ANOVA and LSD tests carried out for the firmness values statistically 
confirmed these differences. DIC-dehydrofreezing/thawing processes induced a significant 
(p<0.05) increase of firmness with the decrease of sample humidity. Moreover, according 
to the result of the simple range test (SNK test), two homogeneous groups were identified. 
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The first group includes 200% and 100%-db apples. The second group only included 
samples with water content of 30% db. 
These results confirmed that the significant impacts of water content on firmness obtained 
in the case of dehydrofrozen apples without DIC pretreatment, with also an insignificant 
effect of practical freezing rate. Firmness values of dehydrofrozen/thawed and non DIC 
pretreated apples were about 2, 4.5, 7, and 12 N for samples with water contents of 700, 
200, 100, and 30% db, respectively [7]. Firmness of dehydrofrozen apples was found to be 
higher for samples non-DIC treated. This difference on firmness is explained by textural 
modifications caused by DIC treatment applied before freezing as texturing process [6]. 
Similar results, concerning the impact of air drying performed as freezing pretreatment on 
textural properties, were obtained for dehydrofrozen/thawed strawberry and kiwi fruits 
[11]. Airflow drying as freezing pretreatment resulted in dehydrofrozen/thawed products 
with improved textural properties and higher firmness. Indeed, the low water content of 
dried samples prevents the cell wall damage and preserve the product structure during 
freezing and thawing processes [2,6]. 

4. Conclusions 

Fruits and vegetables present a category of food products which is characterized by high 
water content generally higher than 500% db. This category of agriculture products can also 
be characterized by initial microbial contamination. Partial drying coupled to instant 
controlled pressure drop (DIC) as adequate pretreatment should present an intensification 
way for fruit and vegetable freezing process. The coupling of these operations presents 
several advantages concerning the product stability through a partial removal of water and a 
decontaminating pretreatment.  
Thaw exudate water for DIC treated-dehydrofrozen apples during the thawing was 
approximately 3 g/100 g water for high water content samples (200 and 100% db). 
Whereas, it was lower than 0.5 g/100 g water for samples with 30% db water content. The 
impact of practical freezing rate on thaw exudate water was significant only for high water 
contents. For low water content level (30% db), practical freezing rate became a less 
important parameter for freezing process.  
Water content had a significant effect on the textural properties of apple fruits after DIC-
dehydrofreezing/thawing processes. In fact, fruit sample firmness increased when water 
content decreased for both practical freezing rates. Whereas, practical freezing rate had an 
insignificant impact on apple firmness. 
In conclusion, partial removal of water constitutes a promising solution to reduce the 
negative impacts of freezing on textural quality. This process coupled with a texturizing 
pretreatment, showing perfect decontamination effects, can be suggested as an innovative 
fruit and vegetable conservation process. This new method allow obtaining dehydrofrozen 
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products with high textural quality after thawing and particularly without imposing a severe 
control of the partial drying step especially for the microbiological quality of products. 
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Abstract 
Apple samples were submitted to partially drying prior to freezing. Then, 
quality assessments were achieved in order to evaluate the quality of these 
various frozen samples during frozen-storage. Significant positive effects of 
water content were observed on thaw exudate water and total color 
difference of dehydrofrozen/thawed apples. Total polyphenol content and 
total flavonoid content losses were important for samples without any 
dehydration pretreatment. They noticeably decreased when water content 
decreased during the whole period of storage. Thus, a partial removal of 
water prior to freezing is a relevant way to maintain the stability of fruit 
quality during long-term frozen-storage.  

 

Keywords: Apple fruits; dehydrofreezing; frozen storage; color; polyphenol. 
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1. Introduction 

Dehydrofreezing is defined as a preservation method for fruits and vegetables characterized 
by their high water content. It is a process that involves a partial dehydration phase prior to 
freezing in order to diminish the amount of water and prevents the cell wall damage during 
freezing and thawing processes due to the increase of water volume during freezing. 
Previous investigations have demonstrated that dehydrofreezing reduces freezing time and 
improves freezing rates [1,2]. This combined process improves the textural firmness of 
frozen/thawed fruits and vegetables [3,4]. Dehydrofreezing reduces the thaw exudate water 
during thawing stage [3,5,8,10]. Several previous studies were interested on 
dehydrofreezing impacts on the global quality of fruits and vegetables through the 
assessment of different parameters such as color [6,7,10], ascorbic acid [3], and bioactive 
molecules [10]. Frozen fruits and vegetables undergo quality changes throughout the 
subsequent frozen storage. Moreover, physical changes during storage at negative 
temperatures may imply ice recrystallization, which results in deleterious textural and 
nutritional changes. It also would reverse the advantages of fast freezing. By inserting 
before freezing a pretreatment stage of partial dehydration, the quality loss of fruits and 
vegetables should be minimized not only during the freezing step but also during frozen 
storage. As far as we know, little information exists about the impact of the coupling of air 
drying and freezing processes on the nutritional quality and the bioactive composition of 
dehydrofrozen/thawed fruits and vegetables during long-period frozen storage. Thus, this 
study focused on studying the impact of the coupling of air drying and freezing, named 
dehydrofreezing process on the evolution versus frozen storage time at -18 °C and initial 
water content of 1/ color, 2/ total polyphenol content, 3/ total flavonoid content, and 4/ the 
thaw exudate water during thawing of apple fruits. 

2. Materials and Methods 

2.1. Process treatments 

2.1.1. Partial drying 

1-cm Golden delicious apple disks with initial water content of about 7±0.1 g H2O/g db 
(dry basis) were dried in an airflow dryer under constant conditions of airflow temperature 
(45 °C), velocity (2 m/s), and relative humidity (12%). dehydration was stopped when 
selected water content levels were reached (2, 1, and 0.3 g H2O/g db).  

2.1.2. Freezing 

Samples of fresh and partially airflow dried apple initially containing different water 
content levels (W); (7 (fresh), and 2, 1, and 0.3 g H2O/g db (for partially dehydrated 
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samples)) were frozen in a freezer (Whirlpool Model AFG 363/G, Italy) with an air 
temperature of -30 °C at forced convection conditions. 

2.1.3. Frozen storage 

Frozen and dehydrofrozen apple samples were stored at -18 °C for 18 months as Frozen 
Storage Time FST period. Samples were retrieved each month during the first three months 
of storage and each 3 months until the end of the storage period for quality assessments. 

2.1.4. Thawing 

Frozen and dehydrofrozen apple samples were thawed at 4 °C in a refrigerator (FAR Model 
RT 140, Romania) overnight just before starting the different analyzes. 

2.2. Quality assessments 

2.2.1. Thaw exudate water 

Thaw exudate water (TEW) of frozen or dehydrofrozen apple samples was measured in 
triplicate for each treatment during the thawing phase [5].  

2.2.2. Color measurement 

For each sample, parameters L, a, and b were measured three times directly on the product 
using a colorimeter (Konica Minolta CR-410, Japan). Total color difference (TCD) between 
fresh and frozen and between dried and dehydrofrozen samples for each initial water 
content and storage time was calculated. 

2.2.3. Total polyphenol content 

Total polyphenol contents of fresh, dried, frozen, or dehydrofrozen/thawed apples were 
assayed during frozen storage [13]. 

2.3. Statistical analysis 

Bifactorial analysis of variance and SNK test were carried out using the Statistical Package 
for the Social Sciences (SPSS) version 20. 

3. Materials and Methods 

3.1. Thaw exudate water 

Table 1 shows the thaw exudate water (TEW) of apple samples just frozen, dehydrofrozen 
and during long-term frozen storage at -18 °C for 18 months.  
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Table 1. Effect of -18°C-storage on thaw exudate water during thawing of dehydrofrozen apple. 
FST 

(months) 
TEW (%) 

W (g H2O/g dry basis db) 
 7 2 1 0.3 

0 14.64±0.92bA 3.42±0.57aB 0.38±0.13aC 0.23±0.13aC 
1 15.03±1.22bA 3.47±2.21aB 0.75±0.32aC 0.25±0.19aC 
2 16.70±2.05abA 3.89±1.38aB 0.63±0.10aC 0.33±0.08aD 
3 17.60±1.77abA 2.88±1.81aB 0.88±0.18aC 0.23±0.05aD 
6 17.18±1.48abA 3.68±1.87aB 0.75±0.18aC 0.27±0.24aC 
9 17.13±1.49abA 3.81±1.26aB 0.31±0.31aC 0.21±0.16aC 
12 20.18±0.63aA 3.46±1.58aB 0.64±0.20aC 0.32±0.34aC 
15 19.08±1.32abA 3.53±1.78aB 0.33±0.32aC 0.22±0.13aC 
18 19.77±1.05abA 4.96±1.11aB 0. 83±0.26aC 0.38±0.06aD 

W: Initial water content g H2O/g dry basis db), TEW: Thaw exudate water (g/100 g initial water); FST: Frozen 
storage time (months). Data are expressed as the mean ± standard deviation. Different letters (A-D) within a same 
row differ significantly (P < 0.05). Different letters (a-b) within a same column differ significantly (P < 0.05). 

As previously indicated, since apple samples have initially before freezing different water 
contents, the thaw exudate water (TEW) was expressed as gram of water exudate/100 g 
initial water of concerned product before freezing. The impacts of initial water content (W) 
of apple samples and frozen storage time (SFT) on thaw exudate water (TEW) were 
investigated.  

During thawing at a temperature of 4 °C, TEW of fresh apple samples without previous 
dehydration (samples with 7 g H2O/g db as initial water content) was approximately of 15 
g/100 g initial water. Fresh apple samples had significantly higher value of TEW than all 
partially air dried samples. This amount of TEW was important and significantly increased 
although slightly during the frozen storage time period of 18 months at -18 °C. According 
to Goncalves et al. [14], during frozen storage, recrystallization of ice crystals may cause 
more loss of cell turgor causing a leakage of fruit cell content and decrease of cell water 
holding capacity, resulting in increasing of thaw exudate water versus storage time.  

Thaw exudate water was about 4 g/100 g initial water for apple samples with initial water 
content of 2 g H2O/g db, and about 0.5 g/100 g initial water for samples of 1 and 0.3 g 
H2O/g db initial water content. This low thaw exudate water level reveals high preservation 
of structural and textural quality issued from a better preservation of cell walls. This 
contributes to the slowing down of water loss from the internal cells [11].  

From our point of view, the most important point, which is worth to be highlighted here is 
that, for previously dehydrated apple samples, TEW remained constant and negligible 
during the whole storage period. Partial removal of water before fruit freezing appeared as a 
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relevant way to preserve the structural and maintain the textural properties of frozen/thawed 
fruits. This improves its stability during storage.  

3.2. Color 

Table 2 shows the total color difference (TCD) induced by freezing/dehydrofreezing and 
thawing of apple samples during storage at -18 °C for 18 months and after thawing. 

Table 2. Effect of -18°C-storage during 18 month-freezing on total color difference of 
dehydrofrozen apple. 

FST 
(months) 

TCD (-) 
W (g H2O/g db) 

7 2 1 0.3 
0 33.56±5.94aA 31.66±2.06aA 21.88±7.71aA 15.59±6.15aB 
1 29.28±3.49aA 30.47±6.91aA 25.14±5.76aA 15.61±4.53aB 
2 28.20±5.19aA 30.15±6.84aA 25.72±2.86aA 14.03±6.82aB 
3 31.44±7.12aA 34.62±5.98aA 22.57±3.67aA 10.91±3.96aB 
6 32.70±1.93aA 32.74±8.09aA 26.51±7.45aA 12.14±5.66aB 
9 32.71±2.42aA 32.48±5.63aA 21.09±2.86aA 15.10±7.52aB 

12 27.74±6.21aA 32.80±4.23aA 25.20±7.54aA 13.95±6.91aB 
15 30.94±5.88aA 30.66±5.19aA 20.90±6.39aA 11.50±5.79aB 
18 29.34±5.47aA 33.34±4.71aA 20.81±5.19aA 10.56±5.69aB 

W: initial water content (g H2O/g db), FST: Frozen storage time (months), TCD: total color difference (-). Data 
are expressed as the mean ± standard deviation. For each color parameter, different letters (A-B) within a same 
row differ significantly (P < 0.05). Different letters (a-b) within a same column differ significantly (P < 0.05). 

As it is shown in Table 2, the global effect of freezing and thawing processes on color 
decreased and became negligible for apple samples with low water content. Indeed, the 
total color difference (TCD) was 33.5 and 15.5 for samples with initial water contents of 7 
and 0.3 g H2O/g db, respectively (Table 2). The freezing/thawing effect decrease is 
explained by the lower water activity of samples and consequently lower rate of enzymatic 
browning reactions [22]. The freezing impact decrease on fruit color is also attributed to the 
air-drying step, which caused the reduction of phenolase activity and enzymatic browning 
[23]. On the other hand, partial removal of water from fruit cells could protect product color 
due to lower structural damage as a result of freezing decreasing the enzymatic browning in 
damaged tissue [4]. 
In contrast, total color difference was almost constant during the whole storage period of 18 
months at -18 °C. According to Forni et al. [23], the air-drying step reduced the phenolase 
activity and thus increased color stability of dehydrofrozen/thawed apricot during storage. 
To conclude, the coupling of air drying and freezing processes induced lesser color changes 
at lower water content levels. These color losses are almost stable during the whole frozen 
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storage period. Thus, the combination of these two conventional food unit operations is 
very useful for the color stability of frozen/thawed fruit during storage. 

3.3. Total polyphenol content 

The results of total polyphenol contents (TPC) in frozen and dehydrofrozen apples with 
different water contents during frozen storage at -18 °C and after thawing are given in 
Table 3. 

Table 3. Effect of -18°C-storage on total polyphenol content of dehydrofrozen apples. 

FST (months) 
TPC (g AGE/100 g DW) 

W (g H2O/g db) 
7 2 1 0.3 

0 0.43±0.04aA 0.19±0.03aC 0.18±0.01aC 0.29±0.01aB 
1 0.44±0.01aA 0.21±0.03aC 0.19±0.01aC 0.28±0.01aB 
2 0.43±0.05aA 0.19±0.01aC 0.18±0.01aC 0.27±0.01aB 
3 0.40±0.03aA 0.20±0.02aC 0.18±0.01aC 0.28±0.01aB 
6 0.37±0.03aA 0.21±0.02aC 0.18±0.01aC 0.28±0.01aB 
9 0.38±0.02aA 0.20±0.01aC 0.19±0.01aC 0.27±0.01aB 
12 0.42±0.02aA 0.21±0.01aC 0.18±0.01aD 0.28±0.01aB 
15 0.40±0.05aA 0.20±0.01aC 0.19±0.02aC 0.28±0.01aB 
18 0.39±0.02aA 0.20±0.01aC 0.17±0.01aD 0.26±0.01aB 

W: Initial water content (g H2O/g db); FST: Frozen storage time (months); TPC: total polyphenol content (g 
AGE/100 g DW).Data are expressed as the mean ± standard deviation. Different letters (A-D) within a same row 
differ significantly (P < 0.05). Different letters (a-d) within a same column differ significantly (P < 0.05). 

Fresh Golden delicious apple samples present a total polyphenol content (TPC) of 0.62 g 
AGE/100 g db. Partial air drying results in significant reduction of TPC. TPC of partially 
dried apple samples were 0.26, 0.22, and 0.29 g AGE/100 g db for water contents of 2, 1, 
and 0.3 g H2O/g db, respectively. TPC losses as compared with fresh samples varied from 
52 to 64%. According to Korus [26], hot air drying caused phenolic compounds 
degradation and promoted polyphenols oxidation by the oxygen absorbed from the air of 
convective drying. Loss in polyphenol content is also ascribed to their use as reactants in 
the Maillard reaction.  

Similarly, freezing caused significant reduction in TPC. TPC losses were important for 
apple samples without any pre-dehydration stage and decreased for partially dried apples 
before freezing. Indeed, TPC losses caused by freezing and thawing processes are about 30, 
25, 17, and 5% for samples with initial water contents of 7, 2, 1, and 0.3 g H2O/g db, 
respectively. In fact, freezing results in cell de-compartmentalization allowing reactions 
between genuine enzyme activities and their corresponding substrates [27,28]. Therefore, 
phenolic compounds may already be degraded during thawing due to their interaction with 
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oxidative enzyme activities such as polyphenoloxidases (PPO) which is more active at high 
water activity fruit samples [29,30].  

As it is shown in Table 3, frozen storage time (FST) had insignificant effect on TPC for 
frozen and dehydrofrozen/thawed apple samples with different water contents. No data was 
found about the impact of coupling convective air drying and freezing on the polyphenol 
content of fruits and vegetables during their frozen storage.  

4. Conclusions 

The dehydrofreezing performed by coupling airflow dehydration, as pretreatment for partial 
removal of water from apple fruit cells, prior to freezing resulted in higher preservation 
quality in terms of reduced thaw exudate water reflecting better texture quality, color 
retention, and ameliorating the bioactive composition. This combined process guarantees 
the stabilization of frozen product quality accomplished during subsequent long term frozen 
storage.  

To conclude the partial dehydration of fruits before freezing is a pertinent way to minimize 
the quality alteration caused by freezing and thawing processes and to obtain products with 
high quality stability during storage. However, the pretreatment used for water removal 
must be optimized to minimize the quality losses at this step. 
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Abstract 
Combined effects of sodium carbonate (SC) pretreatment and hybrid drying 
methods (freeze drying-instant controlled pressure drop drying (FD-ICPDD), 
hot air drying (HAD-ICPDD) on nutritional and antioxidant properties of 
Goji berries were investigated. Compared with distilled water pretreatment, 
SC pretreatment could obtain products with better quality. Goji dried by FD-
ICPDD showed better overall quality than that dried by HAD or FD alone. 
FD-ICPDD products exhibited higher contents of total Lycium barbarum 
polysaccharide (140 g/kg), total carotenoids (2.4 g/kg) as well as the 
strongest ABTS.+ radical scavenging activity (57.6 μmol TE/g). FD-ICPDD 
could be an alternative drying method for processing valuable agro-products. 

 

Keywords: sodium carbonate, instant controlled pressure drop drying, 
nutritional properties, antioxidant activity 
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1. Introduction 

Goji  is in the Solanaceae family that has been used as a functional food and traditional herb 
in Asian countries [1]. It contains many active compounds including phenols, carotenoids 
and polysaccharides possessing biological activates such as anti-aging, antioxidant 
properties and so on [2]. For preservation, drying  is still the main processing method to 
prolong the shelf-life of Goji [3]. Several drying methods, such as sun drying, hot air drying, 
vacuum drying, and freeze drying, have been conducted on Goji [4,5]. Each drying technique 
has advantages and restrictions. However, combined drying process can integrate the 
strengths of different drying methods so as to preserve quality of final products [6]. Instant 
controlled pressure drop drying (ICPDD), also called explosion puffing drying (EPD) [7], is 
an emerging drying technology which always in conjunction with other drying methods like 
hot air and freeze drying and produce the products with better quality [8]. Drying of fresh 
Goji is difficult owing to the wax layer on the surface which could block moisture 
transport. Sodium carbonate (SC) was used as a traditional pretreatment to break the wax 
layer of Goji so as to accelerate the drying rate. But there is little report about the effect of 
SC pretreatment coupled with combined drying especially on ICPDD of Goji. Hence, to 
enhance drying efficiency and improve the overall quality, combined effects of sodium 
carbonate pretreatment and hybrid drying methods (FD-ICPDD and HAD-ICPDD) on the 
nutritional and antioxidant properties of Goji was evaluated. Freeze drying and hot air 
drying were used as comparative study. 

2. Materials and Methods 

2.1 Sample preparation 

 

2.1.1 Raw material 

Goji was grown in Yinchuan, Ningxia Hui Autonomous Region, China with initial water 
content was about 804±2 g/kg dry base (d.b.). Those without mechanical damage and decay 
were used and the fruit pedicles were removed before experiment.  

 
2.1.2 Pretreatment  

Goji fruits were immersed into the SC solution (20 g/kg) for 1 min at room temperature 
with the liquid to solid ratio of 10:1 (ml:g). Control samples were treated by distilled water 
(DW) under the same condition. Fresh Goji fruits were used for HAD and HAD-ICPDD. 
For FD and FD-ICPDD processing, samples were frozen at -80ºC before used.  
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2.1.3 Equipment and Drying Process 

Freeze dryer (Alphal 1-4Lplus, MARIN CHRIST Co. Ltd Osterode, Germany), hot air 
dryer (HDS-D120B-D, Haiti Sheng Machinery Co. Ltd., Liaoning, China) and instant 
controlled pressure drop dryer (Tianjin Qin-de New Material Technology Co. Ltd., Tianjin, 
China) were used. The drying conditions of four different drying methods are exhibited in 
Table 1. The dried products were ground into powder and pass through a 60 mesh sieve, 
which were then kept at 4ºC for further chemical analysis. 

Table 1. Drying conditions of four different drying methods 
Drying  
Methodsa 

Pretreat 
mentsa 

Drying  Conditions 
Drying  
Time(h) 

Freeze drying 
DW 

First drying stage: at -55ºC and 0.37 kPa; 
Second drying stage: at 25ºC 

58 h 

SC The drying conditions was the same as DW 58 h 
Freeze drying 
-instant 
controlled 
pressure drop 
drying 

DW 
Freeze drying at -55ºC and 0.37 kPa for 14 h; 
explosion puffing of 90℃ for 15 min, then 
vacuum drying at -0.1 MPa and 60ºC for 1.5 h. 

15.5 h 

SC The drying conditions was the same as DW 15.5 h 

Hot air drying 

DW 
The drying time and temperature of air drying 
was 40ºC (2 h)-50ºC (4 h)-60ºC (12 h), air 
velocity 1.2 m/s, relative humidity 40% 

18 h 

SC 
The drying time and temperature of air drying 
was 40ºC (2 h)-50ºC (4 h)-60ºC (8 h), air 
velocity 1.2 m/s, relative humidity 40% 

14 h 

Hot air -
instant 
controlled 
pressure drop 
drying 

DW 
Hot air drying: 40ºC (2 h)-50ºC (4 h); explosion 
puffing at 90℃ for 15 min, then vacuum drying 
at -0.1 MPa and 60ºC for 1.5 h. 

7.5 h 

SC 
Hot air drying: 40ºC (2 h)-50ºC (2.5 h); 
explosion puffing at 90ºC for 15 min, then 
vacuum drying at -0.1 MPa and 60ºC for 1.5 h 

6 h 

 

2.2 Sample extraction 

Methanol-water solution was applied for sample extraction in this study. The extraction 
method was the same as Istrati et al. (2013) [9]. Samples were then filtered pass through a 
0.45 μm microporous membrane for the analysis of total phenolic content, total flavonoid 
content, and antioxidant activity on the UV-visible spectrophotometer (UV1800, Shimadzu 
Co. Ltd., Kyoto, Japan).  
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2.3 Nutritional properties 

2.3.1 Total carotenoids content  

Total carotenoids content (TCC) was measured according to Knockaert et al. (2012) [10].. 

 
2.3.2 Total Lycium barbarum Polysaccharide content 

The total Lycium barbarum polysaccharide (LBP) content was performed according to the 
procedure presented by Zhao et al. (2015) [4] with slight modification. Goji powder was 
extracted by ultrasonic at 40 kHz for 2 h. After centrifugated, the supernatant was 
condensed to a proper volume and precipitation was dissolved with ethanol until the 
concentration of ethanol is over 80%. Then the solution was placed at 4ºC for 24 h to make 
the LBP settled. The settling was dissolved with distilled water and set to 100 mL. 
Solutions were analyzed for LBP, by the phenol–sulfuric acid method and concentrations 
determined against a glucose standard.  

2.3.3 Total phenolic content  

Briefly, 0.4 mL of the extracts was transferred to the volumetric flask (10 mL) followed by 
1 mL of Folin-Ciocalteu’s reagent (10 times dilution) and after 6 min 2 mL of sodium 
carbonate solution (75 g/kg) was added. Then the volumetric flask was adjusted to the total 
volume with the distilled water and mixed thoroughly. The mixture was allowed to stand 
for 60 min at 30ºC and measured at 765 nm [11]. The TPC was presented as mg/g dry base 
(d.b.) of gallic acid equivalents (GAE).  

2.4 Antioxidant activity (FRAP and ABTS assay) measurement 

The FRAP and ABTS assay were measured according to the method of Wang et al. (2012) 
[13] and Jihyun et al. (2010) [14], respectively. 

2.5 Statistical Analysis 

All the experimental data was conducted in three replicates and the results were expressed 
as mean ± standard deviation. The SPSS V21.0 Software (IBM Corporation, Chicago, 
USA) was used for statistical analysis, applying a one-way analysis of ANOVA test and 
Duncan's multiple comparison test at P < 0.05.  

3. Materials and Methods 

3.1 Total carotenoids content 

The reddish-orange color of Goji fruits comes from a group of carotenoids, which can be 
easily oxidized by heat, light, and high oxygen tension [15]. The TCC for fresh Goji was 3.6 
g/kg extract and the values of dried Goji was shown in Table 2. DW-fruits exhibited lower 
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TCC values than SC-ones and the lowest TCC (1.6 g/kg) was obtained in HAD (DW) 
samples, owning to the effect of coexistence of high temperature, oxygen and longer drying 
time. The highest retention of TCC (71.4%) was observed in FD (SC) samples, possibly 
because of the lower temperature and vacuum conditions during FD dehydration [16]. 
Similarly, less losses of TCC (36%) in FD-ICPDD (DW) sample than that of HAD-ICPDD 
(DW) (43%) ones.  

Table 2 Dfferent drying methods and pretreatments on nutritional components and antioxidant 
activities of Lycium Barbarum 

Treatments 
TCC 

（g/kg） 
LBP 

（g/kg） 

TPC 
（mg 

GAE/g） 

FRAP 
（μmol 
TE/g） 

ABTS 
（μmol 
TE/g） 

Fresh 3.6±0.1a 169±6a 6.7±0.1e 24.5±1.0f 28.1±1.3g 
FD(DW) 
FD(SC) 

2.5±0.0c 105±7c 8.1±0.5d 29.7±2.7e 50.1±1.3c 
2.6±0.1b 107±1c 8.4±0.1d 30.2±2.4e 51.8±0.9bc 

FD-
ICPDD(DW) 

FD-ICPDD(SC) 

2.3±0.1d 135±9b 10.5±0.1bc 39.1±2.0bc 53.3±0.8b 

2.4±0.0cd 140±0b 11.3±0.3a 43.7±1.0a 57.6±0.5a 

HAD(DW) 
HAD(SC) 

1.6±0.1g 90±3d 8.1±0.3d 34.3±1.2d 40.0±2.3f 
1.7±0.1f 91±5d 10.1±0.4c 37.9±1.9c 43.4±1.7e 

HAD-
ICPDD(DW) 

2.1±0.1e 95±1d 11.0±0.4ab 40.9±2.5abc 45.1±0.4de 

HAD-
ICPDD(SC) 

2.3±0.1d 110±1c 11.4±0.3a 41.7±1.7ab 45.7±0.8d 

Dates are expressed as dry base. Each value is expressed as mean value ± SD (n = 3). 
Different letters in the same column indicate significant differences at p < 0.05, the same 
below. GAE: gallic acid equivalent; RE: rutin equivalent; TE: trolox equivalent 

3.2 Total LBP content 

LBP was one of the major active components in charge of biological activities of Goji [17]. 
There were significant distinctions of the LBP values between different drying processing. 
As shown in Table 2, the highest retention of LBP (82.9%) was observed in the FD-ICPDD 
(SC) products, possibly because vacuum conditions of most of drying process. The LBP of 
FD-ICPD-dried Goji was higher than that of the HAD-ICPD-dried ones. The lowest content 
of LBP (90 g/kg) was found in HAD (DW) because of the longer drying time (12 h) at 
relatively higher drying temperature (60ºC). The content of LBP had no significant 
difference under the DW and SC pretreatments of the same drying method except the 
HAD-ICPDD.  
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3.3 Total phenolic content (TPC)  

The TPC of dried Goji was significantly influenced by the different pretreatments and 
drying methods (p ＜ 0.05). As shown in Table 2, TPC for the fresh samples was 6.7 mg 
GAE/g, which was similar to that had been reported in the article [5]. The SC pretreatment 
exhibited higher TPC values than that of DW pretreatment in all the drying methods. For 
example, the TPC of FD-ICPDD dried samples with SC pretreatment were 7.8% higher 
than that of DW ones. The highest retention of TPC (11.4 mg GAE/g) was found in HAD-
ICPDD (SC) method, whereas the FD (DW) samples had the lowest value (8.1 mg GAE/g). 
It may be attributed to heat treatment that could liberate some phenolics and flavonoids 
which are mainly found in bound form in plant matrix [18]. On the other hand, the activity of 
polyphenol oxidase, which is responsible for oxidation of phenolics, tends to deactivation 
because of exposure to high temperature [19]. During thermal treatment, the liberation of 
phenolics might occur due to the decomposition of cellular components and covalent bonds 
[20]. Hence, the released phenolics tend to be more amenable for extraction. Chang et al. 
(2006) [21] also found that the values of TPC and TFC of tomatoes had a significant increase 
compared to the fresh ones either through FD or HAD. The TPC content of FD-ICPDD 
(SC) were higher than that of the FD (SC) samples (25.3%), which indicated that phenolics 
could be was liberated after ICPDD treatment. 

3.4 Antioxidant Activity 

Antioxidants like phenolic compounds could inhibit oxidation reaction by acting on 
hydrogen donors or free radical acceptors [22]. Due to the complex composition of oxidative 
processes, the antioxidant activity could not be evaluated only using one single method. 
FRAP and ABTS assay was used in this study. As shown in Table 2, the antioxidant 
activities of all dried samples were enhanced compared to the fresh ones. Chang et al. 
(2006) [21] also showed similar results. Besides FD dried samples, significant increase of 
antioxidant activity of dried Goji was observed after SC pretreatment. The strongest ferrous 
iron chelating capacity (43.69 μmol TE/g) and ABTS.+ radical scavenging activity (57.55 
μmol TE/g) were found in FD-ICPDD-dried Goji. The fact that higher TPC were found in 
dried samples conducive to higher antioxidant activities compared to the fresh ones (Table 
2). The FRAP values of FD-ICPDD-dried (SC) samples were 44.5% higher than the FD-
dried (SC) samples, respectively, which were in good agreement with the increase of TPC 
contents (25.3%). Therefore, the ICPDD processing also can increase the antioxidant 
activity of dried Goji.  

4. Conclusions 

Nutritional and antioxidant properties of dried Goji were significantly affected by different 
pretreatments and drying conditions. Compared to DW-pretreated samples, the SC 
pretreatment was more favorable because its improvement in overall qualities of dried Goji 
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no matter which drying method was used. In detail, the SC pretreatment products exhibited 
shorter drying time, higher TPC, LBP, TCC and antioxidant activity.  
Under SC-pretreatment, the FD-ICPDD was a more beneficial drying method compared 
with the FD, HAD and HAD-ICPDD because of the highest retentions of TPC, LBP and 
antioxidant activities (FRAP and ABTS). For obtaining high-quality and valuable Goji-
products, FD-ICPDD should be the best choice. But the increased manufacturing cost 
because of the FD pre-drying should also be taken into account. HAD-ICPDD could be 
another alternative technique when energy saving was more considered.  
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Abstract 
Spray drying is widely used for powder production from liquid concentrates. 
Often low input temperatures are desired, as many materials, like proteins, 
are sensitive to heat. However, this demand leads to increased concentrate 
viscosities. Commonly used pressure swirl atomizers are limited concerning 
maximum processible viscosity. In this study, a so called Air-Core-Liquid-
Ring Atomizer is used for pilot scale spray drying of whey protein 
concentrate (WPC80) at 40 °C and hence a viscosity of 0.09 Pa s. The 
produced powder was compared to an industrially produced reference. As a 
result, no significant differences in particle size distribution and particle 
morphology were observed. 

Keywords: spray drying, atomization, ACLR, high viscous feeds, whey 
protein concentrate. 
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1. Introduction 

Spray drying is an important and widely used processing technique for powder production 
form liquid concentrates[1]. The process consists of three main steps: atomization, drying 
and powder separation. In the atomization step, the bulk concentrate is disintegrated into 
small droplets, in order to accelerate convective drying. For sufficient drying, all droplets 
have to be small enough to dry within the given residence time inside the spray dryer[2]. 
Consequently, mean droplet size and distribution width, generated in the atomization step, 
are of high importance for the subsequent processing steps. Generally, spray dryers should 
be operated at the highest possible input dry matter content, in order to insure economic 
operation[3]. Moreover, low input temperatures are desired, as many spray dried materials 
are sensitive to heat. Both demands lead to high concentrate viscosities[4] which 
complicates atomization for all known atomizer techniques[5]. On industrial scale, mainly 
pressure swirl atomizers are used. In this type of atomizer, high liquid pressures are used to 
deliver the required atomization energy. This type of atomization is very energy efficient, 
but the maximum processible viscosity is comparably low[5]. In laboratory or pilot scale 
spray dryers, often external mixing pneumatic atomizers are used. In this type of atomizer, 
the kinetic energy of compressed gas is used for droplet disintegration. In contrast to 
pressure swirl atomizers, the applied disintegration energy can be increased independently 
of the liquid flow. This allows the production of very small droplet sizes, even at high 
concentrate viscosity. However, high gas consumption rates of these atomizers do not allow 
economic operation on larger scales[3]. 

Internal mixing pneumatic atomizers (IMPA) offer the possibility to atomize high viscous 
concentrates at low gas consumption rates[6–11]. One specific IMPA, proposed for spray 
drying purposes, is the so called Air-Core-Liquid-Ring (ACLR)[12] atomizer (see Fig. 1). In 
this atomizer, liquid concentrate and atomization gas are brought into contact with each 
other in a mixing chamber, shortly before the exit orifice. The specific gas injection 
geometry induces a continuous core of compressed gas in the middle of the liquid stream, 
leading to an enforced annular two phase flow inside the exit orifice. This kind of flow 
pattern is known to deliver constant spray droplet distributions at high viscosities[12,13]. 

In the here presented study, a fresh liquid whey protein concentrate WPC 80, delivered by a 
dairy company, was processed in a pilot scale spray dryer, equipped with an ACLR 
atomizer. In order to investigate the potential of the ACLR atomizer to process high viscous 
concentrates, the input temperature before atomization was lowered (40 °C) in comparison 
to the corresponding industrial process (60 °C) of the supplier, leading to an increase of the 
viscosity by 50 % up to 0.09 Pa s. The produced powder was compared to the industrially 
produced reference by means of particle size distribution, water activity, moisture content 
and particle morphology. 
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2. Materials and Methods 

2.1 Whey protein concentrate WPC 80 

For the performed investigation, a fresh whey protein concentrate WPC 80 was used. The 
concentrate was delivered by Sachsenmilch GmbH, Leppersdorf, Germany. The 
concentration was executed in a membrane process. The dry matter content was given by 
the supplier as 36.1 %.  

As reference, an industrially spray dried WPC 80 powder of the same supplier was 
analyzed for comparison to the powder, produced in the pilot scale spray drying process 
using the ACLR atomizer (See section 2.4).  

 

2.2 Rheological characterization of liquid concentrates 

The rheological characterization of the liquid concentrate was performed in a rotary 
rheometer (MCR 101, Anton Paar GmbH, Graz, Austria), equipped with a coaxial cylinder 
geometry (CC 27). The measurements were conducted at temperatures of 25, 40 and 60 °C 
and shear rates between 1 and 1000 s-1. 

 

2.3 Process equipment 
 
2.3.1 ACLR Atomizer 
A scheme of the used ACLR atomizer is given in Fig. 1. All parts are produced from 
stainless steel. The atomization gas is injected into the liquid stream, shortly before the exit 
orifice. For this purpose, a gas capillary with a diameter of 1.5 mm is used, leading to gas 
injection area of 1.76 mm2. The mixing chamber length is 2.4 mm. Diameter and length of 
the exit orifice are 1.5 mm each. 

 

Fig. 1: Scheme of the used ACLR atomizer. (lmixing chamber = 2.4 mm, lexit orifice = 1.5 mm, 
dexit orifice = 1.5 mm) 
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2.3.2 Media supplies 
The concentrate was supplied by an eccentric screw pump (MD 006-12, seepex GmbH, 
Bottrop, Germany). The flow rate was adjusted to 15.7 L/h and measured by a flow meter 
(VSI 044/16, VSE GmbH, Neuenrade, Germany). The concentrate was preheated before 
atomization to 40 °C in a tube heat exchanger. As atomization gas, compressed air, 
supplied by a compressor (Renner RSF-Top 7.5, Renner GmbH, Güglingen, Germany), was 
used. Air pressure was adjusted to 0.55 MPa by a pressure regulator. The gas volume flow 
through the atomizer’s mixing chamber, resulting from gas pressure and liquid flow rate, 
was measured by a gas flow meter (ifm SD6000, ifm electronic, Essen, Germany) as 
3.7 Nm3/h. The resulting gas to liquid ratio by mass (GLR) was 0.28. 
 
2.3.3 Pilot scale spray drying process 
A pilot scale spray dryer (Werco SD20, Hans G. Werner Industrietechnik GmbH, 
Reutlingen, Germany) with a maximum water evaporation capacity of 20 kg/h was used. 
The dryer was operated at an inlet temperature of 180 °C, an outlet temperature of 95 °C 
and a drying air flow of 470 kg/h.  
 
2.4 Powder characterization 
The powders were characterized by measurement of particle size distribution, moisture 
content, water activity and morphology. Particle size distributions where measured by a 
laser diffraction spectroscope with powder dispersion unit (Horiba LA950, Retsch 
Technology GmbH, Haan, Germany). Moisture contents were calculated by weight loss 
after oven drying at 105 °C to constant mass. Water activities were measured by a 
dedicated measuring instrument (AW Sprint, Novasina, Lachen, Switzerland). 
Investigations on particle morphology were performed with an environmental scanning 
electron microscope (FEI Quanta 650 ESEM) at the Laboratory of Electron Microscopy of 
KIT, Karlsruhe. 
 

3. Results and Discussion 

3.1. Rheological characterization of liquid concentrates 

In the first step, the shear rate dependent viscosity of the fresh whey protein concentrate 
WPC 80 was investigated at different temperatures of 25, 40 and 60 °C. All investigations 
were performed in triplicate. The concentrates showed shear thinning behavior with 
increasing shear rate at all investigated temperatures. However, the decrease of viscosity 
between shear rates of 1 and 1000 s-1 was pronounced with increasing temperature level. 
Moreover, the viscosity decreases with decreasing temperature at constant shear rate. (data 
not shown) 
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As high shear rates are expected in the atomization process, the viscosity at the highest 
shear rate, applicable in the used rheometer (1000 s-1) are given in Table 1. 

Table 1. Concentrate viscosity at a dry matter content of 36.1 % at a shear rate of 1000 s-1 and 
different temperatures. 

Temp. / °C Viscosity / Pa∙s 
mean std 

25 0.15 0.001 
40 0.09 0.001 
60 0.06 0.001 

 
In the industrial process the concentrate is preheated to 60 °C before atomization. 
According to the here presented data, the viscosity in the moment of atomization is 0.6 Pa∙s 
in this case. However, it is reported in literature, that the viscosity of whey protein 
concentrates might increase in the first hours of storage[14]. As the concentrate had to be 
transported from the production plant of the supplier to our pilot plant, the viscosities in the 
industrial process might be lower than the here presented values. In order to observe the 
viscosity increase over time, rheological measurements were performed directly after 
receiving the concentrate, as well as one and two days later, though no changes in viscosity 
were observed (data not shown).  
In order to investigate the potential of the used ACLR atomizer to process concentrates at 
lower preheating temperatures and therefore higher viscosities, the preheating temperature 
was lowered by 20 K to 40 °C in the performed pilot scale trial. This procedure led to an 
increase of the viscosity by 50 % up to 0.09 Pa∙s in comparison to the industrial process.  
 
3.2. Spray drying process and powder characterization 
The spray drying process with an ACLR atomizer was undisturbed during the whole trial 
time of 83 min. No sticky deposits in consequence of insufficiently dried particles were 
found inside the drying chamber after the trial. In Fig. 2 cumulative volume distributions of 
the powder particle sizes produced in the pilot scale spray dryer, as well as of the reference 
powder, are shown. The particle size measurements were performed fivefold. Both particle 
size distributions are similar. Small differences were found in fine particles, as well as in 
particles with sizes lager than 100 µm. The latter can most probably be traced back to 
agglomeration of primary particles, as the moisture content of the powder, produced in the 
pilot scale dryer, was significantly higher (9.1 %) than the one of the reference powder 
(5.4 %). Powders with increased moisture content are known to show increased stickiness 
an tension to build agglomerates[3]. However, it can be assumed, that the moisture content 
of powder can be reduced to the value of the reference powder, when the dryer height, and 
therefore the residence time inside the drying chamber, is increased to industrial level. 
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Nevertheless, water activity values of 0.20 (ACLR) and 0.12 (reference) show, that 
microbial stability is insured in both cases. 

 

Fig. 2: Cumulative volume distributions Q3 of powder particles, using ACLR atomization based 
processes (preheating temperature = 40 °C), as well as of an industrially produced reference 

powder. 

 
In Fig. 3, overview images of the industrially produced reference powder (left) and of the 
powder produced in the pilot scale process with ACLR atomizer (right) are shown. 
Regarding particle morphology, no significant differences between the powder samples 
were observed. Although, in the reference powder more wrinkled and irregularly shaped 
particles were found. This fact might be also based on the more progressed drying process, 
indicated by a lower moisture content. 

    

Fig. 3: Scanning electron microscope images of the industrially produced reference powder (left) 
and of the powder produced in the pilot scale process with ACLR atomizer (right)[15]. 
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4. Conclusions and Outlook 

In the presented study, the potential for use of an ACLR atomizer in pilot scale spray drying 
of a high viscous whey protein concentrate was shown. By decreasing the preheating 
temperature in comparison to the industrial reference process, the concentrate viscosity was 
increased by 50 % to a value of 0.09 Pa∙s. The produced powder showed similar particle 
size distribution and particle morphology as the industrially produced reference powder. 
The moisture content was significantly higher (9.1 %) than the reference value (5.4 %). 
This is based on the comparably short residence time inside the pilot scale dryer. Increasing 
the dryer height, and therefore the residence time in the drying chamber, to industrial level, 
should lead to similar moisture contents. Nevertheless, a microbial stable product was 
produced in the pilot scale process, according to the water activity value of 0.2. 
Further research will be performed in order to use the ability of the ACLR atomizer to 
atomize high viscous concentrates in spray drying processes. Besides the application of 
lower preheating temperatures this ability could also be used to atomize concentrates with 
higher initial dry matter contents, compared to currently used pressure swirl nozzles. 
Hence, the use of the ACLR atomizer offers the opportunity of energy savings and capacity 
increases in spray drying processes[16]. 
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Abstract 
This paper deals with energy savings by the heat recovery of waste vapour 
from moist biomass drying in energy systems. Drying is an energy-intensive 
process. Energy consumption can be reduced by using indirect drying by 
recuperating the heat of waste vapour generated in the process; however the 
vapour is polluted by air and small mechanical particles. Experiments with 
green wood chips were realized on an indirect dryer with a condensing heat 
exchanger to experimentally verify the grade and conditions of heat recovery 
from waste vapour. On the basis of the experimental results, the potential of 
the heat recovery from waste vapour was evaluated.  

 

Keywords: Indirect drying; Biomass; Waste vapour; Heat recovery. 
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1. Introduction 

Drying is an important process for creating optimal conditions for further material processing 
in many kind of industrial use. Industrial drying occurs by creating vaporization of the liquid 
by supplying heat to the wet feedstock. Heat may be supplied by convection (direct dryers) 
or conduction (contact or indirect dryers) [1]. In direct dryers, the material comes into direct 
contact with the heating medium, it is often hot air, flue gas or steam. In indirect dryers, the 
material and the heating medium (steam or hot water) are separated by a heat transfer surface. 
The heat is fed to the dried material through this surface, which defines the drying space. 
Generally, indirect dryers are more energy efficient. The typical energy consumption of direct 
dryers is in the range of 4.0 – 6.0 kJ per kg of evaporated water compared to indirect dryers 
which consume 2.8 – 3.6 kJ [1]. Additionally, if generated waste vapour is not mixed with 
drying or penetrating air, it leaves the dryer at a temperature close to 100 °C and its 
condensing heat can be recovered efficiently. 

Drying is an energy-intensive process. The way to reduce the energy intensity of energy 
systems with drying is through the appropriate integration of contact drying with the use of 
heat recovery of the released waste vapour from the drying process [2]. The essence of heat 
recovery is vapour condensation together with gaining the vapour latent heat in an eligible 
heat exchanger. The main parameters limiting the further usage of this vapour are its purity 
and sufficient temperature level. The aim of the article is concentrated on an experimental 
evaluation of the potential and conditions of heat recovery from waste vapour which is 
generated during the drying of moist biomass in heating and power plants. Examples of heat 
recovery in the systems with integrated drying are shown in Fig. 1 [2]. The first case is a 
biomass fired steam power plant with an integrated indirect dryer heated 

 

         
Fig. 1 Energy systems with indirect drying and waste vapour recuperation [2] 
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by low-pressure steam extracted from the turbine. The integration of the dryer increases the 
cycle efficiency and power production and allows for further use of the waste vapour for 
preheating the feed water, external consumption in the heating system or preheating the air 
for pre-drying the biomass in the convective air dryer. The second system is the integration 
of an indirect dryer and a waste vapour condenser to a hot-water heating cycle. The indirect 
dryer is heated by hot water from the boiler while the cooled backwater is preheated in the 
condenser by the waste vapour from the dryer. 

2. Waste vapour recuperation 

Waste vapour from biomass drying may contain infiltrated air, aromatics or small mechanical 
particles released from the biomass during drying, which complicates its energy utilization. 
A big problem is the infiltrated air contained in the vapour which has a significant influence 
on the heat transfer during vapour condensation even in small concentrations. Specifically, 
this negative effect is caused by a reduction in the heat transfer coefficient and at the same 
time by a decrease in the condensation temperature during the process caused by the 
decreasing concentration of the condensing water vapour in the mixture [3].  

If a mixture of steam with inert gases condenses, non-condensable gases cause a difference 
in the concentrations of the steam in the bulk gas mixture 𝐶𝐶∞ and at the condensation phase 
interface 𝐶𝐶𝑖𝑖 equally with corresponding steam partial pressures 𝑝𝑝∞ resp. 𝑝𝑝𝑖𝑖  and temperatures 
𝑇𝑇∞ resp. 𝑇𝑇𝑖𝑖  (see Fig. 2). The molecules of steam diffuse through an inert gas towards the 
vapour-liquid interface and mass transfer occurs [3]. Steam concentrations also decrease 
along the length. On the other hand, in the case of pure steam condensation, the temperatures 
𝑇𝑇∞ and 𝑇𝑇𝑖𝑖   are identical and constant during the process.  

 

 
Fig. 2 Heat transfer in a condenser surface 

 

In the examined case, a constant value of the heat flux 𝑞𝑞 ̇  is considered for calculation of the 
heat balance (a constant heat flux from condensing steam, through condensate film, through 
the tube wall and to the cooling water). To determine the condensation temperature at the 
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phase interface 𝑇𝑇𝑖𝑖 , it is necessary to take into account the mass transfer generated by the 
different partial pressures at the interface between the gas and the liquid phases 𝑝𝑝𝑖𝑖 , and at the 
bulk gas mixture 𝑝𝑝∞. The process of waste vapour condensation was studied inside the tubes 
of the vertical tube condenser, and the effect of the operation parameters and a comparison 
with the pure steam condensation process were analysed in detail in [4].  

3. Experimental set-up 

The experimental set-up consists of a steam heated indirect dryer and a recovery heat 
exchanger (Fig. 3). 
 

 
Fig. 3 Scheme of the experimental set-up 

 

The dryer is designed as a rotating drum with a diameter of 600 mm and a length of 2000 mm. 
The drum walls and wings for material blending consist of heated tubes with condensing 
steam inside. Dried material is continuously fed inside the drum by a screw conveyer, and 
leaves it on the opposite side. The drying capacity is about 20 kg of evaporated water per 
hour. The recovery heat exchanger is designed as a vertical shell-and-tube condenser. The 
condensing water vapour flows downwards inside vertical tubes and the cooling water flows 
in a counter current in the outer shell. This configuration is used due to the potential fouling 
of tubes by small solid particles in the waste vapour from the drying biomass. These particles, 
which can stick to the tube wall, are spontaneously carried away from the tubes by the 
condensate blowing out. The heating surface consists of the tube bundle with 49 tubes 854 
mm in length and with an internal diameter of 24 mm. 

4. Results 

Green wood chips with a moisture content from 62 to 66% were used for drying tests with 
waste vapour utilization (see Fig. 7). In the drying experiments, the moisture reduction in the 
drying material and the temperature of the outgoing waste vapour during the drying process 
was investigated. The entire drying process was described by a drying curve, which defines 
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the decrease in water content in the drying material over time [1]. An example of a drying 
curve for the dryer filled with material to 24% of the volume is shown in Fig. 4. The initial 
drop in temperature of the waste vapour is influenced by the heating of the material from the 
exchange of the inlet temperature to the evaporated temperature and by the air content which 
is gradually pushed out from the dryer by the generated vapour. 

 

 
Fig. 4 Drying curve and corresponding waste vapour temperature 

 

The stable temperature and waste vapour generating period between 60 and 180 min of the 
process in Fig. 4 was chosen for the evaluation of the waste vapour recovery potential. This 
state would correspond with the continuous operation of a large energy system. The 
investigated parameters were the amount of gained heat and its temperature level. In Table 
1, the measured parameters of the recovery heat exchanger operation and the evaluated results 
are shown for three repeated experiments. The cooling water flow rate was set to reach its 
temperature near to a constant level due to better evaluation of a decrease in the condensing 
vapour temperature along the tube length. The vapour velocity at the inlet of tubes was about 
2 m/s. 

Table 1. Utilization of waste vapour in the recovery heat exchanger 
Measurement 1 2 3 

Waste vapour temperature – in / out (°C) 97.6 / 70.4 97.3 / 70.2 97.5 / 70.0 
Air concentration in vapour – in / out (%) 8.9 / 77.1 10.1 / 77.4 9,4 / 77.6 
Water temperature – in / out  (°C) 54.9 / 55.9 54.7 / 55.7 54.6 / 55.6 

Results    
Waste vapour utilization – exp. (%) 97.1 96.7  97.0 
Waste vapour utilization – teor. (%) 98.8 98.5 98.3 

 

The temperature of the waste vapour leaving the actual biomass dryer was between 99 and 
97 °C with an air content of about 8 to 10%. The obtained results were compared with the 
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theoretically balanced and calculated values based on principles for heat and mass transfer 
for the case of steam condensation in a binary mixture [3] according to the proposed and 
experimentally verified model of heat transfer for air-steam condensation in a vertical tube 
condenser described in [4]. The experimentally determined vapour recovery is in good 
agreement with the theoretically calculated values for this case. Experimental verification of 
this process makes it possible to estimate the operation of the device beyond the measured 
parameters and allows for future optimization.  

The bulk gas temperatures 𝑇𝑇∞ and the condensation temperature 𝑇𝑇𝑖𝑖  are different and 
decreasing during condensation. For this reason, some of the waste vapour always flows 
through the exchanger and does not condense. The temperature courses along the length of 
the condenser tube for measurement no. 3 are shown in Fig. 5. These courses were 
theoretically calculated through the use of a model of the heat transfer in a vertical tube 
condenser [4] regarding the measured temperatures at the inlet and outlet. The growth of the 
cumulative heat output along the heat transfer area, respective the tube length, was also 
analysed in Fig 5. An important conclusion for the heat exchanger design and optimization 
is that the majority (approx. 80%) of the recovered heat was obtained in the first half of the 
heat transfer surface. When increasing the amount of air to 20%, the surface would be 
extended by more than 50% to maintain the heat exchanger output. On the contrary, 
decreasing the air content to 5% would result in a reduction to 72% of the surface.       

 

       

Fig. 5 Parameters change in waste vapour condensation process  

 

In Fig. 6, the dependence of the utilization rate of waste vapour on the amount of infiltrated 
air (mass concentration) is shown for conditions approaching those of the actual industrial 
operation. The results are calculated according to the heat transfer model of the vertical tube 
condenser [4] for inlet temperatures of cooling water at 60 °C, 70 °C and 80 °C. For an 
appropriate comparison of the heat recovery potential, the geometry of the heat exchanger is 
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optimized for each case to heat the water by 5 °C, to maintain a vapour velocity at the inlet 
of 2 m/s and a temperature difference at the vapour outlet and water inlet of 2 °C. This value 
was chosen as the limit, if we sought to achieve a lower temperature difference, it would be 
necessary to increase the size of the exchanger with very little impact on increasing the heat 
output.  

 

 

Fig. 6 Potential of waste vapour heat recovery and temperature level of this heat 

 

For the value of infiltrated air of approximately 10% corresponding with the experiments 
above, the utilization rate would be above 90% for water heating at a temperature of 80 °C, 
more for water temperatures of 70 °C and 60 °C. However, optimization of the device could 
result in lower amounts of infiltrated air and a higher level of vapour utilization. On the other 
hand, a higher level of air penetration significantly decreases the utilization rate. 

 

 
Fig. 7 Tested material – green wood 
chips before and after drying  

 
Fig. 8 Waste vapour condensate

 

The obtained condensate from biomass drying contains aromatic and dust particles which 
were released from the raw fuel during the drying process and carried away by the waste 
vapour from the dryer. For this reason, the condenser is designed with vertical tubes in which 
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these particles are spontaneously washed out by the condensate. A comparison of the waste 
vapour condensate with the pure steam condensate is shown in Fig. 8.  

After a series of experiments, a visual inspection of the heat exchanger surface was made and 
no visible fouling was observed. It can be stated that the proposed heat exchanger 
configuration is suitable for the condensation of waste vapour from biomass drying. 

5. Conclusion 

Based on the results of the experiments with the heat recovery from biomass drying, we can 
conclude that the waste vapour generated in indirect drying systems with limited air 
penetration has a sufficient potential for further energy utilization. The waste vapour exiting 
the tested drying device at atmospheric solution reached temperatures ranging from 97 to 99 
°C with an air content of about 10%. These conditions correspond with the potential of 
recovering more than 90% waste vapour condensing heat at the level of gained heat of 80 °C 
e.g. for water preheat. 

The following principles are important in the design of a system with heat recovery of the 
waste vapour from indirect drying. Even small amounts of air in the waste steam cause a 
significant decrease in the heat transfer coefficient and the heat output of the recovery heat 
exchanger. The majority of the heat output is transferred in the first part of the recovery heat 
exchanger, which allows for economical optimization of its size. Waste vapour from some 
solid materials can contain small mechanical impurities, which can stick to the heating 
surface of the recovery heat exchanger, therefore it needs to be customized for cleaning. 
Condensers with vertical tubes seem to be a good solution in this case. 
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Abstract 
We carried out drying studies on a 2.5D micromodel based on a thin section 
of a carbonate rock to investigate the impact of wettability on the capillary 
disconnect, the moment when liquid films de-pin from the external 
evaporating surface.  While this is coincident with the transition to low 
evaporation rate (diffusion limited) for deionized-water, our experiments 
show, the corner wetting films persisted after the transition to low 
evaporation rate for both water-wet and mixed-wet micromodels for brine, as 
solid salt continued to build up at the external evaporating surface. Fully oil 
wet micromodels showed a drying rate transition coincident with de-pinning. 

 

Keywords: Capillary; Liquid films; Micromodel; Wettability; Crystallization. 
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1. Introduction 

Understanding the underlying physics of the drying process in contaminated porous media 
is central to many of its applications, such as soil remediation, gas injection into geological 
formations for enhanced oil recovery and CO2 sequestration processes, etc. Although many 
studies have been done on the kinetics of the drying process in porous media. There are still 
some knowledge gaps, especially when it comes to adequately predicting the extent of the 
different stages of evaporation in porous media of varying wettability. Classically, early 
stages of evaporation from a porous media are characterized by a relatively fast and 
“almost” constant evaporation rate, known as the constate rate period (CRP). This is 
followed by a transition period characterized by a large drop in evaporation rate, known as 
the falling rate period (FRP). The late stage of evaporation is characterized by a very slow 
evaporation rate limited by vapour diffusion through the porous media, this stage is known 
as the falling rate period (FRP)Materials and Methods [1-6].  

The kinetics of the three periods are controlled by different mechanisms. For de-ionized 
water in a water-wet porous media, early stage evaporation is by water mass transfer by 
capillarity through wetting films to the evaporating surface, due to the stronger adhesion of 
water molecules to the pore walls compared to cohesive between water molecules [2]. 
Drying here is said to be controlled by external demand such as temperature, the flow rate 
of drying gas, relative humidity, the surface area of the evaporating surface and so on. 
During this period, the porous media behaves as though it is fully saturated because the 
mass transport through capillarity is sufficient to sustain evaporative demand at the surface 
[3, 5]. Simply, the constant rate period is dominated by capillarity due to hydraulically 
connected pores [7]. In time, gravity and viscous forces will overcome the capillary driving 
forces at some depth down the porous media, hydraulic connectivity to the evaporating 
surface will cease at this point and the drying surface will move to within the porous 
medium. This marks the end of the constant rate period (stage-1 evaporation) and the 
beginning of the falling rate and receding front periods (stage-2 evaporation) [4, 5, 7].  

There is a very sharp drop in evaporation rate during the falling rate period and , this period 
can also be called a transition stage as evaporation quickly transitions from a capillarity 
dominated period to a diffusion dominated period with continued drop in evaporation rate 
[1, 5, 8] until complete drying (i.e. from CRP to RFP). Hence, internal mass transfers such 
as vapour diffusion, pore space geometry, thermal and hydraulic conductivities etc. control 
drying during stage-2 evaporation. Here, the drying rate varies linearly with the square root 
of time [5, 9]. The drying of brine-containing porous media such as saline aquifers, oil and 
gas reservoirs, building materials etc. causes the dissolved salt to crystallise within (sub-
florescence) and outside (efflorescence) the porous media when the solubility limit of the 
salt is exceeded [10]. Salt crystallization (crystallisation/dissolution cycles) can cause a 
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lasting damage to building materials, and these problems are been studied extensively 
within the civil engineering research community [11-15]. Salt crystallisation can also lead 
to a significant decrease in porosity and permeability of underground reservoirs like saline 
aquifers. This decrease in permeability can lead to an increase in injection cost and a 
reduction of storage potential during CO2 sequestration processes.  

A number of phenomena affect drying dynamics and the consequent salt deposition in a 
porous medium, some of these phenomena have been studied and reported in past literature. 
For example, the drying rate is strongly influenced by the spatial distribution of the liquid 
and that, in turn, is controlled by capillary forces at the pore scale. However, the effect of 
the wetting films and corner menisci on drying kinetics and salt crystallization is still 
somewhat unclear. In the present study, we aim to shed more light on the effect of porous 
media wetting conditions on the different stages of evaporative drying. Given that oil 
reservoirs have a wide range of contact angles (wetting states) and with the fact that 
capillarity through corner wetting films is strongly dependent on the wetting states of the 
pore walls. One can assume that the disconnection in capillarity or depinning of the wetting 
films from the evaporating surface (marking the end of stage-1 evaporation) will be 
strongly affected by the wetting state of the porous media. Lastly, we have carried out this 
study with a model porous media, a micromodel based on a thin section image of a 
carbonate rock. Working with micromodels allow us faster observations (better time 
resolutions) and direct visual observation of pore-scale processes in a network of pores. 

2. Materials and Methods 

This study was done using micromodels that are based on a thin-section image of a sucrosic 
dolomite rock [5, 9]. These micromodels were fabricated with a silicon wafer, covered with 
a transparent glass, allowing direct real-time visualization of pore-scale processes. The 
micromodel has a constant etch depth of 25µm, with a matrix dimensions of 2.5 x 1cm2. A 
DSLR (digital single-lens reflex) camera (D800E, Nikon) and an inverted light microscope 
(AxioObserver A1.m, Zeiss) was used to obtain a wide field of view and high-resolution 
images respectively. Freshly prepared NaCl solutions were prepared for the different 
concentrations used in this study, i.e. 0 wt% (deionized water), 18 wt% (3M NaCl solution) 
and 36 wt% NaCl solution (6M or saturated NaCl solution). Fluorescein (46960-2SG-F, 
Sigma-Aldrich. 1:700000 v/v) was added to the brine solutions for easier phase 
differentiation. Brine was injected with a 10 mL syringe (BD Plasipak, BD300013) using s 
programmable syringe pump (BS-80000, Braintree Scientific Ltd.). After saturating the 
micromodel with brine, dry air flow-line was attached to one of the inlet ports, while its 
adjacent port was opened to the atmosphere for continuous flow of dry air through one of 
the fracture channels in front of the matrix for evaporative drying. As the drying front 
moves back into the matrix, images of the dry-out evolution were taken at different time 
intervals and the salt precipitation in its wake was observed in real time. To obtain 
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quantitative data from the images, ImageJ was used to calculate the dry pore area 
(equivalent to mass lost by evaporation) of each of the captured images. More explicit 
details on the micromodels, imaging techniques, experimental procedure and quantitative 
data acquisition are provided in two recently published papers [5, 9]. 

2.1 Micromodel Wettability Alteration Technique  
The micromodels were originally water-wetting by oxidation of the silicon wafer at high 
temperature during the manufacturing process. To obtain, mixed-wet and oil-wet 
conditions, the micromodels were treated with a new wettability alteration technique. Well 
established techniques based on silane chemistry [16] could not be used because the silane 
reacts with the water phase (necessary to the generation of mixed wettability) during the 
treatment. Also, alteration with crude oil [17] could not be used because it renders the 
micromodel opaque after treatment. The new technique involves a solution of silicone caulk 
(151 Products Ltd.) (10v/v %) dissolved in Dodecane (≥99%, Sigma-Aldrich) (90v/v %). 
For mixed-wetting conditions, this solution was injected into the micromodel initially 
saturated with deionized water and then left to age for about 2 days at ambient conditions. 
Note that this leaves water wet corners in channels that are otherwise altered to oil wet. The 
micromodel was then dried by passing dry compressed air through it, before placing it in an 
oven at 60oC for 24 hours. For uniformly oil-wetting conditions, the silicone solution was 
injected straight into a dry micromodel. More details of this new technique are provided in 
a recently published paper [9]. 

3. Results and Discussion 

We determined the evaporation rates from the experiments by calculating the pore dry area 
as a function of time. The evaporation rates at ambient conditions and a relative humidity 
approximately equal to zero for 0 wt% NaCl (deionised water), 18 wt% NaCl brine and 36 
wt% NaCl (saturated brine) solution in a water-wet micromodel are plotted in figure 1a. 
The evaporation rates were initially almost constant before a sharp drop after about 2mins 
for deionised water, 1min for 18 wt% NaCl and almost immediately for saturated NaCl 
brine. For deionised water these periods correspond to the classical periods of evaporation 
expected from earlier experiments and modelling in porous media drying: stage-1 
evaporation (or the CRP) in which liquid remains connected to the drying surface through 
capillary forces, and the stage-2 evaporation (a combination of the FRP and the RFP) at 
which the hydraulic capillary connection to the evaporating surface is broken and water 
transport becomes dominated by vapour diffusion.  

From figure 1a, the same trend of two stages can be seen for the plots of 18 wt% NaCl 
brine and saturated NaCl brine albeit with different duration for their stage-1 evaporation. 
The stage-1 evaporation is almost non-existent for the saturated NaCl brine. However, 
unlike the deionized case, the transition to stage-2 with brine is not due to capillary 
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disconnect to the evaporating surface because we continue to see a gradual increase in the 
amount of salt deposited at the fracture channel, figure 2a and the salt can only be 
transported in the liquid phase. 

 

Figure 1. Evolution of drying: (a) Evaporation rate as a function of time for the water-wet 
micromodel (blue arrows signify the extent of the stage-1 evaporation) and (b) Dry pore area as a 
function of time for saturated NaCl brine at the three different wetting states ((horizontal black 

dotted line shows the total pore dry area = 0.7cm2). 

The change in slope for the brine solutions is due to the deposited solid salt acting as a 
physical to mass transfer to the surface, as well as the increase in the viscous resistance due 
to the relatively higher viscosity of the NaCl brine compared to deionized water.  

The same evaporative drying procedure used for the water-wet micromodel was used for 
the mixed-wet and oil-wet micromodel. Figure 1b shows the plot of the area of the 
micromodel occupied by air (equivalent to mass lost by evaporation) as a function of time 
for complete dry-out of saturated NaCl brine in the three wetting states. Although the trends 
in the plot of the three wetting states are very similar, the duration of complete dry-out 
increases systematically from the water-wet to oil-wet micromodel. This is as a result of the 
absence of corner wetting films needed for the high evaporation rate, especially during 
stage-1 evaporation. Less salt was deposited in the fracture channel of the mixed-wet 
micromodel compared to the water-wet micromodel as seen in the images in figure 2b. 

 

Figure 2. Images showing deposited salt in the evaporating surface and in the matrix below at the 
end of complete drying (i.e. liquid saturation = 0) for (a) Water-wet micromodel, (b) Mixed-wet 

micromodel and (c) Oil-wet micromodel. 
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Further, only a very small amount of salt (probably from the brine solution present in the 
channel prior to drying) were deposited at the evaporating surface for the oil-wet 
micromodel, figure 2c. The reason for this is the absence of wetting films needed to 
maintain hydraulic connectivity to the surface in the fully oil wet case. 

Finally, results for the 36 wt% NaCl brine in a water-wet micromodel and oil-wet 
micromodel are compared directly in figure 3 below. The schematics show liquid films at 
the corners of the micromodel grains percolating at the onset of drying. The thickness of the 
films decreases as drying continues until no connected pathway remains to the external 
evaporating surface. For deionized water, this would mark the onset of slower, stage-2, 
evaporation. However, from our experiment, the corner wetting films persisted after the 
transition to low evaporation rate, as sold salt continued to build up at the external 
evaporating surface. 

 

Figure 3. Dry pore area as a function of time for a 36 wt% NaCl brine (saturated) solution in a 
water-wet micromodel and oil-wet micromodel. The inset images are schematic representations of a 

section of the micromodel (fracture and matrix) at different times. (a) At the onset of drying with 
fracture full of gas and thick corner wetting films (t ≈ 10s). (b) During drying in an oil-wet 

micromodel, with little solid salt in fracture and no corner wetting films (t ≈ 30mins). (c) During 
drying in a water-wet micromodel, with solid salt in fracture and very thin corner wetting films (t ≈ 

30mins). Model grains are represented in black, wetting films are indicated in light blue while 
deposited solid salt is represented in red. 
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4. Conclusions 

During the CRP (stage-1 evaporation), dry air entering the micromodel to balance the water 
loss becomes saturated with water vapour, leading to little evaporation occurring at this 
stage. We studied the effect of capillarity, wetting state and salt precipitation on the 
duration of the CRP from a model porous media. Evaporation from water-wet and mixed-
wet micromodels saturated with deionized water (0 wt% brine) were similar and follow the 
well-established theory of drying from a porous media: a constant, high evaporation rate 
maintained by capillary forces through wetting films to the evaporating surface, followed 
by a transition (break in capillarity to the evaporating surface) to a much lower evaporation 
rate (stage-2 evaporation) characterized by vapour diffusion. However, for the brine 
solutions (18 wt% and 36 wt% NaCl brine), capillarity to the evaporating surface was 
maintained even during stage-2 evaporation, evidenced by the continuous deposition of salt 
in the fracture of the micromodel well into the FRP (stage-2 evaporation). Hence, the 
capillary connection can be maintained even during the FRP for the drying of brine 
contaminated porous media.  

The evaporation dynamics for a mixed-wet micromodel and a water-wet micromodel are 
very similar, the only difference is the slightly earlier transition observed in the mixed-wet 
micromodel. On the other hand, the oil-wet micromodel emphasized the effect of the 
wetting state on the evaporation dynamics. The evaporation rate dropped as soon as drying 
started as a result of the absence of corner wetting films needed to supply evaporative 
demand at the surface. This leads to very little deposited salt at the fracture as well as an 
increase in the overall drying time. 
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Abstract 
An ultrasonic design based on the indirect transmission of ultrasonic energy 
from the ultrasound emitter through to the material to be dried was 
investigated to assist in low temperature drying of food materials. The 
application of the improved design tested in this work was found to enhance 
the low temperature drying by shortening the overall drying time of up to 
45% (i.e., lower energy consumption and may enable better retention of 
product quality). This offers a promising approach towards a better 
applicability of ultrasound in industrial operation, since no direct contact 
between the sample and the ultrasonic emitter is needed. 

 

Keywords: ultrasound; drying; low temperature; drying intensification. 
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1. Introduction 

Many drying techniques evolved due to the need to produce high quality products that are 
highly heat-sensitive. Such drying systems include the utilization of low temperatures, but 
often require a very long drying time, highly energy consuming and detrimental to the 
product quality. These limitations can be overcome by the combined application of 
ultrasound, which has been demonstrated in previous studies to intensify the convective 
drying processes.[1,2] However, the development of ultrasound assisted drying technology at 
an industrial scale has progressed at a slow pace due to the difficulties in achieving an 
efficient transmission of ultrasonic energy from the plate transducers to the product while 
ensuring easy adaptability to conventional drying processes. 

The ultrasonic systems reported in the literature for food drying application may be grouped 
into two main types. The first type is made up of ultrasonic devices that are directly coupled 
to the food material during drying. The direct contact system can promote an accelerated 
drying process because this system permits good transfer of ultrasonic energy from the 
vibrating element to the food material. Nevertheless, the main drawback of this technique 
may be its difficulty to adapt to traditional airflow drying processes and in operation other 
than a batch-wise process. 

Another type was developed based on the application of airborne ultrasound. The airborne 
ultrasonic system works without direct contact between the vibrating element and the food 
material, which seems to offer much better adaptability to conventional air drying 
processes. However, the main difficulties in this system arise from the inefficient 
generation of ultrasonic energy in air and the transfer of such ultrasonic energy from air 
into the product due to the acoustic impedance mismatch and the energy absorption by the 
air at ultrasonic frequencies.[3] 

The aim of this work was to develop and test an improved design concept for an effective 
application of ultrasound at high frequencies that would allow easy adaption in continuous 
processing while facilitating efficient ultrasonic energy transmission to intensify low 
temperature drying of food materials. 

  

2. Materials and Methods 

Fresh apples (cv. Granny Smith) obtained from a local market (Werribee, Victoria, 
Australia) were used as the model test material and were stored at 4°C until further 
processing. The sample preparation has been described in detail by Sabarez et al.[2] The 
fresh apple samples were found to have an average initial moisture content of 86.0% (wet 
basis). 
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Drying experiments were carried out in a computerised ultrasound-assisted convective 
drying setup as described elsewhere[2,4], which had been modified to retrofit the improved 
ultrasound transmission system (Fig. 1). The ultrasonic transmission system consisted of a 
transmission platform, cooling unit (Model BL-130, Thermoline, Australia) to control the 
temperature of the transmission platform, and a plate transducer using Blackstone-Ney 
Ultrasonic Generator (Blackstone-Ney Ultrasonics Inc., Jamestown, New York, USA). 

 

 

Fig. 1. Ultrasound transmission setup (1=transmission plate; 2=frame for containing the 
cooling/heating liquid; 3=cooling/heating liquid; 4=transducer). 

 

The advantage of this experimental drying system is that it consists of a number of 
additional sensors (i.e., thermocouples, infrared noncontact temperature sensors, air 
velocity sensors, humidity sensors, etc.) that are interfaced to a computer-based data 
acquisition and control system for continuous online monitoring and recording of the 
various processing conditions (i.e., drying time, material temperatures, air temperature, air 
relative humidity, and air velocity). 

Two sets of drying experiments were carried out without ultrasound and with ultrasound at 
a frequency of 40 kHz. In these experiments, the apple ring samples were directly placed on 
the transmission platform. Four annular apple rings prepared as outlined above were used 
for each drying experiment. All drying experiments were replicated at least twice. The 
details of the drying procedure can be found elsewhere.[2,4] 

 

3. Results and Discussion 

Figure 2 shows a typical example of the drying kinetics during the convective air drying of 
5 mm apple samples (about 100 g) at 40°C temperature (T) without and with ultrasound at 
40 kHz frequency with power level of 466 W. These experiments were conducted with 
drying air velocity (V) and relative humidity (RH) maintained at about 1.2 m/s and 25%, 
respectively. 
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It is clear from Figure 2 that the application of ultrasound in combination with convective 
air drying significantly reduced the overall drying time. To achieve the target moisture 
content of 25% in wet basis (i.e, typical moisture content of ready-to-eat fruit snacks), 
analysis of the drying curves revealed that it took about 8.0 hours to dry the apple samples 
without ultrasound and just 4.4 hours with ultrasound using the improved ultrasonic 
transmission system. The results indicate a significant reduction in drying time of about 
45% with the simultaneous application of ultrasound on the convective drying of apple 
slices (corresponds to a 32% reduction of energy consumption). 

 

 

 

Fig. 2. Effect of ultrasound (40 kHz frequency; 466 W power) on the drying kinetics of apple slices 
(T=40°C; RH=25%; V=1.2 m/s; 5mm thickness). 

 

The plot clearly shows that the ultrasonic transmission system developed and tested in this 
work was highly effective in intensifying the convective drying process. It also 
demonstrates that high frequency ultrasound can assist in enhancing the convective drying 
process. Although most of the physical mechanisms by which low frequency ultrasound 
enhanced the drying process are highly suppressed at high frequency, the observed 
enhancement in drying with high frequency ultrasound may be explained by Stokes’ law of 
attenuation. Higher frequency ultrasound undergoes more attenuation, inducing more 
microstreaming (a non-thermal effect that occurs due to a pressure gradient generated by 
aborption of ultrasound during propagation) thereby increasing the diffusivity of water. So 
far, no studies have been reported on the application of ultrasound at higher frequencies in 
assisting food drying processes. Most of the studies were carried out at low frequencies (20-
26 kHz) with drawbacks of low energy efficiency and high noise levels, with the ultrasonic 
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energy transmitted either in direct contact between the vibrating plate and the product[5,6] or 
airborne to the surface of the product.[2,3,4,7,8] These studies have reported significant 
reductions in drying time with the application of ultrasound, depending on ultrasonic 
parameters, drying conditions and properties of the materials to be dried. 

Sabarez et al.[2] found a significant reduction in drying of up to 57% with the application of 
airborne ultrasound during drying of 5 mm apple samples. Under these drying conditions, 
an approximately up to 54% reduction in energy consumption during drying could be 
achieved with the application of airbone ultrasonic energy. Similarly, Garcia-Perez et al.[7] 

found a significant reduction in drying time (up to 70% at acoustic power of 90W) with the 
application of power ultrasound for convective drying of eggplant cylinders. Ortuno et al.[9] 
observed that the application of ultrasound (power level of 90 W) provided an average 
reduction in drying time of over 45% for drying of orange peels. They found that the energy 
saving was close to 30% with ultrasonic application. 

The differences in drying time reduction and energy saving between these studies and the 
present work could be due to the differences in the raw material properties, drying 
conditions and ultrasonic parameters (i.e., particularly ultrasonic frequency, power and 
mode of ultrasound transfer). In the present study, high frequency ultrasound is transmitted 
indirectly through to the transmission platform (liquid and steel) and into the material to be 
dried. This allows for an efficient transmission of ultrasound to the material to be dried as 
the mismatch of acoustic impedances of these materials (steel, liquid and food) is 
minimized, and would enable for operation in conjuction with traditional air drying, along 
with easy integration in continuous processing as there is no direct contact between the 
ultrasonic emitter and the food samples to be dried. 

 

4.  Conclusions  
The application of an improved ultrasound transmission system was found to significantly 
intensify the low temperature air drying of apple samples by reducing the overall drying 
time (i.e., lower energy consumption and may enable better retention of product quality). 
This offers a promising non-thermal means for gentle (i.e., low temperature) drying of food 
materials to produce premium quality food products, with better applicability at industrial 
scale as no direct contact between the food material and ultrasonic transducer is needed. In 
addition, the present study demonstrates that high frequency ultrasound can assist in 
enhancing convective drying with much reduced noise levels. The results from this work 
will provide the basis to build upon the development of this technology and justifies further 
investigations for implementation in industrial drying operations. 
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Abstract 
Pre-drying is an effective method to upgrade lignite and broaden its 
utilization areas. Various drying technologies could be applied to pre-dry 
lignite. The drying temperature in these drying technologies are different, 
which means that energy at different grades is used in these dryers. To 
analyze the irreversibilities of drying process, the exergetic analysis models 
are developed in this study. The exergy feeding and consumption rates are 
defined as the indicators. Various lignite drying technologies are calculated 
and quantitatively compared. Results show that exergy consumption rate for 
steam fluid-bed dryer is the smallest, which is 432.6 kJ (kg H2O)-1. 
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1. Introduction 

Lignite, a kind of low rank coal, is widely used as feeding fuel for power plants. However, 
power plants directly using raw lignite always have low efficiency and high pollutant 
emissions. Pre-drying is a proved method to improve the utilization efficiency of lignite[1]. 
Many types of dryers could be applied to dry lignite. The heat consumption rate is usually 
used to evaluate the performance of dryers, which is defined as the amount of energy 
consumed to evaporate 1 kg water with the unit of kJ (kg H2O)-1. However, energies used to 
dry lignite are in different grades. The heat consumption rate could not perfectly reflect 
performances of dryers based on the second law of thermodynamics. Exergy is a concept of 
thermodynamics expressing the maximum useful work possible contained in energy[2]. It is 
widely used to evaluate energy grades and the performance of energy processes.  

Exergetic analyses were conducted on various lignite dryers in this study. Lignite drying 
technologies were reviewed firstly and thermodynamic analysis models were then 
developed. The exergy feeding and consumption rates are defined to evaluate the 
performance of dryers in the viewpoint of exergetic analysis and are compared 
quantitatively for various lignite dryers. 

2. Materials and Methods 

2.1. Lignite drying technologies 

Drying of lignite could be classified to evaporative drying and mechanical-thermal 
dewatering. In this paper, we focus on the evaporative drying technologies. The evaporative 
drying is an energy intensive process, because water in lignite needs to absorb a lot of heat 
to evaporate. For the evaporative drying technologies, flue-gas or steam could be applied as 
the drying heat sources. Dryers uses steam as heating source are classified as steam dryers, 
including rotary-tube dryer and steam fluid-bed dryer. Characteristics and working 
parameters of steam dryers are listed in Table 1. When flue-gas is used to pre-dry lignite, 
the dryers are classified as flue-gas dryers. Characteristics and working conditions of flue-
gas dryers are listed in Table 2.   

Table 1 Operation parameters of steam dryers[3] 

Dryer type Characteristics 
Heating medium parameters 

Inlet Outlet 

Rotary-
tube dryers 

Using air as carrier as evaporative 
moisture; consisted of a drum equipped 

with tubes. 
~180°C/0.4~0.5MPa 

~Saturated 
water 

Steam 
fluid-bed 
dryers 

Lignite drying in slightly superheated 
steam; steam fluid-bed with internal 

heaters. 
~140°C /0.32MPa 

~Saturated 
water 
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Table 2 Operation parameters of flue-gas dryers[4] 

Dryer type Characteristics 
Heating medium 
temperature /°C 
Inlet Outlet 

Rotary Drying along with disintegration; cocurrent mode. 750 120 

Pneumatic 
Short drying time; Lignite lifted by drying gas 

during pneumatic transport drying.  
600 100 

Fluid-bed  
Easy to control; High drying intensity due to good 

mixing and high temperature heating medium. 
450 75 

moving bed 
Possibility of full automation; compact 

construction and simple design.  
175 80 

2.2. Thermodynamic analysis models 

2.2.1 Dryer model 

The dryer model is indicated in Fig.1. As shown in Fig.1, 1 kg raw lignite is fed into the 
dryer, and λ kg water contained in lignite is dried out. ma kg air is leaked into or used as 
carrier gas for drying 1 kg raw lignite. mh kg heating medium (flue-gas or steam) releases 
heat in the dryer to dry lignite. In some types of dryers the heating medium directly contacts 
with lignite and leaves the dryer as dryer exhaust. While in some indirect dryers (rotary-
tube dryer, etc.), the heating medium only exchanges heat in the dryer. 

 

Fig. 1 Schematic diagram of Dryer. 

The degree of pre-drying, λ, is defined to express the mass of water removed from per unit 
mass of raw lignite as 

1
raw upg

upg

M M
M

λ
−

=
−

        (1) 
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where rawM  and upgM  are the mass of water contained in per unit mass of raw and dried 

lignite, respectively. 

The minimum energy consumption, which is only absorbed by lignite to increase 
temperature and water to evaporate, for drying 1 kg lignite could be evaluated with 

0 0 1 0( ) (1 ) ( )d dw w c cq h h h hλ λ= ⋅ − + − ⋅ −      (2) 

where dwh  and 0wh  are enthalpies of the water contained in dryer exhaust and raw lignite 

respectively, kJ kg-1; 1ch  and 0ch   are enthalpies of dried lignite at the outlet and inlet 

temperatures respectively, kJ kg-1. 

The energy absorbed by possible in-leaking or carrier air is 

0( )da a a dq m Cp t t= ⋅ −         (3) 

where aCp  is the specific heat capacity of air, kJ kg-1 K-1; 1dt  and 0at  are temperatures of 

dryer exhaust and ambient respectively, °C. 

Based on the energy balance in the dryer, the mass of heating medium is 

0

0 1( )
d da

h
d h h

q qm
h hη
+

=
⋅ −

        (4) 

where 0hh  and 1hh  are enthalpies of heat medium led into and output from the dryer, kJ 

kg-1; dη  is the thermal efficiency of dryer, kJ kg-1. 

To evaluate the mass flow rate of drying heat source, the rate of drying medium to dry out 1 
kg water is defined as 

h
h

mK
λ

=          (5) 

2.2.2 Exergetic analysis model 

The dead point is the benchmark for the exergetic analysis. When the exergy carried by the 
dryer exhaust is recovered by cooling, the dryer exhaust could be cooled to the ambient 
temperature and becomes saturated moist gas. Therefore, the compositions of saturated 
moist gas is defined as the deadpoint compositions. The deadpoint pressure and temperature 
for the exergetic analysis are 

0 0.1MPap =          (6) 
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0 293.15KT =          (7) 

In the drying process, substances include lignite, gas (flue-gas and air), water (liquid and 
steam) and dryer exhaust. Assumptions of ideal gas mixture for the dryer exhaust are used. 
The exergy of water component is calculated with 

0 0 0 0
0

( ) ln w
w w w w w w

w

yE h h T s s R T
y

= − − − +      (8) 

where hw and hw0 are the enthalpies of water at calculation and deadpoint conditions 
respectively, kJ kg-1; sw and sw0 and are the entropies at calculation and deadpoint 

conditions respectively, kJ kg-1 K-1; WR  is gas constant of water vapor, kJ kg-1 K-1; yw and 

yw0 are volume fractions of water vapor at calculation and deadpoint conditions. 

It is assumed that the flue-gas or air component has constant specific heat (average specific 

heat gCp , kJ kg-1 K-1). Then the exergy of gas component is 

g
g g g 0 0 0

0 g0

y
( - - ln )+ ln g

g

T
E = Cp T T T R T

T y
     (9) 

where Tg is temperature at calculation condition, K; gR  is gas constant of gas, kJ kg-1 K-1; 

yg and yg0 are volume fractions of gas at calculation and deadpoint conditions. 

The physic exergy carried by the dried lignite is 

0 0
0

( - - ln )d
l l d

TE = Cp T T T
T

      (10) 

where lCp  is the constant specific heat of lignite, kJ kg-1 K-1; Td is the temperature of 

lignite at the outlet of dryer, K. 

To quantitatively compare the thermodynamic performance of various dryers, the exergy 
feeding rate is defined as  

h
f

Ee
λ

=         (11)  

where Eh is the exergy fed into the dryer by drying heat source, kJ.  

The exergy carried by the dried lignite or dryer exhaust can be recovered by heat recovered, 
whereas the internal exergy loss (exergy destruction) in the dryer and external exergy loss 
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along with heat loss of the dryer could not be recovered. The exergy consumption rate is 
defined as 

 c
h l eE E Ee

λ
− −

=        (12) 

The exergy feeding rate ef (kJ (kg H20)-1) expresses the exergy feeding amount to dry 1 kg 
water out from raw lignite, and the exergy consumption rate ec (kJ (kg H20)-1) expresses the 
irreversibilities and heat loss of lignite dryers. 

3. Results and discussions 

We use Yimin lignite as the reference coal to carry out quantitative analysis[5]. Moisture 
contents of raw lignite is 39.5% and it is assumed to be dried to 15% in the dried lignite. 
The constant specific heat of lignite is 1.3 kJ kg-1.  

3.1. Heat balance of lignite dryers 

The heat balance of lignite dryers listed in Tables 1 and 2 is calculated. The mass flow rate 
of heat source for drying 1 kg water out from lignite is compared in Fig.2. As shown in 
Fig.2, the mass flow rate of heat source varies greatly. The heat released by per unit flue-

gas is significantly lower than that released by per unit steam. Therefore, hK for flue-gas 

dryers is bigger than that for steam dryers. The hK is above 29 for the moving bed dryer, 

because the temperature drop of flue-gas for the moving bed dryer is only 95 °C. For the 
steam fluid-bed dryer and rotary-tube dryer, the rates of drying medium are 1.38 and 1.49, 
respectively.  

4.72

5.73

7.29

29.08

1.49

1.38

Rotary

Pneumatic

Fluid-bed

Moving bed

Rotary-tube

Steam fluid-bed

0 5 10 15 20 25 30

 

  

Mass flow rate of drying heat source to dried out water  

Fig. 1 Schematic diagram of Dryer. 
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3.2. Comparison of exergy feeding and consumption rates 

Based on the heat balance of lignite dryers, exergetic analyses were conducted. The exergy 
feeding and consumption rates for lignite dryers were compared in Fig.3. As shown in 
Fig.3, the exergy feeding rate and exergy consumption rate for dryers vary greatly. The 
flue-gas of 750 °C is used to dry lignite in the rotary dryer, so the exergy feeding rate is as 
big as 1837.9 kJ (kg H2O)-1. If the exergy contained in dryer exhaust and dried lignite could 
be recovered, the exergy consumption rate could be decreased to 1424.8 kJ (kg H2O)-1. The 
low temperature heat source is used to dry lignite for the steam dryers. The exergy feeding 
rates for rotary-tube dryer and steam fluid-bed dryer are 1131.7 and 955.2 kJ (kg H2O)-1, 
respectively. In the steam fluid-bed dryer, no air is used as carrier gas, so more exergy 
could be recovered from dryer exhaust. The exergy consumption rate for steam fluid-bed 
dryer is only 432.6 kJ (kg H2O)-1.  

Air is always used as carrier gas for the rotary-tube dryer. In Fig.3, the mass flow rate of air 
for drying 1 kg water is assumed as 3 kg. The mass flow rate of carrier gas for rotary-tube 
dryer will indeedly influence the exergy feeding rate and exergy consumption rate, which is 
shown in Fig.4. As shown in Fig.4, the exergy feeding rate increases linearly with mass 
flow rate of carrier air. For more exergy can be recovered in dryer exhaust when less air is 
used as the carrier gas, the exergy rate reduction of exergy consumption rate compared with 
exergy feeding rate  decreases with the increase of mass flow rate of carrier gas.  
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Fig. 3 Comparison of exergy consumption rate. 
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Fig. 4 Influence or carrier air on exergy feeding and consumption rates for rotary-tube dryer. 

4. Conclusions 

The heat consumption rate for lignite drying is a conventional indicator to evaluate the 
performance of lignite dryers. However, the drying temperature for various drying 
technologies are different, which means that energy at different grades is used in these 
drying technologies. The heat consumption rate could not evaluate the irreversibilities in 
drying process. Therefore, the exergetic analysis models are developed in this paper, and 
the exergy feeding rate and exergy consumption rate are defined as indicators for exergy 
analysis. Quantitative analyses on lignite dryers reveal that irreversitbilities vary greatly for 
lignite drying technologies. Dryers using low temperature heat as dryer heat source 
consume less exergy in the drying process. The exergy consumption rate for steam fluid-
bed dryer is the smallest, which is 432.6 kJ (kg H2O)-1.The aim of this paper is to provide a 
guidance for the development and study of lignite drying technologies in the viewpoint of 
reduction for exergy consumption. 
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Abstract 
The drying of Eucalyptus nitens is a troublesome process as the species is 
extremely prone to drying defects. This paper reports ongoing research to 
improve the understanding of surface checking and cell collapse in Chilean 
grown Eucalyptus nitens during drying. Computed tomography (CT) 
scanning was used as a powerful tool for studying the internal changes in the 
wood-material during the drying process. Different levels of temperatures 
have been tested with the same equilibrium moisture content (EMC) 
conditions and low air velocity. The results confirm that a low drying 
temperature and a low air velocity, which results in a slow rate of drying, 
reduce internal cell collapse  and surface checking . 

Keywords: Cell collapse; computed tomography; surface checks; wood 
drying; internal checks 
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1. Introduction 

Eucalyptus is the largest single source of market pulp in the world [1] . In Chile, 35% of the 
forest plantations are eucalyptus (mainly Eucalyptus globulus and Eucalyptus nitens) [2]. 
The production of eucalyptus wood in Chile has been increasing during the last 40 years, 
but the volume of eucalyptus used as sawn timber has nevertheless decreased during that 
period. 

The desire to increase the use of eucalyptus and to improve its processing has driven 
research in various fields. Blackburn [3] provides a wide picture of the existing knowledge 
of eucalyptus wood from different points of view: materials science, genetics, forest 
management and commercialized products. More recently, Sharma et al. [4] studied a new 
method to improve the quality of Eucalyptus nitens and Eucalyptus bosistoana solid wood 
by eliminating growth stresses. Kong et al. [5] investigated the use of steaming as pre-
treatment for Eucalyptus grandis and Eucalyptus urophylla wood and identified potential 
ways to improve the drying process. 

One of the reasons for the low use of eucalyptus in solid wood products is the difficulties in 
the drying process, which usually result in an unacceptable level of defects, often due to 
cell collapse [6-8]. Cell collapse is a process that occurs mainly when there is free water in 
the wood cells and thin-walled cells cannot withstand the tension forces generated when the 
liquid water is displaced [9]. The literature reports research that addresses surface and 
internal checking and cell collapse of different eucalyptus species from various viewpoints, 
e.g. anatomical [10-12], materials science [6, 13-14] and genetics [15-16].  

The topic of collapse in wood drying has been studied extensively. Recently, Yang and Liu 
[9] provided an extensive review of the literature on the collapse behaviour of different 
eucalyptus species and, based on these reports, proposed different measures to reduce it, 
such as pre-heating (both with steam and with microwaves), re-conditioning and several 
methods to control the drying parameters. 

Different scanning technologies have been applied to study the  cell collapse: Wentzel-
Vietheer et al. [17] tried to identify collapse zones in Eucalyptus globulus with near 
infrared spectroscopy (NIR). Ananías et al. [18] used a Quintek Xray Ring Tree Analyzer 
to measure the width and density of annual rings while studying how the location of the cell 
within the stem influences collapse.  

The work presented in this article is a part of a larger project where the drying of 
Eucalyptus nitens is studied. To study internal cell collapse, an unique equipment that 
combines a drying chamber and a medical computed tomography (CT) scanner is used in 
such a way that the wood specimens can be scanned during drying in controlled conditions. 
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It is then possible to explore what happens in the interior of a wood piece during the drying 
process and also to study the changes in dimension and density.  

2. Materials and Methods 

Eucalyptus nitens was harvested from Chilean plantations, sawn and shipped in the green 
state to northern Sweden, where the experiments took place. The specimens were sawn in 
dimensions of 47 x 162 x 600 mm and 27 x 162 x 600 mm with different orientations in the 
log cross-section (Fig. 1). Prior to drying, the cross-sections of the specimens were sealed 
with a heat-resistant silicone. 

A specially designed laboratory drying kiln that fits within the void of a Siemens Somatom 
Emotion Duo medical CT-scanner was used (Fig. 2). With this equipment, it is possible to 
scan the inside of the kiln without interrupting the drying process, and thus to inspect in real 
time internal features of the wood specimens as they are drying. The control parameters are 
the air velocity and the dry and wet bulb temperature (Td and Tw). 

 

Fig. 1: CT-images of the cross section of the specimens before (Left) and after drying - experiment 
No. 4 in Table 1 (Right).  

 

Fig. 2: Drying kiln and CT-scanner. The specimen is located in the metal tube that fits within the 
gantry of the scanner. 
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2.1. Drying processes 
The part of the project presented here consisted of slow drying under stable conditions. The 
aim was to maintain a constant air velocity just below 1 m/s, and conditions for the same 
equilibrium moisture content (EMC) 16% (modifying the psychrometric difference in each 
run) and under these conditions to apply different drying schedules at four different 
temperatures, with four samples in each run in the chamber (Table 1). This was not always 
possible, as such a low air velocity made it difficult for the control system to hold the 
climate because the humidity in the chamber is controlled by the psychrometric difference, 
which requires a higher air velocity. Fig. 3 shows the actual temperature and humidity 
trends in each experiment, showing the difficulties of reproducing such schedules in some 
cases (compared with the set points shown in Table 1) and the consequences of several 
malfunctions of the equipment that had to be dealt with while the tests were running.  
 

Table 1: Temperatures set points for each experiment. 

Experiment No. Dry-bulb T (°C) Wet-bulb T (°C) 
1 90 87.9 
2 60 57.3 
3 25 22.5 
4 40 36.9 

 

 
Fig. 3: Actual temperature and air velocity trends in the four experiments using the set points 

indicated in Table 1: 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right). 
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2.1.1. Experimental issues 

Several issues arose during the experiment that made it necessary to change some of the 
parameters so that the drying kiln would continue running. During experiment No. 1, the 
steam valve broke and it could not be replaced with the chamber in operation. To keep the 
experiment running and the EMC at a reasonable level, the air velocity was increased to 
around 1.9 m/s. The chamber also experienced malfunction early on during experiment No. 
3, and the data for wet-bulb temperature (Tw) and dry-bulb temperature (Td) after loads are 
not reliable after about 60 h. Experiments No. 2 and No. 4 ran reasonably well. During 
experiment No. 4, the chamber had problems in reaching the working conditions for the 
test, and the air velocity was therefore incremented after around 40 h. 

2.2. Data processing 

The data obtained from the CT-scanner are images in DICOM format, which translate into 
grey-scale images in which a lighter colour represents a high density and a darker colour 
represents a low density (Fig. 1). Each pixel of the image represents a volumetric entity (so 
called voxel) defined by the pixel size and the thickness of the scanning beam. In these 
experiments the voxel size was 0.49 x 0.49 x 10 mm3. Being a grey-scale image, each pixel 
has one numeric value associated with it (the CT-number), and the images can thus be 
processed as matrixes in mathematical software like, for example, Matlab, and this is the 
case with the data here presented. Making use of the density relationship between the CT-
number and the density of the scanned material, mass can be inferred and, thus, real time 
studies of moisture content (MC), defined as the ratio of the weight of the water in the 
wood to the dry weight of the wood, can be made.  

The MC is calculated from the CT-images by dividing the difference between the average 
mass of the wood pixels in the wet wood image and the average mass of the wood pixels in 
the dry wood image by the average mass of the wood pixels in the dry wood image. This 
method is somehow analogous to the gravimetric method, which consist on dividing the 
difference in weight of a wood specimen at a given MC and in totally dry condition by the 
weight of the wood specimen in totally dry condition. 

3. Results and Discussion 

Two main aspects were studied: the drying rate and the evolution of internal cell collapse 
and surface checking. 

3. 1. Drying rate 

As shown in Table 2, the lowest temperature gave the best drying rate, which is a 
confirmation of the validity of the traditional drying schedules used in Chile, which are 
performed at around 28°C with very low air velocity. A dry shell can be seen in experiment 
No. 3 (25°C Td), and to a shorter extent in experiment No. 4 (40°C Td), but not in the 
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experiments at higher temperatures. Nevertheless, the results show that the drying rate is 
almost as high at 90°C  as it is at 25°C, which was one the hypothesis. Unfortunately, there 
is a high spread on the results, which suggest that conclusions should be drawn carefully. 

 

Table 2: The drying rate of the different specimens sorted by dimension. 

Experiment No. Temp. °C 27 x 162  27 x 162  47 x 162  47 x 162  Mean 
1 90 -0.45 -0.19 -0.25 -0.30 -0.30 
2 60 -0.30 -0.18 -0.15 -0.16 -0.20 
3 25 -0.39 -0.37 -0.27 -0.29 -0.33 
4 40 -0.26 -0.25 -0.25 -0.19 -0.24 
3.2. Cell collapse and surface checking 

Table 3 shows how the checking and cell collapse varied in each experiment. Fig. 1 shows, 
as an example, the checking and collapse occurring during experiment No. 4. If time were 
the only parameter to evaluate, experiment No. 4 (at 40°C Td) could be considered to show 
the best behaviour regarding the appearance of surface checks, while the CT-images 
showed that collapse took place more slowly in experiment No. 3 (at 25°C Td). 

Table 3: Visibility of the first checks (surface) and cell collapse (internal checks) shown in hours 
into the drying process. 

Experiment No. First checks 
after: (h) 

Visible collapse 
After: (h) 

1 35 72 
2 58.5 68.5 
3 56 77 
4 71 71 

 

Nevertheless, the comparison between these results must take into account the differences 
in the processes and in the drying rate in the different experiments.  

3.3. Future work 

More research will be performed trying to take into account all the factors that may 
influence the quality of the final product regarding both surface checking and cell collapse. 
Multivariate statistical studies may be useful in the future. The development of the 
equipment and the method to replicate these drying schedules also needs more work, as 
processes with low temperatures and air velocities has shown to be troublesome. 
Furthermore, research on the implementation of pump-drying is currently being carried out, 
which shows a potential for energy savings as the fans are intermittently stopped during 
much of the drying time. 

1274

http://creativecommons.org/licenses/by-nc-nd/4.0/


Couceiro, J.; Hansson, L.; Ahec, A.; Sandberg, D. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

4. Conclusions 

The drying of Eucalyptus nitens has been shown to differ to some extent with regard to the 
appearance of checks and cell collapse-related features depending on the temperature, but 
the drying rate does not seem to be greatly affected by temperature. It can be concluded 
from these studies that Eucalyptus nitens should be dried at a low temperature and a low air 
velocity, as is done industrially in Chile, to avoid damage. Improving the efficiency  of the 
drying process in terms of time and, thus, energy, does not seem likely as the process must 
be slow in order to avoid surface checking and cell collapse. The results do not suggest that 
high temperature drying would give higher drying rate, thus the increase in energy 
consumption would not be worth it. 
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Abstract 
Nanoencapsulation is an efficient process to incorporate high nutritional 
oils, such as high oleic palm oil (HOPO). Several drying technologies can be 
applied for obtaining HOPO powders. The aim of this work was to study the 
effect of two different drying methods (spray-drying, SP and freeze-drying, 
FD) on some physical properties and microstructure of powders obtained 
from HOPO nanoemulsions. Results showed that FD powders presented 
lower aw and bulk density, and higher dissolution rate than SD powders. 
Results suggest that SD could be a more economical alternative to FD in 
order to obtain HOPO powders with low moisture and aw. 
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1. Introduction 

Nanoencapsulation is an efficient process to encapsulate bioactive compounds and thus 
allows the incorporation of high nutritional oils, such as high oleic palm oil (HOPO) [1]. 
Nanoencapsulation often begins with the production of nanoemulsion [2]. One of the 
techniques used for obtaining nanoemulsions is microfluidisation; it has been widely used 
and represents a highly efficient method for producing nanoemulsions containing small-
sized droplets (100-500 nm) [3].  

Several drying technologies can be applied for obtaining HOPO powders such as freeze-
drying and spray-drying. The final product obtained from these methods may differ in 
physicochemical properties and microstructures [4]. Spray drying is widely used in 
commercial production of milk powders, fruits and vegetables [5]. This method has several 
advantages such as rapid drying, large throughput and continuous operation. During the 
drying process, the feed solution is sprayed in droplets in a stream of hot air [6]. The liquid 
droplets are dried in seconds as a result of the highly efficient heat and mass transfers [7]. 
The finished product can be made in the form of powder, granules or agglomerates [8]. 
Freeze drying, also known as lyophilisation, is a drying process in which the food is first 
frozen then dried by direct sublimation of the ice under reduced pressure. To carry out a 
successful freeze drying operation, the pressure in the drying chamber must be maintained 
at an absolute pressure of at least 620 Pa [7]. Freeze drying is generally considered as the 
best method for production of high quality dried products [9]. But, it suffers from high 
production costs, high energy consumptions, and low throughputs [10].  

So, the aim of this work was to study the effect of two different drying methods, spray 
drying and freeze drying on some physical properties and microstructure of powders 
obtained from nanoemulsions of HOPO. 

 

2. Materials and Methods 

2.1. Materials 

HOPO (Fedepalma, Bogotá, Colombia); whey powder was bought in a local market 
(Bogotá, Colombia); soy lecithin (Bellchem International, Medellín, Colombia); and native 
corn starch (Cimpa SAS, Bogotá, Colombia). 

2.2. Nanoemulsion preparation 

The coarse emulsions were homogenised in an mixer (Imusa, Bogotá, Colombia), 
incorporating whey powder (29.76%, w/w), followed by the sequential addition of native 
corn starch (0.24%, w/w), and HOPO (14%, w/w) to the distilled water over 2 min. 
Subsequently, such emulsions were processed to obtain the nanoemulsions. The soy lecithin 
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concentration was held constant at 10% w/w with respect to the HOPO concentration 
(1.4%, w/w). The nanoemulsions were obtained following the methodology of Quintanilla-
Carvajal et al., [11] with some modifications at 20,000 psi pressure for 2 cycles. 

2.3. Drying technologies   

Two different drying methods were applied: spray-drying (SP), and freeze-drying (FD). 

2.3.1. Spray drying  

HOPO powders produced by SD (SDP) were obtained in a pilot scale spray dryer (Niro 
MM-PSR, GEA Process Engineering A/S, Denmark) using two-fluid nozzle as atomisation 
device at 1 bar of pressure. The nanoemulsions were fed into the atomiser by a peristaltic 
pump (Watson-Marlow, United Kindom). The inlet and outlet temperatures of the drying 
air were 190 and 90°C, respectively.  

2.3.2. Freeze drying  

HOPO powders produced by FD (FDP) were obtained in a pilot scale freeze dryer 
(Labconco, USA). The nanoemulsion was poured into a stainless pan to form a layer of 
10 mm. The samples were frozen at −40 °C with a cooling rate of 0.5°C/min for 16.5 h. 
Then, the samples were sublimated at a temperature of -20°C for 12 h and a desorption 
temperature of 20°C for 24 h. The pressure on the chamber was 0.018 mbar. Then, an 
analytical batch mill (A 11 M Basic, IKA, USA) at 28,000 rpm during 10 s was used for the 
obtention of the FDP. 

2.4. Physical properties of the powders   

2.4.1. Moisture  

The moisture content of the powders was measured from 0.3 g of sample employing an EM 
120-HR moisture analyser (Precisa Gravimetrics AG, Dietikon, Switzerland). 
Measurements were performed in triplicate.  
2.4.2. Water activity (aw) 

The water activity of the powders was measured using an AquaLab Series 4 aw meter 
(Decagon Devices, Inc., Pullman, WA) after the samples were stabilised at 25 °C for 30 
min. The measurements were performed in triplicate.  

2.4.3. Dissolution rate (DR) 

The dissolution rate was carried out by adding 2 g of the powders into 50 mL of distilled 
water [12]. The mixture was agitated in a 100 mL low form glass beaker with a magnetic 
stirrer (Heidolph, Schwabach, Germany) at 900 rpm. The time (s) required for the material 
to completely dissolve was recorded. The measurements were performed in triplicate. 
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2.4.4. Bulk density (BD) 

The bulk density of the powders was measured by weighing 2 g of sample and placing it in 
a 10 mL graduated test tube. The test tube was tapped by hand and the bulk density was 
calculated as the ratio between the mass (g) of powder contained in the test tube and the 
volume occupied [13]. The measurements were performed in triplicate. 

2.5. Microstructure  

For the analysis of the structure of the HOPO powders a scanning electron microscope 
(Phenom Pro, Cecoltec Ltda, Bogotá, Colombia) was used. Samples were placed on the 
SEM slides with the aid of colloidal silver. An acceleration voltage of 5 kV and two 
different magnifications of 1000x and 4000x were used.  

2.6. Statistical analysis  

Data were subjected to variance analysis (ANOVA), using the least significant difference 
(LSD) test with a 95% (p < 0.05) confidence interval to compare the test averages 
(Statgraphics Plus 5.1, Manugistics, Inc., Rockville, MD, USA). 

 
3. Results and Discussion 

3.1. Physical properties  

Physical properties of the HOPO powders obtained using two different drying methods, SD 
and FD are shown in Table 1. Results showed that no significant differences (p > 0.05) 
were obtained between the moisture of FDP compared to that obtained in SDP (Table 1). 
Although no significant differences in moisture content were found, both methods are 
totally adequate for emulsion drying because in industrial food, moisture values under 15% 
prevent microorganism growth, increase structural stability and retards deterioration 
reactions as sugar crystallization, non enzymatic browning and aroma losses [14].  

 

Table 1. Physicochemical properties of HOPO powders obtained by two different drying methods 

Drying method Moisture (%) aw DR (s) BD (g/mL) 

SD 2.43a (0.05) 0.1621a (< 0.01) 83.00a (9.9) 0.6366a (0.01) 

FD 2.31a (0.01) 0.0701b (0.01) 146.00b (5.7)  0.5154b (< 0.01) 
DR: dissolution rate; BD: bulk density. 
The values in parenthesis are the standard deviations. 
abcIn the same column, means without the same letter reveal significant differences (p < 0.05) according to the LSD multiple range test. 
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On the other hand, FDP presented lower aw values (p < 0.05) than SDP (Table 1). This may 
be caused because the high vacuum used. The high vacuum gradient can affect the water 
transfer rate within the molecular structure, resulting in a lower residual aw in the final 
product [15]. In the SD method, increasing the temperature of the inlet air, increases the 
temperature gradient between the air flow and the emulsion, which results in the increase of 
heat transfer and, therefore, the rate of evaporated water [16]. In addition, the rapid drying 
in the SD method produces a homogeneous particle size that helps a faster contraction of 
the particles after water evaporation, generating a minimum amount of available water [17]. 
It is known that with an aw below 0.3, the water present is not enough to behave like a 
solvent, which decreases the mobility of the products available for degradation reactions 
and microbial growth [18]. In this sense, both drying technologies allow obtaining stable 
products from the point of view of water activity. 

In relation to bulk densisty (BD), FDP presented lower BD values (p < 0.05) than SDP 
(Table 1). Baeghbali et al, [19] when studying the effect of different drying methods on the 
physical properties of pomegranate juice obtained that spray dried samples had higher BD 
compared to refractance window dried samples because of the fine structure of the spray 
dried sample. It is known that BD is directly related to the moisture content of the powders. 
With less moisture content, less water will be present in the structure, which allows more 
empty spaces between the particles and the interior of these. In this way, increasing the 
porosity, will increase the surface area per unit volume, and finally will decrease the BD 
[20]. This fact would explain the higher BD obtained in spray dried HOPO powders due to 
its high moisture content compared to that obtained by FD. 

Finally, FDP presented higher DR values (p < 0.05) than SDP (Table 1). Similar results 
were obtained by Caparino et al., [4] when studying the effect of different drying methods 
on the physical properties and microstructure of mango powder. These authors obtained 
higher solubility (lower DR) on the spray dried mango powder compared to freeze dried 
product. They established that the atomization of mango puree during spray drying could 
contribute to solubility of spray-dried product. This fact would explain the higher solubility 
obtained in spray dried HOPO powders compared to that obtained by FD. 

 

3.2. Microstructure 

Scanning electron micrographs of HOPO powders obtained by different drying processes 
are shown in Fig.1. Spray-dried HOPO powders (Fig. 1A and 1C) has spherical or oval 
shape and smooth surface particles due to effect of spray-drying condition, which was 
maintained at inlet temperature of 190°C during drying. On the other hand, freeze dried 
HOPO powders (Fig. 1B and 1D) showed a skeletal-like structure. Similar results were 
obtained by Caparino et al [4] when studying the effect of different drying methods on the 
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physical properties and microstructure of mango powder. These authors obtained a more 
spherical shape, and more smooth and porous surface on spray dried mango powder 
compared to freeze dried product. The smooth spherical-shaped HOPO powder could 
contributed to its high solubility and BD compared to the freeze drying method.  
 

 

Fig. 1 Scanning electron microscopy micrographs for powders of HOPO nanoemulsions obtained 
using spray drying (A, C) and freeze drying (B, D). Magnification: 1000x (A,B), 4000x (C, D). 

 

4. Conclusions 

Results showed that of the four response variables analysed, three were significantly 
affected by the drying method applied (p < 0.05). No significant differences (p > 0.05) were 
obtained between the moisture of FD powders compared to those obtained by SD. 
Moreover, FD powders presented lower activity water and BD, and higher DR than SD 
powders. These important changes in the physicochemical properties of the powders of 
HOPO could be related to structural modifications observed. So, results suggest that SD 
could be a more economical alternative to FD in order to obtain HOPO powders with low 
moisture and activity water and higher solubility. 
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Abstract 
Drying process represents one of the main energy-consuming stages for a 
broad variety of manufacturers. However, despite its significant impact on 
energy efficiency, most implementations at manufacturing level do not operate 
within the optimal conditions.  

This work investigates the interplay among different parameters involved into 
the paper-drying process. To do so, we analyze both experimental and 
numerical results. The theoretical approach couples a non-isothermal flow, 
along with the heat transfer and transport of different fluids participating. Our 
results, experimental and numerical, show a good agreement according to the 
characteristic drying time scale. The results thus enable to estimate the impact 
of different mechanisms into drying process. 

 

Keywords: paper-drying process; free water; bound water; papermaking. 
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1. Introduction 
Drying porous media is an experience surrounding us every single day. Food, building 
material, paper pulp, textiles or tissues are some examples of the engineering applications 
wherein the drying process has a central impact.  
Porous media refers to materials presenting a pores network. In most applications, these 
cavities are filled with different fluids: gases and liquids. The interaction between those fluids 
and the solid matrix is what ultimately regulates the mass transfer concurring in this complex 
pores network. Indeed, understanding the complex dynamic of drying rate has been of interest 
for the past decades. At high saturation level, the water may be described using its bulk 
properties, that is called free water[1]. Although the latter represents a significant percentage 
of the water inside the structure (roughly 80% in most cases), drying the remaining water, 
physical or chemically adsorbed into the solid matrix (bound water), requires a considerable 
energetic effort. 
Unfortunately, an exact description about bound water demands a microscopic approach for 
the solid-fluid interaction. Such description involves knowing the peculiarities of geometrical 
irregularities as well as forces at the molecular level between walls and fluid, which turns the 
problem into a challenge both theoretical and numerical. Nonetheless, in most practical cases, 
a so accurate insight is unnecessary or leads to an impossible undertaking. 
To tackle this multi-scale scenario, we investigate the drying process on paper using the 
porous media theory. We followed, therefore, a macroscopic approach which provides an 
intuitive description averaging all minutiae at the microscopic level. We turn in this way the 
micro-scale effects into volume and surface terms in the governing equations at macro-
scale[2]–[4]. 
This paper analyze a real case in which a non-isothermal flow is addressed to the porous 
medium, initially wholly saturated. We explore thus the interplay among mass and energy 
transfer, pressure distribution, or the evolution of evaporation front among other parameters. 
To do so, we combine a numerical approach with experimental results. Our results enable to 
clarify the transition between free and bound water, elucidating the role played by the main 
control parameters during the experiment. 
Section 2 presents the problem formulation, discussing the physics and assumptions 
considered in the macroscopic approximation. Section 3 details the numerical and 
experimental results. Finally, Section 4 brings together the leading conclusions, highlighting 
potential mechanisms to investigate in future works to incorporate the bound water effect at 
low saturation level. 
 
2. Problem formulation 
In this section, we motivate the macroscopic formulation of the porous medium and its 
interaction with the flow passing it through as well as the heat transfer induced. The first 
paragraph is dedicated to the geometrical setting since that helps to bear in mind an intuitive 
workflow to formulate the corresponding governing equations later. 
2.1. Geometrical setting 
Fig. 1 shows a schematic sketch about the geometrical setup modeled in this work. As the 
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figure illustrates, we simulate the problem in a two-dimensional case. For low Reynolds 
numbers, that is a reasonable assumption that trims the computational effort considerably. 
2.2. Governing equations: A miscible fluids formulation 
The macroscopic approach comes up averaging over a representative elementary volume[5]. 
At this high level, there is no trace of surface topology at micro-scale, and the porous medium 
is then reduced to a continuum view. Solid-fluid interaction is thus modelled via a distributed 
energy loss induced by the flow going through the solid matrix. 
Hence, at such high level, the flow field for the gas phase (dry air and water vapor) is 
governed by a single Navier-Stokes equation (NSE)[6]. Indeed, inside the porous medium, 
the energy losses induced by the solid matrix require some additional considerations. Those 
are, essentially, concerning on the way the solid matrix modulates different contributions in 
the NSE, turning eventually this into a Brinkman equation (BE)[7]. Thus, outside the porous 
medium, the gas-phase flow is described by a non-isothermal NSE: 

where ρg and µg are air density and dynamic viscosity, respectively. Inside the porous 
structure, however, Equation (1) must be modified considering the drag induced by the solid 
matrix, what eventually results in the BE[3] 

 

 

  (1) 

 
 

  (2) 

Fig. 1. Schematic sketch of the setting investigated in this work. 
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where the last two terms of the RHS represent Darcy[8] and Forscheimer[9], [10] resistances, 
respectively. The coefficients ε , kg and τ are the porosity, permeability of the gas phase, and 
tortuosity, respectively. The coefficient c comes from an experimental fitting; we consider 
the experiments carried out by Hoang et al.[11] which are an example of such empirical 
relationship between c and k. 
Water vapor velocity field may be described in terms of ug , including the diffusion of vapor 
into the dry air (binary diffusion, Bird et al.[12]) 

where an effective porosity (Sgε ) and diffusivity (De) are considered. The first one according 
to the saturation level, whereas the effective diffusivity depends on the local temperature, 
porosity, and tortuosity[13] 

where Dv is the bulk diffusivity of the water vapor in the air. 
Liquid phase (water), conversely, not require such a sophisticated formulation to compute its 
velocity field. Water inside the porous media reaches velocities much smaller than the gas 
phase. This fact enables to describe the water velocity field using a Darcy's law, depending 
solely on the pressure gradient induced into the gas phase dynamic 

where Slε  reflects an effective porosity as a function of local saturation level. 
The lack of concrete pores, conceptually, leads to the impossibility to track the interaction 
between two phases concurring within the porous medium. Essentially, because there is no 
way to define an interface, and consequently the interfacial energy stored. Even though, 
mechanisms such as capillary or evaporation may be included in the transport of different 
phases considering their average contribution over the REV. Phases are thus represented as 
miscible fluids; which is entirely consistent with the mean-field character of REV 
approximation. Transport of liquid and gas phases are formulated then as a conventional 
balance equation: 

where Dcap represents the diffussivity induced by the capillary effects[3], and ṁevap is the 
mass flux evaporating 

The coefficient νevap [s-1] accounts the evaporation rate, whereas aw represents the water 
activity[4]; cv is the concentration of water vapor at a given time; and csat is the saturation 

 
 

  (3) 

    (4) 

 
 

  (5) 

 

 

  (6) 

    (7) 
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concentration 

where psat is the saturation pressure, and R is the gas constant. 
Nonetheless capillary, water activity, or intrinsic porous properties depend overall on the 
water saturation level[4]. Those levels are, however, closely related to the corresponding 
concentration via the relationship: 

which, ultimately, means the ratio of mass of a given species in an elementary volume over 
the total. On the other hand, given that phases are connected each other in an elementary 
volume via conservation of mass, the gas saturation level turns out to be: 

Saturation variables alleviate the heat transfer problem inside the solid structure, reducing it 
to the general energy balance for a single phase flow; 

where the subscript ṁevap indicates the average thermal properties, which results from a 
weighted average between the two phases coexisting within the porous structure 

where  

is the flux of each phase. 
Finally, according to the modeling detailed in this section, the water dynamic inside the 
porous structure is described as a combination of different mechanisms interconnected with 
each others. Hence, free and bound water concepts are not considered as discrete states within 
the continuum approach, but rather as asymptotic modes induced by a combination of 
mechanisms involve in drying process. 
2.3. Implicit assumptions and limitations 
The theoretical model above mentioned connects micro- and macro- scales via water activity 
and solid matrix properties. There are two critical points, however, assumed in such 

 
 

  (8) 

 
 

  (9) 

    (10) 

 
 

  (11) 

 

 

  (12) 

    (13) 
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continuum description: 
 Water activity. Although the theoretical model is part of a macroscopic framework, 

water activity (Eq. (7)) brings in the microscopic dynamic of water via sorption 
isotherms. We followed the IUPAC recommendations[14], which mainly divide the 
physisorption mechanisms into five classes according to the original classification 
carried out by Brunaer et al.[15]. In particular, we implemented the type I (Langmuir 
isotherm), since that is commonly exhibited in micropores. 

 Average properties. Porous media properties used in this work were chosen from 
both theoretical and experimental relationships for different porous media including 
foods[4]. 

 
3. Results and discussion 
This section itemizes the major findings derived from the theoretical model introduced in the 
previous section. 
3.1. Drying curve 
Fig. 2 (left) shows the numerical drying curve. The evolution of moisture content exhibits, 
mostly, two different areas: a linear region, which is linked in the literature to free water; and 
another nonlinear region at low saturation levels associated with bound water wherein surface 
effects become dominant. 
As we mentioned above, the theoretical model presented in this work is not aimed at 
differentiating between free and bound water, at least in the conventional manner. Mainly, 
because these concepts revolve around discrete states, which is hardly fit with the continuum 
framework proposed. Water activity and the corresponding sorption isotherm are used then 

Fig. 2. (Left) Drying curve. (Right) Temperature evolution at surface center. Both graphs are 
referred to the drying time scale, τDrying ; time required to reach a 0.2% water saturation level. That 

enables a qualitative comparision between experimental and theoretical results. Experimental 
curves were obtained according to the setup detailed by Farzad et al. [16]. 
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as the natural way to connect micro- and macro-scales concurring along the transient. 
Therefore, the nonlinear region appears as a combination of different factors involving not 
only fluid-wall interaction at micro-scale via water activity, but also the evolution of others 
macroscopic magnitudes as the pressure and temperature distributions. 
The good agreement (qualitatively) between numerical and experimental curves supports the 
theoretical insight proposed in this work. Such validation enables to explore the role of each 
macroscopic control parameters in the sorption process, and thereby in the drying dynamic. 
3.2. Temperature evolution at surface center 
Fig. 2 (right) displays another characteristic response throughout the drying process 
evolution: temperature evolution at the surface center of the sample. 
Surface center is the point at which the flow is addressed (Fig. 1). The flow outside porous 
structure quickly reaches a steady situation. As the curve details (Fig. 2–right), the two-step 
profile reveals the dependency with other factors such as the evolution of evaporation front. 
Otherwise, the combination of convection and conduction mechanisms would lead to a single 
step curve. 
 
4. Conclusions 
Recent work about the drying dynamic inside porous media provides a continuum theoretical 
framework to deal with multiple scales concurring during the drying process. Free and bound 
water are posed as asymptotic water modes inside the solid structure rather than two different 
and discrete states. Our results are in good agreement (qualitatively) with their experimental 
counterparts. Drying curve exhibits not only the linear part usually assigned to free water, 
but also nonlinearities associated with bound water at low saturation levels. In its turn, the 
temperature evolution at the surface center of the sample presents the two-step profile 
observed experimentally. On the other hand, the pressure and temperature distributions inside 
the solid structure unveil the way the evaporation front advances through the solid matrix. 
The nonlinear advancement of the evaporation front through the porous structure pushes the 
water to the edge of the domain where the heat transfer drops considerably 
Nevertheless, these results must be analyzed with extreme care since we assumed two critical 
points. First, we considered a Langmuir adsorption isotherm as the sorption dynamics 
modulating the water activity inside the solid structure. While it is true that it is commonly 
used in micropores, there is no enough experimental evidences to support this assumption in 
the case we worked with. For instance, capillary condensation is a potential adsorption 
isotherm to be considered, since it explains the way alternating wide and narrow parts of 
pores may enhance evaporation or condensation processes. On the other hand, solid matrix 
properties were considered as an average based on a bunch of theoretical and experimental 
relationships including different porous media. 
Therefore, given that the theoretical framework presented in this work connects the micro- 
and macro- scales via porous medium properties and the adsorption isotherm, a more 
complete description of these two factors is required. They do are currently under a more in-
depth investigation in our laboratory both experimental and theoretically. 
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Abstract 

This study aims to determine the drying behavior of quince puree and as an 
adverse effect powdered sugar added quince puree with the addition of 
maltodextrin. The addition of powdered sugar increases the drying time and 
the total amount of energy and the same time slightly decreases the moisture 
content and water activity values. The color values and the properties on 
these values changed both with the addition of maltodextrin and powdered 
sugar. The density values, flow properties and reconstitution properties are 
significantly affected by the amount of maltodextrin in plain or powdered 
sugar added samples. 

 

Keywords: quince, freeze-drying, maltodextrin, powder properties. 
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1. Introduction  

Quince which is rich in vitamins A, B and C, sugar, crude fiber and minerals such as 
potassium, phosphorus and calcium [1]. Fresh fruits and vegetables are easily deteriorated 
due to their high moisture content, which can be prevented by a variety of preservation 
methods and one of these methods is the drying process. The drying process was first 
initiated by drying in the sun, but due to the lack of long processing times and standard 
product handling, industrial drying methods have been developed such as freeze-drying. 
The freeze-drying process is based on the principle of free water sublimation in freezing 
under low pressure, and desorption removal of bound water. Therefore, the water is 
removed by the vacuum in the solid phase and the loss of the valuable components such as 
minerals, vitamins and aromas are minimized in the product structure. Freeze dried 
products are well known with high nutritional value and having a porous structure. 

This study aims to determine the drying behavior of quince puree and as an adverse effect 
powdered sugar added quince puree with the addition of maltodextrin. In addition, the 
physical, and powder properties of the obtained quince powders and the energy 
consumption through the freeze drying operation was also determined.  

2. Materials and Methods 

2.1. Material 

The fresh quince fruits were obtained from a local supermarket in Izmir, Turkey. They were 
washed, peeled, seeds removed, and grounded into puree by using a home type blender 
(Tefal Smart, MB450141, Turkey). Maltodextrin (MD) with Dextrose Equivalence (DE) 
value of 10-12 (AS Chemical Industry and Commerce Limited Company, Turkey) was 
added directly to puree and to the powdered sugar (PS) containing puree in suitable 
amounts (4-6-8-10% by weight).  

2.2. Methods 

2.2.1.  Freeze Drying  

The experiments were performed in a pilot scale freeze dryer (Armfield, FT 33 Vacuum 
Freeze Drier, England). The ground powders were stored in aluminum polyethylene 
packaging material (ALPE) in the dark at 20±1°C.  

2.2.2.  Analysis applied to powders 

The moisture content of the quince puree powders was carried out with 0.5-1 g of samples, 
which were dried in an oven at 105 °C until reaching a constant weight. The water activity 
values were measured by using a Testo-AG 400, Germany water activity measurement 
device. The color (L*, a*, and b* values) values of the quince puree powders were 
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measured with a Minolta CR-400 Colorimeter, Japan and the results were expressed in 
accordance with the CIE Lab. System. The total color change (ΔE), Chroma, Hue Angle (°), 
Browning (BI), whiteness (WI) and yellowness (YI) index were calculated according to the 
method of Pathare and Opara, 2012 [2]. For the determination of bulk density, tapped 
density, flowability and cohesiveness values in terms of Carr index (CI), and Hausner ratio 
(HR), the average wettability time (s) and solubility of powder were determined with the 
method of Jinapong, 2008 [3]. The dispersibility, porosity and hygroscopicity values were 
determined according to Gong et al., 2008, Jinapong 2008 and Cai and Corke, 2000 
respectively [3, 4, 5]. 

2.2.3. Statistical Analysis  

Data were analyzed using statistical software SPSS 16.0 (SPSS Inc., Chicago, IL, USA). 
The data were also subjected to analysis of variance (ANOVA) and Duncan’s multiple 
range test (α=0.05) to determine the difference between means. The drying experiments 
were replicated twice and all analyses were triplicated. 

3. Results and Discussions 

The drying time of samples, the energy consumption of the freeze dryer, the moisture 
content and water activity values of the dried quince puree powders are given in Table 1.  

Table 1.  The energy consumption, moisture content, and water activity values of the samples 
Samples Energy 

Consumption 
(KWH) 

Moisture 
Content (% 

Wet Basis, wb) 

Water Activity 

4% MD 8.47±0.01 xp 8.61±0.43 xp 0.43±0.01 yr 

6% MD 8.47±0.01 xp 8.40±0.44 xp 0.41±0.01 xr 

8% MD 8.47±0.01 xp 7.77±0.42 xp 0.41±0.01 xr 

10% MD 8.47±0.01 xp 7.72±0.13 xp 0.44±0.01 zr 

4% PS+4% MD 10.06±0.01xr 7.67±0.21 xp 0.43±0.002 tp 

4% PS+6% MD 10.06±0.01 xr 7.32±0.57 xp 0.40±0.02 zp 

4% PS+8% MD 10.06±0.01 xr 7.05±0.22 xp 0.37±0.008 yp 

4% PS+10% MD 10.06±0.01 xr 6.78±0.11 xp 0.37±0.01 xp 

x-t Different letters in the same column indicate a significant difference between the concentration of MD at P < 0.05. 
p-r Different letters in the same column indicate a significant difference between the samples with MD or 4%PS+MD at P < 0.05. 

To determine the energy efficiency of drying the energy consumption and the product 
quality have been identified as the key factors. The first and second sets of samples were 
dried for 15 hours and 18 hours, respectively.  
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Considering the energy consumption per hour of drying (0.559 kWh), the highest energy 
consumption value (10.06 kWh) was in the sample set where MD was added to quince 
puree with 4% PS. The moisture content of the samples was not significantly different. 
Dried foods (with water activity values of 0.20-0.40) were considered as stable for 
browning, microbial growth and enzymatic reactions [6]. According the Table 1, the water 
activity (aw) values of the powders are very near or slightly higher the upper limit.  

The measured color values of the dried samples are given in Figure 1. The highest L 
(brightness) value was achieved in the samples added with only 4% maltodextrin, while the 
highest brightness value was attained by addition of maltodextrin at 6% concentration 
together with the powdered sugar. Positive values of a* and b* indicate redness, 
yellowness, respectively. The highest values were observed from quince powder with 10% 
MD. As the amount of added maltodextrin increased, a decrease in L value was observed.  

Fig. 1 The color values of quince puree powders. 

The properties of the powders based on the color measurement are given in Table 2. 
Considering the results of color measurement, the highest total color change (ΔE) was 
detected in samples of added with 8% MD and PS and a significant increase in the total 
color change was observed as the amount of MD added to the samples increased. In the 
Hue angle, a significant decrease was observed with the addition of MD to quince puree but 
no effect was observed for PS containing puree (P <0.05). sample with 10% maltodextrin, 
which has the highest Chroma value, was accepted as the sample with the highest color 
intensity perceived by humans. In food products containing powdered sugar, the highest 
browning index value, which is one of the most common indicators of browning, has been 
detected on the level of quince with 8% maltodextrin added. The whiteness index (WI), 
which indicates the degree of discoloration during the drying process, represents the 
extreme whiteness of food products [7].  
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Table 2.  The total color change, hue angle, chroma values, browning, whiteness, and yellowness 
index of the powders. 

x-t Different letters in the same column indicate a significant difference between the concentration of MD at P < 0.05.  
p-r Different letters in the same column indicate a significant difference between the samples with MD or 4%PS+MD at P < 0.05. 

As shown in Table 2, as the maltodextrin content increases, a decrease in this value is 
observed. Yellowness value is related to general product degradation by light, chemical 
exposure and processing. This value is basically used to measure the amount of such 
degradation with a single value [8]. The results showed that increasing the MD content 
resulted in a significant increase in the yellowness value whereas increasing the MD and PS 
cause decrease in these values (P<0.05). 

The results of the powder properties of the freeze dried quince powders are given in Table 3 
and 4. The powder properties are important for the functional, economical, and commercial 
consideration of the powder products [10]. The average wettability and solubility times of 
the freeze-dried quince powders were found to be as 3 seconds and the amount of 
maltodextrin and the addition of powdered sugar did not affect the wettability and solubility 
times of the samples (P>0.05, data was not given.).  The highly porous structure and similar 
residue moisture content may be the reason for the low wettability and solubility times. 

 

Samples ΔE Hue Angle Chroma Browning 
Index (BI) 

Whiteness 
Index (WI) 

Yellowness 
Index (YI) 

4% MD 32.18±1.21
xp

 1.28±0.17
 tr

 29.31
 
±0.29

 xp
 58.34±1.54

 xp
 58.62±0.35

 xp
 57.10±0.40

 xp
 

6% MD 28.58±1.21
xp

 1.25±0.00
 zr

 28.01±1.52
 xp

 60.54±3.77
 xp

 54.84±0.79
 xp

 59.95±0.69
 xp

 

8% MD 24.58±1.33
xp

 1.12±0.02
 xp

 36.15±2.75
 yr

 107.58±13.82
 

yr
 

43.87±0.52
 xp

 78.29±1.83
 xp

 

10% 
MD 

26.94±2.05
xp

 1.17±0.00
 yp

 38.04±1.55
 zr

 109.54±2.34
 zr

 43.03±0.64
 xp

 87.69±0.66
 xp

 

4% PS+ 
4% MD 

32.54±0.79
yp

 1.19±0.00
 xp

 28.01±0.43
 xp

 65.66±2.26
 tp

 53.08±0.39
 xp

 59.47±0.47
 xp

 

4% PS+ 
6% MD 

35.85±0.84
zr
 1.20±0.01

 yp
 27.54±0.29

 xp
 60.73±2.97

 zr
 53.47±0.58

 xp
 58.90±0.71

 xp
 

4% PS+ 
8% MD 

36.09±3.38
tp
 1.20±0.01

 yr
 27.79±0.30

 xp
 61.54±1.67

 xp
 55.15±0.72

 xp
 56.89±0.89

 xp
 

4% PS+ 
10% 
MD 

31.46±4.45
 xr

 1.20±0.04
 yr

 27.69±0.50
 xp

 61.61±3.52
 yp

 56.25±0.99
 xp

 55.84±1.63
 xp
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Table 3. The powder properties of freeze-dried quince powders 

Samples 
Bulk Density 

(kg/m3) 

Tapped 
Density 
(kg/m3) 

Flowability 

(Carr Index) 

Cohesiveness 

(Hausner Ratio) 

4%MD 109.88±1.40xp 164.03±8.44yp 
32.95±2.60 zr 

(Fair) 
1.49±0.06 zr (High) 

6%MD 119.55±15.86xp 146.35±18.41xp 
18.35±0.57 xp 

(Good) 
1.22±0.01xp 

(Intermediate) 

8%MD 153.57±35.36yp 203.64±33.43zp 
25.00±5.05 yp 

(Fair) 
1.34±0.09 yp 

(Intermediate) 

10%MD 150.00±28.28yp 
199.11±18.94 

zp 
25.00±7.07yp 

(Fair) 
1.34±0.13 yp 

(Intermediate) 

4%PS+4%MD 182.62±5.72 yr 
261.00±47.70 

xr 
29.05±5.77 xp 

(Fair) 
1.42±0.22 xp (High) 

4%PS+6%MD 224.05±4.55zr 
345.54±46.72 

yr 
34.47±10.18 xr 

(Fair) 
1.54±0.24 xr (High) 

4%PS+8%MD 157.85±15.92xp 
248.93±80.08 

xp 
38.30±10.65 xr 

(Bad) 
1.65±0.28 xr (High) 

4%PS+10%MD 194.89±45.80yr 
286.80±28.52 

xr 
30.68±8.03 xr 

(Fair) 
1.45±0.17 xr (High) 

x-t Different letters in the same column indicate a significant difference between the concentration of MD at P < 0.05. 
p-r Different letters in the same column indicate a significant difference between the samples with MD or 4%PS+MD at P < 0.5. 

The bulk and tapped density values of freeze-dried quince powders with MD significantly 
increased depending on the increasing amount of (P<0.05). Comparatively higher bulk and 
tapped density values were observed for the quince powders with powdered PS and MD 
(P<0.05). It may be due to the higher solid amount of quince puree with 4%PS+MD 
compared to the quince puree with MD. Cai and Corke (2000) [5] reported that the increase 
in solid concentration in the feed which makes the particles heavier resulted in higher bulk 
density. For this reason, the higher bulk density values were obtained at the higher MD 
concentrations and the 4%PS addition. The flowability and cohesiveness properties of the 
quince powders in terms of the CI and HR were evaluated, the higher CI and HR values 
mean that the powder is more cohesive and less able to flow freely. The higher CI and HR 
values were observed for the sample with 4%MD and 4%PS+6%MD, 4%PS+8%MD, and 
4%PS+10%MD. The CI and HR values significantly decreased according to the addition of 
the amount of MD (P<0.05). The addition of MD to the quince puree improved the 
flowability of the powders. Comparatively higher CI and HR values were observed for the 
quince powders with 4%PS and MD (P<0.05). It may be due to lower glass temperature of 
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powdered sugar which causes the stickiness.   

Table 4. The other powder properties of freeze-dried quince powders 

Samples  
Particle Density 

(kg/m3) 
Porosity (%) 

Dispersibility 
(%) 

Hygroscopicity 
(%) 

4%MD  1690.50±183.14 tp 90.24±1.06yp 75.83±5.12xp 12.93±0.82yp 

6%MD  1486.34±21.52zp 88.96±2.29yr 78.66±3.15xp 11.09±1.73xp 

8%MD  941.14±14.52 yp 82.57±3.10xp 82.41±5.41xp 12.06±0.63 xyp 

10%MD  746.63±19.21xp 78.03±2.16xp 82.01±2.28 xp 11.66±0.55xp 

4%PS+4%MD  1977.09±65.59tr 86.03±4.63xp 73.39±6.74xp 18.38±0.54zr 

4%PS+6%MD  1863.39±36.26 zr 81.10±3.68xp 77.74±1.54 Xp 17.69±0.51yr 

4%PS+8%MD  1622.21±16.59xr 84.65±0.13xp 81.78±2.41yp 18.32±0.52zr 

4%PS+10%MD  1745.24±49.81yr 82.86±4.89xp 81.18±3.59yp 16.13±0.13xr 

x-t Different letters in the same column indicate a significant difference between the concentration of MD at P < 0.05.  
p-r Different letters in the same column indicate a significant difference between the samples with MD or 4%PS+MD at P < 0.5. 

The particle density of quince powders with MD and 4%PS+MD ranged between 746.63-
1690.50 kg/m3 and 1622.21- 1977.09 kg/m3 and the particle density of the powders 
significantly decreased depending on the increasing MD concentration (P<0.05). The 
porosity values (%) of the quince powders significantly decreased depending on the 
increasing MD concentration (P<0.05). The higher porosity values were observed for 
quince powders with MD compared to the quince powders with 4%PS+MD, however, the 
differences between the samples generally were not found to be significantly important 
(P>0.05, except quince powder with 6%MD). No significant differences were observed 
between the dispersibility values of the quince powders on MD concentration (P>0.05) and 
the addition of the powdered sugar to the quince pure with MD did not affect the 
dispersibility values of the quince powder (P>0.05). The hygroscopicity values of quince 
powders with MD were not found to be statistically different (P>0.05). The higher 
hygroscopicity values were generally obtained from the samples, which have lower 
moisture (quince powder with 4%PS+MD) contents.  

4. Conclusion  

In this study, the physical and the powder properties of the quince powders with 
maltodextrin and powdered sugar were determined. In a result of the physical analysis, as 
the amount of added maltodextrin increased, a decrease in L value was observed while a* 
and b* is the highest value at 10% concentration. Furthermore, quince powder with 10% 
maltodextrin and powdered sugar has the lowest value of moisture content and water 
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activity. Besides, the drying process time of the samples with only maltodextrin is shorter 
than another group. According to analysis of the powder properties, the addition of 
maltodextrin and powdered sugar did not affect the wettability and solubility times of the 
samples. The porosity values, CI and HR values decreased depending on the addition of the 
amount of MD. The hygroscopicity values and dispersibility of quince powders with MD 
were not found to be statistically different.  
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Abstract 
The possibility of using a heat pump as a part of on-farm drying plant is 
considered taking drying of corn grain as an example. The methodology for 
kinetic calculations of a drying plant with a batch fluidized bed for granular 
materials is developed. These calculations are based on the use of an 
analytical solution for the problem of mass conductivity  and taking into 
account the time-related changes in drying agent parameters over the layer 
height. To determine the concentration dependence of the mass-conductivity 
coefficient, a zonal method has been used.   

 

Keywords: heat pump; dryer; kinetic calculation. 
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1. Introduction 

To increase the efficiency of using a heat pump in a farm, it can be used for heating a 
farmhouse in winter, and for household needs in summer, for example, for drying seed 
grains. The drying of corn grains in a farm is  discussed in the paper.The objectives of  this 
work are: 1) analysis of the efficiency of using a heat pump in grain dryer, 2) developing an 
engineering method for the kinetic calculations of a periodically operating fluid bed dryer 
based on the analytical method of kinetic calculations, 3) obtaining the data on the mass 
conductivity of corn grains.  

2. Farm heat pump dryer (HPD) 

The moisture content of corn harvested from the field is in many cases higher than that 
required by storage conditions, so it is removed by thermal drying. For this purpose, a 
farmer heat pump plant with a fluidized bed of periodic operation can be used in a farm 
specializing in the production of seed-quality grains. A thermodynamic analysis was 
performed for the operation of such an installation in which the source of low-potential heat 
is the ground and the drying agent is atmospheric air heated by a heat pump to a 
temperature of 60°C. The R600a was taken as the refrigerant and its thermodynamic 
parameters were taken from literature.[1] As the result of analysis, it was found that 1) the 
energy conversion coefficient is Ψ = 2.98; 2) the energy saving for heating the drying agent 
is 66.4% due to the use of the heat pump, 3) for a fluidized-bed HPD at drying corn with a 
mass load of 75 kg, the total electric energy costs for the process (for heat pump and for air 
purge through the dryer) are ~ 16 kW, which is acceptable for operation of the dryer in the 
farm. Thus, the performed analysis and calculations show using HPD for drying corn seeds 
on a farm is fully justified. 

3. Kinetic calculation of a batch fluidized bed dryer (FBD) 

The level of development the theory of drying, the mathematical modeling methods, the 
availability of effective computational programs, the widespread distribution of personal 
computers allow to use  successfully  the mathematical methods for the kinetic calculations 
of dryers - analytical[2, 3] and numerical ones.[4, 5]  Such methods of kinetic calculations of 
continuous dryers for disperse materials has been developed. The operation of a batch dryer 
differs by the nonstationarity of the process, and it must be taken into account in the design 
calculation. In this paper, we present a method that takes into account the nonstationarity of 
the process.  At the development stage the general kinetic problem was decomposed into 
two levels: microkinetic and macrokinetic. At the microkinetic level, the drying kinetics of 
single corn kernels  were considered, and the influence of technological factors on the 
process was taken into account at the macrokinetic level. When formulating the 
microkinetic model, it was assumed that the grain is isotropic and assumes a shape of a 
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sphere with a radius R which volume is equal to the grain volume. The zonal method of 
calculation was used: the entire range of the moisture content of the material during the 
drying process was divided into a number of concentration zones, for each of which was 
given the necessary values of the mass conductivity coefficient and of other characteristics 
of the process. The drying duration in these zones was calculated by the analytical solution 
of the mass-conductivity problem in a regular mode[6]  

2
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i i

i
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BRτ ln ,

μ k E
= ⋅

⋅  

where μi is the first positive root of the characteristic equation for the solution of the 

problem at the i-th zone [6]; e in eE=(u(τ)-u ) / (u -u ) represents the relative average volume 

moisture content of the grains; u  - average moisture content of grain, kgkg-1; Bi is the first 
preexponential factor of the solution of the mass-conductivity problem[6]. The grain 
temperature was calculated on the basis of the solution of the heat conduction problem.[6] 

This solution for the medium-volume temperature of a spherical body has the form[6]  
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where t - average temperature of grain, оС; Вn are coefficients that depend on the Biot 
number thermal; RV is the ratio of the volume of the body to its surface (for a sphere RV = 
3); Fo -  Fourier number caloric; Ko - Kossovitch number; Lu - Luikov number. 

In describing the process at the macrokinetic level, it was assumed that in the FBD of a 
batch action, the solid phase is completely mixed, and the gas phase is ideally displaced. 
The moisture content and temperature of the drying agent in such a dryer vary both over 
layer height and in time. The kinetic calculation was carried out by the zonal method - 
based on the average values of the air parameters in the concentration zones (uin.i…uf.i), 
which were found from the equations of material and heat balance. To take into account 
changes in air parameters over time, the successive approximations method was applied: 
first, the drying time τi required to change the moisture content of the material from uin.i to 
uf.i was set, and then it was determined by calculation using equation (1). At the 
macrokinetic level, the following basic values were calculated: 1) the rate of fluidization 
beginning, at which the working air velocity was selected, and then the mass air flow in the 
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dryer (kgs-1) was determined; 2) the average in time τi moisture content of the air at the 

outlet from the dryer fid and then the average moisture content of the air in the layer on  the 

time interval τi: la.id ; 3) the average in time τi temperature of the air at the outlet from the 

dryer i.f.at , and then - the average air temperature in the layer. The average values of the 
temperature and air moisture content in the layer were used to find the mass coefficient and 
the equilibrium moisture content of the material in the zones.  

4. Experimental research. Materials and Methods 

The experiments were performed to determine the equivalent diameter, density, mass 
conductivity and hygroscopic properties of corn grain of the following three varieties 
currently cultivated in Russia: Pioneer PR-8521, Pioneer PR-7709 FAO 160, Mysodur 
Amelior F-70. Equivalent diameter was determined by measuring the volume of a group of 
grains using a graduated cylinder, density - by measuring the volume and their mass. For 
the Pioneer PR7709 FAO 160 corn, the following has been determined: deq = 8.24 mm, ρ = 
1065 kgm-3. The dependence k=f(u,t) was determined by the zonal method with the 
experimental drying curve taken in the absence of an external diffusion resistance.[6]  
Drying curves were obtained for 10 corn kernels of the same equivalent diameter deq = 2R - 
in a specially designed experimental setup with a triple replication of the tests, at five 
drying agent temperatures: 40, 50, 60, 70 and 80 °C , at air velocity 5 ms-1. There is no 
external diffusion resistance at this air flow (its absence was judged by the fact that the 
change in the air velocity by half did not affect the drying curve). Corn grains were placed 
between the coils of the spring suspension, which was blown by the air stream in the 
transverse direction. The weight of the samples during drying was measured using the 
Techniport torsion balance PRLT with accuracy of 1 mg without removing grains from the 
drying chamber. The data obtained in the experiment on the coefficient of mass 
conductivity are shown in Fig. 1 for corn Pioneer PR-8521 (for other varieties the 
dependencies are similar). The data analysis allowed to draw the following conclusions: 1) 
the dependence of k on u for different varieties of corn is of the same character, the values 
of the mass coefficient for different varieties are close in magnitude; 2) the mass 
conductivity coefficient changes significantly with the moisture content of the material, it 
requires to take this change into account when drying; 3) the functions k=f(u,t) have the 
form characteristic for  the seeds of other crops -  such as canola, wheat, rye, barley, but 
greater  in  their values; 4) the rate of drying is limited by internal mass transfer. 
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Fig. 1  Dependencies  k = f(u) for corn kernels of Pioneer PR-8521: 1 – ta = 40 oC; 2 – 50 oC;  
3 – 60 oC; 4 – 70 оС; 5 – ta = 80 оС (points - experiment, lines - calculation). 

 

5. Verifying the adequacy of the mathematical model 

The adequacy of the model describing the microkinetic has been verified by comparing the 
experimental curve for drying the corn kernels located in a longitudinally blown 
monolayerat a low air velocity (1.8 ms-1) and the drying curve calculated for these  
conditions using the obtained data (note that the values of the mass coefficient were found 
from the drying curves, with an other air velocity ~  5 ms-1).  Figure 2 allowes to compare 
the experimental and calculated drying curves, and it shows satisfactory match. The 
adequacy of the mathematical model describing the kinetics of corn grain drying in a batch 
fluidized bed 

 

 

 

 

 

 

 

 

Fig. 2 Comparison of calculated (line) and experimental (points) drying curves for corn kernels of 

variety Pioneer PR-7709 FAO-16 (ta = 50оС, v = 1.8 ms-1). 
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dryer has also been verified by comparison of the calculated and experimental drying 
curves, the latter being obtained under laboratory conditions. The scheme of the laboratory 
dryer is shown in Fig. 3. In the experiment, a curve was obtained for drying corn grain in a 
layer (dryer diameter 150 mm, fixed bed height 190 mm), measuring the air velocity, 
temperature and moisture content of the air at the entrance to the material layer and at the 
outlet from it.  Fig. 4 showes the comparison  of the calculated and experimental drying  

 

 

 

 

 
 
 

 
 
 
 
 
 
Fig. 3 Scheme of laboratory installation: 1 - air temperature meter; 2 - drying chamber; 3 - corn; 4, 

7 - gas distribution grids; 5 - air heating chamber; 6 - glass balls; 8 - gas blower; 9 - frequency 
converter, 10 - measuring diaphragm; 11 - pressure transmitter, 12 - secondary device,  13 – motor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Drying curves for grain variety PIONEERE PR-7709 FAO-16 in a batch fluidized bed dryer 

(ta.in = 53oC; v = 2.3 ms-1). 
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curves whereas Fig. 5 presents the comparison of calculated and experimental air 
temperatures at the outlet from the layer of drying material. As can be seen, the 
experimental data compare well with the calculated ones. 

 

 

 

 

 

 

 

 

 

Fig. 5 Air temperature  at the entrance to the material layer ta.in (1) and at the outlet from the layer 
ta.f :(2 - experiment, 3– calculations). 

6. Conclusions 

1) The feasibility of using HPD in a farmer dryer for corn seed is shown. 2) A zonal 
analytical method for engineering calculation of a periodically operating dryers with a 
fluidized bed of particulate material is developed. 3) Data on corn kernels required for 
calculations are obtained. 4) There is an internal diffusion kinetic regime when drying corn. 
5) The adequacy of the mathematical model for drying kinetics to the real process is shown. 
 
7. Nomenclature  

a 

c 

k 

 
λ 

thermal diffusivity 

mass heat capacity 

coefficient of mass 
conductivity 

thermal conductivity 
coeffcient 

m2s-1 

Jkg-1K-1 

 
m2s-1 

 
Wm-1K-1 

r 
∗r  

R 

t 

u 

radial coordinate 

heat of vaporization 

radius of spherical particle 

temperature 

moisture content of grain 

m 

Jkg-1 

m 
oC 

kgkg-1 

1307

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Drying the corn in a farm heat pump dryer with fluidized bed 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

v velocity of air ms-1  

Greek letters 

α 

ρ 
τ 

heat transfer  
coefficient  
grain density 
time 
 

 
Wm-2K 
kgm-3  
s 

Subscripts 

a 

e 

f 

in 

la 

air 

equilibrium 

finite 

initial 

layer 

Dimensionless numbers 
                        Bi = αR/λ - Biot number 

                        Fo = aτ/R2 - Fourie number 

                        Lu = k/a - Luikov number 

                        Ko = r*(uin-ue)/(c(ta-ti)) - Kossovitch number 
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Abstract 
Skimmed milk powders (SMP) were produced by ultrasonic atomizing-
assisted spray drying (UASD). It was found that UASD can produce high 
quality SMP (with < 5% moisture content and < 2% insolubility) at lower 
inlet temperatures (~130℃). The particle size of the UASD-SMP was 10 
times smaller (decreased from ~20 µm to 4 µm) than the tranditionally 
spray-dried SMP and the color appeal of UASD-SMP was also better (L* 
value increased by > 6 %). Overall, this research shown that UASD can be 
used to produce small particle size and high quality SMP.   
 

Keywords: Skimmed milk powder; ultrasonic atomization; spray dryer; 
particle size distribution;  color 
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1. Introduction 

Atomizer is the key component of a spray dryer. It greatly affects the particle size and the 
quality of the final products. Rotary atomizer and pressure atomizer are the most commonly 
used atomizers in spray drying. Rotary atomizing produces droplets with a droplet size of 1-
600µm whereas pressure atomizing generates droplets that ranged from 10-800µm [1-2]. 
After water evaporation process, these droplets are generally dried to >20µm dried particles 
[3]. Therefore, installation of a nano-micro sized automizer in a spray dryer is expected to 
obtain the dried products with a smaller particle size.   

Ultrasonic atomizing possesses many advantages. It produces small droplets. and is easy for 
absorption in human digestive system. Unlike the traditional atomizing methods that rely on 
high pressure or high-speed motion to smash liquid samples, ultrasonic atomizing utilized 
the low ultrasonic vibration energy as the driven force [4]. Besides, by adjustment of the 
amplitude of the vibration, the atomizing speed can be precisely controlled. Therefore, the 
droplets produced by ultrasonic atomizing are more regular, uniform and smaller than those 
droplets generated by traditional atomizing methods [5].  

This research used fresh aqueous skimmed milk as the representative raw material. The 
relationships between the processing parameters (e.g. inlet temperature) and the product 
quality of ultrasound atomizing-assisted spray drying were systematically studied. The 
water content, solubility, color profile, protein content, particle size distribution, acidity, 
bulk density and microstructure of the final dried products were determined. These 
processing parameters and quality profiles were compared with those particles produced 
using a rotary atomizer-equipped spray dryer. The findings of this study contribute to the 
understanding and application of the atomizing-assisted spray drying. 

2. Materials and Methods 

2.1. Materials 

Skimmed milk: Arla skimmed milk (1L, manufactured in Germany) was obtained from a 
Auchan supermarket in Wuxi. The skimmed milk contains 3.6g/100mL protein, 0g/100mL 
lipid, 5.1g/100mL carbohydrate, 50mg/100mL sodium and 120 mg/100mL calcium. 

2.2. Methods 

2.2.1. Experimental design and equipment 
The experimental design and related equipment is shown in Table 1 and Table 2, 
respectively. Regarding the experimental design, different inlet temperatures were used to 
analyses the effects of drying parameters on the quality of the ultrasound atomizing-assisted 
spray dried products. 
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Table 1. Experimental design of this study 

UASD-Ultrasound atomizing-assisted spray drying, RDSD-High-speed rotating dish spray drying 

Table 2. Equipment used in this study 

2.2.2. Research platform of  UASD 

In this study, the ultrasonic atomizer was manufactured with 10 ultrasonic vibrators. The 
size of this ultrasonic atomizer is: 255mm length × 90mm width × 30mm height. The 
oscillating frequency of the ultrasonic atomizer was 1.7MHz with a maximum atomizing 
capacity of 0.5kg/h. The droplet size obtained by ultrasonic atomizing process was within 
the range of 2-10µm. The temperature of the feed solutions was controlled by a combined 
temperature controller and feed-recycling system. The temperature controller was 
manufactured by Thermo Electron Co., Ltd (HAAKE DC10-K10, Germany), which works 
in the temperature range of 10-100oC. The ultrasonic atomizing system is connected with a 
high-speed rotating dish spray dryer. The size of this spray dryer is 1600mm length × 
2200mm width × 2500mm height. The water evaporation capacity and the electrical heating 
powder of this spray dryer is 5kg/h and 16KW, respectively. At the working stage, the 
rotary atomizer that equipped in the spray dryer was removed, and a thermal resistant tube 
was used to link the spray dryer and the ultrasonic atomizing system. The tube was inserted 
in the drying chamber with a reveal part of ~200mm.  

2.2.3. Determination of the drying parameters of UASD  and RDSD 

In order to achieve a desirable atomizing effect, skimmed milk have to be diluted and 
stored at a suitable temperature. A high concentration and low temperature environment 
results in a low atomizing capacity. However, if the temperature of the skimmed milk 
exceeds the protection range of the ultrasonic atomizer, the atomizing system will 
automatically close and stop working. We have done preliminary experiments and 
optimized the atomizing conditions (data not shown). In this study, the skimmed milk used 

Drying Methods Inlet Temperature (℃ ) Quality analyses 
UASD 110、130、150、170、190 Water content、color profile、protein 

content、acidity、bulk density、
 

RDSD 130、150、170、190、210 

Equipment Product model Manufacture 
High-speed rotating dish 

  
QZR - 5 Linzhou Drying Equipment Co., Ltd, 

 Color meter CR - 400 Canon Inc, Japan  
Electronic balance PL 203 Mettlet Toledo Co., Ltd, China 
Mastersizer 2000 Malvern Inc, England 
Scanning electro microscope S-4800 Hitachi Co., Ltd, Japan 
Lipid meter SOX-406 Hanon Instruments Co., Ltd, China 
Electric drying oven with 

  
GZX-9140MBE Boxunshiye Co., Ltd, China 
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for UASD was diluted by adding distill water at a milk to water ration of 1:2.5; The 
temperature of this diluted solution was controlled at 30-35oC. The skimmed milk that used 
for RDSD was directly dried without any treatment.Regarding the atomizing capacity, the 
centrifuge frequency of high speed rotating dish spray dryer was 300Hz with an atomizing 
capacity of 900mL/h; the oscillating frequency of the ultrasonic atomizer was 1.7MHz with 
an atomizing capacity of 100mL/h.  

2.2.4. Measurements of the quality profiles of the skimmed milk powders produced by 
UASD and RDSD 

Water content: water content of the SMP produced by the two drying methods was 
determined by an electric drying oven (Table 2) with forced convection according to a 
national standard method (GB/5009.3-2016) [6].  

Solubility: solubility of the SMP produced by the two drying methods was determined 
according to a national standard method (GB / 5413.29 – 2010) [7]. 

Color profiles: color profiles of the SMP were measured by using a CR-400 color meter 
(Table 2). The L, a and b value represents the extent of white/black, red/green, yellow/blue 
color of the skimmed milk after drying, respectively. 

Acidity: acidity of the SMP produced by the two drying methods was measured according 
to a national standard method (GB / 5009.239 - 2016) [8].  

Particle size: particle size of the dried products was determined by using a master sizer 
(Table 2) [9]. Each measurement was performed for triplicates and the average data was 
reported.       

Microstructure: Morphological characteristics of the SMP produced by the two drying 
methods was determined by using S-4800 scanning electro microscope (Table 2). The 
acceleration voltage was 1.0kv. The dried products were coated by a palladium-gold alloy 
coating instrument (manufactured by Bal-Tec. Inc). The scanning electro microscope 
images of SMP samples were captured within a range of 600 – 2400 magnifications. 

3. Results and Discussion 

3.1. Water content of the dried SMP using UASD and RDSD as a function of different 
inlet temperatures 

As shown in Table 3, inlet temperature significantly affected water content of the SMP 
(p<0.05). Higher inlet temperatures resulted into a lower water content of the UASD-SMP 
and RDSD-SMP. At an inlet temperature of ≥170oC, no significant difference was observed 
for the water content of UASD-SMP and RDSD-SMP samples (p>0.05). When inlet 
temperature was ≤150oC, the water content of UASD-SMP was lower than that of RDSD-
SMP. The water content of the RDSD-SMP was >5% at an inlet temperature of 130oC. 
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However, the water content of the UASD-SMP was below this national acceptable moisture 
content at an inlet temperature of 110oC. The findings of this section indicate that lower 
inlet temperature (of spray drying) was required to achieve an acceptable water content of 
SMP by applying UASD method. This was attributed to the small droplet size of ultrasonic 
atomizing, which allows the fast evaporation of water.   

Table 3. Water content of the skimmed milk powders obtained by UASD and RDSD 

*The data with different superscript at a same column is significantly different (p<0.05). 

3.2. Solubility of the dried SMP using UASD and RDSD as a function of different inlet 
temperature 

At a certain extent, changes of solubility of SMP indicates the denaturation of proteins. 
Thus, low SMP solubility could be resulted by the denaturation of its protein component, 
negatively affecting its rehydration performance. Furthermore, different particle size of the 
dried powders also contributes to the varied solubilities of SMP. 

As shown in Table 4. Solubility of the UASD-SMP decreased significantly with an 
increased inlet temperature (p<0.05). At an inlet temperature of ≤130oC, the solubility of 
UASD-SMP was 98.66-98.97% (meets the national standard of >97%); At an inlet 
temperature of >130oC, the solubility of UASD-SMP decreased sharply to 89.72-95.01%. 
Regarding the RDSD-SMP, the dried powders possessed a solubility of >97% within the 
whole inlet temperature range of 110oC – 210oC. Overall, these findings indicated that 
solubility of the UASD-SMP was susceptible to inlet temperatures of spray drying. High 
inlet temperature(>130oC), small droplets size and tiny dried particles caused the 
denaturation of proteins component in SMP and significantly reduced its solubility 
(p<0.05).      

Table 4. Solubility of the skimmed milk powders obtained by UASD and RDSD. 
Inlet temperature(oC) 110 130 150 170 190 210 
UASD-SMP 98.66 98.97a 95.01a 90.79a 89.72a - 
RDSD-SMP - 98.95a 97.82b 97.83b 97.71b 97.96 
*The data with different superscript at a same column is significantly different (p<0.05). 

3.3. Color profile of the dried SMP using UASD and RDSD as a function of different 
inlet temperature 

The color profiles of UASD-SMP and RDSD-SMP are provided in Table 5. As shown in 
Table 5. Inlet temperature of the spray drying processes did not cause significant effects on 
the lightness color of SMP (p>0.05). However, the UASD-SMP was significantly lighter 

Inlet temperature (oC) 110  130 150  170  190 210  
UASD-SMP 4.317 4.091a 2.524a 2.145a 1.601a - 
RDSD-SMP - 5.241b 3.105b 2.075a 1.574a 1.445 
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than RDSD-SMP (p<0.05). Inlet temperature of the spray drying processes significantly 
affected the a* value of SMP (p<0.05). High inlet temperature decreased the a* value. At 
the same inlet temperatures, a* value of the UASD-SMP was significantly lower than that 
of the RDSD-SMP. This means that the UASD-SMP samples were less red than RDSD-
SMP. High inlet temperature increased the b* value. At the same inlet temperatures, b* 
value of the UASD-SMP was significantly higher than that of the RDSD-SMP, indicating a 
more yellowness color. 

Table 5.color value of the skimmed milk powders obtained by UASD and RDSD 
Inlet temperature(oC) color value 110 130 150 170 190 210 

UASD-SMP 
L* 98.31 97.47a 97.81a 97.55a 97.42a - 

a* -2.65a -2.42a -2.53a -2.58a -3.02a - 
b* 11.28 11.61a 12.08a 13.03a 14.66a - 

RDSD-SMP 
L* - 95.25b 95.62b 96.23b 96.55b 95.36 

a* - -2.22b -2.02b -2.38b -2.71b -3.22 
b* - 10.05b 9.68b 10.21b 10.65b 12.51 

*The data with different superscript at a same column is significantly different (p<0.05). 

3.4. Acidity of the dried SMP using UASD and RDSD as a function of different inlet 
temperature 

Acidity of the UASD-SMP and RDSD-SMP samples is presented in Table 6. The acidity of 
both UASD-SMP and RDSD-SMP were lower than the national standard value of 18°T. 
UASD-SMP was more acidic than RDSD-SMP, indicating the less oxidation occurred 
during the drying process. This might be due to the shorter water evaporation period and 
lower inlet drying temperature of the UASD process. 

Table 6. Acidity of the skimmed milk powders obtained by UASD and RDSD 
Drying Methods Acidity（°T） 

UASD (inlet temperature of 130oC) 15.91a 
RDSD(inlet temperature of 170oC) 16.89b 

*The data with different superscript at a same column is significantly different (p<0.05). 

3.5. Particle size of the dried SMP using UASD and RDSD 

The average particle size and particle size distribution of the UASD-SMP and RDSD-SMP 
samples is presented in Fig. 1. The particle size of UASD-SMP was >5 times smaller than 
that of RDSD-SMP samples. This is due to the differences between the droplets produced 
by ultrasonic atomizing and high-speed rotary atomizing. The ultrasonic atomized droplet 
size was in a range of 2-10 µm, and hence the surface area to contact the drying medium 
was enlarged enormously. This not only resulted into a fast water evaporation period, but 
also significantly reduced the particle size of SMP (p<0.05). 
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(A) (B) 

Fig.1 Particle size distribution of (A) UASD-SMP obtained at 130oC inlet temperature and (B) 
RDSD-SMP obtained at 150oC inlet temperature 

3.6. Morphological characteristics of the dried SMP using UASD and RDSD 
The morphology of SMP samples were monitored by scanning electro microscopy (Fig.2). 
The particles obtained through UASD were much smaller than those produced by RDSD, 
which was also confirmed by the laser diffraction measurements as mentioned in section 
3.5. The UASD particles were irregular, shrunk and compacted; the microstructure of 
RDSD particles was spherical, uniformly distributed and loosely organized with a few 
broken skins. These differences in microstructure of SMP might explain the lower 
solubility of UASD-SMP, e.g. the uniformity of UASD-SMP was lower than that of 
RDSD-SMP, the structure of UASD-SMP was more compact than RDSD-SMP.  

  

RDSD-SMP (×2400 magnification) UASD-SMP (×2400 magnification) 

Fig. 2 Scanning electro microscopy images of the dried SMP using UASD and RDSD 

4. Conclusions 
This research systemically compared and studied the quality aspect of SMP obtained by a 
novel drying method. The innovative UASD is expected to produce high quality and small 
particle size SMP. UASD required as low as 110oC inlet temperature to obtain dried SMP 
(<5% water content), which was almost 50oC lower than the inlet temperatures used for the 
traditional spray drying. Furthermore, the particle size of the UASD-SMP (~4µm) was >5 
times smaller than that of the RDSD-SMP. The color appeal of the UASD-SMP was >6% 
lighter than that of the RDSD-SMP. These findings indicated that UASD is a promising 
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drying method to produce high quality powders for food and pharmaceutical industries. 
However, there are still a few scientific issues have not been solved for the UASD method. 
E.g. the atomizing capacity of high-solid content solutions is relatively low; the final dried 
products is difficult to collect though the gas-solid separator that designed for the traditional 
spray drying. Therefore, further research on UASD is recommended to be carried out in the 
drying field.     
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Abstract 
Agitated thin film dryers (ATFD) has been considered as an effective 
technology for drying viscous liquid foods, pastes or pureed foods. In this 
study, a lab-scale ATFD was developed and applied for drying of juices from 
spinach leaves at varying temperature (60 – 90 ˚C), feed rate (0.3 – 0.5 kg/h) 
and blade rotation speed (300 – 600 RPM) combinations. Juice suspensions 
were successfully dried into powder with a moisture content ranging from 
0.049 to 0.114 kg/kg total. Increasing the wall temperature and feed rate 
were found to improve the specific evaporation rate and evaporation rate of 
the ATFD, respectively. The blade rotation speed had limited effect on the 
water removal rate, while it played a crucial role in powder formation. 

 

Keywords: Food solution; Spinach juice; Thin film drying; Scraped surface; 
Vacuum conductive drying. 
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1. Introduction 

Drying is a commonly used technology to preserve food products. Various types of dryers 
have been developed that are tailored to specific feed properties and product requirements 
[1]. The most commonly applied drying technologies to liquid feeds can be categorized into 
two types, i.e. convective and conductive drying. Spray drying is one of the most 
commonly applied convective drying methods, where energy for evaporation is supplied by 
hot air to the product that is dispersed in micron-sized droplets [2]. Drum and agitated thin 
film drying are conductive drying methods, where energy for evaporation is supplied by 
steam condensation and transferred via a wall to the product that is applied at the other side. 
Whereas drum drying is more readily applied and effective for drying of viscous liquid 
foods, pastes or pureed foods, agitated thin film drying is not yet widely applied [1, 3]. 
Comparing to spray drying, drum drying is more efficient as it consumes on average 40% 
less energy due to a.o. lower energy loss via the exhaust gas [2, 4]. A major drawback of 
atmospheric drum drying is however that the product is exposed to the boiling temperature 
(100 °C), which can lead to undesired damage to heat sensitive foods [1, 3]. Operation of 
drum drying processes under reduced pressure could be an attractive alternative as well, but 
capital costs of vacuum drum dryers are relatively large. Agitated thin film drying (ATFD) 
is therefore identified as a promising alternative conductive drying method. 

Only very few studies investigated ATFD. Pawar et l. [1, 5] mathematically studied the heat 
transfer and mass transfer during ATFD and proposed a stage-wised penetration theory 
model, by assuming ideal mixing between the bow wave and the thin film. However, the 
model was validated with ATFE instead of ATFD experiments. Because during ATFD the 
feed will transform from a viscous liquid into a paste and subsequently into a powder, this 
may be expected to have large influence on the mass and heat transfer during operation [6]. 
Hitherto, to the best of our knowledge no experimental studies have systematically 
investigated product transformation during ATFD drying and its consequence on the drying 
behaviour. It may be expected that the product properties will have large influence on the 
drying behaviour in an ATFD.  

The aim of this study was therefore to obtain better understanding of drying behaviour of 
foods during ATFD drying and how this is influenced by process. Suspensions prepared 
from spinach leaves were selected as model system to investigate the influence of drying 
parameters, i.e. heating temperatures, feeding rates and rotation speeds. 

2. Materials and Methods 

2.1. Material 
Spinach suspensions for ATFD experiments were prepared starting from fresh spinach 
leaves, which were purchased from the local supermarket. The fresh spinach leaves were 
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juiced by an Angelia AG-7500 Juicer (Angel Co. Ltd, Republic of Korea). After juicing, 
the squeezed juice and fibre residues were collected separately. The obtained insoluble fibre 
residues were dried by a hot air oven (Binder, Tuttlingen, Germany) at 60 ˚C for 20 hours. 
The dried fibres were milled by the Rotor Mill Pulverisette-14 (FRITSH International, 
USA) at 6000 RPM with a 0.2 mm sieve. The drying and milling of fibres was necessary 
because the fibre particles had to be small enough to avoid blockage of the feeding pump. 
Subsequently, the milled fibres were added back into the squeezed juice to obtain a spinach 
suspension with approximately again 2% w/w fibers. In addition, around 5 drops of 
Antifoam B aqueous silicone emulsion (Sigma-Aldrich®, Zwijndrecht, Netherlands) was 
added into 1 litre juice to prevent excessive foaming. 
 

2.2. Lab-scale Agitated Thin Film Drying 

A lab-scale agitated thin film dryer was custom build for the experiments. The ATFD 
chamber was made from transparent glass to facilitate observation of the used heat 
exchange area. The ATFD chamber was equipped with a Liebig condenser and a dropping 
funnel (L.G.S. B.V, Ubbena, Netherlands) to condense and quantify the vapour release. The 
entire system was operated under reduced pressure (50 mbar) using a vacuum pump (type, 
country). Experiments were performed to determine the (specific) evaporation rates of the 
spinach suspensions at different drying conditions. The spinach suspension was preheated 
to 33 ˚C and then supplied to the system with a flow rate ranging from 0.3 kg/h to 0.5 kg/h. 
The drying temperatures of the heating chamber ranged from 70 to 90 ˚C. The condenser 
was operated with cooling water of 2 ˚C. The amount of condensed water was measured 
and used to obtain the evaporation rate. The specific evaporation rate was calculated by 
dividing by the evaporation rate by the used heat exchange area. 

 

2.3. Analysis of the moisture content and water activity 

Powders were collected at the bottom of the lab-scale ATFD for analysis of the moisture 
content and water activity.  To determine the moisture content, around 1.5 g of the powder 
was dried in a hot air oven (Binder, Tuttlingen, Germany) at 105 ˚C for 16 hours. The water 
activity was measured by an AquaLab 4TE dew point water activity meter (METER Food, 
Munich, Germany). Measurements were carried out in duplicate. 

3. Results and discussion 

The lab-scale ATFD setup was used to dry the prepared spinach suspensions at different 
drying conditions, which are reported in Table 1. The effect of the drying temperature on 
the evaporation rate and the specific evaporation rate was determined, as shown Fig. 1. Fig. 
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1 (A, B) showed that with the increase of drying temperature, the evaporation rate did not 
change significantly (p > 0.05), while the specific evaporation rate significantly increased 
(p < 0.05), based on one-way ANOVA analysis. This is because at higher drying 
temperature, the surface area used for drying decreased, as shown in Fig. 1 (C). The smaller 
surface area used for drying in this situation is related to the higher heat flux from the hot 
wall towards the sample at increased wall temperatures, which results in a higher specific 
evaporation rate. In this case the maximum feed rate can be increased, which benefits the 
capacity of the equipment.  

 

Fig. 1(A) The evaporation rate and (B) the specific evaporation rate in the ATFD for different 
temperatures (Rotation speed = 600 RPM, Feed rate = 0.3 kg/h). The error bars represent the 
standard deviation of the experimental data (n = 3). The same letters represent no significant 

difference at the 95% confidence interval. (C) The visual image of usage the ATFD chamber under 
different drying temperatures. 
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Table 1 The fraction of the used heating exchange area, the moisture content and water activity of 
the powder at different drying conditions 

No.  

Drying conditions Fraction 
of used 
heating 
area (-)* 

Moisture 
content 
(kg/kg 
total)* 

Water 
activity 
(aw)* 

Feed 
rates 

(kg/h) 

Drying 
temperature 

(˚C) 

Rotation 
speed 

(RPM) 

Vacuum 
(mbar) 

1 0.3 60 600 50 
0.58a ± 

0.03 
0.096 ± 
0.009 

0.55 ± 
0.02 

2 0.3 70 300 50 
0.38b ± 

0.05 
NaN** 

NaN** 

3 0.3 70 400 50 
0.42ab ± 

0.11 
0.087 ± 
0.002 

0.57 ± 
0.02 

4 0.3 70 500 50 
0.39b ± 

0.04 
0.102 ± 
0.001 

0.58 ± 
0.01 

5 0.3 70 600 50 
0.38b ± 

0.07 
0.114 ± 
0.003  

0.60 ± 
0.01 

6 0.3 80 600 50 
0.29bc ± 

0.01 
0.078 ± 
0.013 

0.53 ± 
0.03 

7 0.3 90 600 50 
0.20cd ± 

0.02 
0.049 ± 
0.002 

0.26 ± 
0.07 

8 0.4 90 600 50 
0.29bd ± 

0.02 
0.071 ± 
0.031 

0.46 ± 
0.19 

9 0.5 90 600 50 
0.34bd ± 

0.08 
0.098 ± 
0.071 

0.56 ± 
0.20 

a-d : The same letters represent no significant difference at the 95% confidence level; 
*  : Each value is expressed as mean ± SD; 
**: Not a number. 
 

Fig. 2 and Fig. 3 shows the influence of the rotation speed and the feed rate on the 
evaporation rate and the specific evaporation rate. From Fig. 2, we can observe that both 
the evaporation rate and the specific evaporation rate did not change at different rotation 
speeds (p > 0.05). This observation is opposite to simulations with the model proposed by 
Pawar et al. [1]. Pawar et al. [1] proposed that the heat transfer coefficient of the ATFD 
may be derived from the heat penetration theory and increases with the rotation speed. 
Therefore, the specific evaporation rate should increase as well. However, Pawar et al. [1] 
also experimentally observed that the water evaporation rate was independent of the speed 
of the blades, when they concentrated the 20% w/w ammonium sulphate solution in an 
ATFE. The differences between the experimental data and the model predictions are 
discussed later in more detail. 
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According to Fig. 3, we found that the effect of the feed rate is opposite to that of the 
temperature. The increased feed rate resulted in an increase in the evaporation rate (p < 
0.05) while it did not affect the specific evaporation rate (p > 0.05), which can be explained 
by the increased usage of heat exchange area (Table 1).  

Table 1 shows the moisture content and water activity (aw) of the dried spinach powder and 
the fraction of dissolved powder at different drying conditions. It can be seen that the 
moisture content of the powder ranges from 0.049 to 0.114 kg/kg total and the water 
activity of the powder ranges from 0.26 to 0.60. Although foods with aw < 0.6 may be 
considered as microbiologically stable, further drying in for example a fluidized bed would 
be recommended for vegetable powders to further decrease the water activity to aw < 0.2 
[7]. It should be mentioned that during experiment No. 2, no powder was produced. 
Probably this was due to the low rotation speed, which did not provide enough shear stress 
to fracture the material. Therefore, even though the rotation speed does not affect the heat 
transfer (Fig. 2), it plays a crucial role to induce powder formation. 

 

Fig. 2 (A) The evaporation rate and (B) the specific evaporation rate in the ATFD for different 
rotation speeds (Temperature = 70 ˚C, Feed rate = 0.3 kg/h). The error bars represent the standard 
deviation of the experimental data (n = 3). The same letters represent no significant difference at 

the 95% confidence interval. 
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Fig. 3 (A) The evaporation rate and (B) the specific evaporation rate in the ATFD for different feed 
rates (Temperature = 90 ˚C, Rotation speed = 600 RPM). The error bars represent the standard 

deviation of the experimental data (n = 3). The same letters represent no significant difference at 
the 95% confidence interval.  

 
4. Conlusion 
In this study suspensions prepared from spinach leaves were dried in a lab-scale agitated 
film dryer under different conditions. Obtained spinach powders were flowable, although 
the final moisture contents were relatively high. The drying behaviour was characterised 
and especially wall temperature appeared  to determine the specific evaporation rate, which 
can benefit the dryer capacity. Surprisingly, blade rotation speed did not affect the drying 
rate, but appeared crucial to break up the material into small powder particles during the 
process.  
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Abstract 
Drying conditions for convective driers are often based on empirical 
approaches in which the final product quality is evaluated post processing. 
Modern sensor technology and data processing enable second-by-second 
quality analyses but conventional systems do not utilize this possibility. An 
industrial convective drying chamber was modified with a camera system to 
investigate the product during the drying process. The obtained data was 
analyzed on color alternation (CIE-L*a*b* color space and Browning Index), 
shrinkage and deformation. Both, shrinkage and deformation show minor 
dependence on drying conditons. The investigation shows the time depending 
optical parameter at different drying conditions. This might offer new "smart" 
drying programs with focus on improved product quality. 

 

Keywords: color alternation; shrinkage; deformation; convective drying; 
smart drying 
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1. Introduction 

Organic products are a growing market for European producers and commonly associated 
with a sustainable food chain. The production of organic processed food is mostly carried out 
by small and medium sized enterprises which are facing a double challenge regarding the 
consumer awareness for high quality products and legal standards. In recent years the organic 
sector has put significant effort in the development of clear definitions of gentle and quality 
oriented processing. Drying was identified as a preservation technology which operate 
inefficient with respect to raw material utilization, resulting product quality as well as energy 
efficiency. Consumers mostly don't know about the used amount of energy behind a dried 
food product or its quality standards during the drying process. This is a problem especially 
for organic foods which are expected to be produced sustainable and with  high quality 
regardless to its magnitude of processing. European Community legislation only has explicit 
rules for agricultural production and additives used in processed food. There is a clear 
correlation between product quality and drying conditions and low temperature drying is 
commonly used for products which require gentle processing. 

There has been a vast development of sensor technology in the last decade and several mass-
produced optical analyzing tools are available at the market. However, industrial drying 
systems mostly do not utilize the possibilities which e.g. camera sensors offer. Drying of 
organic apples is mostly performed as batch processes by SMEs and drying conditions 
(mainly temperature) are empirically determined. As a result, the product quality is not 
monitored or controlled during processing and final product quality is first determined at the 
end of drying.  

For the present investigation the potential of low temperature drying of organic apples was 
evaluated at different relative humidity with respect to color changes and product 
deformation during processing. A camera sensor was installed in an industrial drier which 
enabled determination of optical alternations of the product like color alternation, shrinkage 
and deformation in a continuous way without any interruption of the drying process. The 
results are used to suggest an improved control strategy.  

2. Materials and Methods 

2.1 Product preparation  

Organic apples of the sort "Red Delicious" with the origin Italia were used for the 
experiments. The apples were obtained from a local organic supplier in Trondheim, Norway 
and stored in a refrigerator at 8°C until further processing. The apples were cut in slices of 
5 mm thickness by using a cutter machine. The core and the apple skin wasn't removed so 
that slicing the apples was the only processing. The time between getting the apples out of 
the fridge, cutting and starting the experiment was always within 5 min. 
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2.2 Experimental setup  

The experiments were executed in a convective drying chamber with a dimension of ca. 
3m  * 1.5m * 1m with a tray area of 50 m2. The drying chamber is equipped with an electric 
heater to set the drying temperature, a ventilator to set the air velocity and a heat pump to set 
the relative humidity. To avoid any interruptions or influences of the drying process due to 
measuring, a test rack was built and placed within the drying chamber at a representative 
point in the middle of the drier trays with all relevant measuring devices attached. The camera 
system (UI-5240CP-C-HQ Rev.2, company iDS Imaging Development Systems, Germany) 
contained a built-in heater to avoid influences of the image quality due to the surrounding 
temperatures in the drying chamber. The illumination was the LED-barlight (LHF300-M12-
WHI, company Stemmer Imaging, Germany) with a color temperature of 6500K. The camera 
system was used to measure color alternations and deformations like shrinkage. To obtain 
also the sidelong deformation of the apple slices, a mirror was placed in a 45° angle next to 
the slices. In addition to the optical alternations there was also a pyrometer used for 
measuring the surface temperature of the apple slices and a scale (SB32000, company Mettler 
Toledo) to record the weight loss during the drying process. For each test series, four apple 
slices were analyzed by the camera system. The remaining space on the test rack was filled 
up with apple slices of the same thickness. The surface temperature of one representative 
apple slice was measured by the pyrometer. The process parameters of the test series are 
listed in Table 1 and are based on industrial low temperature drying conditions for organic 
apple producers. The drying temperature of 40 °C was used as reference case.  

Table 1: Overview of the investigated drying conditions for organic apples. 
Test series name Humidity  Temperature  Air velocity  
T20_RH25 25 % 20 °C 1,5 m/sec 
T20_RH40 40 % 20 °C 1,5 m/sec  
T20_RH60 60 %  20 °C 1,5 m/sec  
T40_RH25 25 %  40 °C 1,5 m/sec  

2.2 Optical analysis  

For analyzing the optical alternations, an image was taken by the camera every 5 minutes and 
analyzed with a special application using the OpenCV libraries for image processing. An 
example is shown in Figure 1. The deformation of the apple slices was defined by the 
deviation of the actual slice area and the area of a corresponding circle whose diameter is the 
maximum width of the actual slice (yellow circle in Figure 1, left image). The ratio between 
these two areas gives a quantitative value about the deformation. A perfect round shaped 
apple slice e.g. would have the same area than its calculated minimum circle which results in 
a deformation of 1, proceeding deformation results in a value less than 1. The same principle 
was used to determine the deformation of the sidelong view but with using a minimum 
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rectangle (yellow rectangle in Figure 1, middle image). The shrinkage was defined by the 
ratio of the area of the actual apple slice and the area of the apple slice at the beginning of 
the drying process. The color alternation was measured by reading the color information of 
each pixel within the apple slices and averaging it (Figure 1, right image). The so obtained 
RGB values were transformed into the CIE-XYZ color space according the ISO Standard 
13655 which is the base of the CIE-L*a*b* color space and the Browning Index. 

 
Figure 1:Measuring principle of the deformation top view (left), deformation sidelong (middle), 

color alternation (right) 

The CIE-L*a*b* color model was developed with the aim of linearizing the representation 
of colors with respect to human color perception and at the same time creating a more 
intuitive color system [1]. The dimensions in this color space are the luminosity L* and the 
two-color components a*, b*, which specify the color hue and saturation along the green-red 
and blue-yellow axes, respectively. The CIE-L*a*b* color space is often used in literature to 
describe the color of food. 

The Browning Index is an indicator of the color change due oxidation of a freshly cut fruit 
or vegetable surface during storage or drying. The best known and most often quoted 
Browning Index is a form of excitation purity that follows the suggestion of Buera et al. 
(1985) [2] and is expressed as follows [3]: 

𝐵𝐵𝐵𝐵 = (𝑥𝑥𝐷𝐷65−0,32)
0,162

∗ 100  

(for Illuminant: D65 and Standard Observer 10°) 
(1) 

where x is the CIE Chromaticity value and calculated by the CIE-XYZ values 

𝑥𝑥 =
𝑋𝑋

(𝑋𝑋 + 𝑌𝑌 + 𝑍𝑍)
 (2) 

 

3. Results and discussion 

Figure 2 shows the moisture ratio of the different test series over the drying time. The grey 
areas behind each test series shows the uncertainties of the data. The results shows that the 
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differences between the T20_RH40 and T20_RH25 test series is much less than compared to 
the T20_RH60 test series. The same behavior was already measured in other publications for 
the drying of Temu Putih Herb, coriander leaves, okra and pistachio nuts [4]. The test series 
T40_RH25 however shows a much quicker drying than the other test series what indicates 
that the drying temperature has much more influence on the drying kinetics than the relative 
humidity. 

 
Figure 2: Moisture Ratio of organic apples at different drying conditions 

The graph in Figure 3 shows that the CIE-L* value is basically decreasing for all experiments 
over the whole drying process, what means that the apple slices became darker. Hereby the 
biggest rate of change happens within the first 2-3 hours, afterwards the change rate becomes 
insignificant. The values of the T20_RH60 test series shows a continuous decrease of the 
CIE-L* value whereas the other test series have a minimum after about 2 hours with a 
followed increase of the CIE-L* value and a continuous decreasing afterwards. 

Browning is one of the main quality parameters of dried apple slices and the consumer 
acceptance drops significant for products with increased brownish appearance. The browning 
Indices (BI) in Figure 4 shows, that the BI increases for all test series during the drying time. 
The biggest changing rate is taken place within the first 2-3 hours. All test series have a 
similar behavior where the browning index decreases after the first 2-3 hours and increases 
again afterwards. The T40_RH25 test series is much more distinct in its curve progression 
than the other test series and has a higher browning index than the T20_RH25 test series. 
This suggests, that a higher drying temperature and a higher relative temperature increases 
the browning index.  
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Figure 3: CIE-L* values of organic apples at different drying conditions 

 
Figure 4: Browning index of organic apples at different drying conditions 

Browning is mostly a surface effect and all tests showed clearly that this effect occurs in the 
beginning of drying when naturally the product surface is dried. This gives an indication that 
the product quality with respect to browning could be improved by a low temperature and 
low humidity drying period in the beginning. Once the surface is dried and stabilized the 
drying temperature could then be increased so that the drying time is reduced. With the 
current system it is possible to program such a control algorithm in a way that the drying 
conditions are continuously adapted to the color change and browning of the product.  

Figure 5 shows the shrinkage of the apple slices related to the area of the top frontal view 
over the Moisture Ratio. All test series shows an area shrinkage at the end of the drying 
process between ca. 25% and 35%. Hereby the shrinkage seems to be nearly linear to the 
moisture ratio for a certain time and converges then to an end value. The curve progress of 
all test series is similar what indicates, that the relative humidity has only a minor influence 
on the area shrinkage process of the apple slices.  

The sidelong deformation results in Figure 6 doesn't start at 100% since the apples slices in 
the beginning of drying are not a perfect rectangle. All test series shows an increasing 
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deformation over the drying time. Thereby the test series with 20°C drying temperature 
shows a similar curve progression whereas the curve progression of the T40_RH25 test series 
is taken place much faster. The magnitude of the deformation at the end of each test series is 
like all test series about 30% but varied very strong from apple slice to apple slice. 

 
Figure 5: Top view shrinkage of organic apples at different drying conditions. 

 
Figure 6: Side view deformation of organic apples at different drying conditions 

The observations regarding deformation and shrinkage can be related to a certain mechanical 
stress in the product once the water is removed. Consequently, the deformation and shrinkage 
of the final product can most likely not be minimized by improved drying conditions. 
However, it can be considered to end the drying process with a higher final water content 
when the product is less shrunk or deformed. This would decrease the drying time and 
increase the amount market ready product.  

4. Conclusion  

The application of a sophisticated, robust camera system in combination with image 
processing algorithm can measure optical alternations of the drying product like shrinkage, 
deformation and color alternation in very precise and continuous way. The browning of 
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organic apple slices showed a clear correlation to the humidity of the drying air, while the 
drying temperature only had secondary influence. The shrinkage and deformation of the 
product is mostly related to the moisture content of the product and the drying conditions 
seem not to influence the final shrinkage or deformation rate. Based on the achieved results 
an optimized control strategy for the industrial batch drier is suggested in which the product 
is first dried at low temperature and low humidity to reduce the browning effect, followed by 
short drying period at higher temperatures, which is finalized when the acceptable shrinkage 
and deformation is reached. This will result in a preservation process in which the drying 
conditions are continuously adjusted by the measured product changes. Such "Smart-Drying" 
systems require an advanced control system in which the process parameters like humidity 
and temperature are controlled by the actual optical conditions to improve the drying process 
with focus on product quality.  

5. Nomenclature  
BI Browning Index  - 
CIE-XYZ color space according the ISO Standard 13655 - 
x Chromaticity value - 
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Abstract 
This communication focuses on the development of an approach to improve 
the synthesis of [Ti8O12(H2O)24]Cl8.HCl.7H2O crystals which is one of the 
precursor for titanium dioxide TiO2 particles. This study provides a significant 
improvement in crystallization kinetics with a production rate increased by a 
factor nineteen by intensifying heat and mass transfers compared to the 
process in a close vessel. This enhancement was made possible by the 
development of a new reactor to control the heat and mass transfers involved. 
In parallel with the experimental set-up, a numerical model representative of 
the transfer phenomena was initiated. The first numerical results are 
encouraging and present a good agreement with the measurements. 

Keywords: Heat and mass transfer; Co-desorption, Modelling, Experiment 
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1. Introduction 

Titanium dioxide TiO2 particles are widely used in various applications. Thanks to its high 
refractive index, the industrial production of TiO2 is mainly dedicated to produce pigments 
as whitening agent in paints [1]. This transition metal oxide is also well known for its n-type 
semi-conductivity leading to many applications such as gas sensor [2] or solar cell [3]. 
Additionnally its bandgap close to 3.2 eV gives interesting properties related to its 
photoactivity such as photocatalysis, self cleaning, light induced superhydrophilicity, among 
others. Titanium dioxide can be synthesized from various precursors such as alkoxides or 
inorganic salts. Depending on the pH, single crystals of [Ti8O12(H2O)24]Cl8.HCl.7H2O were 
demonstrated to selectively lead to different varieties of nanostructured titanium dioxide [4]. 
The crystals can be obtained by the hydrolysis of titanium oxychloride solution 
TiOCl2,xHCl,yH2O, called aqueous solution of titanium tetrachloride. Due to the reactivity 
of the latter with water, it may be difficult to properly ensure the reproductibility of syntheses. 
Therefore a smart strategy is to use [Ti8O12(H2O)24]Cl8.HCl.7H2O as reactant because of the 
known composition of the crystals and their solubility in polar solvents. With the adequate 
air temperature and air humidity conditions, the aqueous solution of titanium tetrachloride 
reacts to produce those crystals in releasing water and hydrochloric acid in the surrounding 
environment [5]. The formation process of [Ti8O12(H2O)24]Cl8.HCl.7H2O is a complex 
process involving several species and several reaction kinetics. The aim here is to treat mass 
and heat problems in a highly reactive and deformable medium in order to get insight in the 
crystallization mechanisms and further optimize the process in order to accelerate the 
crystallisation. Figure 1 presents a simplified view of the different phenomena involved 
during the formation of [Ti8O12(H2O)24]Cl8.HCl.7H2O. The commercial solution is initially 
composed of 3 species: TiOCl2, H2O and HCl which react under particular ambient 
conditions of temperature and humidity to form [Ti8O12(H2O)24]Cl8.HCl.7H2O. During the 
process, TiOCl2 and H2O species are consumed while HCl and [Ti8O12(H2O)24]Cl8.HCl.7H2O 
species are produced. At the solution/air interface, H2O and HCl, are transferred to the 
ambient environment by evaporation. This evaporation causes on the one hand a variation in 
the volume of the mixture (shrinkage) and on the other hand a modification in the thermal 
and mass balance leading to temperature and concentration gradients within the mixture.  

 

Fig. 1 Schematic description of physical phenomena 
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After a brief presentation of the titanium oxychloride solution, the static reactor, the laminar 
air flow reactor and the metrology used are described. A numerical model predicting the mass 
behavior of the solution during the first stage of process (before the crystallization kinetic) is 
presented. The experimental results obtained with the static and dynamic configurations are 
then discussed and show the capabilities to intensify the crystal production. The first 
numerical results are finally introduced. 

2. Materials and Methods 

2.1. Product description 

At ambient temperature (T = 25°C), titanium oxychloride solution (Cristal) is a viscous, 
yellow liquid which is highly hygroscopic and very acidic (pH far below 1).The titanium 
oxychloride solution encloses [TiOCl2(H2O)2] species dissolved in aqueous hydrochloric 
solution with the following composition: 1.375HCl, 5H2O. This solution is composed (in 
percentage by weight) of 54.9 % of the initial species (TiOCl2(H2O)2), 16.1 % of HCl and 29 
% of water. Based on this composition, the solvent proportion is 64,2 % of water and 35.8 % 
of HCl. This formulation was validated by placing the commercial solution in an atmosphere 
containing 36 %wt HCl and verifying the mass balance. In classical conditions (T = 25 °C 
and HR ≈ 50 %), HCl-H2O co-desorption leads to the crystallisation of 
[Ti8O12(H2O)24]Cl8.HCl.7H2O. This crystals formation requires a mass loss of 41.6 %wt : 
15.2 %wt water and 26.4 %wt HCl. 

2.2. Crystallization reactors 

2.2.1. Static reactor 

The first syntheses were performed in a dessiccator containing a crystallizer filled with 2 mL 
of titanium oxychloride solution (solution height approx. 2 mm). A H2SO4/H2O mixture is 
deposited at the dessiccator base in order to set the relative humidity close to 55 % at ambient 
temperature. Mass variations and crystals formation are monitored by carrying out 
discontinuous successive ex situ measurements.  

2.2.2. Laminar air flow reactor 

In order to intensify the massive exchanges and thus the production rate of crystals, a new 
experimental set-up was developed (Fig. 2). It consists in a rectangular PMMA duct (height: 
11 cm, width: 17 cm) in which a PMMA crucible (10 cm x 10 cm) is placed. Air flow is 
blown parallel to the surface of the crucible containing the solution. This crucible which 
contained 22 mL of titanium oxychloride solution (solution height approx. 2.5 mm) is 
positioned on a weighing system that allows continuous mass monitoring. A heating system 
stuck below the crucible allowed us to control the solution temperature. The inlet air 
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conditions (temperature and relative humidity) are controlled by an upstream system 
equipped with a heat pump and a humidifier. Temperature sensors placed at upstream, 
downstream track air temperature variations. Other thermocouples are also stuck on heating 
element and positioned in the solution. A velocity sensor measures the air speed at the inlet 
of the duct. All these sensors are connected to a data acquisition system. In the same time, 
images of the solutions are recorded to track the shrinkage and the crystals formation. 

 

Fig. 2 Laminar air flow reactors description 

2.3. Numerical modeling 

First, a numerical approach is initiated to predict the mass loss of the solution during the first 
step of the process (before the beginning of the crystallization). This model based on the mass 
conservation equations written for the solvents (HCl and H2O) and the solute [TiOCl2(H2O)2] 
should predict solvent concentrations as a function of the surrounding air conditions and/or 
the temperature of solution imposed by the heating system. The solution temperature is not 
computed but imposed based on experimental measurements. 

The model assumptions are as follows: the initial solution (homogeneous) consists of 3 
species [TiOCl2(H2O)]2, H2O and HCl; the species transport only takes place by diffusion 
(Fick’s diffusion); the species transfer is assumed to be one-dimensional; the shrinkage is 
assumed to be linear; water reacts with the solute and is consumed to form HCl species. 

2.3.1. Governing equations 

The application of mass convervation principle leads to write the following equations: 

 ∂ρs
∂t

+ div(ρsvs���⃗ ) = 0 
(1) 

 ∂ρi
∂t

+ div(ρivs���⃗ ) = −div�Jı��⃗ � + 𝑆𝑆𝑖𝑖 
(2) 

With ρ the mass density (kg m-3), J the mass flow (kg m-2 s-1), S the mass source (kg m-3 s-1) 
and v the shrinkage velocity (m s-1). The subscript i refers to HCl noted A or water noted W. 
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2.3.2. Boundaries conditions 

At the interface between the solution and the crucible base, no mass transfers occur: 

 −𝐧𝐧�Jı��⃗ � = 0 (4) 

At the interface between the solution and the air flow, mass transfers depend on the difference 
of vapor densities between the product at the surface (surf) and the surrounding air (a): 

 −𝐧𝐧�Jı��⃗ � = hm�ρi,surfv − ρi,av �  (5) 

With hm the mass transfer coefficient (m s-1). 

Water vapor and hydrochloric acid vapor are assumed to be ideal gas and the previous relation 
is expressed as a function of the partial pressure at the product surface and the partial vapor 
pressure of the ambient atmosphere. Considering that the initial complex does not affect the 
HCl/water mixture, it can be assumed that the partial vapor pressures of HCl/water mixture 
only depend on the temperature and concentration of HCl [6].  

3. Results and discussion 

3.1. Static syntheses 

Various syntheses performed at room temperature and with a relative humidity set at 55 % 
present similar and repeatable behaviors. In figure 3, a first mass loss is observed during the 
first hours of drying caused by a significant release of solvents (HCl and water). This first 
stage goes on until the mass loss reaches about 15 % (≈ 15 h). At this stage, the first crystalline 
seeds appear and the crystallization kinetic accelerates. Co-desorption is then slowed down 
as long as the crystals grow and agglomerate. At the end of the process, the mass loss 
corresponds to about 41 %wt of the initial mass which matches with the predicted value by 
chemical equations. Under these conditions, about 25 days are required to form the crystals 
with a production rate per unit surface of about 630 g/(week.m2). 

 

Fig. 3 Mass loss and crystals formation during static syntheses 
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3.2. Dynamic syntheses 

In a second step, syntheses were performed using the laminar airflow reactor. First 
experiments are carried out without direct heating (Fig. 4). The air temperature (Ta) is set to 
28 °C and relative humidity (HRa) varies between 45 % and 55 %. The air velocity (va) is set 
to about 0.45 m s-1.  

 

Fig. 4 Dynamic synthesis without direct heating, images of the crucible before (left) and after (right) 
crystallization, evolution of the mass loss, temperature and relative humidity with time (middle) 

In these conditions, the first stage which corresponds to a mass loss (∆m) of 15 % is 
completed in about 8 h. The stationary phase is reached after 110 h (> 4 days). At the end of 
process, the mass loss corresponds to about 35 %wt and not 41 % as expected. This result 
can be explained by a crystallization at the surface which prevents the mass diffusion (HCl 
and water) from the medium toward the surface. The production rate of crystals is about 2.2 
kg/(week.m2) being more than 3 times the static production rate. 

In order to intensify the mass transfer and thus reduce the synthesis time experiments are 
carried out with a direct heating (Fig. 5). The air temperature (Ta) is set to 27 °C and relative 
humidity (HRa) varies between 50 % and 60 %. The air velocity (va) is set to 0.45 m s-1.  

 

Fig. 5 Dynamic synthesis with direct heating, images of the crucible before (left) and after (right) 
crystallization, evolution of the mass loss, temperature and relative humidity with time (middle) 
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The solution temperature (Tl) varies from 27°C to 32°C during the first two hours due to 
switching on of the heating element (heating element temperature about 42°C). The first stage 
which corresponds to a mass loss of 15 % is completed within about 2 h. The stationary phase 
is reached after 24 h. At the end of process, the mass loss corresponds to about 34 %wt which 
is very similar to the value obtained in the previous case (without heating element). In this 
condition, the production rate of crystals is about 12 kg/(week.m2), i.e., 19 times the 
production rate achieved in static mode. 

3.3. Numerical results 

The numerical model is tested for the dynamic configuration in the first hours of the synthesis 
process (before the beginning of the crystallization). The predicted mass losses are compared 
with the experimental ones for the tests performed without and with direct heating (Fig. 6). 
For these two configurations, the numerical results present a good agreement with the 
measurements. Experimentally, the solution density varies from 1.58 at the initial state to 1.5 
when the mass loss reaches 20 %. 

 

Fig. 6 Evolution of the temperature (open square), experimental (open triangle) and simulated 
(line) mass losses without (a) and with (b) direct heating, as a function of time 

4. Conclusions 

Under static conditions, the production of [Ti8O12(H2O)24]Cl8.HCl.7H2O crystals requires 
several weeks. In order to improve the production rate, a laminar air flow reactor with 
temperature and humidity controls was developed. With adequate conditions (air and solution 
temperature and air relative humidity), a significant improvement in the crystals production 
was obtained from 630 g/(week.m2) to 12 kg/(week.m2). These encouraging results could be 
improved in future by studying more extensively the temperature/humidity pair providing the 
best yield. In parallel, a numerical model describing mass transfers (before crystallization 
began) was initiated. The first numerical results correctly reflect experimental observations 
and encourage further development. 
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Abstract 

Combining biotechnology and encapsulation by spray-drying is possible to 
obtain microorganisms-based products in powder format without losing 
viability. A methodology based on the improvement of the thermal stress 
resistance of selected strains of Lactobacillus sp. and subsequent culture 
stabilization by spray-drying by optimizing the process parameters and using 
thermal protectant materials has been developed. The results obtained 
showed that the final product kept the viability of the initial culture in 
addition to be a solid, powdery and ease-to-handle product. 

 

Keywords: thermal resistance; spray-drying; probiotics; viability; 
fermentation; encapsulation. 
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1. Introduction 

Sectors such as food and agriculture are looking for products based on microorganisms (i.e. 
probiotics, biofertilizers) with the aim of conferring a beneficial physiological effect on the 
host; most of them are available in liquid form. The challenge of these sectors is to offer 
them in powder formats for decreasing costs and to facilitate their use and applications. 
Vacuum and freeze drying are two drying technologies used for this end. The main 
disadvantages of freeze-drying are the high energy input and long processing times 
[1].Vacuum drying is faster and cheaper because it operates at a temperature above the 
freezing point. Other dryin technology, convective drying, can cost from 4 to 8 times less 
than freeze drying. However, the quality of the obtained dried products can be much lower, 
with a drastic reduction in the volume and colour changes [2]. 

Spray drying is a widely used technology to dry liquids and it is used in different sectors of 
food industry ensuring microbiological stability avoiding risks of chemical and/or 
biological degradations and obtaining product with specific properties like instantaneous 
solubility [3]. Processing costs are six times lower than freeze drying [2,4], however, the 
high temperature can lead to cell damage. The enhancement of the thermal resistance of the 
cell culture can be one alternative [5]. The addition to the medium of ingredients that may 
induce osmotic shock may strengthen the cell membrane [6]. The preadaptation of cells to 
heat is another possible strategy. During thermal stress, proteins heat shock is produced. 
These proteins may help to repair misfolded proteins during spray drying [6]. The use of 
protectant materials during the spray drying process can also enhance the survival of the 
microorganisms [7,8] being carbohydrates, such as trehalose, glucose, maltodextrin, inulin, 
fructo-oligosaccharides or potato starch [5], the most commonly used in food industries [9].  

This microencapsulation processes can increase the microorganisms survival, not only 
during the spraying process, but also providing extra protection against ambient conditions 
or gastrointestinal conditions, allowing probiotics to reach the gut in an adequate amount 
[10, 11].  

The aim of this study was to obtain microorganisms-based products in a powder format 
without losing viability by combining biotechnology and spray-drying. For this purpose, 
this study has been focused on different aspects: process variables, including formulation of 
the feed (thermal protectants, and encapsulating materials) and different stress methods for 
the culture.  

2. Materials and Methods 

2.1. Materials 

A probiotic strain of Lactobacillus sp. isolated in previous works from cured meat was used 
in this study. The reference culture medium was MRS Broth, purchased from VWR. 
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Osmotic stress was induced by bifferent amounts of Sodium Chloride (Scharlau). Different 
protectant materials were used in the spray drying tests; Maltodextrin from Roquette, 
Trehalose, from Hayashibara, and modified starch, from Ingredion. All of them were food 
grade products. 

2.2. Methods 

2.2.1. Production of Lactobacillus sp. culture 

For the screening of the spray drying conditions, a single batch of 20 L of Lactobacillus sp 
was produced using a stirring tank bioreactor (BIOSTAT C plus from Sartorius Stedim, 
Germany). The operating conditions were: Temperature: 37ºC; Medium: MRS Broth 52 
g·L-1. Dissolved Oxygen > 40% (controlled by cascade). When the culture reached the 
stationary phase, the culture was harvested using a high-speed refrigerated bench centrifuge 
(Sigma 6K15). After the harvesting, viable count of the product was done in order to know 
the concentration of the culture, measured in colony-forming units (CFU/mL). 

2.2.2. Stabilization of the culture 

The cultures of Lactobacillus sp. were stabilized by spray drying using a laboratory spray 
dryer (Büchi B-290, Switzerland). The operating conditions were: feed rate: 3-6 ml.·min-1; 
inlet temperatures: 105-115 ºC. Outlet temperatures between 51 and 71ºC.  The tests were 
performed with different carriers: thermal protectant materials and encapsulating materials 
(Table 1).  

Table 1. Concentration of the thermal protectant materials 

Samples 
Trehalose 
(%)(m/m) 

Maltodextrin  
 (%) (m/m) 

Starch 
(%) (m/m) 

1-3 30,20 --- --- 
4-7 7,50 23,26 --- 

8-11 7,50 15,53 7,76 
12-42 4,28 9,15 4,57 

2.2.3. Preadaptation of Lactobacillus cultures to spray drying to enhance thermal 
resistance. 

Shake flask cultures were performed to study the effect of the culture conditions in the final 
viability of the spray dried products. Two effects were studied (thermal and osmotic stress) 
and Surface Response Methodology (SRM) was used for the design of a 3-level factorial 
experimental design in 9-runs with triplicates. The following variables were selected as 
response: the concentration of the cultures (CFU/mL), the concentration of the 
microencapsulated microorganism (CFU/g) and the viability of the product after spray 
drying was calculated as follow: 
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  (1) 

The cultures were grown in 500 mL shake flask with 150 mL of MRS broth. The initial 
optical density of the cultures, measured at 600 nm, was adjusted to 0.1 The cultures were 
maintained at 37ºC and 150 rpm. Different levels of thermal and osmotic stress were 
applied to the cultures according to the following experimental design. 

To induce osmotic stress, when the cultures reached an optical density of 0,4-0,5, they were 
centrifugated and resuspended to 150 mL of MRS or MRS broth supplemented with 
Sodium Chloride (according to Table 2). To induce thermal stress, when the cultures 
reached an optical density of 0,8-1,0, the flasks were introduced in a water bath at the 
specified temperature (according to Table 2). The cultures were spray-dried once they 
reached stationary phase (30 hours of process). 

Table 2. Experimental Design. 

 Thermal Stress (ºC) Osmotic Stress (M) 
R-1 49 -- 
R-2 42 0,3 
R-3 49 0,6 
R-4 -- 0,3 
R-5 42 0,6 
R-6 42 -- 
R-7 49 0,3 
R-8 -- -- 
R-9 -- 0,6 

3. Results 

3.1. Effect of the inlet temperature 

First of all, several tests of Lactobacillus sp. culture were carried out with the aim to know 
the effect of the inlet temperature in the microorganisms viability. In these tests, trehalose 
was used as material for thermal protection.  

Table 3. Effect of the inlet temperature on the  microorganisms viability 
Sample Tin (ºC) Tout (ºC) Viability (%) 
1 105 55 79,6% 
2 110 68 75,6% 
3 115 71 80,7% 

As expected, low inlet temperatures give, in general terms, high viability. Opposite to what 
it might appear, inlet temperature do not have a direct effect on the survival of 
microorganisms. The reason is that the viability does not depend only on the initial 
temperature, but also on the residence time and, in general, the temperature profile of the 
process, from the feed to the final dried product. In this situation, the outlet temperature has 

1344

http://creativecommons.org/licenses/by-nc-nd/4.0/


Rivera, D.; Valverde, M.; Valera, A.; Torrejón, A.; Espí, J.; Gómez, E.; Ruiz, B. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

a remarkable importance. The residence time depends on several variables of the process, 
feed composition and concentration, and also de design of the spray dryer equipment.  

Effect of the feed composition 

Table 4 shows the feed composition and the results of viability. Trials 12 to 15 were 
performed using the same carriers but with a lower concentration, as shown in Table 1. 

Fig. 1 shows the effect of the feed composition and the inlet temperature, on the 
microorganisms viability. It can be seen that the effect of the feed composition, specially its 
concentration, are the relevant aspects to increase the viability in the final product. 

Best results of viability were achieved for an inlet temperature of 115ºC combined with the 
trehalose/maltodextrin/starch as protectants. As shown in Fig. 2, the feed composition 
(Carriers) is the most relevant parameter on the microorganisms viability in the final 
product. The effect of the feed composition is bigger than the temperature due to its high 
estadistical significance. The selection of the carrier is relevant, but its concentration in the 
feed is even more relevant. This effect is due to that a lower concentration implies lower 
outlet temperatures and therefore, higher viability. However, lower carrier concentration in 
the feed leads to bigger costs, so this parameter needs to be optimized for industrial 
processes. 

Table 4. Effect of the thermal protectants and wall materials on the microorganisms viability 

Sample Feed Composition Inlet T 
(ºC) (±2ºC) 

Viability 
(%) 

1 Trehalose 105 79,6% 
2 Trehalose 110 75,6% 
3 Trehalose 115 80,7% 
4 Trehalose/maltodextrin  100 81,5% 
5 Trehalose/maltodextrin  105 80,3% 
6 Trehalose/maltodextrin  110 79,3% 
7 Trehalose/maltodextrin  115 77,0% 
8 Trehalose/maltodextrin/Starch 100 77,1% 
9 Trehalose/maltodextrin/Starch 105 78,8% 
10 Trehalose/maltodextrin/Starch 110 81,6% 
11 Trehalose/maltodextrin/Starch 115 75,0% 
12 Trehalose/maltodextrin/Starch 100 78,3% 
13 Trehalose/maltodextrin/Starch 105 82,4% 
14 Trehalose/maltodextrin/Starch 110 87,3% 
15 Trehalose/maltodextrin/Starch 115 87,9% 
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Fig. 1 Principal effects for viability (%) 

A: Trehalose (Sample 1-3) 
B:Trehalose/maltodextrin (Sample 4-7)   

Fig. 2 Pareto Diagram for CFU/g  

C: Trehalose/maltodextrin/Starch (sample 8-11)          
D: Trehalose/Maltodextrin/Starch (Sample 12-15) 

 

Trehalose with maltodextrin seems to produce slightly better results than the combination 
of three carriers, but the addition of starch improves the encapsulation effect on the 
particles. The encapsulation of the microorganisms, lead to improved protection, longer 
shelf life, and lower damage during gastrointestinal tract in case of probiotics.  

3.2. Preadaptation of Lactobacillus cultures to spray drying to enhance thermal 
resistance. 

The average results of the response variables selected for the experimental design on Table 
2 are shown in Table 5. Taking into consideration the previous results of viability, mass 
yield, and the effect of the inlet temperature;this last was fixed at 105ºC for the rest of the 
study. As it can be shown, the variations in the fermentative process did not affect 
significantly the viable count of the culture. However, they had an effect in the viable count 
of the microencapsulated product and therefore in the final viabilitiy. 

Table 5. Preadaptation of Lactobacillus cultures to spray drying to enhance thermal resistan 

 

Thermal 
Stress (ºC) 

(±2ºC).  

Osmotic 
Stress (M) 
(±0,01M) 

CFU/mL CFU/g Viability (%) 

R-1 49 -- 2,66·109 2,67·108 88,57% 
R-2 42 0,3 4,27·109 2,12·109 95,11% 
R-3 49 0,6 2,16·109 1,00·109 94,61% 
R-4 -- 0,3 3,42·109 2,97·108 88,40% 
R-5 42 0,6 2,63·109 1,40·109 95,24% 
R-6 42 -- 2,23·109 2,75·108 89,59% 
R-7 49 0,3 5,85·109 1,25·108 84,07% 
R-8 -- -- 3,58·109 3,08·108 88,63% 
R-9 -- 0,6 2,64·109 1,45·109 94,89% 
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Fig. 3 Pareto chart of standardized effects for 

sprayed product viable count, Log (CFU/g) 
Fig. 4 Pareto chart of standardized effects for 

sprayed product viability (%) 
 
According to Fig. 3, Osmotic stress has a significative effect in the final viability (%) as 
well in the final concentration of the microorganisms (CFU/g).The optimal conditions for 
maximizing the final viable count and viability are shown in Fig. 5, Fig. 6, Fig. 7 and Fig. 
8.  

  
Fig. 5 Estimated surface response for sprayed 

product viable count, Log (CFU/g) 
Fig. 6 Contours for estimated response surface 
for sprayed product viable count, Log (CFU/g) 

  

  
Fig. 7 Estimated surface response for sprayed 

product viability 
Fig. 8 Contours for estimated response surface 

for sprayed product viability 

For the final viability of the product, the estimated surface response shows that the optimal 
value for the viability, which can reach 97,264% could be achieved by applying osmotic 
stress of 0,6M and a thermal shock at 43,28ºC. 
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4. Conclusions 

Thermal processing of microorganisms for their stabilization and encapsulation can be done 
by Spray drying without loosing viability. Combining biotechnology and encapsulation by 
spray-drying is possible to obtain microorganisms-based products in powder format 
keeping their viability.  

Feed composition has a highlighted effect on viability. Some carries as trehalose can be 
included as thermal protectants, improving  microorganisns resistance against temperature. 
Other carriers, can be included with the objective of improving process yields, or giving 
added valuable properties to the final product, as encapsulating materials.  

The concentration of carriers of the feed has also a remarkable effect, because lower 
concentrations lead to lower temperatures during the process. However, it is directly related 
to processes costs, so it must be optimized for industrial processes.  

In addition, modificantions in the fermentative process of the microorganism, as a 
preadaptatiton of the cells to spray drying may increase even more the final viability of the 
product. According to the results of the present study, the final viability of the product may 
increase from 79,6 % to 82,4% by the apropiate selection of protective materials, and from 
82,4% to 95,2% by the preadaptation of the microorganism during its fermentation.  
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Abstract 
In order to develop an alternative spray drying technology, a high drying rate 
in a smaller volume must be achieved. In this paper, results of CFD study are 
presented, carried out to investigate the possibility of spray drying in a novel 
design vortex chamber. The model is validated against experimental data, that 
makes a good agreement with an average error of 7% with only air and 24% 
with water spray. Results of temperature fields and droplet impact positions 
are discussed. The computations demonstrate that vortex chamber spray dryer 
can be an attractive solution for drying technology. 

Keywords: CFD; spray drying; vortex chamber; atomization. 
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1. Introduction 
Spray drying is a widely used process for converting liquid feed into dry powder [1]. 
However, the technology has only little improved over time. This comes with an inherent 
weakness; conventional spray dryers need great volumetric flow rates of air and thus high 
capital costs [2]. Additionally, low inlet temperatures and small gas-solid slip velocities lead 
to low drying rates. In order to develop an alternative spray drying technology, high inlet 
temperatures whilst maintaining a small residence time must be accomplished [3]. Therefore, 
a new technology for spray drying called vortex chamber spray dryer (VC) is investigated 
here. Additionally, high-G fluidization in VC, leads to intensification of interfacial heat, mass 
and momentum transfer [4, 5]. 

The high temperatures and turbulent multiphase flow in spray drying, make it difficult to 
design and optimize the dryer. For this purpose, Computational Fluid Dynamics (CFD) 
modeling has emerged as a vital tool in understanding the flow fields and gas-particle 
dynamics [6, 7]. In this research, a CFD model is developed to investigate air flow patterns 
and droplet trajectories for spray drying in a novel multi-zone VC dryer. The predicted results 
are compared against available experimental data. An overall drying performance is 
evaluated based on temperature profiles, particle’s moisture content, impact positions and 
product quality obtained at the outlets. 

2. Methodology 

2.1. CFD methodology 

The simulations have been performed in the commercial CFD package FLUENT 16.0. The 
flow in a spray dryer is a dispersed multiphase flow, therefore, the Eulerian-Langrangian 
approach was used. A three dimensional steady state model with k-epsilon turbulence model 
is used to simulate the gas phase. A two way coupling is applied to consider the heat, mass 
and momentum exchange between the continuous and discrete phase. The discrete phase 
turbulence is modeled using stochastic tracking model. The details of the CFD methodology 
and the governing Navier-Stokes, turbulence and discrete phase equations can be found in 
the literature and FLUENT user guide [8-10]. In order to simply the computations, the 
droplet-droplet interactions, agglomeration and coalesce is not considered. Also, only the 
evaporation model is used for droplet drying i.e. droplets are not porous and contains only 
surface moisture. 

2.2. Geometry and boundary conditions 

The VC geometry simulated in this study is shown in Figure 1. presenting the inlets and 
outlets (due to confidentiality reasons the exact dimensions are not presented). Such setup of 
VC offers two separate temperature zones: axial hot zone in the cylinder and relatively cold 
zone in VC. Hot air enters the dryer through a honey comb flow distributor hence diminishing 
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small turbulences in the cylinder. The VC is made up of six wheels, each wheel consisting of 
36 inlet slots through which air enters the chamber tangentially, creating a high-G vortex 
flow. Droplets are injected, counter flow to hot air using a pressure nozzle. The position of 
the atomizer is depicted in Fig.1. 

 

 

The hot air inlet temperature is 350 °C and mass flow rate is 682 kg/hr while cold air average 
temperature to VC is 132 °C and mass flow rate of 615 kg/hr. The outlets are set to pressure 
of 5000 Pascal. The chamber walls are treated as adiabatic i.e. no heat loss to the environment 
is considered. A spray feed rate of 23 kg/hr is sprayed at a temperature of 65 °C with an 
injection velocity of 70 m/s. Droplet size distribution is modeled using Rosin-Rammler 
method. A spread parameter of 2.05 as reported by Kievet was used [11]. The maximum and 
minimum droplet size is set to 90 and 20 microns respectively while the mean droplet size of 
52 microns [12] is used. Furthermore, a restitution coefficient of 0.2 is applied on VC walls. 

3. Results and discussion 
This section presents the predicted results of the CFD model. The model is validated against 
the available experimental data. Furthermore, an overall drying performance is evaluated 
based on particle impact positions and product obtained at outlets.  

3.1. Grid independency study 

For the grid independency study, three grid sizes; 1.5M, 3M and 5.5M elements were used. 
By comparing temperature profiles at 3 different locations, an average error of less than 1% 
was found between the coarsest and finest mesh. Since, the difference was not significant, 
the grid of 1.5M elements is applied for further research. 

Figure 1. Geometry of vortex chamber spray dryer 
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3.2. Validation of CFD model against experimental data 

The experimental data used for the model validation is obtained from the work of Thomas et 
al. [13]. It should be pointed out that, during experiments, it was not possible to operate the 
VC in steady-state, due to the clogging of the nozzle. The thermocouples, V1 and V4 are 
located in the outer region of VC at top and bottom respectively, V6 and V8 are located in 
the middle transition region of VC at left and right respectively while the thermocouples V12 
and V13 are located in the central core of the VC. The thermocouples are positioned on each 
wheel in the axial direction. 

 

Figure 2. Comparison of results for V1 and V4 probes a) only air (left) b) with water spray (right) 

The Figure 2a shows a comparison of predicted temperature profiles against experimental 
data for probes V1 and V4. The model makes a good agreement with an average error of 2% 
and 9% for V1 and V4, respectively. It can be seen that model slightly over estimates the 
temperature. The error can be caused by no heat loss assumption in the model whereas in the 
experiments heat loss can occur. Figure 2b, gives comparison with water spray. A relatively 
bigger error; 30% and 60% is seen for V1 and V4 respectively. Much lower temperatures; 
50-80 °C for wheels A1 and A3 are observed in the experiments. However, these can be due 
to water impinging and evaporating on the thermocouple. Another reason could be that in the 
model spray penetrates into the hot cylinder where major evaporation takes place, and thus 
predicted results with only air and with spray do not show significant difference. 

The Figure 3a shows the comparison of predicted air temperature against experimental data 
for thermocouples V12 and V13. The predicted results correspond well with the experimental 
data with an average error 1% and 7% for V12 and V13 respectively. Moreover, low 
temperature values in experimental measurements suggests, stronger radial mixing of hot air 
with the rotating cold air. Figure 3b, shows the comparison with spray. The experimental 
measurements show a strong asymmetry between V12 and V13. The dissymmetry might be 
induced by the product outlet being, too close to the gas outlets causing the spray to instantly 
deflect back on one side giving much lower temperatures for V13. The effect is less 
pronounced in the predicted results. An average error of 6% and 20% is obtained for V12 
and V13 probes, respectively.  
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Figure 3. Comparison of results for probes V12 and V13 a) only air (left) b) with water spray (right) 

Figure 4a, shows the comparison of predicted results for thermocouples V6 and V8. An 
opposing trend with an under prediction of temperature is seen for the middle-transition 
region. An average error of 11% for V6 and 13% for V8 is seen. The results imply a similar 
trend to that observed for the core region i.e. a stronger radial mixing of hot air with rotating 
cold air, that gives higher temperatures in the middle region of VC in the experiments. 

Figure 4b, shows the predicted results against experimental measurements with water spray. 
The results shows a good agreement between numerical and experimental data with average 
error of 12% and 20% for V8 and V6 respectively. Plots show a similar trend of low 
temperature at the front two wheels where the biggest discrepancies are seen. This can again 
be explained with water droplets, which in experiments, do not penetrate into the hot cylinder 
but instead moves to the front of VC (A1 and A3 wheels). 

 

Figure 4. Comparison of results at probes V6 and V8 a) only air (left) b) with water spray (right) 

3.3. Influence of multi component spray injection 

In this section, the discussion has been extended by using 56 kg/hr of feed with 40% solid 
content and feed density of 1080 kg/m3. A performance analysis of VC dryer is drawn based 
on particles impact positions, separation efficiency and mass of product recovered at the 
outlets. Figure 5, presents the temperature profiles on two axial planes for air flow only. A 
small reflux of cold air, from VC to cylinder can be seen on both planes. The reflux is caused 
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mainly by two reasons; low pressure in the cylinder and the influence of product outlet’s back 
pressure. Such recirculating zones can be problematic, since it can lead to product deposition 
on cylinder walls. Furthermore, two temperature regions are visible in the dryer: a hot zone 
in the cylinder and around the nozzle and cold zone on the outer region of the VC.  

 

Figure 5. Temperature patterns on two axial planes, only air 

Figure 6, illustrates the temperature patterns with spray (40% solid content). It can be seen 
that temperature profiles are asymmetric. The reason for this is mainly, the strong back 
pressure caused by the product outlet, forcing the droplets to instantly deflect back. 
Moreover, it can be seen that significant evaporation takes place in the hot zone while in the 
VC temperature drop is mostly near wheels-A1 and A3. 

 

Figure 6. Temperature patterns on two axial planes, with water spray 
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3.3.1.Particle trajectories 

In order to design and optimize a dryer, it is of prime interest to predict the trajectories of 
different sizes particles. Figure 7, reveals the particle trajectories for different particle size 
ranges, as a function of water mass fraction. These figures indicate that particles below 45 
μm are instantly deflected back and leave via gas outlets. The particle sizes between 45-80 
μm, are very uniformly distributed over VC. These particles mostly leave via product outlet. 
A mean particle size of 30 and 40 μm and a mean residence time of 0.48 and 1 seconds is 
found at gas and product outlet, respectively. Particles bigger than 80 μm are mostly 
impinging the honey comb air inlet or cylinder walls and only a few return to VC. Thus, it 
can be concluded that a maximum of 80 μm particle size, can be successfully dried without 
any risk of deposition on the walls. Moreover, all  particles impinging VC walls are dried 
with zero moisture content. 

 

Table 2, shows an overall drying performance as discussed by Huang et al [14]. Some of the 
particles are trapped in circulating zones and do not escape. These are removed from 
calculations after 10 seconds. 

Table 1. Overall drying performance of vortex chamber spray dryer 
 Percentage (%) Deposit rate (kg/hr) 

Gas outlets 56 15 
Product outlet 18 4.5 
Cylinder walls 3.5 0.7 

Hot air inlet 12.5 0.8 
Incomplete 10 1.4 

Gas outlet temperature (°C ) 155 
Energetic Specific Consumption (KJ/Kg.H20) 10,000 

 

Figure 7.  Particle trajectories as a function of water mass fraction 
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4. Conclusions 
A three-dimensional CFD model for spray drying in a VC was developed. A good agreement 
was made with the experimental data, depicting an overall average error; 7% and 24% with 
only air and with water spray respectively. The results depict small recirculation zones of 
cold air in cylinder, causing asymmetric spray patterns. It was found that a large proportion 
of particles leave via the gas outlets. In order to have an efficient VC dryer, separation of 
smaller particles from air is necessary. Based on the CFD research, it can be concluded that 
redesign of current VC configuration is necessary in order to harvest its full potential. 
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Abstract 
Solar conduction dryer (SCD) is a unique technology that uses conduction, 
convection and radiation mechanism of heat transfer making it one of the 
most efficient drying system. The SCD is one of the most effective piece of 
equipment’s designed indigenously and it has tremendous potential to 
capitalize in erstwhile nations of tropical and torrid region where there is 
abundance of solar insolation. SCD, the most cost-effective dryer which runs 
on no electricity has already made inroads in the global market. In the 
present study, CFD studies were carried out for a given geometry and the 
corresponding boundary conditions.  

 

Keywords: Solar Energy; Solar Conduction Dryer; CFD modeling. 
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1. Introduction 

Drying is a complex operation involving transient transfer of heat and mass along with 
several rate processes, such as physical or chemical transformations, which, in turn, may 
cause changes in product quality as well as the mechanisms of heat and mass transfer. 
Physical changes that may occur includes: shrinkage, puffing, crystallization, glass 
transitions and so on [1]. As it is well known, drying is the most energy intensive operation 
of the industrial processes [2]. Energy efficiency in drying ranges from a low value of 
under 5 % for the chemical process industries to 35 % for the papermaking operations [1]. 
Thus, there is strong contention among the researchers around the globe to develop a 
simplified and low-cost approach that can minimise or nullify the energy requirement 
through combination of efficient design and optimized process variables. 

Keeping these aspects in mind, several researchers have developed different type of solar 
dryers in last couple of decades to dry food materials as per the local need and indigenous 
technology. These dryers were based on the heat transfer mechanism of radiation and 
natural/ forced convection. They can be categorised in three types, such as, integral (direct), 
distributed (indirect) and mixed mode. In direct type of solar drying, the sun rays are 
directly incident on material while in indirect type, the air would absorb the heat and 
transfer it to the material. In mixed mode, the combinatorial heat transfer mechanism plays 
a crucial role in drying [3]. Thus, based on the above categorization, the following are some 
of the popular solar dryers in vogue, i.e. Natural convection cabinet dryer, Forced 
convection indirect dryer, Green house dryer, Solar tunnel dryer. 

As described above, these dryers are working on the principle of one or maximum two heat 
transfer mechanisms. Solar conduction dryer is the first technology in the world that uses 
all the three modes of heat transfer, viz., conduction, convection and radiation making it 
one of the most efficient systems [4]. SCD works without the need for electricity and most 
importantly at zero operating cost, following the three principles of ‘A’s, i.e. availability, 
affordability and accessibility [5]. It costs 3-5 times less than the next competing solar dryer 
and has payback period of 100 days against cost of electricity saving. SCD is recognized by 
UNEP-Bayer Ag (Germany) as top four global sustainable technologies and by University 
of Texas-Austin as global leading social venture. US-AID has included SCD in its Feed the 
future (FTF) program. 

Computational fluid dynamics (CFD) is a highly powerful tool to predict the performance 
and can help us to optimize the dryer geometry under given operating conditions without 
actually performing too many experiments. Various solar based designs like (a) solar air 
heater [6-9]; (b) drying systems such as direct, indirect, mixed [10-12] were simulated 
using computational fluid dynamics CFD modelling helps us to get the detailed inside look 
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in the flow field development, temperature distribution [13], humidity profiling and drying 
time [14].  

The objective of the proposed work is not to understand the existing models and compare 
them, but to make use of these models with certain additional features and incorporate those 
state equations for all the three modes of heat transfer, which is the major highlight and 
selling point of the award-winning technology of Solar Conduction Dryer (SCD). Based on 
the experimental insights and the foregoing literature, CFD model was developed. Here, the 
results of CFD models based on combinatorial heat transfer mechanism were compared 
with the experimental findings. Certain alterations to the existing design were possible to be 
thought about and they were brought fore as an addendum to the design of the existing/ 
commercial SCD.   

2. Materials and Methods 

2.1. Drying Equipment 
 

 
Fig. 1  Solar Conduction Dryer. 

The Solar conduction dryer (SCD) is a solar dryer (Figure 1) developed at advanced drying 
laboratory of Institute of Chemical Technology (formerly UDCT) Mumbai, India. This 
equipment utilizes solar power in the form of conductive, convective as well as radiation 
way of heat transfer for drying. The structure of SCD comprises of four drying chambers 
constructed from hollow sections of stainless steel. The dryer has four drying trays, 
covering a surface area of 1.04 m2 each. Transparent plastic (Polycarbonate Multiwall 
Sheet) was used to cover the trays. The trays were coated with black colour special food 
grade coating, where the products to be dried are placed. The trays were insulated properly 
so as to minimize the heat losses to the surrounding. A low height air vent to create air 
current is provided at the middle of the dryer in the horizontal direction which also 
separates the drying chambers in two portions (parts), as shown in Figure 1. Each portion 
contains two drying trays. Atmospheric air enters from the front of the trays and it carries 
away the moisture of the sample through the canopy by means of natural convection. The 

1359

http://creativecommons.org/licenses/by-nc-nd/4.0/


Augmenting natural convection and conduction based solar dryer 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

movement of the tray is by sliding them in and out through a designed channel for loading 
purpose. 

2.2. Model (Governing equations for CFD) 
Mass continuity, momentum, energy and radiation equations were solved to simulate the 
flow and temperature distribution in the unit. The solar load model available in FLUENT 
consists of a combination of a solar ray tracing algorithm and a radiation model called 
surface to surface (S2S). The solar ray tracing algorithm works as the source of the solar 
heat and the S2S radiation model accounts for the internally scattered energy. The sources 
for this energy are the surfaces exposed to the solar rays and thus soaked with solar heat 
energy. Equations are not being reproduced here, as the same could be obtained from 
Ansys. 

3. Results and Discussion 

SCD was simulated at measured solar radiation flux of 1000 W/m2. A full-scale 3D 
simulation of SCD resulted in a symmetric flow pattern. Experimental data also suggested 
symmetric profile in thermal measurements across the two parts. Hence, half section of the 
SCD was simulated under the given conditions. Figure 3 shows the flow pattern of air as 
predicted by the CFD model. It can be seen that the flow is mostly straight without any 
lateral components. Small circulation zone was observed at the centre of dryer (region 
where the flow from both the inlets meet and then flows upwards towards the outlet). Here, 
the flow is predominantly laminar in nature. 

3.1. Flow pattern in solar conduction dryer 

 

Fig. 2  Flow pattern of air from inlet to centre of dryer. 
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3.2. Comparison between experimental and simulated temperature of bottom plate 
and top plate of SCD 

The thermal measurement of the bottom plate (Figure 3) indicates sharp rise in the 
temperature. The temperature remains constant in the dryer section.  In the central part, a 
small dip in the temperature was observed, probably due to the negligible presence of air 
(hot) adjacent to the bottom plate. As the air gets heated from inlet to dryer section and as 
soon as it comes at the chimney section, it swirls off through it because of low density. This 
is very important observation, as it indicates the temperature variation in the dryer in tune 
with the entry and exit effect of the air. This temperature drop was very well captured in 
simulation results. Figure 4 compares the predicted temperatures with measured data. It can 
be deduced that the simulation results are in good agreement with the experimental data. 

 

Fig. 3 Comparison of experimental and 
simulation temperature (Bottom plate). 

 

Fig. 4 Comparison of experimental and 
simulation temperature (Top plate). 

 
3.3. Proposed design of modified solar conduction dryer (Design 1) 
As per the patented design of solar conduction dryer, there is a loading space gap between 
the polycarbonate sheet (top plate) and the black coated aluminium plate (bottom plate). 
The gap is around more than 10 cm between these two. In order to maximize the utilization 
of energy and material loading capacity, we can alter the interiors of existing SCD. The 
modified design (Design 1) will contain an array of plates placed in a staggered manner 
between the top plate and the bottom plate. The array of plates is designed in such a way 
that the solar energy reach to the bottom plate. The plates were arranged as shown in Figure 
5. Simulations were done described in results and discussion for the staggered plates 
arrangement. Simulations were performed till the steady results are obtained. These results 
are as shown in Figures 6-8. 
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Fig. 5  Intermediate plate structure in modified 
SCD (Design 1). 

 

Fig. 6 Temperature profile of intermediate and 
bottom plate in modified SCD (Design 1). 

 

Fig. 7 Area weighted average temperature of 
bottom plate and intermediate plate in existing 

and modified SCD (Design 1). 

 

Fig. 8 Area weighted average temperature at 
outlet in existing and modified SCD (Design 1). 

 
3.4. Comparison between existing and groove bottom plate SCD (Design 2) 

It was found in the literature that the grooved or corrugated absorber plate creates 
maximum heat transfer area. There are so many type of grooved plates. So, the idea was 
that the use of that concept in our case. From the figures 11 and 12, it was found that, there 
is considerable difference of area weighted average temperature of bottom plate and the 
outlet air temperature. The use of groove absorber in the place of flat absorber provides a 
large surface area for heat transfer to the air stream. The convective heat transfer from 
bottom plate to air increases in this case but the loss is largely compensated by the 
increased heat transfer to the flowing air [15]. 

4. Conclusions 

The CFD model has been successfully developed to predict the temperature of top and 
bottom plate. The model predictions are in good agreement with the measured data in 
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summer as well as winter environmental conditions. CFD simulations of modified solar 
conduction dryer was also carried out and it gives higher performance. Modified SCD is 
superior than the existing SCD in terms of outlet air velocity, outlet air temperature, 
intermediate plate temperature and material handling capacity. The material handling 
capacity can be increased by as high as 50 %. SCD contained groove bottom plate 
simulations were also done and it was found that there was increase in the outlet air 
temperature compared to existing SCD. 

 

Figure 9: Front view of groove bottom plate 
(Design 1). 

 

Figure 10: Area weighted average temperature 
of top plate in existing and groove bottom plate 

SCD (Design 2). 

 

Figure 11: Area weighted average 
temperature of bottom plate in existing and 

groove bottom plate SCD (Design 2). 

 

Figure 12: Area weighted average temperature 
of outlet temperature of air in existing and 

groove bottom plate SCD (Design 2). 
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Abstract 
This work was carried up in the objective to valorize the broad beans, largely 
harvested in Algeria, by solar drying means. In the present research paper, 
an experimental study was conducted on solar drying of broad beans by two 
different methods. Experimental trials were performed on a direct and an 
indirect laboratory scale solar dryers at Ouargla university in the southern 
of Algeria. Selected samples were dried at 50°C, 55°C, 60°C and 65°C. In 
both two applied cases, drying curves were obtained and compared. Among 
twelve consulted drying models the Page model was correlated with 
satisfaction to describe the solar drying of broad beans using a non linear 
regression analysis method. Operating and thermal performances of the two 
used drying systems were checked by the energy effeceincy and economic 
calculation. Obtained results showed that the direct solar drying ensures 
good preservation of the final product with a drying time of 5 hours. 

 Keywords: solar drying ;  convective drying ; broad bean ; quality 
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1. Introduction 

Faba bean (Vicia faba L.) is one of the oldest crops and ranks the sixth in production among 
the different legumes grown in the world after soybean, peanut, beans, peas, and chickpeas. 
Faba bean is popular legume food with high yield capacity and high nutritional value. It is 
widely used in the Mediterranean region as source of protein in both human and animal 
nutrition. It is a popular breakfast food and also used as vegetable green or fresh canned. In 
Algeria, faba bean is one of the most important pulse crop cultivated due to the richness of 
seed protein content. Also, The most important organic components of faba bean seeds are 
proteins 20-41% of seed dry matter, carbohydrates (51-68% ), 12% fiber, 1.2-4% lipids 
vitamins and  minerals [1].   Due to its chemical composition, fava bean is a suitable food 
for diabetics and may help prevent heart disease and reduce levels of blood glucose 
vitamins and minerals [2]. The major producer countries include China, Indonesia, India, 
Turkey, Egypt, Spain, France and Algeria. Broad beans is grown on 12,000 ha areas in 
Algeria, with a production of 60,787 tons in 2013 [3].  Due to their  seasonal and perishable 
nature, broad beans must be subjected to some form of preservation such as canning, 
freezing, or cold storage in order to make them available for later consumption [4]. Drying 
is practiced to enhance the storage life, to minimize losses during storage, and to reduce 
transportation costs of agricultural products [5]. Solar drying of agricultural products is one 
of the most important potential applications in the Algerian Sahara. Farmers and citizens 
dry crops particularly menthe, tomato, abricots, and broad beans. Traditional open sun 
drying is practiced on a large scale in Ouargla regions where the agriculture suffers from  
high product losses due to inadequate drying, fungal growth, encroachment of insects, birds 
and rodents, etc. The problems associated with open-air drying can be solved through the 
use of a solar dryer which can reduce crop losses and improve the quality of dried product 
significantly compared to traditional drying method. Solar dryers used in agriculture for 
food and crop drying are used for industrial drying processes. They can be proved to be a 
very useful device from the energy conservation point of view. Such a process not only 
saves energy but also saves a lot of time, occupies less area, improves quality of the 
product, makes the process more efficient, and also protects the environment [6]. A 
research group in the laboratory of renewable energy in aride zones (LENREZA) at 
Ouargla University, Algeria, worked in this field of solar drying. Two types of solar dryer: 
indirect hybrid solar dryer and direct active solar dryer have been constructed and tested in 
Ouargla climatic conditions. In the direct  solar dryer  the product to be dried receives 
energy from both  direct exposure to solar radiation; also the product being dried is 
protected from rain, insects, and dust. They found the product to have high-quality in terms 
of flavor, color, and texture. In all cases, the use of a direct convective solar dryer 
considerably reduces drying time in comparison to open-sun drying. The Passive solar 
dryers have the advantage of cheap, easy construction from locally available materials and 
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do not require any other energy during operation. Their major drawbacks are the decrease 
drying rates, important drying time and the very high internal temperature with the 
likelihood of overheating the product [7, 8]. Various drying techniques are employed to dry 
different food products. Each technique has its own advantages and limitations. Choosing 
the right drying techniques is thus important in the process of drying of the perishable 
products. To reduce its dependence on solar radiation for operation and to improve the 
quality of drying many studies on drying of fruits and vegetables using solar dryers with 
different sizes and designs exist in literature [9]. We can refer to some works such as on 
drying of potato [10], green pepper, green bean and squash[11], apricot [12], pistachio, and 
other products. However, studies on drying of broad beans are scarce. Therefore, the 
analyze of chemical composition and improving of production were experimentally 
investigated [13-16]. No information is available on the drying behavior of broad beans in 
the open literature. Therefore the main objectives of this study are to investigate the 
valorization by drying of broad beans for both direct and indirect solar drying conditions, 
and to study the thin layer drying modeling of broad beans.   

2. Materials and Methods 

      Fresh local  broad beans (Faba vicia l) were bought at local market in Ouargla, Algeria. 
They were singled out one by one using a visual criterion like color, size, absence of 
physical damage and uniform maturation degree. Dry pods were removed manually by 
visual inspection. The broad beans pods were then shelled manually. 

2.1. Description of the Drying System 

Two different solar driers were used in this study (Fig. 1 a, b). They are both laboratory 
scale prototypes, suitable for the agroalimentary products, designed and assembled by the 
energy conversion research unit at LENREZA laboratory, University of Ouargla, Algeria.  
The direct forced convective dryer (fig. 1a) consists mainly of a drying room and a 
chimney. The indirect forced convective drier system (fig. 1b) is composed of solar 
collector with simple circulation inclined by 31°C (Ouargla city altitude, Algeria). Air 
circulation and air exit are aspired by a fan (trade mark KFA-30 A; at a speed of 1400 
rotation /mn).  

2.2 Moisture Measurements 

    Moisture was determined with a kern moisture analyzer operating at the following 
conditions: sample weight (45g), analysis temperature (105°C). The device stops 
automatically once weight of dehydrated sample is constant. Moisture content is expressed 
as a percentage value. Three measurements were taken, and the mean value of relative 
moisture is 2.2 % ± 0.1 in dried base. During the experiments, broad beans were dried to 
the final moisture content of 0.13 kg water / kg dry matter  [17] 
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Fig. 1 Schematic diagrams of an indirect active hybrid solar–electrical dryer and a direct solar 
dryer. 

2.3 Experimental Procedure and Measures  

Prior to each experiment, the product samples were weighed with a pricision of 0.01 g then 
reweighed at equal time intervals. So the check in was done each 60 minutes. The desired 
final moisture content were defined as the standard moisture ensuring a suitable storage of 
the vegetable product wich is about 0.13 kg water/kg dry matter [4]. The experiment is 
stopped when the desired final water content is reached. 

3. Mathematical Modeling of Drying Kinetics 

Experimental results of moisture ratio versus drying time were adapted to the theoretical 
semi models most significant, largely widespread in the process of drying. The report/ratio 
of moisture (MR) and the drying rate of broad beans during the experiments of drying were 
calculated using the following equations:[18,19]   

0

e

e

X XMR
X X

−
=

−
                (1) 

                                                t t tX XdX
dt t

+∆ −
=

∆
               (2)    

3.1. Data Analysis 

The coefficient of determination (R2), reduced chi-square ( 2χ ), and root mean square error 
(RMSE) were used in this study to evaluate the goodness of fit. To get the best fit of the 
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Table 1. Empirical models of drying  
N°  Model equation   Name                        References  

01 XR(t)=exp(-kt) Newton 
 

O’callghan et al (1971) 

02 XR (t) = exp (-k tn) Page Page (1948) 
03 XR (t) = exp (-k t) Page modified Overhults et al (1973) 
04 XR (t) = A exp (-k t) Henderson et Pabis Hunderson and pabis (1969) 
05 XR (t) = A exp (−k t) + B Logarithmique 

 
Yagciolu et al (1999) 

06 XR (t) = A1 exp. (−k1 t) + A2 exp. 
(−k2 t) 

Two terms Sharefeldeen et al (1980) 

07 XR (t) = 1+ A1 t + A2t2 Wang et Singh Wang and singh (1978) 
08 XR (t) = A exp. (−k t) +   (1- A) 

exp. (− kbt) 
Diffusional Approach  Sharef eldeen et al (1979) 

09 XR (t) = A exp. (−k1 t) + (1- A) exp. 
(−k2 t) 

Verma Verma et al (1979) 

10 XR (t) = A1 exp. (−k1 t) +A2 exp. 
(−k2 t) + A3 exp. (−k3 t) 

Henderson et Pabis 
modified 

Kara thano (1999) 

11 XR (t) = A exp. (−k t) +   (1- A) 
exp. (−A k t) 

Two terms 
exponential 

Sharef eldeen et al (1980) 

12 XR (t) = A1exp (-ktn) + A2 t Midilli et autres Diamante and murno (1991) 
 

4. Results and Discussion 

4.1. Drying behavior as influenced by the dryer type  

 

Fig. 2  Moisture content evolution versus time 

Figure 2 presents the variation in the moisture content as a function of time in the types of 
driers direct and indirect, it is clear that the moisture content decrease continuously with 
drying time, the type of solar dryer affected drying time and product quality. The drying 
time taken to reduce moisture content  from 2.2±0.1 kg water/kg dm to final moisture of 
0.13±0.1 kg water/kg dm was 5h for the direct solar dryer and 8h for the indirect one. 
Obtained experimental results proved the importance of the direct process in the 
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valorization of the product compared  to the indirect one. In reference to available 
literature, it is also evident that both the two tested methods are more efficient than the sun 
drying method traditionally adopted by farmers. 

4.2 Suitable Model for Describing Drying Process 

4.2.1 Models and Statistical Criteria 

By using of Curve-Expert software, it was noted that the values of the three used statistical 
criteria (standard error (S), coeff. Correlation (r), and Chi Square) appear very similar, 
making it difficult to distinguish between 12 models. According to the calculation results 
we saw that for the Page model, the minimum value of the standard error S= 0.000819, the 
correlation coefficient R corresponds to a large value R = 0.999848, with a minimum value 
of Chi square = 0.010008 so the empirical page model describes solar drying of broad 
beans 

4.2.2 Expression of the Page Model Parameters as a function of Temperature 

The following results were obtained by curve fitting using the curve-Expert1.3 software for 
each parameter. The empirical relation found between the parameters of the equation of 
page model and temperature are developed and are plotted in Fig3.  
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Fig 3. Evolution of K and n parameters with temperature 

Finally the expressions adopted for the general equation according to the Page model with the 
parameters depending from time and temperature of the drying air, are given below.  

XR (t) = exp. (-k tn)      (6) 

n(T)= 2.916086+0.775023*cos(0.267699T-4.114475)  (7) 

K(T)= 0.091139+0.002939T+2.369690e-005T    (8) 

5. Conclusion  

In this study, post harvest treatment of broad beans, by hot air direct and indirect solar 
drying means, is presented. Based on the experimental results reported herein, the following 
conclusions can be made. Solar drying has allowed us to minimize post-harvest losses, and 
preserve the final quality of the dried product, especially when the search aims the 
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conservation for a long term. Experimental results showed that broad beans dried in direct 
solar drier had shorter drying time than other dried in indirect convective solar dryer. The 
semi theoretical models, namely, Page model was used to describe the drying kinetics of 
broad beans with a satisfactory correlation. An empirical equation, with temperature 
dependent parameters, was successfully adopted.  The most adaptable solar dryer for drying 
of the broad beans is the direct solar dryer. Although this adaptation depends on techno-
economic parameters and social considerations. The criteria for energy consumption and 
profit on the cost led to place the direct solar dryer as more efficient and more profitable 
economically. 

References  

 [1] M.H. Hendawey, A.M.A. Younes.  Biochemical evaluation of some faba bean cultivars 
under rainfed conditions at El-Sheikh Zuwayid .  Annals of Agricultural Sciences 
Volume 58, Issue 2, December 2013, Pages 183–193 

[2] Cecilia Baginsky,  Álvaro Peña-Neira,  Alejandro Cáceres, Teresa Hernández, Isabel 
Estrella,  Héctor Morales, Ricardo Pertuzé, Phenolic compound composition in 
immature seeds of fava bean (Vicia faba L.) varieties cultivated in Chile Journal 
ofFood Composition and Analysis Volume 31, Issue 1, August 2013, Pages 1–6 

[3] Food and Agriculture Organization. Agriculture data, 2012. Available at: 
http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID= 567#ancor (accessed 
July 23, 2012). 

[4] İbrahim Doymaz, Fergun Kocayigit, Drying and Rehydration Behaviors of Convection 
Drying of Green Peas  journal of Drying Technology . Drying Technology, 29: 1273–
1282, 2011 

[5] Pallav Purohit, Atul Kumar, Tara Chandra Kandpal.  Solar drying vs. open sun drying: 
A framework for financial evaluation Solar Energy 80 (2006) 1568–1579 

[6] S. Boughali, H. Benmoussa, B. Bouchekima, D. Mennouche, H. Bouguettaia, D. 
Bechki, Crop drying by indirect active hybrid solar – Electrical dryer in the eastern 
Algerian Septentrional Sahara. Solar Energy 83 (2009) 2223–2232 

[7] S. VijayaVenkataRamana, S. Iniyanb, Ranko Goicc. A review of solar drying 
technologies. Renewable and Sustainable Energy Reviews 16 (2012) 2652– 2670 

[8] Dilip Jain , Rajeev Kumar Jain.   Performance evaluation of an inclined multi-pass solar 
air heater with in-built thermal storage on deep-bed drying application Journal of Food 
Engineering 65(2004) 497–509 

1371

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/article/pii/S0570178313000328
http://www.sciencedirect.com/science/article/pii/S0570178313000328
http://www.sciencedirect.com/science/journal/05701783
http://www.sciencedirect.com/science/journal/05701783/58/2
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/article/pii/S0889157513000252
http://www.sciencedirect.com/science/journal/08891575
http://www.sciencedirect.com/science/journal/08891575
http://www.sciencedirect.com/science/journal/08891575/31/1


Post-harvest treatment of algerian broad beans using two different solar drying methods 
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

[9] Tadahmun A. Yassen, Hussain H. Al-Kayiem. Experimental investigation and 
evaluation of hybrid solar/thermal dryer combined with supplementary recovery dryer.  
Solar Energy 134 (2016) 284–293 

[10]  Seyfi Şevik Experimental investigation of a new design solar-heat pump dryer under 
the different climatic conditions and drying behavior of selected products. Solar 
Energy Volume 105, July 2014, Pages 190–205 

[11]Akpinar, E., Midilli, A., Bicer, Y., 2003. Single layer drying behaviour of potato slices 
in a convective cyclone dryer and mathematical modelling. Energy Convers. Manage. 
44, 1689–1705. 

[12]Yaldiz, O., Ertekin, C., 2001. Thin layer solar drying of some vegetables. Drying 
Technol. 19, 583–596. 

 [13]Serpil Sahin, Gulum Sumnu, Ferihan Tunaboyu Usage of solar assisted spouted bed 
drier in drying of pea food and bioproducts processing 91 (2013) 271–278 

[14]Guillermo Petzold, Marisa Caro, Jorge Moreno, Influence of blanching, freezing and 
frozen storage on physicochemical properties of broad beans (Vicia faba L) 
International Journal of Refrigeration Volume 40, April 2014, Pages 429–434 

 [15] S.K. Sathe  Beans: Overview  Encyclopedia of Food Grains (Second Edition) 2016, 
Pages 297–306 Volume 1: The World of food Grains 

[16] Marçal Plans,  Joan Simó,  Francesc Casañas,  Roser Romero del Castillo,  Luis E. 
Rodriguez-Saona,  José Sabaté, Estimating sensory properties of common beans 
(Phaseolus vulgaris L.) by near infrared spectroscopy, Food Research International, 
Volume 56, February 2014, Pages 55–62 

[17]  Lijiao Kan,  Shaoping Nie, Jielun Hu, Sunan Wang, Steve W. Cui, Yawen Li, Sifan 
Xu, Yue Wu, Junqiao Wang, Zhouya Bai, Mingyong Xie, Nutrients, phytochemicals 
and antioxidant activities of 26 kidney bean cultivars,  Food and Chemical Toxicology 

1372

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/article/pii/S0038092X14001716
http://www.sciencedirect.com/science/journal/0038092X
http://www.sciencedirect.com/science/journal/0038092X
http://www.sciencedirect.com/science/journal/0038092X/105/supp/C
http://www.sciencedirect.com/science/article/pii/S0140700713001199
http://www.sciencedirect.com/science/article/pii/S0140700713001199
http://www.sciencedirect.com/science/article/pii/S0140700713001199
http://www.sciencedirect.com/science/journal/01407007
http://www.sciencedirect.com/science/journal/01407007/40/supp/C
http://www.sciencedirect.com/science/article/pii/B9780123944375000334
http://www.sciencedirect.com/science/referenceworks/9780123947864
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/article/pii/S0963996913006571
http://www.sciencedirect.com/science/journal/09639969
http://www.sciencedirect.com/science/journal/09639969/56/supp/C
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/article/pii/S0278691516303210
http://www.sciencedirect.com/science/journal/02786915


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

DRYING PROCESS 

Poster Presentations 



 

 
 

 



IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7269 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Heat and mass transfer modelling of continuous Wurster spray 
granulation with external product classification 

 
Müller, D. a*; Bück, A.a,b; Tsotsas, E.a 
a Department of Thermal Process Engineering. Otto von Guericke University, Magdeburg, Germany 
b Institute of Particle Technology. FAU Erlangen-Nuremberg, Erlangen, Germany. 
 
*E-mail of the corresponding author: daniel.mueller@ovgu.de 
 

Abstract 
Wurster granulation with external product classification can be used for stable 
continuous coating or layering processes. It has been ascertained from recent 
population balance simulations that the ratio of the spray rate to the nuclei 
feed rate can be used to control the thickness of the sprayed product layer. 
However, thermal conditions are not considered by population balances 
regarding the particle size as distributed property. For this reason, heat and 
mass transfer is investigated in the present contribution by modelling of 
several subprocesses. The results can be used to discuss the cause of fluidized 
bed destabilization due to over-wetting. 

 

Keywords: continuous operation; Wurster fluidized bed; spray granulation; 
spray limits; heat and mass transfer. 
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1. Introduction 

The continuous Wurster spray granulation with external product classification is suitable for 
particle growth processes such as coating and layering with constant product specifications 
(size, layer or porosity distribution) and product yields. As ascertained by recent results and 
from former studies [1], higher spray rates and lower feed rate are needed to achieve larger 
layer thicknesses. Thereby the spray rate is limited by thermal conditions, fluidization gas 
saturation, drying kinetic and agglomeration tendency which might lead to process instability 
due to over-wetting. For this reason it is aimed in this contribution to describe the heat and 
mass transfer of the Wurster-granulator by diverse models, to determine spray limits and to 
discuss the cause of process destabilization.  

 

2. Process configuration and modelling 

The present contribution bases on a former case study of Hampel [1] describing the here 
discussed process with a two-zone population balance model whose simulated product size 
distributions has been validated by lab scale experiments for a certain range of process 
parameters. The heat and mass transfer of this Wurster granulation process should be 
investigated with several model approaches such as an ideal two-component particle growth 
model, steady state particle circulation in Wurster-chamber, pneumatic transport and spray 
deposition in Wurster-tube (spray zone denoted with α) as well as drying and heating outside 
the Wurster tube (drying zone denoted with 1-α). 

 

2.1. Reference case – Experimental design and modelling 

The experimental design of the continuous Wurster spray granulation in Hampel’s 
investigations [1] consists of a conical fluidized bed apparatus which is interconnected to a 
straight-duct air classifier as illustrated in Fig. 1a). Particles are raised through the Wurster-
tube due to high gas velocities and are sprayed with a solid-containing liquid. Above the 
Wurster-tube particles fall back into the drying zone. The particle circulation has been 
described, e.g. by Börner et al. [2]:  

𝜏𝜏1−𝛼𝛼 = 𝜏𝜏𝛼𝛼
1−𝛼𝛼
𝛼𝛼

,       (1) 

wherein τα and τ1−α represent the residence time (s) of the spray zone and the drying zone, 
respectively. Further, α is defined as the volume fraction (m³/m³) of spray zone related to the 
total volume of the disperse system (spray zone and drying zone).  
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2.2. Heat and mass transfer modelling 

The heat and mass model is illustrated in Fig. 1b) and assumes basically the following 
aspects. Particles circulate through spray and drying zone with constant residence times. The 
interior of Wurster-tube is seen as spray zone and the drying zone is assumed as a 
homogeneous fluidized bed describing the outer region of the Wurster-tube. Stationary 
pneumatic transport and moistening of particles takes place in the spray zone, wherein swarm 
sinking is also considered. The temperature of the particles leaving the spray zone is assumed 
to be the wet bulb temperature. Finally, evaporation of sprayed water content (drying period) 
and particle heating (heating period) occur in the drying zone until the particles re-enter the 
spray zone. 

 

a)    b)  

Fig. 1 a) Wurster spray granulation chamber with an interconnected straight-duct air classifier [1], 
b) Two-zone heat and mass transfer model. 

Furthermore, a simplified two-component particle growth model is used in order to 
approximate the stationary size distribution of fluidized bed particles. This model contains 
several assumptions such as: mono-sized feed and product, mono-shaped disperse system of 
solid spheres, constant feed and spray rate, evenly distributed particle growth rate, non-
distributed residence time due to permanent classifying with an ideal separation performance 
and steady state conditions. As a conclusion, a two-component single particle model 
consisting of a spherical core and a spherical layer with a well-defined core diameter and 
coating layer thickness can be derived. The number density distribution regarding the size of 
the fluidized bed particles turns out to be a uniform distribution. Hence, the Sauter diameter 
d32,bed and an average effective particle density ρ�p,eff among the population can be obtained 
analytically which are both needed for the description of heat and mass transfer. 
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2.2.1. Pneumatic transport in spray zone 

The residence time in the spray zone is a parameter which is required for the two-zone 
population balance of the abovementioned reference case. The spray zone residence time is 
approached in this contribution based on the assumption of stationary pneumatic transport 
with constant solid volume fraction:  

𝜏𝜏𝛼𝛼 = 𝐿𝐿𝑤𝑤𝑤𝑤
𝑢𝑢𝑔𝑔,𝛼𝛼/𝜀𝜀𝑠𝑠𝑤𝑤,𝛼𝛼−𝑘𝑘𝑠𝑠𝑤𝑤𝑢𝑢𝑠𝑠(𝑑𝑑32,𝑏𝑏𝑏𝑏𝑏𝑏)

 and 𝑘𝑘𝑠𝑠𝑠𝑠 = �1 − 𝜀𝜀𝑠𝑠𝑠𝑠,𝛼𝛼�
5,5(𝐴𝐴𝐴𝐴)−0,06

.  (2a) and (2b) 

Eq. 2a takes into account the Wurster-tube length Lwt (m), the spray zone gas velocity ug,α 
(m/s) and the solid volume fraction in spray zone εsw,α (m³/m³) which can be estimated by 
CFD-DEM simulations. Further Eq. 2a includes the swarm sinking correction ksw (-) and the 
terminal sinking velocity us (m/s) of a single sphere. The swarm sinking factor ksw can be 
calculated with Eq. 2b suggested by Richardson and Zaki [3]. 

2.2.2. Fluidization gas cooling, particle drying and particle heating in drying zone 

The fluidization gas cooling is depicted schematically in Fig. 2a). Fig. 2b) shows the drying 
period and the heating period of a single particle with retention time t1−α (s) in the drying 
zone.  

 

 

Fig. 2 a) Schematic Mollier-diagram illustrating the temperature range inside the Wurster-
granulator, b) Single particle temperature evolution versus retention time in the drying zone. 

 

The average gas temperature T∞ (°C) in the drying zone is calculated with incoming gas 
temperature Tin (°C) below the distributor plate, with the temperature drop ∆Thl (°C) due to 
heat losses at the gas distributer plate, the solid content of spray solution xs (kg/kg), with the 
evaporation energy ∆heva° (J/kg) of deposited spray solvent and others: 
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𝑇𝑇∞ = 𝑇𝑇𝑖𝑖𝑖𝑖 − ∆𝑇𝑇ℎ𝑙𝑙 −
��̇�𝑀𝑠𝑠𝑠𝑠𝑠𝑠(1−𝑥𝑥𝑠𝑠)−�̇�𝑀𝑖𝑖𝑖𝑖,𝛼𝛼

𝜑𝜑𝛼𝛼𝑌𝑌𝑠𝑠𝑠𝑠𝑤𝑤(𝑇𝑇𝑖𝑖𝑖𝑖,𝑌𝑌𝑖𝑖𝑖𝑖)
1+𝑌𝑌𝑖𝑖𝑖𝑖

�∆ℎ𝑏𝑏𝑒𝑒𝑠𝑠°(𝑇𝑇𝑤𝑤𝑏𝑏)

�̇�𝑀𝑖𝑖𝑖𝑖,1−𝛼𝛼𝑐𝑐𝑠𝑠,𝑓𝑓𝑓𝑓
   (3) 

Particles, leaving the spray zone and entering the drying zone, have been cooled down to the 
wet bulb temperature. The particle temperature evolution in the drying zone is divided into 
two segments: the drying period as first segment and the heating period as second segment. 
The time interval of 0 to the required drying time tdry defines the drying period. Within the 
drying period, the particle temperature Tp remains at the wet bulb temperature Twb. The 
heating period starts directly after complete evaporation of coating humidity where the 
particle temperature is still at the wet bulb temperature. The particle temperature rises 
subsequently and approaches the average surrounding temperature of the fluidization gas T∞ 
with increasing drying zone retention time. Finally the particles enter the spray zone at the 
total residence time τ1−α. in the drying zone. The particle temperature curve of the heating 
period is obtained from the energy balance of a single particle: 

𝑇𝑇𝑝𝑝 = 𝑇𝑇∞ − �𝑇𝑇∞ − 𝑇𝑇𝑠𝑠𝑤𝑤�exp (−𝑆𝑆𝑆𝑆′(𝑆𝑆1−𝛼𝛼 − 𝑆𝑆𝑑𝑑𝐴𝐴𝑑𝑑)).    (4) 

The particle heating kinetic is represented by the modified Stanton number St′ (1/s) which is 
defined with St′ = 6αht (d32,bedρ�p,effcp)⁄  and the heat transfer coefficient αht (W/m²/K) can 
be determined with Gnielinski’s approach [4]. The drying time is approximated by an energy 
balance assuming constant drying rate. In order to estimate the average particle temperature 
Tp in the drying zone, the time function of the particle temperature (Eq. 4) has been integrated 
with retention time t1−α and devided by the total residence time in drying zone τ1−α:  

𝑇𝑇𝑝𝑝 = 𝑇𝑇𝑠𝑠𝑤𝑤
𝑡𝑡𝑏𝑏𝑠𝑠𝑑𝑑
𝜏𝜏1−𝛼𝛼

+ 𝑇𝑇�∞ �1 −
𝑡𝑡𝑏𝑏𝑠𝑠𝑑𝑑
𝜏𝜏1−𝛼𝛼

� − (𝑇𝑇�∞ − 𝑇𝑇𝑠𝑠𝑤𝑤)𝑘𝑘ℎ𝑡𝑡    (5) 

𝑘𝑘ℎ𝑡𝑡 = 1−𝑒𝑒−𝑆𝑆𝑤𝑤
′�𝜏𝜏1−𝛼𝛼−𝑤𝑤𝑏𝑏𝑠𝑠𝑑𝑑�

𝑆𝑆𝑡𝑡′𝜏𝜏1−𝛼𝛼
.      (6) 

Thereby kht is introduced as a coefficient of heating kinetic including the influence of the 
modified Stanton number on the average particle temperature. 

2.3. Parameter setting 

The parameter values of the material properties, mass flow and inlet temperature of the 
fluidization gas as well as the bed mass are chosen according to the reference case [1] and 
are listed in Table 1. Therein are also given further parameters which are the swarm solid 
volume fraction εsw,α and the relative air humidity φα in the spray zone. Both parameters are 
adapted to measured fluidized bed temperature. Beside this, a heat loss temperature 
difference ∆Thl has been determined from measurements determining the temperature below 
and above the distributor plate.  
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Table 1. Model parameters 
𝐝𝐝𝐟𝐟 𝐝𝐝𝐩𝐩𝐩𝐩 𝛒𝛒𝐟𝐟,𝐞𝐞𝐟𝐟𝐟𝐟 𝛒𝛒𝐜𝐜,𝐞𝐞𝐟𝐟𝐟𝐟 �̇�𝐌𝐢𝐢𝐢𝐢 𝐱𝐱𝐬𝐬 𝐓𝐓𝐢𝐢𝐢𝐢 𝐌𝐌𝐛𝐛𝐞𝐞𝐝𝐝 𝛆𝛆𝐬𝐬𝐬𝐬,𝛂𝛂 𝛗𝛗𝛂𝛂 ∆𝐓𝐓𝐡𝐡𝐡𝐡 
𝐦𝐦𝐦𝐦 𝐦𝐦𝐦𝐦 𝐤𝐤𝐤𝐤

𝐦𝐦𝟑𝟑 
𝐤𝐤𝐤𝐤
𝐦𝐦³

 
𝐤𝐤𝐤𝐤
𝐡𝐡

 
𝐤𝐤𝐤𝐤
𝐤𝐤𝐤𝐤

 °𝐂𝐂 𝐤𝐤𝐤𝐤 𝐦𝐦³
𝐦𝐦³

 
- 𝐊𝐊 

0.3 0.4 1380 806 70 0.32 70 1 0.02 0.35 5.7 
 

In the present contribution, model results based on Table 1 and three different spray rates 
(0.8 kg/h, 1.1 kg/h and 1.3 kg/h) are investigated.  

3. Results and Discussion 

Several spray rate independent parameters of the Wurster granulation can be obtained from 
the presented the heat and mass transfer model, see in Table 2. These include the Sauter 
diameter of the bed particles d32,bed, the swarm correction factor ksw, the single particle 
sinking velocity us, the superficial gas velocity in spray zone ug,α as well as the residence 
time in spray zone τα and drying zone τ1−α. It can be seen that the swarm effect can not be 
neglected with a factor 0.93. The sinking velocity is smaller than the spray zone gas velocity 
which is a requirement for stable circulation in the Wurster-granulator. The spray zone 
residene time is much lower than the drying zone residence time.  

The drying time tdry, the heat transfer coefficient αht, the modified Stanton number St′, the 
heating kinetic factor kht, the average gas temperature T�∞ and the average particle 
temperature T�p are calculated for three different spray rates Ṁspr, respectively (see Table 3). 
The drying time increases linearly with spray rate and it is negligibly small compared to the 
residence time in the drying zone. The low drying time is caused by the high heat and mass 
transfer conditions of the fluidized bed. The particle heating coefficient is small. Thus the 
contribution of the particle heating kinetic to the average particle temperature can be 
neglected. Hence, the average particle temperature hardly differs from the average gas 
temperature in the drying zone due to the low drying times and the low particle heating kinetic 
coefficients.  

Table 2. Spray rate independent model results 
𝐝𝐝𝟑𝟑𝟑𝟑,𝐛𝐛𝐞𝐞𝐝𝐝 𝐤𝐤𝐬𝐬𝐬𝐬 𝐮𝐮𝐬𝐬 𝐮𝐮𝐤𝐤,𝛂𝛂 𝛕𝛕𝛂𝛂 𝛕𝛕𝟏𝟏−𝛂𝛂 
𝐦𝐦𝐦𝐦 - 𝐦𝐦/𝐬𝐬 𝐦𝐦/𝐬𝐬 𝐬𝐬 𝐬𝐬 
0.35 0.93 1.79 2.02 0.508  27.949 
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Table 3. Spray rate dependent model results 
�̇�𝐌𝐬𝐬𝐩𝐩𝐩𝐩 𝐭𝐭𝐝𝐝𝐩𝐩𝐝𝐝 𝛂𝛂𝐡𝐡𝐭𝐭 𝐒𝐒𝐭𝐭′ 𝐤𝐤𝐡𝐡𝐭𝐭 𝐓𝐓�∞ 𝐓𝐓�𝐩𝐩 
𝐤𝐤𝐤𝐤
𝐡𝐡

 𝐬𝐬 𝑾𝑾
𝒎𝒎𝒎𝒎

 𝟏𝟏/𝐬𝐬 % °𝐂𝐂 °𝐂𝐂 

0.8 0.018 503.6 3.19 1.234 43.30 43.06 
1.1 0.027 506.7 3.21 1.226 31.77 31.67 
1.3 0.034 509.0 3.22 1.221 24.29 24.08 

 

The model results of the spray rate of 0.8 kg/h are compared with the measured fluidized bed 
temperature of a Wurster batch granulation process spraying a solution with 32 wt-% sodium 
bencoate solution on MCC-particles. 

 

 

Fig. 3 Model-based average gas and average particle temperature adapted to measured fluidized 
bed temperature. 

Additionally, several batch processes spraying pure water have been conducted for different 
bed masses (0.5 kg, 1 kg, 1.5 kg, and 2 kg) and different fluidization gas temperatures (70°C, 
80°C and 90°C). Thereby the spray rate has been increased until destabilization of the 
fluidized bed took place.  

4. Conclusions 

Although the drying kinetic in the drying zone is ascertained as large, process destabilization 
due to over-wetting takes place far below the point of saturation. For this reason, it is 
presumed that the enhancement of agglomeration tendency with the larger spray rates cause 
the destabilization. Agglomerated particles might not be raised through the Wurster-tube for 
the reason that the sinking velocity is strongly increased. Hence agglomerates accumulate at 
the bottom of the fluidized bed, block the particle circulation and finally destabilize the 
fluidization. 
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5. Nomenclature 

Ar Archimedes number - 

c heat capacity Jkg-1K-1 

Ṁ  mass flow kgs-1 

Y air moisture load content kgkg-1 

Greek letters 

φ  relative moist of air - 

Subscripts 

c dried coating material  

eff effective  

in inlet fluidization gas  

sat saturation  
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Abstract 
Drying is one of the most energy intensive unit operations. It easily accounts 
for up to 15% of all industrial energy consumption. In the most drying 
processes heat is required to evaporate moisture which is later removed with 
a flow of air. The hot, humid air leaving the dryer is often considered as a 
waste stream, and a large fraction of energy is lost. The aim of the theoretical 
and experimental concept study presented here was to evaluate a method of 
reclaiming energy from low temperature waste streams and converting it to 
useful in industry saturated steam of temperature from 120 to 150 °C. 
Chemical heat pump concept based on the dilution and concentration of 
phosphoric acid was used to test the method in the laboratory. Heat of dilution 
and energy needed for water evaporation from the acid solution were 
experimentally measured. The cycle of successive processes of dilution and 
concentration has been experimentally confirmed. Theoretical model of the 
chemical heat pump was tested and coefficient of performance measured. 
Energy balance of the drying system and efficiency increase of the dryer 
supported with chemical heat pump were calculated. 

Keywords: Efficiency of drying; energy recovery; chemical heat pump 
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1. Introduction 

Drying is very intensive unit operation which, on the global scale, can accounts for up to 15% 
of all energy used in the industry [1](Chua et al. 2001). In many cases a large fraction of 
energy applied for drying is wasted with low temperature streams leaving the process 
[2](Ogura et al. 2005). Any energy recovery system in the drying can reduce significantly 
process energy consumption. Applications of heat pump technology offers energy saving 
potential along with temperature and humidity control. Drying assisted with heat pumps 
exploiting consecutive compression, condensation, expansion and evaporation of working 
fluid, is an object of research since eighties of last century. Dryers with heat pumps ensure 
economical process and at the same time product’s quality especially agriculture and food 
products. In the recent years chemical heat pumps have gained more interest as offering 
higher temperatures and possibility to store energy in chemical substances. 

Chemical heat pumps (CHP) are using reversible exothermal and endothermal chemical 
reactions to transfer energy, increase the temperature of working fluids and sometimes to 
store energy by chemical substances [3](Kawasaki et al. 1999). Selection of these chemical 
substances is important to absorb and release heat energy [4](Kato et al. 1996). Numerous 
chemical substances can be used in CHP to create a cycle of chemical reactions. The 
following substances have been proposed as working fluids: water systems: hydroxide/oxide, 
salt hydrate/salt or salt hydrate, ammonia systems: ammoniate/ammoniate or salt, amine 
complex with salt, sulfur dioxide systems: sulphite/oxide, phyrosulphate, carbon dioxide 
systems: carbonate/oxide, barium oxide/barium carbonate, hydrogen systems: hydride or 
metal, hydrogenation/ dehydrogenation [5](Wongsuwan et al. 2001). 

Unlike the “classical” vapor compression heat pumps CHP enable to achieve significantly 
higher temperatures of heated medium which is crucial for the potential application, e.g., for 
production of saturated steam usually applied as a heating medium in majority of industrial 
processes. Despite the presented advantages, currently, there are no installations using CHP 
for low-grade waste heat recovery available on the market. 

CHP absorbs energy via endothermic and release energy via exothermic in the form of 
chemical. CHP systems utilize the reversible chemical reaction to change the temperature 
level of the thermal energy, which stored by chemical substances [3](Kawasaki et al. 1999). 
These chemical substances are important in absorb and release heat energy [4](Kato et al. 
1996). Various chemical substance can be use in CHP for chemical reaction, for examples, 
water system (hydroxide/oxide, salt hydrate/salt or salt hydrate), ammonia system 
(ammoniate/ammoniate or salt, amine complex with salt), sulfur dioxide system 
(sulphite/oxide, phyrosulphate), carbon dioxide system (carbonate/oxide, barium 
oxide/barium carbonate), hydrogen system (hydride or metal, hydrogenation/ 
dehydrogenation), etc. has been proposed as working medium [5](Wongsuwan et al. 2001). 
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One of promising chemical systems for CHP is water solution of phosphoric acid where waste 
heat of low temperature level is accumulated in endothermic and released in exothermic 
dilution of phosphoric acid [6]( Ducheyne 2017). The results of dilution heat laboratory 
measurement will be presented.  

The distant aim of the project is to apply CHP system to saturated steam production needed 
for drying using abundant waste heat available from cooling electricity generator.  

2. CHP concept 

The basic configuration of CHP is shown on Fig.1. In general CHP consists of a generator, a 
reactor, condenser and an evaporator. Waste heat, in most cases at the same temperature, is 
provided to the generator QG and the evaporator QE while upgraded heat is delivered by 
reactor QR. Part of the heat at low temperature is removed from the condenser QC. Usually to 
increase efficiency of CHP cycle internal heat exchanger transferring heat between solutions 
is added [7](Horuz and Kurt 2010). 

 

Fig. 1 Chemical heat pump: a) CHP schematic, b) CHP the pressure vs. temperature diagram. 

In the presented CHP concept two component working fluid is used. Primary fluid absorbs 
secondary fluid producing upgraded heat while waste heat is consumed in an endothermic 
evaporation of secondary fluid. In the study solution of phosphoric acid will be primary while 
water secondary fluid. 
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The solution leaving the generator at high concentration will be referred as strong solution, 
while solution returning from the reactor to generator at lower concentration of phosphoric 
acid will be referred as a weak solution.  

The CHP presented in Fig 1a operate with the cycle depicted in Fig. 1b The weak solution 1 
is entering the generator where part of the secondary fluid is evaporated and strong solution 2 
is produced. Strong solution is returned to the reactor, while vapour 3 removed from solution 
is condensed, pumped and heated. Water or water vapour enters the reactor where it is mixed 
with strong solution 2’. The heat of dilution increase the temperature of cooling water. Weak 
solution is returned to the generator. The CHP operate at two pressure levels, lower which is 
saturation pressure at the condenser temperature and upper level which is saturation pressure 
at the evaporator temperature. As Fig. 1b present there are three temperature levels of CHP: 
a generator, a condenser and reactor. In most cases the evaporator and generator are using 
the same heat source so their operation temperatures are the same. 

The performance of CHP can be increased with heat exchanger transferring energy from 
weak solution to strong solution, or modifying path of the stream providing waste heat. Every 
industrial application is different and CHP system should be well fitted to the real needs. To 
do so an exact process model, based on validated experimental data of heat consumption and 
production, should be developed.  

3. Materials and Methods 

3.1. Materials 

The 85% by weight phosphoric acid was purchased from Sigma-Aldrich and used without 
further purification. Demineralized water was used in all dilution experiments.  

3.2. Apparatus and calculation of results 

Measurements of the heat of dilution were conducted using a diathermic reaction calorimeter 
(Fig. 2) equipped with PTFE measuring cell 1 with a capacity of: 50 cm3 and an automatic 
injection system 8. Temperature was measured using a thermocouple type K 5 of diameter 
of 0.5 mm. The control and acquisition of data from the measurement system was carried out 
using the LabView sofware. 

Heat of dilution of phosphoric acid was calculated using the following heat balance: 

∆ ∙ ∆  (1) 

Where: ΔHdil - heat generated during dilution of phosphoric acid, J; ru  - heat capacity 
of the system ; ΔTcor1 - rectified temperature increase determined by graphical 
method for the process of acid dilution. 

1394



Tylman, M.; Jaskulski, M.; Wawrzyniak, P.; Czapnik, M. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Heat capacity of the system was determined by measuring Joule heat provided to the system 
by heating coil. 

∙ ∙

∆
 (2) 

 

Where: U - potential difference applied to the heating coil, V; i - electric current passing 
through the heating coil, A; t – heating time, sec; ΔTcor2 - rectified temperature 
increase determined by graphical method for the electric heating process of the 
system. 

 

Fig.2 Scheme of the calorimeter 

1 – PTFE measuring cell, 2 -  insulation inserts, 3 – bomb calorimeter, 4 – magnetic stirrer, 
5 – thermocouple, 6 – stainless steel needle,7 – cover, 8 – syringe, 9 – autosampler 

controlled by a microprocessor, 10 – stepping motor for autosampler drive, 11 – reaction 
mixture, 12 - heating coil 

3.3. Methodology 

A sample of acid was placed in a PTFE measuring cell of the reaction calorimeter. Deionized 
water was injected with autosampler, and the injection time was 0.2 sec. The mass of the 
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water used for the dilution of the acid was determined by the difference of the weight of the 
syringe with water before and after the measurement, with a weighing accuracy of Δm = ± 
0.0001g. Temperature measurement with a sampling rate of 0.01/ sec lasted 10 minutes. 
Then, for the obtained reaction mixture, the thermal capacity of the system was measured 
using a heating coil. The electrical parameters of the process for all measurements were set 
at U = 5V and i = 1.2 A, the heating time of the system was 15 sec. The obtained dependences 
T = f(t) were used to determine the values: ΔTcor1, ΔTcor2 by graphical method. After taking 
into account the accuracy of the mass measurement and the characteristics of the instruments 
used, the method error was determined to be ± 3%. 

4. Results and discussion 

The heat of dilution has been determined over the molar concentration range from 57.8 to 
11.8 m (85%-53% by weight) at ambient pressure. The heat of dilution between molality of 
initial m1 and final m2 molality are given in the Table 1. 

Table 1. Experimental data for phosphoric acid heat of dilution measurement  
Run m1 m2 ΔTcor1 nH2O/nH3PO4 ΔHdil 

 mol/kg mol/kg K - kJ/mol 

1 57.827 29.916 12.206 1.855 3.842 
 29.916 20.852 5.505 2.662 2.659 
 20.852 15.734 2.848 3.528 1.840 
 15.734 12.875 1.071 4.311 1.448 
2 57.827 28.458 12.823 1.951 3.795 
 29.916 19.053 4.889 2.913 2.230 
 20.852 13.894 2.249 3.995 1.409 
 15.734 11.182 0.931 4.964 1.281 
3 57.827 30.627 12.359 1.812 4.101 
 30.627 20.087 5.603 2.763 2.303 
 20.087 14.990 2.392 3.703 1.675 
 14.990 11.826 1.055 4.694 1.320 
4 57.827 18.455 16.204 3.008 2.262 
5 57.827 36.657 9.925 1.514 5.379 
6 57.827 36.076 10.100 1.539 5.225 

 

Plot of heat of dilution versus molar ratio of solvent and solute is given in Fig. 3. The heat of 
dilution of aqueous phosphoric acid solutions, presented in Fig3, show a large curvature for 
molar ratio less than 3.  

Our results are in a good agreement with the values of dilution heat obtained by other workers 
for low concentration phosphoric acid. [8, 9]( Wakefield 1972, Millero 1978). 
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Fig.3 Phosphoric acid heat of dilution vs water /acid molar ratio. 

5. Conclusions 

Heat pump technology can improve heat efficiency of many drying processes. Low 
temperature systems are intensively studied and already implemented in the industry. 
Chemical heat pumps offers prospect to generate heat flux at elevated temperature.  

Heat of dilution for phosphoric acid of high concentration was experimentally measured at 
isobaric conditions. Thermal effect of dilution strongly depends on acid concentration. 

Laboratory experiments proved that phosphoric acid and water can be used as a efficient 
working system in CHP. Heat of dilution important for energy recovery in heat pump reactor, 
enable to produce technologicaly useful heat flux from waste heat source. 

6. Nomenclature 

Q heat flux, J W 

ΔHdil heat of dilution J mol-1 

ru heat capacity J K-1 

ΔT temperature increase K 

U potential difference V 

i electric current A 
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Subscripts 

R reactor  

E evaporator  

C condenser  

G generator  

cor1 temperature increase of acid dilution  

cor2 temperature increase for the electric heating   
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Abstract 
In this research, a Coulomb force assisted heat pump (CF-HP) dryer was 
invented for the purpose of improving the drying characteristics and product 
quality of biomaterials. As compared to heat pump drying alone, the 
assistance of Coulomb force in heat pump dryer enhanced the drying rates 
and effective moisture diffusivity of lemon slices up to 26%, which eventually 
shortened the total drying time to 40%. This saved the total energy 
consumption of HP drying by 31.5%. High retention of vitamin C and TPC 
were also found in CF-HP dried slices due to mild drying temperature and 
fast drying rate. 

Keywords: Coulomb force; Heat pump drying; Drying rate; Vitamin C; Total 
Phenolic Content (TPC). 
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1. Introduction 

Heat pump (HP) drying is one of the advanced drying methods that have been used for 
drying of many agriculture products. It is known as an energy efficient drying method 
which can produce good product quality as drying is conducted at mild temperature and 
low relative humidity[1,2]. However, mild temperature drying limits the moisture diffusion 
in the drying materials, which in turn lengthened the total drying time. Hybrid drying 
involving heat pump combined with other methods such as ultrasound, radio frequency / 
microwave heating, infrared heating and solar heating also been studied by researchers with 
the purpose to stimulate the moisture diffusivity and thus drying rate of the drying materials 
during heat pump drying[3]. Nevertheless, most of the hybrid drying methods like are lack 
of practical application for drying of heat sensitive biomaterials[4]. 

In this research, an electricity-assisted (Coulomb force) heat pump (CF-HP) drying is 
proposed as an alternative drying method for the drying of biomaterials such as lemon 
slices. In CF-HP drying, a high voltage wire mesh is incorporated in the heat pump dryer in 
order to enhance the removal rate of bound moisture, which in turn counteracts the long 
drying time required due to mild temperature drying. Owing to the bipolar property of 
moisture content inside the lemon slices, a positive net force (Coulomb force) can be 
induced when the lemon slices are placed near to the high voltage, but low frequency mesh. 
The generated force stimulates the moisture diffusion in the lemon slices which 
consequently dried by convective air flow produced by heat pump dryer. As there is no 
heating involved in drying process, the desired properties of the dried lemon slices can be 
preserved. Hence, CF-HP drying is envisaged to be a successor of heat pump drying in 
terms of high drying rate and moisture diffusivity, short total drying time, low energy 
consumption and good quality of dried products. 

2. Materials and Methods 

2.1 Sample preparation 

Fresh Eureka lemons were sliced crosswise into circular slices. The average thickness of 
slices was measured as 3.0 ± 0.5 × 10-3 m and the initial weight of each slice was recorded 
as 8.20 ± 0.05 × 10-3 kg. The average surface area of the slices was calculated as 2.38 × 10-3 

m2. The lemon slices were dried until equilibrium moisture content (EMC) achieved. 

2.2 Drying methods 

2.2.1 Heat pump drying 

A laboratory scale heat pump dryer is designed and fabricated by I-Lab Sdn. Bhd., 
Selangor, Malaysia. The heat pump (HP) dryer consists of a drying chamber of dimensions 
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0.8 m × 0.6 m × 0.6 m and a heat pump system. Mild temperature dehumidifier air 
produced by the heat pump system is used as a drying medium and force circulation of 
convective air is produced by a blower. The dryer was operated at drying temperature of 
22°C and 34% relative humidity (RH) when the auxiliary heater was turned off whereas the 
drying temperature was 31°C and 24% RH when the auxiliary heater was on. The average 
air velocity in the chamber was maintained at 1.1 ms-1. 

2.2.2 Coulomb force assisted heat pump drying  

For Coulomb force assisted heat pump (CF-HP) drying, a high voltage system was 
incorporated inside the heat pump drying chamber, as shown in Fig. 1. The high voltage 
source which determined to be 1.5 × 104 V and 50Hz, was generated by using a 
transformer. The output of transformer was connected to the wire mesh, where the string 
meshes and lemon slices were being loaded on. The effective distance between the lemon 
slices and wire mesh was determined to be 3 × 10-3 m. The drying condition of the hybrid 
heat pump drying was similar to heat pump drying in section 2.2.1. CF-HT-HP drying is the 
CF-HP drying with auxiliary heater being switched on. 

 

Fig. 1 Simplified diagram of the Coulomb force assisted heat pump (CF-HP) dryer 

2.2.3 Oven drying 

Lemon slices were dried in a laboratory scale hot air convection oven (Memmert, UFB500) 
at three different temperatures which were 40°C, 50°C, and 60°C, at the corresponding 
relative humidity (RH) of 33.4%, 20.2% and 12.6%, respectively. The average air velocity 
inside the chamber was determined as 0.6 ms-1. Oven dried lemon slices were used as 
reference samples which meant for the quality comparison with samples dried by heat 
pump and Coulomb force assisted heat pump drying methods. 
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2.2.4 Freeze drying 

Lemon slices were pre-frozen in a deep freezer (ARDO-CV382 Upright Freezer) at -40°C 
for 24 hours, before freeze dried in a laboratory scale freeze dryer (Labconco) at -40°C and 
13.3 Pa. The total drying time for freeze drying of lemon slices was set at 48 hours to 
obtain the optimum vitamin C and TPC retention in freeze dried lemon slices[5]. The freeze 
dried slices were used as control sample for the determination of vitamin C and TPC in the 
dried slices subjected to different drying methods. 

2.3 Energy consumption 

Total energy consumption for heat pump and Coulomb force assisted heat pump drying was 
measured by the power meter (D02A, ± 1W). 

2.4 Drying rate and moisture diffusivity  

The initial moisture content (M0), moisture content at a given drying time t (Mt), 
equilibrium moisture content (Meq), moisture ratio (MRt) and drying rate (R) of the lemon 
slices were calculated by equations (1) – (5) whereas the moisture diffusivity (Deff) of the 
samples was determined using Fick’s second model (equation (6)), by assuming the lemon 
slices to be of the shape of slab. 
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Where W0, Wt, Wd, and Weq, refer to initial weight of the sample (kg), weight of the sample 

in the middle of drying process at time t (kg), bone dry weight of the sample (kg), and 

equilibrium weight of the sample (kg), respectively. As is denoted as the surface area of the 

samples (m2), Ft is the free moisture content of the sample at time t (kg H2O / kg dry 

material). Ɩ, t and n are the sample's thickness (m), drying time (s) and a positive integer, 

respectively. 

2.5 Quality analysis 

2.5.1 Vitamin C 

Dried lemon slices were cut into small pieces of equivalent size and subjected to extraction 
process at 4°C for 24 hours using 0.05 L of metaphosphoric acid-acetic acid (HPO3-
CH3COOH) as extracting solvent. After removal of solid slices by vacuum filtration, the 
supernatants were titrated into 5 × 10-3 L of indophenol standard solution (IS). The amount 
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of supernatants, Vs used to decolourize the IS solution was recorded. Equation (7) was used  
to determine the vitamin C (kg Ascorbic acid / kg dry weight) in dried lemon slices which 
derived based on the standard curve obtained using Ascorbic Acid as standard solution[6]. 

dsWV
V31.0CVitamin =  (7) 

Where V is the volume of the extracting solution used (L) 

2.5.2 Total phenolic content (TPC) 

Similar to vitamin C analysis, dried lemon slices were cut into small pieces of equivalent 
size and subjected to extraction process at 4°C for 24 hours using 0.05 L of solvent which 
made up of acetone, distilled water and hydrochloric acid in volume percentage of 75%, 
22% and 3%, respectively. After removal of solid slices by vacuum filtration, 1×10-3 L of 
supernatant was titrated into 5×10-3 L of 0.2N Folin-Ciocalteau reagent and held for 3 
minutes. Then, 4×10-3 L  of 7.5% sodium carbonate solution (Na2CO3) was added into the 
mixture and incubated in dark at room temperature for 30 minutes to allow colour 
development. Subsequently, the extract was adjusted with 0.04 L of distilled water and the 
absorbance (A) of the extract was measured at 7.65 × 10-7 m in a single beam 
spectrophotometer (JENWAY 6320D). Equation (8) was used to determine the TPC (kg 
Gallic acid / kg dry weight) in dried lemon slices which derived based on the standard 
curve obtained using Gallic acid as standard solution[7]. 

d

f

W
VAD

02.9
TPC =  (8) 

Where Df is dilution factor. 

3. Results and Discussion 

3.1 Drying rate, effective moisture diffusivity and total drying time 

Table 1. Average drying rate, effective moisture diffusivity and total drying time of heat pump and 
Coulomb force assisted heat pump dried lemon slices 

Drying Method 

Average Drying 
Rate (R) 

(×10-5 kg H2O / 
m2.s) 

Average 
Effective 

Diffusivity (Deff) 
 (×10-11m2s-1) 

Reduction of Total 
Drying Time (%) 

HP   5.33                    2.95 ‒ 

CF-HP   5.83                    3.25 31.6 

CF-HT-HP   6.67                    3.73 39.9 

1403

http://creativecommons.org/licenses/by-nc-nd/4.0/


 Drying characteristics and quality of lemon slices dried undergone Coulomb force assisted heat pump drying 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

Table 2. Power and total energy consumption of heat pump and Coulomb force assisted heat pump 
drying methods 

Drying Method Power (W) Total Energy Consumption (×108J) 

HP 1723.07 9.20 

CF-HP 1726.62 6.30 

CF-HT-HP 3150.11 10.11 
 

As shown in Table 1, the highest average drying rate was found for CF-HT-HP drying, 
followed by CF-HP and HP drying of lemon slices. As compare to heat pump drying alone, 
the average drying rate and effective moisture diffusivity of Coulomb force assisted heat 
pump drying were found to improved up to 25.1% and 26.4%, respectively. The induced 
Coulomb force in lemon slices during hybrid heat pump drying decreased external mass 
transfer resistance rendered by the high electric field, which consequently intensified the 
drying rate and enhanced the moisture diffusivity from core to product surface. This 
reduced the total drying time of 31.6% and 39.9% for CF-HP and CF-HT-HP drying, 
respectively. In terms of energy consumption, CF-HP drying is more efficient in energy 
saving as it required the least energy, which is only 68.5% and 62.3% of the total amount of 
energy required by HP and CF-HT-HP drying, respectively as indicated in Table 2. 

3.5 Vitamin C content of dried lemon slices  

 

Fig. 2. Comparison of vitamin C in lemon slices for different drying methods. Vitamin C contents 
with different superscript letters indicate a significant difference at p<0.05. 

Based on Fig. 2, except for freeze dried samples, CF-HP dried lemon slices showed the 
highest amount of vitamin C among all samples. The vitamin C content of CF-HP dried 
slices is significantly higher than oven dried slices due to mild temperature drying condition 
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and high drying rate. Similar to this, the amount of vitamin C in heat pump and CF-HT-HP 
dried samples were found to be 2.5% to 93.2% higher than oven dried samples. This 
indicates drying of lemon slices at mild temperature could minimize the deterioration of 
vitamin C during the dying process. In addition, integration of Coulomb force in heat pump 
drying (CF-HP) enhanced the drying rate and shortened the total drying time required as 
compared to HP drying which led to a better vitamin C retention in dried lemon slices. Due 
to increased drying temperature, the used of auxiliary heater in CF-HT-HP drying reduced 
the vitamin C content in lemon slices as compared to those dried with CF-HP and HP 
method, resulted in lower vitamin C content similar with those found in lemon slices dried 
at 40oC. Lowest amount of vitamin C in 50oC and 60oC oven dried lemon slices could be 
due to combination of thermal and oxidative degradations of vitamin C. However, freeze 
dried lemon slices preserved the highest vitamin C among of all as drying at high vacuum 
could mitigate oxidative degradation of vitamin C[6]. Commercial dried products which 
commonly dried by solar or hot air drying method are found to retain low amount of 
vitamin C attributed to thermal degradation and oxidative destruction of vitamin C due to 
prolong drying time[7].  

3.6 TPC content of dried lemon slices  

 

Fig. 3. Comparison of total phenolics content (TPC) in lemon slices for different drying methods. 
TPC with different superscript letters indicate a significant difference at p<0.05. 

In contrast to the retention of vitamin C, oven dried slices at elevated temperature (50oC 
and 60oC) retained the highest amount of TPC as shown in Fig 3. According to Vega-
Galvez et al., high retention of TPC in fruits dried at elevated temperature could be due to 
the conversion of phenolic molecules from other forms of phenolic compounds, which led 
to greater amount detected[8]. Furthermore, high drying rate and short drying time of the 
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lemon slices at elevated temperature also prevents the degradation of TPC attributed to 
volatilization, oxidation and heat destruction process. The effect of drying rate and drying 
time on the TPC of dried slices was further shown by the heat pump and hybrid heat pump 
dried slices. Among of them, the TPC in CF-HP and CF-HT-HP dried slices were 
insignificantly different, but they were significantly higher than the TPC of HP dried slices 
although drying was conducted at mild temperature. Similar to the results of vitamin C 
analysis, TPC in commercial dried lemon slices was the lowest among of all due to low 
drying rate and prolong drying time of open sun drying or solar drying.  

4. Conclusion  

Coulomb force assisted heat pump drying intensified the drying rates, enhanced the 
moisture diffusivity and consequently reduced the total energy consumption and drying 
time of lemon slices as compared to conventional heat pump drying method. In terms of 
product quality, it appears that CF-HP drying is a highly recommended drying method for 
the preservation of antioxidants.  
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Abstract  
Jaboticaba (Plinia cauliflora) is a Brazilian fruit with a high content of 
anthocyanins compounds. Peel corresponds to 30 % of the fruit weight and it 
is considerated a residue since just the pulp is used. The aim of this work was 
to analyze the convective drying process of the jaboticaba peels. Moisture 
content of dried peels showed a range of 7.17 to 13.26 (% w.b.). The results 
also reported that jaboticaba peels have high anthocyanins content (fresh: 
1162.99 ± 41.35 mg/100g d.b) and it was possible to maintain these 
compounds even after the drying process (1052 to 1270 mg/100g d.b). 

 

Keywords: jaboticaba; peel; drying; residue; anthocyanins. 
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1. Introduction 

Jaboticaba (Plinia cauliflora) is a Brazilian fruit, with color dark blue purple characteristic 
of the peel[1]. This seasonal fruit grow in the tree trunk and it can be found in Midwest and 
Southeasts regions of the country at September to February. The peel corresponds about 30 
% of the total fruit weight and is rich in anthocyanins and phenolics compounds that are 
natural antioxidants presented in fruits, vegetables and plants[2]. Anthocyanins provides 
color to the fruit and can be used as natural colorant in food, cosmetic and pharmaceutical 
products, however the temperature, light and oxygen influence on stability of this 
compounds[2]. They are considered natural antioxidants and can to provide health benefits 
when associated with human diet by reducing cardio vascular risk factors, abdnominal aortic 
atherosclerosiss[3]. Besides that, the peels are generally discarded as waste and only the pulp 
of fruit is used. 

The high moisture content presents in jaboticaba peel require a treatment to storage. To 
conserve fruit and vegetables, facilitate the storage and the transportation, drying is an 
important unit operation that envolvs heat and mass transfer[4], considered one of the oldest 
methods of food preservation[5]. Whitout water, the microorganisms presents in the dried 
material can not to multiply[6]. Convection is possibly the most common mode of drying 
particulate or sheet-form or pasty solids. Heat is supplied by heated air or gas flowing over 
the surface of the solid. The surface of the material is exposed to air flow and the moisture 
content is removed by convection[7]. 

The aim of this work was to analyze the convective drying process of the jaboticaba peel and 
to determine the influence of air temperature (50 to 80 oC) and the air velocity (1 to 2 m/s) 
on the anthocyanins compounds. 

2. Materials and Methods 

Fresh jaboticaba (Plinia cauliflora) fruits were collected from a private farm located in São 
José do Cedro, Santa Catarina, Brazil (26o 27’ 18’’ S, 53o 29’ 39’’ W), in late September 
2017. The peels were separeted of the pulp and washed with running water. Subsequently, 
the peels were sanitized in a solution of sodium hypochlorite and stored in sealed opaque 
bags at - 18 oC until use. The moisture content of the samples was determined in triplicate 
using an oven at 105 oC for 24 h. 

2.1 Extraction procedure and Anthocyanins compounds  

The peels were milled using a analytic mixer (GEHAKA, A 11), after 1 g milled peels were 
added to 50 mL of an acidified ethanol solution (50 % v/v, pH=1) in erlenmeyers. The 
maceration extraction was performed in duplicate using a shaker (NOVA ÉTICA, 109-1) at 
150 rpm for 1 h.  After extraction process, the extract was filtered with vaccum pump using 
filter paper twice to obtain a better separation between the solid and the liquid phase. 

1408



Machry, K.; Morais, M. M.; Rosa, G. S.  
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

To quantify the anthocyanins content presents in jaboticaba peels was used a modify Fuleki 
and Francis[8] method. The extract absorbances were determined in triplicate using a 
UV/VIS spectrophotometer (EQUILAM, 755B) at 520 nm and calculated by Equation 1. 
Results were expressed as milligrams of  cyaniding 3-glucoside equivalents per 100 g of 
sample, majority anthocyanins presents on jaboticaba peel. 

	
100	 . .

∙ ∙ 1000
∙ 982

 
(1) 

where Abs is the absorbance, V1 is the volume of total extract in mL, w is the weight of the 
sample in grams, 1000 the correction factor to result be expressed in 100 grams of sample 
and 982 is the coefficient of extinction (982 to mg of cyaniding 3-glucoside). 

2.2 Drying experiments 

The drying experiments were carried out in a convective hot-air dryer (EcoEducacional) (Fig. 
1). The experimental system involved a fixed bed dryer. The air flow coming from the blower 
(a) was monitored by an psychrometer (b) and was heated by an electrical heater system (c). 
Measurements of air velocity were performed by an anemometer (f). In order to monitor the 
mass of jaboticaba peel samples during the drying experiments a digital balance (± 0.01 g) 
(e) was used, connected with a tray in the drying chamber. 20 g of jaboticaba peels were 
distributed uniformly as a thin layer into the stainless steel tray (137 mm in diameter and 7 
mm of high) and dried.  

 

 

Fig. 1 Drying system. 

 

An experimental design was performed, where the independent variables were the inlet air 
temperature (Tair) and air velocity (vair). The anthocyanins content was analyzed as 
dependents variable. Drying time were fixed in 2 h to observe the anthocyanins degradation 
with temperature and air velocity. The drying curves ((M-Me)/(Mo-Me) as a function of time) 
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were obtained. The equilibrium moisture content was assumed as the final moisture content 
when the drying rate was practically null, at each drying condition.  

3. Results and discussion  

Fig. 2 shows (A) fresh jaboticaba peels (B) dried jaboticaba peels (80 oC; 1 m/s). It can be 
verified the shrinkage of samples due the fast water removal from the intercellular spaces[9] 
of the peel. Table 1 shows the results of final moisture content and anthocyanins content for 
dried samples.  

 

 

Fig. 2 Fresh  jaboticaba peels (A) and dried jaboticaba peels (B). 

 

Table 1. Results of moisture and athocyanins contents. 
Runs T (oC) v air (m/s) Moisture 

(w.b. %)* 
Anthocyanins 
(mg/100g d.b.)* 

Anthocyanins 
(mg/100g w.b) 

1 50 1 11.91 ± 0.26 1095.94 ± 10.82 965.34 ± 9.53 
2 80 1 7.17 ± 0.24 1051.94 ± 31.95 975.76 ± 29.66 
3 50 2 13.26 ± 0.14 1269.88 ± 22.63 1101.07 ± 19.63 
4 80 2 7.20 ± 0.00 1249.46 ± 64.22 1159.47 ± 59.60 
5 65 1,5 9.53 ± 0.39 1241.76 ± 30.66 1123.31 ± 27.74 
6 65 1,5 10.19 ± 0.89 1253.23 ± 39.19 1125.49 ± 35.20 

* avarage ± standard deviation 

 

The fresh sample of jaboticaba peels showed a initial moisture content of 76.74 ± 0.71 % 
(w.b.). The results for anthocyanins content was 1162.99 ± 41.35 mg/100g (d.b.), which 
corresponds to 267.71 ± 6.88 mg/100 g (w.b.). Garcia[10] reported results of anthocyanins 
content in jaboticaba peels between 310 and 315 mg/100g (w.b.).  
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Regarding the dried samples, the results of moisture content were in range of 7.17 and 13.26 
% (w.b.). Flours in general must to have moisture content below 15 %[11] to inhibit the 
microbial growth, but there isn’t a specific resolution to moisture content of jaboticaba peels. 
The anthocyanins contents were in the range of 1051.94 to 1269.88 mg/100 g (d.b.). Leite-
Legatti et al.[12] reported 732.77 mg/100 g (w.b.) and Lima[13] found 1585 mg/100 g (w.b.)  
in freeze dried jaboticaba peels. Dried peels in present study showed anthocyanins content 
almost twice higher than  Alves[14], that reported in theirs study that the anthocyanins 
content was 588 mg/100 g (d.b.) to samples dried at 60 oC. Theses differences could be due 
plant varieties, cultivation practices, environmental and geographical factors[13]. Higher 
results to anthocyanins compounds in some dried samples on the present study could be 
related with the formation of new antioxidants compounds. It was observed by Dewanto[15] 
for tomatoes. Freitas[16] also reported similar behavior with freeze dried butiá samples (pulp 
and peel), which showed an increase of anthocyanins compounds. Moreover, the moisture 
content in fresh samples can hamper the anthocyanins extraction. Also, the differences 
between anthocyanins for fresh and dried samples could be related with morphological 
changes in the structure of the cells during the drying process[17]. 

Typical drying curves obtained are illustrated in Fig. 3. Overall drying kinetic curves 
obtained for jaboticaba peels under different drying conditions showed the same behavior. 
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Fig. 3 (A) Drying curves at 50 and 80 oC; (B) Pareto chart of standardized effecs. 

As expected, an increase in air temperature and air velocity also significantly increased the 
drying kinetics and resulted in lower final moisture content. The presence of a constant-rate 
drying period to indicates that the moisture content is on the surface and the main heat transfer 
mechanism in this period is the convection. According to Geankoplis[6], the final moisture 
content decrese with the increase of the temperature. The difference of vapour pressure 
between the surface of the material and the hot air increase with the increasing of the 
temperature, decreasing the exposure time until the equilibrium. Moreover, higher                                              
temperatures increase the mass and heat transfer coefficients.  
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The results for the effects of operating variables on anthocyanins content obtained from 
statistical analysis are shown in the Pareto diagram (Fig. 3 (B)). It can be verified that only 
the effect of air velocity was significant for anthocyanins content at a confidence level of 95 
% in the ranges studied. The results indicated that  anthocyanins content can be maximized 
by increasing the air velocity from 1 to 2 m/s. It’s inferred that in higher velocities there are 
the presence of vortices which help to increase the mass and heat transfer coefficients. These 
vortices are accentuated due the concave structure of the jaboticaba peel. The results 
indicated that the adequate drying condition is at 80 oC and 2 m/s, since it was the condition 
that showed lower drying time, and consequently represents a lower cost of the process.  

4. Conclusions 

The jaboticaba peel drying was analyzed in this study. The results showed that the samples 
had an inicial moisture content of  76.71 % (w.b.) and after the drying process the values 
were in range of 7.17 to 13.26 (% w.b.). Jaboticaba peels showed a high anthocyanins 
content, even after drying process. The drying process showed that the air temperature and 
air velocity had an influence on the increase of the drying rate and a reduction of the process 
time. The statistical analysis of the results showed that the air velocity was significant at a 
confidence level of 95 % for anthocyanins content. Jaboticaba peels are a residue that can be 
used as additive of flour in food industry since this material showed a high content of 
bioactive compounds. 
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Abstract 
The pore structure is a decisive factor for the process efficiency and product 
quality of freeze dried products. In this work the two-dimensional ice crystal 
structure was investigated for maltodextrin solutions with different 
concentrations by a freeze drying microscope. The resulting drying kinetics 
was investigated for different pore structures. Additionally the three-
dimensional pore structure of the freeze dried samples was measured by µ-
computed tomography and the pore size distribution was quantified by image 
analysis techniques. The two- and three-dimensional pore size distributions 
were compared and linked to the drying kinetics. 

Keywords: pore size distribution; freeze drying; maltodextrin solution; freeze 
drying microscope 
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1. Introduction 

Lyophilisation or freeze drying is commonly applied to stabilize (bio-)pharmaceutical 
substances and high value foods for long-term storage. During drying, the thickness of the 
dried layer is steadily increasing. Therefore, the mass transfer resistance becomes the 
dominating factor causing very long process times [1]. The mass transfer resistance is 
directly linked to the pore structure of the frozen solution. The pore structure is also 
important for the freeze drying of particulate matter as it determines the intra-particle mass 
transfer resistance and process efficiency. Furthermore, collapse phenomena are directly 
linked to the pore structure as the pore structure determines the maximum product 
temperature. The pore structure is determined by the freezing process prior to sublimation 
and is depending on cooling rate, nucleation temperature and solid content of the solution 
[2].  

The pore structure is the decisive factor for the formation of the drying front of both 
particulate systems and frozen liquids. Therefore it is the aim of this work to investigate the 
influence of the process parameters cooling rate, annealing treatment and solid 
concentration on the pore size distribution of maltodextrin solutions as model systems.  

Regarding the quantitative evaluation of pore size distribution it has to be distinguished 
between the evaluation of the frozen system and the dried system. In most cases it is 
assumed that no shrinkage occurs during freeze drying and the pore size of the frozen 
system is not different to the dried system. For frozen systems the ice crystal size 
distribution is mostly determined from sliced frozen samples by light microscopic 
techniques or Cryo-SEM [3]. In dried systems, mostly SEM and more recently µ-computed 
tomography are used for the evaluation of pore structure of freeze dried products [4, 5]. The 
aim of this work is to compare the two-dimensional ice crystal structure as observed in a 
freeze drying microscope with the three-dimensional pore structure measured by µ-
computed tomography (µ-CT) and to link the pore structure to the drying kinetics. 

2. Materials and Methods 

Maltodextrin solution (DE 10-14 from medesign I.C. GmbH) was used as model substance. 
Solutions of maltodextrin were prepared by using bi-distilled water with the following 
concentrations: 5%, 10% and 20% (w/w).  

2.1 Freeze drying microscope  

The controlled cooling of the solutions was carried out with the cryostage FDCS196 
(Linkam Instruments, Tadworth, UK) coupled to an  Olympus BX51 polarized light 
microscope (Olympus Microscopy, Essex, UK) equipped with a  Pixelink PL-A662 camera 
(Pixelink, Rochester, USA). A quantitiy of 10 μl of the sample was loaded into a 15 mm 
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diameter quartz glass crucible, which was placed on a silver block in the stage. The 
controlled temperature ranged between -196°C to 125 °C. The sample was enclosed by a 
spacer to achieve a uniform thickness of 690 µm. Thus the sample forms a cylindrical disk 
with a diameter of 4.3 mm and a height of 690 µm. Temperature was measured using a 
Pt100 temperature sensor from Linkam Instruments (accuracy ± 0.1 °C). By calibrating the 
20x magnification lens (LMPlan Fl 20x/0.40) with a scale, the lengths and dimensions of 
the microscopic images were calculated using Linksys32 software.  

2.2 Freezing and drying experiments and microscopic image analysis 

After placing the liquid sample onto the quartz crucible, the stage was sealed and all 
samples were cooled to -50°C at a defined cooling rate. Two different cooling rates were 
investigated: 0.5 K/min and 20 K/min. Furthermore two annealing treatments were 
investigated: In Treatment I the sample was heated to -10 °C for 90 min after freezing and 
cooled back to -50 °C. In treatment II the sample was heated to -5 °C after freezing for 
180 min and cooled back to -50 °C. After reaching -50 °C, pictures were taken to evaluate 
the two-dimensional ice-crystal size distribution of the frozen samples. The subsequent 
drying step was carried out with a shelf temperature of -18 °C and a pressure of 10 Pa for 
all freezing protocols. During drying, a picture was taken every 10 s.  As soon as primary 
drying was finished which was determined by the disappearance of the drying front, the 
silver block was heated to 30 °C and the secondary drying was carried out overnight until a 
final water content of approx. 2% was achieved. The samples were then taken out of the 
cryostage and stored in a desiccator until further evaluation of the dry pore structure by µ-
CT.  

For the evaluation of the ice crystal size, the software Linksys 32 was used. Three pictures 
of each sample were taken and 100 ice crystals were manually analysed per picture. The ice 
crystals were analysed by edging the ice crystals. From the ice crystal contour the 
equivalent diameter xpm of a sphere with equal area of projection was obtained.  

2.3 µ-CT measurements and image analysis 

The samples that were evaluated for ice crystal size and drying kinetics, were taken for the 
µ-CT analysis as well. Three-dimensional X-ray μ-CT scans were performed using the 
XCT1600 system from Nordson Matrix Technologies GmbH (Feldkirchen, Germany). The 
cylindrical freeze-dried cakes from the freeze drying microscope were cut with a razor 
knife to prepare cuboid pieces (length and width about 2 mm) out of the center of the dried 
solids. The imaging system was adjusted to operate at a tube voltage of 60 kV and current 
intensity of 20 μA. X-ray shadow images were acquired with a pixel resolution of 1 μm and 
2000 projections with an exposure time of 4487 ms. The obtained images were 
reconstructed into a series of 2-D images using the CERA Xplorer software (Siemens 
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Healthcare GmbH, Erlangen). The resulting 3-D images consisted of more than 2000 slices 
encoded in 16-bit precision. 

Image processing and analysis were done with MAVI Fraunhofer ITWM software 
(Fraunhofer Institute for Industrial Mathematics, Kaiserslautern). Fig. 2 shows part of the 
image analysis steps performed with MAVI. First, the original data set was cropped into 
three cubic sub-volumes of 400x400x400 voxels equivalent to 400x400x400 μm3 (Fig. 2a). 
Afterwards, a global threshold was defined to separate pores and solid. The global threshold 
was adjusted to the water content in the solutions; i.e. 0.8 for the 20% solution, 0.9 for the 
10% solution and 0.95 for the 5% solution. After transformation of the greyscale into 
binary images (Fig. 2b), a Euclidean distance transformation was carried out, which created 
a distance map by assigning each background voxel a grey value based on the distance to 
the closest foreground voxel (Fig. 2c). Thereby, local minima were identified. To avoid 
oversegmentation of pore structure, a h-minima transformation was then performed with a 
global h = 10. This value was chosen by comparison of the results with the two-
dimensional ice-crystal structure (see section 3.1). Subsequently, the individual pores were 
segmented using the watershed segmentation method. All remaining regional minima 
served as water sources for the flooding. The lines where water from different basins met 
were identified as the watershed lines. Separated cells were produced from the logical 
difference between the watershed lines and the initial binary image (Fig. 2d). Finally, the 
object features tool of MAVI was used to obtain the volume of the individual pores. The 
equivalent pore diameter values were determined by calculating the diameters of spheres 
corresponding to the pore volumes. Therefore the equivalent diameter xv of a sphere with 
the same volume was determined.  

Fig. 2. Illustration of all steps performed for the image analysis with MAVI: 3D image of cubic 
sub-volumes of 400x400x400 voxels (a), binarized image (c), distance map after Euclidean distance 

transform (d), watershed image (e) 
 
2.4 Evaluation of drying rate 
After keeping the sample at -50°C for 15 min the pressure was decreased by a rotary vane 
pump to 10 Pa. Then the samples were heated to -18 °C at a rate of 3 K/min. Due to the 
cylindrical geometry of the sample, the drying proceeded in radial direction. As the dried 
part of the sample appears much darker than the frozen part, the radial drying front could be 

   
a) b) c) d) 
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easily visualized. The distance between edge of the sample (R0) and the drying front over 
time r(t) was measured at three positions every minute. From the movement of the drying 
front r the drying rate was calculated. 

 

t
rhricem 

  2         (1) 

 
Here, ice is the density of ice at the sublimation temperature, r is the radius of the 
sublimation front, h the height of the sample (690 µm),  the porosity and r/t the change 
in sublimation front distance.  

3. Results 

3.1 2D ice crystal structure 

At first, the two-dimensional ice-crystal size distribution was evaluated for the different 
freezing protocols and solid concentrations. Fig. 3 shows the two-dimensional ice crystal 
size distribution for three different solid concentrations with and without annealing 
treatment.  

 

Fig. 3. Ice crystal diameter for frozen maltodextrin solutions at -50°C for different solid contents. 
Freezing was carried out with a cooling rate of 20 K/min. For the 10% solution, the ice crystal size 

distribution for annealing treatment II (-5°C/180min) is also shown 
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It was found that the freezing rate had no significant influence on ice crystal size 
distribution (data not shown), but an annealing treatment above Tg`(annealing treatment II) 
led to a much broader and coarser ice crystal size whereas the annealing treatment I had no 
influence on ice crystal size (data not shown). Next to the annealing treatment, the solid 
concentration had the largest impact on ice crystal size. Fig. 3 shows that the lowest solid 
concentration (5%) leads to the largest ice crystal diameters and also to the broadest 
distribution.  

3.2 3D pore structure 

The cylindrical disks prepared in the freeze drying microscope were further dried until 
about a water content of 2%. From the dried samples, a µ-CT image with a resolution of 1 
µm was taken in order to evaluate the three-dimensional pore structure. As indicated in 
section 2.3, a h-minima transformation was performed to avoid oversegmentation. The h 
value is therefore a free parameter. The parameter h was chosen such that the modes of the 
2D and 3D distribution coincide. The comparison between 2D ice crystal diameter xpm and 
3D for the different freezing protocols and solid contents is shown in Fig. 4.  

 

Fig. 4.  Comparison between 2D and 3D Structure. Density distribution of ice crystal sizes (filled 
symbols) in comparison to pore sizes of dried cake (empty symbols) for different solid contents 

(freezing rate 20 K/min) and annealing treatment 

 
Fig. 4 shows that the discrepancy between 2D ice crystal size and 3D pore size becomes 
smaller with increasing pore size. The reason could be that the resolution limit in the light 
microscope is higher than in the µ-CT and therefore the larger sizes match better. As both 
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measurements refer to different equivalent diameters, another reason could be that the 
shape of the pores is dependent on size and that small pores are less spherical. This issue 
has to be investigated in more detail in future. At last we were interested in the effect of 
pore structure on drying kinetics. For that we investigated the relationship between mean 
ice crystal size (modal value) and maximum drying rate as well as drying time. This 
correlation is shown in Fig. 5. An exponential relationship was found showing the high 
importance of pore size on drying kinetics.  

 

Fig. 5.: Correlation between mean ice crystal diameter and maximum drying rate and total drying 
time. 

4 Conclusions 

The work shows the high importance of pore size distribution for the freeze drying process. 
It was shown that it is possible to evaluate the three-dimensional pore structure with µ-
computed tomography and image analysis and that the pore size is strongly dependent on 
the solid concentration and on an annealing treatment prior to drying. This means that it is 
possible to design the pore structure to meet the requirements of the freeze drying process.  
The work shows the applicability of the µ-CT measurement of pore size distribution and 
shows that for small pore sizes there is a discrepancy between two- and three-dimensional 
pore size. This relationship has to be investigated further.  
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5 Nomenclature  
 

xpm diameter of sphere with same mean area of projection m 

xv diameter of sphere with same volumt m 

h height m 

R radius of sample m 

r radius of sublimation front m 

q0 density distribution µm-1 

Greek letters 

 porosity - 

 density kgm-3 

Subscripts 

ice ice  

0 initial   
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Abstract 
This paper concerns hybrid drying of kale. Eight different schedules of drying 
were tested experimentally to find out the influence of microwave 
enhancement on the kinetics (drying rate and time), energy consumption of 
convective drying and quality of products. Different power of microwaves 
and modes of microwave application were tested. Quality of products was 
assesed through water activity and colour measurements, as well as retention 
of ascorbic acid. The results obtained in the studies allowed to state that 
intermittent application of high-power microwave pulses may lead to a 
meaningful reduction of drying time and high quality of the dry products. 

 

Keywords: hybrid drying; intermittent drying; kale; ascorbic acid; colour 
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1. Introduction 

Kale (Brassica oleracea L. var. sabellica L.) is a common vegetable consumed in many 
countries, mainly in soups and salads. It may be described as a green headless leafy 
cabbage with long petioles and large midribbed leaves. Kale is recognized as a valuable 
source of many vitamins and nutrients. Moreover, kale is an excellent dietary source of 
natural antioxidants. Beneficial properties of Brassica vegetables have been attributed to the 
presence of bioactive compounds such as phenolic compounds and ascorbic acid, 
associated with a reduced risk of cardiovascular diseases and several types of cancer.[1] 

Refrigeration and freezing are the easiest methods of food preservation. Regrettably, 
chilling of the raw material maintains acceptable characteristics only for a few days. On the 
other hand, freezing may cause significant sensory quality degradation. Besides, both 
refrigeration and freezing require a lot of energy which may not be accessible, especially in 
undeveloped countries. Drying is another method of food preservation. It is easier and less 
demanding in terms of apparatus construction. Ultimately, natural sun drying may be 
realized without any apparatus just with the use of solar radiation. Usually however, food 
products are dried by forced convection (with hot air) using various dryer designs (cabinet, 
tunnel, chamber, drum etc.).[2] 

Unluckily, food processing may have both beneficial and detrimental effects on the 
phytochemicals in vegetables.[3] Drying operation is usually accompanied by physical, 
biological and chemical changes, which influence the product quality, and finally the 
consumer choice. The main effect of drying is related with degradation of heat-sensitive 
phytochemicals, such as vitamins, antioxidants, minerals, pigments and other bioactive 
compounds.[4] For these reasons, new drying technologies are sought to minimize the 
detrimental influence of this processing method on the products quality. The aim of this 
research was to analyse the influence of intermittent application of microwaves during 
convective drying on process kinetics, energy consumption and quality of products. 
Different modes of microwave enhancement and a changeable power of radiation were 
tested experimentally to determine their influence on the analysed parameters. 

2. Materials and Methods 

Fresh kale (Brassica oleracea L. var. sabellica L.) was bought on a local market and stored 
for at least 24 h under refrigeration at 4°C. Before drying, 500 g of raw material was rinsed 
and cut into smaller pieces. Next, the samples were dried in a hybrid rotary dryer[5] in eight 
different schedules (Table 1). 
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Table 1. Description of the drying schedules. 
No. Code Description T (°C) v (m/s) Pmw (W) 

1 CV convective drying 

50 2 

0 
2 CVMW1 

microwave-assisted conv. drying 

100 
3 CVMW2 200 
4 CVMW3 300 
5 CVMW5 500 
6 IT1 

hybrid intermittent drying 
100-300 

7 IT2 300-100 
8 IT3 1000 

All the CVMW programs were realized in stationary conditions – constant application of 
microwaves during convective drying. For the IT1 and IT2 programs, the microwaves were 
also applied continuously, but the MW power was reduced (from 300 to 100 W in IT1) or 
increased (from 100 to 300 W in IT2) by 10 W for every 10 % of the weight loss. In the IT5 
program, convection drying was supported periodically (for every 15 minutes) by high-
power microwave impulses (1000 W) lasting 5 min each one. The effectiveness of drying 
schedule was assesed on the basis of its kinetics, energy consumption and product quality. 
The kinetics of particular process was analysed through comparison of drying curves – the 
evolution of moisture ratio (MR) in time, and the average values of drying time (DT) and 
rate (DR). The moisture ratio (MR) was designated by the following equation: 

eqi

eqt

MCMC

MCMC
MR




    (1) 

where MCi, MCt, and MCeq are the initial, instantaneous (for a given time of the process) 
and equilibrium moisture contents. 

The initial moisture content (MCi) of the material was determined with a moisture analyser 
(XM120; Precisa, Switzerland; precision 0.01%). The equilibrium moisture content (MCeq) 
was assumed constant during the research and equalled 0.05. The moisture content at a 
given time of the process (MCt) was expressed as the ratio of moisture mass to the initial 
mass of the wet sample. Energy consumption was measured with a standard electricity 
meter (precision 0.01 kWh) and recalculated to the MJ per gram of evaporated moisture 
(EC). 

The product quality was assessed on the basis of colour, water activity, and ascorbic acid 
measurements. The colour of the fresh or dry material was measured with the use of 
colorimeter (CR400; Konica Minolta, Japan; precision 0.01). On the basis of the obtained 
CIE Lab tristimulus colour coordinates (L*, a*, and b*), a relative colour change parameter 
(dE) was determined by: 
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  5.02*2*2* dbdadLdE     (2) 

where dL*, da* and db* constitute differences between CIELab coordinates of fresh and 
dried samples. 

Water activity (aw) was measured for both fresh and dried samples by using a laboratory 
meter (LabMaster-aw; Novasina, Switzerland; precision 0.001) at constant temperature of 
the chamber (25°C). Ascorbic acid content was determined by the modified method[6], with 
the use of spectrophotometer (UV 5100; Hitachi, Japan; precision 0.01). The absorbance 
was measured at the wavelength of 734 nm, and next recalculated with the use of analytical 
curve. Next, the ascorbic acid loos (AL) was determined as: 

0

1 100%AC
AL

AC

 
   
 

   (3) 

where: AC0 and AC is the ascorbic acid content for fresh and processed sample, 
respectively. 

3. Results and discussion 

3.1. Drying kinetics 

In Figure 1, the evolution of moisture ratio (MR) and the average drying rate (DR) for 
particular drying processes are presented. 
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Fig. 1. a) evolution of the moisture ratio (MR) and b) average drying rate (DR) in particular drying 

processes. 
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Application of MW during stationary processes (CVMW1-5), visibly affected the kinetics 
of convective drying (Fig. 1a). The higher MW power the faster drying rate (Fig. 1b) and 
shorter drying process as a consequence (Fig. 2a). In case of intermittent processes (IT1-3) 
the DR diminished noticeably, but the drying time was still significantly shorter than for 
CV. A comparison of IT1 and IT2 allows to state that starting with a higher MW power at 
the beginning of intermittent drying is more efficient than gradually increasing of MW 
power. Both drying rate and drying time were better for the IT2 program, where MW power 
was reduced from 300 to 100 W by 10 W for every 10% of the weight loss. Application of 
pulsed high-power microwaves during IT3 program positively influenced the kinetics of 
CV. The drying rate was higher than in other nonstationary schedules and almost all 
stationary ones (Fig. 1b). It resulted in visibly shorter drying time (Fig. 2a). 
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Fig. 2. Average values of a) drying time (DT) and b) energy consumption (EC). 

Figure 2b presents the average energy consumption for different drying schedules. One can 
see that application of microwaves during stationary (CVMW1-5) and nonstationary (IT1-
3) processes affected the total energy consumption. The highest values of this parameter 
was observed for CV, whereas the lowest one for CVMW5. Such results stay in good 
agreement with other kinetic parameters (DR and DT). It also implies that microwaves 
effectively improved the drying process of kale. The ineffective interaction of microwaves 
causes a negligible decrease in drying time, which connected with a larger instantaneous 
consumption of electricity (than for a purely convective operation), results in an increase in 
the total energy consumption. 

3.2. Quality of products 

In Figure 3, the average values of water activity (aw) and ascorbic acid loss (AL) are 
presented, respectively. 
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Fig. 3. Average values of the: a) water activity (aw) and b) ascorbic acid loos (AL). 

It is generally assumed that if the processed product is characterized by aw below 0.6 it can 
be acknowledged as stable in terms of microbiological safety.[7] All dry products obtained 
by different schemes were characterized by the aw below 0.4, which means that there is no 
microbial proliferation.[8] The analysis of the ascorbic acid loos (Fig. 3b) allows to state that 
all of the tested processes negatively affected retention of this valuable compound. The 
smallest leakage of ascorbic acid (below 10%) was observed for IT3, where high-power 
impulses of MW were applied. It may result from the relatively short duration of drying and 
a small increase in the sample temperature. During this process, microwaves were applied 
only for 5 minutes, and then a 15-minutes the so-called relaxation period was introduced. 
The main aim of application of the relaxation period was to ‘equalize’ the material after 
intensive microwave drying. During this period, the temperature of samples decreased and 
the humidity distribution becomes more aligned. It surely resulted in milder drying 
conditions in comparison to severe stationary microwave-assisted convective processes 
(CVMW). Nevertheless, the ascorbic acid content in products dried by hybrid methods was 
higher than for solely convective process (CV). A small retention of ascorbic acid surely 
results from significantly longer drying time. Only in case of CVMW1, where the weakest 
microwave enhancement was applied (100 W), the amount of ascorbic acid was similar to 
CV. Such result is quite unexpected and means that six-fold reduction in drying time did 
not affect the retention of the ascorbic acid present in dried products. 
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Fig. 4. Average values of the relative colour change (dE). 

The last analysed parameter was colour of the dry products. Figure 4, shows the relative 
colour change (dE). It can be seen, that all drying procedures influenced significantly the 
colour of the obtained products. Change in colour is mainly attributed to chlorophyll and 
carotenoids degradation. Chlorophyll is highly susceptible to degradation during processing 
and storage, and depends on temperature, pH, time, enzyme, oxygen and light. Carotenoids 
have been proven to be more stable during thermal processing compared with chlorophylls, 
but may be isomerized and oxidized under the influence of heat, light and oxygen, and 
others.[9] As expected, the highest value of relative colour change (dE) was observed for 
CV, whereas the smallest values of this parameter were noticed for nonstationary processes, 
i.e. IT2 and IT3. It is a very positive effect because the reduction of MW radiation (in terms 
of both power and time) was aimed at this programs at the increase of the product quality. 
Interesting results were also observed for stationary schedules CVMW3 and CVMW5. 
Taking into account the progress of dE for CVMW1 and CVMW2, it was supposed to be 
higher for CVMW3 and CVMW5. Surprisingly, the value of dE decreased in these 
schedules which implies that colour of products depends on the drying time. 

4. Conclusions 

The continuous application of microwave radiation positively influences the kinetics of 
convective drying. The higher power of microwaves causes faster drying, shorter duration 
of the process and lower energy consumption. Unfortunately, microwave-assisted 
convective drying may negatively affect the quality of products. It was found that 
application of low power microwaves (100 and 200 W) is not favourable in terms of colour 
and retention of ascorbic acid. The higher power of continuous microwave enhancement 
(300 and 500 W) allows preserving both colour and ascorbic acid to a greater degree. 
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Intermittent microwave-assisted drying can be an attractive alternative for both solely 
convective and stationary microwave-assisted convective processes. All kinetic and quality 
parameters attained values similar to those observed for stationary hybrid processes 
(CVMW). Additionally, it was found that the high-power microwave impulses very 
positively influence the retention of ascorbic acid. 

5. Acknowledgement 

This work was carried out as a part of research project No 03/32/DSPB/0805 founded by 
the Ponzań University of Technology. 

6. References 

[1] Podsędek, A. Natural antioxidants and antioxidant capacity of Brassica vegetables: A 
review. LWT – Food Science and Technology 2007, 40, 1–11. 

[2] Mujumdar, A.S. Handbook of Industrial Drying; CRC Press: Boca Raton, 2015. 

[3] Buena, A. et al. Total and individual carotenoids and phenolic acids content in fresh, 
refrigerated and processed spinach (Spinacia oleracea L.). Food Chememistry 2008, 
108, 649–656. 

[4] Devahastin, S.; Niamnuy, C. Modelling quality changes of fruits and vegetables during 
drying: A review. International Journal of Food Science & Technology 2010, 45, 
1755–1767. 

[5] Musielak, G.; Mierzwa, D.; Kroehnke, J. Food drying enhancement by ultrasound – A 
review. Trends in Food Science & Technology 2016, 56, 126–141. 

[6] Rutkowski, M.; Grzegorczyk, K. Modifications of spectrophotometric methods for 
antioxidative vitamins determination convenient in analytic practice. Acta Scientiarum 
Polonorum Technologia Alimentaria 2007, 6 (3), 17–28. 

[7] Kahveci, K.; Cihan, A. Transport phenomena during drying of food materials. In 
Focus on Food Engineering Research and Developments; Pletney, V.N., Ed.; Nova 
Science Publishers Inc.: New York, 2007; 13–163. 

[8] Tapia, M.S.; Alzamora, S.M.; Chirife, J. Effects of Water Activity (aw) on Microbial 
Stability: As a Hurdle in Food Preservation. In Water Activity in Foods: Fundamentals 
and Applications; Barbosa Cánovas, G.V., Fontana Jr., A.J., Schmidt, S.J., Labuza, 
T.P., Eds.; Blackwell Publishing Ltd.: Oxford, 2007; 239–271. 

[9] Korus, A. Effect of Preliminary and Technological Treatments on the Content of 
Chlorophylls and Carotenoids in Kale (Brassica Oleracea L. var. Acephala). Journal 
of Food Processing and Preservation 2013, 37, 335–344. 

1430



IDS’2018 – 21st International Drying Symposium 
València, Spain, 18-21 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7344 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Improvement of pea protein isolate powder properties by 
agglomeration in a fluidized bed: comparison between binder 

solutions 

 

Nascimento, R. F.a; Andreola, K.a; Rosa, J. G.a,b; Taranto, O. P.a*  
a School of Chemical Engineering, University of Campinas, Campinas, São Paulo, Brazil 
b Federal Institute of Espírito Santo, Vila Velha, Espírito Santo, Brazil 
 
*E-mail of the corresponding author: val@feq.unicamp.com 
 

Abstract 
This study aimed to compare the agglomeration process of pea protein 
isolate (PPI) using water and aqueous gum Arabic solution as binder liquids. 
Drying air temperature and binder flow rate were set at 75 °C and 3.1 
mL/min, respectively. Moisture content, mean particle size, wetting time and 
flowability were analyzed. Using water as binder liquid, the responses were 
(4.0 ± 0.4)%, 316.13 ± 16.73 μm, 10 s and free flow, respectively. Aqueous 
gum Arabic solution provided (2.9 ± 0.5)%, 462.67 ± 51.23 μm, 3 s and free 
flow as responses. Gum Arabic solution showed to be a more promising 
binder. 

 

Keywords: Agglomeration; Pulsed fluidized bed; Pea protein isolate; Wetting 
time; Flowability. 
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1. Introduction 

The food and pharmaceutical industries use fluid bed agglomeration to improve the 
physicochemical properties of powders, such as wettability, density, flowability and 
moisture content.[1,2] The improvement of these properties depends on the operating 
conditions, the properties of the raw material and the binder solution.[2] 

Fluid bed agglomeration consists of atomizing a binder liquid in a fluidized bed of particles 
and is considered as successive humidification and drying operations.[3] First, the liquid is 
atomized into the particles generating liquid bridges; then hot air removes water by 
transforming the liquid bridges into solid bridges to form agglomerates.[4] This is a complex 
process because it depends not only on the characteristics of the particulate solid, but also 
on the operational parameters and properties of the binder solution.[5] 

The pea exhibits high protein content, ranging from 23 to 33% depending on the species. In 
addition, it has a good nutritional value, being rich in essential amino acids, vitamins and 
minerals.[6,7] Pea protein isolate (PPI) has great potential as a substitute for soy protein in 
industrial processes. However, the powder produced by spray drying is cohesive rather than 
instantaneous, consisting of fine particles, limiting its use in the industrial process.[8] 

The main factors to be considered in the fluidized bed agglomeration process are flow and 
concentration of the binder solution, atomization pressure, temperature and velocity of 
fluidization air and bed relative humidity.[5] 

Thus, the objective of this work was to analyze the influence of binder solutions on the 
characteristics of agglomerated PPI in pulsed fluidized bed. At the end of the process, the 
improvement in the wetting time, flowability and particle size distribution of the 
agglomerated PPI were analyzed. 

2. Materials and Methods 

2.1. Materials 

Samples containing 0.20 kg of a commercial PPI (CA Gramkow®, Brazil) were used as 
raw material for all the agglomeration experiments. The PPI contains 6.4% of moisture, 
above 80.0% of protein, 1.12% of fibers, 7.88% of lipids, 0.28% of carbohydrates and 
about 4.3% of others constituents. The particle size of raw PPI, measured by laser 
diffraction and represented by percentiles D10, D50 and D90, were 33.30, 81.0 and 181.92 
μm, respectively. 

The binder solutions were water and aqueous gum Arabic solution, both at room 
temperature (± 27 °C).  The concentration of aqueous gum Arabic solution was 15% w/w; it 
was prepared by submitting gum Arabic (Nexira Brasil Comercial, Brazil) and distilled 
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water to magnetic stirring until complete dissolution of the binder, which was verified 
visually. 

2.2. Equipment and process variables 

Experiments were performed in a rotating pulsed fluidized bed (RPFB). Details of this 
equipment are described by Andreola et al.[9] 

The following operational conditions were kept fixed: sample mass at 0.2 kg, nozzle height 
at 300 mm, pulsation frequency at 4 Hz, atomizing air pressure at 7.0 Psi and binder 
amount at 76 mL. The fluidizing air velocity, fluidizing air temperature and binder flow 
rate were set at 0,39 m/s, 75 °C and 3.1 mL/min, respectively. The operating conditions 
were selected based on preliminary experiments (data not shown) that were performed to 
obtain an agglomerated product in stable fluidization conditions. Experimental responses 
express the average of three replicates. 

2.3. Moisture content, mean particle size and particle size distribution 

The moisture content in the samples was determined by an infrared moisture analyzer 
(MB200, Ohaus Corporation, USA), that was previously calibrated according to the AOAC 
standard methodology.[10] 

The mean particle diameters and particle size distributions of raw and agglomerated PPI 
were measured by Mastersize S (Malvern Instruments, Malvern, UK). 

2.5. Wetting time and flowability 

Wetting time was measured as the time required for 3 g of powder to disappear from the 
surface of water (80 mL at 27 °C) when the slider that separates the powder and liquid 
sections were removed.[11] The Hausner index (HR) was calculated from the bulk (ρb) and 
tapped (ρt) densities of the raw and agglomerated powder, as shown in Eq. (1). 

b

tHR



    (1) 

Classification of powder flowability based on the HR value is given in Table 1.[12] 

 

Table 1. Classification of powder flowability based on the Hausner index (HR) 

HR Flowability 

<1.2 Free 
1.2-1.4 Intermediate 
>1.4 Non-free 
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3. Results and discussion 

3.1. Raw material and binders properties 

Commercial PPI shows density and mean diameter of 1.2659 ± 0.0035 g/cm3 and 81.00 ± 
0.61 µm, respectively, and its fluidization behavior could be classified as pertaining to 
Geldart group A. Wetting time was over 300 s and HR was 1.3, classifying the flowability 
as intermediate. The large particle distribution is the main factor responsible for high 
wetting time and low flowability, because it provides more compacted bed, decreasing the 
porosity.[2,9,12] 

Density, superficial tension and rheology of both liquid binders must be considered. Water 
presents density of 1.00 g/cm3, superficial tension of 7.2 x 106 mN/m and Newtonian 
behavior; while gum Arabic solution presents 1.0522 ± 0.0002; 47.35 ± 0.69 and 
pseudoplastic behavior, respectively. 

3.2. Process responses 

3.2.1. Moisture content 

In agglomeration using water as liquid binder, moisture content reaches (4.0 ± 0.4)%, while 
with the use of gum Arabic solution, moisture content was (2.9 ± 0.5)%, after 24.5 min of 
atomization and 10 min of drying. For both cases, this parameter was at least 2% lower, 
getting at 3.5%, compared to the raw material. 

Low moisture contents are important mainly for material storage. Temperature at 75 °C is 
enough to promote water evaporation of the system, making the product drier. Binder flow 
rate at 3.1 mL/min also provide this type of product, whereas the binder wets the particles 
less and, when associated with temperature, its evaporation is more effective.[2,9] 

Fig. 1. shows the relative humidity at bed exit. Although the same temperatures and flow 
rates were used for both conditions presented, the environment inside the bed remained 
moister, at least 20% higher, when the water was used as a binder. The fact that the gum 
Arabic solution has 15% solids, can produce this effect, since there is less water available. 
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Fig. 1. Relative humidity at bed exit in relation to time. 

3.2.2. Mean particle size and particle size distribution 

Both liquid binders afforded agglomerated PPI with diameter larger than the initial size of 
raw PPI. To water as binder, particles increased 3.8 times, reaching 316.1 ± 16.7 µm, and 
when gum Arabic solution was used, the particle size reached 462.7 ± 51.3 µm, 
corresponding to a growth of 5.7 times. We also detected several particles with diameter 
higher than 600 µm. The particle size distribution to raw and agglomerated PPI is presented 
in Fig. 2. 

 

Fig. 2. Particle size distribution of raw and agglomerated PPI.  

Agglomerated product also presented fines with diameter of less than 50 µm, which 
represented approximately 19% and 24% to agglomeration process with water and gum 
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Arabic solution, respectively. These fines correspond to non-agglomerated particles and 
may originate from breaking of the agglomerates by friction within the moving bed. 

3.3. Wetting time 

Compared with raw PPI, agglomerated PPI underwent faster wetting, even though the 
powders were not completely immersed into water. Agglomerated PPI achieved complete 
wetting in less than 10 s, to agglomeration with water, and 3 s, to gum Arabic solution 
which attests to its greater capacity to absorb moisture. It represents a decrease of 97% and 
99% in wetting time, respectively. 

The presence of fine particles allows for a more compact powder during storage, i. e., the 
smaller particles can penetrate into the spaces between the larger particles, so the product 
occupies less space.[11,13] 

3.4. Flowability 

Agglomeration process with water furnished bed density (ρb) of 0.2579 ± 0.0058 g/cm3, and 
compact bed density (ρt) of 0.2970 ± 0.0070 g/cm3. Already for agglomeration for gum 
Arabic solution, ρb = 0.1640 ± 0.0284 g/cm3 and ρt = 0.1939 ± 0.0284 g/cm3. The HR 
values obtained for agglomerated PPI were 1.15 and 1.18, classifying the product as free. 
Raw PPI consists of fine particles, which may confer the material a strong cohesive 
behavior, whereas agglomeration improves PPI flowability. Although the flowability of 
agglomerated PPI is not yet ideal, this product exhibited significantly better handling 
properties than raw PPI. 

4. Conclusions 

The particle agglomeration of PPI occurs due to the pulverization of liquid binder on the 
surfaces of the particles, resulting in a wetted sticky surface and subsequent particle 
coalescence. On particle drying, the agglomerated structure consolidates, leading to particle 
enlargement. 

Agglomeration of PPI using gum Arabic solution produced larger granules with high 
flowability and lower cohesiveness when compared to agglomeration with water and spray 
dried raw material. Additionally, size enlargement also resulted in an improvement of 
instant properties that was characterized by the higher wettability of the granules. 
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5. Nomenclature 

Greek letters 

ρ density gcm-3 

Subscripts 

b bulk  

t tapped  
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Abstract 
Acacia gum is an important food emulsifier that presents poor instant 
properties which can be improved by fluidized bed agglomeration. This study 
investigated the influence of drying conditions on particle growth kinetics 
using an in-line particle size monitoring by spatial filter velocimetry. The 
drying conditions varied according to the binder flow rate and the fluidizing 
air temperature. The particle growth kinectis showed drying conditions 
dependence. At mild drying conditions the growth rate and the process yield 
were higher. The in-line particle size monitoring was useful to observe the 
influence of the drying conditions on the growth kinetics. 

Keywords: fluidized bed agglomeration; acacia gum; particle growth kinectis; 
in-line monitoring. 
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1. Introduction 

Acacia gum is a food additive that has several functions and it is mostly used as an emulsifier, 
for its effectiveness as a long time stabilizer on oil in water emulsions.[1] This gum can be 
used as a fiber food enricher and as a sucrose replacer, in food formulations, as it causes 
equivalent sensation in the mouth.[2,3] In addition, it stands out in the food additives market 
because it is natural, of vegetable origin and does not undergo chemical modifications.[4] The 
powdered acacia gum is a powder with fine particles, which is difficult to handle, and shows 
poor dispersion properties. However, the agglomeration process can improve its quality.[5] 

The particles agglomeration process is used at the pharmaceutical and food industry to 
improve the characteristics of its powdered products and is often performed in fluidized beds 
since this equipment provides high rates of heat transfer.[6] Fluidized bed agglomeration 
process involves the particles fluidization by hot air flow and liquid binder atomization onto 
these particles. The hot air flow is also responsible for the binder evaporation, causing the 
particles drying and granules to consolidate. The fluidized bed agglomeration is a complex 
process, that can be influenced by several process parameters like the binder kind and flow, 
the fluidizing air temperature, and the binder atomization pressure.[7,8]  

The agglomeration kinetics knowledge is important since the particle size growth is the goal 
of agglomeration processes. The spatial filter velocimetry (SFV) is an in-line particle size 
monitoring that provides the granule growth and breakage as a function of granulation time 
by the measurement of the particle chord lengths. This technique is a new method and has 
been used successfully in recent studies.[9,10,11] The SFV particle size monitoring can improve 
the knowledge about what favors particle size increase or its breakage providing important 
information to the granulation kinetics study. 

There are not many experimental studies about food agglomeration kinetics. This work 
presents a study about powdered acacia gum agglomeration kinetics. The particle growth rate 
was monitored by in-line particle size monitoring using a spatial filter velocimetry probe for  
differents drying conditions. 

2. Materials and Methods 

2.1. Materials 

Spray dried acacia gum (Spraygum BB - Nexira Brasil Comercial) was used as raw material 
for the agglomeration experiments. The acacia gum wet basis moisture content (Xw.b.) is less 
than 10.0%. The binder solution was distilled water at room temperature (± 27 ºC).  

2.2. Characterization of raw and agglomerated acacia gum 

Characterization of raw and agglomerated acacia gum were done based on the median 
particle size (D50), powder flow characteristics, wetting time (tw) and Xw.b. The raw material 
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particle size was measured by SFV probe as described above and also by laser diffraction 
(Mastersizer 3000, MAZ3000 Malvern Instruments, Malvern, UK). Powder flow 
characteristics were determined by the Carr index (ICarr) values, as described by Turchiuli 
et al.[12] The tw, was the time required for the complete wetting and immersion of 3.0 g of the 
sample in 70 ml of water at room temperature.[13] Xw.b. was measured for the raw material, at 
the end of the bind atomization and at the end of the drying using a halogen moisture analyzer 
(HR83, Mettler Toledo). 

2.3. Equipment and agglomeration process 

The agglomeration experiments were run in a lab-scale fluidized bed. The fluidized bed 
chamber had a conical base constructed from transparent acrylic Plexiglas®. The bed 
pressure drop, the air temperature, and the air relative humidity were monitored and recorded 
by a data acquisition system and processed in the LabVIEW 8.6TM software. Details of the 
equipment and the data acquisition system are described by Andreola et al.[14] However, in 
this study, the equipment was operated without air pulsation.  

Three different agglomeration conditions were performed, in triplicate, to evaluate the 
influence of drying conditions on growth kinetics and particle growth rate of powered acacia 
gum.  The process parameters that varied were the binder flow rate (Q) and fluidizing air 
temperature (Tair)  in the following way: condition 1 (E1), 1.5 mL/min and 85 ºC; condition 
2 (E2), 2.3 mL/min and 75 ºC and condition 3 (E3), 3.0 and 65 ºC.  The sample mass, initial 
fluidizing air velocity, the volume of binder, atomization air pressure and atomization nozzle 
height were kept constant at 0.4 kg, 0.28 m/s, 80 mL, 6.7 psi and 0.35 m, respectively. The 
increase in fluidizing air velocity was necessary to maintain a stable fluidization, it was 
increased (step 0.03 m/s) every 5 min until 0.43 m/s.  

The process time was different once the binder volume was fixed and the process was carried 
out until the agglomerated moisture content reached a lower or equal value than that one of 
the raw material. The E1 had not a drying period and E2 and E3 had an 8 minutes drying 
period time. 

2.4. Process yield 

The process yield (Yld, %) was determined based on the initial sample mass (minitial) and the 
final product (mfinal) by the Eq. 1. The mfinal was obtained discounting particles larger than 
850 µm, separated by sieving, from the product mass remained at the end of the experiments. 
The mean process yield, for each experimental condition, was calculated and a statistical 
analysis was made by Tukey’s test, at a confidence level of 90% (p <0.10). 

100.
i

f

m

m
Y      (1) 
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2.5. In-line particle size measurement and granule growth rate 

The in-line particle size was monitored by Parsum IPP70 probe (Chemnitz, Germany) that 
employes the SFV principle to measure the “chord” (size) of the particles. Details of the 
equipment, its accessories and methodology were described by Silva and Taranto.[10] For 
further analysis of the growth rate of the particle time dependence, an appropriate software, 
Inline Particle Probe 7.14, obtained the particle size data and sent it to LabVIEWTM 8.6 
software via OPC server protocol, this procedure was developed by Silva and Taranto.[10] 
This system record the particle size and size distribution every 5.12 seconds. The ring buffer 
size used in the Parsum measurements, 5000 particles, was chosen according to preliminary 
tests performed (not shown). The median particle size in volume (D50v) was evaluated and 
the last ten measurements for each run were used to calculate the mean D50v of the 
agglomerated. The agglomerated D50v for the three experimental condition was compared 
by Tukey’s test, at a confidence level of 90% (p < 0.10). 

The granule growth rate (R) was calculated as defined by (Eq 2.).[15] Its value was calculated 
for each period of 1.7 minutes, that means that di was the D50v at the initial time and df was 
the D50v reported approximately 1.7 minutes after the di report. 

100.
)(

(%)
i

if

d

dd
R


     (2) 

3. Results and discussion 

3.1. Characterization of raw and agglomerated acacia gum 

The laser diffraction measurements for the raw material were D10: 21.9 ± 0.2 μm, D50: 65.2 
± 1.0 μm and D90: 143.6 ± 2.0 μm. The values of D50v measured by SFV probe before the 
spray phase (approximately 111.5 μm) were higher than those obtained by laser diffraction, 
once the median size obtained by laser diffraction is close to the SFV probe measurement 
limit, i. e., 50 μm. However, the values of D90v measured by SFV probe (approximately 
154.0 μm) were close to the off-line measurement, indicating that the probe measurements 
are reliable. 

The final acacia gum powder D50v increased for all experimental conditions (Table 1). The 
largest increase in particle size occurred at mild drying conditions (E3). At more intense 
drying conditions the final particle size was smaller and the D50v was statistically equal for 
the conditions E1 and E2. Similar result was observed by Hirata et al.[16] for agglomeration 
of similar material using water as a binder. At mild drying conditions, the adhesion among 
particles is favored by the more wet and sticky surface. Milder conditions also favored higher 
process yield (Table 1). Under drier conditions (E1) the particle size was smaller and the 
process time is longer which resulted in larger material elutriation. This was also observed 
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during fluid bed agglomeration of rice protein concentrate, very fine particles, by Andreola 
et al.[14] 

Table 1: Experimental conditions and their results. 

Conditions Q1  Tair2  D50v3 Y4  hout
5 Flowability  

Raw material - - 65.18±1.0   moderate 
E1 1,5 85 270.7±19.6a 50.4±6.0a 34.9±2.7 moderate 
E2 2,3 75 275.3±8.2a 61.4±6.0a,b 47.0±6.4 moderate 
E3 3,0 65 285.7±13.7b 64.3±6.0b 53.4±8.2 moderate 

1Binder flow rate (mL/min); 2Fluidizing air temperature (ºC); 3 Median particle size in volume (μm); 
4Process yield (%) and 5Mean relative humidity of the warm–moist air flowing out of the bed (%). 

The agglomeration process presented different results concerning the handling properties, 
wetting time and flowability. All agglomeration conditions improved the acacia gum instant 
properties. The raw material did not get completely wetted even after 600 s, on the other hand 
the agglomerated were completely wetted in less than 5 s. Regarding to the flowability, 
agglomerated acacia gum was similar to the raw material (Table1).  

3.2. Particle growth rate 

The triplicate of the granule growth kinetics for the different experimental conditions is 
presented in Fig. 1, it shows that there was reproducibility of the particle growth behavior for 
the process. Although the final particle size was similar for the three experimental condition, 
the particle growth behavior was different.  

At condition E1, with more intense drying condition, the particle growth was almost 
continuous (Fig. 1(a)). However, the particle size enlargement was slower compared to the 
other two conditions (Fig. 1 (d)). At that condition, binder availability is smaller and 
consequently less liquid bridges were formed between the particles. 

The particle growth rate (R) for the three experimental is presented in Fig. 2. The particle 
growth rate oscillated during the process showing that the particle size growth results from 
positive a balance from agglomeration and break.  

The R for the E1 condition confirms a slower size enlargement presented since it presents the 
lowest mean value (Fig. 2). It oscillated around 2% during the process and presented few 
negative values that indicates an absence of particle breaking by attrition and collision. This 
is observed because in that condition a constant wetting occurred causing a continuous 
increasing of the particle size. In that condition, the fluidization was more vigorous which 
associated with the highest temperature and time of process could have contributed to form 
stronger and larger granules as observed by Andreola et al.[14]  
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Figure 1: In-line D50v triplicate data for (a) E1, (b) E2, (c) E3. Comparative in-line D50v data for 

E1, E2 and E3 (d). 

The experimental condition E2 presented a larger particle growth at the beginning of the 
process that decreased with the binder spraying time (Fig. 1(b)). In that condition, the particle 
growth rate (Fig. 2) presented a smaller oscillation, compared to the other conditions, and a 
downward trajectory with the progress of the process. The particle growth rate presents some 
negative values, especially in the drying period, indicating that there were some breaking of 
particles by attrition and collision. 

The milder drying condition E3 presented the higher particle growth at the beginning (R > 
10%, Fig. 2) that results in the largest particle size recorded (D50v > 350 µm). However a 
decreasing at the D50v during the drying period was observed (Fig. 1(c)). The R for condition 
E3 had a higher oscillation and more expressive negative value in comparison to the condition 
E2. It is related to the fact that the wetter and larger granules are more susceptible to the 
broken down by attrition.[17] Under these conditions, the worst fluidization regime was 
observed due to the formation of large agglomerates, which may also have impaired the 
consolidation of the granules. In spite of the breaks, the final particle size was the largest of 
the three conditions.  

(a) (b) 

(c) (d) 

1444



Rosa, J. G.;  Nascimento, R. F.; Andreola, K.; Taranato, O. P. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

 
Figure 2: Particle growth rate for the different experimental conditions. 

 

4. Conclusion 

The fluidized bed agglomeration process improved the acacia gum powder instant properties. 
The in-line SFV particle size measurement made it possible to observe the growth rate of the 
particle. The operating conditions influenced both the particle final D50v and the behavior 
of the granule growth kinetics. The milder drying condition provided larger granules and 
higher yield in the process. However, it is interesting to analyze an intermediate condition 
between E2 and E3 for the production of larger and more stable granules. 
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Abstract 
Hydrolyzed collagen (HC) is a fine powder applied in the pharmaceutical and 
food industries which has shown good results in the treatment of diseases 
related to bones, skin and joints. In this study, HC particles were agglomerated 
in order to increase particle size, optimizing its use as a food ingredient, its 
handling and its storage. Agglomeration is a process that not only enlarge the 
size of fine particles, but also improves its properties, such as instantanization 
time and flowability. The aim of this work was the agglomeration of HC in a 
fluidized bed having blackberry pulp as a liquid binder. A full factorial design 
22 was used to study the effect of the temperature of the fluidizing air (60, 70, 
80ºC) and the flow rate of the liquid binder (0.8, 1.2, 1.6 mL/min) on the 
process yield, mean particle size, water activity and total anthocyanins 
content. It was observed that anthocyanins content from the blackberry pulp 
had higher values with lower temperatures. Water activity had lower values 
with higher temperatures, but in all conditions, it was lower than 0.6. The 
enlargement of the granules was observed in all conditions studied, increasing 
up to 275%. Process yield varied from 67,9 to 80,0%. In all conditions, the 
instantanization time and flowability improved compared to hydrolyzed 
collagen before agglomeration. 

 

Keywords: hydrolyzed collagen; agglomeration; granulation; fluidized bed; 
blackberry pulp 
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1. Introduction 

Chronic non-communicable diseases (NCD) are responsible for almost 60% of the global 
mortality rate [1] and for 72% of the Brazilian mortality rate [2]. Chronic respiratory diseases, 
cardiovascular diseases and diabetes are examples of NCD, caused mainly by poor diet and 
physical inactivity. To change that, it is essential to increase the consumption of vegetables, 
fruits, cereals and replace foods rich in sodium or simple carbohydrates [2]. To contribute to 
the reversal of such a scenario, this work presents a feasible production method of 
agglomerated HC as an instant functional food and protein supplement rich in anthocyanins. 

Agglomeration, also known as granulation, increases the size of particles, which then are 
called granules or agglomerates. This process is applied in the chemical, pharmaceutical and 
food industries to improve particle handling, storage and transportation, as well as particles’ 
properties, such as flowability and instantanization time [3]. Regarding the food industry in 
particular, agglomeration enables the granules to achieve specific properties and size 
intervals [4]. 

The agglomeration process using a fluidized bed, although complex, shows many 
advantages, such as good heat and mass exchange and the performing of all steps of a given 
process in the same equipment [5]. The agglomeration process occurs when the particles are 
fluidized and dried by the heated air which is admitted through the bottom of the bed, while 
an atomization nozzle humidifies the particles with a binder. 

This work aims to find the most suitable condition (binder flow rate and fluidizing air 
temperature) for the agglomeration of HC in a fluidized bed, using blackberry pulp as a binder 
in order to increase the particles’ sizes, improve the particles’ properties and add the 
nutritional benefits of blackberry pulp to the agglomerates. Collagen has been studied for 
over a century and its demand in the market only increases [6], because it is a protein product 
with amino acids that are essential to the human diet [7], which shows positive results in the 
treatment of diseases related to the bones, skin and joints [8, 9, 10]. Blackberry pulp, on the 
other hand, is rich in vitamins, iron and anthocyanins, which helps in the prevention of 
degenerative diseases such as cancer and diabetes [11].  

2. Materials and Methods 

2.1 Equipment and process variables 

The lab-scale fluid bed (Fig. 1) used to perform the experiments has a cylindrical Plexiglas 
base and column (11). On top, there is a cyclone (13) to collect the elutriated fine particles. 
In the entrance of the bed, a perforated plate (10) distributes the air uniformly. The inlet air 
is supplied by a 7.5 HP WEG (2) air blower, delivered to the system by a 2" internal diameter 
galvanized steel pipe, and then passes through a bed of silica gel (5). The blower is connected 
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to a frequency inverter (2a) (WEG CFW 08). The air velocity was determined by a hot wire 
anemometer (IMPAC, Delta Ohm, HD2903TC2.2) (4). 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Experimental System 

The air temperature in the plenum chamber was adjusted by a set of electrical resistors (7) 
controlled by a PID regulator (Novus, N1100). Pt-100 Thermoresistances (Novus, Ø 3.0 mm 
x 100 mm) measure the temperature of the system in the plenum chamber (9a) and the other 
three points (9b, 9c and 9d) the column. Two sensors (6a and 6b) (RHT-XS, Novus) provide 
the values of relative humidity and dry bulb temperature at the input (before the resistors) 
and in the fluid bed output, controlled by a PID regulator (Novus, N1200). The pressure drop 
in the bed is provided by a differential transducer (Cole Parmer, XLDP) (8). 

A peristaltic pump (15) (Cole Parmer, 7780-60, Masterflex L / S) carries blackberry pulp 
(14) used as a binder in the granulation process. A double fluid type spray nozzle (Spraying 
Systems, SU12A) produces a cone-shaped spray of droplets. The atomizing pressure for 
obtaining the droplets is provided by a compressor (MSV 40 Max, 10 horsepower) (1) and 
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regulated by a Norgren pressure regulator. This compressed air is filtered (16) (Parker, 
Hannifin Ltd.) before being used in the atomization. 

The pressure, temperature and humidity sensors are connected to a computer, by a data 
acquisition system, which consists of a NI cDAQ-9172 (National Instrument) (17) board that 
collects the data at a defined sampling rate. LabVIEW 8.6TM (Virtual Instrument 
Engineering Workbench) software, by means of virtual instruments (VI), makes the interface 
between the process and the data acquisition board. The program was installed on an Intel® 
Core i5 computer with 4.0 GB of RAM (18). 

2.2 Water Activity 

The water activity was measured by AQUALAB S3TE. 

2.3 Particle Diameter 

The HC particles were observed using a digital microscope (Dino-Lite AM4515ZT) after 
being dispersed on several glass slides to obtain at least 500 particles. The images were 
analyzed using the software IMAGE J v1.50i (National Institutes of Health, USA), allowing 
the calculation of the particles mean diameters[12]. 

2.4 Anthocyanins Content 

The anthocyanins content was determined using the differential pH method [13].  

2.5 Process Yield 

The process yield was calculated by the ratio of the mass of HC fed per the final mass in the 
fluid bed. 

2.6 Instantanization time 

The instantanization time was considered the time required for 3 g of the sample to disappear 
from the water surface (60 mL at 27 °C), using an apparatus described by [14]. 

2.7 Flowability 

The flowability of raw and granulated HC was obtained using the Carr index (Table 1). The 
powder is submitted to 500, 750, or 1250 taps in the equipment Autotap Tap Density 
Analyzer (DAT-4, Quantachrome instruments®), following the standard 616 of the North 
American Pharmacopeia [15]. 
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Table 1. Classification of powder flowability based on the Carr index 
Icarr (%) Flowability 

< 15 Very Good 
15-20 Good 
20-35 Fair 
35-45 Bad 
> 45 Very Bad 

 

2.8 Moisture Content 

The humidity was determined by a Moisture Analyzer with halogen light heating (HR83, 
Mettler Toledo). 

3. Results and Discussion 

The yield was higher with the lowest binder flow rate and with the maximum or minimum 
temperature (Tf) used, resulting in a surface plot with significant curvature (Fig 2-a). The 
biggest particles (275% bigger than raw HC) occurred with lower binder flow rate and 
temperature (Fig. 2-b), since in this condition the moisture content was lower. Partial 
defluidization was observed using higher values of binder flow rate, reducing the impact 
between particles and, therefore, their size, as also observed by [16]. As for the moisture 
content (Fig. 2-c), lower binder flow rate and higher temperature resulted in a minimum value 
of moisture content, as expected and observed by [16]. However, even at higher temperature, 
the binder flow rate had more impact in the moisture content, since higher values of Qlig 
resulted in a moister agglomerated HC. The AT (dry basis) was higher when the temperature 
was minimum (Fig. 2-d), as the degradation of anthocyanins was minimum in this case.  

Water activity was lower than raw HC and higher than Commercial HC (Table 2), and since 
all the values were aw<0.6, microbial growth will not happen in the powder [17]. The 
instantanization time of agglomerated HC reduced considerably when compared to raw HC 
and Commercial HC because of the size and morphological changes in the particles, as 
observed by [17]. Therefore, the bigger the HC particles, the faster was the IT. Moreover, the 
flowability of agglomerated HC improved from Fair (raw HC) to Good or Very Good. 
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Fig 2. Surface plot of Process Yield, Particle diameter, Moisture content and Anthocyanins content 
versus Temperature and Binder flow rate. 
 

Table 2. Results of the experimental design (nozzle height: 300 mm, mass of sample: 500g). 

1 Commercial Agglomerated HC already sold in market (Commercial HC - GELITA) 

Experimental 
Run 

Tf Qlig 

(mL/min) 
Yld Mst dpm AT IT 

aw 
Icarr 
(%) (°C) (%) (% d.b.) (µm) (mg/100g) (s) 

HC - - - 7.45 96.96 - 170 0.490 22.18 
1 80 (1) 1.6 (1) 76.2 7.17 172.03 32.67 2.2 0.396 17.39 
2 80 (1) 0.8 (-1) 74.6 5.27 291.23 33.04 1.65 0.386 14.29 
3 70 (0) 1.2 (0) 78 7.71 218.46 34.91 2.2 0.425 13.91 
4 70 (0) 1.2 (0) 79.3 7.47 251.64 33.55 2.15 0.420 16.67 
5 70 (0) 1.2 (0) 80 8.17 233.14 33.66 2.1 0.423 16.95 
6 60 (-1) 1.6 (1) 67.9 7.5 230.62 37.39 2.25 0.437 12.39 
7 60 (-1) 0.8 (-1) 77.8 8.24 266.64 37.31 1.85 0.430 13.51 

Commercial 
HC1 - - - 8.15 198.2 - 9 0.404 16.52 
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4. Conclusions 

The central points (tests 4, 5 and 6) presented the best overall results: they presented bigger 
particles than the ones of Commercial HC, an increase of more than 200% compared to raw 
HC. In those tests, the process yield was, in average, 79.1%. The moisture content values had 
an average of 7.78%, lower than that of the Commercial HC. The AT content values were 
low in all the tests and further studies are needed to reduce the degradation of anthocyanins 
by light and high temperature. The water activity values were in a range that assures product 
safety for all the tests and the instantanization time decreased in relation to raw HC and 
Commercial HC. Thus, we produced a powder larger in size, with adequate moisture and 
process yield, which can be commercialized or used as an ingredient rich in anthocyanins. 

5. Nomenclature  

Tf Fluidizing temperature °C 

Qlig length co-ordinate M 

Yld Yield % 

Mst Moisture content % d. b. 

dpm Particle mean diameter µm 

AT Anthocyanins content mg/100g 

IT Instantanization time s 

aw Water activity - 

Icarr Carr Index % 
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Abstract 
The studies present convective drying of parsley with an intermittent 
microwave application. Eight different drying programs including convective 
drying (CV) were carried out in a laboratory-scale hybrid dryer. The 
influence of intermittent conditions on drying time, drying rate, energy 
efficiency and product quality was analysed. The results demonstrated that 
intermittent–microwave convective drying improves the drying kinetics and 
reduces energy consumption. Moreover, a higher retention of vitamin C, 
smaller color change and a better ability to rehydration were observed for 
the parsley samples dried using intermittent drying than for CV. 

Keywords: intermittent drying, microwaves, energy, vitamin C, rehydration. 
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1. Introduction 

Many experimental investigations have shown that combined drying methods result in 
higher drying effectiveness from both kinetic and quality aspect. Drying based on the 
combination of various techniques, i.e., hybrid drying, is still an emerging drying 
technology in food industry. [1, 2] One of the possibilities to improve the drying kinetics and 
product quality can be intermittent drying. As one of the recommended methods for 
wegetable and fruit dehydration, consists of drying at non-stationary conditions, where the 
process parameters change periodically in time, e.g. varying temperature or varying mode 
of energy input. [3,4] The main aim of this solution is to prevent the loss of product quality 
and to enhance the energy efficiency. Intermittent microwave-convective drying has the 
opportunity to develop, as it is competitive to other more expensive alternative methods, 
such as, for example lyophilization. Parsley (Petroselinum crispum) is a popular plant of 
celery family (Apiaceae). Both its roots and leaves are used for culinary, medical and 
cosmetic purposes. It is a valuable spice vegetable which owes its aromatic properties to the 
essential oil. Ingredients found in parsley, e.g., vitamin C and E, polyphenols, carotenoids, 
have strong antioxidant properties, and their presence in the human diet is considered to be 
an important factor reducing the risk of civilization diseases. [5]  

The aim of the studies was to analyze the effectiveness of hybrid drying in non-stationary 
conditions with respect to process kinetics, energy consumption and quality of dry parsley. 
The influence of intermittent microwave application in convective drying on the total 
drying time, drying rate, energy usage and quality characteristics such as colour change 
(dE), water activity (aw), retention of vitamin C, radial shrinkage (RS) and rehydration 
capacity (RC) were investigated in this study, and compared with processes carried out in 
constant conditions (convective and convective-microwave drying). 

2. Materials and Methods 

Fresh parsley roots (Petroselinum crispum) cultivated in Poland were used as a research 
material. 50g parsley samples in the form of slices (32 mm diameter, 5 mm thick) were 
dried in a laboratory-scale hybrid dryer equipped with an air-heating system, microwaves 
(2.45 GHz, max. power of 500 W) generated by a magnetron, pyrometer (infrared 
thermometer) and a standard electricity meter. The samples with an average initial moisture 
content of 0.84 kgꞏkg-1 w.b. were dried to a final moisture content of 0.1 kgꞏkg-1 w.b. using 
eight drying programs including convective drying as a reference (Table 1). The first four 
drying procedures were conducted using stationary conditions (i.e., convective drying (CV) 
and convective-microwave drying (CVMW)), whereas the next four procedures were 
performed using non-stationary conditions (i.e. intermittent–microwave and convective 
drying (IT1-4)). The basis for all IT programs was continuous CV with MW (ON/OFF) 
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cycles applied at the beginning of each drying test. The drying conditions were changed in 
terms of the air temperature, number of MW cycles or MW power to avoid overheating of 
the dried material. The drying processes were operated at 30°C or 50°C, or with a variable 
air temperature Ta (50°C/30°C). The microwave power was constant and set at 100 W,  
300 W or 500 W. Irrespective of the type of drying program, the air velocity was constant 
throughout the entire process, i.e. 0.4 m/s. 

Table 1. Description of the drying programs. 
No. Acronym Description Ta 

[°C] 
MW 
[W] 

MW cycles duration 

1 CV30 Convective 
drying 

30 0 NA 

2 CV50 Convective 
drying 

50 0 NA 

3 CVMW30 Convective-
microwave drying 

30 100 CONT 

4 CVMW50 Convective-
microwave drying 

50 100 CONT 

5 IT1 Intermittent 
drying 

50/30 100 ON up to Tm=50°C/ 15 min OFF 

6 IT2 Intermittent 
drying 

50/30 100 ON up to Tm=50°C/ 30 min OFF 

7 IT3 Intermittent 
drying 

30 500 ON up to Tm=50°C/ 15 min OFF 

8 IT4 Intermittent 
drying 

30 300 ON up to Tm=50°C/ 15 min OFF 

CV – convection, MW – microwaves, IT – intermittent, Ta – air temperature, Tm – material 
temperature, CONT – continuous, NA – not applicable 

 

2.1. Process kinetics and energy consumption 

The drying kinetics was assessed on the basis of the moisture ratio (MR), drying rate (DR), 
drying time (DT) and the energy consumption (EC). The parameters were determined as 
follows: 

eqi

eqt

MCMC

MCMC
MR




 ,   (1) 
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DT

dm
DR  ,    (2) 

where: MCi, MCt and MCeq are the initial, instantaneous (for a given time of the process) 
and equilibrium moisture contents, dm is the total weight loss of the sample, and DT is the 
total drying time, i.e. until the moisture content reaches equilibrium. 

The initial moisture content of the raw material was determined using a moisture analyser 
(XM120 Precisa, Switzerland). Each drying program was repeated in triplicate and the total 
drying time (DT) was averaged for data interpretation. The energy consumed by the whole 
apparatus during the drying processes was measured with a standard electricity meter and 
recalculated to MJ per 1 gram of evaporated moisture. The average EC was determined by: 

dm

E
EC p 6.3

 ,   (3) 

where: Ep is the average energy consumption in kWh measured in drying process, and dm is 
the total weight loss of the sample. 

2.2. Quality assessment 

The product quality was assessed in terms of the total colour change (dE), water activity 
(aw), retention of vitamin C (AA), radial shrinkage (RS) and the rehydration capacity (RC). 
The total colour change was measured using a colorimeter (CR-400 Konica Minolta, Japan) 
and indicated using CIELab colour space: 

  5.02*2*2* dbdadLdE  ,   (4) 

where: L* indicates lightness and a*, and b* are the chromaticity coordinates which 
indicate color directions from red to green (a*) and from yellow to blue (b*). 

Water activity (aw) was measured for fresh and dry product at 25°C using the LabMaster-
aw Standard (Novasina AG, Switzerland). The measurement of aw for dry samples was 
conducted after a 24-hour incubation in a desiccator, since the moisture profile needs to be 
aligned after drying. Retention of vitamin C (AA) in the parsley root was determined by the 
spectrophotometric method. [6] The Radial shrinkage (RS) was assessed on the basis of 
image analysis. Photographs taken on the samples were subjected to basic treatment and 
used in Fiji software (v. 1.51u) for calculation of shrinkage in accordance with equation: 

%100
1

0








 


A

A
RS d ,   (5) 

where: Ad and A0 are the surfaces of dry and raw parsley samples, respectively. 
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Dried samples were rehydrated in boiling distilled water at temperature of 100°C for 5 min, 
without stirring. The ratio of material to water was 1:50 (w/w). After rehydration the 
samples were blotted with a filter paper and weighed. The rehydration capacity (RC), 
described as percentage water gain, was calculated according to Seremet et al., 2016. [7] 

3. Results and discussion 

3.1. Drying kinetics 

The drying kinetics of parsley root was evaluated on the basis of drying and temperature 
curves. Figure 1 shows the results of moisture ratio, average drying rate and enegy 
consumption obtained during drying in constant and intermmitent conditions. 
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Fig. 1. Moisture ratio MR (a) and average values of drying rate DR, and energy consumtion EC (b) 
for different drying programs. 

The CV drying was found to be the longest process as the parsley samples achieved the 
final moisture content after about 14 and 4 hours for 50°C (CV50) and 30°C (CV30), 
respectively. As can be seen in Fig. 1b, also CV the samallest value of the drying rate was 
obtained. The results of hybrid drying, i.e., CVMW, showed a significant reduction in 
drying time, namely about 95% as compared to CV. Similarly, the average drying rate for 
CVMW was the highest amongst all the drying procedures. In turn, intermittent drying (IT) 
demonstrated shorter drying times, namely by 82-86%, in comparison to CV, but on the 
other hand a considerable increase in DT and lower values of DR than those of the CVMW. 
As follows from Fig. 1a, longer OFF cycles during IT2 increased the total drying time and 
thus decreased noticeably the drying rate, as compared to IT1. However, which is 
surprising, a lower MW power applied in IT4 increased the drying rate in comparison with 
IT3. In case of the energy effectiveness (Fig. 1b), the lowest energy efficiency was 

1459



Intermittent–microwave and convective drying of parsley 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

observed for CV, as the highest EC was obtained. The average energy consumption was 
definitively lower for all the IT processes, but the highest energy efficiency was found for 
CVMW. It was noticed that energy usage is proportional to the total drying time. 

3.2. Product quality 

The quality of parsley samples was evaluated on the basis of several quality characteristics. 
Figure 2 presents the results of colour change and water activity between fresh and dry 
product. 
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Fig. 2. Total colour change dE (a) and water activity aw (b). 

The highest total color change (16.79) was observed for CV30. Thus, the discoloration of 
parsley was due to continuous and prolonged application of hot air during drying. 
Astonishingly, despite continuous MW in CVMW, the colour change was visibly lower 
than for CV as well as for IT. As follows from Fig. 2a, dE after intermittent drying (IT1-4) 
was found to be similar to that of CV50, i.e. 14, on average. However, the results of colour 
coordinate (L*) proved that the overall change in colour for CV and IT samples increased 
due to higher value of lightness after drying. In consequence, it means a positive change in 
colour, i.e., “brightening” of the samples dried by CV and IT. The next quality factor was 
water activity aw (Fig. 2b), which allows to verify the microbiological stability of dry 
product, e.g., development of microflora, product durability. The fresh material was 
characterized by the water activity of 0.970, on average. After each drying process water 
activity was less than its critical value, i.e. 0.6, thus the microbial growth (bacteria, yeasts 
and molds) was inhibited and biologically stable products were obtained. Secondly, aw of 
dry parsley samples was lower than 0.4, which means that many reactions, e.g. enzymatic, 
non-enzymatic (Maillard) and oxidation have been blocked. [8] 
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Figure 3 presents the results of vitamin C retention, radial shrinkage and rehydration 
capacity. CVMW50 contributed to the lowest vitamin C retention amongst all the analysed 
drying programs (Fig. 3a). In turn, for CVMW30 the retention was 57%, and was also 
higher than for CV. In case of IT, the value of AA was in the range of 54-93%. The highest 
content of AA was obtained for IT3. In general, intermittent application of microwaves in 
convective drying allowed the parsley to retain more vitamin C then in case of CV or 
CVMW. 
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Fig. 3 Retention of ascorbic acid AA (a), radial shrinkage RS and rehydration capacity RC (b). 

The results of radial shrinkage (Fig. 3b), showed that type of process may influence the 
appearance of samples significantly. The products dried in stationary conditions were 
characterized by a slightly lower RS in comparison to the non-stationary ones. The only 
exception is CVMW30, where the observed RS was similar as for IT. Nevertheless, the 
smallest shrinkage was observed for the material dried by CV, regardless of the air 
temperature.The last quality parameter evaluated in this work was rehydration capacity 
(RC), which gives information on the ability of the material to absorb water. As follows 
from Fig. 3b, the rehydration capacity of samples dried by CV and CVMW increased with 
the decrease of temperature. Therefore, due to the increase in air temperature (i.e., form 
30°C to 50°C), a destruction of plant tissue structure must have occured. In case of IT1-4, a 
higher RC was observed. Moreover, the value of RC incrased with the OFF time and also 
with MW power applied during intermittent drying. 

4. Conclusions 

The effect of different methods including non-stationary drying on kinetics and quality 
characteristics of parsley root was discussed. The results of the drying tests showed that 
intermittent drying reduces drying time by 86%, increases the drying rate and thus 
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improves the energy efficiency (up to 80%) as compared to convective drying. 
Furthermore, it was found that microwaves applied intermittently in convective drying 
contributes to better product quality from the colour, vitamin C retention and rehydration 
property point of view. 
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Abstract 
This study aimed to evaluate the spouted bed drying of okara with inert 
particles of polypropylene. A central composite rotatable design was carried 
out to verify the effect of drying air temperature and air flow on moisture 
content, techno-functional properties and trypsin inhibitors activity of dried 
product. Higher temperatures decreased emulsifying properties and trypsin 
inhibitor activity, probably due to thermal protein denaturation. In order to 
obtain a dried okara with maximum techno-functional properties and minimum 
moisture content and trypsin inhibitor activity, the optimal drying conditions 
were suggested: air temperature of 60ºC and air flow of 180 m3/h.  

 

Keywords: soy pulp; spouted bed drying; trypsin inhibitor activity; techno-
functional properties; optimization 
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1. Introduction 

During the processing of soymilk and tofu, an insoluble residue, also know as okara or soy 
pulp, is generated. Since the sales volume of soymilk of worldwide reached 13.5 billion liters 
in 2015[1], significant quantities of okara are underutilized as animal feed or discarded, 
resulting in environmental problems. However, okara can be used for human consumption or 
as ingredient to increase the functional properties of food products due to its considerable 
high protein content[2].  

Soy proteins play an important role in the food industry due to their nutritive value and ability 
to improve the functional properties. Okara proteins, whose main fractions are the basic 7S 
globulin and 11S[3], presented better emulsion stability and similar emulsion activity than soy 
protein[4]. Moreover, unlike other vegetable proteins, okara proteins have all of the essential 
amino acids necessary for good health[5]. However, okara contains trypsin inhibitor, which 
have been considered an antinutritional factor of soy consumption by promoting the reduction 
of protein digestibility[6]. 

Thus, aiming the use of okara by the food industry, some preservation method must be 
applied to improve its shelf life, since okara contains high moisture content (75-80%) and is 
very perishable. Amongst the several methods employed for preservation, drying is a process 
in which water activity of food is reduced by removal of moisture by vaporization or 
sublimation. However, okara is a material difficult to dry, since its wet particles are cohesive. 
Moreover, the diffusion of internal moisture is slow, resulting in long drying time when it is 
dried in static dryers[7]. These drawbacks can be solved using dynamic dryers, such as spouted 
bed dryer, and by adding inert particles to the moist and cohesive material. 

The objective of the current work is to evaluate the spouted bed drying of okara, analyzing 
the influence of process parameters on dried product quality.  

2. Materials and Methods 

2.1. Material 

Soybean (Glycine max (L.) Merr.) cultivar BRS 257, which is lipoxygenase-free, was 
acquired from SL Alimentos (Mauá da Serra, Brazil). Polypropylene particles were used as 
inert material. Trypsin and benzoyl-DL-arginine-4-nitroanilide hydrochloride substrate 
(BAPNA) (Sigma-Aldrich, St. Louis, USA) were used for analysis of the trypsin inhibitors. 

2.2. Preparation of okara 

The okara was obtained from soymilk processing according to Baú and Ida[8]. Soybeans were 
soaked in water at 1:3 ratio (w:w, soybean:water) for 12 h at 8°C, drained and homogenized 
with distilled water at 1:8 ratio (w:w, soybean:water) using an industrial blender (model LB-
25, Skymsen®, Brusque, Brazil) for 5 min. The mixture was filtered, obtaining the insoluble 
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fraction okara. The moisture content of okara was 75.2±0.1% (wet basis). Ash, lipid and 
protein contents of okara,  obtained by AOAC[9], were in dry basis 3.5±1.0%, 13.9±0.5% and 
35.1±1.0%, respectively. Carbohydrate content (dry basis), calculated by difference, was 
47.4±1.5%. Samples were stored at -18°C and thawed according to the quantity required for 
spouted bed drying.  

2.3. Spouted bed drying of okara 

The drying of okara was carried out in a spouted bed dryer (model FBDG3, O’Hara 
Technologies, Ontario, Canada). The dryer consists of a conical base with an inferior 
diameter of 85 mm, superior diameter of 393 mm, height of 400 mm and inlet orifice diameter 
of 48 mm. The upper part of conical base consists of a cylindrical column. 

Previous to drying of okara, the spouted bed dryer was put into operation with 1 kg of inert 
particles. Heated air was blowed at the inferior part of conical base at different flow rates 
(Table 1). After the permanent regime was reached, 500 g of moist okara were introduced 
into the dryer. For all experiments, total drying time was 30 min. The load of inert particles, 
mass of okara:mass of particle inert ratio and drying time were determined in preliminar tests. 
At the end of drying, dried okara was separated from the inert particles by sieve with 2 mm 
opening.   

A central composite rotatable design was carried out to verify the effect of drying air 
temperature (40 to 80ºC) and air flow (140 to 180 m3/h) on moisture content, techno-
functional properties (emulsifying capacity, emulsion stability and water absorption index) 
and trypsin inhibitors activity of dried product. Experimental data were fitted to Equation 
(1)[10]. 

                (1) 

Where: y is the response, b0, b1 and b2, b11 and b22, and b12 are the constant, linear, quadratic 
and cross-product regression coefficients, respectively, and x1 and x2 represent the coded 
values of the Tin and W variables, respectively. 

Regression coefficients of the predictive models were obtained by the Protimiza software 
(http://experimental-design.protimiza.com.br). Coefficients within a confidence level above 
90% were considered significant (p<0.1). Non-significant terms were eliminated, and the 
model was tested for adequacy by analysis of variance (Anova), coefficient of determination 
(R2) and F-test.  
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Table 1. Screening design for spouted bed drying of okara, regression coefficients and Anova  

Assay 

Independent 
variables 

Dependent variables 

Tin W X WAI EC ES TI 

1 46 146 16.9±3.8 5.6±0.5 1953.7±2.7 53.9±0.5 8.5±0.8 
2 74 146 9.1±0.8 4.4±0.2 1616.2±1.9 52.9±2.0 10.5±0.4 
3 46 174 12.0±0.7 4.9±0.3 1931.3±38.0 55.0±1.0 10.4±0.6 
4 74 174 4.3±0.2 4.4±0.4 1593.4±21.0 47.6±0.7 6.2±0.1 
5 40 160 17.8±1.4 4.8±0.0 2076.3±37.8 53.9±1.5 10.4±0.5 
6 80 160 3.6±0.6 4.0±0.7 1490.1±28.8 51.8±3.5 8.1±0.6 
7 60 140 6.6±1.0 4.2±0.2 1558.1±34.3 50.1±2.2 11.2±0.7 
8 60 180 5.4±0.2 3.8±0.5 1518.0±0.3 50.7±1.0 6.5±0.5 
9 60 160 5.2±0.3 4.4±0.3 1660.2±35.8 53.1±2.7 7.1±0.2 

10 60 160 6.6±2.4 4.2±0.3 1680.6±24.3 53.6±1.0 6.2±0.0 
11 60 160 5.5±0.2 4.8±0.8 1687.1±5.2 54.5±0.3 7.2±0.1 

Regression coefficients 

 b0 6.4 4.5 1637.6 53.5 6.8 
 b1 -4.7 -0.3 -188.1 -1.4 -0.7 
 b11 2.8 NS 93.8 NS 1.2 
 b2 -1.4 NS NS NS -1.1 
 b22 NS NS NS -1.4 1.0 
 b12 NS NS NS -1.6 -1.5 
 R2 0.90 0.39 0.89 0.78 0.91 
 Fc 21.8 5.7 34.1 8.5 10.7 
 Ft 3.07 3.36 3.11 5.27 3.45 

         NS is non-significant (p>0.1) 

 
2.4. Analytical methods 

2.4.1. Physicochemical properties of the dried okara  

Moisture content was determined gravimetrically in triplicate in an oven at 105°C for 24h[9]. 
The water absorption index (WAI, g absorbed water/g sample) analyses were carried out 
according to Seibel and Beléia [11]. The emulsifying capacity (EC, mL oil/g protein) was 
analyzed by continuous addition of oil to the sample until phase inversion of the emulsion, 
when the conductivity of the emulsion was below 10 μS[12]. For emulsion stability (ES, %), 
emulsion was prepared with okara and oil and placed in a 50 ml graduated cylinder and stored 
at room temperature. The volume of the emulsified layer was observed until no variation was 
observed[13]. The ES was calculated as the ratio of the emulsified layer and the total volume. 
The trypsin inhibitor activity (TIU/g solid) was determined according to the AOCS[14], by 
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extracting of the degreased sample with water for 30 min, followed by buffer Tris (0.05 
mol/L, pH 8.2, containing CaCl2 0.02 mol/L). One trypsin unit (TU) was arbitrarily defined 
as an increase of 0.01 absorbance units at 410 nm for 10 mL of a reactive mixture (2 mL 
sample aliquot, 2 mL trypsin solution, 5 mL benzoyl-DL-arginine-4-nitroanilide 
hydrochloride substrate solution and 1 mL acetic acid solution). The trypsin inhibitor unit 
(TIU) was calculated as the difference in the absorbance between a standard test and the 
sample test.  

3. Results and Discussion 

3.1. Spouted bed drying of okara 

The experimental data for moisture content (X), water absorption index (WAI), emulsifying 
capacity (EC), emulsion stability (ES) and trypsin inhibitor activity (TI) were fitted to 
Equation 1. The regression coefficients, F-values, p-values and R2 are presented in Table 1. 
After exclusion of non-significant terms (p>0.1), the predictive models were tested for 
accuracy of fit by Anova. When the calculated F-value Fc was greater than the tabulated F-
value Ft, the variation was explained by the regression and not by the residues. Thus the 
regression was significant, and the model could be considered predictive. However, for the 
WAI, the R2 was low and the model was not predictive. Figure 1 shows the response surfaces 
generated by the proposed models. 

As expected, higher temperature and air flow led to lower moisture content (Fig. 1a). Air 
flow played a significant role in fluid dynamic of particles. At higher air flow, there is a better 
contact between sample particles and air drying, improving the heat and mass transfer. 
Analyzing Figures 1(b) and 1(c), temperature had a significant and negative effect on 
emulsifying capacacity and emulsion stability, in which higher temperatures led to lower 
response values. These results were expected, since the okara proteins are thermosensitive, 
probably occurring their denaturation during the drying process. Several process parameters, 
such as pH and ionic strength, affect the functionality of proteins, especially temperature. 
Heat treatment has a great impact on the structure and, as consequence, on the emulsifying 
functionality of proteins[15]. Similarly to the emulsion properties, lower values of trypsin 
inhibitor activity were obtained at higher temperature and air flow (Fig.1d). Besides trypsin 
inhibitor is reversibly denatured by short heating to 80°C and irreversibly denatured by 
heating to 90°C[16], the highest drying temperature used in the current work (74°C) caused 
significant loses on its activity. 
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Fig. 1. Influence of independente variables on the responses: (a) moisture content; (b) emulsifying 
capacity; (c) emulsion stability and (d) trypsin inhibitors activity 

3.2. Characterization of the spouted bed dried okara obtained under the optimum 
condition 

Analyzying the responses surfaces (Fig. 1), the spouted bed drying of okara was optimized 
for maximum techno-functional properties and minimum moisture content and trypsin 
inhibitor activity. The optimal drying conditions were: 60ºC and 180 m3/h. Under optimal 
conditions, dried okara had a moisture content of 4.8±0.1% emulsifying capacity of 
1754.3±18.0 ml/g protein, emulsion stability of 48.8±0.3%, water absorption index of 
4.7±0.52 g/g sample and trypsin inhibitor activity of 6.7±0.1 TUI/mg sample. 

In order to verify the influence of spouted bed drying on okara, these quality properties were 
also determined for freeze dried okara. As results, the emulsifying capacity and emulsion 
stability of freeze dried okara was respectively 2182.8±30.7 ml/g protein and 51.4.8±0.4%. 
On the other words, spouted bed drying caused a reduction of 19.6% and 5.1% on emulsion 
properties. On the other hand, an improvement on nutritional properties was observed, in 
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which spouted bed drying reduced 27% of trypsin inhibitor activity of product (9.3±0.3 
TUI/mg sample). 

4. Conclusions 

The spouted bed drying showed to be suitable to obtain dried okara with good 
technofunctional properties, mainly emulsifying capacity. In order to obtain maximum 
emulsion properties and minimum trypsin inhibitor activity, the optimal condition was 
proposed: 60°C and 180 m3/h. There was a significant retention of emulsifying capacity and 
emulsion stability and reduction on trypsin inhibitor activity after spouted bed drying. 

5. Nomenclature 

EC emulsifying capacity ml g-1 protein 

ES emulsion stability % 

TI trypsin inhibitors activity Trypsin inhibitor unit (TIU) mg-1 sample 

Tin Inlet air temperature °C 

W Air flow m3 h-1 

WAI water absorption index g g-1 sample 

X moisture content % (wet basis) 
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Abstract 
Germinated parboiled rice (GPR) is recognized as a functional food because 
it is rich in bioactive compounds, especially gamma-aminobutyric acid 
(GABA). GPR was produced by soaking, incubating, steaming, and then 
drying using a high-precision hot air dryer. The results indicated that air 
flow mode and drying temperature had significant effects on the quality of 
GPR. Drying at higher temperatures and shorter times conserved GABA 
content. Using through-flow mode decreased drying time and prevented 
color change. However, a slightly lower percentage of head rice yield was 
observed. Moreover, using through-flow mode negatively affected the 
hardness loss after cooking. 

 

Keywords: Germinated parboiled rice; Drying mode; Gamma-aminobutyric 
acid; Head rice yield 
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1. Introduction 

Germinated parboiled rice (GPR) is a product that can be promoted as a functional food. 
The characteristics of GPR are shorter cooking time, softer texture and higher contents of 
bioactive compounds than the normal rice. Nowadays, the GPR production in Thailand is 
performed by soaking paddy rice in water and then incubating until the radicle grows to a 
length of 0.5 - 1.0 mm. After that, the germinated paddy is steamed until being cooked. 
Subsequently, the germinated parboiled paddy is sun dried to a final moisture content of 
14%.[1] Dried germinated parboiled paddy is dehusked, then the final product is packed.  

During the germination, enzymes in paddy rice are activated and bioactive substances 
greatly increase.[2] Gamma-aminobutyric acid (GABA) is a free amino acid, substantially 
increased by the germination process.[3] GABA has a beneficial effect on human health, 
such as decreasing stress-related nerve impulses in the brain and promoting relaxation and 
sleep.[4] Parboiling is a hydrothermal process, causing certain changes in paddy rice, 
including taste, texture, starch gelatinization, inactivation of enzymes, easier dehusking and 
increased head rice yield.[3] Sootjarit et al.[5] reported that germinated rice rapid drying at 
high temperatures (80⁰C - 140⁰C) resulted in a significant higher GABA content in 
comparison to drying at a lower temperature (50⁰C). However, high temperature can easily 
cause overheating and cracking of grains which leads to low milling quality.[6]  

Therefore, the suitable drying temperature for GPR production to conserve overall quality 
considering GABA content, milling and cooking properties is essential. Besides the drying 
temperature, the effect of air flow mode in the drying chamber is also important for 
efficient the drying process of a good quality GPR.  

“Hom-Nil” is a pigmented Thai rice. It is also known as purple rice, that contains varieties 
of bioactive compounds such as antioxidants, phenolics, β-carotene and anthocyanins.[7] 
Nowadays, it is commonly used for producing GPR in Thailand. Thus, the objective of this 
study was to study the effect of drying temperatures and modes of drying air on the GABA 
content and quality of germinated parboiled purple rice. 

2. Materials and Methods 

Thai purple paddy rice variety ‘Hom Nil’ with a moisture content of 11.28 ± 0.28% (w.b.) 
was used in this study. Paddy rice was purchased from the farmer in Nakorn Pathom, 
Thailand and brought to Stuttgart, Germany by airfreight. It was cleaned to separate foreign 
matter before conducting the experiments. 

2.1. Preparation of germinated parboiled rice (GPR) 

Purple paddy rice ‘Hom Nil’ was soaked in water at 35C for 24 h before draining then 
incubated at 35C for 16 h. Germinated paddy rice was then parboiled by steaming for 30 
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min. The germinated parboiled paddy was dried under various conditions. Thin layer 
convective drying was conducted using a high-precision hot air laboratory dryer designed 
at the Institute of Agricultural Engineering, University of Hohenheim, Germany.[8] 

Germinated parboiled paddy samples were dried under two different air flow modes, over-
flow (OF) and through-flow (TF), in a drying chamber (Fig. 1). Drying temperatures were 
varied at 40, 50, 60, 70 and 80°C with a constant specific humidity of 25 g/kg dry air and 
an air velocity of 1.0 m/s. The temperature inside the germinated parboiled paddy was 
monitored by thermocouples inserted into the middle of rice kernels during the drying 
process. Drying was carried out until the moisture content of germinated parboiled paddy 
rice reached 13% (w.b.). Drying experiments were performed in triplicate. Dried 
germinated parboiled paddy was kept in vacuum-sealed aluminium foil pouches at 23 ± 
2°C and humidity of 52 ± 3% for 1 day before dehusking. The husk was removed from 
kernel using a laboratory de-husker (TR250, Kett, Califonia, USA). One hundred grams of 
germinated parboiled rice (GPR) was then vacuum packed in aluminium foil pouches and 
kept at a temperature of 23 ± 2°C and humidity of 52 ± 3% before quality analyses.  

                                        

                        Over-flow mode (OF)                                  Through-flow mode (TF) 

Fig. 1 Hot air direction in two air flow modes inside drying chamber of the dryer. 

 

2.2. Quality analyses 

2.2.1. Head rice yield (HRY) 

After dehusking, the head rice yield was determined using the following formula:[9] 

HRY  (%) = (mass of head rice / mass of GPR) × 100                               (1) 

2.2.2. Color measurement 

A colorimeter (CR-400, Minolta Co., Ltd., Tokyo, Japan) was used to measure color of a 
whole kernel of dried GPR. Rice samples were filled in a petri dish with diameter of 100 
mm and thickness of 15 mm. Measurements were made with illumination area of 11 mm in 
five positions of a petri dish. The color values were reported in L*, a*, b* color 
coordination system with a D65 illuminant and 10° observer.   

2.2.3. Texture analysis 

Hardness of cooked GPR was measured using a texture analyzer (TA-XT2i, Stable Micro 
systems, Surrey, UK) with slightly modified method of Srisang et al.[10] Before testing, the 
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samples were prepared by cooking 25 g GPR samples in a 250 mL beaker, with 75 mL 
distilled water about 30 min. Ten of cooked rice kernels were selected from the center of 
the beaker after cooled at 23 ± 2°C for 30 min. The cylindrical probe with a size of 50 mm 
was used for testing cooking characteristics. The peak force of the first compression is 
represented as hardness. The texture profile analysis was repeated five times per replicate.  

2.2.4. Determination of gamma-aminobutyric acid (GABA) content 

Sample extraction was performed with a modified method of Hayat et al.[11] GPR samples 
were ground and sieved through 1 mm mesh. Five grams of ground sample were added 20 
mL of 80% (v/v) methanol and then homogenized for 3 min. The suspension was 
centrifuged at 5000 rpm, 4⁰C for 10 min and the supernatent was collected. Extraction steps 
were repeated twice then the whole supernatant was filtered through a 0.45 μm of nylon 
membrane filter with vacuum pump. Supernatants were evaporated under a vacuum at 60°C 
using a rotary evaporator and adjusted to 5 mL using 80% methanol. The extracted solution 
was kept at -18°C until analysis.  

The GABA contents were determined by a HPLC (model RF-20A prominence, Shimadzu, 
Kyoto, Japan). The extracted solution (1 mL) was mixed with 1 mL of derivatizing reagent 
(0.75% of 2-hydroxynaphthaldehyde) and 0.6 mL of borax buffer (pH 8.0). The reaction 
was performed at 80⁰C for 10 min.[12] After the derivatization, chromatographic separation 
was done by a C18 column (Phenomenex, California, USA) at 30°C using methanol : water 
(62 : 38 v/v) at a flow rate of 1 mL/min as a mobile phase and detected by a diode array UV 
detector at 254 nm. Results are expressed in mg GABA per 100 g (d.b.). Authentic GABA 
(Sigma-Aldrich, Munich, Germany) was used as a standard. 

3. Results and Discussion 

3.1. Drying time 

After germination, samples absorbed water, and therefore, the moisture content increased 
from 11.28 ± 0.28 to 36.32 ± 0.19% (w.b.). After steaming, the moisture content of paddy 
increased to 41.51 ± 0.71% (w.b.). The drying times required for removing the water in 
parboiled germinated paddy to the moisture content of 13% (w.b.) at the drying 
temperatures of 40, 50, 60, 70 and 80°C in an OF mode were 390, 195, 130, 100 and 85 
min, respectively, while in TF mode were 180, 110, 75, 55 and 45 min, respectively. As 
expected, higher drying temperature reduced the drying time in both drying air flow modes. 
Drying using a TF mode shortened the drying time by about half compared to an OF mode 
at each temperature. This result could be explained by the more uniform airflow 
distribution in a drying chamber when using a TF mode compared with an OF mode.[13] 
Uniformity of drying air velocity is known to improve the heat distribution.[14]    
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3.2. Quality of dried GPR 

3.2.1. Head rice yield  

Fig. 2 presents the temperatures of drying air, inside temperatures of GPR kernels during 
drying and the percentages of HRY after dehusking. For a TF mode, a slightly lower 
percentage of HRY was observed, as compared with the same drying temperature in an OF 
mode (Fig. 2 F). This present finding is consistent with other research which found that 
HRY decreased when drying temperature increased.[9] This result can be explained in part 
by the kernel temperature of TF samples, which increased faster than those of OF samples 
at the same drying temperature (Fig. 2 A-E). This phenomena caused the cracking inside 
GPR kernels and lead to kernel breakage during dehusking. The findings are in agreement 
with Tirawanichakul et al.[15] where the drying air temperature affected HRY of paddy.              

                        

                       

                                    

Fig. 2 Hot air and GPR kernel temperature during drying at 40⁰C (A), 50⁰C (B), 60⁰C (C), 70⁰C 
(D), 80⁰C (E) and percentage of head rice yield (F) in two airflow modes.  

 

3.2.2.   Color of GPR 

In this study, airflow mode had a significant effect on color of GPR (Fig. 3). GPR obtained 
from the drying process with a TF mode had higher lightness (L*) and redness (a*) than 
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using an OF mode. Comparing between two drying air flow modes, TF mode showed color 
values closed to the color of raw materials. The purple color of rice kernels is due to the 
presence of anthocyanin in the bran.[16] Difference in color changes in these two airflow 
modes might be caused by different contact intensity between hot air and rice bran that 
affected the degradation of anthocyanin contents. However, the study of an impact of 
airflow modes on the anthocyanin contents in GPR is currently ongoing. Chen et al.[17] 
reported that using different drying methods, significantly affects the rice color.  

 

Fig. 3 Color of GPR obtained from drying at various drying temperatures in two airflow modes. 
 

3.2.3.     Hardness of cooked GPR 

Hardness of cooked GPR was different among the difference drying conditions (Table 1). 
Hardness of dried GPR samples using OF mode was higher than TF mode. This study 
found a decreasing trend in hardness when increased drying temperature was used under 
both airflow modes. Drying GPR at 40 and 50⁰C in OF mode showed higher hardness than 
brown rice (123 ± 6 N). However, higher drying temperature leads to the reduction of 
hardness after cooking. Cracking inside grain kernels could result in an increase of water 
uptake and consequently cause lower hardness in rice. This was confirmed by a percentage 
of HRY mentioned in previous section of this study. 

Table 1. Hardness of cooked dried GPR  at various drying temperatures in two airflow modes. 

Drying Hardness (N) of cooked GPR 

Temperature (⁰C)                over-flow             through-flow 
40                140 ± 6 a                111  ± 4b 
50                133 ± 4 a                109  ± 5 bc 
60                  99 ± 5 d                  73  ± 0 e 
70                101 ± 8 cd                  66  ± 1 ef 
80                  94 ± 1 d                  60  ± 1 f 

Data are the mean values ± standard deviation and different letters indicate significant difference 
among mean values in lines and columns (P≤ 0.05 according to Duncan’s test).  
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3.2.4. GABA content 

GABA content significantly increased after germination process and elevated again after 
parboiled process (Fig. 4A). After drying (Fig. 4B), GABA content decreased, especially 
after prolonged drying at low temperature. Drying at higher temperatures and shorter times 
prevented GABA degradation, especially at 80⁰C. This finding is in agreement with 
Cheevitsopon and Noomhorm[18] who showed drying temperature and time had significant 
effects on GABA content in rice. In addition, this study found that airflow modes did not 
significantly influence the levels of GABA.  

   
Fig. 4 GABA content of GPR dried at various temperatures in two airflow modes.   

Values are the mean and bars indicate standard deviation and different letters indicate significant 
difference among mean values (P≤ 0.05 according to Duncan’s test). 

 

4. Conclusions 

The present study was designed to determine the effect of drying conditions on GABA 
content and quality of GPR. After drying, GABA content of all samples increased 
compared to the paddy rice due to the germination and steaming process. However, GABA 
content decreased after drying, especially after prolonged drying at low temperature. 
Overall, this study showed that GPR drying under the optimal drying conditions, namely 
using TF mode, significantly conserved color of GPR. However, using an TF mode at high 
drying temperature leads to low percentage of HRY and reduced hardness after cooking. 
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Abstract 
Lignite, a kind of low rank coal, has the characteristics of high moisture, 
high volatile, high ash and low heat value. The low-temperature pyrolysis 
technology is potential to improve the utilization efficiency of lignite. 
Therefore, a lignite-based energy system integrated with pre-drying and low-
temperature pyrolysis was proposed in this paper. To assess the influence of 
pre-drying process, theoretical models were developed based on 
thermodynamics, and a case analysis was then performed to get the 
quantitative effect of pre-drying on efficiency of energy utilization. Results 
show that pre-drying on PPPS theoretical model can significantly improve 
the utilization of lignite by 1.46%.  

Keywords: Lignite; Pre-drying; Low-temperature pyrolysis; Energy 
efficiency; Case analysis. 
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1. Introduction 

Lignite is worldwidely considered as inferior fuel with abundant supply.[1] It is mainly used 
in power plants. However, the conventional lignite-fired power system (CLPS) is costly, 
not efficient and with high pollutant emissions. Lignite upgrading technologies, including 
pre-drying and pyrolysis, are effectively to improve lignite utilization efficiency. Therefore, 
many researches were conducted for the lignite pre-drying[2, 3, 4] and pyrolysis[5, 6] 

technologies. However, these two technologies are isolatedly used. The integration of the 
lignite pre-drying and pyrolysis may realize the energy cascade utilization and then increase 
the utilization of lignite. Therefore, a pre-dried pyrolysis coupled lignite-fired power system 
(PPPS) was proposed in this paper.  

The proposal of PPPS aims to overcome the disadvantages of the pyrolysis process by the 
integration of pre-drying. However, the research on influences of pre-drying process on 
pyrolysis system is not deepgoing and unambiguous. In this paper, theoretical models were 
developed based on thermodynamics, and a case analysis was then performed to get the 
quantitative effects of pre-drying. Moreover, the energy and exergy analysis were carried 
out to uncover the energy saving mechanism.  

2. System proposal 

The schematic of a PPPS is schematically presented in Fig.1 Raw lignite (point 1) is fed 
into the steam dryer and pre-dried primarily. The primary pre-dried lignite (point 2) is then 
fed into the drying unit and pre-dried ultimately. Afterwards, the ultimate pre-dried lignite 
(point 3) is led to the pyrolysis unit, heated by the elevated temperature flue gas, pyrolyzed 
and separated into char (point 4), tar (point 13), pyrolysis gas (point 21) and water (point 
12) in pyrolysis furnace. The tar and pyrolysis gas are recycled as products. Nevertheless, 
the char is converted by a series of energy forms and transformed into electricity (point 20), 
eventually. Waste steams (point 5, 6, and 12) generated in the process are exhausted to 
environments. The heat source of pyrolysis furnace is the elevated temperature flue gas 
(point 11) extracted from the boiler unit and led to the inlet of the burner. The heat source 
of the drying unit in the pyrolysis system is the flue gas (point 10) exhausted from the 
pyrolysis chamber. The flue gas (point 9) is extracted to the boiler unit by the pump after 
releasing heat in the drying unit, the waste heat of which is recycled by the regenerative air 
preheaters. The heat source of the steam pre-drying unit is the 5# low-pressure extraction 
steam (point 7) from the turbine unit. The steam is led to the steam dryer, condensed after 
releasing heat, and recovered in the de-aerator. The steam dryer makes full use of the low 
grade energy contained by the extraction steam from regenerative system, and reduces the 
heat load in the pyrolysis system.  
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Fig.1 The pre-dried pyrolysis coupled lignite-fired power system. Note: APH, air preheater; HPT, 
high-pressure turbine; IPT, intermediate-pressure turbine; LPT, low-pressure turbine; DEA, de-
aerator; RH, regenerative heater; CP, condensate pump; BP, boiler feed-water pump exchangers; DP, 
drain water pump; FP, flue gas backflow pump; CV1, steam pre-drying unit; CV2, drying furnace 
unit; CV3, pyrolysis unit; CV4, boiler unit; CV5, steam turbine unit. 

3. Model development 

In this paper, the reference pressure and the temperature are given, as follows; 

p0=0.1013 MPa                                                                (1) 

T0=298.15 K                                                                    (2) 

The calculations of enthalpy, higher heating value, and exergy are all based on this 
condition. In this part, the belt pyrolysis furnace is selected as pyrolysis model. The 
following pyrolysis reaction occurs when the temperature and pressure of the pyrolysis 
furnace remains constant. 

predried lignite(s) char(s) + tar(l) + gas(g) + water(g)                 (3) 

The parameters in pyrolysis process are shown in Table 1, where HHV* is higher heating 
value;h* is the specific enthalpy at kJꞏkg-1;t* is the temperature at ˚C;* is pyrolysis 
production rate defined as the (*) mass rate produced from unit mass of feed for pyrolysis 
furnace, kgꞏkg-1. μ () is the degree of pre-drying defined as the moisture mass released 
from unit mass of raw lignite (primary predried lignite), kgꞏkg-1. 
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Table 1. The parameters of pyrolysis process. 

Predried lignite Char Tar Gas Water  

P0 P0 P0 P0 P0 

hul hc ht hg hwa 

HHVul HHVc HHVt HHVg 

tul tp tp tp tp 

 c t g wa 

B(1-μ)(1-) cꞏB(1-μ)(1-) tꞏB(1-μ)(1-) gꞏB(1-μ)(1-) waꞏB(1-μ)(1-) 

By applying an enthalpy balance for the overall pyrolysis, the flue gas mass flow (D′f) 
needed in the pyrolysis can be obtained: 

       
 

   

c c c t t t g g g wa wa ul ul'
f

pin fin p

HHV HHV HHV HHV

1 1

   



 

       


 

  

h h h h h
D

h h

B

             (4)                                                 

where ηp is the thermal utilization efficiency of the pyrolysis furnace; and hpin is the specific 
enthalpy of flue gas in pyrolysis furnace inlet. Pyrolysis gases products are obtained as 
mixture, containing CO, H2, CO2 and hydrocarbons (CH4, C2H4, C2H6, C3H6 and C3H8). The 
HHVg is calculated as follow; 

                                     g i iHHV HHV  w
                                                              (5) 

where HHVi is the higher heating value of constituent (i) in pyrolysis gas calculated by 
CoolProp and wi is the mass fraction of constituent (i). Df and D′f are equal by adjusting tfin 
in MATLAB. Df is the flue gas mass flow needed in the drying furnace unit. The energy 
and exergy flow ratios of each control volume and the power system to the input energy or 
exergy are defined as follows; 

                                    en
L
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en
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100%
HHV

  


Q

B
                                                            (7) 
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HHV

  


E

B
                                                            (8) 

where LHV is the lower heating value at kJꞏkg-1; Q is the energy flow based on LHV in 
equation (6) and based on HHV in equation (7) at kW; E is the exergy flow at kW; and ε is 
the efficiency. 
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4. Results and discussion 

4.1.Results of calculation 

4.1.1Reference case 

The lignite pyrolysis power system (LPPS, only involving CV2, CV3, CV4 and CV5 in 
Fig.1) is derived from a conventional lignite-fired power system (CLPS)[7] with the 
pyrolysis system integrated, the parameters of which are set with reference to the CLPS. 
The parameters of live steam and reheat steam, including temperature, pressure and mass 
flow rate of LPPS are assumed similar to those of the CLPS. The temperature of boiler flue 
gas before the air preheater is assumed to be the same as the CLPS. The boiler exhaust 
temperature decreases to 126˚C in the LPPS. The performances of the LPPS are calculated, 
and the thermodynamic properties of the state points of the LPPS are shown in Table 2. 

Table 2. Thermodynamic properties of the state points of LPPS. 

Point Substance Temperature 
˚C 

Pressure 
MPa 

Mass flow 
rate,kgꞏs-1 

Exergy 
kJꞏkg-1 

Exergy 
flow,kW 

2 Raw lignite 25 0.1013 187.9878 13080 2458900 
3 Predried lignite 300 0.1013 122.9542 20111 2472700 
4 Char 550 0.1013 84.7154 23913 2025800 
6 Steam 200 0.1013 65.0336 520.16 33828 
9 Flue gas 350 0.1013 526.1187 119.11 62665 

10 Flue gas 752.2 0.1013 526.1187 409.53 215460 
11 Flue gas 1200 0.1013 526.1187 823.43 433220 
12 Steam 550 0.1013 8.6068 927.96 7986.8 
13 Tar 550 0.1013 6.4797 34652 224530 
14 Air 25 0.1013 799.1080 0 0 
15 Flue gas 126 0.1013 863.3152 18.178 15693 
16 Water 284 30.400 527.7806 348.08 183710 
17 Steam 323.3 4.8310 448.2778 810.70 363420 
18 Steam 566 24.200 527.7806 1533.3 809260 
19 Steam 566 4.3480 448.2778 1125.3 504460 
20 Electricity - - - - 600000 
21 Pyrolysis gas 550 0.1013 19.8079 17956 355670 

By calculation, the thermal efficiency of the LPPS is 52.886% based on LHV, and 47.997% 
based on HHV. The exergy efficiency of the LPPS is approximately 48.00%. 
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4.1.2 Pre-dried pyrolysis coupled lignite-fired power system 

The PPPS is put forward in previous part as shown in Fig.1.The parameters are assumed 
similar to those of the LPPS. The performances of the PPPS are calculated, and the 
thermodynamic properties of the state points are shown in Table 3. 

Table 3. Thermodynamic properties of the state points of PPPS. 

Point Substance Temperature 
˚C 

Pressure 
MPa 

Mass flow 
rate,kgꞏs-1 

Exergy 
kJꞏkg-1 

Exergy 
flow,kW 

1 Raw lignite 25 0.1013 168.4627 13080 2203492 
2 Predried lignite 99.6 0.1013 126.6086 17417 2205200 
3 Predried lignite 300 0.1013 110.1837 20111 2215900 
4 Char 550 0.1013 75.9166 23913 1815400 
5 Steam 99.6 0.1013 41.8541 485.45 20318 
6 Steam 200 0.1013 16.4249 545.46 8959.2 
7 Steam 258.1 0.4232 53.4036 783.17 41824 
8 Water 145.7 0.4232 53.4036 82.178 4388.6 
9 Flue gas 420.96 0.1013 356.1046 162.25 57778 

10 Flue gas 600 0.1013 356.1046 287.78 102480 
11 Flue gas 1200 0.1013 356.1046 823.44 293230 
12 Steam 550 0.1013 7.7129 927.96 7157.3 
13 Tar 550 0.1013 5.8067 34652 201210 
14 Air 25 0.1013 716.1097 0 0 
15 Flue gas 126 0.1013 773.6530 18.177 14063 
16 Water 284 30.400 527.7806 348.08 183710 
17 Steam 323.3 4.8310 448.2778 810.70 363420 
18 Steam 566 24.200 527.7806 1533.3 809260 
19 Steam 566 4.3480 448.2778 1125.3 504460 
20 Electricity     569870 
21 Pyrolysis gas 550 0.1013 17.7506 17956 318730 
By calculation, the thermal efficiency of the PPPS is 54.507% based on LHV, and 

49.458% based on HHV. The exergy efficiency of the PPPS is approximately 49.46%. 
Obviously, due to the steam pre-drying process, the PPPS theoretical model can evidently 
increase the efficiency of the LPPS by approximately 1.46% based on the HHV, and by 
1.62% based on the LHV at the calculation condition. 
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4.2. Energy and exergy analysis 

4.2.1Energy analysis 

The energy flows and losses of the LPPS and PPPS are illustrated in Fig.2a and Fig.2b 
respectively. The energy input to the system is expressed by the HHV of raw lignite in 
order to avoid the phenomenon of “Non-conservation of energy”[8]. The energy outputs 
involve 14.46% in the pyrolysis gas, 9.13% in the tar and 24.40% in electricity. The highest 
amount of energy loss is from the turbine unit, followed by the drying furnace in the LPPS. 
29.63% energy is extracted from the boiler unit and only 56.83% energy is transferred to 
the steam. Comparatively, the electricity output in the PPPS is improved by 1.46%. 
However, the pyrolysis gas and tar outputs are invariable because of the constant yield for 
the pyrolysis unit. Only 22.38% energy is extracted from the boiler unit and 63.42% energy 
is transferred to the steam. Using the energy analysis, the reason for the improved 
efficiency of the PPPS can be explained. The energy mostly discharged from the turbine is 
recycled by pre-drying lignite, and this energy is mainly transferred to the available energy 
in lignite. 

Boiler Turbine 
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(a)                                                                                    (b) 

Fig.2 Energy flow and loss charts:(a)LPPS and (b) PPPS. 

4.2.2 Exergy analysis 

On the basis of the Table 2 and Table 3, the exergy flow, loss and destruction charts 
between the units of the LPPS and PPPS are illustrated in Fig. 3a and Fig. 3b, the data of 
which represent the exergy ratio to the input exergy of the system. The maximal loss and 
destruction in LPPS are the combustion process in the boiler unit, followed by the drying 
furnace unit. The low grade steam is firstly used to pre-dry the lignite, and then, the flue gas 
at the low temperature is used as the pre-drying heat source. In the whole drying process, 
the heat transfer temperature difference of PPPS is much lower than that of LPPS. 
Therefore, the exergy lost during the pre-drying is decreased significantly. Meanwhile, the 
lesser exergy extracting from the boiler also decreases the exergy lost in the boiler unit. 
Because of the exergy extracting, the lost in turbine is increased slightly. The exergy 
analysis suggests that the low heat transfer temperature difference and low grade energy 
recycling make the exergy efficiency increased. 
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Fig.3 Exergy flow, loss and destruction charts:(a)LPPS and (b) PPPS. 

5. Conclusions 

A novel lignite-based energy system integrated with PPPS was proposed and 
thermodynamically analyzed in this paper. The thermal efficiency of the power system 
could be significantly increased by 1.62% (1.46%) based on the LHV (HHV). The energy 
mostly discharged from the turbine is recycled by pre-drying lignite, and this energy is 
mainly transferred to the available energy in lignite. The exergy analysis suggests that the 
low heat transfer temperature difference and low grade energy recycling make the exergy 
efficiency increased. 
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Abstract 
In this study, effects of ohmic pretreatment on the drying rates and color 
kinetics of apple were investigated. Apple slices were treated at different 
electric field strengths (20-30 and 40 V/cm) at 60°C for 1 min. Drying 
process was applied at 60˚C-2 m/s by using a tray-dryer. ΔE and moisture 
content were calculated. These values were fitted to the semi-theoretical thin-
layer drying and the zero and first-order kinetic model. The shortest drying 
time was found samples treated with 30 V/cm. Wang&Singh model gave the 
superior fit to the experimental data. ΔE fitted well to the zero-order kinetic 
model. 

Keywords: : Ohmic heating, drying, kinetic models, thin-layer models, apple. 
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1. Introduction 

The main purpose of drying is to reduce the water activity in order to extend the shelf life. 
The dried product has the lowest microbiologic deterioration and enzyme activity.[1] 
Besides, quality attributes like aroma and the nutritional value are protected by reducing the 
moisture. The other purpose of the drying process is to provide convenience for 
transportation and storage via reducing the volume of product.[2] The drying process is 
generally applied to fruits and vegetables.   

The apple which belongs to Rosaceae, the rose family, is a mild season fruit. Apple which 
has rich antioxidant components, carbohydrates, essential minerals and dietary fiber has a 
great importance in terms of taste and nutritional value [3]. North Anatolia, Black Sea shore 
region, Central Anatolia, and East Anatolia plateau are the fields in Turkey which are 
suitable for apple cultivation. In our country, mainly Starking, Golden Delicious, Star 
Crimson and Granny Smith are cultivated among 30 strains of apples from all over the 
world.[4]  

Pretreatment of foods before drying takes place to reduce the drying time and also increase 
the quality of the product. There are different types of pretreatment such as hot-water 
blanching, osmotic dehydration, ultrasonication. Ohmic heating is one of the newest 
alternative pretreatment methods.[5-7] With ohmic process, the alternative electric current 
is passed through the food. The process is also called thermal processing method.[8]  

Thin layer drying is the drying of food samples by layer. Thin layer drying has been taken 
part in several studies in recent years. The reason is the convenience of application and less 
data requirement.[9]  

The main purpose of this study is to pretreat the apple samples (Golden Delicious variety) 
with ohmic heating and to dry using tray dryer. The samples were pretreated at different 
electric field strengths (20, 30, 40 V/cm) at 60°C for 1 minute. After the pretreatment 
process, the samples were dried by a tray dryer at 2 m/s air velocity at 60°C.  Moisture ratio 
and changes in color were recorded. These values were fitted to the semi-theoretical thin-
layer drying and the zero and first-order kinetic models.   

2. Material and Methods 

2.1. Material 

Apples used in this study were bought from local market in Ankara, Turkey. They were 
peeled and cut into slices with dimensions of 15×15×5 mm. The initial moisture content of 
the fresh apple samples was 85±1% (wb) and it was measured by infrared moisture 
analyzer (MA150, Sartorius, Germany) at 105°C. 
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2.2. Methods 

2.2.1. Ohmic Heating Pre-Treatment 

Ohmic heating pretreatment was performed using (CLOH-1000, CLS, Turkey), specially 
designed and manufactured by Caliskan company. 90 mL of water was added to the 20 g of 
apple sample. Afterwards, apple slices were exposed to different electric field strengths (20, 
30 and 40 V/cm) at 60°C for 1 min. Samples were filtered and weighed at the and of the 
process. All experiments were done in duplicates. 

2.2.2. Hot-air Drying 

Hot-air drying was performed in a tray dryer (Eksis, TK-LAB, Turkey). Samples dried 
without pretreatment was used as a control. The control samples were treated with air at 
60ºC and velocity of 2 m/s. For the main drying process, the ohmic pretreated samples were 
dried at 60ºC and with an air velocity of 2 m/s. The weight of samples was recorded at 5 
min intervals and drying was continued until no further variation in their weight were 
observed. The dried samples were cooled in desiccators and vacuum packed in heat-sealed 
low-density polyethylene bags. 

2.2.3. Thin Layer Modelling 

To define drying kinetics of apple samples, dimensionless moisture ratio (MR) values were 
calculated. MR were determined from moisture content data (kg water/kg db) obtained 
during drying by using equation 1: 

            (1) 

where, Mt, M0 and Me are the moisture content at time t, the initial moisture content and the 
equilibrium moisture content of the sample (kg water/kg db), respectively. 

Four different thin layer drying models (Table 1) were applied to drying curves. Sigma plot 
was used to predict model parameters. The model with the lowest Root Mean Square Error 
(RMSE) and the chi-square (ϗ2) was defined as the best model describing the thin layer 
drying behavior of apple.[10] The parameters were calculated using equation 2 and 3. 

    (2)      	

                     (3) 
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where MRexp;i and MRpre;i are the experimental and predicted moisture ratios of data i, 
respectively. N is the number of experimental data points and n is the number of constants 
in the model. 

Table 1. Thin layer models equations 

Model Model Name References 
MR=exp(-ktn) Page [11]  
MR=aexp(-kt) Henderson and Pabis [12]  
MR= aexp(-kt)+c Logarithmic [13]  
MR=1+at+bt2 Wang & Singh [14]  

 

2.2.4. Color Values and Color Kinetics 

The color values of dried and fresh apple samples were measured by using Minolta Color 
Reader (CR-400, Japan) and expressed as the CIE L*, a*, and b* color scale. The average 
of ten different readings from the same region was reported.  

Total color differences were calculated using equation 4: 

                 (4) 

where L*
0, a*

0, b*
0 are the initial color measurements of raw apple samples and L*

t, a*
t, b*

t 
are the color measurements at specified time. ΔE values are applied to zero (equation 5) and 
first order (equation 6) kinetic models:[15] 

                        (5) 

                (6) 

where C0 is the initial value of color, C is the color value at a specified time, k is the kinetic 
rate constant and t is time. 

3. Results and Discussions 

The effect of electric field strengths on drying time was depicted in Fig. 1. The results 
showed that the samples treated with 30 V/cm electric field strength was found to have the 
shortest drying time. Compared to control group, ohmic heating pretreatment have 
decreased the drying time by 24, 35 and 29% for the samples treated with 20, 30 and 40 
V/cm electrical field strengths, respectively. It was also observed that moisture ratio 
decreased continuously with drying time. 
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Fig. 1. Effect of electric field strenghts on drying time 

The moisture ratio data were fitted to four different thin layer drying models (Table 1). 
RMSE (Root Mean Square Error), ϗ2 (chi-square) and R2 (coefficient of determination) 
values were used to compare the relative goodness of fit of experimental data. The results 
showed that Wang & Singh model gave the superior fit to the experimental data compared 
to other models (Table 2). Similar model results were found in the other papers with 
different drying methods.[16-20] 

Table 2. Statistical parameters and coefficients of models at different electrical field strengths for 
Wang & Singh model 

Process Conditions RMSE ϗ2 R2 a b 

Control 0.010166735 0.000116283 0.9978 -0.005576 -0.0000773 

20 V/cm 0.010646449 0.000132238 0.9983 -0.001900 -0.0002048 

30 V/cm 0.001837387 0.000004051 0.9987 -0.006242 -0.0002164 

40 V/cm 0.002985566 0.000010534 0.9998 -0.006250 -0.0001698 

 
Final color values and color kinetics of ohmic pretreated dried apples were determined in 
the study. The color differences (∆E) were calculated by using the measurable color values 
(L*, a* and b*) at different electrical field strengths. The ∆E values were fitted to zero and 
first order kinetic models (Fig. 2 and 3). The results showed that the ∆E values were fitted 
well to the zero-order kinetic model. Similar results can also be found in the literature.[21-
25] 
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Fig. 2.  Zero order kinetic model 

     
Fig. 3.  First order kinetic model 

Table 3. Zero and first order kinetic model parameters 

Process Conditions Model C0 k R2 

Control C=C0+kt 6.304804 0.0490 0.8754 
 C=C0 exp(−kt) 1.841312 0.0057 0.8868 

20 V/cm C=C0+kt 0.750296 0.1643 0.9791 
 C=C0 exp(−kt) -0.287290 0.0392 0.8602 

30 V/cm C=C0+kt 1.903552 0.1717 0.9710 
 C=C0 exp(−kt) 0.643721 0.0335 0.9291 

40 V/cm C=C0+kt 2.194434 0.1158 0.9682 
 C=C0 exp(−kt) 0.785924 0.0263 0.9209 
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4. Conclusions 

Ohmic heating is an emerging thermal process technology. Ohmic heating can be used 
successfully as a pretreatment method in the drying process of food materials. As a 
conclusion in this study, the samples treated with 30 V/cm electric field strength was found 
to have the shortest drying time. Compared to control group, ohmic heating treatments have 
decreased the drying time by 24, 35 and 29% for the samples treated with 20, 30 and 40 
V/cm electrical field strengths, respectively. Wang & Singh models gave the superior fit to 
the experimental data compared to other models. In addition, the color values fitted well to 
the zero-order kinetic model. 

5. Nomenclature  
 

wb Wet basis  

db Dry basis  
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Abstract 
Drying is an energy demanding industrial process and methods for reducing 
the energy consumption of drying is of interest to industry as well as society. 
This article presents the drying system of a biofuel factory. Steam is used as 
the refrigerant. Superheated steam is used as drying gas in a flash dryer with 
28.8 tons/h dewatering capacity. The system includes an energy recovering 
water heat pump that receives its heat from the excess drying steam and heats 
the dryer. The SMER of the drying process ranges between 3 and 4 and the 
COP of the heat pump process ranges between 4 and 5.5 during one production 
season of peat drying. Variations in performance can be explained by 
variations in inlet moisture content and production rate. The example of this 
drying system shows the feasibility of drying in superheated steam, heat pump 
drying and water as refrigerant in high-temperature heat pumps. 

 

Keywords: steam drying; heat pump process; peat; sawdust; industrial 
operation 
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1. Introduction 

Methods for reducing the energy consumption of drying processes are of interest to industry 
as well as society. There is also a desire to replace fossil fuels with renewable fuels, such as 
fuel pellets or briquettes made from biomass. Compact biomass in the form of fuel pellets or 
briquettes has a higher heating value, lower moisture content and higher density than 
unprocessed biofuel; their properties are also more uniform. Pelletizing or briquetting thus 
improves transport properties as well as storage and combustion properties [1]. 

Wet biomass must be dried before briquetting and pelletizing. Various dryer designs can be 
chosen, depending on the properties of the material being dried and on available sources of 
energy [2]. Packed moving bed dryers can achieve the desired moisture content of 5-25 % at 
drying temperatures of 80-150 °C. They are relatively cheap, but require a larger installation 
area than other dryers. Rotary dryers are common for drying woodchips and sawdust. They 
operate reliably and enable heat recovery from the exhaust drying medium, which increases 
the energy efficiency of the system. Pneumatic dryers, also known as flash dryers, are 
compact and suitable for drying particles or granules [3]. In a flash dryer the particles are 
mixed with a high temperature drying gas, often air or flue gas, and transported by the drying 
gas at a high velocity. High flow velocity mixes well and gives high heat and mass transfer 
rates. The technology is, however, associated with high energy consumption. Typical energy 
consumption for a flash dryer is 4500-9000 kJ/kg of water [2], but energy efficiency can be 
improved by heat recovery of the exhaust drying medium [3]. In a flash dryer, steam can be 
used as drying gas. Steam has many advantages over air and flue gas. The energy advantage 
of steam as drying gas is that it simplifies heat recovery by enabling dryer integration, which 
is the factor that determines the energy efficiency of a steam dryer [4]. By recovering energy 
in a superheated steam drying process, more than 90 % of energy needs can be reduced [5]. 
As an example, a superheated steam flash dryer at Rockhammar mill, Sweden, uses 0.4-0.7 
GJ per ton pulp whereas the same flash dryer with air as drying gas requires 3.0-3.5 GJ per 
ton pulp, a reduction by 75-90 % [6]. The environmental advantage of steam drying is that 
the dryer does not result in air pollution, since drying gas is not released into the atmosphere. 
The excess steam condensate will, on the other hand, need wastewater treatment as it can 
contain terpenes, fatty acids, formaldehyde and other types of contamination, depending on 
type of biomass and drying conditions. These organic compounds are released from the 
biomass as it is heated [7] [8] [9] [10] [4]. A further benefit of steam drying is that since there 
is no oxygen present in the dryer no oxidation can occur, this in turn leads to a minimal risk 
of ignition during operation [6]. 

Heat pump drying is a way of reducing energy consumption even further. It also brings 
additional benefits such as improved process control, which in its turn is beneficial for the 
quality of many dried products, such as foodstuffs. Drying of foodstuffs and timber are the 
two fields in which heat pump drying has so far reached the market [11]. The technology of 
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heat pump drying has been known for decades, but it is still under-exploited. Heat pump 
dryers are claimed to be complex systems: a change in one component brings changes to 
other components as well [11] [12]. 

This article describes an example of large-scale industrial heat pump drying of biofuel.  In 
the heat pump drying system, steam is used both as drying gas in a flash dryer, and as 
refrigerant in a vapor compression heat pump cycle. It was designed by GEA Exergy and 
built by MoDo Chemetics in 1989 for peat drying, but is today also used for sawdust drying. 
Production data differs between sawdust and peat drying. To enable comparison with 
dimensioning data this article focuses on peat drying. The system layout is presented, along 
with its energy performance for one production season of peat drying. Variations in energy 
performance, deviation from dimensioning data, and experiences from operation are 
considered. Implications of this drying system for the design of future biomass dryers are 
finally discussed.  

 

2. Materials and Methods 

The dryer is part of a stand-alone biofuel factory with two identical lines for drying, each one 
with a design capacity of dewatering 28 tons/h. The plan for 2016-2017 is to produce 83,000 
tons of wood fuel pellets and 25,000 tons of peat fuel briquettes. This drying system uses 
steam both as drying gas in a flash dryer, and as refrigerant in a vapor compression heat pump 
cycle. These two steam cycles are never mixed. In this article, drying steam denotes steam in 
the drying cycle and refrigerant denotes the water vapor in the vapor compression cycle. 

2.1. Dryer 

A flash dryer is used in which small particles of peat or sawdust are mixed with drying steam 
and transported through the dryer. Two fans in series circulate the drying steam. The dryer 
consists of five vertical shell-and-tube heat exchangers, each 20 meter high, as can be seen 
in Figure 1.  

Refrigerant condenses on the shell side of the heat exchangers, transferring its latent heat to 
the drying steam. Drying steam and wet biomass flow inside the tubes.  Each shell holds 73 
or 97 tubes. The number of tubes increases with the direction of the drying process. Wear has 
caused some tubes to break, and to prevent leakage from the shell side to the tube side, these 
tubes have been welded shut, which reduces the heat transfer area of the dryer by 12 % in 
Line 1 and 8 % in Line 2 compared with design. The residence time of the biomass in the 
flash dryer is approximately 20 seconds. 
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Fig. 1 The five 20m high heat tube shells. 
 

2.2. Biomass 

Inlet moisture content of the grinded peat varies between 55 % and 65 % during a season. 
Short-term variations in moisture content of incoming raw material can cause fluctuations in 
the system and need to be avoided, whereas the long-term variations are well known. Lower 
moisture content is found at the end of the summer and the moisture content then increases 
during winter due to outdoor storage.  

The first step before drying is preheating. Preheating is done at atmospheric pressure with an 
excess flow of flash steam and venting steam that is in contact with the biomass. Since steam 
condenses on the biomass in the preheater, it is impossible to determine the temperature and 
moisture content of the biomass accurately as it enters the flash dryer. The biomass enters 
the dryer through a mixing chamber where it is mixed with the drying steam; it is then 
transported through the five heat exchangers of the flash dryer by the flow of drying steam. 
Dry biomass is separated from the drying steam in a cyclone. Before leaving the system, the 
material goes into the flash tank where the pressure is reduced to atmospheric pressure. The 
moisture content at the outlet is 8-10 %. 

2.3. Refrigerant 

The refrigerant is water and works in a vapor compression heat pump process. After the 
compressor, the refrigerant pressure is 1.0-1.4 MPa and the temperature is 220-240 °C. At 
this state the refrigerant enters the flash dryer, where it is cooled down to its saturation 
temperature, condensates and leaves the dryer as saturated liquid. Its heat is transferred to the 

1498

http://creativecommons.org/licenses/by-nc-nd/4.0/


Renström, R.; Johansson-Cider, H.; Brunzell, L 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

drying steam and enables the water in the biomass to evaporate. In the superheater/subcooler, 
the liquid refrigerant is subcooled, thereby superheating the drying steam. The expansion 
valve is included in the steam converter, where the refrigerant pressure is dropped to 0.32 
MPa. Liquid refrigerant receives heat from the excess drying steam and vaporizes. It then 
enters the four-stage turbo compressor as saturated steam at 0.32 MPa. The refrigerant mass 
flow rate is approximately 8 kg/s and the compressor has a maximum power consumption of 
4.0 MW. If required, more refrigerant can be added to the system from a supply water tank 
included in the steam converter. 

2.4. Performance parameters 

The Specific Moisture Evaporation Rate (SMER) is defined as  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑛𝑛𝑛𝑛 𝑎𝑎𝑜𝑜 𝑤𝑤𝑎𝑎𝑛𝑛𝑤𝑤𝑤𝑤 𝑤𝑤𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑤𝑤𝑎𝑎𝑛𝑛𝑤𝑤𝑒𝑒
𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑒𝑒𝑒𝑒 𝑖𝑖𝑛𝑛𝑒𝑒𝑢𝑢𝑛𝑛 𝑛𝑛𝑎𝑎 𝑒𝑒𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤

= 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠
𝑤𝑤𝑒𝑒𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐+𝑤𝑤𝑓𝑓𝑠𝑠𝑓𝑓

, 𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘ℎ                       (1) 

The reciprocal of SMER is the Specific Energy Consumption (SEC); 
 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑒𝑒𝑒𝑒 𝑖𝑖𝑛𝑛𝑒𝑒𝑢𝑢𝑛𝑛 𝑛𝑛𝑎𝑎 𝑛𝑛ℎ𝑤𝑤 𝑒𝑒𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤
𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑛𝑛𝑛𝑛 𝑎𝑎𝑜𝑜 𝑤𝑤𝑎𝑎𝑛𝑛𝑤𝑤𝑤𝑤 𝑤𝑤𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑤𝑤𝑛𝑛𝑎𝑎𝑛𝑛𝑤𝑤𝑒𝑒

                                                      (2) 
 

In Equations 1 and 2, the amount of water evaporated is the same as the amount of excess 
steam condensate. The total energy supplied to the dryer is the electrical energy supplied to 
the compressor and the fans. 
The COP, the coefficient of performance, determines the effectiveness of a heat pump 
process:  

𝑆𝑆𝐶𝐶𝐶𝐶 = 𝐷𝐷𝑤𝑤𝐷𝐷𝑖𝑖𝑤𝑤𝑤𝑤𝑒𝑒 𝑎𝑎𝑢𝑢𝑛𝑛𝑒𝑒𝑢𝑢𝑛𝑛 (ℎ𝑤𝑤𝑎𝑎𝑛𝑛)
𝑅𝑅𝑤𝑤𝑅𝑅𝑢𝑢𝑖𝑖𝑤𝑤𝑤𝑤𝑒𝑒 𝑖𝑖𝑛𝑛𝑒𝑒𝑢𝑢𝑛𝑛 (𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤)

=  𝑄𝑄𝑑𝑑𝑐𝑐𝑑𝑑𝑒𝑒𝑐𝑐
𝑤𝑤𝑒𝑒𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

                                           (3)  

In Equation 3 the desired output is the heat released from the refrigerant as it condenses in 
the dryer and the required input is the electrical power to the compressor. The desired output 
(Qdryer), is calculated using Equation 4.  

𝑄𝑄𝑒𝑒𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤 = �ℎ𝑖𝑖𝑛𝑛 − ℎ𝐷𝐷𝑎𝑎𝑛𝑛 + ℎ𝑜𝑜𝑒𝑒� ∙ 𝑚𝑚𝑤𝑤𝑤𝑤𝑜𝑜𝑤𝑤𝑖𝑖𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛𝑛𝑛., 𝑘𝑘𝑘𝑘                                 (4) 

 

3. Results 

Results are presented for the averages of the selected performance indicators and their 
variations during the production season. Dimensioning data of the factory are included for 
comparison. The average values of the performance parameters are reported in Table 1, in 
which the dimensioning data and operational data during 2014-2015 are compared. The 
dimensioning data represent the maximum capacity of the drying system under ideal 
conditions. As can be seen in Table 1, it was not operated at maximum capacity during the 
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production season of 2014-2015. The dewatering rate was approximately 76 % of the 
dimensioning value. It should be noted that the total power consumption was larger in the 
operational data, despite a lower production rate. Contrary to what could be expected based 
on production rate and power consumption, the value of COP is higher in operational data 
than in dimensioning data.  

Table 1. Average values of performance parameters along with dimensioning data. 

 

Dimensioning 
data 

Operational data 

Line 1 Line 2 

Production rate {tons/h} 22.2 13.8 15.6 

Moisture evaporation rate (MER) {tons/h} 27.8 20.6 21.5 

Inlet moisture content (MC) {%} 60.0 63.6 61.9 

Total power consumption {kW} 5390 5680 5550 

   

Coefficient of performance (COP) 4 4.32 4.64 

Specific energy consumption (SEC) {kWh/ton} 210 276 260 

Specific moisture evaporation rate (SMER) {kg/kWh} 5.16 3.63 3.87 

          

 

4. Discussion 

As reported in Table 2, the operational data shows lower values of production rate and 
moisture evaporation rate than does the dimensioning data. This result is expected; the factory 
is not operated at its full production capacity. More interesting results from Table 2 is that 
both the total power consumption and the value of COP is higher during operation than in 
the dimensioning data. The lower refrigerant condensation temperature that is required to 
achieve the desired drying rate can explain the higher value of COP. As the temperature 
difference between condenser and evaporator of the heat pump cycle decreases, COP 
increases. This also explains the variations in COP that are seen during the season. In order 
to achieve a higher production rate, the discharge pressure of the compressor is raised, 
thereby raising the condensing temperature and decreasing COP. The larger value of total 
power consumption can perhaps be due to deterioration of the components after many years 
of use, and the decrease in heat transfer are that is seen due to wear. SMER ranges between 
3 and 4 with averages of 3.63 and 3.87. As can be seen in Figure 8 and Figure 10, the 
maximum values of SMER and COP are not coinciding. This shows the importance of 
specifying both dryer performance, such as SMER or SEC, and heat pump performance, 
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COP, when reporting the performance of a heat pump dryer. The differences in performance 
between Line 1 and Line 2 are likely to be due to larger heat transfer area in Line 2. 

The factory has supplied all data that are used in calculations of performance parameters. 
Data on power consumption and production rate are very important for their economic 
monitoring and should be considered as highly reliable. The only measurement that can be 
doubted on its quality is the refrigerant flow rate, which is used in the calculation of COP. Its 
average value is however correct and the average values of COP presented in this article can 
thereby be considered as reliable.  

Heat pump performance and temperature range largely depends on the refrigerant used. 
Refrigerants today often have negative side effects on environment and human health and 
represent a fire hazard. Water has none of the negative side effects that are seen in other 
refrigerants. Using water as refrigerant enables heat pumps to reach higher temperatures; the 
temperatures needed for many industrial purposes. Water refrigerant heat pumps can thus 
find application both in upgrading waste heat into useful heat or steam, and in drying systems 
requiring a higher drying temperature than what can be reached with traditional refrigerants. 
The compressor is reported by scientific literature to be a challenging component in the water 
refrigerant heat pump, but in this drying system there have been no compressor problems. In 
high-temperature heat pump systems, water is the ideal refrigerant. 

This heat pump dryer is a complex drying system. The drying cycle and the heat pump cycle 
are linked together both in the flash dryer and in the steam converter. Fluctuations in inlet 
moisture content of raw material will cause fluctuations in the amount of excess steam 
available for vaporizing the refrigerant. Finding and maintaining the energy balances at the 
right pressures represents a difficulty when operating the system as fluctuations causes 
variations in outlet moisture content and product quality. But this unique system has proven 
successful by running continuously with only small modifications from 1989 until today 
(2017).  

5. Conclusion 

Knowledge from operation of this dryer is valuable for designing efficient new drying 
systems. It proves both that complexity does not have to be a problem for heat pump dryers 
and that water is an excellent refrigerant in high temperature heat pumps. 
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Abstract 
The aim of this work was to evaluate the effect of inlet air temperature and 
gum Arabic concentration on yield of spray drying of soymilk and powder 
quality (moisture content, water activity and antioxidant capacity). Since 
soymilk had a significant lipid content, gum Arabic played a significant role 
as an emulsion stabilizer, improving process yield and preserving antioxidant 
capacity. However, temperature did not affect antioxidant capacity. The 
optimal condition to obtain higher antioxidant capacity was: 30% of gum 
Arabic and 160°C. The powder obtained under optimized condition was 
characterized regarding to bulk density, particle size distribution and 
morphology. 

 

Keywords: soymilk; spray drying; ferric reduction power FRAP; DPPH 
scavenging ability; scanning electron microscopy. 

 

1503



Spray drying of soymilk: evaluation of process yield and product quality 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

1. Introduction 

Recently, the ready-to-drink soymilk has become popular, in which sales volume of 
worldwide in 2015 reached 13.5 billion liters[1]. Vegan and helthy diet folowers are one of 
the major consumers because it is lactose- and gluten-free beverage and contains high-
quality proteins, dietary fiber and antioxidant compounds, such as phenolic compounds[2,3]. 
However, some conservation method is necessary in order to increase its shelf life. Of the 
several drying methods, spray drying is suitable for heat-sensitive products, such as 
soymilk, promoting higher retention of nutrients due to the short residence time[4]. 

When exposed at higher temperature during spray drying, fat present in soymilk (18 g/100 
g solids)[5]  becomes molten, resulting in particle adhesion on the dryer chamber and low 
product recovery[6]. Part of this problem can be solved by adding a carrier agent to the feed 
solution before drying, in order to decrease the fat content[7]. Moreover, since soymilk is an 
oil-in-water emulsion, the thermodynamic instability of this system can result in larger oil 
droplets due to coalescence of droplets dispersed in soymilk. The larger the oil droplets are, 
the higher the breakup during atomization of the emulsion in the spray dryer chamber[8]. 
This breakup of the emulsion favors the increase in of the surface oil, decreasing the 
product recovery[9]. Thus, the addition of carrier agent with good emulsifying properties, 
such as gum Arabic, enhances emulsion stability and, as consequence, product recovery.  

The objective of this work was to evaluate the effect of inlet air temperature and gum 
Arabic concentration on the process yield and powder quality (moisture content, water 
activity and antioxidant capacity).  

2. Materials and Methods 

2.1. Material 

Soybean (Glycine max (L.) Merr.) cultivar BRS 257, which is lipoxygenase-free, was 
acquired from SL Alimentos (Mauá da Serra, Brazil). Gum Arabic (GA) Instantgum BB 
(Nexira, São Paulo, Brazil) was used as the wall material. DPPH 2,2-diphenyl-1-
picrylhydrazyl and TPTZ 2,4,6-tris(2-pyridyl)-S-triazine were used as reagent for the 
analysis of antioxidant capacity, and Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid as standard (Sigma-Aldrich, Saint Louis, USA).  

2.2. Preparation of soymilk 

Soymilk was obtained according to Baú and Ida[2]. About 3 kg of soybeans were soaked in 
water at 1:3 ratio (w:w, soybean:water) for 12 h at 8°C. The grains were drained and 
homogenized with distilled water at 1:8 ratio (w:w, soybean:water) using an industrial 
blender. The slurry was filtered and pasteurized at 90°C for 3 min, obtaining the soymilk. 
The chemical composition of soymilk, obtained by AOAC[10], was (wet basis): moisture 
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content of 94.8±0.1%, ash content of 0.2±0.0%, lipid content of 1.3±0.1%, protein content 
of 2.4±0.0% and carbohydrate content, calculated by difference, of 1.4%. Samples were 
stored at -18°C and thawed according to the quantity required for spray drying. 

2.3. Spray drying of soymilk 

Before spray drying, gum Arabic was dissolved in soymilk at different concentrations 
(Table 1) using a magnetic stirrer. After, the mixture were homogenized at 20,000 rpm for 
5 min in order to emulsify the fat soymilk and break up the clots, returning to a fluid 
consistency. About 400 g of feed solution were fed into the laboratory scale spray dryer 
(MSD 1.0, Labmaq, Ribeirão Preto, Brazil) by a peristaltic bomb at flow rate of 0.4 L/h. 
The feed solution was atomized into spray dryer chamber by a two-fluid atomizer spray 
nozzle with an orifice of 0.7 mm in diameter, using compressed air at flow rate of 40 L/h. 
Inlet air temperature was used according to Table 1. For each assay, the collected powder 
was weighed for subsequent calculation of process yield, which was the ratio of total solids 
mass in the powder to total solids mass in the feed solution. 

Spray drying experiments were carried out according to a central composite rotatable 
design (Table 1) in order to evaluate the effect of inlet air temperature and gum Arabic 
concentration on the responses process yield, moisture content, water activity and 
antioxidant capacity. Experimental data were fitted to Equation (1) [11]. 

                (1) 

Where: y is the response, b0, b1 and b2, b11 and b22, and b12 are the constant, linear, 
quadratic and cross-product regression coefficients, respectively, and x1 and x2 represent 
the coded values of the Tin and GA variables, respectively. 

Regression coefficients of the predictive models were obtained by the Protimiza software 
(http://experimental-design.protimiza.com.br). Coefficients within a confidence level above 
90% were considered significant (p<0.1). Non-significant terms were eliminated, and the 
model was tested for adequacy by analysis of variance (Anova), coefficient of 
determination (R2) and F-test. For powder moisture content, the analysis of results indicated 
the model was linear, and the expansion of the screening design to a central composite 
rotatable design, with the addition of axial points (tests 5 to 8), was not necessary. 
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Table 1. Screening design for spray drying of soymilk, regression coefficients and Anova  

Assay 

Independent 
variables 

Dependent variables 

Tin  GA Y X  Aw FRAP DPPH 

1 140 13 45.6 2.6±0.1 0.149±0.006 25.1±2.0 243.3±14.8 
2 180 13 54.1 1.1±0.0 0.093±0.010 30.2±0.3 223.6±13.5 
3 140 27 59.2 3.5±0.4 0.043±0.002 44.9±3.9 514.3±15.7 
4 180 27 60.5 1.4±0.4 0.088±0.005 46.6±0.8 482.4±5.2 
5 132 20 64.9 - 0.112±0.009 40.3±2.3 330.3±39.5 
6 188 20 57.0 - 0.170±0.004 36.6±0.5 285.3±24.5 
7 160 10 40.1 - 0.165±0.012 26.6±0.7 168.3±10.4 
8 160 30 60.7 - 0.095±0.008 43.7±1.1 543.3±26.5 
9 160 20 69.8 2.2±0.1 0.168±0.012 43.7±1.1 343.6±3.5 

10 160 20 64.2 2.0±0.2 0.108±0.016 37.0±0.6 293.2±31.3 
11 160 20 66.6 2.4±0.0 0.122±0.006 37.4±0.8 319.3±8.7 

Regression coefficients 

 b0 66.9 2.2 0.12 36.9 327.6 
 b1 NS -0.9 NS NS -14.4 
 b11 -3.2 - NS NS NS 
 b2 6.1 0.3 -0.03 7.6 132.52 
 b22 -8.4 - NS NS 22.18 
 b12 NS NS NS NS NS 
 R2 0.88 0.95 0.36 0.90 0.98 
 Fc 17.2 38.0 5.0 80.3 124.3 
 Ft 3.07 4.32 3.36  3.36 3.07 

         NS is non-significant (p>0.1) 

 

2.4. Analytical methods 

2.4.1. Physicochemical properties of the powders 

Moisture content was determined gravimetrically in triplicate in an oven at 105°C for 
24h[10]. A thermohygrometer Aqualab (4 TEV, Decagon, Pullman, USA) was used to 
measure water activity at 25°C. Bulk density was calculated by dividing the mass of 
powder by the volume occupied in the cylinder after tapped by hand. Particle size 
distribution and mean diameter particle D43 were obtained, in triplicate, using a laser light 
scattering analyzer (Mastersizer, model 2000, Malvern, UK). Particle microstructures were 
evaluated by a scanning electron microscope (Leo 440i, LEO Electron Microscopy/Oxford, 
Cambridge, England).  
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2.4.2. Antioxidant capacity of the powders 

Prior to the analysis, 0.5 g of powder were dissolved in 8 mL of destilled water. 
Antioxidant capacity by donating hydrogen atoms to the DPPH radical and by ferric 
reduction power FRAP were determined according to Brand-Williams et al.[12] and Benzie 
and Strain[13], respectively. For DPPH and FRAP method, after reaction, the sample 
absorbance was measured at 517 and 595 nm, respectively, using an UV-visible 
spectrophotometer. Analytical curves with different concentrations of Trolox, ranging from 
1,000 to 5,000 µM for DPPH and 50 to 600 µM for FRAP method, were used for the 
subsequent calculation of the results in µmol Trolox equivalent (TE)/g of soymilk solids. 
All assays were performed in triplicate. 

3. Results and discussion 

3.1. Spray drying of soymilk 

The regression coefficients for the responses, F-values, p-values and R2 are presented in 
Table 1. After exclusion of non-significant terms (p>0.1), the predictive models were tested 
for accuracy of fit by Anova. When the calculated F-value Fc was greater than the tabulated 
F-value Ft, the variation was explained by the regression and not by the residues. Thus the 
regression was significant, and the model could be considered predictive. Figure 1 shows 
the response surfaces generated by the proposed models. 

Analyzing Figure 1(a), GA had greater influence on process yield than Tin. As expected, the 
increase of GA up to 22.5% enhanced powder recovery, since the addition of carrier agent 
decreased the fat content in the feed solution. This fact reduces the particle adhesion on the 
dryer chamber, which could occur due to the fat melting during spray drying[7]. However, 
an opposite behavior could be seen at GA above 22.5%. This result can be related to the 
high powder moisture content (Fig. 1(b)). Higher carrier agent concentration increases the 
feed viscosity, resulting in greater droplets atomized during spray drying. Thus, there is a 
poor heat and mass transfer between the droplets and drying air, resulting in the formation 
of wetter and sticker particles. 

The antioxidant capacity of spray-dried soymilk ranged from 168.3 to 543.3 µmol TE/g for 
DPPH and 25.1 to 46.6 µmol TE/g solids of soymilk for FRAP method. Since soymilk 
solution presented 742.6±36.2 and 200.2±6.2 µmol TE/g solids, there was a retention of 
antioxidant capacity varying from 22.7 to 73.2% and 12.5 to 23.3%, for DPPH and FRAP 
methods, respectively. Figures 1(c) and 1(d) show the positive effect of gum Arabic 
concentration on antioxidant capacity for both methods. Since soymilk had a significant 
lipid content, gum Arabic played a significant role in spray drying as an emulsion stabilizer,  
encapsulating and preserving the antioxidant substances present in soymilk. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1. Influence of independente variables on the responses: (a) process yield, (b) moisture content 
and (c) antioxidant capacity by DPPH and (d) FRAP methods 

 

3.2. Characterization of the powder obtained under the optimum condition 

HIgher process yield and antioxidant capacity were obtained at 160°C and 30% of GA. 
Under this optimum condition, process yield was 58.7%. The powder presented moisture 
content of 1.5±0.2%, antioxidant capacities by FRAP and DPPH methods of 38.9±1.6 µmol 
TE/g and 586.0±0.1 µmol TE/g, respectively; bulk density of 0.40±0.01 mg/ml and mean 
diameter size  of 9.18±0.33 µm.  Particle size distribution and the morphology evaluated by 
scanning electron microscopy were shown in Figure 2. Particles presented a continuous 
wall without fissures or cracks. Such characteristics is desirable to effectively protect the 
antioxidant compounds. However, particles had an irregular structure, which adversely 
affect the flow properties of the powders. This morphology can be result from slow film 
formation during drying of the atomized droplets, causing their shrinkage during the final 
stages of drying and cooling[14].  
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(a) 

 
(b) 

Fig. 2. Particle size distribution (a) and micrograph of the spray-dried soymilk with magnification 

of 2000 (b) 

 

4. Conclusions 

This work demonstrated the significant role of gum Arabic in spray drying of soymilk as an 
emulsion stabilizer, since there was an improvement on product recovery and retention of 
antioxidant capacity. In order to obtain maximum process yield and antioxidant capacity, 
the optimal condition was proposed: 30% of GA and 160°C, in which process yield was 
58.7%. There was a siginificant retention of antioxidant capacity by donating hydrogen 
atoms to the DPPH radical (78.9%) after spray drying; however only 19.4% of ferric 
reduction power of soymilk solution was preserved. 

5. Nomenclature  
Aw water activity  

DPPH DPPH scavenging ability µmol TE/g soymilk solids 

FRAP ferric reduction power µmol TE/g soymilk solids 

GA gum Arabic concentration % 

Tin Inlet air temperature °C 

X moisture content % (wet basis) 

Y process yield % 
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Abstract 
A mathematical model was established to predict the mean value and 
variance of tobacco strip during drying processing, based that the physical 
and chemical properties of tobacco strip as agriculture products show 
probability distributions. The results show that the model can predict the 
mean value of moisture content at different times, and there is a certain 
deviation in predicting the variance of moisture content at initial stage of 
drying process. However, the prediction value of the variance of tobacco 
strip is much more accurate while the moisture content is between 8% and 
10%, which is the interval of quality requirements. 

 

Keywords: tobacco strip; drying; mean value;variance model. 
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1. Introduction 

The studies on the drying process of tobacco raw materials[1] focused on the dynamic 
characteristics of water migration, due to its important effect on the physical and sensory 
quality of tobacco products[2-3]. Moreover, the water stability was an important product 
quality control target in the drying process. The current researches on the dynamic drying 
process of tobacco materials mainly involved the prediction of the water migration law 
under different drying methods, temperatures, humidities and pressures through thin layer 
models, semi experiences and empirical models[4-6]. However, as a agricultural product, 
tobacco raw materials did not have the uniform physical and chemical properties, always 
showing widespread characteristics. Tobacco strip was constantly switched between the 
humidifying section and the drying section, leading to a non-equilibrium state during the 
dynamic processing of tobacco strip. Therefore, It is difficult to describe the production 
stability by the mean moisture content of tobacco strip. In this study, the Newton model 
was selected as the basic model for describing the drying processing of tobacco strip. 
Combining the approximate calculation method of the mean value and variance of 
multidimensional continuous random variable nonlinear function, a prediction model of 
water stability was finally established to describe the mean value and variance of tobacco 
strip’s moisture content during the drying processing of tobacco strip. Moreover, the model 
validation was carried out by comparing with the measured experimental data. 

2. Materials and Methods 

2.1. Materials 

The experimental tobacco samples included tobacco strips(C2F and C2L, 2015) from Fujian, 
Jiangxi, Hunan, Sichuan, Anhui, Henan, Jilin, Liaoning and other provinces. 

The length and width of tobacco strip samples were about 2cm×2cm, and the tobacco 
strips were put into a constant temperature and humidity box with 40°C and 80% relative 
humidity(RH), equilibrated 24 hours, then were sealed in self-sealing bag. 

2.2. Measurement of tobacco strip’s equilibrium moisture content 

The equilibrium moisture contents of tobacco strip samples were measured by an test 
device for tobacco isothermal adsorption/desorption property. The mass of samples were 
1.0g, The gas flow rate was 4800ml/min, the drying temperature was set at 70°C, the 
relative humidity was set to 30%, and the drying time was 2h. The equilibrium moisture 
contents were calculated by the final mass and the initial mass of tobacco strip samples. 
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3. Prediction model of moisture content stability during tobacco strip drying 
process 

Although tobacco strip drying process were carried out under the same temperature and 
humidity treatment conditions, the initial moisture content, the balance moisture and the 
drying rate of the tobacco strip samples showed random distribution. Therefore, the drying 
model shoud be further established base on its probability distribution characteristics. 
3.1. The mathematical expectation and approximate variance 

When each factor is a continuous random variable, and the influence to the result is a 
nonlinear function, the expectation and variance of the random variable function can be 
calculated by an approximate method. The calculation method is to expand the nonlinear 
function of the random variable at its expected value Taylor series, abandon the high order 
term and calculate the expectation and variance of the random variable function. For 
multivariate random variables, the expression of mathematical expectation and variance is 
as follows: 

If ix （ i =1, 2, , n）were the independent random variables，  the mathematical 

expectation ( )i iE x  , the variance ( )i iD x  , and the random variable function 

1 2 n( ) ( , ,..., )iZ x g x x x has two order continuous partial derivative at point 

( 1 2 n, ,...,   ), then the mathematical expectation 
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And the approximate variance 
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3.2. Newton drying model based on multidimensional continuous random variables 

The Newton model was used as the basic drying model，and the decision coefficient(R2) 
and the chi square(2) were used for the evaluation of the model. For Newton model, the 
drying rate is proportional to the moisture content. 

 

0(0)
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In the upper formula, x , k , ex  and 0x  respectively indicate the mean value of the 

moisture content(db.), drying rate constant, equilibrium moisture content(db.) and initial 
moisture content(db.) of tobacco strips. The relationship between water and time is 
obtained as follows by solving the above equations. 

 0( ) ( ) expe ex t x x kt x          (4)  

During the actual drying process of tobacco strips, 2
k , 2

e  and 2
x  respectively indicate 

the variance value of drying rate constant, equilibrium moisture content(db.) and initial 
moisture content(db.) of tobacco strips. As the drying rate constant, equilibrium moisture 
content(db.) and initial moisture content(db.) of tobacco strips were independent, The 
moisture content’s mean and variance valuse of tobacco strips at t  time could be calculated 
as follows as a mean and variance of a random variable function. 

      2 2
0 0

1( ) ( ) exp ( ) exp
2e e e kE x t x x kt x x x kt t           (5) 

     2 2 2 2 2 2 2
0( ) exp 2 ( ) 2expx e k e e eD x t kt x x t kt              （6） 

From the formula (5) and (6), the mean and variance values of moisture content during the 
actual drying process could be calculated by mean values of Newton model parameters, and 
the error decreased with exponential function. Moreover, the variance of moisture content 
decreased exponentially with the increasing drying time, and finally decreased to the 

variance of equilibrium moisture content ( 2
e ). 

4. Results and discussion 

4.1. The drying kinetic curves of tobacco strips 

The drying kinetic curves of 83 types of tobacco strips samples from different localities 
were obtained under the drying temperature of 70°C and 30% RH(Fig. 1). The above 
results showed that, the initial moisture contents of the sample were distributed in an 
interval after the same pretreatment, and the moisture contents changed at different drying 
rates. Moreover, the moisture of the tobacco strips rapidly decreased at the initial stage 
during a fast drying stage. Then the drying rates reduced gradually leading to a slow drying 
process, and finally reached the equilibrium moisture contents under the drying condition. 
The distribution of the equilibrium moisture contents was more concentrated. The moisture 
content decreased with exponential trend during the whole drying process. 
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Fig. 1 The drying kinetic curves of tobacco strips. 

 
4.2 Probability statistics 

The frequency (H) distribution of the initial moisture content, equilibrium moisture content 
and drying rate constant (k) of Newton model under the same drying conditions were 
shown in Fig. 3. The results indicated that the initial moisture content, equilibrium moisture 
content and drying rate constant had the same normal distribution form and all the decision 
coefficients(R2) of Newton model were higher than 0.985, showing that the Newtong model 
was suitable for calculating these drying process. The correlation analysis of the initial 
moisture content, equilibrium moisture content and drying rate constant (k) of Newton 
model was shown in Table 1. The results showed that these above factors had weak positive 
correlation and negative correlation, according with the model requirements for 
independent variables. 

 

Fig. 2 The frequency (H) distribution of the initial moisture content, equilibrium moisture content 
and drying rate constant (k) of Newton model under the same drying conditions 
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Table 1. The correlation analysis 
Factor k The initial 

moisture content 
The equilibrium 
moisture content 

k 1   

The initial moisture content -0.296 1  

The equilibrium moisture content -0.457 0.545 1 

 
4.3 Model validation 

The predicted moisture content’s mean and variance values during the drying processing of 
tobacco strips were compared with the measured values in Fig. 3. The results showed that 
the difference between the predicted and measured mean values of tobacco strips moisture 
content (db.) was relatively small, which indicated that this model could predict the mean 
value of the whole drying process. Moreover, the difference between the predicted and 
measured variance values of tobacco strips moisture content (db.) increased first and then 
decreased, while the predicted variances obtained by approximate method were a little 
smaller than the actual statistical value, due to the nonlinearity of Newton model and a 
certain correlation of these model parametes. It was worth noting that the target moisture 
(db.) in the typical tobacco strips drying processing were between 8.7% and 11.1%, which 
was included in the critical area of free water and combined water. In this moisture content 
interval, the difference between predicted values and measured values became rather small, 
which indicated that the predicted model was reliable between the moisture content interval 
of the drying process quality requirement. 

 

Fig. 3 The measured and predicted moisture content’s mean and variance values during the drying 
processing of tobacco strips. 

 

1516



Zhang, M. J.; Huang, F.;Chen, Q.; Wang. L.; Wang, H.; Li, B.; Wang, B. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

5. Conclusion 

Combining the approximate calculation method of the mean value and variance of 
multidimensional continuous random variable nonlinear function, a mean and variance 
prediction model of the tobacco strips’ moisture contents during the drying process was 
established base on Newton model. Moreover, the distribution and linear correlation 
between the initial moisture content, equilibrium moisture content and drying rate constant 
were discussed, which was consistent with the application requirements of the model. The 
predicted model showed good performance on the prediction of mean moisture contents 
during the whole drying process. The prediction of moisture contents’ variance had a 
certain deviation in the initial drying stage, while the predicted variances were more 
accurate between the moisture content (db.) interval (8.7%~11.1%) of the drying process 
quality requirement, which was included in the critical area of free water and combined 
water. 
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Abstract 
The aim of this work was to determine the microwave drying kinetics of 
Eucalyptus Gomphocephala wood  and to investigate the influence of 
intermittent and continuous heating  processes on the end quality of dreid 
samples.  The average moisture content evolution and temperature of wood 
samples under different microwave powers were analyzed in terms of drying 
time and internal temperature level. Results show that the increase of 
microwave power level decreses the drying time and increases the internal 
wood temperature. Based on qualitative observations on the state of dried 
samples, the intermittent microwave powers intensity process present the 
optimal processing parameter in microwave drying of  Eucalyptus wood 
species. 

Keywords: microwave drying; power; intermittent; continuous; Eucalyptus 
wood. 
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1. Introduction 

Drying is an operation process consisting of the removal or reduction of water from a 
product. This process is often used as a final production step before selling or packaging 
products, especially wood, to ensure its structural stability, to remove fungal attacks and to 
improve its mechanical performance... There are different methods of drying wood, and the 
majority of industrial dried timber is processed with convective drying. This conventional 
drying of wood is slow and costly process [1]. For that reason, interest is oriented to study 
the electro heating technology of wood, in particular, microwave energy for specific 
applications in the wood industry to achieve specific objectives, such as reducing the drying 
time and energy consumption, accelerate internal transfers of mass and heat and providing 
good mechanical properties with high strength [2,3]. 

The principle of microwave heating is based on the concept of internal generation of heat. 
If wood is exposed to an electromagnetic field with such high frequency as is characteristic 
for microwave, the water molecules, which are dipoles, begin to rotate at the same 
frequency as the electromagnetic field. At a frequency of 2.4 GHz the alternating electric 
field component oscillates very quickly and the strong agitation, provided by cyclic 
reorientation of molecules, produce friction of water molecules can result in an intense 
internal heating of wood [3,4]. The interaction between microwave and wood material 
depends on power and frequency of microwave oven, on geometric and dimensions of the 
wood sample, on water content and the dielectric properties [4].  During drying, moisture, 
temperature, and gas pressure gradients involve product shrinkage and then development of 
strain and stress fields inside the Eucalyptus wood samples. So, the quality of drying of 
eucalyptus wood vary according to the type of microwave drying. According to our 
bibliographic research, few published works concerning the impact of microwave heating 
on qualitative behavior of dried Eucalyptus wood and no information about 
Gomphocephala wood has been published, and there is a lack of information on the 
continuous and intermittent microwave heat treatment of Eucalyptus wood. Intermittent 
drying is based on oscillating of operation conditions such as the temperature, relative 
humidity, speed of the air flow… This technique should make it possible to relax some of 
the mechanical stress induced by drying inside the material [5]. Microwave drying under 
controlling conditions has been the subject of some research works. Lars H. [6] has shown 
that microwave drying under controlled temperature conditions reduces internal stress and 
prevents checks of samples. L. Hansson, A.L. Antti (a) [7] showed that controlled 
microwave drying can improve a better wood resistance in a shorter drying time and the 
results are comparable to those obtained by conventional drying. In addition, Bruno 
Monteiro Balboni et al [8] have shown that drying at high microwave power produces 
reductions of wood strength and more drying defects than low microwave power. The 
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present work is particularly interested in the microwave drying of Eucalyptus wood 
(Gomphocephala) from the northeastern region of Tunisia. Kinetics of intermittent and 
continuous microwave drying of wood sample under different microwave power were 
analyzed in order to determine the drying temperatures levels and to evaluate the potential 
of microwave irradiation on the final behavior of dried wood.  

2. Materials and Methods 

2.1. Eucalyptus wood (Gomphocephala) 

Eucalyptus trees are characterized by their ecological plasticity and their rapid growth. It 
covers 18 million ha in 90 countries in the world. Eucalyptus is mainly used in the wood 
industry and it is also used as an energy source or in building. Previous studies have shown 
that Eucalyptus wood has a specific sensitivity during final drying as collapse, cracks and 
warps [9]. The samples of green Eucalyptus wood used in this work were recommended by 
the INRGREF. The samples are rectangular (30* 5 * 2 cm3) size boards, sawn in the fibers 
direction (longitudinal direction) and have an initial average moisture content of 52%, 
(Fig.1). The mass of dry wood was obtained after keeping the samples in a controlled 
temperature oven at 103°C until a constant mass was reached. These samples are wrapped 
with cellophane paper and stored in a refrigerator until the date of the experiments to retain 
their green state properties. The drying conditions achieved are presented in (Table 1). 

 

Fig.1 Eucalyptus tree (Gomphocephala): region of Oued Ksab, Tunis, Tunisia. 

Table 1: Parameters of continuous and intermittent microwave heat treatment for different 
microwave power.  

Drying 
conditions 

Microwave 
power (Watt) 

Continuous 

 drying (min) 

Intermittent drying (min) 
Total drying Microwave drying One complete 

"on -off" cycle 
P1max 300 95 1020 780 7 
P2max 500 40 736 363 15 
P3max 1000 12 445 180 25 
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2.2. Drying unit: Laboratory Microwave oven  

The experimental setup used in this work is a laboratory microwave oven (Fig.2) with a 
working cavity of 34 x 33 x 20 cm3, a relative humidity ranging from 10 to 90% and a 
vapor extracting system. This microwave oven operating at 2.45 GHz frequency is able to 
provide a maximum power of 1000 W. During the drying process, the lumbers were placed 
at the center of the drying chamber and removed periodically to measure their mass. The 
wood temperature is also measured during the experiment. The product moisture content in 
the dry basis (kg of water/ kg of dry matter) is calculated according to the following 
relationship: 

 100
W

W100
Wd

W-WM(%)
d

waterd   (1) 

The moisture content ratio was given by the following equation: 

 
iniM

MMR   (2) 

 

Fig.2: Laboratory microwave oven BP-301. 

3. Results and discussion 

3.1. Kinetics of continuous and intermittent microwave drying 

The effect of microwave power on the evolution of the average moisture content of 
Eucalyptus wood (Gomphocephala) is shown in (Fig.3). For both kinds of drying an 
increase of microwave power decreases the drying time and increases both the core 
temperature and therefore the internal gas pressure of wood sample.  

Figure4 shows the simultaneous evolution of the average moisture content and the 
temperatures of the top surface, the bottom surface and the center of the wood during for a 
continous microwave drying at a high level of microwave power. The beginning 
corresponds to a warming phase where temperature evolves quickly and water content 
drops slightly. The second phase corresponds to a vaporization phase where temperature is 
mostly constant near 100°C and water content decreases rapidly. The third phase is the 
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heating one, where the loss of water slows down and the temperature of the wood increases. 
This behavior is similar to those observed by other researchers [10]. 

3.2. Influence of continuous and intermittent process on final quality of dried wood  

At this section we will focus on qualitative evaluation of the impact of continuous and 
intermittent heat treatment on the final quality of dried Eucalyptus wood. The adopted 
approach is based on qualitative observations on the final state of the dried wood in terms 
of deformations, warping, slits, checks, splits and colorations. 

 
Fig.3: Moisture content versus time for different drying conditions.(a) continuous drying; 

(b) intermittent drying. 

 

 

 

 

 

 

 

 

 

Fig.4: Core and surfaces  temperature and moisture content versus time at high microwave power. 

These observations are illustrated by photos of the wood samples relating to each type of 
drying achieved. Figure5 shows the wood sample dried continuously under high microwave 
power (1000W). After 12 min of drying, the black color appears indicating a carbonization 
of the ligneous material of the wood.  
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Fig.5: Effect of continuous microwave drying of  wood at a maximum power (1000 W).   

In addition, the darkening is located in the center of the plate illustrating the intense internal 
volumetric heating in the case of microwave heat treatment [11]. In the case of of continous 
drying process under 500 Watts of microwave power, these defects are observed at the end 
of drying (Fig.6).  

     
Fig.6: Effect of continuous microwave drying of  wood at 500 W; Before and after drying. 

During a rapid drying at high microwave power, an over gas pressure is generated under the 
increasing of internal temperature of wood. The temperature increases continuously (up to 
120°C) and passes through the boiling point of water and the resultant intense internal gas 
pressure pushes the water, so the mixture of water and gas will be forced out from the 
wood. Indeed, the high microwave power generate the over gas pressure inside the wood, 
which can break some intercellular bonds and causes internal checks, cracks and fissures in 
the wood structure. In order to avoid the problems related to the overpressure of the internal 
gas and the carbonization of wood material due to high temperatures, it is necessary to 
apply relatively low microwave power. Also, under the low microwave power 300 Watts 
we abserved the warping of the wood samples at the end of the continuous drying process 
(Fig.7). Indeed, temperature increases on the board surface. The degradation occurs in 
wood heated above 100°C, and can affect the chemical constituents of the cell wall or cause 
major structural damage. This efect was already observed by Eva Hermoso et al.[12]. 

 

 

 

 

 

Fig.7: Effect of continuous microwave drying of  wood at 300 W of power; Before and after drying. 
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The second solution proposed in this study is to apply an intermittent drying process. This 
process is only considered at the microwave power level, and the conditions of drying are 
shown in (Table 1). The qualitative observations are illustrated by the photos of dried wood 
samples, (Fig.8). It is observed that drying defects related to the level of microwave power 
in the continuous drying are absent in the intermittent drying. The absence of the various 
defects can be explained by the cooling of wood sample and mechanical stress relaxation 
during the intermittency phase. 

 
Fig.8: Effect of intermittent microwave drying of  wood at 500 W; Before and after drying. 

One can notice that oscillation of the microwave power between 0 and Pmax increases 
drying time compared to continuous drying (See Figure 3) but allows to reduce average 
temperature and internal gaz phase. The optimization of the intermittency phases make it 
possible to optimize drying in terms of drying time and wood quality. 

4. Conclusions 

The experimental results indicated that increasing the microwave power decreases the 
drying time and increases both the core temperature and the internal gas pressure of wood 
samples. The phenomenon of internal heat generation during microwave drying wood was 
verified by the temporal evolution of temperature curves. A qualitative analysis of dried 
wood samples proves that the intermittent microwave drying reduces the defects related of 
drying and improved product quality compared with continuous microwave drying. As an 
extension of this work, mechanical tests of axial compression and static bending strength 
will be held. Optimization of intermittency phases will be also carried by the help of 
modelling heat, mass and mechanical behavior of wood sample on intermittent microwave 
drying. 

5. Nomenclature  

P 
T 
W   
Wwater 
Wd 
Mini      

Microwave power 
Temperature 
Wood sample mass 
Water mass 
Wood sample dry mass 
Initial moisture content 

Watt 
°C 
kg 
kg 
kg 
kg water/kg DM 
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Abstract 
Acerola (Malpighia emarginata D.C.) is a tropical fruit which has attracted 
recent industrial interest, due to its high levels of bioactive compounds and 
vitamin C. However, acerola processing generates a substantial amount of 
wastes, which can represent up to 40% of total processed volume. The drying 
of acerola residues in a new dryer, developed by our research group, named 

as roto-aerated dryer, has been investigated. This dryer provides a better 

fluid-particle contact than the conventional rotatory dryer. A pre-drying 
system with infrared lamps has been installed in the feed of this new dryer. 
The effect of the pre-treatment of this fruit residues with ethanol was also 
investigated. The results shown that the roto-aerated dryer assisted by 
infrared radiation hybrid combined with a pre-treatment with ethanol is a 
good alternative for processing fruit residues, aiming their reuse. It was 
possible to identify conditions under which the phenolic, flavonoid, and 
antioxidant capacity presented high levels after drying. The main phenolic 
compounds were idenfied by HPLC. 

 

Keywords: Drying; roto-aerated dryer; infrared; acerola 
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1. Introduction 

Byproducts of fruit processing industries, such as seeds, kernels and bagasse, which were 
previously considered wastes, have high potential to be used as food supplement. This 
aspect, along with the increasing global interest in environmental friendly technologies, 
explains the interest in a better utilization of fruit processing industries residues [1].  

Acerola (Malpighia emarginata D.C.) is a tropical fruit originates from tropical America. Its 
pleasant flavor and the high levels of vitamin C have led to its increasing use in the form of 
juice, jelly and compote. The residues of acerola processing can contain higher amounts of 
phenolic and other bioactive compounds than the edible fleshy parts. [1] 

A challenge faced by drying of this fruit residues is to reduce the exposure time  at elevated 
temperatures, which may cause deterioration of the bioactive compounds present in the 
material [2]. Rotary dryers are interesting alternatives for drying of  fruit residues, because 
of their flexibility in handling a wider range of materials than other types of dryers. Several 
studies in the literature [3] have focused on developing modifications on rotary dryers to 
improve their performance. Thus, another version of the rotary dryer, named as roto-aerated 
dryer, was designed by our research group. The main characteristic of this non-
conventional rotary dryer is the effective contact time between hot air and wet solids and 
consequently the drying efficacy [3].  

In this work, a pre-drying system with infrared lamps has been installed in the infeed 
conveyor of this new dryer. The effect of a pre-treatment of the acerola residues with 
ethanol was also analyzed. The drying performance of this novel system was investigated. 
The quality parameters, such as phenolics and flavonoids contents  were also studied. 

2. Materials and Methods 

2.1. Material 

The acerola wastes used in this work came from industrial juice processing (Fruteza 
Company, from Sao Paulo-Brazil). The material was stored in frozen at approximately -
18°C. The Samples were removed from the freezer 12 hours prior to the drying and then 
placed in the refrigerator at 5ºC to thaw.  

2.2. Experimental apparatus and conditions 

Figure 1 shows a schematic diagram of the experimental apparatus which consist of a 7.5-
HP blower coupled to a duct; an air heating system comprised of electric resistances 
controlled by a variac and the roto-aerated dryer.  The solids feed was performed through a 
conveyor belt (3) mounted below a reservoir (4), where the wet particulate material was 
stored. The material was conveyed to another conveyor (5) in order to more effectively 
adjust the feed rate. On the second conveyor belt was mounted a pre-drying system with 
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four infrared lamps (6). The power of the lamps was adjusted by a Variac transformer (0 to 
1200 W).  The drum (7) inclination angle was 3º, and the rotation speed was 2.7 rpm. The 
drum used in this study was 1.5 m long and 0.29 m wide. The configuration of the roto-
aerated dryer had 56 mini-pipes (8): 10 mini-pipes near the solids feed, with 0.004 m 
diameter; 12 mini-pipes in the middle with 0.006 m diameter, and 34 mini-pipes near the 
solids discharge with 0.009 m diameter. The mini-pipes had a length of 0.095 m and they 
were placed at 0.02 m from the particle bed. The solids flow rate was of 0.045 kg min−1. 
The temperatures of the air and solids were measured using copper–constantan 
thermocouples calibrated by means of a thermostatic bath and a mercury thermometer with 
a precision of 0.05 ºC. The relative humidity ranged between 30 and 40%. For the 
conditions used in the present work,the holdup ranged from 65.6 g to 194.2 g. The 
residence time (τ) was determined by the ratio between hold up and the solids flow rate. 
The pre-treatment with ethanol have been performed spraying 93.2◦GL ethanol onto the 
residues, in the proportion of 2 L of alcohol to 3 kg of solids [4]. 

 

Fig. 1 Experimental apparatus. 

 The experimental conditions were chosen considering a central composed design [3] with 3 
replicates at the center levels (Table 1). The independent variables analyzed were the air 
velocity (v), air temperature (T) and infrared lamp power (P).  

Table 1. Experimental design 
Exp. T (ºC) v (m/s) P (W) Exp. T (ºC) v (m/s) P (W) 

1 80.0 1.5 600.0 11 115.0 1.3 850.0 
2 80.0 1.5 1100.0 12 115.0 3.3 850.0 
3 80.0 3.0 600.0 13 115.0 2.3 511.7 
4 80.0 3.0 1100.0 14 115.0 2.3 1188.3 
5 150.0 1.5 600.0 15 115.0 2.3 850.0 
6 150.0 1.5 1100.0 16 115.0 2.3 850.0 
7 150.0 3.0 600.0 17 115.0 2.3 850.0 
9 150.0 3.0 1100.0 18 180.0 2.3 1188.3 
8 67.6 2.3 850.0 19* 180.0 2.3 1188.3 

10 162.4 2.3 850.0     
* With pre-treatment with ethanol 
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2.3. Quality parameters 

The moisture content was determined by the oven method at 105 ± 3 ◦C for 24 h. The 
Kjeldahl method was used to determine the protein content, while the crude lipid and total 
dietary fibers (TDF) were determined using the Soxhelt method and neutral detergent 20% 
method, respectively, according to AOAC methods [5].  The carbohydrate content was 
determined by the difference. Minerals were quantified by X-ray fluorescence (FRX) using 
a Shimadzu device (EDX-720).Total phenolics content (TPC) were determined by the Folin 
Ciocalteu method [6], using gallic acid monohydrate (99%). Total flavonoids content (TFC) 
were determined using the colorimetric method described by Zhishen et al. [7]. DPPH 
analyzes were performed according to Brand-Williams et al. [8]  to obtain the amount of 
antioxidant necessary to decrease the initial DPPH• concentration by 50% (IC50). The 
phenolic acids was identified through HPLC according to Ribeiro et al. [9]. All analyses of 
antioxidant compounds were performed in triplicate and the results expressed in mean 
value ± SD. The differences between means were analyzed by analysis of variances 
(ANOVA with p < 0.05).  

3. Results and Discussion 

The characterization of acerola residue showed that this material had a high concentration 
of total fibers (51.12 ± 0.52 g/100 g d.w.). The Food Nutrition Board (FNB), through the 
Indicated Daily References (DRI), set the appropriate recommendation for 38 g fibers for 
men and 25 g for women, both adults. The amount of protein (10.13 ± 0.15 g/100 g d.w.), 
lipids (5.43 ± 0.37 g /100 g d.w.) and carbohydrates (30.86 ± 0.12 g/100 g d.w.) 
demonstrate the potential of this material to be used as a food supplement, aiming to add 
protein and energy values. The results of the X-ray fluorescence spectrometry (FRX) 
analysis showed the predominance of potassium (3650 mg/100g d.w.), calcium (805 
mg/100g d.w.) and phosphorus (420 mg/100g d.w.) in the acerola residue. Magnesium (130 
mg/100g d.w.) and molybdenum (30 mg/100g d.w.) were also detected. These compounds 
participating in metabolic reactions and are also associated with prevention of 
cardiovascular disease, decreased osteoporosis, diabetes and Alzheimer's [1].  

Figure 2 show the results of drying of acerola residues in the roto-aerated dryer assisted by 
infrared radiation. The initial moisture content of the material was 78.7 ± 0.8 g/100 g w.b., 
and after the infrared radiation  (Minfrared) reached until 59.1 g/100 g w.b. (Experiment 14 
(E14) - 1188 W), a 24.3% of moisture reduction. The exposure time of the material to the 
infrared lamps was 9 min. For the powers of 600, 850 and 1100 W the average moisture 
reduction was 1.9 ± 0.1%, 11.4 ± 1.0% and 18.3 ± 1.6%, respectively. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 2  Results of drying of the acerola residue after infrared and roto-aerated. 

The moisture of the material fed to the roto-aerated dryer varied according to the power of 
the infrared pre-drying, which was 77.3 ± 0.5 (600 W), 69.7 ± 0.9 (850 W) and 64.7±1.0 
(1100 W) g/100 g w.b. The average residence time of the material in the dryer ranged from 
3.0 min (E17) to 6.8 min (E3). The final moisture of the material after the roto-aerated 
dryer (Mroto) ranged from 65.8 to 36.6 g/100 g w.b. for conditions E1 and E14, respectively. 
Therefore, it was possible to reduce the initial moisture content of the material by up to 
53.5 % in a period of 13.5 min. This is a short time when compared to other drying 
techniques already used for dehydration of the acerola residue. The tray dryer requires 120 
to 220 min [10] and the fixed bed of 25 cm of thickness requires 159.3 to 300.7 min [11]. The 
reduced time required for drying in a roto-aerated dryer is due to its excellent fluid-particle 
contact [3]. It is also worth mentioning that prolonged drying times can result in the 
degradation of bioactive compounds [2].  

The last two experiments (E18 and E19) were performed at the same operating conditions 
(180.0 ºC, 2.3 m/s and 1188.3 W). However, the experiment E19 was performed  with pre-
treatment with ethanol. The moisture reduction after the infrared was 22.9% and 34.0% and 
after the roto-aerated was of 59.1% and 91.1%, for the acerola residue with (E19) and 
without ethanol pre-treatment (E18), respectively.  
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Considering that a drying process can affect the final quality of the product, it is also 
important to evaluate the quality indices. The quality of acerola residues has been evaluated 
by the quantification of total phenolic compounds (TPC), total flavonoids (TFC) and 
antioxidant activity (IC50).  

Figure 2-b shows that TPC was lower in the conditions with higher power of the infrared 
lamps and/or higher drying air temperature. Phenolic losses may occur due to enzymatic 
and non-enzymatic oxidative reactions. Similar results were found by Nunes et al. [12] in 
guava drying. According to Maillard and Berset [13], thermal degradation also may 
contribute to phenolic losses. The highest reductions were 21.0 % (522.0 ± 20.0 mg/100g 
d.w.) and 23.6% (504.7 ± 21.0 mg/100g d.w.) for conditions E14 (moisture 36.6 g/100 g 
w.b.) and E18 (24.9 g/100 g d.w.), respectively. Despite the reductions in TPC, the dried 
material presents good potential and can be considered as with intermediate concentrations 
according to Vasco's classification [14].  

Fig. 2-c shows that the TFC of the acerola residues after drying, in all operating conditions, 
have been in higher levels. The highest levels of TFC were obtained in intermediate levels 
of infrared power and drying air velocity (E9 and E10). This behavior might be explained 
by the liberation of phenolic compounds due to the breaking of the cellular constituents 
during the drying process and due to presence of melanoidins and from the Maillard 
reaction, thereby interfering with the antioxidant properties [12].  

The antioxidant activity was evaluated using the DPPH* radical capture method, the results 
were expressed as IC50 (μg sample / mL capable of reacting with 50% of the radical present 
in the DPPH * solution). Thus, the lower the IC50 value, the higher the antioxidant activity 
of the analyzed material. The lowest IC50 values were found in conditions E6, E7, E8, E10, 
E14 and E18, which had high drying air temperature and/or high infrared power, as can be 
seen in Figure 2-d. These were experimental conditions with greater moisture removal. 
However, even under these conditions the antioxidant activity was high. The heating of the 
material may increase the free flavonoid content and consequently the antioxidant capacity, 
which may change due to several factors such as the increase of the antioxidant power of 
the polyphenols in an intermediate state of oxidation, the increase of the reduction of sugars 
and the formation of products from Mailard reaction [1]. 

Phenolic acids were determined in HPLC by comparison with the retention time of 
standards. Four phenolic acids were detected in the HPLC analyzes: gallic (165.3-280.1 
mg/100 g d.w.), caffeic (4.12-18.3 mg/100 g d.w.), chlorogenic (0.6-3.5 mg/100 g d.w.) and 
p-coumaric (2.6-13.2 mg/100 g d.w.) acids. The gallic acid content presented a reduction in 
relation to the fresh residue (261.0 ± 13.6 mg / 100 g d.w.), this reduction was greater for 
the conditions with higher drying air temperature and infrared power. Similar behaviors 
were found for caffeic (16.9 ± 1.2 mg/100 g d.w.) and chlorogenic (7.2 ± 0.5 mg/100 g 
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d.w.) acids. During drying processes, the activation of oxidative enzymes, such as 
polyphenoloxidase and peroxidase, in addition to the thermal degradation can lead to the 
loss of phenolic compounds [15]. Drying also dissociates some phenolic compounds, thereby 
altering chemical structures, transforming insoluble phenolic compounds into more soluble 
forms and making phenolic compounds more available for quantification, besides the 
formation of new compounds with antioxidant properties [15].  

4. Conclusions 

The results showed that the new dryer system developed by our research group is a good 
alternative for drying of acerola wastes. It was possible to identify conditions with high 
moisture removal and short residence times that are suitable conditions to perform an 
efficient drying process with a preservation of product quality.  It was possible to identify 
conditions under which the phenolic, flavonoid, and antioxidant capacity presented high 
levels after drying. The main phenolic compounds were idenfied by HPLC. 
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Abstract 
The aim of this work is  investigate the use of a rotary dryer with inert bed 
for drying of microalga Spirulina platensis. The influence of air temperature, 
feed rate, rotation speed and inerts filling degree was quantified. The 
contents of main bioactive compounds were also analyzed. The results shown 
that the used drying system proved to be an interesting alternative for a 
possible use of this microalga, if performed under adequate conditions. It 
was identified conditions with high drying performance and with the 
preservation of product quality.  
 

Keywords: Spirulina platensis; rotary dryer; inert bed; bioactive compounds. 
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1. Introduction 

Spirulina platensis is one of the species of cyanobacterium microalgae that has gaining 
recent attention because of its nutritional and medicinal properties. Several studies reported 
the potential use of Spirulina biomass due the high presence of proteins, vitamins, minerals, 
antioxidant and anti-inflammatory compounds as the phycocyanin[1, 2, 3]. Despite this, the 
Spirulina is very perishable due its high moisture content that contributes to degradation, 
hamper transport and storage, and reduce the shelf life. Thus, it is necessary apply a drying 
technique that allows use properly this material in food or pharmaceutical industries. 

The most traditional methods used to drying microalgae are spray drying, freeze-drying, 
solar drying and convective hot air drying[4, 5]. However, the rotary dryers appears as an 
interesting alternative because their flexibility and high processing capacity. Conventional 
rotary dryers have flights, which lift solids and make them cascade across the dryer section. 
Most of the drying occurs during the free fall of solids from the flights, because of the large 
gas-solids surface contact area[6]. However, conventional rotary dryers are typically used 
for granular materials and are not suitable for pastes. Thus, the use of an inert bed (as metal 
or ceramic spheres, for example) is an interesting alternative for paste drying in rotary 
drums, since the inert increase the contact surface between hot air and material, and 
prevents the loss of material on the walls and dryer structures[7, 8]. 

In the present work,  the drying of Spirulina platensis in a rotary dryer with inert bed was 
investigated. The effects of process variables on the drying yield was quantified and the 
impacts of these variables on the main bioactive compounds contents (total phenolics, total 
flavonoids, citric acid and phycocyanin) were also analyzed.  

2. Materials and Methods 

2.1. Raw material 

The microalga Spirulina platensis used in this study was provided by the company Brasil 
Vital, located in the state of Goias, midwest Brazil. The material was previously filtered in 
vacuum, stored in small portions and frozen in a freezer.  

2.2. Experimental apparatus 

The experimental apparatus, shown in Fig. 1, consists of: a radial blower (Kepler-Weber, 
112M), an electric heater connected to a voltage variator to adjust the air temperature, the 
rotary drum coupled a rotation system composed by a motor and frequency inverter (WEG, 
CF08) to control the rotation speed, and a Stairmand cyclone separator (diameter 10 cm) 
with a flask in its underflow to collect the dried material. The Spirulina in natura were fed 
in the system with a peristaltic pump (Masterflex, 7553-70) connected to a velocity 
variator. 
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The rotary drum used in this study was a stainless steel cylinder with 12 cm of inner 
diameter and 36 cm of length. Three stainless flights with 2.5 cm are also placed into the 
drum for uniform axial distribution of inerts during the drying. The inerts particles used 
were porcelain spheres with diameter of 1.9 cm and density of 2.32 g/cm3. 

 

 

Fig. 1 Experimental apparatus. 

 

2.3. Experimental design 

The experiments were conducted following a orthogonal central composed design with four 
independent variables and two replicates at the center level, totaling 26 experiments. The 
independent variables analyzed were: the air temperature (T), feed intermittence (FI), inert 
filling degree (FD) and rotation speed (RS). In each experiment were used about 100g of 
Spirulina microalga. The coded and real variable values are shown in Table 1.  

Table 1. Coded and real variable values 
 

Design Factors -1.483 -1 0 +1 +1.483 

Air temperature (oC) 40.3 50.0 70.0 90.0 99.7 

Feed Rate (min) 2.6 5.0 10.0 15.0 17.4 

Filling Degree (%) 12.1 15.0 21.0 27.0 29.9 

Rotation Speed (RPM) 35.2 40.0 50.0 60.0 64.8 

 

The Air Temperature (T) was measured at the inlet of the drum. The wet Spirulina was fed 
in cycles, in an intermittent system of feed of 10 g of material and a rest for a determined 
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time (defined as the variable Feed Intermittence). The Filling Degree (FD) was calculated 
based in the cylinder geometry and the properties of inert bed, as density and porosity, and 
the rotation speed (RS) were measured using a digital tachometer. The response studied 
was the Drying Yield (DY), that is the percentage ratio of the quantity of material (dry 
base) collected in the cyclone underflow to the quantity of microalga fed into the dryer (in 
dry base).  

2.4. Analysis of bioactive compounds 

The experiments with the highest values of Drying Yield (DY) had their bioactive 
compounds analyzed to evaluate the impact of the operational conditions on the quality of 
the final product. The total phenolics content (TPC) was determined by the Folin-
Ciocalteau method [9]. The total flavonoids content (TFC) was determined using the method 
described by Zhishen et al.[10]. The acidity (CA), expressed in the presence of citric acid in 
the samples, was determined by AOAC[11] method. The phycocyanin content (PC). was 
performed based on the methodology of Costa et al.[2]. 

3. Results and Discussion 

3.1. Analysis of dehydration yield (DY) 

The most significant operating variables can be observed in Equation 1, through the 
parameters obtained by the multifactor ANOVA (R2= 0.9048 and α = 0.10). The effect of 
the studied variables on the drying yield can be visualized in Figure 2. 

 

(1) 
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Fig. 2 Drying Yield (DY) response surfaces. 

 

The variables: filling degree (FD) and rotation speed (RS) presented non linear effects on 
the DY (Equation 1 and Figure 2a). In general, the experiments performed at higher values 
of these variables produced a great quantity of dried material, hence the best results of DY. 
The effect of the temperature on DY was present by means of the interation with 
intermittence (FI) and rotation speed (RS). The best results were obtained with the 
association of low temperatures and high levels of RS or with intermediate levels of RI, as 
can be seen in Figure 2b and Figure 2c.  

The analysis of the results showed that the higher drying yields can be obtained in 
experimental conditions of high Filling Degree (FD) and Rotation Speed (RS), combined 
with Intermediate Feed Intermittences (FI) and low process Temperatures (T). For the 
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conditions of the experimental design, the highest values of DY were obtained in the 
Experiments expressed in the Table 2.  

Table 2. Experiments with the highest Drying Yields (DY) 
 

Experiments T (oC) FR (min) FD (%) RS (RPM) DY (%) 

4 50.0 5.0 27.0 60.0 63.28% 

8 50.0 15.0 27.0 60.0 60.12% 

17 40.3 10.0 21.0 50.0 61.88% 

24 70.0 10.0 21.0 64.8 60.42% 

 

3.2. Analysis of Bioactive Compounds 

 

 

Fig. 3 Bioacitve compounds content in the experiments with the highest Drying Yield (DY). 
 

The bioactive compounds content obtained in the four experiments showed in Table 2 are 
presented in Figure 3. It can be observed that for the experiments performed in the 
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conditions that led the greatest yields, the main bioactive compounds were preserved, 
indicating that this drying methodology has good effect on the quality of final dried 
Spirulina. This bioactive content behavior was also also related by Chism & Haard[12] that 
observed the liberation of these compounds accumulated in vegetal cell organelles as 
vacuoles, due to rupture in the internal structure of the material during the moisture 
removal. Dorta et al.[13] also claimed that inactivation of certain enzymes responsible for 
the degradation of bioactive compounds can occur during the drying process, resulting in 
their preservation. 

4. Conclusions 

The drying of microalga Spirulina platensis using a rotary dryer proved to be an interesting 
alternative for use of this material. All the variables analised showed statistical significance 
in the results of yield. The combination of low temperatures, high filling degree, high 
rotation speed and intermediate feed intermittence allowed obtain the highest drying yields. 
It was also possible obtain bioactive compounds content near than present in fresh biomass 
in the experiments analyzed, indicating a positive effect of this process of moisture removal 
on the final quality of dried product. 
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Abstract 
The objective of the study is to investigate the effects of different drying 
processes (convective hot air, microwave, and fluidized bed drying) and 
combined drying methods on the drying characteristics and physical 
properties of the dried wheat and the power consumption of the dryers. The 
lowest moisture content and water activity values were observed for the 
25min of drying in fluidized bed dryer (60°C) and following 16min in 
microwave dryer (540W). The lowest power consumption was observed in the 
60°C-180W fluidized bed-microwave combination (0.77kWh) compared to 
the other combined trials. 

 

Keywords: wheat; convective drying; microwave drying; fluidized bed drying 
intermittent drying. 
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1. Introduction  

The ready to us products that are precooked and dried are called as “parboiled”[1]. The 
main objective of parboiling on wheat is a versatile that can be used in bread, salads, 
casseroles, stew, desserts, and served as side dish.  

Drying is applied to decrease the moisture content and water activity in the product, to 
inhibit the growth of the microorganisms and prolonging the shelf life of the final product. 
One of most common drying methods is convective hot air drying. However, this method 
has many disadvantages such as lengthy drying time, darkening in color [2], the high 
temperature damaging the product quality and high power consumption [3]. The microwave  
drying provided an alternative way since it is an advantageous method due to its short 
drying time, ease of process control, power saving and drying homogenization.  In fluidized 
bed dryer, the products in the granular structure are fluidized and excess moisture in the 
product structure is removed by a drying air. In addition, fluid bed drying process provides 
such as a good solids mix, high-speed heat-mass transfer and easy transport of substances 
advantages [4]. Therefore, fluid bed dryers are preferred due to their high heat transfer rates 
[5]. The drying industry utilizes large quantities of energy and for this reason one of the 
most important challenges of the drying industry is to reduce the power cost of obtaining 
good quality dried products. For this reason, drying operations can be applied intermittently 
in order not to damage the structure of the food, to adversely affect the quality and to save 
power [5]. 

The objective of this work is to investigate the effects of different drying processes 
(convective hot air, microwave, and fluidized bed drying) and combined drying methods on 
the drying characteristics and physical properties of parboiled wheat. In addition, the power 
consumption of the dryers was measured to use in the comparison. 

2. Materials and Methods 

2.1. Material 

Wheat (Triticum aestivum) was supplied from a local market in İzmir/TURKEY. Wheat 
samples were soaked in the water (1:10 wheat:water ratio (weight:weight), (w:w)) at  the 
room temperature (25°C) overnight and was parboiled at 100°C for half an hour in the 
water (1:2 wheat:water ratio, (w:w)) and drained. The initial moisture content of the 
samples was 60.48±0.63 %.  

2.2. Methods 

2.2.1 Drying Processes 

Pre-processed wheat samples were dried by using different drying methods and their 
combinations. The weight loss of the samples was measured by using an electronic balance 
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(Ohaus AR2140, USA) until constant weight was reached. The drying conditions are given 
in the following Table 1. 

Table 1. Drying methods and conditions 

Convective hot air drying Fluidized bed drying Microwave drying 

Armfield Lim., Ringwood, 
Hampshire, UK 

Sherwood Scientific, UK Arçelik MD595, Turkey 

70°C  and 1.6 m/s air velocity 
60, 70, 80°C and 1.6 m/s air 

velocity 
180W, 360W, 540W, 720W, 

and 900W 

every 5 min. of weight 
measurement 

every 5 min. of weight 
measurement 

every 1 min. of weight 
measurement 

Intermittent fluidized bed-microwave drying Intermittent microwave- fluidized bed drying 

60-70-80°C temperatures, 1.6m/s air flow for 25 
min + microwave dryer (180-360-540W) 

180-360-540W for 14 min  + 60-70-80°C, 
1.6m/s air flow 

 

2.2.2 Analysis 

The power consumptions of the dryers were measured by power measurement device 
(Makel M310.2218, Turkey). The moisture content of the dried wheat samples were 
determined according to AOAC (2000). The water activity and color (L*, a*, and b*) 
values of the samples were measured by using a water activity measurement device (Testo-
AG 400, Germany) and a colorimeter (Minolta CR-400, Japan), respectively. The results 
were expressed in accordance with the CIE Lab. System and the Chroma and Hue Angle (°) 
values were calculated according to Maskan et al. (2000) [6]. 

2.2.3 Determination of the drying behavior of the parboiled wheat samples 

The moisture content versus time and drying rate versus moisture content plots were 
prepared according to Maskan et al. (2000) [6]. 

2.2.4 Statistical Analysis  

Data were analyzed using statistical software SPSS 16.0 (SPSS Inc., Chicago, IL, USA). 
The data were also subjected to analysis of variance (ANOVA) and Duncan’s multiple 
range test (α=0.05) to determine the difference between means. The drying experiments 
were replicated twice and all analyses were triplicated. 

3. Results and Discussions 

The power consumption of the dryers, and the moisture content and water activity values of 
the dried wheat samples are given in Table 2. The highest power consumption value 
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(18.63kWh) was observed for convective dryer because of long drying time (145min, data 
was not given).  Considering the power consumption in the fluidized bed dryer (heating and 
blowing the air), the higher drying air temperatures caused a shorter drying time, and a 
shorter drying time caused significantly less power consumption (P<0.05). Toğrul (2006) 
and Chen et al., (2001) [7,8] reported that the convective and fluidized drying methods have 
some disadvantages such as high power consumption due to long drying time. The lowest 
power consumption values were observed for microwave drying because of the low drying 
time (Figure 1). In addition, Alibas (2006) [9] reported that the microwave drying is a 
widely used method due to low drying time and power consumption. The power 
consumption significantly increased from 0.07 to 0.39kWh as microwave power increased 
from 180 to 900W (P<0.05) and the power values 720 and 900W were eliminated from 
intermittent drying trials because of the higher power consumption and lower quality 
properties than other microwave drying powers. According to Table 1, it can be said that 
the power consumption of fluidized bed dryer can be decreased by combining it with 
microwave dryer and even the lower power consumption values were observed for 
fluidized bed-microwave combination compared to the microwave-fluidized bed-
combination. Demiray et al. (2017) [10] reported that under convective drying conditions at 
the beginning of the drying the moisture removal rate is high, however, at the low moisture 
content values convective drying was not advantageous due to slow diffusion rate. For this 
reason, it can be stated that the fluidized bed-microwave combination is more advantageous 
with the higher evaporation rate, and lower power consumption compared to the 
microwave-fluidized bed-combination. 

As can be seen from Table 1, the moisture content and water activity values of samples are 
generally lower than the limits (10% and in the range of 0.1 to 0.4, respectively (Quek et 
al., (2007), [11], (except convective dried samples) indicating their microbial safety for 
long terms of storage. The moisture content and water activity values significantly affected 
by the drying techniques (P<0.05). Significantly higher moisture content values were 
observed for the samples which were dried at the convective dryer and fluidized bed dryer 
(P<0.05). The moisture content values of samples increased depending on the increase of 
the drying air temperature in the fluidized bed dryer might be due to the crust formation 
which prevents the removal of moisture. Microwave dried samples have the significantly 
lower moisture content values compared to convectively dried samples (P<0.05). The 
lowest water activity values were observed for the fluidized bed-microwave dried samples 
and the water activity values significantly decreased depending on the increasing drying air 
temperatures (P<0.05). The moisture content and water activity values for the fluidized 
bed-microwave dried samples were found to be significantly lower compared to the 
convectively and microwave-fluidized bed dried samples (P<0.05). 
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Table 2.  The power consumption, moisture content, and water activity values of the dried wheat 

Drying methods and the conditions 
Power Consumption 

(kWh) 
Moisture Content 
(% wet basis, wb) 

Water 
Activity 

Convective 
Hot Air 

70°C, 1.6m/s 18.63±0.01f 7.37±0.22bc 0.45±0.00i 

Fluidized Bed 

60°C, 1.6 m/s 2.03±0.02e 8.58±0.92c 0.26±0.03f 

70°C, 1.6m/s 1.38±0.01cd 8.59±0.74c 0.25±0.01e 

80°C, 1.6 m/s 1.16±0.03c 10.80±0.54e 0.22±0.01d 

Microwave 

180W 0.07±0.01a 1.53±0.32a 0.20±0.02d 

360W 0.22±0.01a 3.96±0.26b 0.21±0.03d 

540W 0.29±0.02a 2.05±0.28b 0.21±0.05d 

720W 0.36±0.01b 1.21±0.10a 0.31±0.02g 

900W 0.39±0.03b 1.68±0.18a 0.36±0.04f 
Microwave- 

Fluidized Bed  

180W-60°C, 1.6 m/s 1.60±0.02cd 8.04±0.91d 0.24±0.01e 

360W-60°C, 1.6 m/s 1.26±0.01cd 8.26±0.22a 0.31±0.02g 

540W-60°C, 1.6 m/s 0.91±0.02 6.23±0.46a 0.43±0.01h 
Fluidized 

Bed- 

Microwave  

60°C-180W1.6 m/s 0.77±0.01bc 3.81±0.34b 0.10±0.02c 

60°C-360W, 1.6 m/s 0.88±0.01bc 1.18±0.25a 0.06±0.04a 

60°C-540W, 1.6 m/s 0.94±0.01c 1.09±0.29a 0.08±0.02b 
a– I show the significant difference between the same column in the samples according to the moisture content, water activity, and power consumption 

(P<0.05). 

The total color change, Hue angle, and chroma values of the samples are given in Table 3.  
The L*, a* and b*values of the parboiled wheat are measured 63.43±0.63, -0.57±0.38 and 
15.13±0.12 respectively. The total color change (ΔE) of dried samples with respect to 
parboiled wheat was calculated and the significantly higher total color change values were 
observed for microwave dried samples (P<0.05). It was clearly seen that the total color 
change was dramatically decreased in the intermittent drying methods especially in the 
fluidized bed- microwave drying method. The color change may be due to the degradation 
of the pigments, browning reactions or burning. The higher hue angle values were 
measured for microwave dried samples indicating higher redness values in this drying 
method. The chroma value indicates the degree of saturation of color and is proportional to 
the strength of the color [6]. The lowest chroma values were observed for fluidized bed-
microwave dried wheat samples.  

The drying rates were calculated and plotted against the moisture content as shown in      
Fig. 1. The drying generally occurred in falling rate period in the all drying methods due to 
the high evaporation rate of moisture.  
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Table 3.  The total color change, hue angle and chroma values of the dried wheat 

Drying method and the condition 
Colour 

ΔE Hue Angle Chroma 

Convective Hot 
Air 

70°C, 1.6m/s 7.58±0.51a 1.51±0.00d 21.67±0.57ab 

Fluidized Bed 

60°C, 1.6 m/s 10.86±0.29bcd 1.49±0.0ab 20.13±0.39ab 

70°C , 1.6m/s 16.88±0.26d 1.38±0.01ab 25.35±0.39ab 

80°C, 1.6 m/s 10.78±0.03c 1.49±0.01a 21.49±0.40ab 

Microwave 

180W 35.24±2.75a 1.15±0.06d 19.96±3.46ab 

360W 30.12±1.09bcd 1.16±0.02bc 24.05±0.90ab 

540W 30.03±0.50d 1.07±0.01abc 20.25±0.70ab 

720W 29.81±0.63bcd 1.15±0.02ab 21.55±0.25b 

900W 33.80±0.50bcd 1.15±0.01ab 22.80±0.67ab 

Microwave-
Fluidized Bed 

180W-60°C 11.37±1.09bcd 1.51±0.03bc 21.00±3.44b 

360W-60°C 15.05±0.87ab 1.45±0.02ac 25.54±0.80ab 

540W-60°C 13.17±2.23d 1.46±0.03ab 21.13±2.08a 

Fluidized Bed-
Microwave 

60°C-180W 6.25±3.75d 0.51±1.47ab 16.56±2.75ab 

60°C-360W 6.79±1.47cd 1.53±0.02abc 18.18±2.4ab 

60°C-540W 8.98±1.96ab 1.47±0.02cd 22.81±1.99ab 

 a–d shows the significant difference between the same column in the samples according to the total color change, hue angle and chroma (P<0.05). 

Since almost all of the drying of biological products take place in the falling rate period [6] 
the drying rate of samples increased depending on increasing in drying air temperature 
and/or microwave power and the required drying time and the power consumption 
generally significantly decreased (P<0.05). In the all drying techniques, initially higher 
drying rates were observed and the samples tended to dry slowly at the last stages of drying. 

It may be due to shrinkage or crust formation resulting in low transport rate of water and 
prolonged drying time. The highest drying rate values were observed for the microwave 
dried wheat grains where the lowest values were observed for the fluidized bed-microwave 
dried samples. The microwave drying supplies a higher drying rate compared to convective 
drying methods because of the heat generation inside food material which causes a rapid 
moisture evaporation in microwave drying [12]. 

The drying characteristics of wheat samples during drying were determined from the mass 
loss in the samples of the known initial moisture content (66.48±0.63%, wb) and are given 
in Figure 2. as expected, high amounts of moisture were removed at the early stages of 
drying due to the higher moisture diffusion and at the later stages, the removal of moisture 
decreased gradually. 

1548

http://creativecommons.org/licenses/by-nc-nd/4.0/


Turkoglu, T.; Baykal, H.; Yuksel, H.; Caliskan Koc, G.; Dirim, S.N. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

(a) (b) 

(c) (d) 

Fig. 1 The drying rate versus moisture content for (a)Microwave drying, (b)Fluidized bed drying 
(c) Microwave-fluidized bed combination, (d) Fluidized bed-microwave drying combination. 

As expected, drying time of samples decreased with increasing microwave power and/or 
drying air temperature. Drying behavior of the wheat samples showed similar trend for the 
all the drying methods.  

(a) (b) 

(c) 

(d) 
Fig. 2 The drying Characteristics for (a) Microwave drying, (b) Fluidized bed drying (c) 
Microwave-fluidized bed combination, (d) Fluidized bed-microwave drying combination. 
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4. Conclusions 

In this study, the drying characteristics (moisture ratio vs. time graphs) and the physical 
analysis (moisture content, water activity, and color determination) of the single dried and 
combined dried wheat samples were determined. The power consumption for each drying 
method was also evaluated. Although, the lowest power consumption (0.07kWh) was 
observed for 180W microwave drying condition, considering the quality of the dried wheat 
especially the highest total color change was determined by this drying condition. The 
lowest moisture content (1.09%) and the water activity (0.06) values were observed at 60°C-
540W fluidized bed-microwave dried and 60°C-360W fluidized bed- microwave dried 
wheat. The lowest total color change values were observed in fluidized bed-microwave 
dried wheat samples in the range between 6.28-8.98. The results showed that the fluidized 
bed-microwave drying methods were better for the physical properties and the low power 
consumption when they are compared to the microwave-fluidized bed combinations.  
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Abstract 
Spray drying can be used to extend the shelf life of biologics stored at 
ambient temperature. Empirical and statistical design of experiments 
approaches typically require a relatively large number of experiments to 
determine suitable formulation and spray drying process parameters. An 
alternative approach, which may require fewer experiments, is to use 
mechanistic models to select these parameters. In this paper, mechanistic 
models are applied to develop a bacteriophage powder expected to have 
long-term physical stability at ambient temperature. The developed powder 
may be useful for decreasing incidences of foodborne illness in Kenya. 

Keywords: bacteriophage powder; glass transition temperature; 
supplemented phase diagram; spray drying; stability. 
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1. Introduction 

Empirical and statistical design of experiments approaches are commonly used for selecting 
formulation and process parameters during the development of spray dried biologic 
products. An alternative approach is to use mechanistic models developed based on an 
understanding of fundamental underlying principles. That is the approach undertaken in this 
work wherein a dry powder bacteriophage (phage) dosage form is designed to have target 
characteristics without requiring a substantial number of spray drying experiments. The 
powder is intended for use in broiler chicken feed to decrease Campylobacter jejuni in the 
chicken gut, with the end goal of decreasing the prevalence of foodborne illness in Kenya, 
which is abnormally high.[1,2] The development process can be divided into the following 
steps, discussed individually in this paper: 1) formulation; 2) atomization; 3) solvent 
evaporation and particle formation; 4) particle collection and analysis; 5) storage and 
transport.  

2. Materials and Methods 

A modified Büchi B-191 laboratory-scale spray dryer (Büchi Labortechnik AG; Flawil, 
Switzerland), schematically shown in Figure 1, was used to spray dry different myoviridae 
phages that can infect Campylobacter jejuni: CP30A, CP20, and CP8. These phages were 
isolated from chicken excreta and are present in chicken gut.[3] A transmission electron 
micrograph (TEM) of phage CP20 is given in Figure 2.  

 

Fig. 1 Schematic of the modified laboratory-scale Büchi B-191 spray dryer. 
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Fig. 2 TEM of phage CP20. 

2.1 Formulation 

The formulations were chosen to consist of L-leucine (Fisher Scientific, Cat. No. 
AC125121000; NH, USA) and D-(+)-trehalose dihydrate (Fisher BioReagents, Cat. No. 
BP2687; NH, USA) as dissolved solids in aqueous solution with phage (pH ~6.5). 
Trehalose is thought to stabilize biologics on drying by forming an amorphous glass that 
allows hydrogen bonds lost on desiccation of the biologic to be replaced.[4] Leucine forms a 
shell that decreases particle cohesiveness.[5]  

For spray drying experiments, stock phage lysates were filtered and centrifuged to reduce 
the impurity content to < 0.5 mg mL-1, and then diluted 1:100 into two aqueous 
formulations: (F1) 7.5 mg mL-1 leucine, 22.5 mg mL-1 trehalose; (F2) 12 mg mL-1 leucine, 
18 mg mL-1 trehalose. In the literature similar formulations have been successfully used to 
stabilize spray dried phage.[6-9] Further details regarding the choice of these formulations are 
given in the following sections. Plaque assay was used to measure the presence and extent 
of titer reduction due to dilution of phage into the above formulations. The results are 
presented in Section 3.1. 

2.2 Atomization 

The spray dryer uses a twin-fluid atomizer to generate droplets. An atomizing gas flow rate 
of 1.5×10-4 kg s-1 and a spray rate of 1.7×10-5 kg s-1 were used. A characteristic shear rate 
on the order of 1×105 s-1 was expected according to a model presented by Ghandi et al.[10] 
In the literature,[7] phage have remained active after atomization at similar shear rates. To 
verify minimal titer reduction, filtered phage CP30A lysate in formulation F1 was atomized 
onto a filter, from which liquid was drawn for assay. The results are presented in Section 
3.2. 

The air-to-liquid ratio (ALR), defined as the ratio of the mass flow rates of atomizing gas 
and liquid feed, was 8.8. From the ALR and data for the present atomizer given by Hoe et 
al.,[11] an initial droplet diameter of ~9 µm was predicted. Using a model presented by 
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Boraey et al.,[12] and the formulation compositions given in Section 2.1, the aerodynamic 
diameter at the time of shell formation was predicted to be ~2 µm, which can be collected 
with the cyclone.  

2.3 Solvent Evaporation and Particle Formation 

Solvent from the liquid droplets generated by atomization quickly evaporates into the 
drying chamber of the spray dryer. The surface temperature of the droplets is typically 
assumed to remain near the wet bulb temperature for most of the evaporation process due to 
evaporative cooling;[13] therefore, thermal deactivation of the phage is not expected during 
initial stages of solvent evaporation. The dissolved solid that reaches critical 
supersaturation at the surface first may nucleate and form a crystalline shell. This is the 
particle formation stage, which has been described by Vehring et al.[14] The formulation 
compositions in Section 2.1 were designed using mechanistic models such that leucine 
would reach supersaturation much earlier than trehalose, allowing for enough time to 
nucleate and crystallize leucine at the surface (11.5 milliseconds for F1 and 15.8 
milliseconds for F2). Since previous work has demonstrated that conditions similar to F1 
may not be sufficient for obtaining a fully crystalline leucine structure when phage lysate is 
present in the formulation, F2 was also tested with the expectation that it would form a fully 
crystalline leucine structure.[9]  

A spray dryer process model, developed based on similar models in the literature,[15,16] was 
used to predict the outlet temperature and the outlet relative humidity. The outlet 
temperature was predicted to be ~50°C and the outlet relative humidity ~3% for an inlet 
temperature of 70°C, a spray rate of 1.7×10-5 kg s-1, and a drying gas flow rate of 8.5×10-3 
kg s-1.  

2.4 Particle Collection and Analysis 

A cyclone was used to collect the powder in a glass collection bottle. The collection 
efficiency is defined as the percent of the mass of dissolved solids in the feed solution 
recovered in the collection bottle. The collected powder containing phage was analyzed for 
solid state using Raman spectroscopy (using a custom device developed by Wang et al.[17]) 
and for particle morphology using scanning electron microscopy (SEM) (Zeiss Sigma 
FESEM, Oberkochen, Germany). Results are presented in Section 3.4.  

2.5 Storage and Transport 

Moisture uptake during storage and transport can result in crystallization of trehalose, 
which is known to deactivate phage.[18] Therefore, it is crucial that the packaging material is 
moisture-equilibrated. In this study, a Steady State / Stability Test Chamber (910W-4, 
Lunaire Environmental, Williamsport, PA, USA) was used to equilibrate the powder and 
packaging to 4% relative humidity, with subsequent packaging occurring in the chamber. 
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The relative humidity was chosen according to moisture uptake data and the information 
contained in Figure 3, described below. The packaging consisted of the powder in a vial, 
which was packaged in a double heat-sealed aluminum foil bag along with a satchel of 
silica gel desiccant (McMaster Carr, 2189K16; Elmhurst, USA), all of which were further 
packaged in another double heat-sealed aluminum foil bag along with another satchel of 
silica gel desiccant. The packaged spray dried powder, along with liquid controls, were 
shipped from Edmonton, Canada, to Nottingham, UK, in a Styrofoam box to minimize 
temperature variations. The titer after the complete development and shipping process will 
be determined by resuspension of the powder and plaque assay. 

Throughout long-term stability studies, the powder should remain at a near-constant 
moisture content as, over time, moisture can lead to glass transition and crystallization. This 
tendency is demonstrated in a supplemented phase diagram that was developed for a 
trehalose-water system and is shown in Figure 3. With this diagram, the physical stability 
of the amorphous solid phase can be predicted a priori for a designed storage temperature, 
moisture content, and hence relative humidity. Use of this diagram is crucial for achieving 
long-term physical stability. The curve of the well-mixed glass transition temperature was 
developed using the Gordon-Taylor equation with a k-value of 5.9 and respective glass 
transition temperatures of 387 K for dry trehalose and 138 K for water.[19] As a rule of 
thumb, long-term storage should be performed for conditions at least 50°C below the glass 
transition temperature.[20] 

 

Fig. 3 Supplemented phase diagram developed for a trehalose-water system. Modified from Hoe et 
al.[21] with the present process parameters and material properties. 
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3. Results and Discussion 

3.1 Formulation 

Filtered phage CP30A lysate had no titer reduction over a period of 20 days when stored at 
30°C in water, buffer, or formulation F1. A storage temperature of 40°C led to no titer 
reduction in buffer after 1 day but to > 1 log(pfu/mL) titer reduction after 10 days. A 
storage temperature of 50°C led to no titer reduction in buffer for at least 6 hours. No titer 
reduction was observed shipping CP30A in F1 within a vial in a Styrofoam box without 
temperature control from Nottingham, UK, to Edmonton, Canada, and back. This stability 
indicated that it is feasible to perform liquid control measurements with each experiment.  

3.2 Atomization 

The atomization titer reduction of phage CP30A in F1 was ~0.25 log(pfu/mL), which is less 
than the value of ~0.75 log(pfu/mL) reported in the literature for phages PEV2 and 
PEV40,[7] where similar predicted shear rates were used. 

3.3 Solvent Evaporation and Particle Formation 

The outlet temperature matched predictions from the process model within 2°C.  

3.4 Particle Collection and Analysis 

The collection efficiency was 54% for both formulations, which is typical for nominal 
batch sizes of ~1.5 grams. Raman spectroscopy confirmed trehalose was amorphous while 
leucine was mostly crystalline for both formulations. SEM (Figure 4) indicated that the 
phage lysate affected the particle morphology. It is possible that residual components in the 
phage lysate concentrated on the surface and interfered with the sensitive shell deformation 
and crystallization processes. This morphology was also present for other phage spray dried 
with leucine and trehalose in the literature, for which good powder flowability and long-
term biological stability at 20°C were still achieved.[9] 

      

Fig. 4 SEM of spray dried F1 without (left) and with (right) phage CP20. The same scale bar 
applies to both images. 
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3.5 Storage and Transport 

The supplemented phase diagram in Figure 3 suggests that the developed powder will have 
long-term physical stability without the need for refrigeration when a low relative humidity 
is maintained in the packaging. The biological stability of the phage in the powder during 
storage and transport will be determined. 

4. Conclusions 

Mechanistic models were used to select formulation and spray drying process parameters 
for stabilizing phage. Further results will be presented at the conference.  
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Abstract 
Drying of moist porous media such as paper, pulp and food products is one of 
the most energy intensive processes in industry. Impinging jet nozzles are 
commonly used in various drying processes. There have been many efforts to 
improve the transport characteristics of impinging jet nozzles. Utilizing 
innovative Slot Jet Reattachment (SJR) nozzle is an approach to make the 
drying process more efficient. This is mainly because these nozzles overcome 
the high flow rate constraint associated with the traditional Slot Jet (SJ) nozzle. 

In this paper, the drying characteristics of the SJR nozzle with exit angles of 
+20˚ and +45˚ are experimentally investigated. The samples used are snack 
cookies. The results are compared with those of SJ nozzle under the same mass 
flowrate. The results indicate that significant enhancements in drying rates are 
achievable with both SJR nozzles compared to SJ nozzle. 

Keywords: Drying; Porous Food Snack; Slot Jet Reattachment Nozzle; Slot Jet 
Nozzle 
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1. Introduction

Energy is one of the grand challenges for manufacturers in the 21st century. In traditional 
industrial processes, the energy required for drying can take up to 25% of the corresponding 
total energy use [1]. Energy efficient and uniform drying of food products such as fruits, 
chips, and cookies is of critical importance to the product quality. Slot Impinging Jet (SJ) 
nozzles are widely used to dry food in traditional food industry, providing the principal heat 
and mass transfer mechanism in the drying process. To design a proper impinging jet nozzle 
with sufficient efficiency, many factors need to be considered: nozzle geometry and size, 
nozzle configuration, nozzle-to-surface separation, jet-to-jet separation, cross flow, jet exit 
velocity and surface motion [2].  

Among such various factors, an innovative Slot Jet Reattachment (SJR) nozzle, has been 
developed by Page and Seyed-Yagoobi [3] and Seyed-Yagoobi et al. [4]. Compared to the 
conventional SJ nozzle, the innovative SJR nozzle can alter the direction of impinging air 
flow to an outward radial direction, with a flow reattaching on a ring away from the 
centerline, where the stagnation point occurs (see Fig. 1). Heat and mass transfer is 
maximized along the reattachment ring. Due to the nature of turbulent viscous mixing along 
the boundary layers of the impinging air, a secondary flow is introduced through mass 
entrainment, which means part of the air steam directs inward radially to form a circulation 
region underneath the bottom plate of the nozzle. A relatively low-pressure distribution is 
maintained. The intense turbulent flow is the principal reason for the high mass and heat 
transfer rate. These flow characteristics of the SJR nozzles provides significant advantages 
over the conventional SJ nozzles. By using SJR nozzles, the average heat transfer over the 
surface as well as local heat transfer rate can be greatly enhanced, and a controllable exerted 
force minimizes the mechanical impact to fragile food products. 

2. SJR Nozzle

SJR nozzle is a modified version of SJ nozzle. The schematic of SJR nozzle with exit angle 
of 45˚ is shown in  Fig. 1 [5]. This innovative nozzle can be fabricated in different exit angles. 
Based on the application, exit angle can be toward the surface (positive angle) and outward 
the surface (negative angle). Explicitly, net force exerted on the impingement surface can be 
controlled by the exit angle of the nozzle.  The flow exits the nozzle in two directions, First 
is in direction of minor axis which is in oval shape and second is in direction of major axis 
which is radial [4] [5] (Fig. 2). 

In SJ nozzle, stagnation point is right under the center line and maximum heat transfer 
happens at the center of impingement surface but in SJR nozzle reattachment point is 
observed in an oval shape away from the center line of the nozzle. Therefore, reattachment 
area in SJR nozzle covers a larger space than that of SJ nozzle and moves outward and inward 
direction which leads to a higher average heat and mass transfer coefficient.  
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In this study, all the tests were conducted with twoSJR nozzles with exit angles of +20˚ and 
+45˚. The geometrical parameters of these nozzles and SJ nozzle are listed in Table 1.  

Table 1. Geometrical parameters of SJ and SJR nozzles 

Parameters 
(mm) 

SJ 
Nozzle 

SJR 
20˚ 

SJR 
45˚ 

L 73 73 73 
b - 4 4 

Xp 80 14 16 
Zw - 18 14 
Zws 9.25 10 9.25 

3. Experimental Set Up and Procedure

The experiments were conducted at the optimum distance between the exit opening of nozzle 
and the impingement surface. Drying test with SJ nozzle was run based on optimal height of 
nozzle to surface spacing of 80 mm [4].  Xp for SJR+20˚ and SJR+45˚ was fixed at 14 mm 
and 16 mm, respectively,  to accommodate for swelling of the samples during the early stage 
of drying [5]. In this paper, the samples used are raw cookie doughs. Each experiment 
consisted of two cookies. The drying characteristics with SJR and SJ nozzles are 
experimentally obtained and compared to illustrate the resultant enhancements in drying rates 
with the use of SJR nozzle.  The comparisons are made under identical air mass flowrates. 

The schematic of the apparatus used for this study is shown in Fig. 3.  Air was conducted to 
the apparatus through 0.5 in diameter plastic hose from an upstream air supply. A threaded 
on/off valve was used to control the air mass flowrate. A rotameter was utilized to measure 
the air mass flow rate. For heating the air, an 8.5 kW torch electrical heater was utilized which 

Fig. 2 Schematic of SJR nozzle
Fig. 1 Flow direction on impingement 

surface under SJR nozzle 
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was connected to a PID unit controller to regulate the power required to reach the desired 
temperature.  Following the electrical heater, a solenoid valve activated with a timer was used 
to redirect the incoming air away from the sample during the sample weight recording. 
Threaded nozzle was connected interchangeably to the solenoid valve. A scale with an 
accuracy of 0.001 g was used to capture the sample weight during the drying process. 
Adjustable stand was used to hold the digital scale and adjust the distance between the nozzle 
and impingement surface. J-type thermocouples were used to measure the temperatures in 
different locations such as at the exit of electrical heater, nozzles exit, and impingement 
surface. Surface pressure was measured by a pressure transducer. The apparatus was well 
insulated to minimize the heat loss to ambient. 

Fig. 3 Simplified schematic of apparatus used for this study 

4. Experimental Results

All the tests were conducted under the same air exit temperature of 260 ˚C and two different 
mass flow rates. Operating conditions for mass flowrates of 0.005 kg/s (i.e. case 1) and 0.01 
kg/s (i.e. case 2) are listed in Table 2 and Table 3.  

Figure 4 shows the percent dry basis moisture content (DBMC) as a function of drying time. 
The corresponding operating conditions are shown in Table 2. The results indicate that the 
drying times to reach a specific DBMC with SJR nozzles are much shorter than those of SJ 

Table 2. Operating conditions for case 1 

SJ 
Nozzle SJR 20˚ SJR 45˚

b/Zw - 0.22 0.22 
Re 6134 3875 4613 

�̇�𝒎 (kg/s) 0.005 0.005 0.005 
V (m/s) 6.19 7.34 8.74 

Vs/c (m/s) 6.19 6.19 6.19 
T (˚C) 260 260 260 

Table 3. Operating conditions for case 2 

SJ 
Nozzle SJR 20˚ SJR 45˚

b/Zw - 0.22 0.22 
Re 12269 7750 9226 

�̇�𝒎 (kg/s) 0.01 0.01 0.01 
V (m/s) 12.38 14.69 17.48 

Vc/s (m/s) 12.38 12.38 12.38 
T (˚C) 260 260 260 
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nozzle. For example, it took 31 minutes with SJ nozzle to reach a 10 percent DBMC level 
while with SJR+20˚ and SJR+45˚ the DBMC of 10 percent was reached in 18 and 15 minutes, 
respectively, corresponding to 42 and 52 percent decrease in drying time. To reach a lower 
DBMC of 4.5 percent, the SJ, SJR+20o

, and SJR45o required 76, 40, and 38 minutes, 
respectively, corresponding to 47 and 50 percent reduction in drying times. Figure 4 also 
shows that the performance of the two SJR nozzles are almost similar with air flowrate of 
0.005 kg/s.  

Fig. 4 Dry basis moisture content with air flowrate of 0.005 kg/s 

Figure 5 shows similar results to those of Fig. 4 but under a higher air mass flowrate of 0.01 
kg/s. The corresponding operating conditions for Fig. 5 are listed in Table 3.  According to 
Fig. 5, the drying rates are higher with SJR nozzles compared to SJ nozzle at this higher air 
flowrate as well.  However, the percent enhancements are lower than those of lower air 
flowrate of 0.005 kg/s. This is expected because as the air flowrate increases the drying rate 
increases as well regardless of the type of nozzle used making it more difficult to enhance 
the drying rate with SJR nozzles. However, the main reason for the SJR nozzles superior 
performance compared to SJ nozzle performance under the same exit air flowrate is mainly 
due to the differences in their flow fields. Specifically, the reattachment zone associated with 
an SJR nozzle is by far larger than the stagnation zone of the SJ nozzle resulting in a higher 
averaged heat transfer coefficient with SJR nozzles. 
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Fig. 5 Dry basis moisture content with air flowrate of 0.01 kg/s 

Another appropriate way of evaluating the performance of three nozzles is to compare their 
drying rates as a function of percent DBMC as illustrated in Fig. 6. According to this figure, 
the drying rates of innovative nozzles are substantially higher than those of conventional 
nozzle over the whole range of sample moisture content.  For instance, at DBMC of 15%, the 
drying rates for SJ, SJR+20˚, and SJR+45˚ nozzles are 0.07, 0.141, and 0.146 g/s, 
respectively.  

Fig. 6 Comparison of drying rate between SJ and SJR nozzles 

To confirm repeatability of the data, drying experiments with SJR+20˚ under the mass 
flowrate of 0.01 kg/s and temperature of 260˚C were carried out three times. The minimum 
and maximum percent standard deviations of dry basis moisture content were 0.04 and 1.52. 
Additionally, the same repeatability tests were performed for SJ nozzle under the same 
operating conditions. The minimum and maximum percent standard deviations of dry basis 
moisture content were 0.05 and 0.92.  
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5. Conclusions

The convective air drying characteristics of two SJR nozzles with exit angles of +20o and 
+45o were compared to a conventional impinging SJ nozzle drying characteristics. The results 
confirmed that both SJR nozzles provide superior drying performance compared to that of SJ 
nozzle under the equivalent air mass flowrate. SJR nozzles are especially suitable for drying 
applications where it is crucial to protect fragile samples from being damaged by direct 
airflow impingement. 
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7. Nomenclature

b Exit width of the SJR nozzle mm 

Dh Cross sectional hydraulic 
diameter of SJ nozzle 

mm 

Dh,exit Exit hydraulic diameter of SJR 
nozzle (2b) 

mm 

DBMC Dry basis moisture content 

DR Drying rate g/s 

�̇�𝑚 Mass flowrate kg/s 

Re Reynolds number: 

ReSJ = (V.Dh)/ν 

ReSJR = (V.Dh,exit)/ν 

SJR Slot Jet Reattachment 

L Length of nozzle mm 

T Temperature ˚C 

V Exit velocity m/s 

Vs/c Slot channel velocity m/s 

Xp Distance between nozzle exit 
and impingement surface 

mm 

Zws Inside width of slot jet mm 
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Zw Bottom plate width of SJR 
nozzle 

Mm 

Greek letters 

θ Exit angle of SJR nozzle degrees 
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Abstract 
Spray drying has become not merely a drying process, but also an important 
tool for engineering solid structures, specially for multi-component feeds. In 
that way, it is important to know how the drying conditions and liquid 
formulations affect the particle final solid structure. In the present study, we 
investigated the changes on the solid structure of a spray-dried binary 
mixture of lactose and whey protein isolate under different process and 
formulation conditions. Particle morphology, diameter, porosity and 
occluded air were analyzed. Total solid content in the feed was the parameter 
of highest impact on the spray-dried particle’s occluded air volume. 

 

Keywords: spray drying; solid structure; porosity; hollow particless. 
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1. Introduction 

The first significant industrial use of spray drying concerned the dairy industry in the 
1920s. This operation first attracted attention for its capacity of quickly producing 
particulate material with controllable size distribution, bulk density, moisture content and 
the possibility of drying heat-sensitive substances [1]. For many years, spray drying had 
been mainly seen as solely a drying operation to produce large amounts of powder, remove 
most of the feed’s solvent and enhance product storage and stability.  

However, this perception changed over the years driven by the increasing demand for 
particles with engineered end-use properties, that is to say particles with improved 
properties like dissolution rate, controlled release, flowability, wettability, compactibility 
and coating [2, 3]. Therefore, spray drying has become nowadays a tool for designing solid 
structures, specially from multi-component feeds.  

The aforementioned particle properties are affected by the drying parameters, such as air 
temperature, air humidity and initial droplet size, as well as the feed liquid state (solution, 
emulsion, suspension), nature of the substances to be dried and their concentration [4]. To 
accurately design solid particles, it is important to understand how the particle solid 
structure is influenced by the drying conditions and feed composition. 

The aim of the present work was to investigate the effect of some drying and formulation 
parameters on the solid structure of particles produced by spray drying. An aqueous 
solution of lactose and whey protein isolate (model solution in the food industry) was dried 
under different air inlet temperatures, nozzle diameters and initial solid loads. The variation 
of particle morphology, diameter, porosity and occluded air were analyzed.   

2. Materials and Methods 

2.1. Materials 

α-lactose monohydrate and whey protein isolate (WPI) were kindly provided by Pierre-
Fabre Laboratory (France) and Lactalis (France), respectively, and used as received. 

2.2. Methods 

2.2.1. Solution preparation 

The sample solutions were prepared by mixing lactose and WPI powders in distilled water 
at a constant protein-to-sugar mass ratio of 50:50. The total dissolved solid content in the 
liquid feed varied from 10, 20 to 26 % w/w. In order to completely dissolve the solutes and 
to avoid protein denaturation, the samples were heated at 30 °C and gently agitated with a 
magnetic stirrer for 8 hours. 
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2.2.2. Spray drying 

A laboratory-scale spray dryer (B-290 Advanced, Büchi, Switzerland) was used to spray 
dry the sample solutions. The air inlet temperature was fixed at 103 °C or 120 °C. Two 
different nozzle diameters were used, 0.5 mm and 2.0 mm. The experiments were carried 
out with an aspiration rate of 95 % with a corresponding air flow rate of 33.25 m3/h and  a 
feed rate of 4.27 mL/min. The powder collected after drying was stored at room 
temperature in a flask. Table 1 represents the experimental conditions employed in the 
present work. 

Table 1. Sample solutions parameters and drying conditions 

Sample 

Lactose 
percentage 

(% w/w) 

WPI 
percentage 

(% w/w) 

Total solid 
content   
(% w/w) 

Nozzle 
diameter 

(mm) 

Air inlet 
temperature 

(°C) 

S1 5.0 5.0 10.0 2.0 103.0 
S2 9.9 9.9 19.8 2.0 103.0 
S3 13.0 13.0 26.0 2.0 103.0 
S4 10.0 10.0 20.0 0.5 120.0 

 

2.2.3. Spray-dried particles characterization 

The particle diameter was evaluated by laser diffraction (Malvern Mastersize 3000, 
Malvern Instruments) after dispersing the powder in 2-propanol. The particle size 
distribution was calculated with the Mie theory using the refractive index values of  n = 
1.378 for 2-propanol and n = 1.57 for the spray-dried particles. 

To assess the particle morphology, the spray-dried samples were examined with scanning 
electron microscopy (SEM) (ESEM FEG Philips). The acceleration voltage was 8 kV. The 
particles were placed on an adhesive carbon tape and sputter-coated with platinum.  

Liquid pycnometry was employed in order to evaluate the apparent density of the spray-
dried powder. The apparent density was calculated by knowing exactly the mass of powder 
and 2-isopropanol inserted into the pycnometer. The measurements were done in triplicate. 

Helium pycnometry (Accupyc 1340, Micromeritics) was  used to determine the particle true 
density. Two grams of powder were dried under vacuum in an oven at 70 °C, to evaporate 
any remaining moisture, and added to the pycnometer’s measuring cell. The true density 
was obtained after 25 cycles of filling-draining helium in the measurement cell.    
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3. Results and discussion 

Lactose is a compound frequently present in spray drying of dairy produts, since it is the 
main carbohydrate in bovine milk. This sugar is also employed as protective agent when 
stress-sensitive substances are spray dried, like whey protein [5].  

The different drying conditions presented in Table 1 did not cause any change in the 
particle morphology. The spray dried powders presented a hollow core with a wrinkled 
surface, as can be seen from the SEM micrographs in Figure 1. A wrinkled morphology 
was also observed in previous studies with protein-to-sugar mass ratios of 70:30 [6] and 
80:20 [5]. Spray-dried skim milk [7] also presented the same surface roughness. 

The laser diffraction results in Table 2 are given in volume fractions. The particle size 
distribution is represented by three percentages of particles having at most the indicated 
diameters. The Span number displays the distribution width. From these measurements, it is 
possible to observe as expected an increase in the mean spray-dried particle size with more 
concentrated feed formulations.. The solid crust appears sooner on more concentrated liquid 
droplets in comparison to more diluted ones, due to the proximity to saturation. Therefore, 
the resulting external diameter remains bigger. 

Table 2. Laser diffraction measurements for the mixture 50 % lactose – 50 % whey protein isolate 
(w/w, on dry basis) on the different samples  

Sample 

Total solid 
content      
(% w/w) 

Volume mean 
diameter       

d-4,3 (µm) 
d-10  
(µm) 

d-50 
 (µm) 

d-90 
 (µm) Span 

S1 10.0 9.1 ± 0.0 2.6 ± 0.0 8.9 ± 0.0 15.4 ± 0.1 1.4 ± 0.0 
S2 19.8 10.5 ± 0.1 2.8 ± 0.0 10.3 ± 0.0 17.9 ± 0.1 1.5 ± 0.0 
S3 26.0 12.3 ± 0.1 2.6 ± 0.0 12.1 ± 0.1 21.8 ± 0.1 1.6 ± 0.0 
S4 20.0 5.4 ± 0.0 1.6 ± 0.0 5.2 ± 0.0 9.5 ± 0.0 1.5 ± 0.1 

 

The measure of apparent density from the liquid pycnometry includes open and closed 
pores in the particles. The helium pycnometry gives the particle true density from the 
adsorption of helium to the solid’s surface through the open pores. Due to the low-porous 
nature of the present spray-dried samples, the presence of closed pores can be neglected for 
the sake of density and porosity calculations. These density values are presented in Table 3. 
It is important to note that the particles (micrographs in Figure 1) show a densely packed 
crust region, so one can suggest that the porosity estimations take into account mainly the 
air fraction presented in the particle hollow core. 
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Figure 1. SEM micrographs of spray-dried lactose-whey protein isolate particles 
illustrating the same trend of wrinkled surface produced from droplets of different total 

solid content. 10 % w/w (a – b), 20 % w/w (c – d), 30 % w/w (e – f)  
 
 

For the purpose of visualization, the density results were written in terms of particle 
porosity, and thus occluded air, so that a modification of the particle crust can be examined. 
To calculate the porosity, the mass of air contained in the particle’s pores was neglected. In 
that way, the apparent and true densities were used to evaluate the porosity, as indicated in 
Equation 1.  
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Table 3. Evolution of occluded air measured from the spray-dried particle’s porosity and apparent 
density   

Sample 

Total solid 
content    
(% w/w) 

Apparent 
density 
(g/cm3) 

True 
density 
(g/cm3) Porosity 

Occluded air 
(cm3/g) 

S1 10.0 0.81 ± 0.0 1.37 ± 0.0 0.41 0.50 
S2 19.8 0.88 ± 0.0 1.30 ± 0.0 0.32 0.36 
S3 26.0 0.92 ± 0.0 1.25 ± 0.0 0.26 0.28 
S4 20.0 0.86 ± 0.0 1.37 ± 0.0 0.37 0.43 

 

true

-



 apparenttrue      (1) 

Where φ is the particle porosity. The volume of occluded air in the particle per gram of 
powder can be calculated from the porosity as follows,  

apparent
/

1


powdergairoccludedV    (2) 

It is interesting to note from Table 3 that an increase of approximately 40 % on the particle 
occluded air was accomplished by reducing the total solid content from 26 % w/w to 10 % 
w/w, for the same air inlet temperature and nozzle diameter. However, an increase of only 
10 % on the particle occluded air was obtained by modifying the air inlet temperature and 
the nozzle size from [103 °C, 2 mm] to [120 °C, 0.5 mm], for the same total solid fraction.  

The displayed occluded air results along with the mean particle diameters (d-4.3) from 
Table 2 give an indirect qualitative information about the particle crust width. When 
comparing the samples S1 and S3, the mean particle diameter is relatively close, but the 
particle occluded air difference is more important, as mentioned in the previous paragraph. 
Consequently, one can suggest that the lower solid content on the particles from sample S1 
generated a thinner crust compared to that of the particles from S3. 

The amount of occluded air in the particle is an important issue in cases when there are 
oxidation-sensitive compounds present in the particle solid structure. In that way, to avoid a 
particle inner oxidation, a reduction of the occluded air should be considered [8].  
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4. Conclusions 

In the present study, particles containing an equal mixture of lactose and whey protein 
isolate were obtained through spray drying. In order to observe changes in the particle solid 
structures, the sample solutions were spray dried under different total solid contents, air 
inlet temperatures and nozzle diameters. The resulting particles were analyzed through 
scanning electron microscopy, laser diffraction, liquid pycnometry and helium pycnometry. 
In that way, the particle morphology, diameter, porosity and occluded air could be assessed.  

It was observed  that a hollow and wrinkled particle morphology was obtained from all the 
spray dried samples. A slight increase in the mean particle diameter was observed with 
higher solid contents. A change in the total solid content had a higher impact on the 
particle’s occluded air than the coupled air inlet temperature and nozzle diameter. It is 
important to note that the porosity and occluded air estimations were related to the quantity 
of air present in the particle hollow core, due to the low-porous nature of the particle’s crust 
obtained. A higher occluded air amount can lead to oxidation issues if there are sensitive 
substances in the particle solid structure. A possible solution would then be the use of 
higher solid contents in the liquid feed, to generate particles with a lower occluded air 
volume.  
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Abstract 
The influence of pulsed electric fields (PEF) treatment on freeze-drying for 
potato and strawberry tissues was investigated. Samples were pre-treated by 
PEF ( E =  400 V cm-1) for different treatment times. Freeze-drying was 
carried out at -17°C and 18.4 Pa or 30 Pa for potato and strawberry tissues, 
respectively. The effects of PEF pre-treatment was compared with intact 
samples. The drying time was reduced by 35% for potato and 30% for 
strawberry. The sample rehydration capacity and the electrolytes released 
during the rehydration were higher for pre-treated samples. Strawberries 
texture was characterized by the hardness, the cohesiveness and the 
springiness. 

 

Keywords: Pulsed Electric fields; Freeze-drying; Potato; Strawberry; 
Textural Properties. 
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1 Introduction 

Freeze-drying process is well-known to produce high quality products. However, the use of 
this process is limited because of the long drying time and the high energy consumption. 
For this reason, scientists keep searching for new pre-treatments to improve heat and mass 
transfers during the freeze-drying process without affecting the quality of the final products.  

The relevance of using the pulsed electric fields (PEF) to enhance the performances for 
various modes of drying was pointed out.[1] It was reported that, exposing a biological 
tissue to an external electric field for few microseconds cause a transcient increase in the 
transmembrane potential. This alters the organization of the cytoplasmic membrane by 
forming pores which increases the cell membrane permeabilization.[2] 

A few studies have shown the ability of the PEF treatment on fruits and vegetables to 
accelerate the freeze-drying process by increasing the drying rate and/or reducing the 
drying time.[3-6] 

While these results are promising, researches are still needed to confirm these findings for 
different plant tissues and to examine the efficiency of the PEF assisted freeze-drying 
process on the quality of the final products. The objective of this work was to investigate 
the influence of coupling PEF treatment and freeze-drying on the dehydration kinetics of 
potato and strawberry tissues, and to investigate the effect of using this innovative process 
on the rehydration and textural properties of freeze-dried products.  

2 Materials and Methods 

2.1 Sample preparation 

Potatoes (Agata) and strawberries (Charlotte and unknown variety from Spain) were bought 
from a local market (Pontivy, France) and stored in a refrigerator (4°C). Initial moisture 
contents were (85.2 ± 1.0) % and (91.7 ± 0.4) % in wet basis (w/w), respectively. 
Cylindrical potato (18 mm diameter and 25 mm height) and strawberry samples (20 mm 
diameter and 27 mm height) were prepared.  

2.2 Pulsed Electric Field (PEF) pre-treatment 

The electric field treatment was carried out using a PEF generator (2.5 kV/24 mA, Effitech, 
Pau, France). The generator supplies near-rectangular monopolar pulses. N  series of pulses 
(-) were imposed during the treatment. Each series was composed of n  pulses (-) with 
pulse duration it  (µs) and pulse repetition time t∆ (s). Two consecutive series were 

separated by an intertrain time tt∆ (min). This time between series was fixed at 5 min in 
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order to control the increase in the product temperature (10°C in our case). The total PEF 
treatment time (s) was defined as t it n N t= ⋅ ⋅ .  

For potato samples, the PEF treatement was realized according to the following 
protocol: E = 400 V cm-1, N = 12.5, n = 240, it = 100 µs, tt = 0.3 s.  

For strawberry samples, the same electric field strength, pulse duration and pulse number in 
each series were applied ( E = 400 V cm-1, n = 240, it = 100 µs). For the study of the 

disintegration kinetics during the PEF treatment, N = 16 series were required to reach the 
totally disintegrated tissue which corresponds to a PEF treatment time tt = 0.384 s. For the 
studies of the dehydration kinetics and the effect of PEF treatement on the freeze-dried 
strawberries, different number of series were applied ( N = 0.5, 1, 2, 3, 4 series) 
correspondent to various PEF treatment times ( tt = 0.012 s, 0.024 s, 0.036 s, 0.048 s and 
0.096 s). After the PEF pre-treatment, the samples were frozen and stored in a freezer 
(Fryka Kältetechnic, Esslingen am Neckar, Germany) at -80°C until needed.  

The degree of tissues damage was assessed from the conductivity disintegration index Z (-), 
calculated as i d iZ σ σ σ σ= − − .[7] σ is the electrical conductivity measured at time t  

(S cm-1), iσ  the conductivity of the intact sample (S cm-1) and dσ  the conductivity of the 

totally damaged sample (S cm-1). dσ  was determined from the measurements of the 
electrical conductivity of a tissue after a freeze-thaw cycle. 

2.3 Freeze-drying experiments 

The freeze-drying experiments were carried out using a VirTis Advantage XL-70 freeze-
dryer (Sp Scientific, Warminster, USA). The frozen samples (-80°C) were introduced in the 
freeze-dryer on a pre-cooled heating shelf fixed at -50°C. For both products investigated, 
the temperature inside the freeze-dryer chamber was set at -17°C. The pressure inside the 
freeze-dryer chamber was kept at 18.4 Pa and 30 Pa for potato and strawberry tissues 
respectively. During the secondary drying, the plate temperature was risen to 45°C. 
Triplicate samples were weighted using a precision balance (Acculab ALC-110.4, accuracy 

410−  g, Sartorius, Goettingen, Germany). The relative mass, ( )im m was calculated by 

dividing m , which is the measured mass at time t (g) by im , the initial mass (g). 
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2.4 Quality analysis 

2.4.1 Rehydration ratio 

The rehydration ratio was determined by weighing a sample before and after soaking it in 
distilled water at room temperature (24 ±  1) °C for one minute. These measurements were 
done for triplicate samples. 

2.4.2 Electrolyte release during rehydration 

The amount of electrolytes released during rehydration was determined by measuring the 
changes in electrical conductivity of the rehydration solution. These experiments were 
carried out with intact and PEF pre-treated samples with different treatment times 
( tt = 0.012 s, 0.024 s, 0.048 s, 0.072 s and 0.096 s). The electric resistance of the solution 
was measured using an impedance meter (Agilent U1733C, Keysight Technologies, USA) 
at 100 KHz frequency. The samples were first weighted and placed inside a small beaker 
filled with distilled water (conductivity of 0.001 S m-1). The liquid-solid ratio was fixed at 
80. A magnetic stirrer was used to carefully agitate the mixture (100 tr min-1). A small 
quantity of the solution (800 µL) was taken at different times during 2 h and was placed 
inside a cuvette electrodes (Eppendorf 800 µL), then it was connected to the impedance 
meter. The electrolyte release during rehydration was determined at room temperature 
(24 ±  1) °C. These measurements were done for triplicate samples.  

2.4.3 Texture analysis 

The textural properties were determined through a Texture Analyser (MTS Synergie 200 H, 
Helmut Singer Elektronik, Aachen, Germany). Texture profile analysis TPA was carried 
out for freeze-dried slices of strawberry of 20 mm diameter. These textural measurements 
were performed with intact and PEF pre-treated samples with different treatment times 
(0.024 s, 0.048 s, 0.072 s and 0.096 s). For each condition, twenty five replicates were 
analysed. The trials were done using a cylindrical probe of 25 mm diameter. Two 
compressions were realized with an interval of 5 s between cycles. The samples were 
compressed to 50% of their original  height, using a load cell 1 kN and the compression rate 
was 30 mm min-1. From the force-time curves, the hardness, the cohesiveness and the 
springiness were determined.[8]  

3 Results and discussion 

Fig. 1 presents the electrical conductivity disintegration index, Z , versus the total PEF 
treatment time for potato and strawberry tissues.  
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Fig. 1 Electrical conductivity disintegration index, Z , versus the total PEF treatment time for 

potato and strawberry tissues. 
 
The disintegration index, Z , increases continuously during the PEF treatment. However, 
the evolution is not identical for potato and strawberry tissues. From Fig. 1, the half-
permeabilization, defined as the time for which the disintegration degree Z = 0.5 is reached, 
was determined. 

Strawberry is more sensitive to PEF treatment with a half-permeabilization happened after 
less than 0.024 s of treatment time compared to potato tissue which required a two-fold 
treatment time (0.05 s).  

In order to investigate the benefits of PEF pre-treatement on the freeze-drying process, 
potato and strawberry were prepared, frozen at -80°C and freeze-dried.  

Fig. 2 depicts the relative mass of the sample, im m , as a function of the freeze-drying time 
for strawberry samples.  

 

Fig. 2 a) Relative mass of the sample, im m , as a function of the freeze-drying time for intact and 

PEF pre-treated strawberry samples with different treatment times; b) Photographies of samples.  
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PEF pre-treatment accelerates the freeze-drying process and no difference is observable 
between the pre-treated samples with different treatment times (Fig. 2a). Eighteen hours are 
sufficient to dry the pre-treated samples, against 46 h for intact ones. Thus, the PEF pre-
treatment is able to reduce the drying time of strawberry by 30%. Visually, the appearance 
of PEF pre-treated samples after freeze-drying is slightly damaged compared with intact 
ones (Fig. 2b). For potato samples, the positive effect of the PEF pre-treatment on the 
freeze-drying rate is also obtained and the drying time is shortenend by 35% (not shown).  

The rehydration ratio is almost doubled for PEF pre-treated freeze-dried strawberries 
compared with intact ones. Moreover, the electrolyte release during the rehydration process 
increases with the PEF treatment time (Fig. 3). 

 

 
Fig. 3 Relative conductivity, iσ σ as a function of time during the rehydratation of freeze-dried 

strawberries at different PEF treatment times.   
 

These results come from the fact that PEF pre-treatment causes breaks in the cell membrane 
which facilitates the release of the cell components towards the extracellular medium.[9,3] 
The concentration of the ionic components increases with the PEF treatment time as a 
consequence of a greater damage in the cell membrane. The statistical analysis indicated 
that PEF pre-treatment has a significant effect on the rehydration ratio (p-value < 0.05). 

Fig. 4 shows the average values of the hardness and the springiness for intact and pre-
treated freeze-dried strawberry slices for different PEF treatement times.  
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Fig. 4 Hardness and springiness for intact and pre-treated  freeze-dried strawberry slices for 

different PEF treatment times.   
 
The hardness represents the maximal force required to deform the sample in mastication 
during the first compression and the springiness characterizes the product elasticity. After 
the PEF pre-treatment, the strawberry tissues have lost a part of their initial strength. Thus, 
the hardness values decrease for increasing PEF treatment times until the time reaches 
0.096 s (Fig. 4a). Both springiness and cohesiveness of pre-treated samples increase 
compared with the intact ones and this increase becomes all the more important as the PEF 
treatment time is high (springiness: Fig. 4b and cohesiveness: not shown). All these results 
can be explained by the irreversible damage in the cell membrane caused by the PEF pre-
treatment.[10] However, after an intensive PEF pre-treatement (0.096 s) the cells have lost 
their cellular turgor components and we assume that all the residues from the cells 
aggregate and forme a tougher structure.  

4 Conclusions 

The influence of coupling PEF treatment and freeze-drying process for potato and 
strawberry tissues was investigated. PEF pre-treatment was able to reduce the drying time 
of 35% and 30% for potato and strawberry, respectively. A significant rehydration capacity 
was found for pre-treated and freeze-dried strawberries. Strawberries texture was 
characterized by the hardness, the cohesiveness and the springiness. 
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Abstract 
Apricot pretreated with RF and then dried with convective hot air at 65℃, 
3.0m/s in this research. RF pretreatment time of 20, 30, 40 and 50min were 
chosen. Results showed that, there is only falling rate period during apricot 
hot air drying, and the drying rate of apricot is improved significantly; 
Herdenson and Pabis model is suitable for apricot hot air drying; retentions 
of flavonoids, polyphenols and Vc in dried apricot were higher than those of 
fresh apricot; when RF treating time was chosen 30mins, nutrients retentions 
of Vc, flavonoid and polyphenols were 0.9543mg/100g, 5.4089mg/100g and 
7.3382mg/100g, separately.  

 
Keywords: apricot fruit, hot air drying, drying rate, nutrients, radio frequency 
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1. Introduction 

Apricot originated in China. It has a wide distribution, high yield, good quality and unique 
flavor. However, fresh apricot fruit with high moisture content above 80% is easy to corrupt 
at normal temperature even cold storage[1]. Drying is an effective method to extent selft life 
of apricot. Half dried preserved apricot fruits are popular to Chinese. So, there are several 
literals about drying of apricot fruits. Wang studied on thin layer drying of apricot at low 
temperature and different air velocities, and temperature is the main factor affecting drying 
rate [2]. Natural air drying of apricot is time consuming and induces serious browning which 
affects the quality of dried apricot[3]. In order to prevent browning, blanching before drying 
or sulphur treated during drying is usual applied. And these treatments either high 
temperature, nutrients loss[4] or unsafe for health. New type of heating method, RF receives 
more and more attentions in recent years for lots of advantages such as selective heating, self-
balancing effect of moisture content, large energy penetration depth and fast heating rate[5], 
etc. There are several literatures on RF used in drying of agricultural products, 
deinsectization, sterilization[6,8]. Zhang and others [9] investigated RF conbimed with hot air 
drying red jujube, drying time was shortened by 2/3. In roder to reduce drying time and 
improve the quality of dried apricot, RF technique was applied in this paper, and then 
convective hot air drying at 65℃ was conducted. 

2. Materials and Methods 

2.1. Samples preparation 

Apricot armeniaca vulgaris lam was provided by the institute of plum and apricot, Xi'an, in 
May to July,2017. Fresh apricots were stored at 3-4℃and must be used within one week. The 
initial moisture of fresh apricot ranged from 85% to 86% wet basis which was determination 
by oven drying at 103℃. Samples were cut in half and the cores were removed, and then 
immersed in 2% sodium bisulfite solution for 1 hour to restrain browning. 

2.2. RF pretreatment of apricot 

Apricot fruits were moved into the RF equipment and the plate distance was set 60.0mm. The 
power of the radio frequency equipment is 6.0KW and the frequency is 27.1Hz. RF treated 
time was chosen for 20, 30, 40, and 50min. 

2.3. Hot air drying experiment of apricot 

After RF pretreatment, apricot was dried with convective hot air at 65℃ and air velocity of 
3.0m/s. During the drying period water content of apricot was declined from nearly 84% to 
about 20%. In order to analyze the drying characteristics of apricot pretreated with RF, the 
weights of samples were obtained by electronic balance with an accuracy of 0.001g every 60 
minutes. 
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2.4. Nutrients assay 

The flavonoid content of apricot fruit pulp was analyzed according the method described by 
Liang[10] with slight amendent. 1.0ml of filtrate was placed in a 25ml volumetric flask, and 
then 6ml of distilled water and 1.0ml of sodium nitrite (1:20) were added in turn and shaked 
well. After 6 minutes, 1.0ml of aluminium nitrate (1:10) was added and shaked well, and 
6minutes later, 10.0ml of sodium hydroxide (1:10) was added and shake well. After 15 
minutes’ standing, the final volume was made up to 25ml with distilled water and shade well. 
And the sample was placed in colorimetric tube and the absorbance was measured at 510nm. 

Phenolic content in apricot was determined by the Folin-Ciocalteau method[11]. 2,6-
dichlorophenol indophenol method[12] was applied to assay vitamin C content of apricot in 
this study.  

All measurements were conducted in triplicate. 

3. Results and discussion 

3.1. Drying characteristics of apricot preteated with RF 
After RF pretreatment, the apricot fruit was dried with hot air at 65℃ and on the velocity of 
3.0m/s. There is only falling rate period during apriod hot air drying, shown in Figure 1. The 
drying rate of apricot pretreated with RF was obviously higher than that of control sample, 
because RF treatment can improve the permeation of apricot, that would induce moisture 
migrate quickly. In the range of 20-50minutes RF treated, the drying rate of apricot fruit 
increased with the increase of RF treated time. And the drying rate of apricot fruit with  50 
minutes’ RF pretreatment was the highest, while that of apricot with 20minutes’ RF treatment 
was the lowest. May be the longer RF treated time, the permeation of apricot tissue was better, 
which makes it easier for moisture migrate in subsequent drying process. 

 

Fig.1 Drying rate curves of apricot during hot air drying after different RF pretreatments 

In this paper, moisture ratio was applied to analyze the drying characteristics, shown in 
equation (1)[13,14].  
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                          (1) 

Where, M0, Me and Mt stand for initial moisture content, equation moisture content and 
moisture content at any time, sepretively, dry basis, %. As Me was difficult to determinte at 
laboratory, it was neglected in this paper. So, equation(1) was simplified as equation(2). 

                                           (2) 

From the curves of moisture content of apricot preteated with RF during hot air drying,  as 
showed in figure 2,  moisture  content of apricot pretreated with RF delined more fast than 
that of control samples. And the drying time was shorten  by 10% to 34%. That means RF 
ptretreatment could save drying time and energy. 

 

Fig.2 Curves of moisture ratio of apricot changing with drying time during hot air drying 

3.2. Hot air drying model of apricot pretreated with RF 

There are many mathematics models to describe drying characteristics of fruits and 
vegetables[15-19]. Through analyse of experiment data, it was found that, Herdenson and Pabis 
model, Page model and Lemus model, showed in table 1, were better consistent with 
experiment data. R2, χ2, and RMSE of evey model, as equations from (3) to (5), were used as 
indications to evaluate drying model.  Henderson and Pabis model has the highest R2 ranging 
from 0.9715 to 0.9955, and has lower χ2 and RMSE. So Henderson and Pabis model was 
better fit for experiment data. 
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Table 1 R2, RMSE, χ2of hot air drying models for apricot pretreated with RF 

RF 
treatment 
time/min 

Model 
name 

Model 
equation Model parameters R² RMSE χ² 

 

Henderson 
and Pabis 

MR=aexp(-kt) 

a k    

20 1.0432 -8.7×10-5 0.9900 0.0386 0.0016 
30 0.9867 -9.8×10-5 0.9715 0.0525 0.0031 
40 1.1035 -9.5×10-5 0.9879 0.0703 0.0057 
50 1.0839 -10.8×10-5 0.9927 0.0505 0.0030 
 

Page MR=exp(-ktn) 

k n    

20 6.6177×10-5 1.0237 0.9895 0.0279 0.0009 
30 2.4486×10-3 0.6724 0.9255 0.0593 0.0039 
40 3.9567×10-5 1.0796 0.9929 0.0394 0.0018 
50 0.5086×10-5 1.3344 0.9871 0.0607 0.0043 
 

Lemus MR=a1+a2t1/2 

a1 a2    

20 0.9070 -4.6×10-3 0.9644 0.0460 0.0027 
30 0.8862 -4.8×10-3 0.9872 0.0403 0.0018 
40 0.8856 -4.6×10-3 0.9751 0.0460 0.0024 
50 0.9826 -5.8×10-3 0.9820 0.0349 0.0014 

3.3. Analyze of nutrients in dried apricot 

3.3.1. Flavonoids in apricot pretreated with RF  

At the bigining of drying, total flavonoid content was the one of fresh apricot. From figure 
3(a), it was known that, as moisture descrease, total flavonoid contents of apricots pretreated 
with RF were increased firstly and then declined, but higher than that of fresh apricot. The 
reason might be RF treatment induce fruits tissue collapsed that would favorable for testing 
nutrients. It also can be found that, when RF treatment time was chosen 40min, flavonoid 
contents of apricot maitaned highest level during the hole drying process, those of apricots 
pretreated with 30min and 50min were flowed by, and the last was 20minutes’ RF 
pretreatment. The main reason might be tissue permeation of apricot would improve as the 
RF treteated time but there exists a limit level for permeation; and prolong RF pretreated time, 
nutrients were degraded or decomposed.  

When dying was finished, flavonoid content in dried apricots also maintaned higher than of 
fresh apricot (0.9075mg/100g). The main reason would be that RF destroyed internal 
structures of  apricots, and flavones in tissue were easy to dissolve out. 

3.3.2. Polyphenol content in apricot pretreated with RF 

It was obvious showed that, after 30 and 40 minutes’ RF pretreatment, polyphenol contents 
of apricot during hot air drying maitaned the highest level, and those of samples with 20 
munites’ RF pretreatment were follow by, and those of samples with 50 munites’ RF 
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pretreatment were the lowest, showed in figure 3(b). The reason for this phenonena as the 
above. But, longer time RF pretreatment may destroy polyphenol tissue and induced 
oxidation. The result from this study were consistent with that from Zhao et al[20]. During the 
hot air drying process, polyphenol contents maintain stable level and did not decline with the 
descrease of moisture content of apricot.  

  

(a) Flavonoid contents 

 

(b) Polyphenol Content 

 

Fig.3 Nutrients of apricot pretreated with RF changing with moisture content in hot air drying 

3.3.3. Vitamin C in apricot pretreated with RF 

As soon as RF pretreated, Vc content in apricot were sharply increased compared to that of 
fresh sample, showed in figure 3(c). However, Vc is heat sensitive material, as drying 
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processing, it was decreased as the descrease of moisture content of apricot.  And the 40 
minutes’ RF pretreatment could induce the better permeation of apricot tissue analzed above, 
so more Vc in apricot was exposed on the surface of wet matial, that meant more Vc would 
degrade wthen exposed in high temperature condiction. When hot air drying was finished, 
Vc contents of dried apricot with different RF pretreated were slightly higher than that of 
fresh fruit (0.7817mg/100g). 

From the above nutrients analyze, when RF treating time was chosen 30 minutes, nutrients 
retentions of flavonoid, polyphenols and Vc were 5.4089mg/100g, 7.3382mg/100g, and 
0.9543mg/100g, separately. 

4. Conclusions 

RF treatment could improve the hot air drying rate of apricot, and saving time and energy. 
After RF pretreatment, nutrients of flavonoids and polyphenol in apricot  were improved and 
maintain higher levels during hot air drying, although  vitamin C was higher just after RF 
pretreatment, it was degraded during hot air drying. Overall, RF would be a new pretreatment 
technique for fruit and vegetables drying. 
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Abstract 
Organic acids, sugar and colour define the quality and the taste of mangoes. 
The quality deteriorates during drying on a single-layer-dryer. Quality losses 
can be reduced by using drying parameters that influence the quality less. In 
this research, the contents of ascorbic acid, organic acids and sugar as well 
as colour changes and shrinkage are analysed. Analyses are carried out at 
different temperatures, dew point temperatures and air velocities using 
HPLC, IC and UV/Vis- spectrometry. The quality criteria showed the lowest 
changes at a temperature of 60°C, dew point temperature of 20°C and an air 
velocity of 0.9 m/s. 

 

Keywords: organic acids; sugars; colour; shrinkage; thin-layer-dryer. 
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1. Introduction 

The world's population is projected to reach nine billion by 2050. It is expected that the 
number of people suffering from chronic undernourishment (1 billion in 2010) will 
therefore increase significantly by 2050. Due to this fact, it is vital to make the food 
available more useful during production. In developing and transition countries, the main 
focus should be on reducing post-harvest losses [1]. These losses can be avoided if the shelf 
life of the products is extended. In order to extend the shelf life of the investigated products, 
it is necessary to influence the microbial population by changing the conditions in the 
products; so microorganisms cannot grow and reproduce. One method to make agricultural 
products more durable is drying [2]. During drying, the agricultural products lose water and 
the living conditions for microorganisms become increasingly harsher. But during drying, 
the products undergo a loss of quality, e.g. changes in taste, degradation of vitamins and 
temperature sensitive acids and change in colour. Optimal drying parameters can reduce 
such quality losses and preserve the essential quality criteria of the investigated agricultural 
products. In this study, the content of ascorbic-, citric- and malic acid as well as the sugar 
content of fresh and dried mangoes are analysed. Analyses are carried out on mangoes dried 
with an experimental single-layer-dryer described by ARENDT using HPLC, IC and 
UV/Vis instruments [3]. 

2. Materials and Methods 

The mango plant originates from the tropics of India and Burma. Its edible pulp is yellow 
tor orange-red and is protected by a leathery shell, which in ripe state has a green to orange-
red colour, depending on the variety. [4]  

2.1. Quality Criteria of Mangoes  

Because humans and animals have lost their ability to synthesize ascorbic acid out of carbo-
hydrates, it is essential to ingest ascorbic acid within their diet. Ascorbic acid is an im-
portant compound in all living organisms and maintains metabolic functions. The best way 
to reach the daily necessity of 250 to 300 mg is by consuming fruits and vegetables. 
Ascorbic acid acts like an antioxidant against free radicals and can reduce cancer risks and 
risk for arteriosclerosis [5, 6, 7]. Environmental conditions like light, temperature, oxygen, 
cations, trace elements and the pH-value can influence the ascorbic acid content in fruits [5, 
7]. Therefore the content of ascorbic acid in mangoes can vary from one fruit to another. 
The stability of ascorbic acid in food products or an aqueous medium depends on different 
ambient conditions. Factors lowering the content of ascorbic acid include light, oxygen, 
high temperature, alkaline pH-values, enzymatic reactions and catalytically active metal 
ions [7, 8]. Citric acid is found in every living cell because it is produced as an intermediate 
in the citric acid cycle and is required for energy generation. Like other antioxidants, it is 
able to conserve fat, colours, flavors and vitamins in food. Furthermore, it is able to 

1592

http://creativecommons.org/licenses/by-nc-nd/4.0/


Arendt, S.; Jödicke, K.; Hofacker, W.; Speckle, W. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

complex heavy metals and acts like an important inhibitor against uroliths [9, 10, 11]. 
Together with malic acid, citric acid contributes significantly to the flavor of fruits and 
vegetables [12]. The riper the fruit is, the lower its content of malic acid [12]. Malic acid 
also has a supportive effect on antioxidants and therefore inhibits enzymatic browning in 
truncated or injured fruits and vegetables [13]. Malic acid occurs in L- and D-form, but 
only L-malic acid is present in nature. Malic acid is found in all living cells because it also 
appears as an intermediate in the citric acid cycle and is required for energy generation 
[13]. The primary sugars available in mangoes are sucrose, glucose and fructose. Together 
with polyphenols and the organic acid content, the sugar content defines the taste of fruits 
and vegetables [14, 15]. The carbohydrates are the energy providers for the human body 
and also serve as construction material of cells. [7, 16] 

2.2. Sample Preparation and Experimental Set-up 

Mangoes were purchased at a local supplier in Konstanz, Germany. For analysis fresh and 
dried mangoes were frozen in liquid nitrogen and pulverized in a Moulinex mill. In each 
series of experiments, the mangoes were dried in a laboratory single-layer-dryer. For the 
drying process, the through flow principle was applied with air temperatures of 40°C, 60°C, 
80°C and 94°C, dew point temperatures of 5°C, 10°C, 20°C, 30°C and 37°C and air 
velocities of 0.6 m/s, 0.9 m/s, 1.2 m/s and 1.4 m/s. The homogenized samples were 
extracted for measuring quality criteria. 

2.2.1. Ascorbic Acid Extraction 

The fresh and dried mangoes were prepared according to the European Standard EN 14130 
[18]; diluted meta-phosphoric acid was used to extract the samples. This suspension was 
then filtered. A certain amount of the filtrate was diluted with an L-cysteine solution, and 
adjusted to a pH-value between 7.0 and 7.2. The solution was then stirred for a defined time 
and set to a value between 2.5 and 2.8 on the pH-scale. Prior to injection to the HPLC 
ultrapure water was added to the solution until a defined volume was reached. Furthermore, 
the samples were filtered with a 0.45 µm filter to prevent pollution of the RP- (reversed 
phase-) column [18] before the injection to the HPLC.  

2.2.2. Organic Acid Extraction 

The fresh and dried mangoes were diluted in ultrapure water and extracted for 30 minutes 
in an ultrasonic bath. Then the samples were filtered and subsequently injected to the IC-
system. Prior to IC analysis the filtrates were filtered through a 0.45 µm filter to prevent the 
organic acid column (ion-exclusion chromatography (IEC)) from pollution. 

2.2.3. Sugar Extraction 

For sugar extraction, fresh and dried mango samples were diluted with ultrapure water. The 
samples were extracted for 10 minutes on a magnetic stirrer. Then the diluted samples were 
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filtered and processed like described in the manual of the enzymatic test of R-BIOPHARM 
AG. Following this enzyme kit, the content of sucrose, D-glucose and D-fructose were 
measured using an UV/Vis-spectrometer. Samples were prepared in a way that enables the 
determination of D-glucose content before and after the enzymatic hydrolysis of sucrose. 
Subsequently, the content of D-fructose was determined. [19] 

2.2.4. Experimental 

The ascorbic acid extracts of fresh and dried mango samples were analysed by an HPLC 
System (1260 Infinity, AGILENT TECHNOLOGIES, INC.). The used column was a 
LiChrosher (5 µ C18 100A; 4.0 x 250 mm). The ascorbic acid (L(+)-ascorbic acid) was 
analysed by isocratic elution using an eluent consisting of ultrapure water with KH2PO4 and 
methanol with N-cetyl-N,N,N-trimethyl-ammonium bromide according to the European 
Standard EN 14130. Detection of the ascorbic acid was carried out with a diode-array-
detector at a wavelength of 254 nm. [18] The extracts of the organic acids were analysed 
using the METROHM ion chromatograph 883 Basic IC plus. The sample components were 
separated on a chromatographic ion-exclusion chromatography (IEC) column, Organic 
Acid 6.1005.200 from METROHM GmbH & Co. KG (particle size of 9 µm, length of 
250 mm, diameter of 7.8 mm). As mobile phase acetone diluted with 0.5 mmol/L H2SO4 
was used (standard eluent) [20]. A suppressor cell was placed prior to the conductivity 
detector. Sugar content analysis of the extracted and prepared mangoes was done using an 
UV/Vis spectrometer at a fixed wavelength of 340 nm [19]. 

3. Results and Discussion 

The drying process was carried out using an experimental approach, which was developed 
by a Design of Experiment (DoE) software. A response surface plan with central composite 
design was created. Air temperatures (40°C, 60°C, 80°C, 94°C), dew point tempera-tures 
(5°C, 10°C, 20°C, 30°C, 37°C) and air velocities (0.6 m/s, 0.9 m/s, 1.2 m/s, 1.4 m/s) were 
used as variable parameters. The aim was to determine the influence of these factors on the 
quality of the dried samples (mango slices with an initial thickness of 0.4 cm). For fresh 
mangoes, almost constant ascorbic acid contents were detected. Small variations in the 
contents would be due to natural variations of the fresh product. Fig. 1 shows the retention 
of ascorbic acid in dried mangoes plotted against the drying temperature. 

 
Fig. 1 Retention of ascorbic acid in mangoes 
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As shown in fig. 1, the content of ascorbic acid decreases due to drying (retention < 100%). 
The degradation level increases with increasing drying temperatures. This was expected 
because the ascorbic acid decomposes during drying at high temperatures and in the 
presence of oxygen [8]. The concentration of citric acid in dried mangoes (fig. 2) shows 
nearly the same tendency as the concentration of ascorbic acid. It decreases as the drying 
temperature increases, and thus, during shorter periods of drying times. 

 

Fig. 2 Retention of organic acids in mangoes 

In the case of the malic acid (fig. 2) in dried mangoes, the results showed some variations 
when compared to those of ascorbic and citric acid. The trend of degradation with 
increasing drying temperatures can only be slightly noticed. It can be concluded that malic 
acid is reduced during drying, but remains nearly independent of the drying temperature. 
Fig. 3 shows the content of the three main sugars (glucose, fructose, sucrose) in mangoes. 
As shown in fig. 3 (left), the content of glucose increases during drying.  

 

Fig. 3 Retention of sugar in mangoes 

The contents of fructose (fig. 3, center) and sucrose (fig. 3, right) decrease as the drying 
temperatures increase. The content of glucose seems to be nearly independent of the drying 
temperature or increases slightly. This increase of glucose and at the same time degradation 
of sucrose is due to the fact that sucrose is a disaccharide consisting of two molecules: one 
fructose and one glucose [21]. During drying, it seems that sucrose divides back into its two 
constituting molecules. The rate at which the sucrose molecules split is higher at high 
drying temperatures, which in turn means that the contents of fructose and glucose increase. 
As shown in fig. 3, the content of glucose rises slightly with increasing drying temperature 
compared to fructose which decreases, because fructose and glucose are also degraded 
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during drying. Nevertheless, the degradation especially for glucose seems to be muffled 
because of the continuous splitting of sucrose [16, 21].  

The colour of the dried samples was also compared with the colour of the fresh fruit. For an 
easy comparison, the CIE L*, a*, b* colour space is used. a* represents the colour space 
from green to red; b* from blue to yellow and L* represents the brightness (white to black). 
The total colour difference TCD is calculated out of these values using equation (1): 

    (1) 

 

Fig. 4 Colour changes in mangoes 

As it can be seen in fig. 4, the TCD increases as the drying temperatures increase. This is 
not only recognizable from fig. 4, but also from fig. 5, which shows, that the mango powder 
gets darker as the temperature increases. 

 

Fig. 5 Colour changes in mangoes (photo) 

At last the retention of the surface area (shrinkage S) of mango samples before and after 
drying was compared. The retention of surface is calculated using equation (2), where P0 
and P represent the amount of pixels before and after drying, respectively. 

      (2) 

As it can be seen in fig. 6, the retention of the surface decreases as the drying temperatures 
increase. This is due to the fact that mangoes loose water during drying and become 
smaller.  
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Fig. 6 Surface retention of mangoes 

4. Conclusions 

It can be concluded that the drying temperature has the largest influence on changing the 
quality criteria during the drying process of mangoes. The evaluation according to DoE 
revealed that dew point temperature as well as air velocity have a slight effect on the 
changing of the quality criteria. Furthermore, it was found that dew point temperature 
should be kept at 20°C and air velocity at 0.9 m/s. It could be shown that concentrations of 
ascorbic and citric acid in dried mangoes decrease with increasing drying temperatures. The 
content of malic acid as well as that of glucose seem to be nearly independent of the drying 
temperature. The contents of sucrose and fructose decreased during drying. The degradation 
of sucrose can be explained with the splitting of this molecule into fructose and glucose. 
Fructose seems to be more instable towards heat so it decreases more than glucose. This is 
due to the fact that sucrose consists of molecules of fructose and glucose and is divided into 
these two substances during drying [16, 21]. An optimal air temperature for the drying of 
mangoes could be found at around 60°C, because all of the mentioned components show a 
low or the lowest change/degradation values. The changes in the mentioned quality criteria 
should be kept as low as possible because organic acids as well as the different sugars are 
responsible for the taste of the mangoes and possesses health promoting qualities. 
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Abstract 
Pirarucu (Arapaima gigas Schinz) farming has been encouraged and, among 
meat preservation techniques, the salting process is a relatively simple and 
low-cost method. The objective of this work was to study the sodium chloride 
diffusion kinetics in Pirarucu during wet salting. Limited volumes of brine 
(20% w/w) were employed with wet salting assays carried at 3, 4 and 5 
brine/muscle ratios, and brine temperatures of 10, 15 and 20 oC. The 
analytical solution of Fick's second law considering one-dimensional 
diffusion through an infinite slab in contact with a well-stirred solution of 
limited volume was used to calculate the effective salt diffusion coefficients. 
Salt diffusivities in muscle were found to be in the range of 2.07 and 8.80 × 
10-10 m2/s. The wet salting of Pirarucu is greatly influenced by temperature 
and by the brine/muscle ratio by volume.  

 

Keywords: Pirarucu; Arapaima gigas Schinz; salt diffusion coefficients; 
brine. 
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1. Introduction 

The pirarucu (Arapaima gigas Schinz) is one of the largest freshwater fish in the world, 
reaching approximately 2 to 3 meters in length and up to 200kg in weight in its natural 
habitat. The fish inhabits the Amazon River basin in South America and is one of the five 
most widely cultivated and marketed species in the region [1, 2, 3, 4]. It is economically 
and ecologically important to the riverside population due to its high commercial and 
nutritional value [3, 5]. Due to its great adaptability, high market value, good sensory 
characteristics, expressive size and rapid development, the pirarucu has been a focus of 
several studies, mainly in relation to its captive breeding [6]. 

The increase in the pirarucu farming in aquaculture production systems has highlighted the 
economic significance of this species in recent years, mainly due to its nutritional quality. 
However, its marketing and consumption throughout the year faces some barriers due to the 
many changes occurring in the product because of enzyme and microbiological activities, 
which can affect the  flavor, odor, color and texture and lead to rapid deterioration, 
resulting in fish of lower quality [7, 8]. 

Studies on shelf-life of food products depend on the knowledge of internal and external 
characteristics that can affect the speed of deterioration, such as packaging technologies, 
storage conditions, formulation and conservationamong others [8]. Salting is one of the 
oldest food conservation processes [9, 10]. The concentration of sodium chloride influences 
the technological properties of the food, such as water retention capacity, viscosity, texture, 
emulsification, influences the properties of proteins and promotes sensory acceptance [11, 
12]. 

Salting is a good alternative for producing processed food because it is a relatively simple, 
low-cost technique and can be carried out in places with little infrastructure. Brining is a 
specific process of osmotic dehydration that is conducted by immersing the product in 
concentrated saline solution [13]. In this operation, two main mass transfer processes occur. 
The water migrates from the meat to the brine and solutes from the brine transfer to the 
meat. Consequently, changes in the composition of solids produce a decrease in the amount 
of water available for degradation reactions by enzymes and microorganisms [14, 15]. 

The diffusion of salt in meats and meat products has been the objective of some studies 
[16]. Diffusion is an important mass transfer phenomenon, responsible for the transport of 
sodium and chloride [17]. The mass transfer between the brine and the product is usually 
controlled by the diffusion rate of the solutes. Diffusion rates are calculated using solution 
diffusion coefficients for solids [18]. Food and foodstuffs present irregular shapes and have 
regions of different compositions that make the mathematical modeling difficult and some 
alternatives should be considered to deal with the heterogeneity of materials [16, 19, 20].  
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Water loss and absorption of solids during osmotic dehydration have been modeled using 
Fick´s second law. Some studies use analytical solutions for transfer of one-dimensional 
mass based on laboratory studies carried out with a great excess of agitated solution, in 
order to ensure a variation in the composition of the solution and simplify the calculations 
involved [21]. To determine the effective diffusivity of salt in caiman meat, Romanelli & 
Felício [22] used the same approach. However, the management of large volumes of 
solution is an obstacle to the process at an industrial scale, leading to an increase in 
production costs. 

The knowledge of the diffusion rates is important, as it allows the correct determination of 
the necessary processing time, having control over the exact final concentration of salt and 
its distribution in the product. Several articles have been published on mass transfer and 
diffusion of salt in meat and fish products [23, 24]. So, the aim of this study was to evaluate 
the proximate composition of the pirarucu raw material and investigate the sodium chloride 
diffusion kinetics in pirarucu muscle during wet salting. 

2. Materials and Methods 

 This study focused on the sodium chloride diffusion in pirarucu muscle during the wet 
salting process using a limited volume of brine (20% w/w). The experiments were 
developed and done in the meat and meat products laboratory of the Department of 
Engineering and Food Technology of the Sao Paulo State University – UNESP-IBILCE.  

The material used in this study consisted of a frozen Pirarucu fillets (Arapaima gigas 
Schinz) purchased from a single supplier, in a local supermarket in the city of Manaus 
(Brazil). The fillets were transported to UNESP-IBILCE (São José do Rio Preto, Brazil), 
stored under freezing and thawed under refrigeration temperature for 24 hours for 
evaluation of its physical characteristics, such as size and weight, and also the proximate 
composition, before salting. Moisture, ash and protein contents were determined according 
to the AOAC [25] method. The lipid content was determined, following the method 
described by Bligh & Dyer [26]. 

Sodium chloride solution was used as the osmotic agent. The sodium chloride used was of 
food grade, the other chemical compounds used for the determinations of sodium chloride, 
proteins and lipids were of analytical grade.  

Experiments were carried out with a brine concentration of 20% (w/w), at temperatures of 

10, 15 and 20 oC and volume ratios of brine/muscle (
SL V/V ) of 3, 4 and 5. 

Fillet densities before salting and at different periods after salting were measured according 
to the liquid displacement method [13]. Brine densities were measured by means of a 
pycnometer at 25 °C.  
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Fillets were weighed and placed inside flasks of 500 ml containing brine at a pre-
determined volume, temperature and salt concentration. The flasks were then maintained in 
a refrigerated orbital agitator, being removed at different time intervals, when the brine was 
drained and weighed and the fillets were dried with absorbent paper, weighed and ground. 
Two aliquots for salt content, estimated as the ash contents in a muffle furnace at 550 °C. 
Two aliquots of brine were taken to measurethe salt content. The salt content was obtained 
according to the Mohr method [27].  

The governing equation for the unsteady-state one-dimensional diffusion in a plane slab 
was given by Fick's second law, also called the diffusion equation, and the analytical 
solution of the stated problem was given by Crank [28] as: 
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where tM  is the total amount of solute in the solid at time t, ∞M  is the corresponding 
quantity at equilibrium, L is half of the slab thickness and qn are the non zero positive roots 
of the equation  

nn qqtan α−=                                                                                             (2)                                                                                       

In order to adjust equation (1) to the experimental data and obtain the effective diffusivity 
values,  parameters m, α, and qn were determined according to Telis et al. [13].  

The effective diffusivities were obtained by a non-linear adjustment of the first six terms of 
the series corresponding to equation (1), which was performed using the Statistica software 
(StatSoft Inc., V.7.0). 

3. Results and discussion  

The proximate composition of Pirarucu muscle is shown in Table 1. Similar results were 
found by Martins et al. [29], when analyzing the proximal composition of pirarucu muscle. 
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Table 1. Proximal composition of the Pirarucu muscle (n=3). 

 Proximate composition (%) 
(mean ± standard deviation) 

Moisture 78.99 ± 0.07 

Protein 20.30 ± 0.21 

Lipid 0.41 ± 0.17 

Ash 1.08 ± 0.07 

 

The results for the effective diffusivity of salt at each temperature studied in the three 
brine/muscle ratios are shown in Table 2.  

Table 2. Effective diffusivity at different brine/muscle ratios and temperatures during wet salting of 
Pirarucu. 

Brine/muscle ratio Temperature (oC) 
Effective diffusivity x 1010 

(m2/s) 

3 

20 8,79 

15 5,30 

10 2,07 

4 

20 8,67 

15 5,62 

10 2,77 

5 

20 8,80 

15 5,71 

10 3,17 

 

Table 2 shows that the brine/muscle ratio has a low effect, since effective diffusivities were 
very similar for the different ratiosat the same temperatures. Similar behavior was observed 
by Medina-Vivanco et al. [30] when they studied  tilapia muscle.  

Effective diffusivities increased with increasing temperatures (Table 2) for all brine/muscle 
ratios. Similar results were observed by Telis et al. [13] who studied salting diffusivities in 
caiman muscle.  Low temperatures are recommended because fish is a very perishable food. 
Brás & Costa [31] used salting temperatures from 12 ºC to 18 ºC for salting different fishes. 
According to Chiralt et al. [32], higher temperatures not only affect the rate of diffusion 
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phenomenon but also may affect the viscoelastic properties of the solid matrix, with a 
softening of the structure accompanying the temperature increase. An additional effect in 
salt gain rates could arise from the reduction in brine viscosity at higher temperatures.  

Salted fish products have a long shelf life due to their low water activity and the flora 
selection that a high salt content media implies [31]. 

4. Conclusions 

Salt effective diffusion coefficients are in the range from 2.07 to 8.80 × 10-10 m2/s. 

The wet salting process of pirarucu is great influenced by temperature: the higher the 
temperature in the wet salting process, the  higher the effective diffusion coefficients; and, 
to a lesser extent, by the brine/muscle volume ratio though lower temperatures are better 
because fish is a perishable food.  
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Abstract 
The aim of this study was to evaluate the influence of fat reduction in the 
drying process of Italian salami. Two Italian salami formulations: HFS 
(High Fat Sausage) with 20g/100g of pork back fat and LFS (Low Fat 
Sausage) with 11.2g/100g of pork back fat were analyzed as water activity, 
weight loss, proximate composition and pH. The evaluation times were 0, 3, 
7, 10 and 13 days of drying.The reduction of more than 25% in the fat 
content of Italian salami affected the weight loss in the drying process, but 
did not affect the moisture, pH and water activity. 

 

Keywords: Low-fat; fermented sausage; weight loss; healthier meat 
products; ripening time.  
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1. Introduction 

Currently, there is an increase in consumer demand for healthier food products that have 
low calorie and low fat content. Because of this trend, the meat product manufacturers are 
seeking to develop new formulations of tradicional products, reducing fat content and using 
fat substitut on the aim of producing healthier  meat products [1].  

The high fat content in fermented sausages contributes to the sensory characteristics, such 
as taste, texture, juiciness, mouthfeel, lubricity and appearance, and its reduction can 
directly affect the acceptability of the product [2, 3]. However, there is an association 
between excessive consumption of saturated fat and increased risk of heart disease and 
some cancers [4, 5].  

The drying stage of the fermented sausage represents an important factor for determining 
the physicochemical and sensorial properties of the final product. The duration of the 
drying step of the sausage is related to the diameter. This stage of the process should always 
be performed at temperatures, between 12°C and 15°C. The sausage can lose up to 40% of 
its weight during the drying and this loss must be gradual to avoid deformation of the final 
product [6].  

Fat reduction in dry fermented sausages is one of the most difficult because the excessive 
reduction of fat can leads to harder products and can increase the weight loss. But 
according to Olivares et al [2], those defects can be avoided if appropriate processing and 
climatic conditions of the drying process are applied correctly. So, the aim of this study was 
to evaluate the influence of fat reduction level on the drying process of Italian type salami. 

2. Materials and Methods 

2.1. Italian type Salami drying process 

The samples were manufactured in the Laboratory of Meat and Derivatives at the Faculty 
of Food Engineering, University of Campinas (São Paulo, Brazil). Two levels of pork back 
fat were added in the Italian type salami formulation: HFS (High Fat Sausage) with 
20g/100g of pork back fat added and 80g/100g of lean pork / LFC (Low Fat Sausage) with 
11.2g/100g of pork back fat added and 88g/100g of lean pork. The other ingredients of the 
formulation were: sucrose (2g/100g), sodium chloride (2.5g/100g), sodium erythorbate 
(0.5g/100g), sodium nitrite (0.015g/100g), sodium nitrate (0.015g/100g), white pepper 
(0.5g/100g), garlic (0.2g/100g), nutmeg (0.2g/100g) and a starter culture (0.25 g/kg; SPX 
Floracarn, Chr Hansen).  

All ingredients were mixed with the raw material using a blender for approximately 5 
minutes. After, the treatments were stuffed in cellulose cases (diameter of 50 mm) and they 
were cut into pieces 15 cm in length. For each treatment 25 pieces (approximately 250 g 
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each) were made and each sample was soaked in a solution of potassium sorbate (20%). 
The temperature ad relative humidity parameters (T ºC/RH %) were: 25 ºC/95% (first day), 
24 ºC/93% (second day), 23 ºC/91% (third day), 22 ºC/89% (fourth day), 21 ºC/87% (fifth 
day), 20 ºC/85% (sixth day), 18 ºC/85% (seventh day), 15 ºC/75% (until the end of ripening 
process). The air velocity during all the process was 0.5 m/s. The processing was performed 
twice. 

2.2. Ripening analysis  

Water activity was measured in triplicate using Aqualab Decagon equipment (Decagon 
Devices Inc., Pullman, USA). 

The moisture, ash and protein content quantification was performed according to AOAC 
[7]. Fat content was measured using the Bligh & Dyer method [8]. This analysis was 
performed in triplicate.  

The pH was measured using a digital pH meter with penetration probe, in triplicate, in the 
same piece of salami. 

To calculate the weight loss, the same samples were weighed throughout the drying process 
and the loss was determined by the difference calculation between the initial weight and the 
final weight (n=5).  

2.3. Statistical analysis 

The data obtained were analyzed by analysis of variance (ANOVA), and the differences 
between the means of the results were evaluated by the Fisher test (P ≤ 0.05) at a 
significance level of 5%. The software used was MiniTab 16.  

3. Results and discussion 

3.1. Proximate composition  

The moisture content of Italian type salami was different between batches only after the 
drying process (Table 1).  
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Table 1. Proximate composition of Italian type salami high fat content (HFS) and low fat content 
(LFS) after 0 and 13 days of dry process. 

Analysis Days of drying HFS LFS SEM¹ p value  

Moisture 
(%) 

0 65.17A 64.13A 0.245 0.066  

13 32.20B 39.10A 0.770 0.012*  

Fat (%) 
0 13.5A 10.21B 0.488 0.02*  

13 30.44A 22.80B 0.772 0.01*  

Ash (%) 
0 3.61A 3.47A 0.071 0.182  

13 5.35A 5.85A 0.412 0.349  

Protein 
(%) 

0 15.56B 18.60A 0.352 0.013*  

13 26.14A 28.94A 0.956 0.075  
ABDifferent letters in the same line differ significantly (P < 0.05) by the Fisher’s test. *Significant.  
 ¹SEM: Standart error of the mean.  
 

LFS had higher moisture content because of the fat reduction. Similar results were reported 
by Olivares et al [2] that manufacture dry sausage using different pork back fat content and 
the lowest (13.2%) had the highest moisture at the end of the dryng process.  

The results for ash and protein did not show differences  at the end of the drying process. 
The reduction of fat level achieved was approximately 25%. So, it is possible to classify 
this product as an Italian type Salami with reduced saturated fat content (light), according to 
the corresponding legislation [9]. 

2.2. Ripening analysis  

The results for the water acttivity, pH and weight loss during the drying proceso of salami 
type Italian are presented in Figure 1.  
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Fig. 1. Evolution of water actitvy (A), pH (B) and weight loss (C) during the drying process of 
Italian type salami.  

abDifferent letters in the graphic differ significantly (P < 0.05) by the Fisher’s test 

 

The water activity (Fig.1A) of the treatments was reduced during processing (13 days), 
starting at 0.96 and reducing to 0.9. The high fat sausage (HFS) didn’t show difference 
wáter activity from the low fat sausage (LFS) at the end of the drying processing. So the 
reduction in the pork fat of Italian type salami did not affect this technological parameter. 
This result is in agreement with Fonseca et al [10] that reported that the reduction in fat 
content (10%, 20% and 30% fat) in fermented dry salsichon had no significant effect on the 
water activity of the final product.  

The initial pH (Fig.1B) of the batch was 5.6. After 3 days of processing, the pH value was 
near 4.6 for all treatments, indicating that micro-organisms present in the fermenting starter 
culture produced lactic acid from the sugars present in the formulation, reducing the pH. 
Othes authors also reported a significant reduction of pH from day 0 to day 3 in the 
production of fermented sausage [11, 12].  

To ensure the loss of water during the drying process, the pH should reach values close to 
the isoelectric point of the meat (pH 5.0). According to Price and Schiweigert [13] 
acidification contributes to the texture of the product, as well as in the formation of 
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aromatic compounds and the typical salami flavor. This rapid drop in pH value, close to 4.6 
ensures product stability and provides microbiological protection against gram negative 
bacteria. The reduction in the pork fat content did not affect the pH value during the drying 
of the fermented sausage. 

HFS showed the lowest (p>0.05) weight loss (Fig.1.C) (%) compared to the other 
treatments (LFS), showing that fat level may influence yield. This result is in agreement 
with the results presented by Ham et al [14], who observed that the fermented salami with 
fat reduction had the lowest yield when compared to the control treatment (with no 
reduction in fat content).  

4. Conclusions 

The reduction of 25% in the fat content of Italian type salami can be used to produce a 
healthier dry fermented meat product without affected the technological parametrs such as 
moisture, pH and water activity durind the drying process.  
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Abstract 
In this work the new process of producing parboiled rice (PB) by 
combinatintion of microwave and hot air fluidized bed (MWFB) was 
proposed and investigated. Results showed that the drying time was shorter 
with smaller bed depth, higher drying temperature and higher microwave 
power. The initial grain temperature, drying temperature, bed depth and 
microwave power strongly affected the gelatinization of rice starch. The PB 
produced by MWFB caused a very small broken kernel (1-2%). The 
whiteness was decreased with increase in drying time, initial grain 
temperature, drying temperature and microwave power. The specific energy 
consumption was increased with increasing such operating parameters.  

 

Keywords: Drying; Parboiled rice; Fluidized bed; Microwave. 
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1. Introduction 

PB producion in the industrial scale around the world can normally be done by wet-heat 
process. This process mainly consists of soaking, steaming and drying step. In the steaming 
step, the saturated steam, normally produced by high pressure boiler, is used to gelatinize 
the rice starch [1]. After steming, the rice starch appears transulance. In addition to the wet 
heat process, the dry heat process is also used in a small scale factory. By the dry-heat 
process, hot air or roasting with or without sand is practicall utilized. The later process 
involves conduction heating of moisten paddy at a higher temperature with shorter drying 
duration. The starch gelatinization with no retrogradation is specifically found, unlike to the 
wet heat process, because of the simultaneous rapid loss of water from the paddy during 
conduction heating was studied by Mahanta and Bhattachaya [2]. Pillaiyar et al. [3] 
reported that the roasting sand at temperature of 125oC could get the fully PB but with mild 
effect. The parboiling became severe at high temperatures. Roasting the soaked paddy at 
250oC could reduce the cooking time of the PB. A sand temperature of 125-150oC is 
considered as suitable condition for producing PB by this technique 

The wet-heat PB production requires many components such as the boiler, steam pipe and 
auxiliary devices, while the dry-heat PB process using sand roasting [4] needs to separate 
the paddy-sand mixture after parboiling. To eliminate the restrictions on the steaming and 
sand separation in PB production, the MWFB was proposed and investigated. The 
microwave (MW) drying has been studied by many researchers and applied with many 
products. But, the work involing with parboiling rice is still limited in the literature. It 
appears only work reported by Kahyaoglu et al. [5] for parboiling wheat using MW-assisted 
spouted bed drying. They found that the MW-assisted spouted bed drying at the MW power 
of 3.5 and 7.5 W/g reduced drying time by at least 60% and 85%, respectively compared to 
spouted bed drying. As mentioned above, in this work, the new process of producing PB by 
MWFB was proposed and investigated. In the experiment, the drying kinetics and quality of 
head rice yield (HRY), the degree of starch gelatinization (DSG), morphology, whiteness 
value and specific energy consumption (SEC) were investigated.  

2. Materials and Methods 

2.1. Materials 

The Suphanburi 1 paddy variety was stored at ambient air temperature for 6 months. Paddy 
was soaked at the temperature of 69±1°C for 5 h (47±1% d.b.) and different initial grain 
temperatures of 32, 55 and 65°C was dried by MWFB and FB dryers. 

2.2. MWFB dryer 

Fig. 1 shows the MWFB dryer. The system consists of a stainless steel cylindrical drying 
chamber with an inner diameter of 21 cm and height of 80 cm, a 19 kW electric heaters, a 
backward-curved blade centrifugal fan driven by a 2.2 kW (3 HP) motor and 5 MW 
magnetrons with each rated at 800 W (2.45 GHz). The magnetrons were installed at 5.5, 
11.5, 17.5, 23.5 and 30.0 cm above distributor plate of the drying chamber. 
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Fig. 1  A schematic diagram of a MWFB dryer. 

2.3. Experimental design 

The soaked paddy was dried by MWFB and FB at temperatures of 130, 150 and 170°C 
with a MW power of 1.6, 2.4 and 4.0 kW. Bed depth of 5 and 10 cm, as well as an inlet 
superficial air velocity of 4.6 m/s and recycled exhaust air fraction of 0.8 were used. After 
reaching predetermined drying time, the paddy was taken out from the dryer and the 
samples were gently dried in shade to obtain a final moisture content of 15±1% d.b. The 
experiment was performed in duplication. The MC of paddy was determined acording to 
AACC 1995 [6] method at a temperature of 103±2°C for 72 h. It was done in triplicate and 
the mean value was reported. 

The dried paddy sample (150±1 g) was dehusked using a rubber roll hulling machine 
(Ngeksenghuat, model P-1, Thailand) and milled rice to remove bran using a miller 
(Ngeksenghuat, model K-1, Thailand). Whole and broken grains were graded automatically 
using a cylindrical rice separator (Ngeksenghuat, model I-1, Thailand). The milling test was 
performed in duplicate and the HRY was calculated by the following equation. 

HRY%      100
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W       (1) 

where Whr is mass of head rice sample (g) and Wp is mass of paddy sample (g). 
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The DSG of the rice samples was characterized by the Differential Scanning Calorimeter 
(DSC) (Perkin Elmer, model DSC-7, USA). A sample was ground into powder and 3 mg 
rice flour sample was put into an aluminium pan and mixed with 10 mL distilled water. The 
pan was sealed and kept to equilibrate at room temperature for 1 h. After that, the sample 
was heated from 40 to 110°C at a scanning rate of 10°C/min. The determinations were done 
duplication and the DSG was calculated by the following equation. 

DSG%      1001 











CH

H      (2) 

where ∆H is the enthalpy change of starch in dried rice (J/g dry matter) and ∆Hc is the 
enthalpy change of reference rice starch (J/g dry matter). 

The scanning electron microscope (SEM) (JEOL, model JSM-6610LV, Japan) with 
accelerating voltage 5 kV was used to examine the starch granules morphology. Before test, 
the sample was attached to an SEM stub and coated by sputter coater (Cressington, model 
108 Auto, UK) with a pure copper 99.99% layer. While, the whiteness of rice samples was 
determined by a Kett digital whiteness meter (model C-300, Japan). Before measuring, the 
whiteness meter was calibrated with a white colored reference that has a standard value of 
86.3. Each measurement was performed in 10 replicates and the mean value was reported. 

3. Results and Discussion 

3.1 Drying characteristics 

The experimental results showed that the bed depth of 5 cm, the grain temperature was 
significantly higher than that at the bed depth of 10 cm approximated by 5-15oC. With the 
MWFB drying, it could reduce MC faster than the FB drying by  approximately 2-5% d.b. 
When the grain gets the MW, the water molecules are rapidly rotated by MW frequencies 
(2.45 GHz). The heat is rapidly generated, especially in the middle of the paddy grain. As a 
result, the grain temperature in the MWFB was significantly higher than that of FB about 5-
10oC. The higher grain temperature in the MWFB can accelerate the travel of moisture 
from the inside to the external, resulting in higher rate of drying [8]. 

At the same time, the drying time to reach an intermediate MC of 20±2% d.b. was shorter 
with smaller bed depth, higher drying temperature and higher MW power, as shown in Fig. 
2(a). Considering the effect of initial grain temperature as shown in Fig. 2(b), the drying 
rate for the grain temperature of the paddy sample that had higher initial grain temperature 
was insignificantly different from that of the sample with lower initial grain temperature 
although the grain temperature at higher intial grain temperature was higher during drying. 
This is possibly due to the fact that the moisture movement during drying might be in the 
liquid form and controlled by liquid diffusion. In the liquid diffusion, the variation of 
temperature between 32 and 65°C does not provide a big difference of effective diffusion 
coefficient of water (only 1-2% d.b. moisture difference). 

1618



Prachayawarakorn, S.; Saniso, E.; Swasdisewi, T.; Soponronnarit, S. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

   
Fig. 2  Evalution of MC and grain temperature of soaked paddy dried by FB and MWFB. 

 

 
Tgi=32°C/FB(150°C)/DSG=56% 

 
Tgi=32°C/FB(150°C)MW(4.0kW)/DSG=85% 

 
Tgi=32°C/FB(170°C)MW(2.4kW)/DSG=70% 

 
Tgi=55°C/FB(170°C)MW(2.4kW)/DSG=96% 

Fig. 3  SEM images at the interior area of soaked paddy dried by FB and MWFB (Bed=10 cm) 

3.2 Degree of starch gelatinization 

The use of FB drying at the temperature of 130-170C allowed starch to be gelatinized in a 
range of 41-65% for initial grain temperatures of 32C and 10 cm bed depth. At this DSG 
range, the PB is classified as the mildly PB [8] and the kernel that appeared white belly was 
not found although the starch gelatinization was incomplete. As the soaked paddy was dried 
at the bed depth of 5 cm, the rice starch was gelatinized in a range of 48-100%, depending 
on the drying temperature. The FB drying at 170C could produce the severely PB. 

As the MW(4.0kW) was combined with FB, the PB dried at the temperature of 150C or 
higher was designated as severely PB. The complete gelatinization of rice starch was found 

(a) (b) 
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with the soaked paddy dried by FB(170C)MW(4.0kW), FB(150C)MW(4.0kW), 
FB(170C)MW(2.4kW) when the initial grain temperatures of 32, 65 and 65C, 
respectively, was employed at the bed depth of 10 cm. Also the soaked paddy dried by 
FB(170C) and FB(170C)MW(4.0kW) at initial grain temperature of 32C and bed depth 
of 5 cm had complete gelatinization of rice starch as shown in Table 1. 

3.3 Morphology 

Fig. 3 show the starch granules of the soaked paddy dried by FB(150C) and MW(4.0 
kW)FB(150C) with initial grain temperature of 32C, it seem that some starch granules 
still appeared at the interior of the rice kernel when the soaked paddy dried by FB only 
whereas the starch granules of the soaked paddy dried by MWFB were smooth with the 
complete loss of granular morphology of the rice. 

In case of soaked paddy at the initial grain temperatures of 32 and 55C dried by MW(2.4 
kW)FB(170C), some starch granules still appeared at the at the interior of the rice kernel 
when the soaked paddy dried at initial grain temperature of 32C whereas the starch 
granules of the soaked paddy dried at initial grain temperature of 55C were smoothest with 
the complete loss of granular morphology of the rice, indicating the complete starch 
gelatinization. This is consistent with the result of degree of starch gelatinization. 

3.4 Head rice yield 

Table 1 shows the HRY of PB produced by MWFB yielded a very small broken kernel (1-
2%) after drying with including tempering at the drying temperature above 130C for MW 
powers of 2.4 and 4.0 kW. The small broken kernel can be attributed to the higher DSG. 
Hiowever, considering the initial grain temperature effect, this parameter did not much 
effect on the HRY, the value laying between 68 and 70%. However, the operation of 
MW(4.0 kW)FB(170C) must be avoided although the starch gelatinization was completed. 
This is because the grain temperature dried at this condition was raised to 150C causing 
the grains to be puffed and resulting lower HRY.  

3.5 Colour 

The whiteness value of PB was decreased with increase in initial grain temperature, drying 
temperature and MW power and with decreasing bed depth as shown in Table 1 for both 
tempering and no tempering. The whiteness value of MWFB drying was significantly 
lower than that of FB drying at the same initial grain temperature, drying temperature and 
MW power because the paddy grain temperature in the MWFB drying is higher than that of 
FB drying. The higher grain temperature time more accelerates a higher rate of Maillard 
reaction [9]. The PB samples that falled in the severely PB category (DSG>70) had 
yellowish brown colour (Gold parboiled rice), which corresponded to the whitness value of 
22-24. When the soaked paddy was dried by at 170oC, MW power of 4.0 kW and at a bed 
depth of 5 cm, the product colour was reddish, which was unacceptable in the market.  
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3.6 Specific energy consumption 

Considering in Table 1, it was found that drying the soaked paddy at the initial grain 
temperature 32oC at 170oC and at bed depth of 5 cm spent the SEC of 4.6 MJ/kgwater evap.  

 

Table 1. DSG, HRY, SEC and whiteness of soaked paddy dryied by FB and MWFB. 

Drying conditions DSG 
(%) 

HRY (%) Whiteness SEC 
T NT T NT (MJ/kgwater evap.) 

B
ed

 =
 1

0 
cm

 

Initial grain temperature of 32oC  
FB(130oC) 
FB(150oC) 
FB(170oC) 
FB(130oC)MW(4.0kW) 
FB(150oC)MW(4.0kW) 
FB(170oC)MW(2.4kW) 
FB(170oC)MW(4.0kW) 

41.1 
55.6 
65.5 
60.5 
85.2 
69.7 

100.0 

68.8 
69.4 
71.3 
69.7 
69.2 
70.1 
71.9 

64.3 
65.4 
70.0 
65.6 
67.3 
68.1 
70.5 

27.3 
25.1 
25.8 
25.2 
21.9 
23.3 
23.3 

31.6 
29.5 
31.0 
28.5 
25.7 
21.5 
26.4 

- 
- 
- 
- 

10.1 
- 

7.6 
Initial grain temperature of 55oC  
FB(150oC)MW(4.0kW) 
FB(170oC)MW(1.6kW) 
FB(170oC)MW(2.4kW) 

94.3 
85.9 
95.8 

69.9 
69.8 
70.6 

67.8 
67.9 
68.8 

21.1 
23.9 
21.0 

25.6 
25.2 
26.5 

10.1 
- 

5.1 
Initial grain temperature of 65oC  
FB(170oC) 
FB(130oC)MW(4.0kW) 
FB(150oC)MW(2.4kW) 
FB(150oC)MW(4.0kW) 
FB(170oC)MW(1.6kW) 
FB(170oC)MW(2.4kW) 

83.9 
70.6 
72.8 

100.0 
92.9 

100.0 

69.5 
68.5 
69.8 
70.4 
69.6 
70.5 

66.5 
65.6 
67.3 
67.5 
67.7 
68.9 

24.4 
24.3 
20.3 
21.0 
21.3 
20.3 

29.2 
27.3 
24.9 
23.1 
23.5 
22.8 

- 
- 
- 

10.0 
- 

5.1 

B
ed

 =
 5

 c
m

 

Initial grain temperature of 32oC  
FB(130oC) 
FB(150oC) 
FB(170oC) 
FB(130oC)MW(4.0kW) 
FB(150oC)MW(4.0kW) 
FB(170oC)MW(4.0kW) 

48.6 
80.4 

100.0 
70.2 
91.2 

100.0 

69.7 
71.5 
69.2 
68.9 
70.6 
65.6 

65.5 
69.7 
68.4 
65.5 
69.8 
59.4 

24.0 
21.1 
16.4 
18.7 
17.8 
12.5 

25.6 
24.3 
22.9 
23.2 
23.5 
17.8 

- 
- 

4.6 
- 
- 

10.8 
Traditional method 100.0 70.0-71.5 21.5-26.2 6.4-7.5 

Raw rice 0.0 - 50.3 - 45.2 - 
Soaked rice 7.8 - 52.8 - 37.0 - 

Bed = Bed depth, T = Tempering, NT = No tempering 

This SEC was significantly lower than that dried by FB(170oC)MW(4.0kW) by 57% and 
less than the SEC from the traditional PB production by 32%. The use of higher initial grain 
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temperature (65oC) could reduce the MW power to 2.4 kW and the SEC was reduced by 
27% as compared to the traditional method 

4. Conclusions 

The MWFB could produce PB with a complete degree of starch gelatinization without the 
need of steam for parboiling rice. This makes it easier to produce PB and reduces the 
complexity and size of the plant. The production of PB with FB(170oC) alone at initial 
grain temperature of 32oC and bed depth of 5 cm have lower SEC than the traditional PB 
production by 32%. The increasing initial grain temperature up to 55 and 65°C for soaked 
paddy dried by FB(170oC)MW(2.4kW) at the bed depth of 10 cm could reduce the SEC in 
the production of PB by 27%  as compared to the traditional method. 
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Abstract 
A rigorous model based on hydrodynamic considerations and mass and energy 
balances has been proposed for batch drying of fine sand in a fountain 
confined conical spouted bed. The results show that the proposed model 
predicts acceptably the evolution with time of moisture content in the solid and 
the final moisture content for the different operating conditions, with the mass 
transfer coefficient being the only adjustable parameter. 

 

Keywords: Fine sand; spouted bed; batch drying; modelling. 
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1. Introduction 

Although numerous studies on drying have been reported in the literature concerning spouted 
beds, there are few ones approaching process modelling, which is due to the complexity 
involving the mathematical description of the phenomena occurring in the drying chamber, 
i.e., aspects involving thermodynamics, hydrodynamics, and heat and mass transfer. 
Therefore, the most common procedure is to perform approximations, which, depending on 
the rigor of the model, simplify the system behaviour in any of the mentioned aspects. 

Most of the studies published are based on developing a macroscopic bed model that 
considers the mass and energy balances and the dynamics of the drying process. The drying 
mechanisms for the spout and annular zones are considered in these models. Becker and 
Sallans [1] made the first rigorous analysis of the continuous drying process of wheat in a 
conventional spouted bed, based on the assumption that bed height is enough to reach thermal 
equilibrium between exiting gas and the upper surface of the bed. In this way, diffusion of 
water from the solid inside to the surface limits the drying process. Later, Becker and 
Isaacson [2] and Viswanathan et al. [3] applied the same model to discontinuous drying, 
assuming an effective surface moisture content calculated from the dynamic equilibrium 
moisture content. The latter is obtained experimentally and, unfortunately, there is no data 
published in the literature. Chu and Hustrulid [4] demonstrated that even being convenient 
to assume that moisture content at the surface takes a constant value to facilitate calculation, 
computer problems are generated [2]. 

For discontinuous operation, Zuritz and Singh [5] proposed to calculate the moisture content 
on the surface by means of the variation of outlet air temperature and relative humidity. The 
authors tested an empirical equation that describes the desorption isotherms of equilibrium 
moisture. Later, Zahed and Epstein [6] deepened in this question using an empirical equation 
that relates the diffusion coefficient with temperature and solid moisture content. In addition, 
these authors propose that for continuous operation residence time distribution can be applied 
to the solids that make up the bed. With these two contributions, thermal equilibrium model 
with internal diffusion control has demonstrated its capacity to provide a good representation 
of wheat drying both for discontinuous and continuous operation. 

Furthermore, Jumah et al. [7] developed a model for discontinuous corn drying using a novel 
jet spouted bed under constant and intermittent drying conditions. Unlike previous works, 
they do not assume thermal equilibrium at the end of the bed and also take into account 
temperature gradient within the bed. Kalwar and Raghavan [8] worked on drying of husked 
corn under minimum spouting velocity and found that there is no constant drying period. 
However, Wetchacama et al. [9] and Nguyen [10,11] found that moisture reduction rate 
remains constant. 
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Madhiyanon et al. [12] proposed a batch drying model for vegetable grains. They assumed 
the process was neither in thermal equilibrium nor in isothermal regime, and it was validated 
with the experimental results for corn discontinuous drying in a two dimension spouted bed 
dryer. Unlike the previous studies, the modelling of spout and annular zones was made 
separately for a better description of drying thermodynamics. The model results agree with 
those predicted by grain circulation model, empirically formulated by Kalwar and Raghavan 
[8]. 

Recently, Markowski et al. [13] published a study of drying dynamics of barley in a spouted 
bed and determined the influence of grain shape, which is considered in the model by the 
value of the effective diffusivity of moisture. Significant differences were observed when 
starting from an ellipsoidal or spherical geometry, so these results show that the proper 
definition of the solid geometry is essential for moisture diffusivity determination. They also 
demonstrated that assumption of spherical geometry is not a correct assumption when a great 
accuracy is desired in the predictions. 

Although there is a relatively large amount of studies on drying in spouted beds, very few 
use conical spouted beds for drying solids [14-17]. Olazar et al. [18] proposed a model to 
predict the evolution of sand moisture in a conical spouted bed with nonporous draft tube. In 
this model, three regions (spout, annular zone and fountain) were considered and mass 
balances were described for water in solid and gaseous phases. The model was validated with 
experimental results. Based on these studies, this paper proposes a rigorous model for the 
batch drying in conical spouted beds, which is based on mass and energy balances and has 
only one adjustable parameter. 

2. Materials and Methods 

Drying of solids was carried out in a pilot plant consisting of a stainless steel conical vessel 
(1.62 m height, Dc=0.36 m column diameter, D0=0.05 m inlet diameter and γ=32º base angle) 
provided with an open-sided draft tube (A0/AT ratio of 60%) and a new fountain confinement 
device, which consists of a stainless steel pipe with the upper end closed. This device is under 
patent, and its dimensions are therefore confidential. Experiments were carried out at four 
temperatures (30, 50, 100 and 150 ºC), three air velocities (u/u0= 1.2, 2 and 3) and four wet 
sand pulses (0.5, 1, 1.5 and 2 kg). 

Modelling of drying is based on the assumption that the spouted bed behaves like a perfect 
mixing ideal vessel. Therefore, it is considered that all particles have the same moisture 
content and temperature at any time, and also that air humidity and temperature is the same 
at the drying chamber and the outlet. In addition, the model considers the humidity content 
of the gas at the inlet and exit, and the fact that the solid remains in the bed during the run. 
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The procedure for the simulation is similar to that followed in the experimentation. A bed of 
dry sand is being spouted at a temperature corresponding to the outlet gas and a given mass 
of wet sand (xso=15% w/w) is added at t=0 as a pulse injection. 

Based on these assumptions, the following mass and energy balances are considered: 1) 
Water mass balance for the wet sand added, 2) water mass balance for the gas phase, 3) 
energy balance for the wet sand added, 4) energy balance for dry sand (initial bed) and 5) 
energy balance for the gas phase, which should take into account heat losses from the drying 
chamber to the atmosphere. 

Given that the experimental study showed that both gas and solid temperatures do not remain 
constant during the process, air, liquid water and steam properties are calculated at the 
corresponding temperature at each time and position. This includes air viscosity and density 
(μ and ρg, respectively), water vapor pressure (Pvw), diffusivity of  water into air (DAB), 
volumetric gas flow and velocity (u), mass transfer coefficient (K), heat capacity of water, 
steam and air (Cpw, Cpv and Cpg, respectively), thermal conductivity of the air (kg), heat 
transfer coefficient of the gas (h) and latent heat of water vaporization (λ). 

Drying rate, Rw, is defined as:  

  (1) 

where K is the mass transfer coefficient, a the gas-solid interface area or wet area, ysat the 
equilibrium moisture at the gas-liquid interface (or saturation humidity), yg the gas moisture 
in the drying chamber (and at the exit) and |ρg|To the density of the gas at the inlet temperature. 

The gas-liquid interface area or wet area, a, depends on the moisture content of the particle. 
When moisture content of sand is high, the water covers the entire surface of the particle and, 
as explained above, Rw is constant. When humidity drops to the value corresponding to the 
critical humidity, xs,c, the water cannot cover the entire surface of the particle, and therefore 
the interface area causes a gradual decrease in the drying rate. These two stages are described 
by Eq. 2 and 3: 

 , →  (2) 

 , →
,
 (3) 

In addition, runs have been carried out assuming a time depending exchange area, even 
during the drying step at constant rate. This assumption is based on the fact that sand 
agglomerates are formed at the beginning, but their diameter decrease during the drying 
process, and therefore the mass transfer surface increases. Accordingly, in addition to Eqs. 2 
and 3, various mathematical functions have been tested to monitor this surface change over 
time (straight line, vertical parabola, hyperbolic tangent and exponential).  
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The critical humidity point, xs,c, is determined based on the experimental results. The 
equilibrium moisture at the gas-liquid interface, ysat, expressed as a percentage by weight on 
a dry basis, is calculated from the vapour pressure of the water at the temperature of the solid. 

3. Results and discussion 

Once the value of best fit has been determined for the single adjustable parameter (mass 
transfer coefficient, K) the model suitably predicts the reduction in sand moisture content, as 
shown in the parity plot in Fig. 1, in which the experimental values of xc have been plotted 
versus the calculated ones. As observed, the model underestimates the drying rate in the first 
half of the drying period (for high values of xs), whereas in the second half (low values of xs) 
the model predicts a faster drying than that measured experimentally.  

 

Fig. 1 Experimental and calculated values of water content in the added sand. 
 

Fig. 2 shows the evolution with time of the experimental and calculated values of bed 
moisture content, xs, and the absolute humidity of the air at the outlet gas, yg. It is observed 
that calculated values of xs are very close to the experimental ones, but there is a considerable 
difference between calculated and experimental values of yg. The model is not able to predict 
the typical curve in drying processes, in which humidity peaks at a very short time, it then 
decreases smoothly until a constant value is reached, and finally undergoes a sharp decrease 
to reach the critical moisture content. The calculated values show an evolution without the 
initial peak, and the absolute humidity of the air remains approximately constant with a 
higher value than the experimental one.  
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Fig. 2 Evolution with time of the solid moisture content and the air absolute humidity. Points, 
experimental values, lines, calculated with the proposed model. 

 

To correct these differences, the heat transfer estimation should be improved in the model, 
since the predictions of the outlet gas temperature by the model do not match the 
experimental results, and this fact has a great impact on the value of yg. Accordingly, we are 
at present involved in the analysis of several options for the estimation of the parameters 
involving heat transfer, such as the heat transfer coefficients in the bed and those related to 
heat losses. 

4. Conclusions 

The proposed model predicts acceptably the evolution with time of moisture content in the 
solid and the final moisture for the different operating conditions, with the mass transfer 
coefficient being the only adjustable parameter.  

The model underestimates the drying rate in the first half of the process, whereas 
overestimates in the second half. In order to overcome these shortcomings, heat transfer 
description should be improved by means of a more detailed definition of convective 
coefficients and global transfer coefficients for heat loss. 

5. Nomenclature  

a Gas-liquid interface area m2kg-1 

A Surface area of the solid m2kg-1 

xs Moisture content by solid mass 
unit 
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xs0 Initial moisture content by 
solid mass unit  

- 

xs,c Critical moisture content by 
solid mass unit 

- 

yg Moisture content by air mass 
unit 

- 
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Abstract 
We study the behavior of a multi-stage fluidized bed dryer operated 
continuously with dowcomers. With the kinetics of silica gel drying depending 
on the mass of solids in the dryer and the gas feeding temperature, E = 14.5 
KJ/mol, and the distribution of residence times of solids through the dryer, 
modeling by N tanks agitated in series, the experimental moisture content of 
the solids coming out of the dryer is compared with the predicted by the 
Vanecek model. 

Keywords: fluidization; gel of sílice; continuous multistage dryer. 

 
  

1631



Study of the behavior of a multistage dryer provided with downcomer 
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

1. Introduction 

Drying is one of the most important operations in the chemical, metallurgical, pharmaceutical 
and food industry, among others, being the drying in fluidised beds, one of the most 
successful techniques in the drying of solids such as seeds, fertilizers, polymers, minerals and 
other important chemicals [1, 2, 3]. 

In general, fluidised solids can be considered perfectly mixed, therefore, in a batch-operated 
dryer, a uniform treatment of the solids being dried is guaranteed; However, when the 
equipment is operated continuously, the solids that come out of the dryer present distribution 
of residence times and therefore different degrees of drying [4]. An option to overcome these 
disadvantages is the use of multi-stage fluidized bed columns [5]. By passing the solids 
through several stages connected in series, either in vertical or horizontal arrangement tends 
to reach a piston flow pattern, which is tantamount to narrowing the distribution of residence 
times. It can be stated therefore that as long as the flow of solids deviate from the perfect 
mixing and tent to the piston flow, the particle population coming out of the dryer will have 
a more uniform moisture content. In the operation of multi-stage fluidized bed columns with 
downcomers, one of the difficulties presented is to keep the flow of solids from stage to stage 
stable [4,6,7,8] It has been established that the zone of stable operation of these equipment is 
function of the fluxes of solid and gas through the column, as well as of the employment or 
not of a reduction in the inferior cross-section of the downcomer. This considerably decreases 
the treatment capacity of the solids, which may represent a limitation for the application of 
this technology. 
 This research evaluates the influence of the number of stages, the relatiom between the 
length of the downcomer to diameter of the dryer (L/D) and the air supply temperature on 
the final moisture content in silica gel particles. The continuous operation is modelled 
through an integral type model derived from the equation proposed by Vanecek[9]. 

1.1. Mathematical model of continuous dryer 

The performance of a continuous fluidized bed dryer can be evaluated from the drying 
kinetics obtained experimentally in a batch dryer and by the use of the corresponding function 
of the residence time distribution of solids (E(t)) in the continuous operation of the 
dryer. This is expressed mathematically by Eq. (1) [9]. 

X X t E t dτ                     (1) 
1.1.1. Drying kinetics 

Considering that the drying kinetics of silica gel can be represented by an exponential 
model similar to Newton's second law of cooling, the following expression is proposed, Eq. 
(2): 

1632



Verduzco Mora, L.A.; Martínez Vera, C.; Vizcarra Mendoza, M.G. 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

kX                                          (2) 

This expression is integrated, considering that at t = 0,  = X0, thus obtaining Eq. (3) 

X X EXP kt                    (3) 

where k, is a coefficient that considers the effects of the air supply temperature, according to 
an Arrhenius type equation and that is represented by the following relationship: 

k A EXP                    (4) 

Where, A is the preexponential factor, E the activation energy and R the universal constant 
of the gases. Substituting Eq. (4) in Eq. (3), the drying kinetics is obtained as a function of 
temperature and time, Eq. (5): 

X 	X EXP A EXP E
RT t                  (5) 

1.1.2. Resident Time Distribution (RTD) 

To establish the residence time distribution function of the solids (E (t)) that go through the 
multi-stage dryer, the series of stirred tanks model[10] was used. 

Thus the DTR as a function of time is given by Eq. (6), for N geometrically identical stages[2] 

E t
!
∗ e /              (6) 

Where i is the residence time of the solids in stage i. 

1.1.3. Moisture content of the solids at the exit of the multi-stage dryer. 

Finally, substituting the equations (5) and (6) in (1), we obtain the equation for the calculation 
of the moisture content of the solids at the exit of the multistage dryer as a function of the 
temperature and the number of stages: 

X X ∗ EXP A EXP E
RT t

!
dt      (7) 

2. Materials and Methods 

2.1. Materials 

Silica gel was used: dp = 1.8 x10-3 m, ρp = 2.1 x 103 Kg / m3, εmf = 0.67, φ = 1, Umf = 1.4 
m/s, solid type D of the Geldart classification. 
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2.2. Methods 

2.2.1. Experimental Dryer 

Fig. 1 shows the equipment used in this study and that served to perform the hydrodynamic 
study of the column, stable operation and distribution of residence times of the solids, the 
kinetics of drying of the silica gel and the continuous operation of the multistage dryer. 

 

Fig. 1. Multi-stage dryer. 1.- Valve, 2.- Humidity trap, 3.- Pressure regulator, 4.- Feed air 
temperature control, 5.-Rotameter, 6.- Electric resistance heater, 7.- Downcomers, 8 .- Multi-stage 
Column (0.095 m ID × 0.25 m height, each stage), 9.-Valve for tracer injection, 10.- Manometers in 
U, 11.- Feeder of solids, 12.- Control of the feeder of solids, 13.- Temperature recorder, 14.- Collector 
of solids P.- Points to measure pressure drops, T.- Ports for temperature measurement. 

2.2.2. Drying Kinetics 

The fluid bed dryer operated in batch with a single stage, is thermally stabilized at one of the 
previously established temperatures (T), 50, 60 or 70 °C and one of the loads of solids in the 
dryer (Wi), 0.360, 0.720 or 1.080 Kg of gel of silica, corresponding to the height (L) to bed 
diameter (D) ratio of 0.5, 1.0 and 1.5, respectively. The air velocity remained constant at 2.24 
m / s (1.6 Umf). During each experimental run, samples of approximately 2.0 × 10-3 Kg are 
taken and stored hermetically to later determine their moisture content. At the same time the 
temperatures in the bed are monitored. This routine is repeated for all temperatures and solids 
loads contemplated in the experimental domain. 

2.2.3. Residence Time Distribution of solids  

The "pulse" type of stimulus-response technique was used. Once the dryer operates 
continuously and in a steady state, an amount of tracer (silica gel with blue indicator) is 
"injected" into the feed stream (approximately 0.025 Kg), once this is done the valve is 
opened again so that the fresh solid continues to feed continuously. When the tracer enters 
the bed, the time starts to be taken and from this point samples of the concentration of tracer 
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are taken at the exit of the column in 30 seconds lapses. The function of RTD is obtained 
from the methodology reported by Levenspiel[2]. The tracer injection is done quickly enough 
to avoid that the downcomer is left without solids and thus avoid a possible destabilization 
in the column. 

3. Results and discussion 

From a previous study, the stable operation area of the multistage column was determined by 
operating the downcomers with a conical reduction, in its lower part equivalent to 45% of 
free area [1]. In this way, the solid and air fluxes were fixed respectively, in 5.3 x 10-4 Kgds / 
s and 5.2 x 10-3 Kgdg / s, which remain constant during the experiments. 

3.1. Drying Kinetics 

In Fig. 2 are shown the moisture profiles in the solid as it dries for the different air feed 
temperatures to the dryer. It can be seen that the constant drying period ranges from Xo = 
0.37 KgH2O / Kgds to a critical point that oscillates between 0.15 and 0.20 KgH2O / Kgds. It 
is observed that all the curves present period of constant drying speed and that as the load of 
solids in the dryer increases, the temperature of the bed takes longer to reach the air inlet 
temperature. In the same way, the higher the load of solids in the bed, the drying is slower, 
because there is more moisture to remove for a constant flow of air. 

         

 
 

Fig. 2.- Drying kinetics of the silica gel in the period of constant drying as a function of the charge 
of solids in the dryer. a) 50oC; b) 60oC; c) 70 oC 
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When plotting the linearized form of Eq. 3, applied to the constant drying period, we obtain 
the value of the constant k, which is presented in table 1 for the different experimental 
conditions. 

Table 1.- Values of the silica gel drying constant 
T (oK)  W (kg)  k x 103 (s‐1)  E (KJ/mol)  A (s‐1) 

323  0.36  1.330     

333  0.36  1.720  14.78 

 

0.337 

343  0.36  1.830   

323  0.72  0.622   

333  0.72  0.758  14.42  0.135 

343  0.72  0.850   

323  1.08  0.434   

333  1.08  0.500  14.51  0.096 

343  1.08  0.595   

 
It can be seen that practically the loading of solids in the dryer does not appreciably affect 
the value of the activation energy, however this parameter affects the value of the pre-
exponential factor, as can be seen in Fig. 3. 

 

 
Figure 3.- Activation Energy and Pre-exponential Factor. 
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Table 2. RTD of the solids in the multi-stage fluidized bed dryer 
L/D W (kg) s)

0.5 0.120 226 

1.0 0.240 453 

1.5 0.360 680 

 
3.3. Continuous operation of the multistage dryer. 
 
For N = 3, i = 680 s, (L/D)i = 1.5 (0.360 Kg), Eq. (7) left: 

X 	 t EXP 0.096 ∗ EXP 	 t dt                  (8)               

The results obtained by comparing the experimental humidity of the output of the dryer 
solids with those calculated with the Eq. (7) are presented in Fig. 4 

 

 
Fig. 4 Prediction of moisture content at the dryer outlet at different temperaturas 

 
4. Conclusion 

In this paper we show that the equation proposed by Vanecek, 1966, reasonably well 
predicts the humidity of the solids that come out of a multistage dryer. 

It was found that the activation energy related to the drying process is independent of the 
load of solids in the dryer, but not for the pre-exponential factor. 

Finally, it was found that the drying kinetics can be reasonably well represented by a first 
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Abstract 
1-cm strawberry slices were partially airflow-dried at 50 °C, to reach 0.25 g 
H2O/g db. Optimized DIC treatment was performed at 350 kPa for 10 s. The 
final drying stage of these DIC-expanded slices was achieved from 0.25 to 0.1 
g H2O/g db (dry basis) using intermittent Pulsed Micro-Wave Drying PMWD 
to prevent from the paradoxical step of coupled conduction heat transfer with 
deep generation and transfer of vapor. PMWD was defined at constant 100 W 
for 3.25±0.05 g with constant active time ton maintained at 2 s, and tempering 
time toff ranged between 2 and 10 s, or with a continuous way. By decreasing 
both energy consumption and total drying time of DIC-expanded slices using 
intermittent microwave, the whole cost significantly decreased to be much 
lower than the conventional MWD drying, with a great increasing of the 
quality. 

 

Keywords: Airflow Drying; Instant Controlled Pressure-Drop DIC; Swell-
Drying; Pulsed Micro-Wave Drying; Physical and Chemical Characteristics.. 
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1. Introduction 

Dehydration of strawberry aims at extending product availability while preserving nutritional 
components, and gains a noticeable increase [1]. Major disadvantages of airflow drying of strawberry 
are lengthy drying time and low energy efficiency [2, 3]. The three most crucial aspects of airflow 
drying resides in 1/ a first stage of superficial evaporation of water allowing the material core to have 
low temperature (Wet-bulb temperature), which implies ample preservation of nutritional contents 
(color, antioxidants…), 2/ a shrinkage of the low-temperature glass-transition polymers; this leads to a 
weaker effective diffusivity of water, and 3/ a final paradoxical stage of coupled heat conduction and 
Fick vapor diffusion transfer. This last generates a high-temperature/long-time stage source of the most 
part of degradation of the active molecules. The quality of the final dried product and its cost mainly 
depend on the final stage of drying [4]. 

The swell-drying of strawberry for crispy, high nutritional quality was defined by Alonzo-Macias et al. 
(2012) [5] as an Instant Controlled Pressure Drop DIC texturing treatment following a first stage of 
airflow drying. DIC targets at remedying the product shrinkage via a controlled expansion improving 
process kinetics and final quality of dried products. This operation doesn’t reduce the famous final 
paradoxical stage of airflow drying, which occurs when the main evaporation process occures within 
the matrix. Al Haddad et al. 2008 [4] were the first researchers to propose to remedy such a paradoxical 
stage drying through a distinct final stage of drying using Darcy process issued from Micro-Wave 
drying, overheated steam drying, or Multi-Flash Autovaporization MFA drying.  

Thus Al Haddad et al. 2008 [4] were the only researchers who experimentally defined for green apple 
strips and sweet potato slices an efficient and economic three-stage drying process of hot air drying 
combined to a DIC texturing stage, and finally using microwave assisted ambient temperature airflow 
dehydration. In their study, each drying kinetic was carried out through 720 W power and different 
number of cycles. Each cycle consisted in subjecting the products to microwave assisted by ambient 
temperature air for 30 seconds and then sweeping the products with only air at ambient temperature for 
one minute. The use of MW may ensures a deep and almost uniform heating way implying the same 
required orientation of the both gradients of temperature (Ti>Ts for heating) and vapor pressure (pvi>pvs) 
between the core and the superficial zone of the product. It should be an effective manner to overcome 
the paradoxical stage improving thus the drying kinetics. 

Microwaves are an attractive source of thermal energy, generate volumetric internal heating within the 
product, increasing the internal total pressure (air+vapor) [6]. Microwave drying using continuous 
microwave energy is rapid and energy-efficient compared to conventional airflow drying [7]. However, 
the too rapid mass transport caused by MW power and uneven temperature and moisture distribution 
may cause overheat in the sample, provoking deep dark-point tissue damage, and/or undesirable 
changes in the food texture [8]. Some of the limitations of single MW drying can be overcome by 
combining MW energy with conventional heating or by using microwave energy in a pulsed manner in 
order to maximize drying efficiency possibly improving the product quality [7]. 

Moreover, intermittent Pulsed Microwave Drying PMWD operation has proven itself a good method 
to avoid uneven over-heating by allowing redistribution of temperature and water to diffuse through 
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the sample during power-off time [9]. PMWD has to be defined and performed in order to improve 
both drying process performance (kinetics, etc.) and preserve swell-dried strawberry quality attributes 
(color, antioxidant content, etc.). This study would be a basis to extend this operation to other fragil 
fruits, and technically support the industrial scale of final products for various applications (baby foods, 
nutraceutics…) to make them commercially available. 

To define an efficient and economic hybrid drying process, this work compiled 1/ a first conventional 
stage airflow drying AFD, 2/ a second stage of well-controlled texturing process of Instant Controlled 
Pressure-Drop DIC, and 3/ a microwave dehydration (MWD) whose driving force is the gradient of the 
total pressure of Darcy’s permeability, which advantageousely replaces Fick’s diffusion mass-transfer. 
Two features prevent thermal MW energy from accumulating in the material through the removal of 
the generated vapor, by 1/ replacing the too compact AFD structure by porous swell-dried materials; 
the high porosity induces a high permeability of the vapor, and 2/ using a pulsed PMWD.  

Therefore, using the intermittet microwave drying after SD, this current work aimed to 1/ examine the 
effectiveness and optimize the PMWD applied in early stage of drying from the point of view of overall 
final quality of dried slices of strawberry, a heat sensitive fruit, and 2/ evaluate the effectiveness of 
intermittent PMWD drying at optimized conditions (ton; toff) compared with continuous microwave, 
airflow drying and freeze-drying (FD) in terms of drying kinetics and visual attributes of dried 
rehydrated SD strawberries.  

2. Materials and Methods  

2.1 Fresh materials 

Fresh strawberries camarosa cultivar were purchased from a local market in La Rochelle (France). The 
strawberries were manually cut parallel to the main axis into halves (for FD) or 1cm slices (AFD and 
CMWD) of average 37±2 mm length, 18±1 mm width and 15±1 mm thickness with a stainless steel 
knife and weighted. The fresh samples had a moisture content of 11.66±1.42 g H2O/g db (dry basis). 

2.1.1 Drying of the fresh strawberry 

30.5±0.5 g strawberry slices were spread out evenly and subjected to three different drying methods 
based either on single continuous drying, namely (i) microwave drying “(CMWD)” at 20 °C; (ii) airflow 
drying “(AFD) at 50°C” and (iii) freeze drying [5]. In this cases the pulse ratio (PR)=(ton+toff)/ton=1. 

 Airflow drying (AFD) 

Strawberry slices were dried in a airflow dryer (Memmert: Universal Oven UNB Model 800) at 50 °C 
with an air flux of 1.2 m s-1. They were dried until attaining 0.10 g H2O/g db (dry basis). These samples 
were recorded as AFD 50°C. 

 Microwave drying (MWD) 

A domestic combined microwave oven with convection (Samsung, Model CE107F-S. Korea) with 
maximum output 900 W at 2450 MHz. In each experiment, strawberry slices of 30±0.5 g were placed 
in petri dish putting at the center of a glass turntable disc in the microwave chamber. Drying 
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experiments were carried out with 100 W microwave power level at 20 °C. The average value of 
effective MW power is about 62 W. 

 Freeze Drying (FD) 

A freeze-drying equipment (RP2V model, Serail, France) was used for drying the strawberry halves. 
Three steps were used : external freezing (2 h at -20°C), sublimation (-20 °C, 0.66 Pa/12 h) and 
desorption (25 °C, 0.66 Pa/12 h) [5].  

2.2 Pulsed Microwave drying (PMWD) of the rehydrated Swell dried SD strawberries 

The batch of 1-cm sliced strawberries was partially airflow dried (Memmert: Universal Oven UNB 
Model 800) at 50 °C and an air flux of 1.2 m/s until 0.25 g H2O/g db. Afterwards, the partially airflow 
dried strawberries were textured by an optimized DIC treatment (0.35 MPa as saturated steam pressure 
for 10 s) [5]. Finally, after DIC treatment, a traditional airflow drying at 50 °C was performed to get 
0.08 g H2O/g db as final water content. These samples were analyzed and recorded as control or SD. 

50 g of swell-dried slices of strawberries (Fragaria ananassa) placed in zipped airtight bags were 
rehydrated from 0.08 to 0.25 g H2O/g db and stored in a cold chamber at 5 ºC by 24 h to homogenize 
their water content. Approximately, 3.25±0.05 g of rehydrated SD expanded strawberry slices were 
spread out evenly and subjected to three different drying methods achieved from W= 0.25 to 0.1 g 
H2O/g db based either on hybrid three stage drying process, namely (vi) airflow drying at 50 °C; (v) 
Pulsed microwave drying “(PMWD)” at 20 °C ambient temperature with active time ton maintained at 
2 s at constant 100 W, and three values of tempering time toff at 2, 5, and 10 s, and (vi) a continuous 
operation of microwave was also performed (10 s ton and 20 s toff is the proper intermittent cycle of 
continuous use of domestic microwave oven at 100 W). 

From literature, initial know-how of LaSIE’s research team, and preliminary experiments, two 
independent processing factors of PMWD process and their own respective ranges were selested; they 
were ton (2 s), and toff (2-10 s). The petri dish was removed from the oven and weighted at regular 
intervals at the end of power-off times during the drying period. By recording the successive times of 
ton and toff, we determined the moisture loss and drying rate during the pulsed microwave drying.  

The measurements of moisture loss were performed by a gravimetric method at 60°C until weight 
stabilization, according to AOAC 930.04 [10], and expressed in g H2O/g db. After drying, each sample 
was photographed for assessing the sample visual quality. Drying Rate (DR) (g H2O/(g db min)) was 
calculated from the water contents dry basis values (g H2O/g db) Wt and Wt+dt at time values of t and 
t+dt, respectively. t was the apparent drying time (ton+toff) (s) : 

t dt tW W
DR

dt
 


 

(1) 

2.3 Estimation of pressure within the superficial zone of the product during the first 
cycles 

By assuming that the holes of initial sample were full of water without any presence of air, the pressure 
inside the material matrix, expressed in Pa, can be estimated versus the mass of generated vapor/pulsed 
cycle (g/cycle) and the initial volume of water in the product (m3), as follow: 
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Where, MH2O is the molar mass of water (18 g/mol), T is the product temperature (K), R is the universal 
gas constant, and Vw is the water volume (m3). The amount of water transformed into vapor per cycle 
should be correlated with the evaporation enthalpyhvap: 

0.62* *on
v

vap

t P
m

h



  (3) 

3. Results and Discussion 

3.1 Effect of PR on drying kinetics 

  

Fig. 1 The moisture content versus time curves for the AFD 50°C,PMWD (100 W) of rehydrated 
SD strawberries (load of 3.25 g) for apparent drying time (ton+toff) and effective drying time ton.  

As shown in Figure 1, moisture content (W) continuously decreased vs drying time. To reach W=0.1 g 
H2O/g db, PMWD (2 s ton/ 2-5 s toff) had a crucial acceleration of the drying process compared with 
AFD 50 °C. At PMWD (2s ton/2s toff), W of about 0.1 g H2O/g db was reached in 19.6 min, which 
means only 9.8 min effective drying time. PMWD (10 s ton/20 s toff) was lesser effective and resulted 
in poor product quality. This trend can be explained by a too high value of ton= 10 s, which would result 
in increasing the internal heat with a generation of a dispersed deep case-hardening in different place 
within the volum. Higher tempering period results in an easier water balance within the sample, 
although without any modification of such a dispersed deep case hardening. By coupling an adequate 
low values of the active time ton, and high tempering period toff, greater availability of Darcy’s transfer 
of vapor can occur. Nevertheless, an excess of toff normally results in negative impact in terms of kinetic. 

3.2 Effect of PR on drying rate versus apparent drying times 

For PMWD, a zigzag pattern of successive cycles of high peak/falling rate period was observed. This 
could be attributed to the redistribution of moisture and temperature during the tempering time provided 
by the thermal diffusion resulting in better water homogeneity and, thus, rapid moisture removal during 
the subsequent active microwave [11]. Thus, PMWD increase the pore pressure and a total pressure 
gradient between the internal and external media is established due to phase transitions and the 
thermodiffusion effect, thus leading to a highly effective Darcy-type vapor transfer.  
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Fig. 2 Drying rate of PMWD operating parameters (effective drying time ton or apparent drying 

time (ton+toff) versus moisture content of rehydrated SD strawberries. 

The drying rate of different pulsed microwave drying conditions was affected by tempering 
time toff (Fig 2). Generally, total drying rate has been as faster as toff decreased (shorter 
tempering time). This resulted in higher temperature and, thus, higher vapor pressure with, 
normally higher Darcy’s vapor mass-transfer. The drying rate value calculated versus the 
effective drying time, was much higher. This result is crucial for industrial application and 
can be revealed through an adequate time and/or space intermittent repartition. Moreover, 
these phenomena did not strictly depend on PR. Thus, for approximatively the same PR=3, 
PMWD (2 s ton/5 s toff) were 5 times more accelerated than (10 s ton/20 s toff). 

3.3 Quality attributes  

3.3.1 Surface pressure during the first cycles 

Table 1 shows for ton=2s aninput heating energy substantially increasing with tempering time toff. 
Moreover, PMWD conducted at lower toff resulted in lower total effective drying time (ton) and specific 
energy consumption compared to other intermittent combinations. This is because the higher the 
tempering time toff, the colder the surface because of superficial convection. 

Table 1. Values of the total drying time, total ON drying time, specific consumed energy and 
estimated surface pressure for PMWD rehydrated swell-dried strawberries at different PR. 

ton (s) toff (s) PR=(ton+toff)/ton T (°C) (ton+toff) (s) ton (s) P (bar) 

2 2 2 20 1176 588 1.915 
2 5 3.5 20 3185 910 1.919 
2 10 6 20 5988 998 1.888 
10 20 3 20 10800 3600 5.203 
- - 1 (AFD) 50 16200 16200 - 
 

3.3.2 Visual Attributes 

The first step of airflow drying AFD at 50 °C gave good visual attributes of the strawberry slices. Just 
after DIC-texturing, SD strawberry slices maintained the good natural visual color. On the other hand, 
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it is wee-known that the freeze-dried strawberries lose their natural redness initial color. With SD slices 
as control samples, only PMWD (2 s ton/5 s toff) gave no black/brown spots within the slice.  

 
Fig. 2 Appearance of exemplary strawberries slices after continuous and PMWD modes.  

Nevertheless, as soon as the PMWD active time is above a certain level (ton> 10 s), many black spots 
emerged with less efficient drying kinetics. This can be attributed to deep “case hardening” delimiting 
areas with high internal tissue damage. 

4. Conclusions 

Based on both final product quality and operation performance, a multi-criteria optimization of Pulsed 
Microwave Drying PMWD was achieved. Microwave active time ton and tempering time toff were 
defined and optimized at 2 s and 2 to 5 s, respectively. Although the microwave power was kept at 100 
W for 3.25 g of strawberry slices, this MW distribution has prevented heat accumulation and put in 
equilibrium the internal water distribution, thus well generating vapor and its effective transfer towards 
the surrounding medium. These well-defined strawberries dried by AFD/DIC swell-drying and those 
of PMWD at ton=2 s and toff=2 s exhibited the highest antioxidant activity and total phenol content.  

Hence, the present three stage-intensified drying of AFD/DIC swell-drying/PMWD allowed the 
strawberry to effectively get the advantage of low internal temperature, thus acting against the 
paradoxical situation and remove the residual water from the porous matrix (after DIC) following 
Darcy’s permeability as transfer way of residual vapor. With low energy consumption of DIC-
expansion and intermittent microwave, and since the drying kinetics was greatly increased, the total 
cost should become significantly lower than the simple Continuous MicroWave Drying. 

5. Nomenclature  

MWD  Conventional Micro-Wave Drying  - 
CMWD 
 PMWD 
AFD 
DIC 

Continuous Microwave Drying 
Pulsed Micro-Wave Drying  
Airflow Drying  

- 
- 
- 
- 
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SD 
 
(PR) 

Instant Controlled Pressure-Drop, which is a second stage well-
controlled texturing process 
Swell-Drying, which combines a conventional (airflow) drying with 
DIC-texturing. 
pulse ratio=(ton+toff)/ton=1 

- 

Subscripts 

ton Active time, where both input MW heating energy and vapor mass-
transfer occure together 

s 

toff  
 
Ti and Ts 

Tempering time, where there is no input MW heating energy, and vapor 
mass-transfer mainly following Darcy’s law, is assumed to be negligible. 
Temperature values at the core and the superficial zones, respectively 

s 
 
°C 

pvi and pvs Absolute vapor pressures at the core and the superficial zones, 
respectively 

Pa 
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Abstract 
This paper is aiming to study experimentally the bubbling and drying 
characteristic of fructooligosaccharides syrup in the belt drying process. A 
series of bubble images were acquired by a high-speed image acquisition 
system during the drying process. By analyzing the characteristics of bubble 
and drying, the drying process of fructooligosaccharides was divided into 
three periods: boiling transfer, natural convection and conduction and 
diffusion period. The drying rate in different transfer stage was: boiling 
transfer > natural convection > heat conduction and diffusion. The results of 
the study are of reference value to belt drying. 

 

Keywords: fructooligosaccharides; belt drying; digital image processing; 
heat and mass transfer 
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1. Introduction 

Fructooligosaccharides (FOS), also known as fructo oligosaccharides or oligosaccharides, 
is a kind of functional food additive which is widely used in food, health care products, 
dairy products, daily chemicals and feed. FOS is not digested and absorbed into the human 
body, but goes directly into the large intestine. It achieves the purpose of health care by 
selectively stimulating the proliferation of Bifidobacterium. Japan, Europe, Australia, New 
Zealand, the United States, China and other countries have approved the FOS as a 
functional food additive to add in food, health care products, even infant, diabetic food [1,2]. 

FOS syrup is made from sucrose and inulin by enzymatic method. Dehydrated FOS powder 
is easier to store and further utilized. There are three main drying technologies in industry 
to drying FOS syrup: spray drying, freeze drying and belt drying. In spray drying process: 
the viscosity of FOS syrup is too high to be atomized; the product's powder collecting rate 
is only about 45%, most of the dried products stick in the pipeline because its lower melting 
point [3]. Although vacuum freeze-drying can guarantee product quality, higher equipment 
investment and operating costs and longer drying cycle make this drying method difficult to 
industrialize [4]. In belt drying, the heat efficiency and product’s powder collecting rate is 
far higher than spray drying. Many researchers thought that the heat transfer way in belt 
drying is only thermal conduction [5]. It was observed that the liquid material would boiling 
if the temperature of the conveyor belt was higher than the boiling point of the liquid 
material, so the heat transfer mode of the belt drying is not only thermal conduction but also 
boiling transfer and natural convection. The purpose of this study is to determine boiling 
heat transfer period, natural convection and thermal conduction period. 

2. Materials and Methods 

2.1. Materials and equipments 

FOS powder: its purity was 95%; Distilled water; conveyor belt with a specification 80mm 
x 80mm; High speed image acquisition system; Digital display temperature controlled 
electric heating plate; Electronic balance. 

2.2. Experimental method 

Figure 1 showed the schematic diagram of the experimental system. The FOS syrup was 
dropped on the conveyor belt with a 1.5ml dropper, and then put it on the heating plate at a 
set temperature. The mass of the material was weighed in a certain time interval. Then the 
drying curve under different drying conditions was obtained. In this experiment, the 
temperatures were set at 120°C, 130°C, and 140°C, respectively. 
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During the drying process, the camera was placed above the material and the bubble image 
was taken and recorded at regular intervals. Placed the CCD high-speed camera 
horizontally, recorded the image of material’s thickness at regular intervals. 

 

Fig. 1 Schematic diagram of an experimental device. 1. Computer, 2. acquisition card, 3. conveyor 
belt, 4. FOS syrup, 5. digital display temperature control heating plate, 6. transparent plexiglass 

cover, 7. LED lamps,  8. CCD high-speed camera. 
 
2.3. Image processing 

The captured bubble images were imported to in the imageJ software to mark the bubble 
boundary, gray scale transformation, edge extraction, binaryzation, hole filling and 
watershed segmentation, and then the binary image of the bubble was obtained. By 
photographing the steel ruler and marking the pixel size of 1cm length, the conversion 
relation between the actual length and pixel could be obtained. In addition, The pixel area 
of bubbles was obtained by using the particle analysis tool in imageJ software, and then 
convert it to the actual area. In the same way, the total area of the material could be 
measured by marking the material boundary. 

3. Results and discussion 

3.1. Drying characteristic 

Figure.2 showed the drying curves and drying rate curves of FOS syrup with a 
concentration of 60% at different heating temperature conditions. Overall, the higher the 
heating temperature, the greater the drying rate, and the lower the final moisture content of 
the dried product. The drying rate had a distinct rising stage at 130°C, 140°C; while 
decreased from the beginning of drying at 120°C. The boiling point of the 60% FOS syrup 
was determined to be 105°C. When the heating temperature was 120°C, the degree of 
superheat, the difference between the heat plate temperature and the material saturation 
temperature, was too low to keep the material boiling. The boiling period lasted too short to 
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show on the drying rate curve, and the transfer mode in liquid material turned from boiling 
transfer to natural convection mode along with the evaporating of the moisture. As the 
drying process proceeds further, the material concentration was greater and greater, the 
corresponding viscosity and boiling point increased, which made the material more and 
more difficult to flow, the transfer process was mainly heat conduction and diffusion, so the 
drying rate in the whole drying process was getting lower and lower. 
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（a）Drying curves (60%)                    （b）Drying rate curves (60%) 
Fig. 2 Drying characteristic curves at different drying temperature 

At 130°C, 140°C heating temperature, the degree of superheat was great enough to keep the 
material boiling for a while. At the beginning of drying process (the preheating section was 
too short to be ignored), the transfer mode inside the FOS syrup was mainly boiling transfer 
mode, so there was a distinct raising stage in the drying rate curves at 130°C, 140°C. With 
the further development of the drying process, the transfer mode in the material changed 
into natural convection, heat conduction and diffusion in turn, this was the same like at 
120°C. 
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Fig. 3 Drying characteristic curves (initial concentration comparison) 
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Figure 3 showed the drying curves and drying rate curves of FOS syrup with different 
concentrations at the same drying temperature 140℃. There was a distinct rising stage in 
drying rate curves under these three concentrations which indicated that there must be 
boiling transfer period during the drying processes. The lower the concentration, the greater 
the drying rate. As everyone knows: the boiling point of the solution decreased with the 
decreased of concentration. At the same heating temperature 140℃ , the temperature 
difference between the heating plate and the lower concentration material was greater than 
that of the higher concentration material, so the boiling process was more intense which 
induced a greater drying rate.  

3.2. Bubble behavior and transfer mode 

1min 3min 15min 25min 

40min 50min 80min 120min 
Fig. 4 Bubble images of different time (60% 120℃) 

Figure4 showed the bubble behaviors inside FOS syrup with the concentration of 60% 
under 120℃ temperature. When the drying process was carried out for 1 minute, there were 
small bubbles formed on the heating plate. This indicated that the material had entered the 
boiling transfer period. The bubbles grew rapidly in 1-3 minutes because the material 
temperature was higher than that of the saturated vapor in bubbles. As the drying process 
proceeded, the degree of superheat decreased along with the increased of the liquid 
concentration, the bubbles grew up a little within 3-25 minutes. This indicated that the 
material temperature was a little higher than  the saturated vapor temperature in the bubbles, 
the material concentration increased a little in this period, which meant that the drying rate 
was slower than the boiling transfer period. The transfer mode would be natural convection 
because the material fluidity was better in this period. After 25 minutes, the size of the 
bubble shrunk more and more slowly until the end of the drying. It was observed that the 
material had no fluidity in this period, so the transfer mode was heat conduction and 
diffusion.  

Figure5 showed the bubble behaviors during drying process of 60% FOS syrup at 140℃. 
When the drying process was carried out for 5 minute, there were small bubbles formed on 
the heating plate. This indicated that the material had entered the boiling transfer period. 
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The bubbles grew rapidly in 5-7 minutes and joint together. In 7-10 minutes the bubbles 
interacted with each other, some formed larger bubbles, some ruptured. All of these bubble 
behaviors were because the material temperature was higher than that of the saturated vapor 
in bubbles. As the drying process proceeded, the degree of superheat decreased along with 
the increased of the liquid concentration, and the bubbles’ behavior had a little change 
within 10-23 minutes. This indicated that the material temperature was a little higher than 
the saturated vapor temperature in the bubbles. The material concentration increased a little 
in this period, which meant that the drying rate was slower than the boiling transfer period. 
The transfer mode would be natural convection because the material fluidity was better in 
this period. After 23 minutes, the size of the bubble shrunk more and more slowly until the 
end of the drying. It was observed that the material had no fluidity in this period, so the 
transfer mode was heat conduction and diffusion. Table 1 showed the transfer modes during 
drying process under different drying conditions. 

0min 5min 7min 10min 

23min 30min 50min 80min 
Fig. 5 Bubble images of different time (60% 140℃) 

 
 

Table 1. The time of different stages (140℃) 

FOS syrup 
concentration 

boiling 
transfer 

natural 
convection 

heat conduction 
and diffusion 

40% 0-13min 13-25min  >25 min 
50% 0-12min 12-24min  >24 min 
60% 0-10min 10-23min  >23 min 

 
3.3. Drying rate 

From the above analysis, it could be concluded: most of the moisture in the FOS syrup was 
removed in boiling and natural convection transfer period. Table 2 showed the average 
drying rate in different drying period at 140℃.  

The calculation formula was as follows: 
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mdXU
Adt

= −                                                         （1） 

Where:  U: the drying rate, kg/m2h; 

m: the weight of the dry material, kg; 

X:  moisture content (d.b.); 

A: transfer area, m2.  

For boiling and natural convection transfer period, A was the area of the material 
projected on the heating plate, Aj. 

For heat conduction and diffusion period, j bA A A= −  

bA :the bubbles projected area on the heating plate; 

t: the drying time, min. 

Table 2.  The drying rate of different stages (140℃) 

concentration 
The drying rate of different stages/kg*m-2*h-1 

boiling 
natural 

convection 
conduction and 

diffusion 
40% 5.221 0.404 0.020 
50% 4.408 0.381 0.030 
60% 3.343 0.687 0.034 

From Table 2 it could be concluded: the drying rate in boiling transfer period was 1 order of 
magnitude of that in natural convection period, and 2 orders of that in heat conduction and 
diffusion period. 

4. Conclusion 

(1) According to the bubble behaviors, the transfer mode in fructooligosaccharides syrup 
was divided into boiling transfer, natural convection and heat conduction and diffusion 
stage at higher heating temperature (130℃, 140℃, 150℃ for 60% syrup); at lower heating 
temperature (120℃), the boiling transfer was too short to be ignored and the transfer mode 
in material was mainly natural convection and heat conduction and diffusion.  

(2)The drying rate in different transfer stage was: boiling transfer > natural convection > 
heat conduction and diffusion. At the same temperature, the lower the material 
concentration, the greater the drying rate; for the same material concentration, the higher 
the heating temperature, the greater the drying rate. 
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(3) In the boiling transfer period, there was distinct rising stage in drying rate curves, while 
decreased from the beginning without boiling transfer period. 
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Abstract 
The aim of the present study was to develop an alternative method to the 
traditional curing process using water vapour permeable bags to obtain a 
dry-cured pork loin product. The dry-cured pork loins obtained by this mew 
process showed an adequate hygienic quality and good sensory acceptance. 
The salting-curing process using water permeable bags requires less 
manipulation, reduces waste generation and allows greater control during 
processing. This technique could be an interesting alternative to the 
traditional processes, improving the hygienic quality of the products and 
minimizing the environmental impact. 

 

Keywords: Dry-cured loin; Salting; Water vapour permeable bags; 
Physicochemical properties; Sensory. 
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1. Introduction 

The meat industry innovations are focus on improving the traditional curing processes. 
Producers seek new methods to reduce processing times, minimise salt waste, reduce 
overall weight loss and/or improve the hygienic quality. In this line, a new salting process 
in which the exact amount of salt to be absorbed by the product is directly dosed was 
proposed by Fuentes et al.[1]. This controlled procedure has been applied to different fish 
products reducing waste and product variability. The combination of this controlled salting 
process and vacuum packaging was able to accelerate NaCl absorption and dehydration, 
and can therefore cut the total processing time without affecting physicochemical 
parameters and sensory traits as compared with traditional fish products. Recently, 
materials with high water vapour transmission rates have been investigated. The use of 
highly water vapour-permeable bags (WP) facilitates the control of product dehydration by 
managing the temperature and humidity conditions, as with the traditional methods 
(unpacked) and minimising the risk of microbial contamination[2]. The combination of 
controlled salting process with WP bags has been studied to obtain smoke-flavoured fish 
with similar sensory traits to smoke products obtained by traditional methods and would 
optimise yields, reduce waste, speed up processes, maintain the hygienic quality during 
processes, and facilitate transportation and distribution at the same time[3,4]. For this reason, 
we considered that this promising technique could be implemented in the meat sector; 
making necessary adjusmtents. 

The aim of the present study was to develop an alternative method to the traditional curing 
process using water vapour permeable bags to obtain a dry-cured pork loin product with 
physicochemical, microbiological and sensory characteristics similar to traditional 
products.  

2. Materials and Methods 

2.1. Experimental design 

Pork loin processing was carried out using a controlled salting process where the exact 
amount of salt, necessary for the product to reach a targeted salt concentration, was dosed. 
The amount of salt added to each sample was individually calculated from the initial pork 
loin weight and the initial meat moisture. Pork loins were covered with a thin and 
homogeneous layer of salt, and then, vacuum-packed in the water vapour permeable bags. 
Initially, the salting-drying process was carried out at 85% relative humidity (RH) and 4 °C, 
and these conditions were modified during the process until reaching 65% RH and 10 ºC. 
The loins were kept in the drying chamber until a weight loss of 40% was reached. At the 
end of the process, the loins were analysed to determine their physicochemical parameters 
(moisture, salt, aw, pH, total nitrogen and non-protein nitrogen), texture, colour, microbial 
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counts (mesophilic bacteria, lactic acid bacteria and Enterobacteriaceae), and sensory 
profile. 

2.2. Analitical determinations 

2.2.1. Physicochemical analyses 

During processing, weight changes in pork loin (Mt) were calculated considerinf the 
sample weight at each time and the initial sample weight. 

Moisture and lipid content were determined according to the AOAC methods[5]. The pH 
measurements were taken by a micropH 2001 digital pH-meter (Crison Instruments, S.A., 
Barcelona, Spain) with a puncture electrode (Crison 5231) at five different locations on 
pork loin sample. Chloride content was determined after sample homogenisation in distilled 
water using an automatic Sherwood Chloride Analyser Model 926 (Sherwood Scientific 
Ltd., Cambridge, UK). Water activity (aw) was measured with an Aqualab dew point 
hygrometer model 4TE (Decagon Devices, Inc., Washington, USA). Total nitrogen (TN) 
and non-protein nitrogen (NPN) was measured following the method described by Standnik 
and Dolatowski[6]. 

Colour determination was directly performed on the pork loin slices. A Minolta CM-700-d 
photocolorimeter (Minolta, Osaka, Japan) was used, with a 10° observer and  illuminant 
D65. Using the CIE L*a*b* coordinates (where L* is lightness, a* deviation towards red or 
green, and b* deviation towards yellow or blue), the psychophysical magnitudes of hue 
(hab*) and chroma (Cab*) were calculated. 

A texture profile analysis (TPA) was performed on the prok loin samples with a Texture 
Analyser TA.XT2® 174 (Stable Micro Systems, Surrey, UK) equipped with a load cell of 
250 N. For this measurement, a flat-ended cylindrical plunger (7.5mm diameter) was 
employed. This plunger was pressed into the sample at a constant speed of 1 mm/s until it 
reached 50% of sample height. Samples for this analysis were obtained from middle part of 
each loin, which were sliced and cut to obtain parallelepiped pieces (1x1x3 cm). Force-
distance curves were processed to obtain hardness, chewiness, adhesiveness, springiness, 
cohesiveness and resilience parameters. 

2.2.2. Microbiological analyses 

Mesophilic bacteria, Enterobacteriaceae and lactic acid bacteria were determined 
according to the methods given by the following ISO standards [7,8,9]. The results were 
expressed as log cfu/g.  

2.2.3. Sensory nalysis 

A trained panel undertook the sensory evaluation using quantitative descriptive analaysis 
(QDA). Tests were done with the semi-structured scales (from 0 (very low) to 10 (very 
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high) by which attributes such red colour intensity, color homogeneity, brightness, 
hardness, adhesiveness, odour and cured flavor were evaluated. 

2.3. Estatistical analysis 

One-way analysis of variance (ANOVA) was conducted to establish significant differences 
between samples.The least significant difference (LSD) procedure was used to test for 
differences between averages at the 5% significance level. Statistical treatment was 
performed using Statgraphics Centurion XVI (Manugistics Inc., Rockville, MD, USA). 

3.  Results and discussion 

3.1. Changes in phisicochemical parameters 

During the elaboration of the dry-cured pork loin, the loins were weighed periodically with 
the aim of determining the product weight loss at each sampling time and estimating the 
end of the drying period (Fig. 1). The salting-curing process lasted for 75 days. In this 
sense, considering that cured loins have usually a curing period of about 3 months, it could 
be established that this new process would allow to slightly reduce processing time.  

 

 

 

Fig. 1 Total weight changes during the salting process in pork loins obtained by using water 
permeable bags (average value ± standard deviation of each batch). 

 

After processing, moisture of the dry-cured pork loin samples was determined. Moisture 
was separately measured in the central and in the outer part of the slices in order to detect 
crust formation during the process. Significant differences were observed between the 
moisture values of the central and outer parts of the loins (p<0.001), being these differences 
lower than 2% which evidences the absence of crusting in the pieces obtained by the 
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procedure developed in this work. Average moisture values were within the range 
established for commercial products.  

Fig. 2. Moisture values of dry-cured pork loins (mean values ± standard deviation, n=3). The 

dashed lines represent reference values. 

 

Values of pH, salt content, and aw in the different batches processed by the new procedure 
are shown in table 1.  

Table 1. Physicochemical parameters in pork loins (average value ± standard deviation, n=3). 
Parameter A B C D 

pH 5.66  ± 0.02 5.78  ± 0.02 5.79  ± 0.05 5.87  ± 0.06 
NaCl 4.43  ± 0.12 4.7  ± 0.2 4.59  ± 0.16 4.69  ± 0.14 
aw 0.9263 ± 0.0004 0.9196  ± 0.0001 0.9171 ± 0.0053 0.9198 ± 0.0015 
TN  5.3  ± 0.6 5.3  ± 0.32 5.1  ± 0.5 4.7  ± 0.8 
NPN  153  ± 15 199  ± 1.9 158  ± 30 196  ± 33 

NaCl: salt content (g NaCl/100 g); TN: total nitrogen (mg/100 g dry matter), NPN: non-protein nitrogen (mg/100 g dry matter) 

Salt content in the dry-cured products obtained in this study was similar than those reported 
by other authors[10,11]. The water content reduction and NaCl incorporation in the meat 
product as a consequence of the salting-curing process led to a aw values reduction. No 
significant differences were observed regarding to total nitrogen and non-protein nitrogen 
among samples. During curing period, the proteolytic breakdown of meat proteins increases 
nonprotein nitrogen concentration in the product. These changes in proteins are an 
important source of flavour compounds through the involvement of amino acids and small 
peptides[12].  The lower NNP content could be attributed to the shorter ageing period in the 
present study compared with the traditional processes 
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Mecanical and colour parameters were similar than those reported in other studies for this 
type of product (data not shown). These results indicate that the new procedure do not 
modify texture and appearance of the dry-cured loin compared to the traditional products. 

3.2. Microbial analyses 

The counts for mesophilic, lactic acid bacteria and Enterobacteriaceae are shown in Table 
2. Dry-cured pork loin samples, showed low levels of mesophilic bacteria and 
Enterobateriaceae counts were below the detection limit (<102 CFU/g).  

Table 2. Counts of mesophilic, lactic acid bacteria and Enterobacteriaceae (average values ± 
standard deviation, n=3) 

Parameter A B C D 

Mesophilic bateria 3.9  ± 0.2 3.7  ± 0.3 4.1  ± 0.5 3.16  ± 0.12 
Lactic acid bacteria  3.1  ± 0.2 3.2  ± 0.3 3.6  ± 0.5 3.05  ± 0.13 
Enterobacteriaceae nd nd nd nd 

 

These results indicate that the hygienic conditions employed during processing were 
correct, wich allow to obtained a dry-cured product with a high hygenic quality. As it can 
be observed, the new procedure does not affect the growth of lactic acid, whose 
development is considered necessary to control the proliferation of certain altering 
microorganisms such as coliform bacteria[13].  

A sensory analysis was carried out to check the acceptability of the new dry-cured pork 
loin. The tested samples were those obtained by the new technology (WP) and the 
commercial ones. The overall scores marked by the assessors for the sensory attributes of 
the samples are depicted in Fig. 3. No significant differences were recorded between 
samples for colour homogeneity, brightness and adhesiveness (p>0.05). However, 
commercial samples had a higher intnesity regarding the colour, hardness, and cured 
flavour. The lower intensity of those attributes in the new products could be correlated with 
dry-curing time. The increase on taste active components during processins of dry-cured 
meat products has been reported[14], therefore length of curing exibit a strong correlation 
with the typical flavour of these type of products. 
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Fig. 3. Score average for the different attributes evaluated in samples of commercial 
dry-cured prok loin and the new product (WP). 

4. Conclusions 

The processing conditions used and the exact dosage of the salt have been adequate to 
obtain a dry-cured pork loin with moisture, salt and aw values similar to the commercial 
products. These conditions have allowed to obtain a product with an adequate hygienic 
quality and a sensory profile similar to the traditional product. This new salting-curing 
process using water vapor permeable bags present several advantages compared to the 
traditional processes such as the lower handling of the product, waste reduction and higher 
control of the process.  
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Abstract 

The objective of the present study was to test the feasibility of a new salting-
curing process using water vapour permeable bags to obtain a reduced 
sodium dry-cured loin. The process was applied with and without partial 
substitution of sodium chloride by potassium chloride. The developed 
methodology allows to obtain a dry-cured pork loin with partial sodium 
substitution similar to the product without reduced sodium content, regarding 
to their physicochemical parameters, texture and colour. The results 
indicated that the new process allowed to obtain a cured meat product with 
50% less sodium and similar characteristics than the traditional products.  

Keywords: sodium replacement; water vapour permeable bags; dry-cured 
loin; salt content; physicochemical parameters . 
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1. Introduction 

Numerous studies have demonstrated that the dietary intake of sodium significantly 
influences blood pressure levels and contributes to an increased risk of coronary heart 
disease and strokes[1,2]. In industrialized countries, the sodium intake exceeds the nutritional 
recommendations; for these reasons, health national and international authorities have set 
targets for a reduction in the sodium consumed in the diet[3]. Studies reveal that the 
principle sources of sodium in the diet are processed foods. A common EU framework for 
salt reduction has been developed to reduce the salt intake at population level. In this sense, 
the EU framework will focus on a limited number of food categories, but which contribute 
largely to salt intake in the diet in many Member States. Certain food categories such as 
bread, meat products, cheeses and ready meals have been identified as being among the 
major contributors across the EU, and are therefore targets for salt reduction at EU level[4]. 
Manufacturers of dry-cured meat products are facing the challenge to lower the sodium 
content in their products [5,6]. In dry-cured meat products, sodium chloride is an essential 
ingredient which contributes to the water holding capacity, protein binding, colour, flavour 
and texture. Moreover, salt decreases water activity (aw), and this significantly affects the 
shelf-life of foodstuffs[7]. In addition to an overall bacteriostatic effect of salt, it can also 
cause a slight shift in the microbial flora toward slower growing, gram positive bacteria 
species that are less detrimental to product quality and require more time to reach spoilage 
levels. The partial replacement of sodium chloride by potassium chloride has been proposed 
as a possible strategy to reduce the sodium content of this type of products [8-11]. KCl is less 
expensive than other salt replacers, has similar properties as NaCl, and also exhibits 
possible health benefits[12,13]. However, the addition of KCl is limited by its bitter and 
astringent taste demanding a careful choice of the level of substitution[12]. Gou et al. [14] 
found that NaCl can be replaced by KCl up to 40 % with only slightly affecting sensory 
properties in fermented sausages and dry-cured loin. In this sense, Armenteros et al.[12] 
further reported that substitutions of up to 50 % by KCl are possible affecting neither 
sensory properties nor proteolysis and lipolysis phenomena in dry-cured loin. However, 
during processing the water transport is influenced if KCl is present leading to a decreased 
weight loss during salting. 

The objective of the present study was to test the feasibility of a new salting-curing process 
using water vapour permeable bags to obtain a reduced sodium dry-cured loin. A novel 
salting-curing process using water vapour permeable bags was applied with and without 
partial substitution of sodium chloride by potassium chloride.  
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2. Materials and Methods 

2.1. Experimental design 

The salting process was carried out with a thermodynamic control by placing a known 
amount of salt on the product surface and allowing it to dissolve and penetrate[16]. The 
amount of salt to be added to the loin was calculated considering a moisture and salt 
content in the final product similar to the comemercial dry-cured loin (

 
= 0.06 g Cl/g 

dry material and xw
f = 0.47 g/g (w/w)). Chloride amount, MCl (g of chloride), added to each 

loin was individualy calculated according to Eq. (1) considering the initial weight of the 
loins, M0 (g): 

 (1) 

Finally, salt amount, Msalt (g), was calculated according to the salt composition (100% NaCl 
and 50% NaCl:50% KCl). Pork loins were covered with a layer of salt, and then, samples 
were vacuum-packed in the water vapour permeable bags. Initially, the salting-drying 
process was carried out at 90% relative humidity (RH) and 3 °C, and these conditions were 
modified during the process until reaching 65% RH and 20 ºC. Pork loins were kept in the 
drying chamber and periodically weighted until reaching a weight loss of 50%. 

2.2. Analitical determinations 

2.2.1. Physico-chemical analyses 

Moisture content was determined in accordance with AOAC methods 950.46[16]. Chloride 
content was determined after sample homogenisation in distilled water using an automatic 
chloride analyser (Sherwood Scientific Ltd., Cambridge, UK). The same extract was used 
to determine sodium and potassium contents by absorption spectrophotometry.The pH 
measurements were taken by a digital pH-meter (Crison Instruments, S.A., Barcelona, 
Spain) with a puncture electrode at five different locations on pork loin sample. Water 
activity (aw) was measured with a dew point hygrometer (Decagon Devices, Inc., 
Washington, USA). Texture profile analysis (TPA) was performed by use of a Texture 
Analyser TA.XT2® (Stable Micro Systems, Surrey, UK) equipped with a load cell of 250 
N. Samples were obtained by cutting out parallelepiped pieces of 1 x 1 x 2,5 cm from the 
central part of each loin silce. For TPA analysis a flat-ended cylindrical plunger (7.5cm 
diameter) was pressed into the sample at a constant speed of 1mm/s until it reached 50% of 
the sample height. Force-distance curves were processed in order to obtain the texture 
parameters: hardness, cohesiveness, elasticity, chewiness and resilience. Colour 
determination was performed using a photocolorimeter (Minolta, Osaka, Japan) with a 10° 
observer and illuminant D65. The colour system employed was CIE L*a*b*. 

1665



Reducing sodium content in dry-cured pork loin. A novel process using water vapour permeable bags 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

2.2.2. Sensory analysis 

Nine selected and trained assessors evaluated the dry-cured products using quantitative 
descriptive analaysis (QDA). Sensory attributes were grouped in visual appearance of the 
slice (color intensity and colour homogeneity), texture (hardness, adhesiveness and 
chewiness) and flavor (saltiness and cured flavour). Attributes were scored using an 
unstructured scale from 0 (very low) to 10 (very high).  

2.3. Statistical analysis 

One-way analysis of variance (ANOVA) was conducted for each physicochemical 
parameter and sensory attribute to establish significant differences between the typer of salt 
employed. The least significant difference (LSD) procedure was used to test for differences 
between averages at the 5% significance level. Statistical treatment was performed using 
Statgraphics Centurion XVI (Manugistics Inc., Rockville, MD, USA). 

3. Results and discussion 

The average values of moisture, aw, and chloride, sodium and potassium content in pork 
loin samples salted with both type of salt are shown in Figure 1. As expected, the salting-
drying process significantly lowered the moisture and aw values, and chloride 
concentration increased compared with fresh meat. The procedure combining a controlled 
salting with the permeable bags was applied to reduce the impact of the different cations 
diffusivities duirng the salt uptake. In this procedure, the exact amount of salt to be 
absorbed by the loin is directly dosed and then packing forces the salt uptake, minimizing 
the differences in the Na and K transport. In order to determine mass transfer differences 
between salts, after processing pork loins were analyzed differentiating between the outer 
part and central part and the edges of said sections. This differentiation would also allow to 
detect crust formation. The crust formation poses serious problems for the certification of 
Serrano ham as a Guaranteed Traditional Speciality (ETG). According to ETG Serrano 
specifications, the moisture gradient between the outer part and the centre of the ham 
should not be higher than 12%[17]. 

Average moisture values of outer and central parts of the slices were 50.2% and 59.9% 
(w/w) for loins salted with 100% NaCl and 60.3% and 51.1% (w/w) for loins salted with 
50% KCl-50% NaCl. No significant differences were observed depending on the type of 
salt used. It should be noted that the moisture values in the center of the loins were higher 
than what would be desirable for this type of product. According to the quality standard of 
meat products, dry-cured loin ("embuchado lomo") should have a maximum moisture 
content of 55.0%[18]. Taking into account the physico-chemical characteristics defined in 
this standard, it would be interesting to optimize the curing conditions with the aim of 
reducing the moisture content in the final product.  
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Figure 1. Moisture (a), aw (b), chloride content expressed in wet basis (c), chloride content 
expressed in dry basis (d), sodium content (e), potassium content (f) of the dry-cured loin samples 
obtained by using 100% NaCl and 50%NaCl-50%KCl. Mean values ± standard deviation (n = 3).  

Similar differences between slice areas were observed in chloride, potassium, and sodium 
content (Fig. 1). Solute concentration in the central part of the slice was significantly lower 
than in the outer part of the slice (p<0.001). The application of the new salting-curing 
process has made it possible to achieve a 50% reduction in sodium in the final product, as it 
had been established as a target. These results are especially interesting when compared 
with the alternatives salts in traditional processes, where it is not guaranteed that the final 
product will maintain this Na: K ratio, due to the differences in diffusivity of both salts. 
This ratio in the product with low sodium content was close to 1 (Na: K), being a 
nutritional advantage. 
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Different studies have shown that sodium substitution by potassium could affect the mass 
transfer phenomena that occurs during the salting process. In this sense, different authors 
have reported that partial sodium replacement by potassium decreased water loss during 
processing[13,19]. This could be explained by the larger size of the K+ ion, which would have 
more difficulty in penetrating inside the muscle. The salt uptake and water outflow occurs 
simultaneously, for this reason when replacement strategies are applied using traditional 
techniques final products had higher moisture values, longer curing processes are required 
or higher amounts of salt should be dosed to achieve an adequate aw value. 

Dry-cured pork loin exhitited pH values ranged from 5.8 to 6.2 (data not shown) During 
processing, the pH values show a tendency to increase slightly, both in the surface and in 
the interior, throughout the process[20]. The type of salt did not affect any of the texture 
parameters evaluated (data not shown). These results agreed with those obtained in other 
studies where the effect of the partial sodium replacement by other salts in dry-cured meat 
products has been evaluated[5,13,12,15]. Aliño et al [15] concluded that the partial substitution 
of NaCl by KCl in dry-cured pork loin did not affect texture of the product, except for a 
slight reduction of the elasticity when sodium substitution by potassium was higher than 
50%. Colour of samples was affected by the type of salt employed. In this sense, pork loins 
salted with 100% NaCl showed values of a and b coordinates higher than samples salted 
with 50% KCl-50% NaCl. Differences in lightness were not statistically significant (data 
not shown).  

The overall scores marked by the assessors for the sensory attributes of the different 
evaluated samples are depicted in Fig. 4. No significant differences were recorded between 
samples for colour and texture attribute (p > 0.05), although the scores for taste and odour 
were slightly higher for pork loins salted with 100% NaCl.  

 

Fig. 2. Sensorial analysis of pork loin salted with 100% NaCl and 50%NaCl:50% KCl 
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4. Conclusions 

The developed methodology allows to obtain dry-cured products with partial replacement 
of sodium by potassium chloride with similar characteristics than products without reduced 
sodium content. The conditions of relative humidity and temperature used in this study 
have not been adequate to avoid the crusting of the pieces during the processing of cured 
loin. The replacement of 50% of NaCl by KCl  had significant effect on some of the 
sensory atributes. The new process of controlled salting-curing using water vapor 
permeable bags allows to reduce the handling operations of the product and the use of salt, 
which is an advantage to help improve the hygienic quality of the product and reduce the 
environmental impact the generation of brine waste that is produced in these industries 
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Abstract 
Nowadays most studies of drying processes dynamics are established 
on  empirical models without clear physical meanings, which could not 
predict the drying characteristic on different dryers. In order to describe the 
change of temperature and water content in the cut tobacco in different 
dryers, a mathematical model based on heat and mass transfer phenomena 
was developed, and the model employed the relationship of equilibrium 
moisture content and air humidity as basis, the difference of moisture 
between biomass and wet air as mass transfer driver, and the difference of 
temperature between biomass and wet air as heat transfer driver. The drying 
experiments under different air temperature and humidity are carried out on 
the batch rotary dryer, and the variance of temperature and moisture content 
in the biomass is obtained by using infrared thermometer and oven. The 
model is validated by two parameters with experiment data under each 
condition of air temperature and humidity. The results show that the drying 
dynamic model is well on accuracy and universality, and it could be applied 
on different drying device to predict the characteristic of kinds of drying 
processes.   

  

Keywords: cut tobacco; drying dynamics; equilibrium moisture content; heat 
transfer; mass transfer. 
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1. Introduction 

Drying is an important operation to manufacture many products that benefit mankind being 
drying technology more widely used in biomass, such as drying of grains, seeds, fruits, 
vegetables, fodder, woody particles, tobacco, and so on.  

Measuring the drying process of each individual particle or fiber is almost impossible, but 
many researchers prefer to gain understanding of the processes in the most comprehensive 
way as possible. Mohammad et al. (2016) applied the eXtended Discrete Element Method 
(XDEM) to simulate the temperature, moisture content and drying rate of woody particles 
during drying in a circulating cylinder. Koji et al. (2014) investigated a simplified 
quantitative model that simulates changes in the water content and the temperature of the 
tobacco midrib, and the validity of the model is examined. Zhu et al. (2015)  introduced a 
two-stage convective drying strategy for cut tobacco drying, and the temperature and 
moisture evolution of cut tobacco were simulated by developed heat and mass transfer 
models. The above results indicate that obtaining the material’s temperature and water 
content changes in detail under different operating conditions and fitting of measured data 
with an appropriate drying model can help us to set the optimum operation condition, as 
well as improve the quality of material in drying process. 

Drying process of biomass using the rotary dryer is the one of important process in cigarette 
factory. Rotary dryers are designed so as to force the drying material to circulate along the 
unit while in contact with the air, in such way the best mass and heat exchange is attained. 
Good control scheme may further help improve the intrinsic quality and external quality of 
tobacco production. Thus a comprehensive understanding of the process characteristics of 
tobacco water content and surface temperature in the rotary dryer  are useful information 
for setting up suitable control schemes. So the present work has been undertaken to study 
the drying characteristics of cut tobacco by using a specially designed rotary dryer. A 
dynamic model has been implemented and found to be satisfactory. The temperature and 
water content evolution of the cut tobacco as biomass at different drying temperatures were 
calculated and compared with the results of the experimental investigation. 

2. Materials and methods 

Cut tobacco was used in this study，which was produced in the Fujian Province of China. 
Before each experiment, water contents of the cut tobacco samples were adjusted to 
22.5±0.1 % by adding calculated amounts of water to the cut tobacco samples respectively.  

In order to obtain real time drying characteristics of the material in the dryer, a laboratory 
rotary dryer was purposely designed in the principle shown in Fig 1.   
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Fig. 1. Schematic diagram of the laboratory scale rotary dryer: (1)air filter, (2)blower, (3)air flow 
meter, (4)steam generator, (5)drying chamber, (6)chamber temperature controller, (7)electrical 
valve, (8)vapor flow meter, (9)mixing chamber with electrical heater, (10) air temperature 
controller, (11)inlet air temperature and humidity recorder, (12)inlet air flow meter, (13)outlet air 
temperature recorder, (14)outlet air humid recorder, (15)drain  

The length of the laboratory dryer is just 1.0 meter, and its diameter has maintained the 
same diameter as industrial rotary dryer about 1.9 meters. During the experiments, the, inlet 
humidity and temperature can be controlled to  any practical value as the inducstrial dryer 
by mixing air with the superheated steam, while the average velocity of the flow was also 
set at a prescribed value. By detecting the water contents and temperatures of the cut 
tobacco sample at different drying moments, we can simulate the whole drying process 
with this laboratory rotary dryer.  

The drying experiments were carried out in the laboratory drying chamber. The inlet 
temperature was respectively set to 338, 358, 378, 398 and 418 K, while the average 
velocity of the flow was kept to 0.067 ms-1, and only the compressed air from atmospheric 
environment (28 ℃ and RH 0.77) was used without inducing the steam in the current study.  

During the drying process, the sampling interval was set to 30 seconds, and the sampling 
groove was quickly pulled out from the chamber. The temperature of the cut tobacco 
samples in the groove was quickly measured by an infrared thermal imaging device within 
2 seconds, and simultaneously cut tobacco samples were taken to offline to measure the 
water contents separately by weight loss method. The each sample amount taken away for 
weight analysis was 10 g approximately, which is 0.5 % of the total 2 kg. 

3. Mathematical model 

In order to simulate the mass transfer process, we assume that on the surface of biomass, 
there exists a film of wet air, which is equilibrium with water content in the biomass. The 
relationship of equilibrium can be written as 
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 1 exp B
eRH ATX          (1)

 

where eRH  represents the relative humidity of the film, T  denotes the temperature of 

biomass, the parameter A  and B  indicate the drying characteristic of biomass.   

According to the Antoine equation, the vapor pressure of the film can be expressed as the 
product of saturated vapor pressure and relative humidity,  which is   

10 3826.36=1.1939 10 exp
45.47e ep RH

T
    

     (2)
 

where ep  is the vapor pressure of the film with Pa. 

Using the state equation of ideal gas, we can get the concentration of vapor in the film as    

  10 3826.361.1939 10 exp 1 exp
45.47=

B

e

ATX
T

C
RT

          (3) 

where eC  represents the concentration of vapor in the film with unit mol.m-3.     

Meanwhile, the vapor concentration in the bulk surrouding the biomass, which indicates 
dry air, can be express as    

10 3826.361.1939 10 exp
45.47

= b
b

b

RH
T

C
RT

 
         (4) 

where bC  represents the vapor concentration in the bulk with unit mol.m-3, and bT  is the 

temperature in the bulk, which is equal to the temperature of the rotary dryer wall.      

In order to obtain the mass transfer equation of drying process, we assume that only the  
convective mass transfer occurs but the diffusion is ignored,  so the rate of mass transfer 
can be written as the product of the convective mass transfer coefficient and driver of mass 
transfer, which is expressed as the difference of  vapor concentration in common. The 
above statement can be translated as the following formula  

m mN h A C           (5) 
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where m mh A  is convective mass transfer coefficient including the mass transfer surface 

area.  

So the drying process of biomass per kilogram can be gotten as the following differential 
equation  

2

1

H O

dX
N

M dt
         (6) 

where X  is the dry base moisture content of biomass with unit kg.kg-1, 
2H OM is molecular 

mass of water, and its unit is kg.mol-1. 

On the other hand, the heat transfer equation of drying process is not difficult to describe. 
Since the change of temperature of biomass can be contributed to two facts, the one is 
convective heat transfer from the hot air, the other is endothermic vaporization during the 
drying of cut tobacco. So the heat transfer equation can be written as  

 , , ( )p w p t m b w

dT dX
XC C hA T T H

dt dt
    

 where mhA  denotes the convective heat transfer coefficient combined with inseparable heat 

transfer area, wH  is the  latent heat of vaporization of water, ,p wC  is the specific heat 

capacity of the water with unit Jꞏm-3ꞏK-1  and ,p tC is the specific heat capacity of cut 

tobacco with unit Jꞏm-3ꞏK-1. 

For the integrity of the heat transfer equation, the latent heat of vaporization and the 
specific heat equation of water are functions of  bulk temperature, and they can be 
expressed as    

0.321

2891833 1
647.13

b
w

T
H

    
   

6 4 3 3 2
, 1.459 10 1.971 10 1.005 228.7 23750p w b b bC T T T T          

But the specific heat capacity of cut tobacco is remained constant for simplication of the 
mathematical model, which is obtained as the following value as 

3
, 1.4286 10p tC  
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In summary, the mass transfer equation and the heat transfer equation are clearly shown, 
which is the govering equations of the drying process. In the mathematical model, the two 
parameters A and B is related to the properties of biomass, and the convective mass and 
heat transfer coefficients are the key factors of the model, which are determined by the 
operation conditions such as inlet velocity of hot air. The two coefficients can not be 
accurayly obtained before the drying experiments or by other independent experiments, but 
they could be fitted by the temperature and moisture curves of biomass during drying 
process.      

4. Results and discussion 

The mathematical model was fitted by using the functions ode45 and lsqnonlin on 
MATLAB® 2017a to get the heat transfer and mass transfer coefficients, where the function 
ode45 is used for solving the ordinary differential equations by 4 order Runge-Kutta 
methods, and the function lsqnonlin is used for exploring the optical parameters by 
nonlinear least squares method. Through the experiment data at different dryer temperature, 
the heat transfer coeffiecient is 31.2245 with unit Wꞏm-3ꞏK-1 and the mass transfer 
coeffiecient is 0.0651 with unit kgꞏm-3ꞏK-1. It is obvious that the two most important 
parameters keep constant for all the drying conditions at different inlet temperature. 

Figure 2 shows the temperature and moisture content of cut tobacco in the rotary dryer at 
different inlet temperature range from 338K to 418K. It can be seen that the simulated 
curves of water content and temperature are well consistent with the experiment data at 
each time. It is mean that the mathematical model with only two coefficients can reveal the 
main mechanism of the drying processing in the labarotary rotary dryer.  

It is easy to see that the moisture content of cut  tobacco decreases with time and the 
temperature of cut tobacco increases with time. Moreover, the variance of both moisture 
content and temperature can be separated into three stages. At the initial stage, the 
temperature rises up fastly but the moisture content goes down slowly, then the temperature 
remains stable and the moisture content falls down with constant drying rate at the medium 
stage, finaly at the last stage the temperature of cut tobacco grows up distinctly but the 
sample moisture content slightly decreases for a long time. We also can find that when the 
inlet temperature increases, the first stage almostly keeps unchanged, and the medium stage  
continues a short time period, but the last stage occupies a long time.  
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(a) 338K                                                                   (b)358K 

 

 

(c) 378K                                                                     (d) 398K 

 

                           (e) 418K 

Fig. 2. the Comparsion of  experiment data  and simulated data of moisture content and 
temperature with inlet temperature range from 338K to 418K 
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5. Conclusions 

 A laboratory rotary dryer was designed to simulate the drying process of biomass. The 
evolutions of the water content and surface temperature of cut tobacco at different drying 
temperatures were investigated. The determination of heat and mass transfer coefficients by 
calculating from the experimental data of temperature and water content appears as a more 
convenient method. The mathematical model with equilibrium relationship of moisture 
content could represent the drying characteristics of cut tobacco accurately. Moreover, the 
current work provides the essential basis for the future computational fluid-dynamic (CFD) 
simulation of tobacco drying in industry production line.  
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Abstract 
Izmir tulum cheese pieces were dried using a tray dryer at different air flow 
rates (1.0 and 1.8 m/s) and temperatures (45oC, 55oC and 65oC). The 
increase in temperature and air flow rate increased bulk and tapped bulk 
densityand decreased the water holding capacity. The lowest lightness and 
highest redness were obtained in samples dried at 65oC. The samples dried at 
55°C and 1 m/s had the highest flavor and overall impression scores. As a 
result, a dried cheese product to benefit from left-over pieces obtained during 
packaging  was developed, having advantages such as easy to transport, 
store and package.  

 

Keywords: Izmir Tulum cheese; tray dryer; physical, chemical and sensory 
properties. 
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1. Introduction 

Drying is one of the oldest method and has recently been applied to various food products 
to gain different functions. Cheese is exposed to drying process to increase its shelf life, 
decrease the transport and storage costs and improve some functional properties. 
Dehydrated cheese is generally used as a food ingredient to improve the flavor and 
mouthfeel of cheese [1, 2, 3].  

Izmir Tulum cheese is a Turkish traditional cheese produced mostly by small or medium 
scale dairies.  It  is one of most consumed cheese type in Turkey, characterized with a white 
or cream color, high fat content, a crumbly and semi-hard texture. During the production of 
Izmir Tulum cheese, cheese pieces are left-over in large quantities during  packaging of the 
cheese in the industrial production. The goal of the research is to evaluate these cheese 
pieces by drying with tray dryer which is the easiest drying method of producing 
dehydrated cheese in small scale dairies. The final quality of the dried cheese can be 
significantly affected by drying conditions. Therefore, it is necessary to evaluate the drying 
conditions to obtain a dehydrated food with a high quality. With this research, a new 
dehydrated cheese product was developed as an ingredient for different purposes in foods 
such as using in pasta, salad and pizza, etc. and the new product gives an advantages to 
consumer to use easily at home.  

2. Materials and Methods 

2.1. Material 

Izmir tulum cheese purchased from the local market in Izmir. Samples were transported 
under cold conditions to the laboratory. Cheeses were grinded to obtain homogenous  
sample and dry easily. Samples were processed within  a day. 

2.2. Drying process 

The preliminary tests were carried out to determine the duration of drying. The water 
activity value was considered to be below 0.8. For drying of cheese, 100 grams of grated 
cheese samples were put on a tray and dried in a pilot-scale tray drier (TK Lab5, Turkey) at 
different air flow rates (1 m/s and 1.8 m/s) and temperatures (45oC, 55oC, 65oC) for two 
hours. Dried cheese samples were grinded by food processor (Tefal Masterbland). Grinded 
dried cheese pieces were kept in glass jars during the analyses. Production procedure was 
replicated twice. 
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2.3. Compositional analysis 

Moisture and ash contents of cheese and dried cheese samples were determined by 
gravimetric method [4, 5]. Kjeldahl method was used for protein content of the samples [5]. 
Fat contents of cheese and dried cheese samples were determined by Van Gulik [6] and 
Gerber [7] methods, respectively. pH values of cheese and dried cheese samples were  
measured with a digital pH meter (pH 320, WTW, 82362 Weilheim, Germany), and 
titratable acidity was expressed as percent lactic acid [5]. 

2.4. Water activity 

Water activity of dried cheese samples were measured by using a water activity 
measurement device (Testo, Freiburg, Germany).  

2.5. Bulk, tapped densities and Carr Index value 

Bulk density of the dried samples was measured by pouring the samples to the 100-ml 
measuring cylinder and recorded the weight [8]. The measuring cylinder was tapped 200 
times and the volume was recorded to calculated the tapped density [8]. Carr Index values 
of dried cheese samples were also evaluated according to Equation 1 [9]. 

                                                    (1) 

2.6. Water holding capacity 

Water holding capacity (WHC) of dried cheese samples were measured according to 
Heywood et al. [10] and Traynham et al. [11] with some modifications. 2.5 g of dried 
samples was weighed to 50 ml centrifuge tube. Then, for each sample 10 mL of distilled 
water were added and well mixed with the sample. Samples stood at room temperature for 
3 hours. The mixture was centrifuged at 2680 rpm for 30 min. Just after centrifugation, the 
supernatant was carefully decanted and the new mass of the sample was recorded. WHC 
(%) was calculated as Equation 2 : 
 

      (2) 
 

2.7. Color evaluation 

Color values of cheese and dried cheese samples were measured in terms of L (lightness), a 
(redness and greenness), and b (yellowness and blueness) using a Hunter ColorFlex 
colorimeter (HunterLabColorFlex CFLX 45-2 colorimeter). Then, color differences (ΔE) 
and chroma values (color intesity) of the samples were calculated using Equations 3 and 4, 
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respectively [12]. Color values of  Izmir tulum cheese was taken as reference for the 
calculation of color differences. 

                                         (3) 

                                                                                   (4) 

2.8. Sensory evaluation 

Desirability of dried cheese samples  scales in terms of color, appearance, texture, taste and 
overall acceptability using unipolar scales were determined by 40 panelists. . Unipolar scale  
ratings between 1 and 5 referring from not like at all to like very much. 

2.9. Statistical analysis 

Statistical data analyses was performed by using SPSS version 21.0. Data was analyzed by 
analysis of variance (ANOVA) and Duncan’s multiple range test at 95% confidence 
interval. 

3. Results and Discussion  

3.1. Chemical composition 

The moisture, ash, protein fat, titratable acidity values varied from 13.02 to 16.74%, from 
8.79 to 9.53%, from 36.55 to 40.10%, from 36.28 to 37.71% and from 1.494 to 1.674%, 
respectively (Table 1). Different drying conditions did not have any significant effect on 
moisture and water activity values of samples. The higher fat values were obtained in 
samples dried at 45°C for both flow rates. Increasing temperature at the same air flow rate 
resulted in a decrease in acidity values.  

Table 1. Composition of Izmir Tulum cheese and dried cheese samples 
Analysis Cheese 1 m/s – 45°C 1 m/s - 55°C 1m/s- 65°C 1,8 m/s-45°C 1,8 m/s- 55°C 1,8 m/s-65°C 

Moisture (%) 44,19±0,08 16,74±2,11a 16,60±1,31a 13,02±0,27a 14,24±1,72a 15,52±1,52a 14,28±2,20a 

Ash (%) 5,87±0,03 8,79±0,05a 9,25±0,11ab 9,53±0,13b 9,46±0,37b 9,42±0,32b 9,41±0,15b 

Protein (%) 23,94±0,72 36,55±0,38a 36,95±0,08a 39,31±0,12b 37,10±0,15a 39,50±0,06b 40,10±0,32b 

Fat (%) 46,58±0,71 37,69±0,74b 36,28±0,16a 36,63±0,09ab 37,71±0,23b 36,83±0,89ab 36,99±0,08ab 

Acidity (% 
lactic acid) 

0,981±0,04 1,674±0,05b 1,592±0,01ab 1,567±0,10ab 1,611±0,06ab 1,521±0,01a 1,494±0,05a 

aw 0,985 0,709±0,64ab 0,716±0,43b 0,700±0,68a 0,701±0,00a 0,705±0,29ab 0,705±0,00ab 

a–bMeans within a row with different superscripts differ for dried cheese samples (P < 0.05). 

3.2. Bulk and tapped densities, Carr Index value and water holding capacity 

Densities and flowability of the dried samples is important for the manufacturer and the end 
user for packaging, handling, storage, transportation, etc. The bulk densities of samples 
were found between 0,512 and 0,555 g/cm3 (Table 2). The increase in drying temperature 
resulted in an increase in bulk densities of the samples. However, tapped density values of 
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the samples did not significantly change with different drying conditions. The classification 
of the flowability based on Carr Index  are very good (<15), good (15–20), moderate (20–
35), bad (35–45), and very bad (>45). In this study, flowability of the samples was found to 
be moderate level. WHC of the samples varied from 33,0 to 35,6%. The lowest WHC were 
obtained in samples dried at 1,8 m/s air flow rate and 65°C. This sample was found as 
harder in mouth by the panelists. The WHC of the samples dried at 1 m/s were high when 
compared to the samples dried at 1,8 m/s flow rate.  

Table 2. Bulk and tapped densities, Carr Index and water holding capacity values of dried cheese 
samples  

Analysis 1 m/s - 45°C  1 m/s -55°C  1m/s- 65°C  1,8 m/s-45°C 1,8 m/s-55°C  1,8 m/s-65°C 

BD (g/cm3) 0,512±0,00a 0,533±0,00ab 0,555±0,00b 0,549±0,02b 0,552±0,01b 0,552±0,00b 

TD (g/cm3) 0,713±0,05a 0,728±0,07a 0,731±0,04a 0,741±0,05a 0,726±0,06a 0,729±0,06a 

CI 28,1 26,7 24,0 25,9 23,3 24,3 
WHC (%) 35,6±0,14c 34,3±0,21bc 33,4±0,35ab 34,8±0,21c 33,3±0,14ab 33,0±0,07a 
a–bMeans within a row with different superscripts differ for dried cheese samples (P < 0.05). BD:bulk density, TD: 
tapped density, CI: Carr Index value, WHC: water holding capacity. 

3.3. Color evaluation 

Color of the dried foods is an important quality attribute for customer satisfaction and 
selection. The color values of dried samples were shown in Table 3. The lowest lightness 
and highest redness were found in samples dried at 65°C even at different air flow rates. 
Also, no significant changes were found in yellowness of the samples with the changes in 
air flow rates or temperature. ∆E values of the samples calculated with reference sample-
Izmir Tulum cheese. When ∆E value is greater than 3, it can be distinguished by eyes easily 
[13]. All samples have ∆E value higher than 3. Therefore, their differences were 
distinguished by eyes. However, increase in air flow rate at same temperature resulted in a 
decrease in ∆E value. 

Table 3. Color values of dried cheese samples 

a–cMeans within a row with different superscripts differ for dried cheese samples (P < 0.05). 

 

 L  A B ∆E Chroma 

Drying 
Conditions 85,29±0,41 2,18±0,00 25,19±0,06 - - 

1 m/s - 45°C 83,58±0,91ab 3,36±0,06a 36,41±0,13b 11,4±0,27bc 36,57±0,14b 

1 m/s - 55°C 84,38±0,61b 3,23±0,04a 35,38±0,35ab 10,3±0,28ab 35,53±0,34ab 

1 m/s - 65°C 82,18±0,97a 5,01±0,11c 36,13±0,74b 11,7±0,97c 36,48±0,74b 

1,8 m/s-45°C 83,25±0,00ab 3,37±0,23a 35,76±0,23ab 10,8±0,24ab 35,92±0,24ab 

1,8 m/s-55°C 84,03±0,41b 3,30±0,12a 35,03±0,57a 10,00±0,60a 35,19±0,56a 

1,8 m/s-65°C 82,88±0,23ab 4,17±0,37b 35,58±0,01ab 10,8±0,03ab 35,83±0,06ab 
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3.4. Sensory evaluation 
The sensory evaluation results were shown in Table 4. The samples that were dried at 1 m/s 
- 55°C had the highest score in terms of taste and overall acceptability, whereas lowest 
scores were found in samples dried at 65°C. However, the samples that exposed to drying 
at 1.8 m/s - 65°C has the highest score in terms of color and appearance.  

Table 4. Sensory evaluation results for dried cheese samples 

a–cMeans within a row with different superscripts differ for dried cheese samples (P < 0.05). 

4. Conclusions 

Higher water activity of foods tends to support the growth of microorganisms, especially 
molds which causes quality depletion and economical losses. Molds require a water activity 
level at least 0.80. In this study, the water activity of the dried Izmir Tulum cheese samples 
did not change with different drying conditions, and samples had water activity values that 
were below 0.72. Although the densities and water holding capacity of samples changed by 
the drying parameters,  these differences were not very important from the practical point of 
view.  On the other hand, increasing air flow rate and temperature resulted in harder surface 
of samples, which was not preferred by panelists. The highest flavor and overall impression 
scores were found in samples dried at 1 m/s and 55°C. In conclusion, a dried cheese using  
a tray drier has several advantages such as easy to transport, store and packaging. However, 
there is a need a further study to evaluate the storage stability of the product.   
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Abstract 
The LNT microwave-multiphase transport model has been applied to the 
microwave drying of lignite thin layer. Microwave energy, temperature and 
moisture distribution were obtained to gain a comprehensive understanding 
on the heat and mass transfer mechanism of the drying process. The required 
drying time of experiments decreased by 50, 63, 67, and 83%, respectively, 
with the power level rising from 119 to 700 W, while that decreased by 60, 
72, 76 and 86%, respectively, for simulation results. The temperature values 
of the corner and edge of the lignite thin layer were higher than that of the 
center region, which corresponded to the microwave energy distribution. The 
moisture ratio profiles, temperature profiles and temperature distribution 
indicated good agreement between the experimental and simulation results, 
providing confidence in the modeling approach, which made it possible to 
obtain the moisture distribution successfully via simulation method 

 

Keywords: microwave; lignite; thin layer. 
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1. Introduction 

Lignite is considered as the main energy source for electricity generation and industry 
feedstocks because of its abundant reservation and cheap price. The high moisture content 
in lignite leads to low calorific value, low energy utilization efficiency and high 
transportation cost. Drying prior to pyrolysis, gasification and combustion can improve the 
utilization efficiencies of the downstream devices. Microwave drying is an efficient method 
for lignite pre-treatment due to its high drying rate, volumetric heating and precise process 
control. Apart from experimental studies, numerical modelling is another way to further 
understand the physics of microwave heating of food. In order to take every possible 
transport phenomenon for each phase into consideration, and describe the coupled transport 
mechanisms in a numerical manner, some efforts have been devoted to the modeling of the 
microwave drying process. With the advancement of computational power and efficient 
numerical methods, some researchers employed commercial software to provide an exact 
solution for the Maxwell's equations. Based on the conservation equations elaborated by 
Whitaker, some researchers derived mechanistic models to highlight the heat and mass 
transfer characteristics during microwave drying [1]. A coupled electromagnetic, heat and 
mass transfer model without accounting for pressure driven flow was established by Law et 
al. [3] to examine the temperature and moisture content distribution in oil palm kernels 
during microwave drying. They noted that the calculated results fitted the experimental 
ones, and the cracks of oil palm kernels was prone to occur at the core of the kernel. 
According to the pumping phenomenon noted by some researchers experimentally, Zhu et 
al. [4] modified the above model by taking the vapor pressure into account, which would 
cause moisture diffusion both in liquid and vapor phase. In the case of the microwave 
drying of potato spheres, good agreement was found between the experimental data and 
predicted values. In spite of the complete and predictable model developed or modified by 
the above researchers, the available models still need to be amended with newly discovered 
physical phenomenon and theory. Swiss scientist Charles Soret discovered that the 
concentration difference can be built under temperature gradient and the thermo-diffusion 
phenomenon was referred to as Soret effect [5]. Reversely, the temperature gradient also 
could be generated by concentration difference, and the diffusion-thermal phenomenon was 
known as Dufour effect [6]. As a matter of fact, samples can be heated with microwave 
radiation due to the dipoles orientation [7], and the temperature gradient would be built for 
the non-uniform microwave energy distribution and energy decay. Corresponding to the 
dipoles orientation caused by the oscillating electric and magnetic field, Stewart et al. and 
Lehmann found that liquid crystals showed a uniform rotation under temperature gradient. 
The thermal polarization phenomenon was also confirmed by Muscatello et al. [8] and 
Bresme et al. [9] in subsequent numerical calculations, and they found that the water 
molecules rotation in the direction of temperature gradient would lead to electrostatic field, 
whose magnitude would scale linearly with the increasing temperature gradient. Based on 
the complex coupling effects involving the heat and mass transfer and the molecular 
polarization, the non-equilibrium thermodynamic theory was applied to modify the 
available models, which can provide more accurate prediction for the coupled heat and 
mass transfer in porous media during microwave drying.  

In the present study, the LNT microwave- multiphase transport model was employed to 
thin-layer lignite, which is the typical loose structure, to validate the experimental results in 
terms of moisture ratio and temperature profiles and distribution. The proposed model will 
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also be compared with the mechanistic ones with respect to deviation and calculation time. 
In addition, light is shed on the diffusion-thermal and electric-thermal effect and the 
microwave-induced coupling transmission mechanism for loose structures during drying 
process. 

2. Materials and Methods 

2.1. Problem formulation 

The heat and mass transfer in the lignite thin-layer under microwave irradiation is 
simplified in Fig. 1. The lignite thin-layer is exposed to the environment where intense 
microwave energy is introduced from the right side of the oven. The driving force for the 
liquid water and water vapor diffusion in the thin-layer is the concentration and temperature 
gradient. The thermal diffusion is caused by the coupling effects of the temperature 
gradient, the molecular polarization and the liquid water and water vapor diffusion. The 
molecular polarization is produced by the alternating electromagnetic field and temperature 
gradient. The heat and mass transfer between the lignite thin-layer and the surroundings 
only occurs at the top surface. 

2.2. Major hypotheses 

In order to clarify the heat and mass transfer characteristics within the loose structures, the 
following hypotheses are taken into consideration for the model simplification: (1) local 
thermodynamic equilibrium exists; (2) the thermodynamic flows scale linearly with the 
thermodynamic forces; (3) the coupling ratio between the molecular polarization and heat 
flow presents linear correlation with the average temperature of the sample; (4) all phases 
are continuous; (5) initial moisture content and temperature within the material are assumed 
to be uniform; (6) non shrinkage or deformation during drying process; (7) water vapor 
pressure is shared by all fluid phases; (8) Both the lateral and bottom sides of the lignite 
thin-layer are insulated; (9) the moisture migration into the surroundings only occurs at the 
top side of the lignite thin-layer in vapor phase; (10) gravity effect are neglected. 

2.3. Governing equations 

The heat and mass transfer characteristics within the lignite thin-layer during microwave 
drying can be modelled by the Maxwell equation and the modified mass and energy 
conservation equations based on the non-equilibrium thermodynamics. 

The Maxwell equation is given by [4]： 

                        E   j
0
H                                                       (1) 

                       H  j
0
E                                                          (2) 

E 0                                                                (3) 

H 0                                                                 (4) 
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where, E is the electric field intensity, V m-1; H the magnetic field intensity, T;   the 
complex relative permittivity of lignite thin-layer, which is determined by dielectric 
constant  '  and dielectric loss factor  '' , 

0
 permittivity of free space, 8.85× 10−12 F m-1. 

Based on the non-equilibrium thermodynamics, the established mass and energy 
conservation equations from the former publication [4] can be derived as below and the 
details can be found in the previous research [10]. 

The mass conservation equation can be modified as: 

      s gq lq g g l l

M
T K p K p

t
  

        


       (5) 

where s is the density of the lignite thin-layer, kg m-3; M the moisture content (water 
vapor and liquid water) on dry basis; gq and lq the Soret coefficient for vapor and liquid 
phase, respectively; Kg and Kl the permeability for vapor and liquid phase, respectively; pg 
and pl the water vapor and liquid water pressure, respectively, Pa. 

The energy conservation equation can be derived as: 

        0
eff eff

eq g g g l l l mic

C T a
T E P h K p h K p I Q

t


   


                

      (6) 

where eff is the effective value of sample denstiy, kg m-3; Cp,eff the effective value of  
sample specific heat capicity, J kg-1 K-1 [11]; a the coupling ratio, V;  the polarization 
relaxation time, s; hg and hl the molar enthalpy of water vapor and liquid water, 
respectively, kJ mol-1;  the latent heat of evporation, kJ kg-1; I the evaporation rate, kg m-3 
s-1; Qmic the rate of microwave energy absroption, W m-3.  the thermal conductivity 
involving the pure heat conduction and substance diffusion, W m-1 K-1. The details are 
reported by the previous research. 

2.4 Geometry model 

According to the physical dimensions and shapes of the microwave oven, the geometry 
model is established with a 460×360×290 mm cube and three square frustum metal bumps, 
which can be applied to improve the uniformity of the microwave energy distribution and 
obtain accurate simulation results. The dimensional details of the metal bumps can be seen 
in Fig.2. The microwave energy is generated by a coaxial antenna (10.5 mm in radius and 
12 mm in height) and introduced into the oven via a rectangular waveguide. 
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(a) Geometric model.                          (b) Meshed geometric model. 

Fig.1 Geometric model for the microwave dryer setup. 

2.6 Physical model  and Initial and boundary conditions 

The physical model, initial and boundary conditions and parameters in the simulation are 
listed in ref [10], the mathematic and physical models related to coupling mechanism 
between the heat and mass transfer, and the molecular polarization in a lignite thin layer 
were developed as above. The governing equations and boundary conditions would be 
solved by the finite element commercial software COMSOL Multiphysics.  

3. Results and discussion 

3.1 Drying rates profiles 

The drying and drying rates profiles of experiments and simulations were shown in Fig. 2. 
From Fig. 2, the microwave power levels had a significant effect on drying time. Time 
required for microwave drying was shortened with the increase in power level. As shown in 
Fig. 2 (a), the simulation data fitted the experimental data well with average deviation of 
5% for 119 and 700 W, while 10% for 231-539 W.  

3.2 Temperature profiles 

The temperature profiles of three points (L, C and R) were shown in Fig. 3. Three periods, 
detected in the temperature profiles for lignite sample with power level of 119 to 700 W, 
were the rapid heating period (corresponding to the warm-up and constant rate periods in 
Fig. 2 (a)), the cooling period (corresponding to the falling rate periods in Fig. 2 (a)) and 
the final isothermal period, respectively, while only rapid heating period (corresponding to 
the warm-up, constant rate period and the falling rate period in Fig. 2 (a)) and final 
isothermal period were detected in the simulation results. 
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(a) Drying profiles of lignite thin layer    (b) Drying rates of lignite thin layer. 

Fig.2. Drying and drying rates of lignite thin layer between 119-700 W. Dots and solid line 
indicates experimental and simulation data, respectively. Aa–D represents the warm-up period, the 
constant rate period, the first falling rate period and the second falling rate period, respectively. 

The comparison of temperature between the experimental and simulation data for five 
power levels was illustrated in Fig. 3. The simulation data fitted the experimental data well 
with average deviation of 5% for 119 W and about 10% for 231-539 W, 15% for 700 W.  
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Fig.3. Temperature profiles of lignite thin layer between 119-700 W. Dots and solid line indicates 
experimental and simulation data, respectively. Ia: the heating up period; II: the cooling down 
period; III: the isothermal period. 

3.3 Microwave energy and temperature distribution 

The temperature distribution of experiments and simulations at 385 W were shown in Fig. 
4. As illustrated in Fig. 4, the non-uniform temperature distribution of sample surface was 
evidenced by experiments and simulation results with the moisture ratio of 0.8 and 0.2 at 
385 W. The temperature distribution obtained by simulation method possessed similar trend 
with experimental results, which verified the calculation results of temperature distribution 
based on numerical simulation.  
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(a) Experimental results.  (b) Simulation results. 

MR=0.8 

    

(a) Experimental results.                            (b) Simulation results. 

MR=0.2 

Fig.4. Temperature distribution of experiments and simulation. 

3.4 Moisture distribution 

Moisture distribution in lignite thin layer at 385 W was illustrated in Fig. 5. As shown in 
Fig. 5, the moisture content was lower at the right and left regions in the lignite thin layer, 
which corresponded to the temperature distribution. 

    

Fig.5. Moisture content distribution in sample at 385 W (MR=0.8). 
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4. Conclusions 

The LNT microwave-multiphase transport model has been applied to simulate the 
microwave drying behavior of lignite thin layer successfully. Microwave energy, 
temperature and moisture distribution were obtained to gain a comprehensive 
understanding on the heat and mass transfer mechanism of the drying process. The 
simulation data of the moisture ratio fitted the experimental data well with average 
deviation of 5% for 119 and 700 W, while 10% for 231-539 W. The average deviation of 
temperature between the simulation and experimental data were 5% for 119 W and about 
10% for 231-539 W, while 15% for 700 W. The coupled electromagnetics and multiphase 
porous media made it possible to obtain the moisture distribution via simulation method. 
Further investigation on the moisture distribution will be carried out via MRI experiments 
to verify the simulation result. 
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Abstract 
Thermal properties of brown seaweeds (Saccharina latissima) were 
determined using DSC technique in the temperature range between -150.0 
and 50.0 °C. The following phase transitions were detected: glass transitions, 
incipient point of ice melting and freezing point. The ice content and amount 
of unfrozen water was detected by analysis of the melting peak. The ice 
content reduction in the product was predicted for different moisture contents 
and temperatures for atmospheric freeze-drying process. 

 

Keywords: brown seaweeds, ice fraction, freeze-drying, glass transition 
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1. Introduction 

Most of the seaweeds, which are used for food purpose in Norway belong to aquaculture 
products, when hatching, growth and harvesting is controlled continuously. The harvesting 
season occupies approximately 2 weeks to provide the best quality of the seaweed’s blades. 
The processing technology requires immediate processing of raw seaweeds to ensure 
production of sustainable and high quality product. Due to high quantities of raw seaweeds 
during harvesting the immediate freezing is applied to prevent deterioration. However, 
drying is the common way to preserve food products like seaweed and most of the 
seaweeds are sold in a dried form [1]. Solar and natural drying of seaweeds is a cost-
effective method. At the same time climate conditions can result in a high final moisture 
content in dried product[2] due to high moisture absorption ability [3], aslo, the process 5 or 7 
days [4]. Due to this, the producers of Saccharina Latissima consider the atmospheric freeze-
drying process as the most reliable for the given processing condition. Design of equipment 
and adjustment of the processing parameters is complicated without knowledge of thermal 
phase transitions at freezing temperatures. The study discusses the thermal properties of 
seaweeds and seaweed’s mucus and their influence on the atmospheric freeze-drying 
process. The investigation of seaweeds mucus was introduced due to high amount this 
substance on the blades, which provide stickness of the particles (blades) during 
atmospheric freeze-drying. 

2. Materials and Methods 

2.1 Characterization of raw material 

The brown algae Saccharina latissima, which is commonly referred as kelp (Sugar kelp or 
kombu) was used for the experiments. The seaweeds was cultivated for one year in an 
aquaculture farm, which is situated in Sør-Trøndelag (Norway). Harvesting season was 15 
days in May 2017 to maintain the best quality of the seaweeds and avoid high amount of 
biofouling. The seaweed was harvested into nets (75-150 kg). The nets were buffered in the 
seawater at the farm where they were kept in refrigerated seawater (-1.0 °C) for 1 week 
before freezing. Then the seaweed was weighed out and packed inside vacuum bags with 
high barrier properties (2.0 kg each). Freezing was at –46 °C until temperature in the center 
of the bag reached -18.0 °C. After freezing the bags were packed in cardboard boxes, put 
on pallets and placed in freeze storage at -18 °C. The kelp was delivered in a frozen state by 
the supplier (June 2017). Chemical composition of the aquaculture seaweeds is given in the 
Table 1. Protein content of the seaweeds was determined at 11.2 % d.b., which was in a 
common range for brown seaweeds between 3.0 and 15.0 % [5]. The aquaculture seaweeds 
form Damariscotta bay (USA) had a protein content of 6.87 % d.b. [6], which was in the 
range (between 9.9 and 7.6 % d.b.) of the previously obtained results for wild sugar kelp 
form Scotland, Isle of Seil [7]. 
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Table 1. Chemical composition of Saccharina latissima at harvesting season (analysis performed 
by accredited analytical laboratory Kystlab preBIO, Frøya, Norway). 

Chemical composition %, d.b. Minerals , mg/kg d.b. 
Proteins 11.2 Potassium 84000 
Fats 2.9 Sodium 52000 
Carbohydrates 55.3 Calcium 10000 

Incl. Dietary fiber 46.6 Magnesium 7500 
Ash 37.9 Sulfur 7300 

Incl. Salt (NaCl) 14.6 Iodine 3670 
Water 900.0 Phosphrus 1700 

 

2.2 DSC analysis 

The DSC analysis was done with a DSC Q 2000 (TA instruments, USA) equipped with a 
Liquid Nitrogen Cooling System. The heat capacity was calibrated with a sapphire in the 
range between –150.0 and 180.0 °C. Helium was chosen as a purge gas at 25 mL/min, 
according to TA’s instrument recommendations. The reference sample was an empty 
hermetically sealed aluminum pan. 

In this study, the small particles of seaweed blades were used for DSC. The samples with 
masses between 13.0 mg and 20.0 mg were placed into aluminum pans with hermetic lids. 
The pans were sealed with a Tzero® DSC Sample Encapsulation Press (TA Instruments, 
USA). The pans were placed by an autosampler into the DSC cell. Samples were cooled 
and equilibrated for 5 minutes at –150.0 °C; the cooling rate was 10.0 °C/min. The 
annealing procedure was applied at –50.0 °C. This was done to avoid cold crystallization 
during scanning. Then the samples were heated up to 50.0 °C (application of higher 
temperatures was not effective due to evaporation of moisture) with the heating rate of 10.0 
°C/min. 

2.3 Determination of glass transition 

The glass transition was determined with TA Universal Analysis 2000 version 4.5A 
software (TA instruments, USA). The glass transition is characterized with the following 
parameters: the onset, end and inflection points. It should be noted, that the glass transition 
in seaweeds with high moisture content is relatively weak. Thus, the inflection point was 
determined as a negative peak of the derived heat flow curve [8]. 

2.4 Determination of end of freezing and initial freezing point 

The onset of ice melting (or end of freezing point), was determined by analyzing the DSC 
heating curve. The freezing point was estimated as a minimum value of the ice melting 
endothermic peak on the DSC heat flow curve. 
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2.5 Determination of ice fraction and unfreezable water 

The amount of unfreezable water and ice fraction was detected by the DSC melting curve 
analysis. The DSC melting peaks were integrated with the sigmoidal tangent baseline 
function from the onset of ice melting point. The ice fraction was determined as a ratio of 
melting energy to latent heat of fusion of pure ice. As soon as melting energy of ice is a 
function of temperature, the empirical equation suggested by Riedel[9] was used for 
correction of obtained values. The amount of unfreezable water was obtained as the 
difference between the total water fraction in the product and the ice fraction. 

2.6 Statistical analysis 

The analysis of variance (ANOVA: single test and two-factor test with replication) was 
applied to analyze the obtained data. The difference was considered significant at p<0.05. 
All the experimental points were done in six parallels, except of desorption isotherm 
determination, where each point represents a single experiment. 

A regression analysis was done with a software DataFit 8.1 program (Oakdale 
Engineering). The quality of the regression was evaluated with the following parameters: F-
Ratio, Prob(F) and R2. F-Ratio is the ratio of the mean regression sum of the squares 
divided by the mean error sum of the squares. Prob(F) is the probability that the null 
hypothesis is true. R2 is the coefficient of multiple determinations. The standard deviation is 
introduced in the brackets after the values given in the text. 

3. Results and Discussion 

3.1 Glass transition phenomena in raw seaweeds and seaweed mucus 

Two type of material were investigated: seaweed’s blades and seaweeds mucus. The DSC 
investigation revealed two glass transitions at the ultra-low temperature region at -
84.77(1.35) and -62.14(0.46) °C for seaweed’s blades and at -74.44(2.15) and -55.02(0.48) 
°C for mucus. It should be noted, that the glass transition phenomena was weak due to high 
amount of water fraction in the product, however, the negative peak was clearly observed 
on the derived heat flow curve. In previous study of Sappati et. al., [6] only one glass 
transition event was determined.  

The occurrence of two glass transition refer to different fractions of unfreezable water, 
which forms independent maximal freeze concentrated solutions. Each of the solution has 
unique point of glass transition. The presence of more than one glass transition for low-
moisture foods, which contain carbohydrates and proteins, was reported before [10]. It is 
explained by transitions of blends and thermal history of the sample. Also, immiscible 
compounds which forms individual maximal-freeze concentrations can cause the several 
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glass transitions, however, it is not a strict rule [11]. As a conclusion, one can state that the 
second order phase transition will not influence on the  

3.2 End of freezing and melting peaks of raw seaweeds and seaweed mucus 

The so-called “end of freezing” is an equivalent of the incipient point of ice melting on 
DSC heat flow curve considering equilibrium freezing process. This point can be found on 
heat flow curve derived by time. The detailed information of the method available in 
Tolstorebrov et., al. [12]. Seaweeds blades and mucus showed different end of freezing point 
-52.23(1.61) and -42.1(0.65) °C. This information was used for derivation of melting peak 
for obtaining melting energy.  

The melting endotherm consisted of two peaks for both seaweed blades and mucus, (Fig, 
1). The low temperature narrow melting peak reflects crystallization of salts (mostly 
NaCL), the peak was integrated in the melting peak of ice, which occupied the temperature 
diapason between end of freezing and initial freezing point. Initial freezing point was 
determined as extremum of the ice melting peak -1.31(0.06) and -1.31(0.24) °C for 
seaweed blades and mucus respectively. 

Fig. 1. Thermal transitions in seaweed’s blade: heat flow curve and derived by 
temperature heat flow curve. 

Analysis of the melting peak revealed that significant part of moisture was in a crystalline 
form at freezing temperatures. The value of melting energy was found at 271.2(5.0) and 
259.35(0.95) for seaweeds blades and mucus respectively. It is remarkable, that the highest 
amount of ice was formed in seaweed’s blades while the highest moisture content was 
determined for mucus 91.97(0.6) vs. 88.67(0.6) % w.b. Relatively high initial freezing point 
and ice content create good conditions for atmospheric freeze-drying process. 

3.3 Ice content and unfreezable water in seaweed’s blades and mucus 

Seaweed blades showed 10.39(0.59)% w.b. of unfreezable water, while the value of 
17.02(1.35) % w.b. was determined for mucus. The value of unfreezable water in mucus is 
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relatively high when compares with other foods. This will result in a low content of solids 
in the maximal freeze concentration solution, which is formed during transition of water 
into ice. At the end point of freezing the freeze consternation was at 52.13(0.45) and 
31.14(1.05) % w.b. for seaweed’s blades and mucus respectively. 

Both types of samples showed a significant increasing of ice content in vicinity of initial 
freezing point, (Fig. 2), which is typical for seafood products of a high moisture content. 
The concentration of ice reached 63.9 and 66.2% w.b. at -10.0 °C and 33.39 (0.42) and 
34.04(0.9) at -5.0 °C for seaweed blades and mucus respectively. These temperature 
diapason is considered to be the most common for atmospheric freeze-drying process 
application[13]. The model of Schwartzberg [14] was used to describe the process of ice 
formation. 

The model accuracy were weak for seaweed blades due to the influence of mucus, while the 
quality of the model for mucus was relatively good (R2>0.98, F(Ration)>500, Prob(F)=0). 

 
Fig.2. Ice fraction in seaweeds (left) and mucus(right) with respect to temperature. The diagrams 

introduces experimental data and models. 

One can notice that the values of ice content are not so different in the seaweed blade and 
mucus (for the same temperature intervals). At the same time, the concentration of solids 
(kg/kg w.b.) is low and varies significantly between the samples, which influence on the ice 
development during the atmospheric freeze-drying process. The data, obtained in this 
chapter is essential for prediction of ice content during the freez-drying process. 

3.4 Development of ice content with respect to total moisture content 

The ice content in a product is in equilibrium with freeze concentrated solution and 
temperature: decreasing of the temperature results in the increasing of ice content, while 
increasing of solids in a freeze concentrated solution provoke the ice melting. Classical 
explanation of atmospheric freeze-drying process includes sublimation of ice and formation 
of dry front in the product. However, this situation will not occur in the case of seaweeds, 
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as soon as ice crystals will be covered by the layer of unfrozen brine, which include 
dissolved salt ion, carbohydrates (mannitol) and proteins. Obviously, evaporation of 
unfrozen brine will be predominant. This will increase the concentration of solids in the 
concentrated solution and the ice crystals will melt. 

Fig. 3 introduces the decreasing of ice content with respect to totl moisture content. The ice 
melting ocuurs much more rapidly for mucus. Thus, the surface of the product will show 
the different drying behavior when compared with the whole blades. The application of 
temperatures below the initial freezing point is suitable only at a high moisture content in 
the product, when the moisture content (kg/kg w.b.) decreases, for example, to 76.0 % 
(seaweeds) and 84.0 % mucus at -5.0 °C the application of freezing temperatures is not 
required, as soon as the process can not be considered as a freeze-drying. 

 

Fig. 3. Equilibrium ice fraction in seaweeds(left) and mucus(right) for different atmospheric-freeze 
drying temperatures (with respect to total water content) 

Diagram on the figure 3 can be used for determination the desired freeze-drying 
temperatures. It should be noted, that the real content of ice will be a function of weight 
ratio: blade weight to mucus weigt. 

4. Conclusions 

The two glass transition phenomena was detected at the ultra-low temperature region at -
84.77(1.35) and -62.14(0.46) °C for seaweed’s blades and at -74.44(2.15) and -55.02(0.48) 
for mucus. Seaweeds blades and mucus showed different end of freezing point -52.23(1.61) 
and -42.1(0.65) °C. The unfreezable water content in seaweed blades was at 10.39(0.59)% 
w.b., while the value of 17.02(1.35) % w.b. was determined for mucus. Due to this the 
maximal freeze concentration was at 52.13(0.45) and 31.14(1.05) % solids w.b. for 
seaweed’s blades and mucus respectively. The aplucation of atmospheric freeze-drying 
process is limited by theses values: full ice melting when the total moisture content is still 
high (during drying process). 
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Abstract 
This study discusses the influence of temperature and total moisture content 
on ice fraction in organic apples during atmospheric freeze-drying process. 
The ice formation of glass transition events were described by Clausius-
Clapeyron and Gordon Taylor equations. The obtained data is essential for 
design the drying process and for understanding the limiting factors. 

 

Keywords: ice fraction, organic apples, atmospheric freeze/drying, glass 
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1. Introduction 

Atmospheric freeze drying (AFD) of apples results in improved quality of the product 
which is reflected in better appearance, high porosity and better color, when compared with 
conventional drying [1, 2]. However, the properties of the foods with high moisture content 
can vary significantly when dehumidifying at the selected freezing temperatures. Extensive 
research was previously conducted to model and explain physical phenomena of AFD of 
apples [3-5]. The studies revealed high amount of unfrozen moisture when drying at -5.0 and 
-10.0 °C.  However, ice development in apples during AFD process is still unclear. Thus, it 
is of a great importance to gain a deeper understanding of the thermal properties of apples 
during drying to further decrease undesired changes of product properties. The aim of 
current study was the investigation of the development of thermal properties and ice content 
at different freeze-drying temperatures. Such comparisons will give the essential 
information to understand factors, which influence the process and limits the AFD process. 
The same principle can be applied to design the drying regimes of other organic foods, 
which contain significant amount of sugars (fruits and berries). 

2. Materials and Methods 

2.1 DSC analysis 

Raw and vacuum-freezed dried salmpes were used for experiments. The desired moisture 
content of vacuum freeze-dried samples was obtained by equilibration in climate camera at 
defined conditions. The DSC analysis was done wit DSC Q 2000 (TA instruments, USA) 
equipped with a Liquid Nitrogen Cooling System. Helium was chosen as a purge gas at 25 
mL/min, according to TA’s instrument recommendations. The reference sample was an 
empty hermetically sealed aluminum pan. The samples with masses between 13.0 mg and 
20.0 mg were placed into aluminum pans with hermetic lids. Samples were cooled and 
equilibrated for 5 minutes at –150.0 °C; the cooling rate was 10.0 °C/min. The annealing 
procedure was applied at –50.0 °C. This was done to avoid cold crystallization during 
scanning. Then the samples were heated up to 150.0 °C with the heating rate of 10.0 
°C/min. 

2.2 Determination of glass transition 

The glass transition was determined with TA Universal Analysis 2000 version 4.5A 
software (TA instruments, USA). The glass transition is characterized with the following 
parameters: the onset, end and inflection points. It should be noted, that the glass transition 
in seaweeds with high moisture content is relatively weak. Thus, the inflection point was 
determined as a negative peak of the derived heat flow curve [6]. 
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2.3 Determination of end of freezing and initial freezing point 

The onset of ice melting (or end of freezing point), was determined by analyzing the DSC 
heating curve. The freezing point was estimated as a minimum value of the ice melting 
endothermic peak on the DSC heat flow curve. 

2.4 Determination of ice fraction and unfreezable water 

The amount of unfreezable water and ice fraction was detected by the DSC melting curve 
analysis. The DSC melting peaks were integrated with the sigmoidal tangent baseline 
function from the onset of ice melting point. The ice fraction was determined as a ratio of 
melting energy to latent heat of fusion of pure ice. As soon as melting energy of ice is a 
function of temperature, the empirical equation suggested by Riedel[7] was used for 
correction of obtained values. The amount of unfreezable water was obtained as the 
difference between the total water fraction in the product and the ice fraction. 

2.5 State diagram 

The thermal transitions can be introduces using the state diagram. A typical state diagram 
consists of two curves: the freezing curve and the glass transition curve. The freezing curve 
represents the influence of a solid matter content on the reduction of the freezing point. In 
this investigation it was obtained from the data of the freezing point of semi-dried apples 
with different moisture contents. The decrease of the freezing point δ (°C) was modeled 
with the Clausius-Clapeyron equation modified for food by Schwartzberg [8], equation (1): 

  (1) 

where β – molar freezing point constant, 1860 (kg K)/(kg mol); M – molecular mass, 
kg/kmol; B – ratio of unfreezable water to the total solids content, kg/kg; R – molecular 
mass ratio of water and solids, kDa/kDa; xs – solid fraction kg/kg w.b. 

The glass transition curve shows the influence of the solid content on the glass transition 
temperature (Tg,i). It was modeled with the Gordon-Taylor equation [9], equation (2): 

  (2) 

where, xs – solid fraction kg/kg w.b.; k – system’s constant in Gordon-Taylor equation; Tgi,s 
– galss transition of pure solids; Tgi,w – glass transition of pure water. 

2.6 Statistical analysis 

A regression analysis was done with a software DataFit 8.1 program (Oakdale 
Engineering). The quality of the regression was evaluated with the following parameters: F-
Ratio, Prob(F) and R2. F-Ratio is the ratio of the mean regression sum of the squares 
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divided by the mean error sum of the squares. Prob(F) is the probability that the null 
hypothesis is true. R2 is the coefficient of multiple determinations. The standard deviation is 
introduced in the brackets after the values given in the text. 

3. Results and Discussion 

3.1 Thermo-physical properties of apples 

The DSC heat flow curve for fresh apples revealed the following endothermic processes: 
glass transition of unfreezable solution, and melting of freezable water. The unfreezable 
solution consists of solids and unfreezable water. It is also referred to as maximal freeze 
concentrated solution [10]. One of the remarkable properties of this solution is its high 
viscosity. The ice formation is usually not detected when the solids concentration exceeds 
the value of the maximal freeze concentrated solution. The example of the thermal 
transitions in apples is introduced on Figure 1a,b. 

 

Fig. 1 Example of thremal transitions in apples: raw (left) and dried (right): 1- inflection point of 
glass transition, 2- end of freezing (insipient point of ice melting); 3- eutectic point; 4- ice melting 

peak. 

Glass transition of fresh apples was relatively weak due to a high content of freezable 
water, but it was easily detected on the derived heat flow curve (Tg,i = -55.08 °C, Figure 1a, 
left, dashed line). At the same time, decreasing of amount of freezable water by drying 
(semi-dried blanched apples, Figure 1b) made the glass transition shift visible on the heat 
flow curve, Tg,i = -53.42 °C. All the apple samples, which showed an ice melting peak, 
formed the same maximal freeze concentration of 79.0 % solids w.b. irrespective of the 
moisture content. Thus, the glass transition shift was detected in the same temperature 
range (Tg,i between -55.5 and -53.0 °C) as for fresh blanched apples. As soon as the 
temperature of glass transition is a function of average molecular weight of the system. 
Such a dependence  was determined before for other types of foods [6]. 

At the same time, the samples, which did not show an ice melting peak (the concentration 
of solids ≥79.0 % w.b.), showed a different trend. The glass transition strongly depended on 
the moisture content: it increased within decreasing of the moisture in the sample.This 
study determined the inflection point of glass transition of dried apples (0.5 (0.3) % d.b.) in 
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the range between 38.0 and 46.0 °C. Such a deviation can be explained by accumulation of 
moisture during sample preparation for DSC. Water molecules work as plasticizers and 
even a small amount of moisture can decrease glass transition temperature significantly [10]. 
A recent study revealed the glass transition for dried apples in the range between 33.0 and 
84.0 °C [11], when the glass transition was affected by drying temperature from 30.0 to 60.0 
°C. However, this study did not show such a dependence for AFD conditions. 

The melting peak (solid line, Figure 1a,b) of the freezable water occurred in very narrow 
temperature range, which indicated the high amount of free water in the product. However, 
the incipient point of melting (end of equilibrium freezing) was detected at a temperature of 
-44.2(1.2) °C. The eutectic point was detected on the DSC heat flow curve in the 
temperature range between -39.2 and 37.4 °C. It was introduced as a weak bend of the 
melting peak line and as a negative peak on the derived heat flow curve (in the range 
between -39.11 and -37.40 °C), see Figure 1a,b. 

Integration of the melting peak from the incipient point of melting with respect to Riedel’s 
equation [12] allowed to calculate the amount of frozen matter vs. temperature, Figure 2a. 
The amount of unfreezable water, which was calculated as a difference between total water 
content and the ice fraction, was found at 3.7 (0.3) % w.b. Thus, apples include solid 
fraction, freezable and unfreezable water. Most of the freezable water was in crystalline 
form in the temperature range between -3.0 and -10.0 °C, Figure 2a. Such temperatures is a 
typical range for the AFD process [3, 13]. At the same time, the moisture content of unfrozen 
solution at these temperatures was also very high and varies in the range between 60.0 and 
43.0% w.b., Figure 2b. This significantly influenced the drying process. The retreating of 
the ice front from the surface to the inner parts of the product with the formation of a 
porous zone, which phenomena is widely used for modelling of AFD process, [13] will not 
occur in such a case. The process of evaporation of the unfrozen moisture and ice melting 
due to depression of freezing point is much more likely to occur. 

 

Fig. 2 Ice content increasing in apples (left), Moisture content in unfrozen solituion(right) 
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3.2 The state diagram for organic apples 
The state diagram, which is constructed on the basis of equations (1) and (2), is introduced 
in Figure 3. The inflection point of glass transition was used for the modeling. These two 
lines split the diagram area into four regions with respect to solid content and temperature. 
The amorphous region appears above the freezing point depression line (Clausius-
Clapeyron’s equation: R=5.48*10-5; B=12.78*10-2); this region is common for atmospheric 
convection drying of foods. The region of ice and amorphous unfrozen solution is situated 
between the freezing point depression line and glass transition line. The region of the glassy 
state can be found below the glass transition line (Gordon-Taylor equation: k=4.19; 
Tgi.s=42.09 °C). 

 

Fig. 3 State diagram for apples: experimental results and modelling (F(Ratio)>600;Prob(F)=0) 

The application of the state diagram, Figure 3, allows to predict indirectly the amount of ice 
during drying at different processing temperatures with respect to the moisture content. 
Further, the natural limitation of the AFD process can be determined. The minimum AFD 
temperature is influenced by the formation of maximal freeze concentration, when further 
decreasing of the temperature does not influence on ice content in the product. The overall 
amount of ice at any time of the drying process can be easily determined knowing the 
actual moisture content and the critical solid content, which is a function of the drying 
temperature, equation (3): 

  (3) 
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where, xice,τ – ice content at any time of the AFD process (kg/kg w.b.); xw,τ – water content 
at any time of AFD process (kg/kg w.b.); xs,crit,T –  critical solid content at the AFD drying 
temperature (kg/kg w.b.). 

Critical solid content is the maximum available concentration of solids in unfrozen solution 
at freezing temperature. It can be determined using equation (1) or Figure 3. Due to this, it 
is possible to control AFD process using the weight reduction as a reference. For example, 
Duang et al., [14] suggested to decrease the temperature of the drying air from -5.0 to -10.0 
°C to avoid ice melting during atmospheric freeze-drying. 

The full melting of ice will occur when the concentration of the solid fraction reaches the 
critical solids content at a given freezing temperature, Figure 3 (dotted line). At such 
conditions, the process became the typical low temperature convection drying. Another 
important issue is glass transition of the samples, when the amorphous solution will 
solidify. Such a phenomenon depends on the solid fraction and temperature (Gordon-Taylor 
equation). The subsequent increase of temperature before reaching the glass transition 
concentration at a given temperature is essential to decrease the drying time. The viscosity 
of an amorphous solution in the vicinity of the glass transition reaches 1012 Pa*s [15]. This 
can decrease the drying rate significantly. At the same time, crossing the glass transition 
line will make the product crispy and brittle, as soon as the viscous-elastic characteristics of 
the product disappear in the region [6]. 

4. Conclusions 

The temperature of glass transition of fresh and dried apples was determined at -55.08 and -
53.42 °C respectiveely. The inflection point of glass transition of dried apples was detected 
in the range between 38.0 and 46.0 °C. Both fresh and dried apple samples showed the 
same maximal freeze concentration of 79.0 % solids w.b. irrespective of the moisture 
content. The incipient point of melting was found at -44.2(1.2) °C. The eutectic point was 
detected in the temperature range between -39.2 and 37.4 °C. The amount of unfreezable 
water was determined at 3.7 (0.3) % w.b. The moisture content of unfrozen solution varied 
in the range between 60.0 and 43.0% w.b. at -3.0 and -10.0 respectively. The process of 
AFD should be held in the temperature range below the melting temperature with respect ot 
moisture content, but the temperature should be increased after the ice melting. The region 
of glass transition should be avoided for rapid and efficient drying. 
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Abstract 
Mesquite pods contain a high nutritional content, then a protein rich flour can 
be obtained. Prosopis Laevigata pods were collected from Oaxaca and 
Durango. Three stages of maturity were identified. The internal structure of 
the pods was analyzed by scanning electron microscopy (SEM). The pods were 
dried at 40°C, 50°C and 60°C, 10% relative humidity and air velocity of 2.6 
m/s. From experimental data, the characteristic curve was obtained. SEM 
Images showed a heterogeneous and tortuous structure. The internal structure 
of the material is a limiting factor for mass transfer. The effective coefficient 
diffusion for each drying experiment was determinated. 

 

Keywords: Drying; mesquite; pods. 
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1. Introduction 

The mesquite is an extremophile tree that grows in arid and semi-arid zones around the world. 
In Mexico, mesquite is found in northern, central and southern states of the country and in 
the past was used as a bread, flour, and syrup [1]. The pods having a high content of protein, 
sugar, calcium, iron and fiber present a wide potential in the development of food products 
[2]. In order to process the pods a specific drying process is mandatory. Mesquite pods are a 
highly hygroscopic material due to the high sugar content [3]. The pods have a low moisture 
content (0.14 g water / g dry mater); however they tend to absorb moisture quickly in humid 
environments. After drying pods should at least reach a moisture content of 0.06 g water / g 
dry matter, otherwise they cannot be efficiently milled [4]. 

2. Materials and Methods 

Prosopis laevigata pods were harvested between April and August 2017 in Oaxaca and 
Durango (Mexico). The color was measured with a HunterLab Model E-Z spectrophotometer 
using the CIELab color scale. In the CIELab color scale, the parameter L* represents the 
luminosity of the material; the parameter a* represents changes of coloration from red to 
green, and the parameter b* indicates a coloration that goes from yellow to blue. The sugars 
were quantified following the method NMX-F-312-1978. The mesquite pods were analyzed 
by electron microscopy, using a JEOL brand electronic scanning microscope (SEM), model 
JIB-4601F, with a spatial resolution of 1.2 nm. Pods without deterioration were selected for 
drying. The moisture content of the pods was measured by the oven-dry method (NMX-F-
083-1986).  

The pods were dried in a tunnel dryer (patent 304462). The temperature, relative humidity, 
and air velocity were controlled and logged. A National Instrument FP-1000 system was 
used, in order to log the data. The temperature of the material was measured using J-type 
thermocouples (Vaisala Veriteq SP 1700). A steam generator model TV / G2F Anghinetti 
SRL was used for the humidification of the air. Only pods from Oaxaca in stage 3 were dried 
at three different temperatures (40 °, 50 ° C and 60 ° C) and the Durango pods in stage 3 were 
dried only at 60 °C. Drying experiments were conducted at constant relative humidity (10%) 
and air velocity of 2.6 m/s. 

2.2. The characteristic drying curve. 
The experimental kinetics were normalized and the characteristic drying curve was obtained. 
The reduced moisture content was computed as follows: 

                                      (1) 
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A polynomial equation of order 6 was used to depict the experimental drying kinetics, after 
that the drying rate was computed. The reduced drying rate (dWr) was calculated by using 
dWref:  

        (2) 

According to Equation 2, the reduced drying rate dWr is a function of the reduced moisture 
content Wr, so an equation is derived to describe the complete kinetics using the following 
conditions: 

0	 	 0                           (3) 

0 1	 	0 	 1        (4) 

1	 		 1				                      (5) 

The graphs of reduced moisture content versus reduced drying rate can be described with a 
straight line for both Oaxaca and Durango pods ranging from reduced moisture content of 1 
to 0.01. The initial phase of the of drying rate curves are discarded since it happens very fast 
and the final period is not taken into account by the model because it represents very low 
moisture contents [5]. The deduction of the linear model is presented below: 

1
∗ ∗

	        (6) 

3. Results and Discussion 

According the Cielab scale, three stages of maturity were defined (Table 1). In Stage 1 pods 
show a green coloration, in stage 2 the pods are brighter with a reddish coloration. In stage 3 
the pods increase in brightness compared to the previous stages, reddish and yellow 
coloration is still observed, but in a lower intensity compared to stage 2. 

Table 1. CIElab color parameters of mesquite pods at different stages of maturity 
Stage 1 Stage 2 Stage 3 

L*70.75 +/- 0.6632 L*71.46 +/- 0.8423 L*73.87(2017) +/- 0.5754 
 a*-45.84 +/- 0.1567  a*8.68 +/- 0.3214  a*3.66 (2017) +/- 0.1345 
b*64.78 +/- 0.4892 b*71.13 +/- 0.5919  b*26.4 (2017) +/- 0.2598 

 

The content of sugars (Table 2) in the three stages of maturity has significant differences; the 
green pods have a bitter taste, while the mature pods have a sweeter taste. Stage 1 pods have 
less sugar than other stages of maturity also a bitter taste which isn’t good for further 
processing, stage 2 pods have a higher sugar content however their moisture content (3.08 g. 
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water/g. dry matter) makes them difficult to dry and a high moisture content after drying 
makes them unusable for further processing; pods in stage 3 have a sugar content that makes 
them sweet and a moisture content of 0.22 g. water/g. dry matter. Pods from Durango in stage 
3 have a significantly higher sugar content than pods from Oaxaca which prolongs the drying 
time due the hygroscopic behavior of the sugars on the mesocarp. 

Table 2. Sugar content in the different states mesquite pods 
100 g of 

Pods. 
Stage 1 (Oaxaca) Stage 2 (Oaxaca) Stage 3 (Oaxaca) Stage 3 (Durango) 

Sugars. 6.55 g +/- 0.0680 8.15 g +/- 0.3552 7.42 g +/- 0.1305 14.42 g +/- 0.1178 
 
The seeds (Fig. 1) are covered by the endocarp; they have a semi-spherical, brown, smooth 
and shiny texture. In Fig. 2 a) we observe a cross section of the seed where the tegument 
constituting the outermost layer of the seed, the endosperm is divided into different sections 
each with similar structure, finally the embryo is observed in the central and inner part of the 
seed. The seed measures 2.5 mm thick. In Fig. 2 b) we observe the surface of the tegument 
presenting a homogeneous conformation with no pores. In Fig. 2 c) the image shows the back 
part of the tegument as well as the plumule. In Fig. 2 d) we can observe the space between 
and the endocarp where the seed is contained. 

 

                   

 

 

 

 

 

 

 

The mesocarp thickness varies from each pod. This domain is rich in carbohydrates and has 
a highly hygroscopic nature [6]. It presents a tortuous, rubbery structure and cavernous 
sections. It is strongly attached to the endocarp and epicarp. 

Figure 3 a) shows a section of the mesocarp, which has a heterogeneous, tortuous and rubbery 
conformation; these characteristics together with the hygroscopic capacity represent a further 
difficulty in the removal of moisture during drying. Figure 3 b) presents a section of the 
mesocarp attached to the inner layer of the epicarp, showing an irregular, tortuous, 
heterogeneous and rubbery structure; strongly adhered to the epicarp. Figures 3 c) and 3 d) 

Fig. 2 Transverse images of the seed obtained by SEM. Fig. 1 Longitudinal image of the seed. 
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show a cross section of the pod focusing on the mesocarp, again showing an irregular, 

heterogeneous and tortuous conformation; presenting cavernous portions that present a 
further difficulty when predicting how moisture diffuses towards the surface. 

In Fig. 4, we show the kinetics for the drying condition at 40°C and 50°C. The pods reached 
the equilibrium moisture content (W) at different times.. An inconvenience of drying at 40 
and 50°C is the high moisture content at the end of drying, since a milling process requires 
pods with a very low moisture content. 

 

 

 

 

 

 

 

 

Fig. 4 Drying kinetics of mesquite pods stage 3 at 40 ° and 50 ° C (Oaxaca). 

In Fig. 5 we observe the drying kinetics for drying at 60°C for pods from Oaxaca and 
Durango. The pods from Oaxaca had an initial moisture content of 0.2234 g water/g dry 
matter, meanwhile the Durango pods an initial moisture content of 0.1815 g water/g dry 
matter. In spite of a fast heating period, pods offer an important resistance to moisture 

Fig. 3  Transverse images of the mesocarp obtained by SEM. 
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migration due to its microstructure. During the heating period of drying where the 
evaporation rate increases, the free water diffuses more easily. 

 
Fig. 5 Drying kinetics of mesquite pods stage 3 at 60 ° C (Oaxaca and Durango). 

 

Table 3 shows the parameters obtained by the characteristic curve model. Figures 6 and 7 
show the experimental drying kinetics of Oaxaca and Durango at 60 °C and the characteristic 
curve.  

Table 3. Calculated parameters of the characteristic drying curve model. 
 

 

 

 
The characteristic curve (Fig. 6 and 7) shows a good agreement with the experimental data 
for drying at 60°C (Oaxaca) and 60°C (Durango). This empirical model has the advantage of 
predicting how pods are dried without the need to know all their properties. 

Temperature °C dWref c d 

Oaxaca 60 °C 0.0022 1.0488 0.0014 

Durango 60 °C 0.0011 0.9036 0.0067 
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4. Conclusions 

The drying process of mesquite pods (Prosopis laevigata) was studied. Three stages of 
maturity were identified and the internal structure of the pod which plays a very important 
role in drying. The periods of maturity are followed by physical changes such as color and 
chemical changes such as the sugar and moisture content. The pods in stage 3 of maturity 
have a sweet flavor and a lower moisture content which is apropiate for drying. Mesquite 
pods have a heterogeneous and tortuous structure, which is a barrier that hinders the diffusion 
of moisture. This fact must be considered due to the increase in economic and energy costs 
when this drying process is carried out on a larger scale. The pods from Oaxaca and Durango 
must be dried at a minimum temperature of 60°C to obtain a quality dry product. The 
characteristic drying curve was deduced and it shows a good representation of drying 
kinetics. The mesquite pods are a multidomain food then the diffusion in a multidomain food 
must be studied. 
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Fig. 6  Comparison of experimental data and 
the characteristic curve model (Oaxaca 60 °C). 

Fig. 7  Comparison of experimental data 
and the characteristic curve model 

(Durango 60 °C). 
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6. Nomenclature 

Subscripts 

c Characteristic drying curve coefficient.  

C C Constant.  

d Characteristic drying curve coefficient.  

dWr Reduced drying rate.  

dWref Reference drying rate.  

t Time  

W Moisture content.  

Weq Equilibrium moisture content.  

Wr Reduced moisture content.  
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Abstract 
This study investigated the influence of the intermittent drying conditions on 
drying kinetics and on color and carotenoid retention of mangoes. The drying 
conditions were 95°C (40 min) and 80°C (40 min) in the first stage combined 
with 70°C and 60°C in the second stage, and continuous drying (70°C and 
60°C) as control. Drying time was reduced by thermal intermittence and 
carotenoid retention was more affected by temperature than drying time. The 
results also highlighted the carotenoid sensitivity to 70°C temperature, 
showing the importance of limiting the temperature of the mango to 60°C 
during the two drying stages. 

Keywords: Intermittent drying; thermal intermittence; carotenoid; color. 
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1. Introduction 

Convective drying process provides many advantages over the shelf life extension of the food 
products. However, the drying of fruits in its most conventional way, can affect the nutritional 
quality of the dried products, due to prolonged exposure to oxygen and high temperatures. A 
possible way to reduce the negative effects of convective drying and still reduce energy 
consumption is to apply it under conditions of thermal intermittence, in which the conditions 
of time and temperature are modified during the same operation [1]. The drying of fruits with 
application of the thermal intermittence is based on their high moisture content at the 
beginning of the drying, whose surface temperature remains lower than the air because of 
water evaporation. This allows a higher temperature to be initially used and, consequently, 
reduces the drying time without causing significant damage to the product [2].  

Regarding thermal intermittence, it is noted that this process is widely used in drying of grains 
and seeds, where tempering periods are used to reduce moisture gradients and avoid cracks 
[3,4]. However, there is a gap in the literature with regard to drying with thermal 
intermittence applied to high moisture food products. Among the existing works, most of 
them focus on the economy that the intermittence provides to the drying process, without 
evaluating the quality of the product, which can be considered a problem with respect to the 
nutritional aspects of food. Several authors have shown that intermittent drying conditions 
can lead to significant reductions in drying time and energy demand. For example, Váquiro 
et al. (2009) [5] dehydrated mango slices applying intermittence and obtained increased 
drying rates and reduced overall operating time, indicating a decrease in energy consumption. 
However, as foods with high water content are susceptible to many changes due to chemical 
and biochemical reactions, it is important to evaluate quality through parameters such as color 
and nutrient retention [2,3].   

The mango (Mangifera indica L.) is one of the most consumed fruits in the world, which is 
associated with their sensory properties and its high nutritional value, especially because of 
the antioxidant substances such as carotenoids, related to the prevention of several chronic-
degenerative diseases and responsible for the mango color [6,7]. However, it is known that 
the mango is a seasonal fruit and presents considerable post-harvest losses, therefore, the use 
of preservation techniques like of convective drying is very important for these fruit, aiming 
to increase their shelf life. 

The objective of this study was to evaluate the influence of the intermittent drying conditions 
on drying kinetics of mangoes as well as on their color and retention of carotenoids during 
process, aiming to reduce the time of operation and improve the sensory and nutritional 
quality of the dry mango. 
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2. Materials and Methods 

 

2.1. Sample preparation 

The mangoes (Mangifera indica L.) cv. Palmer with an average soluble solids content of 11.0 
± 1.4 ºBrix and a moisture content between 81.8 and 86.0 % on wet basis (w.b.) were acquired 
from nearby farms the region of São José do Rio Preto - São Paulo. In order to have a similar 
degree of maturity in all drying trials, the fruits were selected visually and based on manual 
contact. In each drying trial, nine mangoes (4.5 kg) randomly selected from a total of 
approximately 100 fruits were used. The mangoes were sanitized, sliced (0.54 ± 0.03 cm 
thick) with an electrical slicer (ECO, Brazil) and then, cut in circles (3.5 cm diameter) with 
a manual cutter.  

 

2.2. Drying trials 

The drying trials were performed using two identical fixed bed dryers with forced heated air 
convection according to Filippin (2018) [2]. A hot wire anemometer (Delta OHM, Italy) was 
used to determine the average velocity of the air in the drying chamber, which was 
approximately 1 m⋅s-1.  

Six drying conditions were performed in duplicate, four of which were intermittent (I) in two 
stages, with the first stage at 95 °C (H=higher temperature) or 80 °C (L=lower temperature), 
held for 40 minutes, and the second stage at 60 °C (L) or 70 °C (H). The other two conditions 
corresponded to continuous (C) dryings at 60 °C and 70 °C (controls) (Table 1).  The time 
range of the first stage was determined by monitoring the surface temperature of mango slices 
at the beginning of drying, considering as stop criterion the period that corresponds, 
approximately, to the time to reach the second stage temperature. All dryings were stopped 
when the samples reached moisture of approximately 8.7 % (± 1.1). To establish the total 
drying time, the initial moisture of the samples was previously determined and the stopping 
point was based on the weight of the trays with the samples, which was previously calculated 
so that the samples reached the desired final moisture. The samples were weighed 
successively during drying using a semi-analytical balance (Gehaka, BK 4000, Brazil). The 
equilibrium moisture was determined in samples left in the dryer until reaching constant 
weight. Temperature and time values of the drying stages, as well as abbreviations used in 
the following tables of this work are shown in Table 1. 
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Table 1. Temperature and time conditions for Intermittent and Continuous dryings   

  Temperature (°C) Time (min) 
Trial Abbreviation 1th 

Stage 
2nd 

Stage 
1th 

Stage 2ndStage 
Intermittent drying      
Intermittent (80 °C / 60 °C) I-LL 80 60 40 230 
Intermittent (95 °C / 60 °C) I-HL 95 60 40 200 
Intermittent (80 °C / 70 °C) I-LH 80 70 40 200 
Intermittent (95 °C / 70 °C) I-HH 95 70 40 170 
Continuous drying      
Continuous (60 °C) C-L                60                      360 
Continuous (70 °C) C-H                70                      300 

 

2.3. Drying kinetics 

The effective diffusion coefficients of water were determined according to the Fick’s second 
law, applied to an infinite flat plate. The analytical solution of the diffusion equation in its 
modified form, in terms of the mass fractions (dry basis, d.b.) and integrated on distance, is 
presented by Eq. (1) [8]:   

2
2 eff

0 2 2 2
1

( ) D8 1 exp (2 1)
(2 1)

eq
w w

eq
w w n

X t X tn
X X n e

∞

=

 − π
= = − − 

− π −   
∑X              (1) 

where X   is the residual moisture content, dimensionless; wX  represents the mean mass 

fraction of the water on a dry weight basis (kg · kg-1) at the drying time t  (s); 0
wX  and eq

wX  
represents the water mass fraction on a dry weight basis (kg · kg-1) at the initial moment ( t  = 
0) and at equilibrium (eq); effD  represents the effective diffusion coefficient (m2 ⋅s-1); e  is 
the thickness of the samples (m); n is the number of terms in the series.   

The shrinkage of the sample was considered by applying a simplified procedure that 
incorporates the volumetric contraction in an approximate way in Eq. (1) through the 
characteristic dimension ( e ) as a function of the water content. From the fruit volume 
variation during drying, the final thicknesses of the samples were estimated considering that 
shrinkage occurred in the same proportion, in each dimension of the solid [9], as follows:    

1 3

0 0

e V
e V

 
=  
 

                                                                                                        (2) 

where e (m) is the thickness at time t (s) and V (m3) is the volume at time t (s); sub index 0 
represents initial time (t = 0). 
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The volumes were calculated based on the thickness and diameter measurements performed 
on the mango samples, before and after each drying experiment. The thickness was then 
described as a linear function of the water content, on a dry basis, and incorporated into the 
Eq (1), to fit the model to the experimental results. 

Water diffusion coefficients were determined according to Eq. (1), for each stage, separately, 
as described by Filippin (2018) [2]. The fitting method used in the estimation of the nonlinear 
parameters was based on the Levenberg–Marquardt algorithm [10]. 

 
2.4. Analytical methods 

Thickness, total solids, total carotenoid, and color parameters were analyzed before and after 
drying, besides diameter after drying. The thickness was measured using a digital micrometer 
(MDC-25SB, Mitutoyo, Japan) and the diameter using a pachymeter (Stainless Hardened, 
806178, USA), both used to calculate the volumetric variation of the samples during drying. 
Total solids content was determined gravimetrically, in a vacuum oven (TE-395, Tecnal, 
Brazil) at 60 °C until constant weight. Total carotenoid content was determined by 
spectrophotometric reading (Thermo Scientific, GENESYS 10S UV-VIS, EUA) (absorbance 
at 450 nm) as β-carotene, according to Rodriguez-Amaya and Kimura (2004) [11] and its 
retention during drying was analyzed as Eq. (3): 

(μg carotenoid/kg dried mango)×kg dried mango after dryingRet(%) 100
(μg carotenoid/kg raw mango)×kg raw mango before drying

=        (3) 

Color parameters based on the CIELAB system (L*, a*, b*) were obtained using a Colorflex 
spectrophotometer (HunterLab, Resto, USA). All color parameters (P*) measured after 
drying (t) were evaluated in relation to their corresponding values before drying (t=0). The 
process conditions that presented the ratios P*(t)/P*(t=0) tending to unity were considered 
effective in reducing the color changes.  

 

2.5. Statistical methods 

The fitting efficiency of the diffusion coefficient was evaluated by the correlation coefficient 
R2 and the mean relative error (P %), according to Eq. (4):  

∑
−

=
n cal

y

yy

n
P

1

exp

exp

100(%)                                                                           (4) 

where ycalc represents the water content on a dry basis, yexp is the experimental value, and n is 
the number of observations or residuals.  
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3. Results and discussion 

 

3.1. Drying kinetics 

Table 2 shows the values for diffusivity (Deff) and the determination coefficients (R2) and 
relative errors (P(%)) for the drying trials. In relation to the diffusion coefficients, in general, 
the higher temperatures lead to higher diffusion coefficients.  

Evaluating the fit of the model, high P (%) values were observed for the second stage of 
intermittent drying and for continuous drying (above 10%), as the error measurement makes 
the relative deviations very high when the water content is very small. However, the 
coefficients of variation (R2) were all higher than 0.986, indicating satisfactory fit.   

From the determination of the diffusivity, the moisture (dry basis) graphs were plotted as a 
function of time (Fig. 1) of the predicted values, which were compared with the experimental 
data. From the graphs, it can be observed that the predicted values are close to those observed 
for both intermittent drying stages and for continuous drying (Fig. 1). 

Table 2. Effective diffusion coefficients (Deff × 1010 (m2·s-1)) for the Intermittent (1th and 2nd 
Stage) and Continuous dryings, number of repetitions (Rep), total drying time, R2and P(%)  

   1th Stage 2nd Stage 
Trial  
Rep 

Total 
time 
(min) 

Deff   R2 P 
(%) Mean Deff Deff   R2 P 

(%) Mean Deff 

Intermittent drying 

I-LL 1 270 4.08 0.997 1.0 3.88±0.27 2.35 0.992 14.0 2.10±0.36 2 3.69 0.997 1.2 1.84 0.998 14.0 

I-HL 1 240 4.54 0.997 1.7 4.91±0.52 2.42 0.992 12.9 2.38±0.06 2 5.28 0.999 0.8 2.33 0.987 13.4 

I-LH 1 240 3.91 0.995 1.4 3.78±0.19 2.93 0.991 16.9 2.86±0.11 2 3.65 0.997 0.9 2.78 0.992 25.7 
I-

HH 
1 210 5.61 0.998 1.2 5.16±0.63 3.28 0.986 29.2 2.99±0.42 2 4.72 0.997 1.2 2.69 0.986 23.1 

Continuous drying 

C-L 1 360 - - - - 2.36 0.998 17.8 2.17±0.28 2 - - - 1.97 0.997 13.9 

C-H 1 300 - - - - 2.89 0.998 14.3 2.83±0.09 2 - - - 2.76 0.997 13.3 
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Fig. 1 Experimental (Exp.) and predicted (Calc.) values for the water content (d.b.) as a function 

of drying time, for intermittent (I-) and continuous (C-) trials.  
 

3.2 Color and carotenoid retention 

The carotenoid retention and normalized color parameter values of the dried mango are 
presented in Table 3. Drying at 95 °C/60 °C (I-HL) was the condition that provided the best 
preservation of carotenoid, followed by 80 °C/60 °C (I-LL), and also the continuous drying 
at 60 °C (C-L), which highlighted the carotenoid sensitivity to 70°C. 

The color parameters did not show relevant changes in the different operating conditions. 
However, it was possible to verify that the greatest variations in the normalized a* parameters 
were related to the continuous dryings (C-L and C-H), and also with those intermittent 
dryings in which the second stage temperature was 70 °C (I-LH and I-HH). This suggests 
therefore, that long drying times and 70°C temperature could affect them more intensively. 

 
Table 3. Carotenoid retention Ret (%) and normalized color parameters P*(t)/P*(t=0) for each 
repetition (Rep) of intermittent (I-) and continuous (C-) trials.  

Trial Rep. Ret 
(%) 

Mean Ret 
(%) L*dried/L*fresh a* dried/ a* fresh b* dried/ b* fresh 

I-LL 1 70.27 67.86±3.40 0.95±0.03 1.21±0.33 0.91±0.06 2 65.46 
I-HL 1 67.08 68.22±1.61 1.03±0.03 1.13±0.01 1.02±0.00 2 69.36 
I-LH 1 57.09 58.59±2.12 0.95±0.04 1.55±0.48 0.98±0.03 2 60.09 
I-HH 1 54.65 54.73±0.11 0.96±0.06 1.54±0.64 0.93±0.05 2 54.81 
C-L 1 67.71 64.42±4.65 0.92±0.11 1.70±0.32 0.95±0.10 2 61.13 
C-H 1 59.51 60.77±1.78 0.93±0.05 1.90±1.04 1.05±0.25 2 62.03 
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4. Conclusions 

Despite the drying conditions causing only small changes in the color parameters, they 
seemed to be more affected by the long drying times. More noticeably, the total drying time 
was reduced by thermal intermittence, by the increase of the first stage temperature of all 
intermittent dryings, and also when the second stage was 70 °C. Temperature affected 
carotenoid retention more than drying time, and their sensitivity to 70 °C confirmed the 
importance of limiting the sample temperature to 60 °C during the two drying stages. 
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Abstract 
Nowadays, there is high consumer demand in the market for simple to 
prepare, convenient, healthy and natural foods. Paneer or Indian cottage 
cheese is an acid and heat coagulated milk product which serves as a rich 
source of animal proteins for the vegetarians. Due to high moisture content 
(58-60 %), it is highly perishable in nature. Drying of paneer would 
undoubtedly extend the shelf life of paneer and also help in value-addition of 
paneer. Dehydrated paneer would find numerous ways to be use.  Drying of 
paneer by conventional methods poses threats including case-hardening and 
non-uniform incomplete drying, poor rehydration characteristics, longer 
drying time, yellow discoloration and oiling off during drying. Freeze drying 
remains the best in retaining the quality of dried food products.  Though it is 
highly expensive due to high processing and operation costs. The present 
study focuses on developing cost-effective protocol for freeze-drying of 
paneer. Efforts have been made by use of pre-treatments prior subjecting to 
freeze drying. The dehydrated product would be shelf-stable and can be 
rehydrated to its original state having flavor and texture comparable to the 
fresh form. Moreover, the final product after rehydration would be more 
fresh and softer than its frozen counterparts. The developed product would be 
easily kept well for few years at room temperature without any addition of 
preservatives. 

 

Keywords: Paneer; freeze-drying; color; rehydration ratio; pre-treatment 
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1.   Introduction 

Paneer is an important indigenous product which is obtained by heat treating the milk 
followed by acid coagulation using suitable acid viz. citric acid, lactic acid, tartaric acid, 
alum, sour whey. Traditionally, India has been a paneer consuming nation with about 5% of 
milk produced being converted into paneer [1]. As per a conservative estimate, Indian 
paneer market is expected to grow at Compound annual growth rate of 18% till 2020. 
Paneer is quite popularly being used in a number of traditional Indian recipes. It is highly 
perishable with about 58% moisture content (wb). Various attempts have been made to 
improve the shelf life of paneer by employing different physical and chemical methods. 
These include low temperature treatment (refrigeration and freezing), chemical treatment, 
heat treatment, drying, hurdle technology and packaging. However drying remains the best 
preservation method in achieving a shelf stable product while retaining the quality 
attributes, it alters the physicochemical characteristics in the dried product. 
Vishweshwariah (1987) achieved a shelf-life of up to 2 months dehydrated paneer (5-9 % 
moisture) dried using hot air drying at 75°C for 4 hrs. Rehydration characteristics of were 
poor and lacked cohesiveness due to irreversible denaturation of proteins and rehydrated 
paneer was tough and rubbery [2]. Srivastava et al. (2013) reported that time required for 
drying paneer is 33% higher in VD as compared to low pressure superheated steam drying 
(LPSSD). Moreover, the effective diffusivity decreased with increase in pressure during 
vacuum drying of paneer [3]. Singh et al. (2004) conducted hot and cold diffusion of paneer 
cubes with sodium chloride and potassium sorbate solution and subsequent microwave 
drying was done. Maximum rehydration ratio was achieved in cold (1.03) and hot (1.09) 
diffused microwave dried paneer cubes at 30°C for 10 minutes [4]. Undoubtedly, Freeze 
drying is a standard processing technique for drying of heat sensitive food materials. 
However, due to its high cost of operation the technology the cost of FD may be as much as 
200–500% higher than that of hot air drying, which greatly reduced economic 
competitiveness of FD products. Hence to widen its application, various approaches have 
been studied to modify the freeze-drying process.  Pre-treatment prior to drying is a good 
approach to improve the drying kinetics while retaining the product quality. Blanching is 
known to enhance mass transport in the tissue and affect the drying behavior. Similarly, 
osmotic pre-treatment with calcium chloride affects the rigidity of the cell membrane and 
thus assist in removal of water from the tissues during drying.  In an effort to reduce drying 
time, and indirectly the energy consumption, the present research aims to study the effect of 
pre-treatments viz blanching and calcium choride treatment on the drying characteristics 
and product qualities of paneer dried with freeze drying.  Dried paneer offers numerous 
culinary applications. It can be used in curry preparation similar to paneer-in-curry, a 
delicacy in Indian cuisine. It may be added to granola/ trail mix, soup mix, yielding a high 
energy snack. If grounded to a powder, it may be use as a cheesy spice mix, or used as 
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popcorn seasoning. Dried paneer powder may be added to pizza dough or added to a white 
sauce to turn it into a paneer sauce. 

2.   Materials and Methods 

2.1 Material 

Paneer was kept at 4°C in a refrigerator until use. The initial moisture content of paneer 
was about 55% (wb). It was diced in to a cube of two size 1×1×1cm3 with stainless steel 
knife. 

2.2 Pre-treatments 

Paneer cubes were pretreated with two different ways (i) blanching and (ii) dipping in salt 
solution. Hot Water blanching was carried out by immersing paneer cubes into 100°C for 1 
min distilled water in a stainless steel pan heated by an induction cooking plate. The weight 
ratio of paneer cubes and distilled water was 1:2. After the pretreatment, the samples were 
cooled using a fan until there was no visible water on the surface of the material. The 
blanching pretreatment was carried out in triplicate. Salt treatment was done by dipping 
paneer cubes in solution containing 0.5% calcium chloride for 10 min.  Paneer cubes and 
salt solution was in the ratio of 1:10.  After pretreatment cubes were then removed, and 
drained using stainless steel mesh. Before drying, samples were blotted to remove the 
surface moisture and put in the drying chamber.  

2.3 Drying Equipment and Procedure  

Freeze drying (FD) was performed in a laboratory-scale FDL-10N-50-8M freeze-dryer 
(MRC, Beijing, China) for 12 hrs and 18 hrs to evaluate the difference in moisture content 
reduction and quality achieved at the two time intervals. The paneer cubes (200 g) were 
frozen at −20°C in a freezing chamber and freeze-dried to a moisture content of 5–6% 
(w.b.) at an absolute pressure of 0.100 mbar with a chamber temperature of 20°C and a 
condenser temperature -50°C. The dehydrated paneer samples were packaged into 
polyethylene bags with silica gel. 

2.4 Moisture Content 

Moisture content was determined by the hot air oven method. At regular time intervals 
during the drying process, samples were taken out and dried for 8 h at 105°C until constant 
weight. The initial moisture content of the paneer was found to be 54.52 % (w.b.). The tests 
were performed in triplicate. 

2.5 Measuring of Energy Consumption 

Industrial freeze drying processes is complicated and quite expensive. For making it 
feasible for a sumptuous food such as paneer, a lower cost approach to this process needs to 
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be researched. However, the energy consumption of a drying process is measured by energy 
cost checker, but for the present study emphasis is given to predict which pre-treatment is 
the best in maximally reducing the moisture content in given time duration, 12hrs and 18 
hrs. This will assist to indirectly reduce the overall energy consumption of the drying. 

2.6 Color 

The color is one of the most important appearance attribute of food materials since it 
influences consumer acceptability [5]. The color measurements can be used in an indirect 
way to estimate color change of foods since it is simpler and faster than chemical analysis. 
Hunter color parameters (L, a, b) have previously proved valuable in describing visual color 
deterioration. The color of raw and dried samples Colour measurement was done by using 
Colorimeter (Model: Chroma Meter CR-400, Konica Minolta). The location of any color in 
the CIELAB color space is determined by its color coordinates, CIEL* (L*=0(black) and 
L*=100 (white)), CIEa* (-a*=greenness and +a*= redness), and CIEb*(-b*=blueness and 
+b*=yellowness). The paneer cubes were scanned at three different locations to determine 
the average L*, a*and b* values as the average of the five measurements.  The paneer 
cubes were cut into small portion with knife and put into adapter for color measuring. The 
total color differences (TCD) were estimated from the coordinates of the color by applying 
the following equation (1):  

2*
0

2*2*

0 )()()(
0

bbaaLLTCD      (1) 

where, L0* is the degree of lightness of control sample, a0* is the degree of redness and 
greenness at control sample and b0* is the degree of yellowness and blueness at control 
sample. 

2.7 Rehydration Process 

Dried food products are usually rehydrated before consumption. Rehydration can be in 
general defined as a complex process involving different physical processes such as 
capillary flow, convection or diffusion [6]. Rehydration capacity indicates degree of 
damage (cell or structure disruptions) to foodstuff caused during drying. It involves 
imbibition of water, swelling and finally leaching out of soluble solids from dried food 
stuffs [7]. Rehydration capacity is studied by reconstituting the dried product in distilled 
water and amount of equilibrium moisture absorbed within a stipulate time is determined.. 
Treatments such as drying and rehydration produce changes in the structure and 
composition of product tissues [8]. The dried paneer cubes were soaked in controlled 
temperature of 100°C distilled water and were analysed for weight gain after every 1 min 
by first removing surplus water from the surface using blotting paper. The weight used in 
each experiment was 1 ± 0.1 g of dehydrated paneer samples. The weighing was performed 
on a digital balance. A dried paneer cube was added to 150 mL of distilled water. The 
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sample weighing was performed in triplicate. The rehydration ratio (RR) was evaluated 
from equation (2) below: 

d

r

M

M
RR             (2) 

where Mr is the weight of paneer cubes after rehydration (g) and Md is the weight of paneer 
cubes after drying (g) 

2.8 Statistical Analysis 

Data analyses were determined and analyses of variance (ANOVA) were conducted by 
ANOVA procedure. Mean values were considered significantly different when P < 0.05. 

3.   Results and Discussion 

In order to assess the advantage of the pre-treatment prior to freeze drying, the reduction in 
moisture content, color, and rehydration between the pre-treated dried products were 
compared. The freeze dried (FD) sample with no pre-treatment was used as a control. 

3.1 Amount of moisture removed 

There has been more reduction in the moisture content when the sample was pre-treated. 
Blanching for 2 minutes significantly increased the amount of water removed up to 57% 
and 22.6 % as compared to the control sample for both 12hrs and 18hrs drying duration 
respectively(Table 1). This was because blanching causes disruption of cell membranes and 
a concomitant faster and more complete drying [7]. This implies that with use of blanching, 
the time of drying can be reduced, and therefore the overall energy consumption. 

Table 1. Effect of Pre-Treatment and drying time on Moisture Content of Dehydrated Paneer 
Pre-treatment  Drying 

time 
(hrs) 

Final moisture 
content (%, w.b.)  

% Reduction in 
final moisture 
content in control 
sample 

Control sample  
(No pre-
treatment) 

12 15.207 - 

18  7.522 - 

Blanching (1 min) 12 11.345 25.4 

18 6.445 14.3 

Blanching (2 min) 12 6.522 57 

18 5.825 22.6 

CaCl2 12 8.155 46.4 

18 6.275 16.6 

Initial moisture content = 54.52 % wb 
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3.2 Color of paneer cubes associated with different pre-treatments 

The drying causes many changes in color of paneer cubes irrespective of any pre-treatments 
done. TCD for all drying treatments with respect to the control (FD) is reported in Table 2. 
It was observed that the color of pre-treated paneer cubes was significantly darker (L value) 
in comparison with fresh paneer cubes. Out of the pre-treated samples, the lowest value for 
color change was observed in blanching (2 mins) for 18 hrs dried paneer cubes.  

Table 2.  Colour Difference of dried paneer cubes after pre-treatments 
Pre-treatment  Drying 

time (hrs) 
Color parameters 

L  a  b  TCD 

Control sample  
(No pre-treatment) 

12 56.53 2.31 17.28 40.62 

18  61.28 3.61 18.64 36.78 

Blanching (1 min) 12 60.24 2.9 16.84 39.56 

18 61.2 3.08 17.18 36.24 

Blanching (2 min) 12 62.53 3.04 16.75 35.67 

18 
 

63.86 3.15 17.19 33.80 

CaCl2 12 59.08 3.28 17.85 38.49 

18 
 

60.23 3.2 15.52 36.61 

Fresh paneer - 80.20 1.65 11.01 16.29 

 
3.3 Effect of different pre-treatments on RR and moisture content of dried paneer 
cubes 

The values of the RR for the different drying methods dried paneer sample are detailed in 
Table 3. In all the rehydration trials, there was an initial reduction in the weight of the 
sample followed by a constant increase. This loss in weight may be due to the fat oozing 
out in the water during rehydration. This fat loss process might opens pathway and creates 
space, surface micro-holes and capillaries for more water imbibitions resulting in an 
increase in the weight. This consolidated, rigid structure leads to the absence of pathways 
for water access. The RR was slightly higher, affected by CaCl2 treatment, showing a 3.6% 
and 9% increase in 12 hrs and 18 hrs dried sample respectively as compared to the control.  
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Table 3. Rehydration ratio of Freeze dried paneer for different pre-treatments 
Pre-treatment  Drying time 

(hrs) 
Maximum Rehydration Ratio 
(RR)  

% Increase 
in RR  

Control sample  
(No pre-treatment) 

12 1.12 (after 8 mins) - 

18  

1.11 (after 9.5 mins) 

- 

Blanching (1 min) 12 1.06 (after 6.5 mins) - 

18 1.1 (after 10 mins) - 

Blanching (2 min) 12 1.1 (after 10 mins) - 

18 1.06 (after 3.5 mins) - 

CaCl2 12 1.16 (after 5.5 mins) 3.6 

18 1.21 (after 14.5 mins) 9 

*(-) implies no increase in the RR value, either it remains same or decreases. 
. 

 

 

 

 

 

 

 

 

 

Fig. 1  Moisture content after 12 hrs and 18 hrs freeze drying 

From the figure 1, it can be clearly observed that like CaCl2 can reduce the drying time by 
30% as compared to the control sample. This was followed by blanched (1 min) and then 
by blanched (2min). 

4.   Conclusions 

By comparing the two pre-treatments i.e. blanching for 1 min. 2 min and CaCl2 dipping for 
10 min, it can be concluded that blanching promises to increase more amount of water 
removal from the paneer cubes. Also, the color loss was least in the blanched dried sample. 
But for a good rehydration ratio, CaCl2 proves to be a good pre-treatment as compared to 
blanching. Moreover, it is more probable that by combining air drying and freeze drying 
better quality can be achieved in reduced time and energy consumption.  
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Abstract 
The aim of this study was to investigate the effects of wall materials types on 
the production of double-layered and suppressed-pungent capsaicin 
microparticles via spray chilling method. For this purpose, palm oil and 
different proteins (gelatin, sodium caseinate and whey protein) were used as 
wall materials, while soy lecithin was selected as stabilizer. Sample 
encapsulated only with palm oil (single-layered) was used as control. 
Centrifuge stability and kinetic stability were analyzed on the prepared 
emulsions. Total and surface capsaicin, microencapsulation efficiency, 
melting point temperature and fusion enthalpy analysis were carried out on 
the capsaicin microparticles obtained by spray chilling.  

 
Keywords: Capsaicin; Spray chilling method; Pungency; Double-layered 
microparticles  
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1. Introduction 

Red hot chili peppers from plants of the Capsicum genus in the Solanaceae family are the 
pungent and carmine fruits generally used as spice to give pungent or hot sensation to many 
dishes. Capsaicinoids, the group of secondary metabolites, are responsible for the pungency 
of chili peppers. The main compound of the capsaicinioids is capsaicin (8-methyl-N-vanillyl-
6-nonenamide) and it has a high bioavailability with a lot of benefits on human health 
especially on the cancerous cells. In addition, it can relieve neuropathic pains and is used in 
symptomatic therapy of arthritis, muscle and join pains. Conversely to its advantages, 
capsaicin can cause irritation on the human digestive system based on overconsumption. It 
can induce burning sensation on the mouth, alimentary canal and stomach of people who are 
more sensitive to pungency. Therefore, microencapsulation of capsaicin with an appropriate 
method and suppressing of its pungency via the relevant microencapsulation method is 
important for taking advantages of capsaicin and reducing its negative effects on the human 
health [1]. Spray chilling method is an alternative technique for microencapsulation of 
functional components because it serves rapid, easy-to-use and relatively cheap process [2].  
Spray chilling technology, which uses oil-based substances as wall materials, has been used 
increasingly day by day in different industries such as pharmaceutical and food. The objective 
of the present study was to produce suppressed-pungent capsaicin microparticles by spray 
chilling method and to investigate the effects of wall materials type on the emulsion stability, 
physical properties and microencapsulation efficiency of capsaicin microparticles.   

2. Materials and Methods 

2.1. Materials 

Capsaicin (66.7%) (Xian Sobeo Biotech, China) was used as core material. Ethanol (Sigma-
Aldrich, Germany) used for dispersing capsaicin. Hydrogenated palm oil was supplied by 
Felda Iffco (Izmir, Turkey), while refined sunflower seed oil, whey protein isolate, gelatin, 
sodium caseinate and soy lecithin were obtained by a local market.  

2.2. Emulsion preparation  

Capsaicin was dissolved in ethanol (1:1) using ultrasonic bath for 10 min. Then, the capsaicin 
solution was mixed with palm oil containing soy lecithin as a stabilizer. . This oily capsaicin 
mixture was transferred into aqueous protein solution drop by drop under Ultra Turrax 
homogenizer, worked at 10000 rpm for 3 min. The final mixture was then added into molten 
palm oil (in circulation water bath at 65°C) and homogenized again at 10000 rpm for 3 min.  
For control samples, with or without stabilizer, molten palm oil was mixed with ethanolic 
capsaicin solution and homogenized at the same conditions. Palm oil, gelatin, Na-Caseinate 
and whey protein isolate were used as wall materials while soy lecithin was used as stabilizer.  
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The composition of emulsions was given in Table 1, where the concentrations are given as 
ratios of components in total 200 g final mixture. 

Table 1. The percent composition of emulsions 

Exp. 
No 

Palm 
oil 

WPI 
Na-
Cas 

Gelatin 
Soy 

Lecithin 
Sunflower 

oil 
Ethanol Water Capsaicin 

1 90.5 - - 1.50 0.50 0.90 0.30 6 0.30 

2 90.5 - 1.50 - 0.50 0.90 0.30 6 0.30 

3 90.5 1.50 - - 0.50 0.90 0.30 6 0.30 

4 90.5 - 0.75 0.75 0.50 0.90 0.30 6 0.30 

5 90.5 0.75 - 0.75 0.50 0.90 0.30 6 0.30 

6 90.5 0.75 0.75 - 0.50 0.90 0.30 6 0.30 

7 90.5 0.50 0.50 0.50 0.50 0.90 0.30 6 0.30 

8 98.9 - - - 0.50 - 0.30 0 0.30 

9 99.4 - - - - - 0.30 0 0.30 

 
2.3. Emulsion stability  

Emulsion stability of capsaicin emulsions was evaluated with kinetic and centrifuge stability 
analysis. In order to analyze the kinetic stability of obtained emulsions, 10 ml of each 
emulsion was transferred to a test tube and kept in water bath at 65°C for 4 hours. The volume 
of lower phase measured after 2 hours. The kinetic stability of the emulsions was calculated 
as sedimentation index via following equation (1): 

                                                           @ ⁄ 100			                                                                  (1) 

where SI, Hl@t and Hi indicate sedimentation index, lower phase height at t time and initial 
height of emulsion, respectively [3]. 

The centrifuge stability of samples was measured as follow;  10 mL of emulsion was 
immediately poured into graduated centrifuge tube and centrifuged at 10000 rpm for 10 
minutes. Then the centrifuge stability of the emulsion was calculated by equation (2):  

                                                                 ⁄ 100			                                                               (2) 

where CS, Hl and Hi indicate centrifuge stability, height of lower phase and initial height of 
emulsion, respectively [4]. 

2.4.  Spray chilling 

Capsaicin emulsions fed into the spray chilling system in order to obtain solid lipid capsaicin 
microparticles. Spray chilling process was carried out by using Bakon-B15 (Izmir, Turkey). 
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The inlet temperature of cooling air (10°C), the temperature of nozzle (60°C), the feeding 
temperature (65°C) and air flow rate (10L/min) were kept constant during spray chilling.   

2.4. Melting point temperature (Tm) and fusion enthalpy (ΔH) 

Tm and ΔH of capsaicin microparticles were determined by using DSC (Perkin-Elmer DSC 
6000, Turkey). For this purpose, 10 mg of capsaicin microparticles was weighed directly into 
the DSC aluminum sample pan and sealed with a lid. The purge gas was nitrogen (50mL/min) 
and the temperature ranged from 25 to 90°C with a heating rate of 15°C/min. The data were 
then processed using Pyris Manager Software (Perkin-Elmer). 

2.5. Powder yield  

The powder yield was defined as the ratio between the total collected powder and theoretical 
powder quantity from the sprayed solution and calculated as shown in equation (3). 

                       	 	 % 	 	

	 	
100		                (3) 

2.6. Total and surface capsaicin content and microencapsulation efficiency (ME) 

The total and surface capsaicin contents of the microparticles were determined using high 
performance liquid chromatography (Shimadzu Corporation, Kyoto, Japan) according to Consoli 
et al. [3] with some modifications. The chromatography conditions were:  60°C column 
temperature, 5 µl sample volume, 1.5 ml/min flow rate, acetonitrile:water (50:50) mobile 
phase and 222 nm with UV-detector. Microencapsulation efficiency was calculated by the 
following equation (4).    

                                               	 % ⁄ 100			                                     (4) 

where ME, TC, SC and EC indicate microencapsulation efficiency, total capsaicin amount 
of microparticles, surface capsaicin amount of microparticles and total capsaicin amount in 
emulsion, respectively. 

2.7. Statistical analysis 

All measurements were performed in triplicate. Results are expressed as mean ± standard 
deviations. All results were analyzed using SPSS version 15.0 Windows program (SPSS Inc., 
Chicago, IL). To observe significant differences between the samples, paired t-test was used 
at a 5% significance level. 

3. Results and Discussions 
3.1. Emulsion stability 

The emulsions are thermodynamically unstable systems. Therefore, protein based emulsifiers 
are mostly used to improve the stability of emulsions. These emulsifiers vary widely in their 
ability to form and stabilize emulsions depending on their molecular and physicochemical 
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characteristics [5]. The emulsion stabilities of capsaicin emulsions (emulsion number 1-7) 
prepared with different wall materials were evaluated as kinetic and centrifuge stability. The 
stability analysis for control samples (emulsion number 8 and 9) were not performed due to 
being a dispersion not an emulsion.  

 

Fig. 1 Kinetic stability and centrifugal stability results of capsaicin loaded emulsions 

The emulsion stability study revealed that most of the emulsions were kinetically (87.5-
100%) and centrifugally (86.75-100%) stable as shown in Fig 1. Consoli et al. [5] also found 
similar stability results for gallic acid encapsulation with spray chilling method. The 
emulsion prepared with gelatin was found to be the most stable kinetically while adding Na-
Caseinate and whey protein isolate to emulsions resulted in a decrease in kinetic stability. 
Gelatin has good water holding capacity because the small pore size of the gel network tightly 
holds water molecules by capillary forces [5]. Therefore, the separation of aqueous phase was 
prevented in capsaicin emulsions. The results of centrifugal stability of emulsions showed 
that emulsions prepared with whey protein and gelatin had the highest stability values. Whey 
proteins are much more rigid as compared to caseins [6]. Therefore, high concentrations of 
sodium caseinate resulted in low stabilities of emulsions as reported previously [7]. 

3.2. Tm and ΔH 

The melting point temperature (Tm) and fusion enthalpy (H) of encapsulated capsaicin 
microparticles were given in Table 2.  Adding whey protein into emulsions as wall material 
resulted in an increase Tm of the capsaicin particles, while gelatin-containing microparticles 
had a lower melting point temperature. On the other hand, Na-caseinate did not have a 
significant effect on the melting point of the microparticles, but it caused higher melting point 
than that of gelatin-containing microcapsules. As shown in Table 2, melting points of double-
layered samples (except 3th sample) were calculated lower than that of the single layered 
sample. It was probably due to the creation of the less ordered structure of the inner structure 
of the lipid matrix and/or the small size effect which could be explained by Gibbs-Thomson 
equations [8]. Wang et al. [9] reported that microencapsulation of capsaicin decreased the 
melting temperature. The capsaicin, nanocapsulated with single coacervation in that study 

[10], melted at 75°C (Tm) and absorbed 160.7 J/g energy. In our study, capsaicin was 
encapsulated with gelatin (single layered) and melting point temperature and absorbing 
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energy were calculated as 100°C and 199.9 J/g, respectively. Differences between Tm and ΔH 
values of the previous and the present study can be resulted from the encapsulation form 
(single or double layered) and encapsulation technique. 

3.3. Product yield 

The high product yield is one of the advantages of the spray chilling. The product yield values 
of the samples obtained from spray chilling were reported as over 75% [11]. Product yield of 
the capsaicin microparticles obtained from spray chilling method in the present study agreed 
with the data in the literature. Encapsulation form (single or double layered) did not 
significantly affect the product yield results and the results were in the range of 77-87%. The 
samples obtained from the emulsions added by whey protein and gelatin had the higher 
product yields as compared to that of containing Na-caseinate. The lower product yield value 
of the samples added by Na-caseinate could be resulted from viscoelastic properties and high 
gelling power of the Na-caseinate. Therefore, caseinate containing emulsions could stick to 
drying chamber in spray chilling equipment due to its adhesive structure [12].  

3.4. Total and surface capsaicin contents and microencapsulation efficiency (ME) 

Total and surface capsaicin contents and microencapsulation efficiency results of the 
capsaicin microparticles were shown in Table 2. The results showed that capsaicin could be 
effectively encapsulated with the oil-based wall materials and the amount of surface capsaicin 
could be reduced. In terms of surface capsaicin content, the microparticles had relatively less 
amounts of capsaicin on their surfaces. Maximum surface capsaicin content was calculated 
as 2.08 ppm for single layered (only palm oil) encapsulated sample. On the other hand, double 
layered (palm oil-soy lecithin-whey protein) encapsulated sample showed the best 
encapsulation efficiency with the surface capsaicin content of 2.04 ppm. Microencapsulation 
efficiency of the emulsions increased with an increase in whey protein concentration in the 
emulsions. In addition, microencapsulation efficiency of the emulsions containing gelatin 
was higher than that of containing Na-Caseinate. This could be attributed to the viscoelastic 
properties and gelling power of casein. The maximum microencapsulation efficiency of 
99.73% was determined for double-layered (palm oil-whey protein) encapsulated sample, 
while the minimum result was calculated as 80.48% for the samples produced by single-
layered (only palm oil) encapsulation. The results showed that the melting point temperatures 
significantly affected the microencapsulation efficiency of the samples. The 
microencapsulation efficiency increased with the increasing melting point. In the previous 
study with ascorbic acid encapsulation by spray chilling [13], palm and palm seed oil (43°C 
melting point) were used as wall material while soya lecithin was used as stabilizer. The 
encapsulation efficiency values of the samples varied from 68.2 to 72.5%. Differences in the 
encapsulation efficiency results of the previous study and the present study can be resulted 
from the double-layered microencapsulation used in our study. 
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Table 2. Total and surface capsaicin, microencapsulation efficiency and thermal characteristics of 
the capsaicin microcapsules 

Exp. No TC (ppm) SC  (ppm) ME (%) Tm (ºC) ΔH (J/g) 

1 39.87±0.27c,d 2.04±0.15c 94.57±0.30c,d 48.81±0.09a 85.13±0.48c,d 

2 35.76±2.62a,b 1.92±0.01b,c 84.61±6.52a,b 49.40±1.01a 85.17±2.91b,c 

3 41.93±0.62d 2.04±0.06c 99.73±1.68d 50.05±0.16a 83.48±3.75a,b,c 

4 38.65±0.02b,c,d 1.71±0.02a,b 92.36±0.08b,c,d 49.06±0.34a 79.13±4.44a 

5 40.75±0.34d 2.04±0.08c 96.78±1.04c,d 48.88±0.32a 83.67±2.47b,c,d 

6 41.53±0.27d 1.93±0.02b,c 99.01±0.72d 48.80±1.08a 92.54±4.21d 

7 40.23±0.09c,d 2.05±0.08c 95.44±0.41c,d 48.65±0.10a 80.25±4.28a,b 

8 37.31±0.76a,b,c 1.53±0.05a 89.45±1.77b,c 48.53±0.02a 85.95±2.90a,b,c 

9 34.27±0.07a 2.08±0.07c 80.48±0.02a 49.54±0.85a 84.76±2.77b,c 
Different letters (a, b, c or d) above the columns indicate significant difference between the emulsion formulation 

4. Conclusions 

Capsaicin has a high bioavailability with a lot of benefits on human health. However, it is 
inconsumable for some people because of irritating effect. Therefore, it can be 
microencapsulated to suppress its pungency. In the present study, capsaicin is effectively  
microencapsulated by spray chilling technique by using palm oil and whey protein (as wall 
materials) and soy lecithin (as stabilizer). The encapsulation efficiencies of the whey protein 
based emulsions were higher than that of the other emulsions. Furthermore, the sensible 
pungency of capsaicin can be reduced from 40 ppm to 1.71 ppm (the minimum surface 
capsaicin content) with double-layered microencapsulation by spray chilling. By this way, 
capsaicin was converted to a suppressed-pungent component that can be consumed by 
sensitive people.  

5. Nomenclature  

DSC differential scanning calorimeter  

min  minutes  

µm micrometer  

rpm revolutions per minute  
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Abstract 
The present work studies the microbial load reduction in sapota and beet 
root by three different drying methods i.e. Open Sun Drying (OSD), Solar 
Conduction Drying (SCD) and a modified SCD with filters (SCDF). 
Parameters analyzed were water activity, moisture content, drying kinetics, 
Total Viable Counts, Total Fungal Counts and ash content. It was found that 
the samples dried in SCDF showed least microbial counts, faster drying 
times and lower ash content as comparison to OSD. This study shows that 
SCD and its modification provide a better alternative for low cost drying of 
fruits and vegetables for quality retention.    

 

Keywords: Microbial reduction; SCD Filters; Sapota; Beetroot. 
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1. Introduction 

The global dehydrated food market is being driven by lifestyle changes and dietary choices. 
An increase in nutritional awareness among the consumers is pushing the industries and 
researchers to develop novel technologies which will increase the shelf-life of the product 
without compromising the nutrition and quality. As per APEDA [1], India exported 
87,279.99 MT of dried and preserved vegetables worth USD 162.88 Million during 2016-
17. Though large in volume, there is plenty of scope of improvement in the value.  

Small and medium scale producers require low cost dryers which are easily adaptable to a 
variety of agri-produce.[2] In rural India, where agricultural losses are predominant and 
there is lack of cold storage facilities, Open Sun Drying (OSD) is followed extensively. The 
advantages of OSD are simplicity and zero equipment cost. The disadvantages are longer 
duration of drying, microbial contamination, insect infestation and overall quality 
degradation.[3] To overcome these disadvantages, many models of solar dryers have been 
developed.[4] Solar Conduction Dryer (SCD), an indigenously developed Indian 
technology, is being used by 1500 farmers at household level and micro food processing 
centers. SCD uses all three modes of heat transfer i.e. conduction, natural convection and 
radiation.  It is electricity-free and completely dependent on solar energy.  

Sapota (Achrassapota L.) (Family Sapotaceae) commonly known as chiku in India, is an 
energy rich fruit with high total soluble solids (20-22%), digestible sugars, protein, fat, fiber 
and minerals.[5] It is perishable and easily susceptible to microbial contamination due to 
high moisture content (69.05 - 75.7%), and sugar content (11.14 - 20.43%).[6] The fruits 
are also easily bruised, which leads to wastage.[7] Beetroot (Beta vulgaris) is a root 
vegetable that belongs to the family of Chenopodiaceae. Beetroot is also characterized by 
high moisture content, an abundance of nutrients and proximity to soil due to which it 
forms a favorable habitat for microbial contaminants. 

The objective of this study is to analyze effect of different drying methods on the microbial 
quality of sapota and beet root samples. The three drying methods under study are Open 
Sun Drying (OSD), Solar Conduction Drying (SCD) and SCD with filters at the air inlet 
(SCDF). The drying kinetics, moisture content, water activity and ash content of the 
samples are also analyzed. 

2. Materials and Methods 

2.1. Sample collection 

3 Kg of both Sapota and Beetroot each were procured from a local market in Mumbai. 
After washing and air drying, fresh samples were sliced into pieces of 4-5 mm thickness. A 
part of it was analyzed directly as fresh sample and the rest was dried using OSD, SCD and 
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SCDF. The fresh and dried samples were analyzed for Moisture Content (MC), water 
activity (aw), Total Viable Count (TVC), Total Fungal Count (TFC) and ash content. 

2.2. Open Sun Drying (OSD)  

Open sun drying was carried out by placing the slices on sheets made up of 12 micron PET 
(polyethylene terephthalate) + 50 micron LDPE (low density polyethylene). The 
arrangement was covered by a steel mesh to prevent loss of samples to animals and birds. 

2.3. Solar Conduction Dryer (SCD) 

   

(a)                                     (b) 

Fig. 1 (a) Solar Conduction Dryer; (b) Solar Conduction Dryer with Filters 

SCD, as shown in Figure 1 (a) (top view) consists of 1mx1m tray on which sapota and 
beetroot slices were loaded and allowed to dry. The surface of the tray provides a 
temperature of 50-60°C with air velocity in the range of 0.1-0.2 m/s generated due to 
natural convection (PCT/IN2012/000843). During the experimental days, the relative 
humidity of surrounding air was recorded to be 52-60 % at 25-30°C (ambient temperature). 

2.4. Solar Conduction Dryer with Filters (SCDF) 

Filter material (Khosla Profil Pvt.Ltd.), is made up of polypropylene with a thickness of 
1.35-1.47 mm (+/-8%) and pore size of 0.1µ with maximum temperature resistance of 
80°C. Filters were placed at both the air inlets of the SCD, as shown in Figure 1 (b) (white 
coloured filter cloth visible at both open ends of the dryer). 

Moisture Content was measured using Shimadzu MOC-120H electronic moisture balance. 
Water activity (аw) was measured using a LabSwift Novasina water activity meter. Drying 
kinetics was studied by measuring the weight of the samples at fixed intervals throughout 
the drying time to determine the drying rate. 

The novel part of SCDF is the use of composite filter attached in such a way so as to 
provide minimal pressure drop. This is ensured by following ergun type equation.[8] 

1
NRe

A

2
1

P
2

≈=
∆

Vρ                (1) 

1745

http://creativecommons.org/licenses/by-nc-nd/4.0/


Microbial load reduction using modified Solar Conduction Dryer with composite filters 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

The design of filter is in such a way that there is no kinetic head loss and discharge 
coefficient (C) derived from the equation 1 takes the following form. 

                                            ρ
PCV ∆

=
2

                          (2)                            

Where C is close to 1. 

2.5. Microbiological Analysis  

The fresh and dried samples of Sapota and Beetroot were subjected to Total Viable Count 
(TVC) analysis performed by Conventional Plate Count method as recommended by 
USFDA BAM.[9] Total Fungal Count (TFC) was performed by Pour Plate method as 
recommended by FSSAI (2012) [10]. The ash analysis was performed as per the method 
recommended by FSSAI.[11]  

3. Result and discussion 

3.1. Drying Kinetics 

 

(a)                                                                (b) 

Fig. 2 (a) Drying Curve for SCD and SCDF Sapota (b) Drying Curve for SCD and SCDF 
Beetroot 

 
Fig. 3 Drying Curve for OSD Sapota and Beetroot 

 
From Figure 2 and 3 it can be seen that the drying rate of OSD is higher than SCD and 
SCDF. The time required for drying by SCD and SCDF of Sapota and Beetroot were found 
to be comparable. Sapota drying required 510 minutes in OSD whereas SCD and SCDF 
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required 200 and 240 minutes respectively. For beetroot, the drying times for OSD, SCD 
and SCDF were 456, 180 and 210 minutes respectively. These values indicate that the 
drying times in SCD and SCDF are almost half as that of OSD. The drying curves showed a 
falling-rate period and constant rate period was not observed.[12]  

 

3.2. Water activity and Moisture Content 

As seen in Table 1, the aw of fresh samples of both Sapota and Beetroot was found to be 
above 0.9. The aw of the OSD was found to be marginally higher than 0.6, whereas that of 
SCD and SCDF was found to be well below 0.6. An ANOVA: Single Factor Test revealed 
significant difference in the means of aw [F(3,8) = 2569.5 , p = 1.59E-09]  and MC [F(3,8) 
= 181.5, p = 4.29E-06] of OSD, SCD and SCDF sapota samples at 5% level of significance. 
Significant difference was observed in the means of aw [F(3,8) = 27289.3 , p = 1.33E-12]  
and MC [F(3,8) = 10.21, p = 0.012] of OSD, SCD and SCDF beetroot samples. OSD 
samples showed higher aw and MC values as compared to SCD and SCDF. This is due to 
the temperature difference the food product experiences i.e. 28-30°C for OSD and 50-60°C 
for SCD and SCDF leading to higher equilibrium moisture content in OSD samples. 

Table 1. Mean + SD of Sapota and Beetroot water activity (aw) and % Moisture (on wet basis) 
Sample 
(Sapota) 

Water 
activity 

(aw) 

% 
Moisture 

(wb) 

Sample 
(Beetroot) 

Water 
activity (aw) 

% 
Moisture 

(wb) 

Fresh 0.936+0.003 69.6+1.34 Fresh 0.951+0.001 88.4+2.61 

OSD 0.702+0.009 5.4+0.35 OSD 0.625+0.002 12+2.89 

SCD 0.341+0.002 1.2+0.49 SCD 0.407+0.002 5.4+0.98 

SCDF 0.391+0.0007 4.8+0.28 SCDF 0.301+0.001 6.2+1.55 
 
3.3. Effect of Drying methods on Total Viable Counts (TVC) and Total Fungal Counts 

(TFC) 

  

Fig. 4 Total Viable Count of Sapota and Beetroot fresh and dried samples 
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The results for TVC and TFC of Sapota and Beetroot are shown in Figure 4 and 5. The 
comparison of the log reduction in TVC and TFC is given in Table 2. The highest log 
reduction is found in TVC for SCD and SCDF in beetroot followed by sapota. SCDF 
performs better in terms of higher log reduction in both sapota and beetroot samples as 
compared to SCD. Both SCD and SCDF show close to 1 log reduction for TVC counts in 
beetroot. Previous studies have reported reduction in food microbial counts due to use of 
thermal drying techniques. Rahman et al. (2000) reported decimal reduction time (time 
required for 1 log reduction) of 12.66 hrs for drying of Tuna mince at 60°C which 
decreased up to 2.63 hrs as the drying temperature was increased to 100°C. [13] 

 

  

Fig. 5 Total Fungal Count of Sapota and Beetroot fresh and dried samples 
 

Table 2. Comparison of log reduction in the TVC and TFC values of OSD, SCD and SCDF 

Sample 
Drying 
Method 

TVC Log reduction TFC Log reduction 

Sapota 
OSD 0.378 0.072 
SCD 0.514 0.146 

SCDF 0.705 ND 

Beetroot 
OSD 0.685 0.180 
SCD 1.041 0.308 

SCDF 1.092 0.407 
 

3.4. Ash Content 

       

Fig. 6 Ash content (g/100g) (dry basis) in Fresh, OSD, SCD and SCDF samples  
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Ash content of a food sample represents the inorganic residue which remains after complete 
oxidation of the organic matter.[14] All the three drying processes are solar-based, hence 
ash content helps to measure the inorganic content added in the sample during drying either 
due to settling of dust, sand or extraneous matter from the environment. As seen in Figure. 
6, ash content is highest in OSD samples (completely exposed), followed by SCD (partially 
covered) and the least in SCDF (filter protected) samples.  
 
3. Conclusions 

SCD and SCDF showed better product quality with respect to drying time, microbial load 
reduction and lower ash content as compared to OSD. SCD and SCDF could attain 1 log 
reduction with a decimal reduction time of 180 mins and 200 mins respectively. The 
addition of filters to the current design of SCD showed lowered microbial counts as 
compared to SCD. OSD is currently extensively used by low-income farmers and producer 
groups. SCD and its modification with filter has the potential to replace open sun drying as 
a cheap and efficient process without compromising the product safety and quality. 
4. Nomenclature  

 
OSC open sun drying   

SCD 

SCDF 

 
TVC 

TFC 

aw 

MC 

P 

V 

NRe 

A 

solar conduction drying 

solar conduction drying with 
filter 

total viable count 

total fungal count 

water activity 

moisture content 

pressure drop 

velocity of air  

air flow Reynolds number 

constant in laminal flow 

 

 

 

 

 

 

Pascals 

m/s 

Greek letters 

ρ Density Kg/m3 
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Abstract 
In this paper, a fluidized bed with a adjustable slotted gas distributor was 
used to study fluidization in a 230 mm×200 mm rectangular fluidized bed by 
adjusting the spacing between the two slotted gas distributors. The pressure 
drop of the distributor at different inlet gas velocities was obtained and the 
change law between pressure drop and distance between distributors was 
summarized. This study provides a theoretical basis for the application of 
adjustable slotted gas distributor fluidized bed.  
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Pressure drop characteristics of adjustable slotted distributor in fluidized bed 

1. Introduction

Fluidized bed was used in various chemical units, which was common in the production 
processes of agricultural products, food, pharmacy, biochemistry and so on. It can 
strengthen the contact and transfer between the fluid and the particles [1-3], which was 
characterized by good gas-solid mixing, high mass transfer and heat transfer rate, uniform 
bed layer and strong controllability.  

Among them, the most widely used gas-solid fluidized bed was mainly composed of bed, 
gas distribution device and gas-solid separation device (mostly a cyclone separator). In 
these parts, the most important part of the whole fluidization operation was the gas 
distribution device, that is, the gas distributor. The study found that there were many 
differences between the area near the distributor and the main body of the bed, and more 
and more attentions had been paid to the distributor [4]. The distributor should have a certain 
pressure drop so that the gas can be evenly distributed. Usually, the pressure drop of the 
distributor is greater than 1/10 to 3/10 of the total bed pressure drop. But in practical 
operation, the pressure drop of the distributor is as small as possible to reduce the energy 
consumption, and sometimes it is designed around 5% of the total bed pressure drop of [5]. 
A gas distributor that can perform well fluidization operation should be able to achieve 
uniform distribution of gas, low energy consumption, no leakage and clogging, convenient 
operation and long service life. 

The distributor used in various applications were various. The original gas distributor was 
porous distributor, that is, the holes with the same diameter were distributed on the 
distributor. With the development of fluidization technology, more and more distributors 
were applied in the actual operation. Zhao et al. [6] used a tubular gas distributor to study the 
fluid dynamic behavior in an internal circulating fluidized bed. Chen et al. [7] used tilted gas 
distributor to investigate the depth of the distributor jets in a gas-solid fluidized bed. Hassan 
et al. [8] used porous gas distributor and tubular gas distributor to numerically study the 
solids circulation flux in an internal circulating fluidized bed.   

At present, the distributor design was mainly composed of a single-layer distributor, and 
was often applied only to one type of material in the operation processes or the applicable 
materials had a narrow range of particle size distribution, it cannot be automatically 
adjusted according to operation requirements, without adequate consideration of the 
pressure drop of the distributor, the energy consumption was large. 

The purpose of this study was to use a self-developed adjustable slotted gas distributor[9] for 
empty bed fluidization experiments. The pressure drop of the distributor at different inlet 
gas velocities were obtained, and the change law between pressure drop and distance 
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between distributors was summarized. It provided a theoretical basis for the application of 
adjustable slotted gas distributor fluidized bed. 

2. Experimental

2.1. Experimental process and equipment 

The experimental process is shown in Fig. 1. The gas generated by the blower was 
regulated by the bypass valve. The flow rate was shown by the gas flowmeter (VA300 type, 
flow rate 2~600 m3/h, German CS Instruments). After that, it entered a rectangular fluidized 
bed (homemade, 230 mm×200 mm) equipped with an adjustable slotted gas distributor 
(opening rate 6%). There were two pressure measuring points on the bed, all along the axial 
direction of the fluidized bed, respectively 30 mm below the distributor and 30 mm above 
the distributor. Differential pressure transmitter (TRD-150205A, measuring range 0~1500 
Pa, Tianjin Run Da Zhong Ke Instrument Co., Ltd.) was connected to two pressure 
measuring points through the trachea to measure the pressure drop of the distributor. The 
data recorded by the paperless recorder (TRD-21R, Tianjin Run Da Zhong Ke Instrument 
Co., Ltd.). 

Fig. 1 Experimental flow chart. 

A self-designed fluidized bed with a adjustable slotted gas distributor was used in the 
experiment. The distributor was made up of two slotted gas distributors. As shown in Fig. 
2, the upper distributor size was 340 mm×220 mm, the slit area size was 220 mm×190 mm, 
the distributor opening rate was 6%, the number of the angle steel was 6, the side length of 
the angle steel was 23 mm, the distance between the angle steel was 2 mm and the height of 
the angle steel was 16 mm. As shown in Fig. 3, the lower distributor size was 220 mm×190 
mm, the distributor opening rate was 6%, the number of the angle steel was 6, the side 
length of the angle steel was 23 mm, the distance between the angle steel was 2 mm and the 
height of the angle steel was 16 mm. Two distributors were connected by two guide 
components. The upper distributor was bolted to the bed. The lower distributor can move 
up and down under the guidance of the guide rail, so as to achieve the effect of adjusting 
the distance between distributors. 
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Fig. 2 Upper distributor.   Fig. 3 Lower distributor. 

2.2. Experimental method 

The adjustable double-layer slotted gas distributor was connected to the fluidized bed with 
different distance between distributors (d) (0 mm, 10 mm, 20 mm, 30 mm and 40 mm). The 
pressure transmitter was connected to the bed through the trachea and the pressure 
transmitter was connected to the paperless recorder. Open the blower, open to maximum 
and gradually reduce the opening, control the gas flow from the maximum 310 m3 / h to 
become smaller and keep the open interval of 10 m3/h. The recording interval of the 
paperless recorder was 1s, each interval recorded for 60 s. The average value was the 
pressure drop (ΔP) of the empty bed under the corresponding gas velocities (v). Each 
group of experiments was repeated 3 times and the average value of the data was taken. 

3. Result and discussion

3.1. Influence of distance between distributors on pressure drop 

The pressure drop of the distributor was the pressure loss caused by the gas passing through 
the distributor. Fig. 5 showed the relationship between pressure drop and gas velocity of an 
adjustable slotted gas distributor under different distance between distributors. It can be 
seen from the figure that the pressure drop of the distributor increased with the increase of 
gas velocity, while the pressure drop of the distributor was different at different distance 
between distributors. When the spacing between the distributors was 0 mm, that was, when 
the two distributors were almost close, the pressure drop produced by gas passing through 
the distributor was large and the pressure drop value was close to the 20 mm spacing. It was 
considered that when the distance between distributors was too small, the flow area 
between the plates was too small, so the pressure drop was larger. When the distance 
between the distributors gradually increased from 10 mm to 40 mm, the pressure drop of 
the distributor increased with the increase of the distance between the distributors at 
different gas velocities. This was because when there was a certain space between two 
distributors. The gas needed to consume more energy when it flowed through the space 
area, so it produced a certain pressure drop. 
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Fig. 4 Variations in pressure drop at different distance between distributors 

3.2. Influence of gas velocity on pressure drop. 

Fig. 5 showed the relationship between pressure drop and distance between distributors 
when the gas velocity was 1.59~2.06 m/s, that was, when the gas velocity was large. It can 
be seen from the figure that when the distance between distributors was the same, the 
difference between the pressure drops of the distributors corresponding to the adjacent gas 
velocity were not differ much as the gas velocity decreased, and the difference was 
approximately 50 Pa. Fig. 6 showed the relationship between pressure drop and distance 
between distributors when the gas velocity was 0.07 to 0.53 m/s, that was, when the gas 
velocity was small. It was clearly showed in the figure that when the distance between the 
distributors was the same, the difference between the pressure drop of the distributor 
corresponding to the adjacent gas velocity was also decreasing with the decrease of the gas 
velocity and the difference reduced from 20 Pa to 5 Pa. This was because when the gas 
velocity was small, the gas flow was relatively stable, so when the gas velocity changed, 
the pressure drop had a smaller change. 
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Fig. 5 Influence of pressure drop on distributor when gas velocity was 1.59~2.06 m/s 
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Fig. 6 Influence of pressure drop on distributor when gas velocity was 0.07~0.53 m/s 

3.3 Experimental design analysis 

It can be seen from Fig. 5 and Fig. 6 that except for the distance between distributors was 0 
mm, at the same gas velocity, when the distance between the distributors increased from 10 
mm to 40 mm, the change of the pressure drop of distributor showed a trend of linear 
function. Furthermore, under different gas velocities, the gradient of the pressure drop was 
approximately the same. This showed that the influence of the spacing between the 
distributors on the pressure drop was regular.In this paper, the results of orthogonal test 
were analyzed by Minitab software.  

3.3.1. Intuitionistic analysis 

Fig. 7 showed the mean main effects plot. It can be seen from the figure that the gas 
velocity had a significant effect on the pressure drop of distributor and the shape of the 
image was roughly a parabola. This showed that when the gas velocity was small, the gas 
velocity had little effect on the pressure drop, but as the gas velocity increased, the impact 
became greater. This further proved the previous conclusion. 

Fig. 7 Main effects plot. 
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3.3.2. Regression analysis 

Table.1 Regression analysis 
Term Coef SE Coef T-Value P-Value VIF 

Constant 42.85 5.75 7.46 0.000  

v -5.79 8.08 -0.72 0.475 20.16 

d -0.559 0.193 -2.90 0.004 3.82 

v*v 206.25 3.29 62.71 0.000 15.16 

d*v 2.230 0.161 13.85 0.000 8.82 

 

Use Minitab statistical software to perform linear regression analysis on this orthogonal 
test. The results of the analysis were shown in Table. 1. By analyzing the above data, it can 
be seen that the self-interaction item of gas velocity had the most significant effect on the 
pressure drop, followed by the interaction term of the gas velocity and distance between 
distributors. In the regression analysis, the P value corresponding to the gas velocity was 
0.475, which was significantly greater than 0.05. Therefore, the impact of gas velocity on 
the distributor was not significant. Through the regression analysis, the regression equation 
of the distributor pressure drop was also obtained:  

vdvvdp  230.225.20679.5559.085.42 2         (1) 

4. Conclusions 

A self-designed adjustable slotted gas distributor was used to carry out fluidization 
experiment. The results showed that when the distance between distributors was 0 mm, 
pressure drop generated by the gas through the distributor was large. When gas velocity 
was 2.09 m/s, pressure drop can reach 1040 Pa and pressure drop value was similar to when 
the spacing was 20 mm. When distance between distributors gradually increased from 10 
mm to 40 mm, pressure drop of the distributor increased with increase of spacing at 
different gas velocities. However, when gas velocity was low, the difference between 
pressure drop corresponding to the adjacent gas velocity decreased with the decrease of the 
gas velocity. Through the experimental design analysis, it was concluded that the self-
interaction of gas velocity had the most significant effect on the pressure drop, and the 
fitting relationship between pressure drop, gas velocity and distance between distributors 
was obtained: ΔP = 42.85 - 0.559 d - 5.79 v + 206.25 v2 + 2.230 d ꞏ v. 

The authors acknowledge Projects supported by the National Natural Science Foundation of 
China (Grant No. 31571906 &  No.21506163). 
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Abstract 
In this paper, the effect of spray droplets on the coating of cold spherical 
particles was studied.The microcapsule granulator produces micron-sized 
droplets to coat the spherical particles in cold storage, and the 
high-definition camera and precision balance are used to photograph and 
weigh the particles before and after the spraying. The droplets are obtained 
by using the image and data processing technology coating area and coating 
quality, the droplet coating effect was evaluated by a number of 
dimensionless parameters such as coating ratio and mass ratio.By 
orthogonal design experiment and uncertainty analysis, the effects of droplet 
size and flow rate, spherical particle temperature and diameter on coating 
effect were studied, and the effect of droplet group coating on low 
temperature spherical particles was obtained. 

Keywords: Spray freeze drying; Droplets; coating; Spherical particles. 
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1. Introduction

Since 1948, when Benson et al. first used the technique of spray freezing to study the 
surface area of protein particles [1], this technology has been developing for more than 60 
years and has obtained some representative research results. For example, in 1964 Werly 
used spray-frozen technology to obtain submicron powder products, marking that the spray 
freezing technology has been developed to the stage of producing products [3]; in 1989, 
Chen Zuyao and others first prepared Ba-Y by means of SFD method. Cu-O system 
composite oxide ultrafine powder [2]; 1994, the technology applied for a European patent; in 
1998, Maa et al. proposed the preparation of protein microspheres using SFD technology 
for the first time [5]; in 2006, it achieved regular freezing. Dry alternative to vacuum 
freeze-drying reduces the energy consumption of SFD technology [6]. After more than half a 
century of development, SFD technology is gradually maturing, and it has been applied in 
the fields of medicine, food, chemical products, and biological products [7]. 

In order to solve the phenomena of agglomeration of powders, non-uniform powder particle 
size and other phenomena, to further improve the application of spray freeze-drying 
technology in engineering practice and achieve mass production, Li Zhanyong et al 
[4]proposed an inert particle fluidized bed spray freeze-drying Equipment. In order to deeply 
study the freezing mechanism of atomized droplets impacting the carrier particles, this 
paper studied the coating area of cryogenic spherical particles by droplets in experiments. 

2. Materials and Methods

2.1. Experimental Materials 

Since the coated particles were image-collected after the coating experiment, in order to 
facilitate the image processing, the material used in this experiment was ink. The inert 
carrier particles use different diameters of organic glass spheres. The effects of different 
experimental conditions on the droplet coating process were experimentally studied. By 
setting different flow rates of 6 and 8 mL/min, atomized droplets of diameter 0.2 mm were 
obtained. The diameters of the glass spheres were taken as 3, 4 and 5 mm, respectively. 
Each set of experiments was performed 3 times. 

2.2. Experimental device 

The droplets are generated by a Droplets generator, which uses laminar liquid jets and 
vibrates at high frequencies to produce extremely uniform round microcapsule particles as 
shown in Figure.1. Applied to the protection and storage of drugs, microorganisms, 
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enzymes or cells, the purpose of microencapsulation is to use a polymer mechanism to 
protect or stabilize the active ingredient, and it can also be used to produce uniform 
atomized droplets. The device can generate highly reproducible uniform drop particles 
whose particle size can be pre-set to 0.2 mm depending on the choice of nozzle, with a 
narrow particle size distribution (<5% standard deviation). 

 
Fig.1 Droplets generator 

For this study, the collision process of atomized droplets impinging on a solid surface at a 
temperature of -25 °C was studied. Such a low degree of subcooling metal particles at room 
temperature, the water vapor in the air quickly frozen on the metal surface to form ice, 
change the structure of the particle surface structure impact on the droplet collision process. 
In this experiment, a freezer (Haier Company) was used as a cooling space. Its cooling 
range was as low as -50 °C. The internal dimensions of the refrigerator were 100 cm in 
length, 70 cm in width, and 60 cm in height. The top has a 12 cm diameter feed hole. 

2.3 Experimental parameters  

The experimental data image was processed by Image J software, and the projected area of 
the coating liquid film was calculated by converting the image into a grayscale image and 
pixel scanning to obtain the ink coating area. As shown in Figure. 2. 
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(a)Total area of coated projection S1      (b) After coating area removed S2 

Fig.2 Coated image after processing 

Coating area: 

                         21 SSS −=                           (1) 
The S1 refers to the total area of the projection of the projection, and the S2 refers to the 
projection area after the removal of the particles. 

Coating ratio: 

                       %1002 ××
=

rn
Sc
π

                      (2) 

The n refers to the number of particles, and R refers to the radius of the particles.  

Coating amount: 

                  )()( 2121 mmMMM −−−=               (3) 

In the formula, M1 refers to the total mass after coating, M2 refers to the total mass before 
coating, m1 refers to the mass of the empty disk after coating, and m2 refers to the mass of 
the empty disk before coating. 

 

3. Results and Discussion 

3.1 Effect of Particle Diameter Change on Coating 

The background of the experimental study in this paper is the collision and coating of 
atomized droplets with fluidized, undercooled carrier particles. For this reason, it is of great 
significance to investigate the influence of particle diameter on the coating area of droplets. 
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In this experiment, 0.5, 1, 2, and 3 g of ink were coated on glass balls with diameters of 3, 4, 
and 5 mm at a flow rate of 6 mL/min and 8 mL/min, respectively, of droplets with an 
average diameter of 0.2 mm. Study the change in coated area with ball diameter. 
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(a) flow rate of 6mL / min 
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(b) flow rate of 8mL / min 

Fig. 3 Variation of coating area and coating ratio with spray amount for different particle sizes 
under two flow rates 

As shown in Fig. 3(a), at a spray flow rate of 6 mL/min, from the start of spraying to when 
the spray amount reaches 1g, the coating rate hardly varies with the diameter of the 
particles, the coated area of the particles is basically the same, and the coating ratio is about 
40 %, when the spray amount is 1-2 g, the particle diameter increases, the coating rate 
decreases, from 2-3 g, the particle diameter increases, the coating rate increases, but when 
the spray amount is 3 g, three kinds The coated area of the particles is substantially the 
same, and the coating ratio reaches 70 %. As shown in Fig. 3(b), at a flow rate of 8 mL/min, 
from the start of spraying to when the spray amount reaches 1 g, the particle diameter 
increases, the coating rate gradually increases, and the particle diameter increases from 1-3 
g. Increasing, the coating rate decreases. However, when the spray amount was 1.5 g, the 
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coating area of the three particle sizes was substantially the same, and the coating ratio was 
about 55 %. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 

 

Co
at

in
g 

am
ou

nt
(
g
)

Spray volume(g)

 3mm
 4mm
 5mm

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

 

 

Co
at

in
g a

m
ou

nt
(g

)

Spray volume(g)

 3mm
 4mm
 5mm

 

(a) flow rate of 6mL / min             (b)flow rate of 8mL / min 

Fig. 4 Change of coating amount with spray amount under different flow rate and different 
particle size 

As shown in Fig. 4(a), at a spray flow rate of 6 mL/min, the coating amount increases as the 
amount of spray increases, coating of 3, 4 mm particles is almost the same, but the coating 
amount of 5 mm particles is apparently seen. It is much smaller than other diameter 
particles. As shown in Fig. 4(b), at the spray flow rate of 8 mL/min, the spraying amount of 
the three kinds of particle granules was basically the same from the beginning of the 
spraying to 2 g, and after 2 g, the particle diameter increased, and the coating was applied. 
The amount increases. 

3.2 Influence of Change in Atomization Flow Rate on Coating 
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Fig. 5 Change in Coating Area with Spray Volume 
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As shown in Fig. 5(a), when the particle diameter is 3 mm, the coated area under the two 
flow rates shows almost the same change trend; when the particle diameter is 4mm, the 
coated area at 8 mL/min is slightly larger than 6 mL/min when the same spray amount is 
applied; When the particle diameter is 5mm, the coating area under 8 mL/min conditions is 
much higher than 6 mL/min under the same spray amount condition, but when the spray 
amount reaches 3 g, the coated area is the same. It can be seen that when the particle 
diameter is small, the flow has little influence on the coating. As the particle diameter 
increases, the influence of the flow on the coating increases, and the larger the flow, the 
larger the coated area. As shown in Fig. 5(b), when the particle diameter is 3 or 4 mm, the 
coating amount is basically the same with the variation of the spray amount at different 
flow rates; with a particle diameter of 5 mm, the coating flow rate of 6 mL/min is much 
lower than the flow rate of 8 mL/min. 

From the above two figures, it can be seen that the particle diameter has a significant effect 
on the coating. When the particle diameter increases, the curvature of the particle surface 
decreases, so that the droplets are likely to accumulate on the surface of the particles, so 
that the coating area is reduced; when the flow rate increases At that time, the influence of 
the curvature of the particles on the coating is reduced, because the kinetic energy of the 
spray droplets increases, so that the droplets spread more, so that the influence of the 
curvature of the particles is reduced. 
 

4. Conclusions 

When the spray flow rate is 6 mL/min, the particle diameter has little effect on the coating 
when the spraying starts to 1 g. With the progress of the coating, the larger the particle 
diameter, the smaller the coating rate; when the spray flow rate is 8 mL  /min, the larger 
the particle diameter before the coating ratio is 55%, the larger the coated area, and the 
larger the particle diameter and the smaller the coated area after the 55% coating ratio. 
With the same amount of spray, as the particle diameter increases, the flow rate increases 
and the coating area increases, but when the spray amount reaches 3 g, the coated area is 
almost the same; when the particle size becomes larger, the spray flow increases. The 
coating amount increases. 
The authors acknowledge Projects supported by the National Natural Science Foundation of 
China (Grant No. 31571906 & No.21506163). 
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Abstract 
A combination of high power airborne ultrasound and microwaves in hot air 
drying was developed to investigate the effect of intermittent mode on process 
effectiveness and quality of carrot. The drying experiments were carried out 
in an innovative hybrid dryer. The course of moisture ratio, drying rate, 
specific energy and water consumption, colour, water activity and shrinkage 
were discussed. The results showed that intermittent ultrasound and 
microwaves in convective drying accelerate the heat and mass transfer, 
leading to shorter drying time and faster drying rate. It was found that 
hybrid-intermittent drying can improve the energy efficiency and product 
quality. 

 

Keywords: intermittent drying; ultrasound; microwaves; energy; shrinkage. 
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1. Introduction 

Current trends in industrial equipment design or engineering in general place emphasis on 
the ecological aspect of production. Drying as a food processing method is particularly a 
good field for engineers and scientists to implement new or improve existing designs. Its 
most widely used method, hot air drying, is notorious for its bad energy efficiency (a result 
of constant drying agent replacement, necessary to finish the process) and long drying 
time.[1] What is more, consumers’ dietary knowledge is on the rise, which means that 
product quality should be taken into consideration as well. In that matter, convective drying 
also has its drawbacks, as it has a substantial impact on the dried foodstuffs’ appearance, 
flavor and nutrients content.[2] In latest years some ideas how to improve drying and driers 
have been reported. Among others, they include hybrid techniques and drying at non-
stationary (intermittent) conditions. Former’s principle of operation is a simultaneous use of 
two or more drying methods (heat sources), such as hot air and microwaves. In such a way, 
different mechanisms of energy transfer are employed, what makes the drying process 
faster and more energy-efficient. Latter, is based on providing a variable amount of heat 
during the process, so there are periods of intensive evaporation and so called relaxation, 
when moisture and temperature gradients inside the dried material are reduced. That results 
in reduction of thermal energy and better product quality, however it may also increase the 
drying time.[3, 4] 

In this research, carrot was selected to be an example of a foodstuff. Its distinctive orange 
color and shape, good nutritious value (content of dietary fiber, vitamins A, K, B6, 
carotenoids, lutein, zeaxantin) allowed it to take a place in various cuisines.[5, 6] Carrots are 
consumed in various forms, for example raw, boiled, soups, juices or even a cake. 
Furthermore, when dried, it can be used as an ingredient for dried vegetable mixes. In this 
paper, a novel drying technique involving hybrid methods in intermittent conditions is 
investigated. Both of those concepts examined alone proved to improve all three of crucial 
properties of drying: kinetics, energy consumption and product quality. 

 

2. Materials and Methods 

Carrot roots (Daucus carota, var. Nantes) used for the drying experiments were purchased 
from a local market and stored for at least 24 h at 4°C. Before drying, the carrots were 
rinsed, peeled and cut into cubes (1.5 cm side). Next, 50 g carrot samples were dried in a 
hybrid dryer[7], using eight different drying programs (Fig. 1). 
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Fig. 1. Schematic illustration of the course drying programs used in the studies: 

Tm – material temperature, MCeq – equilibrium moisture content, 4x – number of loop repetitions. 

The drying processes were realized in stationary and non-stationary conditions. The 
stationary ones (CV, CVMW, CVUS) were conducted at the same air temperature 
(Ta=60°C) with a constant air velocity (va=2 m/s), and with a changeless microwave or 
ultrasound power (Pmw=100 W – CVMW; Pus=200W – CVUS). The intermittent processes 
(IT1-5) were carried out in variable drying conditions (Fig. 1). 

 

2.1. Process kinetics and energy consumption 

The drying kinetics was assessed on the basis of the moisture ratio (MR), drying rate (DR), 
drying time (DT) and the specific energy consumption (SEC). The moisture ratio (MR) was 
determined from the following equation: 
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eqi

eqt

MCMC
MCMC

MR
−

−
=    (1) 

where: MCi, MCt and MCeq are the initial, instantaneous (for a given time of the process) 
and equilibrium moisture content. 

The initial moisture content (MCi) of the carrot was determined with the moisture analyzer 
(XM120; Precisa, Switzerland; precision 0.01%). The equilibrium moisture content (MCeq) 
was constant during the research and equaled 0.05 kg·kg-1 db. The moisture content at a 
given time of the process (MCt) was expressed as the ratio of moisture mass to the initial 
mass of wet sample. The energy consumption was measured with a standard electricity 
meter (precision 0.01 kWh) and recalculated to MJ per kg of evaporated moisture (SEC). 
Because some devices in the drying system require tap water as a coolant, the specific 
water consumption (SWC), that is dm3 of water per kg of evaporated moisture, was also 
measured. 

 

2.2. Quality assessment 

The product quality was assessed on the basis of water activity, color, volumetric shrinkage 
and apparent density. The color of the fresh/dry carrot was measured with the use of 
colorimeter (CR400; Konica Minolta, Japan; precision 0.01). For this purpose, several 
randomly chosen (fresh/dried) samples were ground in a laboratory mill (A11; IKA; 
Germany). On the basis of the obtained CIE Lab tristimulus color coordinates (L*, a*, and 
b*), the relative color change (dE) was determined: 

( ) 5.02*2*2* dbdadLdE ++=    (2) 

where: dL*, da*and db* are the differences between particular color coordinates (L*, a*, b*), 
obtained for the raw and dry material, respectively. 

The water activity (aw) was measured for fresh/dried samples with the use of laboratory aw 
meter (LabMaster-aw; Novasina, Switzerland; precision 0.001) at constant temperature of 
the chamber (25°C). The volumetric shrinkage of the carrot samples (VS) was determined 
with the use of modified toluene method developed by Mazza.[8] The volumetric shrinkage 
was calculated with the following equation: 

%1001
0

⋅







−=

V
VVS d ,    (3) 

where: Vd and V0 are the volumes of dry and fresh sample, respectively. 
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3. Results and discussion 

3.1. Drying kinetics, energy and water consumption 

In Figure 1, the evolution of moisture ratio (MR) and the average drying rate (DR) for 
different drying processes were presented. 
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Fig. 1. Evolution of moisture ratio MR (a) and the average values of drying rate DR (b). 

As follows from figure 1, the convective drying (CV) was the slowest drying procedure and 
lasted about six hours. The application of microwave radiation during convective drying 
reduced the overall drying time by 85%, as compared to CV. In turn, the ultrasound 
assistance in convective drying (CVUS) improved the drying kinetics, shortened the drying 
time by 32%, and increased the drying rate by about 30% in comparison to CV. The total 
drying time for the samples dried by IT processes was in the range of 1-4 hours. Therefore, 
hybrid drying with intermittent MW and US application enabled to achieve the desired 
effect, i.e. increase in process efficiency. 

Figure 2 shows the specific energy (SEC) and water consumption (SWC) for different 
drying strategies. The highest electric energy consumption was observed for CVUS, and the 
lowest for CVMW (Fig. 2a). Satisfactory results were obtained for intermittent drying. But 
the differences between the total energy consumed in the IT1-5 procedures were dependent 
on both durations of MW and US application. In turn, as follows from figure 2b, the longer 
MW radiation time the more water consumed in the drying process. The IT2-5 methods are 
characterized by much smaller and similar values of SWC than CVMW and IT1, which is a 
very positive effect. It means also, that modification of convective-microwave drying into 
intermittent mode ensures less water consumption. 
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Fig. 2. Specific energy consumption SEC (a) and water consumption SWC (b). 

 

3.2. Quality characteristics 

After drying the carrot samples were assessed in terms of water activity (aw), color change 
(dE), volumetric shrinkage (VS) and apparent density (ρa). Figure 3a presents the water 
activity of raw and dry material. As follows from this graph the aw value was reduced from 
about 0.989 (for fresh carrot root) to on average 0.333 for dry products. 

CV
CVMW

CVUS IT1 IT2 IT3 IT4 IT5
RAW

0.0

0.2

0.4

0.6

0.8

1.0

1.2

aw
 (-

)

CV
CVMW

CVUS IT1 IT2 IT3 IT4 IT5

0

5

10

15

20

25

dE
 (-

)

a) b)

 
Fig. 3. Water activity aw (a) and relative color change dE (b). 

According to Labuza et al.[9], when the water activity is below 0.4 the dried products are 
stable in terms of the growth of bacteria, yeast and molds, and natural decay processes (e.g. 
non-enzymatic browning). 
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As follows from the data presented in figure 3b, the highest and the lowest relative color 
change was obtained for the samples dried by intermittent methods (IT3 and IT5 
respectively). However, the other samples did not differ significantly, among specific 
drying programs, i.e. stationary and non-stationary. The exception is CVMW, for which the 
color change was close to those of IT. 

The next quality factor assessed in the studies was volumetric shrinkage (Fig. 4a). On the 
basis of the results, it was found that the carrot samples dried by CV and CVUS shrank by 
85%, on average. In turn, the rest of the samples dried by CV combined with MW, were 
characterized by a lower shrinkage. This effect results from the so-called “puffing”. The 
best shape retention was observed for the IT3 samples, but the value of VS is also fairly 
high. These results were confirmed by calculation of additional value, i.e. apparent density 
ρa (Fig. 4b). 
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Fig. 4. Volumetric shrinkage VS (a) and apparent density ρa (b). 

The highest value of ρa was observed for the CVUS drying whereas the lowest value of ρa 
was observed for the IT3 drying. Lower values of ρa means higher total volume of the 
sample, and thus a lower shrinkage after drying. Furthermore, a lower value of the apparent 
density means that dry sample is characterized by higher porosity (assuming same mass of 
samples). Therefore, the results of volumetric shrinkage and apparent density demonstrated, 
that the final physical and microstructural properties of the carrot samples depend on the 
drying technique and are better for simultaneous MW and US application in convective 
drying. 
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4. Conclusions 

The results showed that intermittent ultrasound and microwaves in hot air drying improve 
significantly the process efficiency as compared to the CV drying. Furthermore, it was 
demonstrated that intermittent drying can reduce both energy and water consumption as 
well as improves the quality of dry carrots. Adequate choice of process parameters 
positively affects the product color and its physical properties such as lower shrinkage 
(shape retention) and higher porosity. 
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Abstract 
The residence time distribution (RTD) in a pilot plant spray dryer was 
characterised for two kinds of air distributors (centrifugal and parallel flow) 
and for different atomizing air pressures. To determine the RTD - and the RTD 
of different particle size fractions - the particle concentration and size at the 
dryer outlet was measured continuously using a particle counter. Results were 
modelled using the Bodenstein number and the CSTR in series model. An 
increasing nozzle pressure leads to a decrease in mean residence time and a 
more narrow distribution. The influence of nozzle pressure is more pronounced 
than of air distributor and particle size fraction. 

 

Keywords: Residence time distribution; Particle size; Bodenstein number 
modelling; Nozzle influence; Mechanism of air distribution 
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1. Introduction 

The drying behaviour in a classical spray dryer is determined by the nozzle zone, where the 
first contact between the hot gas and the product occurs, as well as by the main drying within 
the drying chamber. In order to describe the drying process, knowledge of the residence time 
distribution is needed. In addition to the mechanism of air distribution, this is dependent on 
the nozzle flow and the geometry of the spray dryer. One hypothesis for describing the flow 
pattern in the drying chamber is based on relatively large vortices leading to different 
trajectories and residence times depending on the particle inertia or particle size, respectively 
[1].The residence time of the particles should be sufficient to ensure the desired moisture 
reduction of the feed but not too long in order to avoid thermal damage like degradation or 
loss of volatiles. Large deviations in the residence time of different particles, as indicated by 
a broad residence time distribution (RTD), lead to an inhomogeneous product.  

In general, the RTD is determined by tracer injection at the dryer inlet and measuring the 
response at the outlet by taking samples in predefined time steps and analysing them with 
respect to their tracer concentration. This tracer can for example be an optically visible [2,3] 
or conductive [4,5] substance. Especially for fast processes like spray drying this discontinuity 
of the measurement leads to a too low resolution.  

The most common approach for modelling the RTD is using a number of continuous stirred 
tank reactors (CSTR) in series [6],where the distribution of residence times E(t) [-] over time 
t [s] is described by the mean residence time τ [s] and the number of CSTR in series N [-]. 

𝐸𝐸(𝑡𝑡) =
𝑁𝑁

(𝑁𝑁 − 1)!
∙ 𝑒𝑒−𝑁𝑁

𝑡𝑡
𝜏𝜏 ∙ �

𝑁𝑁𝑡𝑡
𝜏𝜏
�
𝑁𝑁−1

 (1) 

Various CSTR in series with different tank numbers and residence times can also be set in 
serial or parallel connection which might account for different flow regimes within the 
system [4,5].  

Another approach for modelling the RTD is the dispersion model, which is based on the 
Fokker-Planck differential equation, describing the change of concentration c [1/m3] over 
time t [s] and space z [m]. 

𝛿𝛿𝛿𝛿
𝛿𝛿𝑡𝑡

= −𝑤𝑤 ∙
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

+ 𝑀𝑀𝑎𝑎𝑎𝑎 ∙
𝛿𝛿2𝛿𝛿
𝛿𝛿𝛿𝛿2

 (2) 

w [m/s] is the average particle velocity and Max [m2/s] the axial mixing coefficient describing 
the derivation from radial flow pattern due to axial dispersion. In dependene of the boundary 
conditions Max can be calculated directly from the dimensionless variance of the measured 
RTD. A better way is to fit Max directly to the measured data[7] instead of using these 
simplifications, although it requires solving the differential equation multiple times. From 
Max the dimensionless Bodenstein number, which indicates the ratio of convective to 
dispersive transport, can be calculated.  
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𝐵𝐵𝐵𝐵 =
𝑤𝑤 ∙ 𝐿𝐿
𝑀𝑀𝑎𝑎𝑎𝑎

 (3) 

Here, L [m] is the characteristic length. A low Bodenstein number indicates a broad 
distribution, a high number a narrow distribution.   

Residence time distributions can also be modelled by linking CFD with particle tracing and 
observing the particle number over time at the outlet [8]. Thus, measurements of the RTD  can 
be used to prove theoretical models. 

In the present study, the particle RTD was determined using a particle counter. A pulse of 
maltodextrin was injected into a continuous water stream. When water is sprayed, the 
droplets evaporate and no particles are recognised by the detector at the dryer outlet. When 
maltodextrin particles pass the detector, it recognises the particle concentration as well as 
their size. This set-up allows a continuous measurement of the particle residence time. 

 

2. Materials and Methods 

2.1 Experimental set up 

For the spray drying trials a pilot plat spray dryer (GEA Niro, Søborg, Denmark) with the 
dimensions 3.1 m x 1.2 m was used. As an injection signal, a 30 s pulse of 20 % (w/w) 
maltodextrin DE 21 (Agrana, Vienna, Austria) solution was injected into a continuous water 
stream by changing the position of a three-way valve.  

 
 

Fig. 1: Experimental set up, parallel and centrifugal air distributor (left to right) 

A hollow metal tube with 2 mm inner diameter, connected to a scattered light detector 
(Aerolossensor welas 2300, Palas, Karlsruhe, Germany), was inserted in the tower at the 
outlet of the drying chamber (see Fig. 1). The scattered light detector allows measuring the 
particle concentration and size within the air stream. From the particle concentration over 
time the RTD can be calculated. 

In order to investigate the effect of the air distributor and nozzle pressure on the RTD the 
following settings were chosen:  
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Table 1: Drying parameters 

Air rate Feed rate Inlet temperature air Outlet temperature air 
230 kg/h 9 kg/h 180 °C 90 °C 

 

Table 2: Air distributor and nozzle pressure 

Air distributor Parallel Centrifugal 
Nozzle 2 fluid nozzle, 2 mm orifice diameter   
Nozzle pressure (rel.) [bar] 1 2 3 
Atomizing air rate [kg/h] 12 18 25 

Trials with a nozzle pressure of 1 bar were performed 9 times, with 2 and 3 bar 5 times each. 

2.2 Modelling of the residence time distribution 

The output signal Eout (t), measured by the scattered light detector, results from the 
convolution of the injection signal Ein (t) with the RTD of the spray dryer. 

𝐸𝐸𝑜𝑜𝑜𝑜𝑡𝑡(𝑡𝑡) = 𝐸𝐸𝑖𝑖𝑖𝑖(𝑡𝑡) ∗ 𝑅𝑅𝑅𝑅𝑅𝑅 (4) 

Here, * indicates the convolution product. Consequently, the RTD can be calculated from 
deconvolution of the measured output signal with the input signal. Convolution and 
deconvolution were performed by applying the convolution theorem, whereat numerical 
Fourier transformation and inverse transformation of discrete data was performed by using 
the commands implemented in MATLAB®. The obtained RTD were fitted to the CSTR in 
series model (equation 1) and the dispersion model (equation 2) using the method of least 
squares. The mean residence time τ was determined from the measured RTD. The mean flow 
velocity w for the dispersion model was calculated from τ and the tower length. Equation 2 
was solved numerically using the pdepe solver in MATLAB®. 

The particle size distribution q0 [1/m] for each time step was obtained by the Palas measuring 
device. The characteristic diameters d10,0 and d90,0 were calculated from the total q0 
distribution. For three classes (d < d10,0, d10,0 < d < d90,0, d > d90,0) the residence time 
distribution was calculated from the number of particles within a class at each time step.  

 

3. Results and Discussion 

3.1 Residence time distribution 
With increasing nozzle pressure the measured particle RTD becomes more narrow, as shown 
in the exemplary curves in Fig. 2.  
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Centrifugal 

   
Parallel 

   
∆p = 1 bar ∆p = 2 bar ∆p = 3 bar 

Fig. 2: Influence of nozzle pressure on RTD for centrifugal and parallel air distributor 

In the CSTR in series model, this can be seen in an increasing N (For centrifugal: N = 4.5– 
4.4 – 10.8, for parallel 3.4 – 7.0 – 8.4). Furthermore there is a decrease in mean residence 
time τ with increasing nozzle pressure (For centrifugal: 47.67 s – 45.84 s – 35.58 s, for 
parallel 53.75 s – 44.48 s – 37.05 s). The latter effect can be seen for both air distributors, 
whereas no significant difference between the centrifugal (●) and the parallel air distributor 
(♦) can be observed. It was expected that the centrifugal air distributor would lead to an 
increase in mean residence time.    

  
Fig. 3: Mean residence time τ (left) and number of ideal stirred tank reactors in series N (right) for 

centrifugal (●) and parallel (♦) air distributor at different nozzle pressures 
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The mean particle residence time is larger than the mean air residence time, which was 
calculated as 29 s at the given process conditions. The flow within a spray chamber can be 
described by different flow regimes with a fast main central gas jet and a slower flow close 
to the wall [9]. Due to an increasing nozzle pressure there is a higher acceleration of the feed 
by the pressurized gas and a decrease in spray cone angle. Therefore the amount of particles 
staying in the faster core jet is increased, which leads to the effects seen in Fig. 2 and Fig. 3. 
Modelling the flow pattern by using an only one- parametric model is possible, which 
indicates only little formation of different flow regimes at the tested process conditions.  

 
Fig. 4: Bodenstein number for centrifugal and parallel air distributor at different nozzle pressures  
The Bodenstein number Bo shows no clear dependency of the nozzle pressure and the air 
distributor and is approximately constant. The value of the Bodenstein number of 2 - 4 is in 
accordance with literature data [10]. 

If the measuring system and injection signal are both constant, variations in the RTD are due 
to variations in the process, e.g. spontaneous formation of vortices. The RTDs, fitted to the 
CSTR in series model, are shown in Fig. 5 for all 9 trials at 1 bar nozzle pressure. 

  
Fig. 5: Variations in RTD for parallel (left) and centrifugal (right) air distributor at 1 bar nozzle 
pressure.  

The RTDs measured with the parallel air distributor can be modelled by using N = 3 and 
N = 4. The mean residence time τ is in the range of 51.4 s to 57.4 s. The RTDs measured with 
the centrifugal air distributor show a larger variance with a N of 3, 4, 5 and 7 and τ from 41.4 
s to 57.1 s. The flow within the spray drying chamber caused by the centrifugal air distributor 
seems to be less stable and more susceptible to fluctuations as indicated by this larger 
variance.    
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3.2 Particle size dependent residence time distribution 
In Fig. 6 the RTDs from Fig. 2 are shown for different size fractions.  

Centrifugal 

   
d10,0 = 3.4 µm d90,0 = 8.1 µm d10,0 = 2.5 µm d90,0 = 7.0 µm d10,0 = 1.5 µm d90,0 = 3.9 µm 

Parallel 

   
d10,0 = 2.5 µm d90,0 = 7.5 µm d10,0 = 1.5 µm d90,0 = 4.9 µm d10,0 = 1.4 µm d90,0 = 4.2 µm 

∆p = 1 bar ∆p = 2 bar ∆p = 3 bar 

Fig. 6: Influence of nozzle pressure on RTD for different particle size fractions for centrifugal and 
parallel air distributor 

The mean particle size decreases with increasing nozzle pressure due to the reduction of 
initial droplet size. No significant difference between the RTDs of the different size fractions 
can be observed. Thus, the effects of an increasing nozzle pressure on RTD (see Fig. 3) are 
not caused by the decreased particle size. 

It was expected that different particle sizes will lead to different trajectories and therefore to 
different residence times [1]. As indicated by the small difference in between d10,0 and d90,0, 
the particle size distribution is narrow which might lead to no size fraction effects in the RTD 
being visible.  
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4. Conclusions 

The residence time distribution in a pilot plant spray dryer was characterised for different 
kinds of air distributors (centrifugal and parallel flow) as well as for different atomizing air 
pressures (1, 2 and 3 bar relative pressure). The measurement is based on a quasi-continuous 
acquisition of the particle concentration and size at the dryer outlet using a scattered light 
detector. The measured RTDs can be described by models with only one parameter, like the 
CSTR in series model, which indicates only little formation of different flow regimes at the 
tested process conditions. 

An increasing nozzle pressure leads to a decrease in mean residence time and a more narrow 
distribution but the mean particle residence time is larger than the mean air residence time. 
The influence of nozzle pressure is more pronounced than of air distributor and particle size 
fraction.  

In further studies the effect of a broader particle size distribution will be investigated. 
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Abstract 
The paper demonstrates microwave and convective drying processes in 
different combinations of kaolin cylindrical samples in laboratory scale. 
Analysis of the kinetics and sample temperature evolution show that the 
moment of application and electromagnetic field duration have the biggest 
influence on characteristics of the drying curve and quality of dried material. 
Dried samples were subjected to strength tests using the Brazilian method in 
order to determine the relation between its quality and different drying 
programs.  
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1. Introduction 

The use of microwave technology in industrial chemical processing has been developed 
since the 1970s. This is related to the general tendency to reduce production costs and care 
for the environment. One of the industrial processes using microwaves as a source of heat is 
drying. Microwave energy, alone or in combination with conventional energy sources 
(hybrid methods) enables precise control of the drying process in order to achieve higher 
efficiency and better product quality in the shortest possible time. In conventional drying, 
heat is transported to the surface of the material by conduction, convection or radiation and 
into the material through heat conduction. Moisture is initially evaporated from the surface, 
and the remaining water diffuses to the surface. This is often a slow process and the 
diffusion rate is limited. Process time is determined by the heat flow rate in the material 
from the surface, which depends on its specific heat, thermal conductivity, density and 
viscosity. Microwaves as a form of thermal energy, manifest themselves through their 
interaction with materials. The electromagnetic field initially interacts with the outer layers 
of the material. The inner part of the material is heated when the heat moves from the outer 
layers to the inside. Most of the moisture evaporates before leaving the material. If the 
material is very wet and the pressure inside is rapidly increasing, the fluid will be removed 
from the material due to the pressure difference. This creates a kind of pumping action that 
ejects the liquid to the surface, often in the form of steam. This results in very fast drying 
without the need to overheat the atmosphere and emit greenhouse gases from the heat 
source. The energy is transferred by the material to the electromagnetic way, not as a heat 
flux. Therefore, the heating rate is not limited, and the uniformity of heat distribution is 
significantly improved. 

In general terms, according to literature data, the group of materials processed using 
microwave energy includes: food, plants, textiles, wood, soils and other biological materials 
[n1]. Among the works concerning the use of microwaves in drying, one can find a group 
of publications regarding the use of dielectric heating in industrial processes [n2, n3, n4]. 
Another group of publications are purely experimental works concerning both kinetics and 
material quality [n5, n6]. The next set of works are articles binding theoretical modeling of 
the drying process with experiments [n7, n8, n9, n10]. In the works that take into account 
the issue of the quality of the dried material, the emphasis is mainly on the effect of 
reducing the mechanical properties. The papers [n11, n3, n5] mainly concern the theoretical 
analysis of volumetric, intermittent drying, which is to reduce the gradients of moisture 
distribution, and hence the smaller deformations of the dried products. The theoretical part 
concerns analysis of stresses generated during drying. In turn theoretical work [n12] 
contains a very detailed and advanced model of the dielectric drying process. 
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The presented work concerns the investigation of the influence of microwaves on drying 
kinetics and mechanical strength of kaolin after drying, as the estimation of the quality of 
microwave dried products only by surface examination may not be sufficient 

2. Materials and Methods 

The material used in the research was ceramic kaolin. A slurry was prepared with a 
moisture content of 0.4 kg/kgdb. Then a sample was formed with cylindrical geometry 
(diameter - 60 mm, height - 60 mm). In the dryer it is possible to control the speed and 
temperature of the air entering the chamber and the microwave power. Temperature 
measurements were made using optical fibers in two places: in the axis, half the height of 
the cylinder (Tin) and at a distance of 0.5 cm from the upper surface of the cylinder 
(Tout).The strategy of combining the above-mentioned drying methods used in this work 
was partly based on Schiffmann's proposal [n13]. 

As part of the work, seven different drying programs were carried out. The speed and 
temperature of the air entering the drying chamber were changed, as well as the stage in 
which the microwave energy process was supported (Table 1). The criterion of the end of 
the process was to obtain a sample moisture of 0.06 kg/kgdb. Regardless of the drying 
strategy, the critical moisture content corresponding to the theoretical boundary between 
the constant and decreasing drying rate, was on average 0.23 kg/kgdb. Additionally, the 
mechanical strength of the samples was analyzed using the Brazilian method. 

Table 1. Process data 
 v [m/s] T [°C] application of MW – 100 W 

Exp.1 3 80 - 
Exp.2 3 80 the whole process 
Exp.3 3 80 constant rate period 
Exp.4 3 80 falling rate period 
Exp.5 3 26 the whole process 
Exp.6 3 26 constant rate period 
Exp.7 2 26 the whole process 

 
1.1. Results and discussion 

As a graphical presentation of the process, the drying curves, the drying rate and the 
temperature of the material were presented, because these parameters show sufficiently the 
kinetics of the process. The first was to perform convection drying without microwave 
energy support (Fig. 1).  
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Fig. 1 Experiment 1. Fig. 2 Experiment 2. 

  
Fig. 3 Experiment 3. Fig. 4 Experiment 4. 

  
Fig. 5 Experiment 5. Fig. 6 Experiment 6. 
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The heating period is clearly visible, a period of constant drying rate at which the material 
temperature and the drying rate are constant and amount to 0.5 g/min. Then the process 
enters the second phase, the drying rate decreases and the temperature of the material 
increases. The final drying criterion is reached after five hours, the material temperature 
reaches 73°C. In the sample photograph taken after the end of the process (Fig. 1d), a 
surface crack running circumferentially about 0.5 cm under the edge of the upper surface of 
the cylinder can be seen. Fig. 2 illustrates the course of the process with continuous 
exposure of the material to the microwaves. The total drying time is three times shorter and 
the drying speed in the first phase is twice as high as in Exp. 1. Also, the temperature of the 
material being subjected to microwave treatment is higher and amounts to 52°C during a 
constant drying rate. At the end of this phase, the drying rate increases rapidly, and after 
reaching critical moisture content, it decreases to the end of the process. The material 
temperature reaches 103ºC. Small circumferential cracks can be seen on the side of the 
sample. A further drying strategy is shown in Fig. 3. Microwave energy enhances 
convective drying during heating and constant drying rates. After turning off the microwave 
generator, the drying rate and material temperature decreases accordingly, however, 
because the average moisture content in the material has not yet reached the critical value, 
the phase of the constant drying rate is continued, but under conditions with Exp. 1. At the 
end of the process, the material temperature reaches about 77ºC. In the upper part of the 
cylinder, a distinctive characteristic circumferential crack was again created without a net 
of smaller cracks.  

In Experiment 4, microwaves were used during the decreasing drying rate of the period 
(Fig.4). Initially, the drying rate was 0.5 g/min (according to data from Exp.1), after turning 
on the microwave generator the drying rate increased sharply with the increase of the 
material temperature. Then, with the decrease of the moisture content, the drying rate 
decreased and the material temperature reached 120 ºC at the end of the process. The dried 
sample according to this strategy has been destroyed. In addition to the crack located 
circumferentially in the upper part, a deep circumferential fracture in the middle of the 
heights dividing the sample into two parts appeared. 

The next three processes were carried out with the heater turned off. In Exp. 5 (Fig.5), the  

energy of the electromagnetic field enhances the entire process. The total drying time 
increased in relation to a similar process, but with the heater turned on (Exp.2). The 
material temperature during the constant drying rate was 55 °C. As in the case of 
Experiment 2, the mass flux doubled in the final stage of the constant drying rate and then 
the temperature of the material reached a maximum value of 102 °C. The dried sample was 
free of any defects visible to the naked eye. 

In Experiment 6 (Fig.6), the microwaves were turned on during the heating period and the  
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constant drying rate. The drying rate was maintained at 0.5 g/min. After switching off the 
microwaves, it decreased to 0.15 g/min and was maintained until critical humidity was 
reached and then decreased. The temperature of the material was maintained at about 50 °C 
in the first drying period, then it dropped after switching off the microwaves to the 
temperature of the drying medium, i.e. around 25 °C. The sample, similarly to the previous 
process, has no scratches or cracks potentially weakening the material. 

In the last process the air velocity was reduced from 3 m/s to 2 m/s. Reducing the speed of 
the drying medium caused the temperature of the wet thermometer to increase by 5 °C 
compared to a similar process with higher airflow (Exp. 5). However, the remaining 
process parameters such as the total drying time and the mass flux rate remained 
unchanged. A few small scratches are visible on the surface of the dried sample. 

Analyzing the temperature curves of the dried sample (Fig. 1c-6c), some characteristic 
steps can be observed. They illustrate how to use the energy delivered to the material by 
convection, with microwaves or in combination. During the heating period, the temperature 
of the material and water contained in it increases (sensible heat). At the same time, in the 
final phase of the heating period volatile substances start to evaporate (latent heat). The 
start of the evaporation process therefore slows down the temperature increase. Next comes 
the equilibrium stage - constant temperature of the material. Latent heat of evaporation 
absorbs most of the energy. The process is in the constant phase of the drying rate. The next 
stage of the temperature rise occurs due to evaporation of most volatile components. 
Sensible heat absorbs most of the energy supplied. A phase of decreasing drying rate 
follows. The drying process from the point of view of mass transport is best illustrated by 
the drying rate curves (Fig. 1b-6b). In strategies with continuous microwave assist (Exp. 2, 
5, 7), a sudden increase in mass flux was noted at the final stage of the constant drying rate 
period when the evaporation surface moves back into the material. The temperature and 
pressure in the pores increase, which results in a temporary acceleration of the rate of 
moisture removal from the deeper layers of the material. This effect is not observed in a 
conventional process. After a sudden increase, the temperature stabilizes and the process 
enters the final stage of decreasing speed. Then the water remains are removed from the 
deeper layers of the material. The moisture diffusion path in the pores lengthens and the 
capillary processes play a greater role in mass transport. 

In the visual assessment of the dried samples, a characteristic circumferential crack is 
always observed near the upper surface of the cylinder in the case of drying with hot air. 
This is the result of the greatest drying stresses occurring there. The destructive power 
determined in the Brazilian test is also lower in these processes: 350 N (Exp.1), 280 N 
(Exp. 2), 320 N (Exp. 3), than in processes without convection heating: 530 N (Exp 5) and 
450 N (Exp 7). 
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2. Conclusions 

The use of microwaves during drying results in undoubtedly shortening the drying time, but 
also an increase in temperature, which is not always beneficial. The application of 
microwave energy in the phase of decreasing drying rate (one of Schiffmann's proposals) 
does not work in the case of brittle materials with the geometry used in this work. 

The drying strategies used in this work have a significant impact on both the drying time 
and the final quality of the product.It turns out that the best strategy due to the drying time 
and the quality of the material is the use of microwave support throughout the process, but 
without convection heating. The drying time has been shortened and the quality improved 
compared to conventional drying. These tests do not provide enough information when and 
how long to turn on microwaves to achieve optimal results. They only indicate that it is 
possible to shorten the process time and even improve the quality of the material. 

 
3. Nomenclature  

 
T temperature °C 

W moisture content kgkgdb
-1 

Q drying rate gmin-1 

Subscripts 

in inside  

out outside  

db dry body  

 
The paper was developed under project no. 03/32/DSPB/0805 financed by the Poznań University of 
Technology. 
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Abstract 
Algae drying was carried out using Vacuum Tray Dryer and an Innovative 
Solar Conduction Dryer. Algae was dried in a Vacuum Tray Dryer at 60°C 
under varied pressure conditions and makes use of specially designed double 
condenser system. The open sun drying and solar conduction dryer (SCD) 
was also used for algae drying. Comparison between open sun drying and 
solar conduction dryer were done and it was found that the solar conduction 
dryer gives high performance than the open sun drying. It was also found 
that, the conductive heat transfer mode plays a crucial role in the solar 
conduction dryer. 

 

Keywords: Vaccum Dryer; Solar Conduction Dryer; Algal Drying. 
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1. Introduction 

Algae is a potential source of high-value products such as pigments, nutraceuticals, and 
protein-rich biomass as food supplements. Microalgae have the following advantages over 
terrestrial plants: 

1. Microalgae has less growth in fresh water than saline or contaminated water. 

2. Microalgae has less competition with food for arable lands but can be cultured in seas or 
in ponds or barrain lands [1].  

3. Microalgae can grow faster and also accumulate oil more efficiently than higher plants 
and oilseed crops [2,3].  

4. Microalgae can also produce valuable raw materials which are its coproducts (e.g., 
proteins, pigments, unsaturated fatty acids, carotenoids, and vitamin) [4], used in the animal 
feed, food, cosmetics, and pharmaceutical industries. 

5. Microalgae can convert CO2 into biomass with a high efficiency of CO2 utilization [5,6]. 
In general, 1.83 kg CO2 consumed gives 1kg of dry biomass of CO2.[3]  

Production of these high-value products from algae requires dry algal biomass with 
moisture less than 10 % [7]. Drying of algae is also essential for storage since harvested 
algae slurry is perishable and can spoil within a short time. However, microalgae in 
cultivated medium has low biomass concentration (0.1-1% w/w) and mechanical 
dewatering of algae in the cultivated medium can produce algae slurry having 20-30% w/w 
algal biomass [8,9]. 

In this paper we shall be going through the various drying methods that have been 
attempted and the drying kinetics comparison study being carried out. 

 

2. Materials and Methods 

The harvested and dewatered algal biomass was obtained from Reliance Industries Limited. 
The centrifuged algae was collected in a can and transported to Institute of Chemical 
Technology, Mumbai, India and stored in the refrigerator at 4°C until the drying 
experiments to prevent putrefaction. Before experiments, the slurry was brought back to 
ambient conditions. Trials were conducted in a Teflon coated plate of dimensions 21 cm x 
27 cm x 5 cm. Trials conducted in Vacuum Tray Dryer and Solar Conduction Dryer. 
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2.1. Vacuum Tray Dryer 

It is a conventional vacuum tray dryer manufactured by Salvis Lab, which originally had a 
single condenser for condensing the vapours generated in the dryer. The operating 
temperature was 60°C, hence the single condenser was inefficient in condensing and 
therefore a second condenser was added to it. The condensers were attached to a chiller 
whose temperature was maintained at 4°C. The condenser was attached to a measuring 
cylinder, where the volume collected is measured. A flask containing silica gel was placed 
between the vacuum pump and cylinder, which acted a water trap, to prevent the 
uncondensed water from entering into the vacuum pump. The sample was dried over a 
pressure range of 30-50 mbar.  

The samples were weighed and taken in the Teflon coated plate and kept for drying. The 
tray dryer and chiller were first allowed to attain the desired temperature of 60°C and 4°C 
respectively. The sample was then loaded to the dryer and a vacuum pressure applied. The 
water collected in the measuring cylinder was noted at a regular interval of 10 minutes. 
However, the rate of drying drastically reduces after 8 hours, and the water collected in the 
measuring cylinder barely increases by a milliliter even after 30 minutes. 

 

2.2. Solar Conduction Dryer 

An innovative Solar Conduction Dryer (WO2014097307A1) [10] was used for drying the 
sample. “The dryer comprises a radiation absorbing heat conducting surface, and a 
convection channel formed by a radiation controlling cover over the conducting surface” 
[10]. The solar drying experiment took place in Mumbai (19.0239° N, 72.8575° E), India. 
The sample was loaded in a Teflon coated plate, weighed and kept inside the dryer, whose 
loss in weight was measured at a regular interval of 30 minutes. The other parameters that 
were measured and noted included the surface temperature of algae, surface temperature of 
the conduction plate and the atmospheric temperature using an infrared thermometer gun. 
Experiments were carried out between 09:00 hours and 16:00 hours on sunny days in the 
month of December 2017. At the end of the day (16:00 hours), the partially dried sample 
was covered with an aluminum foil and kept inside a drawer, for continuing the drying 
study the subsequent days. The drying experiment was continued till no change in weight 
was observed. 

3. Mathematical Models 

3.1. Thin-layer Drying Model 

The thin-layer model is usually represented by the equation in terms of drying parameters 
to characterize the changes of the mean moisture content of food product during drying. 
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The parameters that account for the combined effect of various transport phenomena in the 
drying process can be determined from the graphical method [11-12]. It can be expressed as: 

0 exp( )k ktφ = −         (1) 

where k0 and k represent the lag factor and drying constant of food product, respectively. 
The moisture diffusion coefficient, Deff can be obtained from the following expression: 

2

2
1

d
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µ

=                              (2) 

Where Ld is the moisture diffusion path and µ1 is the characteristic parameter which can be 
obtained from the equation: 
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where Bim represents the Biot number for mass transfer. The (µ1)∞ is the value of µ1 at Bim = 
∞. The values of the constants (µ1)∞=1.5708; A1 = 2.24; p = 1.02, considering the algae to 
be a slice inside the plate. The Biot number can be obtained in terms of lag factor, k0 of 
drying characteristic curve using following relation [13]: 
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                     (4) 

Knowing the value of Deff, the convective mass transfer coefficient, hm can be calculated 
from the standard relation 

eff
m m

d

D
h Bi

L
=          (5) 

The characteristic parameters µ1 and Biot number Bim computed from respective Eqs. (3) 
and (4) are used in Deff and hm estimation. 

4. Results and Discussion 

Figure 1 shows the dimensionless moisture content against drying time for the repeated 
experiments under a varied vacuum pressure of 30 millibar and 50 millibar in the vacuum 
tray dryer having an initial weight of 200 gm at 60 °C. 
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Figure 1. Variation in drying time with the change in vacuum applied 

Table 1. Results of mass transfer co-efficients (Deff and hm) & Biot number (Bim) for the 30 mbar 
and 50 mbar pressure. 

 30 mbar 50 mbar 
Biot Number 1.435 x 10-4 8.951 x 10-5 
Deff (m2/s) 9.451 x 10-8  8.043 x 10-8  

hm (m/s) 2.296 x 10-4  1.074 x 10-4
  

 

As it can be seen that by reducing the vacuum pressure from 50 millibar to 30 millibar, the 
drying time reduces and hence there is an increase in the drying rate. This fact is 
quantitatively reflected in the values obtained in Table 1. 

Figure 2 shows the dimensionless moisture content against drying time for the open sun and 
solar conduction dryer for 200 gm algae slurry. As expected, solar conduction dryer gives 
higher performance than the solar conduction dryer. Solar conduction dryer takes less time 
than the open sun drying to achieve the required moisture content. Effective diffusivity 
(Deff), mass transfer coefficient (hm) and mass transfer Biot number (Bim) values are 
depicted in Table 2. These values suggests that the solar conduction dryer gives higher 
performance than the open sun drying. 
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Figure 2. Comparison between the performance between open sun drying and solar 
conduction dryer for algae drying 

Table 2. Results of mass transfer co-efficients (Deff and hm) & Biot number (Bim) for open sun 
drying and Solar Conduction Drying. 

 Solar Conduction Dryer Open sun drying 
Biot Number  5.517 x 10-5 6.56 x 10-5 

Deff
 (m2/s) 1.355 x 10-7 1.24 x 10-7 

hm (m/s) 8.826 x 10-5 8.04 x 10-5 

 

5. Conclusions 

Algae drying was done by using various methods such as vacuum, open sun drying and 
solar conduction dryer. Vacuum drying suggests that, by reducing the pressure there was 
reduction in the drying time. At low pressure, the value of effective diffusivity and mass 
transfer coefficient were higher. Comparison between open sun drying and solar conduction 
dryer was done. It was found that, the performance for solar conduction dryer was higher 
than the open sun drying. The performance was checked on the basisi of effective 
diffusivity and mass transfer coefficient. Comparison between the solar conduction dryer 
and vaccum dryer suggests that the time required for Solar Conduction Drying is longer 
than Vacuum Tray Drying, however the operation cost for Solar Conduction Drying is 
negligible. 

 

1796

http://creativecommons.org/licenses/by-nc-nd/4.0/


Bheda, B.; Shinde, M.; Ghadge, R.; Thorat, B N. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

6. References 
[1] Rubin, E. S.; Mantripragada, H.; Marks, A.; Versteeg, P.; Kitchin, J.; The outlook for 

improved carbon capture technology, Progress in Energy and Combustion Science, 
38(5), 630–671 (2012). 

[2] Spolaore, P.; Joannis-Cassan, C.; Duran, E.; Isambert, A.; Commercial applications of 
microalgae, Journal of Bioscience and Bioengineering, 101(2), 87–96 (2006). 

[3] Yusuf, C.; Biodiesel from microalgae, Biotechnology Advances, 25(3), 294–306 
(2007). 

[4] Scott, S. A.; Davey, M. P.; Dennis, J. S; Horst, I.; Lea-Smith, D. J.; Smith, A. G.; 
Biodiesel from algae: Challenges and prospects, Current Opinion in Biotechnology. 
21(3), 277–286 (2010).  

[5] Shelef, G.; Sukenik, A.; Green, M. Microalgae harvesting and processing: a literature 
review, (0), (1984). 

[6] Khan, S. A.; Rashmi.; Hussain, M. Z.; Prasad, S.; Banerjee, U. S.; Prospects of 
biodiesel production from microalgae in India, Renewable and Sustainable Energy 
Reviews, 13(9), 2361–2372 (2009). 

[7] Brennan, L.; Owende, P.; Biofuels from microalgae—A review of technologies for 
production, processing, and extractions of biofuels and co-products. Renewable and 
Sustainable Energy Reviews 14, 557-577 (2010) 

[8] Hannon, M.; Gimpel, J.; Tran, M.; Rasala, B.; Mayfield, S.; Biofuels from algae: 
challenges and potential, Biofuels, 1(5), 763–784 (2010).  

[9] Bhujade, R.; Chidambaram, M.; Kumar, A.; Sapre, A; Algae to Economically Viable 
Low-Carbon-Footprint Oil, Annual Review of Chemical and Biomolecular 
Engineering, 8(1), 335–357 (2017).  

[10] Michael, H.; Javier, G.; Miller, T.; Beth, R.; Stephen, M.; Biofuels from algae: 
challenges and potential. Biofuels 1(5), 763–784 (2010). 

[11] Tidke, V.; Thorat, B.N.; Kokate, S.; Solar Dryer, WO2014097307A1, (2012). 
[12] Dincer, I.; Dost, S; A modelling study for moisture diffusivities and moisture transfer 

coefficients in drying of solid objects. International journal of energy research 20, 531-
539 (1996). 

[13] Tripathy, P.P.; Kumar, S; A methodology for determination of temperature dependent 
mass transfer coefficients from drying kinetics: Application to solar drying. Journal of 
Food Engineering 90, 212-218 (2009). 

[14] Pflug, L.J; Blaisdell, J. L; Methods of analysis of precooling data. ASHRAE journal 5, 
33-40 (1963). 

1797

http://creativecommons.org/licenses/by-nc-nd/4.0/


http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7772 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

The influence of ethanol on the convective drying and on the 
nutritional quality of dekopon slices 

 

Mello-Junior, R. E.a*; Resende, N. S.a; Corrêa, J. L. G.a; Pio, L. A. S.b; Carvalho, E. E. 
N.a 
a Department of Food Science. Federal University of Lavras, Minas Gerais, Brazil. 
b Department of Agricultural. Federal University of Lavras, Minas Gerais, Brazil.  
*E-mail of the corresponding author: ronaldo_uba@hotmail.com 
 

Abstract 
Dekopon or Hallabong (Citrus reticulate “Shiranui”) is a hybrid fruit that 
belongs to the citrus fruits. The scientific and commercial interests in 
dekopon is due to its nutritional composition. The objective of the study was 
to verify the influence of ethanol as a pretreatment in reducing drying time as 
well as maintaining nutritional quality (vitamin C, total phenolic compounds, 
and antioxidant activity) of dekopon slices. The drying with ethanol at 70 °C 
promoted the greatest reduction in drying time, but the processed pretreated 
samples at 50 °C presented the highest level of nutritional quality 
parameters. 

 

Keywords: drying time; vitamin C; phenolic compounds; antioxidant activity. 
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1. Introduction 

The vitamin C, consisting of ascorbic and dehydroascorbic acid, is widely found in fruits 
and foods, being characterized by its instability to technological processes [1, 2]. There are 
also other health-promoting substances, such as phenolic compounds, which are secondary 
metabolism in plants that have been identified as major antioxidants in fruits [3]. Those 
compounds are present in the fresh form of fruits and vegetables, especially in citrus fruits. 
Dekopon (Citrus reticulata “Shinarui”) is among the citrus fruits. It is a cross between 
Kiyomi (Citrus uses Marcov. x Citrus sinensis Osbeck) and Ponkan (Citrus reticulata 
Blanco). The commercial value of dekopon is due to its sweet taste and pleasant aroma [4, 5]. 

Generally, fruits and vegetables in their fresh form show high moisture content and water 
activity, providing high degradation rates which may cause significant postharvest losses. 
To minimize these effects, various processing techniques can be used, as drying. 
Convective drying is a simple but time consumer process with consequent high energy 
demand. High temperatures reduce the drying time, but could carry out to food quality and 
nutritional composition reduction [6]. In order to minimize the negative effects of drying, 
some pretreatments such as ultrasound [7], osmotic dehydration [8] and ethanol application in 
the environment and on the surface of the samples are commonly used [9, 10]. 

The aims of this work were to (i) investigate the effects of the immersion of the samples in 
ethanol on drying time, (ii) examine the influence of ethanol and drying temperature on 
phenolic compounds content, vitamin C and antioxidant activity. 

 

2. Materials and Methods 

 

2.1. Sample preparation 

Dekopon (Citrus reticulata “Shinarui”) were selected based on uniform maturation 
characteristic with peel color. The fruits were washed and sanitized with sodium 
hypochlorite solution [11] and stored at 7 °C (±2 °C) until the beginning of each experiment. 
The moisture content of the fresh dekopon (method 934.06, AOAC (2005)) was 5.92±0.01 
kg H2O kg-1 d.b. 

For the experiments, the samples were peeled manually, eliminating the edges of the fruit. 
Samples were sliced with the aid of a stainless steel knife and a cutter so as to standardize 
the size of the slices. After cutting, the dekopon slices presented standardized dimensions 
3.27±0.32 mm x 60.54±1.12 mm (thickness x diameter) and were measured using a digital 
caliper (Western, DC-60 model, Zhejiang, China). 
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2.2. Convective drying 

The convective drying was performed in a tunnel dryer (Eco Engenharia Educacional, 
MD018 model, Brazil) The mass variation of samples during the drying was monitored 
using a digital balance (Marte Científica, AD33000 model, Brazil) (accuracy± 0.01 g) 
coupled to the sample holder allowing to obtain the kinetics of drying. In each experiment, 
145.113±5.862 g of fresh fruits (totaling five slices) were dried. The process was performed 
until an average final moisture content of 0.235±0.054 kg H2O kg-1 d.b.  

The drying process followed a 2x2 factorial design to study the effects of air temperature 
variation (50 and 70 °C) [11] and the immersion or not of the samples in ethanol, as a 
pretreatment. Air velocity was keep at 2.00 m s-1 [12]. Pretreatment samples were completely 
immersed in 95% ethanol in a petri dish for 10 s [13] in a ratio sample/ethanol of 1:1 
(weight/weight) approximately. The moisture content of the dried dekopon was determined 
according to the AOAC (2005). The water activity (aw) determination was performed in a 
hygrometer (Aqualab, 3-TE model, Decagon Devices, Inc., Pullman, WA, USA).  

 

2.3. Quality analysis 

The total phenolic compounds were quantified using an adaptation of the method of Folin-
Ciocalteau. Quantification was performed by spectrophotometer reading at 750 nm and the 
results expressed in mg of gallic acid.100 g-1 dry matter [14].  

The ascorbic acid (vitamin C) determination was performed by the colorimetric method, 2,4 
dinitrofenilhidrazina [15] and the results expressed as % retention of ascorbic acid in the dry 
product, according to Eq. 1 

100*
samplefresh  in the ácid ascorbic g

sample dehydrated in the ácid ascorbic gn%retetntio 







=    (1) 

 

The total antioxidant activity (AAT) by DPPH (2,2-diphenyl-1-picrylhydrazyl) [16]. The 
results are expressed as % sequestration. The percentage of sequestration expresses the 
ability of the food to inhibit the action of the reactive species present in the DPPH radical.  

 

2.4. Statistical analysis 

All analytical determinations were performed in triplicate. Parameter values are expressed 
as the means±standard deviation. The results were analyzed using analysis of variance 
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(ANOVA) and the Tukey test at 5% significance to compare the mean values using Statistic 
(Statsoft, Tulsa, USA). 

 

3. Materials and Methods 

 

3.1. Convective drying 

The Fig. 1 shows the evolution of drying of dekopon slices treated and unpretreated with 
ethanol, at 50 and 70 °C. The drying time for the pretreated fruits to reach a final moisture 
content of 0.235±0.051 kg H2O kg-1 d.b was 300.33±0.95 and 1193.33±0.64 min for 70 and 
50 °C respectively. For the untreated samples the total drying time was 343.33±0.91 and 
1540.00±0.83 min for 70 and 50 °C respectively. 

 

 
Fig. 1 Evolution of moisture content of treated ethanol immersion and untreated dekopon at 50 e 

70 °C. 
 

The experiments at 70 °C with pretreatment and without pretreatment did not obtain a 
significant difference between them (p>0.05), presenting times of 303.33±2.49ª min and 
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343.33±2.65ª min, respectively. However, these experiments differed statistically from the 
others (p<0.05), in addition, the experiments at 50 °C with pretreatment and without 
pretreatment showed a statistical difference between them (p<0.05), reaching a final 
processing time of 1193.33±3.46b min and 1540.00±1.73c min. These data demonstrate the 
effectiveness of the application of ethanol to the samples of dekopon slices as well as the 
increase of the drying air temperature with respect to the reduction of the total process time, 
which can bring benefits mainly in the energy economy. The use of ethanol in direct 
contact with the sample, as pretreatment to convective drying, was studied by [10] during the 
drying of banana having the same effect in relation to the increase of the diffusivity 
allowing the pretreated experiments to present a lower drying time. With the application of 
the ethanol under the sample, a homogeneous mixture is formed (ethanol has hydroxyl that 
binds with water by hydrogen bond) and this mixture presents a higher vapor pressure when 
compared to the solution without ethanol, justifying the reduction of the drying process [10, 
11, 17]. As the temperature of the air increases, a higher rate of drying occurs due to the 
greater mobility that the water reaches inside the pores, reducing the internal resistance to 
the transport of moisture [7], and similar results are found in the literature [18, 19]. 

The aw is an important parameter in food preservation and the results have proved the 
efficiency of the drying process in reduced the values. The fresh samples presented aw of 
0.97±0.02a, differing from the others (p<0.05). The experiments at 50 °C with pretreatment, 
and without pretreatment, as well as those of 70 °C with pretreatment and without 
pretreatment,  presented aw of 0.36±0.05b, 0.37±0.03b, 0.38±0.05b, and 0.360±0.021b 
(p>0.05), respectively, according to literature [20]. 

 

3.2. Quality analysis 

The effect of air temperature drying and ethanol immersion on the phenolic content, 
vitamin C retention and total antioxidant activity of dekopon slices dehydrated are showed 
in Table 1. 

 

Table 1. Phenolic content, vitamin C retention and total antioxidant activity in dekopon slices 
dehydrated 

Conditions Phenolic  
[mg 100 g-1] 

AAT 
[%sequestration] 

Vitamin C 
[%retention] 

50 °C, pretreated 766.67±10.25a 74.80±0.12a 39.09±0.91a 

50 °C, untreated 642.89±6.14b 59.06±1.14b 32.45±0.04b 
70 °C, pretreated 622.16±6.06bc 51.71±0.59c 30.71±0.03c 
70 °C, untreated 609.75±4.77c 49.54±0.80d 28.85±0.09d 

Different letters mean significant difference (p<0.05). 
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The reduction of bioactive compounds in foods and the degradation of phenolic are usually 
pointed as drying disadvantages. The lowest phenolic compounds, percentage of retention 
of vitamin C and total antioxidant activity were found in the experiments at 70 °C. By the 
drying, the polyphenols could have interactions with other compounds or have their 
chemical structure changed [3]. Temperature have a negative effect on phenolic [21]. The 
increase in temperature also brings reductions in the vitamin C, a thermosensitive 
compound [22]. In addition, the effect of the use of ethanol was clearly evidenced. The 
higher retention and antioxidant activity were found with the use of ethanol. Moreover, one 
can see that those indexes were more relevant at lower temperatures. For example, the 
antioxidant activity was 26.7% higher by the use of ethanol at 50 ºC whereas it was 4.4 % 
higher by the same use at 70 ºC. The alcohol causes a more intense evaporation of water, 
reducing the time of exposure of the sample to the drying process, minimizing the effects of 
temperature under the quality parameters analyzed [23]. 

 

4. Conclusions 

The immersion in ethanol and the use of higher temperatures lead to shorter drying time. In 
addition, the quality compounds analyzed had greater preservation in the experiment at 50 
°C and with application of ethanol, evidencing the importance of the use pretreatment as 
well as the choice of the range temperature process. 
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Abstract 
The aim of this work was to evaluate the influence of vacuum application on 
the phenolic acid content of osmodehydrated eggplant, carrot and beetroot 
samples. The contents of catechins and chlorogenic acid were determined by 
HPLC analysis. Changes in the contents of phenolic acids after the osmotic 
processes were observed. It was found a reduction in catechins and 
chlorogenic acids, probable due to the migration and degradation losses. In 
a general way, the vacuum reduced the catechin and chlorogenic acid 
contents, compared to the osmotic dehydration at atmospheric pressure.  

 

Keywords: Pulsed vacuum osmotic dehydration; chlorogenic acid; catechins. 
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1. Introduction 

The osmotic dehydration (OD) is a technique that provides partial water removal from a 
food product, with low energy consumption by been carried out at room or moderate 
temperatures [1]. It is based on the immersion of pieces of fresh fruits or vegetables in a 
hypertonic solution. The process involves simultaneous counter-current water diffusion 
from the food to the solution and solute diffusion into the food, under the influence of 
osmotic pressure gradient [2,3]. It is considered a pretreatment to many processes and 
preserves physical, chemical and sensorial characteristics of food with few changes on its 
integrity [4,5].  

A mass transfer rate increase can be achieved with the vacuum application in the beggining 
of the OD, in a process presented as pulsed vacuum osmotic dehydration (PVOD) [6]. The 
reduction in the pressure causes liberation of the ocluded gases in the pores of the fruit and 
vegetables making them expelled, due to the action of hydrodynamic mechanisms (HDM) 
enhanced by pressure difference, increasing the surface area for mass transfer [7–9]. 

The PVOD process is related to the intensification of water loss and solid uptake, compared 
with OD. Besides this two mass fluxes, the lixiviation of some nutrients affect qualitatively 
the nutritional and functional properties of the food subjected to this process [6–8]. 

As the water is removed, some water soluble constituints, as vitamins and phenolic acids 
are lixiviated, implying in significative nutritional losses [10]. The vegetables are source of 
bioactive compounds, among them, the phenolic acids. They confer antioxidant properties 
and are therefore indicated for the treatment and prevention of cancer, cardiovascular 
disease and other diseases [11]. This work aimed to evaluate the effect of different vacuum 
pressures applied in the OD of eggplant, carrot and beetroot slices in the phenolic acid 
content. 

 

2. Materials and Methods 

2.1 Sample and osmotic solution preparation 

Fresh eggplants (Solanum melongena L.), carrots (Daucus carota L.) and beetroots (Beta 
vulgaricus L.) were purchased in a local market (Lavras, MG, Brazil) and stored in a 
refrigerator at 8 ± 1 ºC before the experiments.  

All of the vegetables were washed with tap water, peeled and sliced (2.00 cm length x 2.00 
cm width x 0.40 ± 0.03 cm thickness) using a stainless steel mold. The ternary osmotic 
solution was prepared with distilled water, sucrose (40 kg 100 kg-1 (w/w)) and sodium 
chloride (10 kg 100 kg-1 (w/w)).  
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2.2 Osmotic processes 

The osmotic processes were performed in an osmotic dehydrator with temperature and 
inner pressure control (Fig 1) [8] 

 

Fig. 1 Vacuum pulse osmotic dehydration device. 1 - inside osmotic dehydrator, 2 – thermal jack; 
3 - outlet of thermal jacked section 4 - output to remove osmotic solution, 5 - motor coupled to the 

blade inside dehydrator to promote agitation; 6 - vacuum pump. 

 

The experiments were conducted in three different conditions and the total time of the 
osmotic process was 300 min. Part of this time, in the beginning of the process (10 min), 
could involve vacuum pulse application, followed by atmospheric pressure restoration (755 
mmHg). The treatments are presented in the Table 1. 

 

Table 1. Experimental conditions 
Treatment Conditions 

1 OD (absolute pressure = 755 mmHg) 
2 PVOD (absolute pressure = 455 mmHg)  
3 PVOD (absolute pressure = 155 mmHg) 

 

The processes temperature was set at 35 ± 1 ºC and the ratio of solution to vegetable was 
1:10 (w/w). After the osmotic processes, the samples were removed from the solution and 
immersed in a bath of cold distilled water during 10 s to stop the osmosis and to remove 
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solution excess. The surface of the samples was gently wiped with absorbent paper, and 
they were weighed and submitted to moisture content determination [12] and 
cromatography analyzes. All the experiments were performed in four replicates. 

 

2.3 Chromatography analyses 

The polyphenols for high performance liquid efficiency chromatography (HPLC) were 
extracted using 2.5 g of pulp and 20 mL solution containing 70% methanol in water (v/v) 
[13]. Briefly, the samples were homogenized and placed in an ultrasonic bath at 20 ºC for 
60 min. The extracts were centrifuged at 1400 g for 15 min at 4 ºC and filtered through 
Whatman nº 2 filter paper. The extracts were again filtered with regenerated cellulose filters 
0.45 μm (Millipore, Bedford, MA, USA) and stored at −18 °C until the analyses. 

The chromatographic analyses were performed using an Ascentis C18 5-lm (250 mm x 4 
mm) column. The mobile phase consisted of 2% (v/v) acetic acid in water (mobile phase A) 
and 70:28:2 methanol/water/acetic acid (mobile phase B), set to a flow rate of 1.0 mL min-
1 and conducted using a gradient elution programme and a 65 min run time. The injection 
volume was 20 µL. Analyses were performed at 15 ºC. The phenolic compounds generated 
a UV–Vis spectral result in the HPLC chromatogram at 280 nm. Quantitative determination 
of compounds was conducted by comparison with dose–response curves based on m/z data 
from authentic standards of individual polyphenols [14]. The results of three replicates were 
expressed as mg 100 g-1 (d. b.). 

 

2.4 Statistical analyses 

The results were subjected to analysis of variance (ANOVA) using software STATISTICA 
8.0® (Statsoft, Tulsa, USA). Tukey’s test was used to compare means at the 5% 
significance level (p < 0.05). 

 

3. Results and discussion 

For the identified phenolic acids, significant differences after the osmotic processes (p ≤ 
0.05) have been found (Table 2) for all the vegetables.  

According to the Table 2, catechin was identified in all the different vegetables, with higher 
concentration in beetroot samples, followed by carrot and eggplant. The chlorogenic acid 
(5-O-caffeoyl-quinic acid; CQA) was observed only in the eggplant samples. 

A reduction in the catechin content was observed for all osmodehydrated vegetables (Table 
2). This occurred probable due to the migration and lixiviation losses, that are related with 
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the mass transfer during the osmotic dehydration. It is well known that as the water is 
removed from the products (due to the osmotic pressure gradient between the material and 
the osmotic solution), some water soluble compounds also migrate from the cell tissue to 
the liquid media [15–17]. For the beetroot samples, the catechins were lightly preserved in 
the treatment 2 (PVOD with absolute pressure of 455 mmHg) (Table 2).  

 

Table 2. Phenolic acid content of fresh and osmodehydrated vegetables [mg 100 g-1] (d.b.) 
Treatments Fresh 1 2 3 

Catechin 
Eggplant 21.26±1.66a 12.22±1.24b 13.42±0.61b 2.40±0.15c 
Carrot 36.89±2.89a 28.72±1.44b 31.42±2.06b 21.09±0.10c 
Beetroot 215.48±4.31a 90.17±3.93c 116.67±4.20b 75.17±2.88d 

Chlorogenic acid 
Eggplant 367.71±11.43a 219.07±11.42b 183.17±8.29c 82.92±3.62d 
Average value ± standard deviation. Mean followed by different letters in the row differs 
significantly (p < 0.05), according to Tukey's test. 

 

Comparing the catechin content in fresh and osmodehydrated blueberries [18] also 
observed significant reduction in its retention. They concluded that the vacuum application 
reduced the catechin content, compared with OD treatment. 

Studies indicate that the main phenolic compound in the eggplant is the chlorogenic acid 
[19]. Its content was reduced in PVOD treatments by 50-75 % (Table 2). This phenolic 
compound is a hydroxycinnamic acid derivative, and such a reduction occured probable due 
to the mass transfer intensification when the vacuum was applied [20-22]. Nevertheless, the 
losses of this polyphenol acid was also observed in OD treatment. This indicates that 
besides the losses by lixiviation, some oxidative and hydrolytic modifications were 
observed.  

According to the Table 2, the vacuum application implied in a pronounced phenolic 
reduction, compared to the OD. The retention in phenolic compounds are desirable, once 
they present a wide range of biological activities, related to the risk decrease of heart and 
neurodegenerative diseases, and certain forms of cancers [23]. 
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4. Conclusions 

The osmotic dehydration of vegetables (eggplant, carrot and beetroot) was achieved in 
different conditions. It was observed changes in the phenolic acid contents after the osmotic 
processes. It was found a reduction in catechins and chlorogenic acids, probable due to the 
migration and degradation losses. In a general way, the vacuum reduced the catechin and 
chlorogenic acid contents, compared to the OD. It was concluded that the osmotic process 
(under vacuum or atmospheric pressure) reduces the analyzed phenolic acid content. 
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Abstract 
The purpose of this study is to analyze the changes of drying efficiency 
according to the inflow conditions of outside air into the drying equipment 
during the drying process in order to reduce the energy used in the drying 
process of sludge. We conducted the experiment using a vertical thin film 
dryer. Materials used for the experiment are sewage sludge. As a result of the 
study, higher drying efficiency was obtained in the case of outside air inflow 
than in the case of no outside air inflow. In addition, optimum condition of 
outside air inflow was derived.  

 

Keywords: Drying; Sludge; Drying efficiency; Air inflow condition 
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1. Introduction 

The disposal of waste such as sludge on land is a social problem in response to the 
prohibition of marine discharges of waste. Most of the wastes such as sludge have a very 
high water content and it is necessary to dry them in order to treat them on the land. 
Various studies have been conducted on drying for wastewater sludge treatment.  

It is very important to analyze the characteristics of sewage sludge for the treatment of 
sewage sludge because the characteristics of sewage sludge vary according to the area and 
temperature. Wang et al.[1] has studied the properties and toxicity of sewage sludge in 
more than six regions of China. Krzeminski et al.[2] studied the relationship between the 
properties of the sludge and the seasonal temperature. This study suggests that the sludge 
varies according to the season. 

In recent years, research on sewage sludge has been focused on the treatment of sewage 
sludge. Especially, the sewage sludge has a high water content, and therefore, a drying 
process is essential for the treatment. Drying process for sewage sludge treatment has been 
using hot air or steam. Recently, various pretreatment processes and new heat sources have 
been studied to improve energy efficiency. Na et al.[3] studied the improvement of 
dewatering performance by applying ultrasonic treatment to sludge. In this study, it was 
mentioned that ultrasonic pretreatment had a positive effect on sludge dewatering and also 
helped to reduce volume and mass of sludge.  

Recently, various methods of utilizing various heat sources have been researched to reduce 
the energy cost for the sewage sludge treatment process. Lye Bennamoun[4] reviewed 
various studies on sludge drying using solar energy. There are many reasons to utilize 
ocean heat energy for sludge drying, but most of all to reduce the energy cost of the drying 
process. 

This study was also conducted to reduce the energy input to the sludge drying process. In 
particular, the efficiency of the drying process is the most energy involves higher costs is 
necessary in order to take advantage of the waste.This study analyzed the characteristics of 
the energy efficiency change of the system by introducing outside air into the existing 
sludge drying process and conducted an experimental study on a method for obtaining 
higher system efficiency. 

2. Materials and methods 

In this study, we used a vertical thin film dryer. The vertical thin film dryer is a device for 
drying various sludge and waste material using. Vertical thin film dryer is using non-
continuous indirect heat drying method, drying the sludge and waste products. Figure 1 
shows the vertical thin film dryer used for this study.  
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 Fig. 1 The image and schematic of experimental facility. 

 

The sludge with an initial moisture content of 80% or more can be dried to a final moisture 
content of 10 to 20% by using this experimental facility. The experimental facility includes 
a main body(dryer), a water tank, a steam boiler, an exhaust gas blower, a cooling tower, an 
exhaust gas condensing heat exchanger, and a platinum catalyst deodorizer. A stirrer blade 
is installed in the main body(dryer) so that the wastewater sludge is agitated during drying 
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and the heat transfer between the material and the jacket is performed well. The material 
used in the experiment is sewage sludge from urban areas.  

 

Table 1. Experimetal test cases 
Cases Detail 

Inflow X No outside air inflow 
Inflow 1 Inflow of air from 10 minutes after operation 
Inflow 2 Inflow of air from 20 minutes after operation 
Inflow 3 Inflow of air from 30 minutes after operation 
Inflow 4 Inflow of air from 40 minutes after operation 
Inflow 5 Inflow of air from 50 minutes after operation 

 

The initial moisture content is about 80%. In this study, the drying was carried out until the 
final moisture content was 10% or less. The pressure of the steam supplied to the system is 
2 kg / cm 2, and the temperature inside the chamber is 155 ° C on average. The supply of 
steam was on / off controlled based on the pressure. The pressure and temperature were 
measured at intervals of 5 seconds using a data logger. In order to improve the accuracy of 
the experiment, only the initial water content and the final water content were measured 
without extracting the sample during the experiment. 

As mentioned above, this study evaluated the drying performance by introducing outside air 
into the conventional vertical thin film drying apparatus. For the study, the experiment was 
carried out under the condition that no external air was introduced and the external 
atmosphere was introduced. The total experiment time was 60 minutes, and the detailed 
experimental conditions are shown in Table 1. 

The purpose of this study is to improve the energy efficiency of the drying system by 
changing the outside air inflow operating conditions of the vertical thin film drying system. 
The initial moisture content and moisture content after sludge drying were measured. In 
order to confirm the energy input during each drying experiment, a strategic meter was 
installed to add the total power of all systems. The pressure inside the chamber and the 
relative humidity were measured so that the inside of the chamber can be confirmed. Based 
on this, the energy efficiency of the system is calculated and the system drying energy 
efficiency calculation formula is as follows. 

 

100%Amount of water evaporationDrying efficiency
Input energy amount

= ×  (1) 
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3. Result 

Table 2. shows the results of the experiments conducted through this study. The initial 
sample weight was 10 kg. The initial and final moisture contents were measured as 
described above. The calculated drying efficiency is shown in Figure 2. 

Table 2. Experimetal test cases 

Cases 
Material 

(kg/s) 
Initial moisture 

contents(%) 
Final moisture 

contents(%) 
Inflow X 10.08 80.39 8.7 

Inflow 1 10.08 83.64 7.36 

Inflow 2 10.82 83.64 6.7 

Inflow 3 10.17 83.92 5.17 

Inflow 4 9.99 78.43 3.31 

Inflow 5 10.17 82.83 11.82 

 

As shown in Figure 2., the drying efficiency in the condition with outside air inflow is 
higher than the drying efficiency in the the condition without outside air inflow. As drying 
proceeds in conventional drying systems, the humidity inside the dryer is kept close to 
100%. This means that the drying resistance is increased. However, by introducing outside 
air inflow, the humidity inside the chamber can be lowered during the drying process. This 
means a decrease in drying resistance and is directly related to improvement in drying 
efficiency. 

Experiments were carried out by varying the outside air inflow conditions in order to check 
the influence of the outside air inflow in detail. In this study, the experiment was conducted 
for the case where the outside air was introduced after a certain period of time after the 
device was operated. Figure 2 shows that the drying efficiency increases as the initial 
operating time is kept longer and the outside air inflows to the latter part. 

Generally, in the case of drying system, the drying rate is kept constant after the initial 
operation, so that the drying efficiency is maintained above a certain level irrespective of 
the inflow of outside air. However, as the drying progresses, the drying rate is reduced and 
the drying efficiency is reduced. 

That is, if the outside air inflow is carried out at the latter stage of the experimental test, the 
drying efficiency of the system can be increased because the reduction in the internal 
drying resistance can be prevented in the drying system entering the reduced drying section. 
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Fig. 2 Drying efficiency depending on outside air inflow conditions. 

The final water content is the lowest in Inflow 4. As a result, it can be seen that there is an 
optimum point in the inflow condition of the outside air. Considering both final water 
content and drying efficiency, Inflow 4 is the optimal driving test in this study. 

4. Conclusions 

In this study, we studied about drying characteristics of wastewater sludge according to 
outside air inflow conditions. We conducted the experiment using a vertical thin film dryer. 
And experimental studies were conducted with and without outside air inflow and with 
various outside air inflow conditions. Materials used for the experiment are sewage sludge. 

As a result of the study, higher drying efficiency was obtained in the case of outside air 
inflow than in the case of no outside air inflow. In addition, optimum condition of outside 
air inflow was derived. This is because the drying resistance inside the drying device is 
reduced through the inflow of outside air. Also, it was confirmed that higher drying 
efficiency can be obtained by progressing the inflow of air outside the rate reducing drying 
zone. 
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Abstract 
The drying of beef has gained an increasing interest and the organic market 
shows an increasing demand for dried beef products. In this study, organic 
beef meat slices were dried at 50 °C, 60 °C and 70 °C. Moisture content and 
color was measured throughout the drying process alongside Vis/VNIR 
hyperspectral images of the slices. The results of the total color difference 
(ΔE) showed the biggest change for samples dried at 50 °C (ΔE = 25.6). The 
aw value was the lowest for slices dried at 50 °C (0.744). The hyperspectral 
data gave promising results regarding non-invasive prediction of moisture 
content and color. 

 

Keywords: beef drying; drying behavior;color; hyperspectral imaging; 
quality. 
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1. Introduction 

The dehydration of meat has a long tradition as a preservation method and is still an option 
in areas where no refrigeration is available. Meat is a valuable protein source. However, a 
high protein and water content is exactly the reason why meat is also very perishable 
product and meat is often linked to foodborne disease [1–4]. There are various options for 
dehydration, e.g. whole muscles or parts of the muscles, which are very common as 
intermediate meat products such as ham or are known as biltong in South Africa and need 
to be sliced into bite-sized pieces after drying. Further examples for dried meat products are 
jerky from the USA and charqui from countries of South America which are cut to thin 
slices even before drying. While charqi is usually an important ingredient for daily meals 
and is rehydrated by cooking, jerky is a typical ready-to-eat snack food. There are neither 
restrictions regarding the meat variety (beef, pork, chicken etc.), nor regarding the varieties 
of spices that are added before drying (salt, pepper, honey, etc.). Further, smoking can 
present a post-drying processing step, but have been shown to influence the drying 
behavior, while the final product color is not influenced [5,6]. 
In organic processing, the food additives are highly restricted and the processing itself is the 
main factor to gain high quality products. In this paper, beef was dried at 50, 60 and 70 °C 
to a jerky style product to investigate the influence on the final product quality. Drying 
behavior and development of color were investigated The reflectance of the samples was 
detected by hyperspectral imaging to investigate the option of implementation of non-
invasive control systems into beef drying. 
 
2. Materials and Methods 

2.1. Meat type 

For the experiment the roast beef (longissimus dorsi) of 4 26 months old heifers carcass 
weight 320 kg) of Uckermarker breed was used which led to four repetitions for each 
drying temperature. The beef was shock frozen 2 days after slaughter and stored at -18 °C 
until use. 24 h before each drying experiment, the beef was thawed at 4 °C for 24 h. 

2.2. Sample preparation 

The thawed beef was sliced with an electrical slicer (Graef, Allesschneider Vivo V 20, 
Arnsberg, Germany) with the fiber to slices of five mm thickness and cut to 50 x 50 mm 
samples with a knife. The initial weight was determined with a lab balance (lab scales, 
E2000D, Sartorius, Göttingen, Germany), further the color was determined with a Chroma 
Meter CR-400 (Minolta, Osaka, Japan) measured on three spots per sample and expressed 
using the CIELAB color space. Eight slices were used per repetition, four were dried in an 
oven (SLE 500, Memmert GmbH, Germany) at 105 °C for 24 hours after the drying 
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process to calculate the initial and final moisture content, the remaining samples were 
analysed with a water activity meter (LabSwift. Novasina, Lachen, Switzerland) to 
determine their aw-values. 

2.3. Drying process 

The samples were dried at 50, 60 and 70 °C in a hot air tray dryer (HT mini, Innotech 
Ingenieursgesellschaft mbH, Germany). The samples were weight and the color was 
determined invasively by taking the samples out of the dryer every 20 minutes for the first 
hour of drying, in a 30 min interval for the second hour and hourly afterwards. Based on an 
estimated initial moisture content of 73 %, the drying process was stopped after 420 min for 
the drying temperature of 70 °C, after 480 min at 60 °C and after 600 min at 50 °C. 

2.4. Calculations 

Based on the weighing during drying and after oven drying for 24 hours, the moisture 
content (MC) on the dry basis was calculated and the moisture ratio (MR) was determined 
with the following equation (simplified by Rayaguru and Routray (2012) [7]): 

iM
MMR =      (1) 

With Mt and Mt+∆t as moisture content in gH2O/gDM at time t and t+∆t and the time in 
hours. The color change ΔE at every time of measurement compared to the initial color was 
calculated by: 

2
t

*
i

*2
t

*
i

*2
ti )b(b)a(a)L(LΔE −+−+−=   (2) 

with i representening the initial L-, a*- and b*-values and t the values for color at every 
time. 

2.5. Hyperspectral imaging 

The samples were also imaged with an hyperspectral camera before and during drying in 
the intervals mentioned above. The visible near-infrared (VNIR) hyperspectral imaging 
systems consists of an ImSpector V10E PFD camera coupled to a linear translation stage 
(SPECIM Spectral Imaging Ltd., Finland). 27 cm above the belt conveyor tray (working 
speed 8mm/s) a 35 mm lnes (Xenoplan 1.9/35, Schneider Optische Werke GmbH, 
Germany) was positioned, which resulted in a spatial area of 0.03 mm2 per pixel. This 
setting allowed to capture spectral data of 400-1010 nm in 1.5 nm increments. More details, 
including the image processing with Matlab software package (Matlab R2013a) are 
described by Crichton et al. (2017 a,b) [8,9], Retz et al. (2017) [10] and von Gersdorff et al. 
(2018) [6]. 
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3.  Results and Discussion 

3.1. Drying behavior and water activity 

The drying curves of beef dried at 50, 60 and 70°C are illustrated in Figure 1 a), further 
Figure 1 b) represents the drying rate (DR). As compared to Başlar et al. (2014) [6], who 
investigated the drying of beef with three different drying methods at 55, 65 and 75°C, the 
beef dried the fastest at the highest temperature due to a higher heat and mass transfer at 
higher temperatures [7]. The MR decreases exponentially, with is in accordance with other 
raw materials e.g. pumpkin [8], diverse vegetables [9] and apples [10], only to mention a 
few, and can be explained by a high heat and mass transfer coefficient during surface 
evaporation [7] in the initial stage of drying. During drying, the flux of moisture from the 
inside to the surface decreases and is smaller than the evaporation on the surface [11] 

 

Figure 1: Drying curves of beef dried at 50, 60 and 70 °C a) and related drying rates (DR) Figure 
1b) 

However, the distance between the drying curves of 70 and 60 °C is obviously bigger than 
between 60 and 50 °C. This can be explained by a significantly higher drying rate of beef 
during drying at 70 °C, which becomes clearer by illustrating the drying rate (DR) as a 
function of moisture ratio (MR) (Figure 1 b). With 1.85 (g H2O/g DM)*h-1 beef dried at 70 
°C shows the highest DR after 20 min of drying and a MR of 0.73, but decreases rapidly 
with the decreasing MR during drying. The distance between the three DR curves decreases 
during drying and at low MRs the DR is nearly the same regardless of the temperature 
applied. This might be an effect of the decreasing heat and mass transfer mentioned above, 
but also struchtural changes (e.g. protein denaturation) might occur during protein and 
collagen denaturation[12,13] which effects the transfearability of water. 

The water activity was 0.753 (± 0.047) for beef dried at 50 °C, 0.762 (± 0.034) for 60 °C 
and 0.763 (± 0.038) for 70 °C. Therefore, all the samples are safe from growth of the most 
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bacteria and from mycotoxin production of mold and yeasts (aw ≤ 0.85) [4], and although 
the 50 °C samples showed the lowest water activity, the highest standard deviation indicate 
not a significant influence between the drying temnperatures. 

3.2 Development of color 

The development of L a* and b* values and the related change of color during drying is 
illustrated in Figure 2 a)-d). The graphs show that meat is not a homogenous product which 
is expressed in different values for CIELAB data before any heat treatment was applied at 
point 0. The development for L values for beef dried at 60 and 70 °C is very similar, the 
lightness of beef dried at 50 °C decreases more during the whole drying process compared 
to the dehydration at 70 °C. The development of the lightness seems to be linked directly to 
the moisture content, while the redness (Figure 2b) develops unequal for different 
dehydration temperatures until a certain moisture content is reached. Those investigations 
are not in line compared to drying of ostrich jerky, where the drying air temperature was 
found to have an influence and not the moisture content [14] and needs further 
investigations. An air temperature of 50 °C seem to retain the red color better, expressed in 
a slight increase in redness 

 

Figure 2: Development of L- a*- and b*-values during drying og beef a 50, 60 and 70 °C (a-c) and 
corresponding color change ΔE as functions of MR. 
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compared to the 60 and 70 °C, however, the initial a-value might be the influencing factor 
for the final redness. The yellowness is not an indicator of moisture content at higher 
moisture contents, as it develops very different throughout the three drying temperatures 
until a low moisture content is reached and the b*-value develops nearly the same from a 
certain point on for all three drying temperatures. Regarding the the total color change 
(ΔE), beef samples dried at 50 °C changes the most in color, while samples dried at 60 °C 
showed the lowest change related to the initial color. For all samples the color stops 
changing at a low moisture content. However, usually the drying should be as short as 
possible, as long drying periods may influence both the energy efficiency and the quality 
parameters negatively [15], which might explain the higher ΔE for the 50°C processing. 
The second highest ΔE for samples dried at 70 °C might be explained by the denaturation 
of proteins due to heat treatment [12,16]. However, the non-invasive measurements might 
also have an influence on the color development due to the differences in temperature 
(cooling during measurements, heating up in the drying intervals). 

3.3 Hyperspectral imging 

The relative reflectance of raw beef, dried for 120 min at 50, 60 and 70°C and beef dried to 
the final moisture content is shown in Figure 3. The reflectance of beef is at the highes level 
in the visible spectral region in the red range due to the red color of the beef, mwhich was 
documented by Wu et al. (2013) [17] before. 

 

Figure 3: Relative reflectance of beef dried at 50, 60 and 70 °C air temperature after 0 and 120 
minutes of dehydration and at final moisture content. 

The reflectance is decreasing over time which is reasoned by the decreasing moisture 
content during dehydration. Further, both, the visible and the NIR region of the spectrum 
affects the relative reflectance. The drying temperature affects the reflectance during drying 
(120 minutes) in particular in the NIR region, samples dried to the final moisture content 
show nearly the same reflectance, regardless of the drying air temperature, which might be 
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due to different moisture contents after the same time after drying at different temperatures. 
However, differences in reflectance spectra do not necessarily affect the successful 
implementation of color and moisture content prediction models like shown for apple 
drying [8]. 
 
4.  Conclusion 

The present investigations show the shortest drying time for the highest drying time, but 
there are indications, that drying a lower air temperature might save quality attributes 
better, while too low temperatures again might influence the quality negatively. As quality 
indicator, final color shows minor changes for beef dried at 60 °C compared to 50 °C and 
70 °C. However, the difference in color was not visible with the bare eye and might further 
be negatively influenced by the invasive measurements which needs further research. The 
spectral results will be further investigated and used to build prediction models to test the 
useful implementation of simplified non-invasive sensors. 
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Abstract 
Scientific and technical studies on the intensification of removal moisture from 
dispersed materials and their simultaneous dispergation in the hollow heating 
element of a thermo-vacuum apparatus is researched. Continuous thermo-
vacuum dehydration and dispergation process of zirconium hydroxide, brown 
coal, graphite, sawdust, biological materials is considered. Based on 
conducted studies was made conclusions about perspective to use this 
technology. Thermo-vacuum technology is different from the other by low-
temperature heating, low time processing, humidity indicators controlling and 
nano-dispersion grinding. 

 
Keywords: dehydration, dispergation, energy saving 
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1. Introduction 
Intensification of production processes as well as solution the problems of energy and 
resource saving at dehydration of dispersed materials has become increasingly important in 
recent times.  
There are drying installations in which the mechanical process of dispersion and 
dehydration of dispersed material are used in parallel; it leads to intensification of the 
process and reduction in capital expenditures [1]. In this case, preheated air is used as a 
drying agent.  
In the paper [2] it is shown, that a significant amount of heat is released at fine grinding of 
materials in impact-reflective mills. This phenomenon is associated with impact and 
friction of material particles on working surfaces of the mill, emergence of new surfaces 
during destruction and also due to turbulence of the dust-gas mixture in the working zone 
of the mill.  
Thus, heat occurrence in the process of fine grinding in impact-reflective mills ensures in 
parallel the processes of dehydration and dispersion of various materials. 
However, due to lack of a rational technology for performing dehydration and dispersion in 
parallel, such processes have not became widely used in practice, especially in chemical 
technology.  
There are various methods and devices designed for dehydration of agricultural dispersed 
materials [3, 4]. However, they require considerable energy consumption and do not ensure 
obtaining a product with specified characteristics, in particular, dispersion and humidity 
which largely affect its quality.  

2. Materials and methods 
Thermal-vacuum energy-efficient pulse-impact method for continuous dehydration and 
dispersion of wet materials has been developed on the basis of the performed theoretical 
and experimental studies. The proposed method is based on the principle of combining the 
rapid evacuation and thermal heating upon direct contact of a wet material with a heated 
surface of the spiral heater, which provides instantaneous heating of wet material particles 
in vacuum to a specified temperature. The contact of the wet material with the heated wall 
of the heater causes heat transfer from the heater wall to the surface layer of the material, 
and the reduced pressure inside the heating element allows moisture to be removed from 
the material at a temperature substantially below the vaporization temperature at 
atmospheric pressure. The rate of destruction of the surface layer of the wet material 
depends on the heating temperature and its internal state. 
The thermal-vacuum installation for continuous dehydration and dispersion is presented in 
Fig. 1 [5].  
The installation consists of a feed hopper (1), hollow heater (2), vacuum pump (3), 
pipelines (4, 11), cyclone (5), receiver of dried raw materials (6) and rotary valve (7). It has 
thermocouples (8, 13), control panel (9), conveyor (10), filter (12), level sensor for dried 
raw material (14), vacuum gauge (15). 
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This installation design provides simultaneously both high-performance continuous 
dehydration and dispersion of material in heat insulated space.  

 
Fig. 1. Diagram of the thermal-vacuum installation 

3. Results 

3.1. Dehydration and dispersion of zirconium hydroxide 

Let us consider a continuous process of production of zirconium dioxide fine-dispersed 
powder from zirconium hydroxide in a thermal-vacuum installation. The initial humidity of 
zirconium hydroxide is 80%, the diameter is 6mm, the length is within the range of 10 - 15 
mm. Zirconium hydroxide together with an air enter the lower cavity of the heating 
element. The rate of a two-phase flow in the thermal-vacuum installation is determined 
from the expression:  

2 2
1

2
r d P

l
π ρ νυ

β η
⋅ ⋅ ⋅ ⋅ ⋅

=
⋅ ⋅ ⋅

,    (1) 

where,   - rate of a two-phase flow in the heating element, m/s;  
r – internal radius of the heating element, m; d –diameter of the particle to be dried, m;, 
 Р – average pressure in the heating element, Pa;  
ρ – medium density kg/m3; ν1 – hovering rate, m/s;  

 – friction coefficient, kg / s; l – the heater length, m;  – coefficient of air dynamic 
viscosity, Pa s.  
Moving inside the heating element of the thermal-vacuum installation (Fig. 1) the 
zirconium hydroxide granules (Fig. 2, a) come into contact with heated walls of the heater.  
 

 
Fig. 2, а. Zirconium hydroxide 
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Fig. 2, b. Zirconium dioxide 

An instantaneous heating of zirconium hydroxide to a temperature Т1, which is above the 
evaporation temperature T2 (T1> T2), occurs. Local intensive vapor emission occurs inside 
the body of zirconium hydroxide granules under reduced ambient pressure. An 
instantaneous pressure gradient occurs as a result of vapor emission and zirconium 
hydroxide granule falls into small particles, which increases liquid removal from the 
material to be dried. Zirconium hydroxide with an initial humidity of 80%, diameter of 6 
mm and length of 10 ... 15 mm turns into a fine-dispersed powder of zirconium dioxide 
with moisture of 1%, fraction of 0.1 - 10 μm. There are no conglomerates in this powder. 
(Fig.2, b). The process of zirconium dioxide obtaining from zirconium hydroxide in 
thermal-vacuum installation takes 15 seconds.  
The moisture (mвл) removed from the material to be dried in the thermal-vacuum 
installation is directly proportional to the heater power (РН), the heating temperature of the 
material to be dried (Т), the coefficient of heat exchange between the heating element and 
the material to be dried (а), the evaporation area (S). It is inversely proportional to the 
environment pressure (Рс), the vapor kinematic viscosity (ν), the impact elasticity of the 
material to be dried (W), the volume of the material to be dried (V) [6].  
 

2 ( )общ c H
вл

c

m m P T a S
m

P W Vν⋅

⋅ − ⋅ ⋅ ⋅ ⋅
=

⋅ ⋅ ⋅
 , (2) 

where,  mtotal – total mass of the wet material, kg; mс – mass of the material during 
dehydration, kg. 

3.2. Dehydration and dispersion of brown coal 

Dehydration and dispersion of brown coal (Fig. 3, a) in thermal-vacuum installation 
reduces the content of sulfur and nitrogen in coal, which leads to decreasing the amount of 
harmful emissions into the atmosphere during its combustion. The minimum particle size of 
the dried coal was 40 nm (Fig. 3, b), the moisture content was less than 2%. The moisture 
of the initial stock was 40%, the size - 6 mm. Drying the brown coal took 14 s, its color 
varied from brown to black. The temperature of the dried brown coal at the heating element 
output did not exceed 76 ° C. At the same time, the quantity of energy expended for 
dehydration and dispersion of brown coal does not exceed 600 MJ 
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Fig. 3, a. Initial brown coal 

 
                                Fig. 3, b. Electron microscopy of dried brown coal 
 

3.3. Dehydration and dispersion of graphite 

Nano-dispersed graphite of size 10 - 40 nm was obtained from fine-dispersed 
graphite in the thermal-vacuum installation (Fig. 4 a, b). The processing time was 
15 s. The process was continuous. The quantity of energy expended for 
dehydration and dispersion of graphite was 320 MJ / t. 

 
Fig. 4, a. Initial graphite 

 
Fig. 4, b. Graphite processed in thermal-vacuum installation 

3.4. Dehydration and dispersion of sawdust 

An energy-saving, highly effective thermal-vacuum technique of continuous dehydration of 
wood-working industry wastes was developed. Dehydration of wet sawdust depending on 
the temperature of the heating element was studied. The quantity of thermal energy 
expended for dehydration did not exceed 360 MJ / t. Dried pine-tree sawdust and its 
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moisture content depending on the temperature of the heating element in the thermal-
vacuum installation is presented in  
Fig. 5 (b, d, g). The sawdust initial humidity is 70%. (Fig. 5, a).  
 

 
Fig. 5, а. Initial sawdust Humidity 70% 

 
Fig. 5, b. Heater temperature 150

0
С,  Humidity 20% 

 
Fig. 5, d. Heater temperature 200

0
С, Humidity 5% 

 
Fig. 5, g. Heater temperature 250

0
С, Humidity 1% 

 
Sawdust dehydration in the thermal-vacuum installation lasts for 20 s, the process is 

continuous.  
 

3.5. Dehydration and dispersion of agricultural products  

Dehydration of sugar production waste was carried out in the thermal-vacuum installation. 
The initial humidity was 65%. Fig. 6, a. The temperature of the dried beet pulp did not 
exceed 50°С. Humidity - 5%. Fig. 6, b. Dehydration time was 20 с. The process was 
continuous. Nutritive substances are kept. The quantity of thermal energy expended for 
dehydration was equal to 720 MJ / t. 
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Fig. 6, а. Initial pulp 

 
Fig. 6, а. Dried pulp 

Thermal-vacuum drying of alfalfa with humidity of 48% is presented in Fig. 7, а.  After 
drying the alfalfa moisture was 12%. See Fig. 7, b. Drying time was 20s. Nutritive 
substances were kept. Heat energy consumption was 580 MJ / t 

 
Fig. 7. а. Initial alfalfa 

 
Fig. 7. b. Dried alfalfa 

The results of study on moisture removal from dispersed materials depending on mode 
parameters of the thermal-vacuum installation made it possible to create an industrial 
science and technology base for developing energy-efficient thermal-vacuum installations, 
to define requirements for optimizing the technological processes of dispersed materials 
dehydration taking into account their physicochemical and structural compositions, to 
reduce energy cost per unit of the dried product, to speed up the dehydration process, to 
develop a highly efficient termal-vacuum technology of production of fine-dispersed 
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materials of high purity, to keep quality and ecological purity of the products obtained. This 
method allows simultaneously to remove moisture from the dispersed material and to 
disperse it. 
The development results are of current interest for updating the existing and creation of 
new thermal-vacuum drying installations. 

4. Conclusions 
1. Scientific and technical studies on the intensification of removal moisture from dispersed 
materials: zirconium hydroxide, brown coal, graphite, sawdust, biological materials are 
researched. The regularities of heat exchange processes between heating element and wet 
dispersed material in the hollow spiral-heating element of the thermo-vacuum apparatus are 
established. Demonstrated that in thermo-vacuum apparatus by 15 seconds it possible to 
obtain dried nano-dispersed materials. 
2. A low-temperature thermo-vacuum dehydration technology of biological materials was 
developed. Conducted studies demonstrated that most optimal, from the point of view of 
preserving biological material quality, is dehydration mode at temperatures up to 50 °C. 
3. Conducted scientific and technical studies are relevant to improve existing equipment 
and creation of new heat-technological equipment. 
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Abstract 
Hot water extract of sugar and red maple bark was added to maple syrup and 
dried by freeze (FD) and vacuum drum drying (VD) techniques. Addition of 
maple bark extracts to syrup helped to develop polyphenols-enriched maple 
sugar. X-ray diffraction revealed that sugar obtained from FD was 
amorphous in nature, while crystalline when dried by VD. Furthermore, the 
observation of maple sugar samples under scanning electron microscopy 
showed smooth and porous surface for FD sugar, while rough and grainy 
surface for VD sugar. Hausner ratio indicated that sugar produced by VD 
showed better flow characteristics than FD sugar. 

 

Keywords: drying techniques; maple syrup; phenolics; microstructure   
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1. Introduction 

Drying of foods, solid (fruit and vegetables) or liquid (juices and syrups), increase their 
shelf life along with ease in handling and transportation. However, drying of foods cause 
the modifications of its physicochemical properties. In general, drying involving high 
temperatures effect thermo-labile compounds. Freeze drying (FD) is well-known technique 
for drying foods containing heat-sensitive and oxidative compounds such as polyphenols, 
because of the use of very low temperature and high vacuum. However, drying time and 
operation costs are major drawbacks of freeze drying [1]. Vacuum drum drying (VD) is 
another technique that operates at high temperature under vacuum, making it possible to 
dry food faster in comparison to freeze drying. Similar to FD, it may also preserve 
oxidative compounds due to the use of vacuum. Physical properties of powder such as 
moisture, flowability, morphology, etc depends on the type of drying method used [2, 3]. 
Therefore, drying techniques ought to be selected carefully, depending on the desired 
quality of the final product.  

Canada accounts for approximately 71% of maple syrup production in the world (Statistics 
Canada, 2016). Maple syrup is a natural sweetener with high nutritional value based mainly 
on its sucrose, minerals, proteins and polyphenols [4]. Depending on the percentage of light 
transmission (at 560nm), maple syrups are classified into four grades: golden, amber, dark 
and very dark (Canadian Food Inspection Agency). A class of “very dark” maple syrup, 
which has light transmission less than 25%, is considered as substandard. Therefore, drying 
of such substandard maple syrup to produce a maple sugar can add value to a natural 
sweetener containing minerals, polyphenols, etc. However, the polyphenols are present at a 
very low concentration in maple syrup. When dried, the concentration of polyphenols may 
further diminish. Therefore, the main objective of this work was to produce polyphenol-
enriched maple sugar by adding, red and sugar maple bark extracts to maple syrup, and 
subsequently drying the mixture.  

For this study, freeze drying and vacuum drum drying technologies were explored. Thus 
obtained maple sugars were examined for total phenol content, moisture content, flow 
characteristics, crystallinity and morphology in order to study the effect of drying methods 
on developing the polyphenol-enriched sugars.  

 

2. Materials and Methods 

2.1. Hot water bark extraction and addition of extracts to maple syrup 

Maple barks (sugar and red maple) were extracted using hot water following the method 
previously described by Geoffroy et al. [5]. Hot water extracts of maple barks were then 
added (at 0.01 % w/v) to maple syrup (very dark, 66 ºBrix) and subsequently dried. Maple 
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syrup without any extract was considered as control. Hereafter, dried maple syrup (without 
extract, control) will be denoted as MS, while maple syrup with sugar and red maple bark 
extract are identified as MS-SX and MS-RX, respectively. 

 
2.2. Drying experiments 

Freeze drying (FD) was done by using a laboratory freeze dryer (Freeze Mobile 24, Virtis 
Company Inc., Gardiner, NY). Sample was frozen at -40 °C overnight and freeze-dried for 
25h. The heating plate temperature was initially set at -36 °C, vacuum level was below 30 
mtorr and the condenser at -90 °C. 

For this study, a laboratory-scale vacuum drum dryer (Buflovak, Buffalo, USA) was used. 
Sample was fed between the nips of two rotating drums, where drum temperature increased 
up to 110 °C. The dried maple sugar powder were scraped off using in-built scrapers.  

The obtained FD and VD samples were vaccum packed and stored in 4 ºC for further 
analyses. 

 
2.3. Analyses of maple sugar powder 
 
2.3.1. Total phenolic content 

Total phenolic content (TPC) in maple sugar powder was determined using the Folin-
Ciocalteu method using microplate spectrophotometer (X MarkTM, BIO-RAD) following 
the method used by Zhang et. al [6]. The results were expressed in milligram gallic acid 
equivalent per gram of oven dry sample (mg GAE/100g sample, db). TPC was measured in 
triplicates.  

 
2.3.2. Moisture content 

Moisture content of maple sugar powder was measured by vacuum-oven method at 70 °C 
and -22 in.Hg vacuum for 24h. Analyses were done in triplicates. 
 

2.3.3. Flow properties 

Hausner ratio (HR) was used to obtain the indication on flow characteristic of maple sugar 
powders. HR was calculated using the measured bulk and tapped density of the sample. 
Bulk density was measured by pouring the known mass of sample (m) to a cylindrical glass 
tube and volume occupied (Vb) was noted. For the tapped density, the glass tube was tapped 
from the vertical distance of 12±2 cm until no successive differences in volume (Vt) was 
recorded. Bulk and tapped densities were calculated using the following formula; m/Vb and 
m/Vt, respectively. Measurements were done in triplicates. 
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2.3.4. X-ray powder diffraction 

The crystallinities of freeze and vacuum dried maple sugars were analyzed by powder X-
ray diffractometer (SIEMENS/Bruker, Germany). Samples were measured at a diffraction 
angle (2θ) between 0 to 50° under operational conditions of 40 kV and 40 mA using Co 
(Kα1+2) radiation.  

 
2.3.5. Microstructural analysis by environmental scanning electron microscopy (ESEM) 

Freeze and vacuum dried maple sugar samples were analyzed by environmental scanning 
electron microscopy (ESEM). The samples were scanned at 500X magnification at 20 kV. 

 

3. Results and Discussion 

3.1 Effect of drying on total phenolics of maple sugar powder 

Regardless of the type of drying techniques used, TPC of sugars containing maple bark 
extracts showed higher values than the control. Sugar containing red maple bark extract 
presented higher TPC value than other sugar samples. This can be explained by the higher 
phenolic content of the red maple bark extract [7]. MS-RX obtained from VD had around 
8% higher TPC than the control (MS). In general, FD method is preferred to dry a food 
containing a thermo-labile compound such as phenolics. On contrary, we observed that VD 
maple sugars had relatively higher TPC than those of FD sugars. This could be due to high 
temperature in VD that could have caused the breaking of the phenolic-glycoside bonds. 
Resulting in more phenolics becoming readily available to form complex with Folin’s 
reagent while determining TPC by Folin-Ciocalteu method. However, it has yet to be 
validated by identifying the phenolic profile in maple sugar powders using techniques of 
chromatography and mass spectrophotometry.  
 

3.2 Moisture content  

Moisture content of freeze-and vacuum dried maple sugars are presented in Fig. 1. The 
moisture content in VD maple sugar (0.6-0.7%, on dry basis) was signigicantly lower than 
that of FD (4 to 5 %, dry basis). The drying temperature in VD was higher (110 °C) than in 
FD. Therefore, it was obvious that VD produced sugars had lower moisture content than 
that of FD. Similar tendency was also observed for the production of mango powder by 
freeze and drum drying [8]. 
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Fig. 1 Moisture content of freeze-and vacuum drum dried maple sugars. MS: maple sugar, MS-SX: 
maple sugar with sugar maple bark extract, MS-RX: maple sugar with red maple bark extract, FD: 

freeze-drying, VD: vacuum drum drying. 

 

3.3 Flow characteristics of maple sugar 

The calculated Hausner ratio of FD and VD maple sugars are presented in Table 1. Lower 

the Hausner ratio, the better is the flow properties [3]. The Hausner ratio was signigicantly 

higher (P<0.05) for the FD maple sugars (1.45 to 1.48, poor to very poor) than that for VD 

sugars (1.14 to 1.20, good to fair flow). Therefore, VD maple sugars showed better flow 

characteristic than that of FD. 

 
Table 1. Flow characteristics of freeze-and vacuum dried maple sugars. 

Drying techniques Sample Hausner ratio 

 

FD 

MS 1.45 ± 0.03a 

MS-SX 1.48 ± 0.07a 

MS-RX 1.47 ± 0.06a 

 

VD 

MS 1.14 ± 0.02b 

MS-SX 1.20 ± 0.04b 

MS-RX 1.20 ± 0.05b 

Values represent Mean±S.D. a,bdifferent superscript letters in the same column are significantly 
different (P<0.05) by Tukey’s test. 
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3.4 Effect of drying on crystallinity of maple sugar 

Fig. 2 depicts the profile of X-ray diffractogram of maple sugars produced by FD and VD 

techniques. Amorphous material shows large and disperse peaks due to disorderly arraged 

molecules in amorphous state. On the other hand, crystalline material shows sharp and 

defined peaks since the molecules are present in a highly ordered state. From Fig. 2, it can 

be observed that freeze dried maple sugar (FD_MS) is in amorphous state, whereas vacuum 

dried maple sugar (VD_MS), in crystalline state. However, the degree of crystallinity has 

yet to be identified. Crystalline state is important for the stability of food powders. 

Considering this results, VD sugars seemed to have an advantage of stability.   

 
Fig. 2 X-ray powder diffractogram of maple sugars produced by different drying methods. FD_MS, 

freeze dried maple sugar, VD_MS: vacuum dried maple sugar. 
 

3.5 Microstructural analysis 

Microstructural analysis of maple sugar obtained from FD and VD techniques are shown in 

Fig. 3. FD maple sugar showed irregular and porous structure (Fig. 3a). Freeze-dried food 

normally shows porous structure due to the fact that ice removal by sublimation during 

drying prevents shrinkage and volume reduction [1]. Vacuum-dried maple sugar resulted in 

rough and grainy surface (Fig. 3b). The difference in microstructure of FD and VD maple 

sugars can also be related to the the difference in their crystallinity (shown in Fig. 2).  
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Fig. 3 Enviromental scanning electron micrograph (ESEM) of freeze-dried (a) and vacuum dried 
(b) maple sugar. 

 

4. Conclusions 

Considering the overall results, polyphenol-enriched maple sugar obtained either by FD or 
VD have potential applications in foods, particularly as sweetener for natural food products. 
For instance, FD maple sugar could be used in instant-drinks owing to its amorphous  
(powder) nature and VD sugar as functional food ingredient due to its high phenolic content 
as well as its better flow characteristics.  
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Abstract 
This research work aimed to evaluate the physicochemical properties of 
arrowroot starch films plasticized with glycerol and incorporated in film-
forming solution directly (D) and by sprinkling (S) with 0%, 20%, 30%, 40% 
(mass blackberry solids / biopolymer mass) of blackberry pulp (BL) powder 
and freeze dried microencapsulated blackberry pulp (ML) using mixture of 
gum arabic and arrowroot starch (1: 1, mass / mass). Thickness, water 
solubility and water vapour permeability of the films significantly increased 
with increasing concentration of blackberry powder. Compared to arrowroot 
starch film (0%), the surface of films with BL and ML powder became 
irregular and rough. 

Keywords: Lyophilization; microstructure; water solubility; water vapor 
permeability; packing. 
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1. Introduction 

Fruit pulp has great potential to be incorporated in the film-forming solution in order to 
produce edible films with functional compounds such as preservation agents (antimicrobial 
or antioxidant compounds), innovative colours and flavours, as well as suitable mechanical 
and barrier properties of the biopolymer.[1] Thus, blackberry is a fruit that has great 
potential to supply these requirements and be used in combination with arrowroot starch to 
form a biopolymer matrix to create edible films. Blackberry (Rubus fruticosus) cv. Tupy is 
a fruit rich in anthocyanins and phenolic compounds, which has high antioxidant 
activity.[2] However, using its beneficial effects is limited because its bioactive compounds 
exhibit instability when exposed to high temperature, light, oxygen, among other 
conditions, changing their functional and antioxidative properties.[3] This situation can be 
mitigated by applying microencapsulation technologies in order to protect it from 
unfavourable environments. Freeze drying is a technological process based on dehydration 
by sublimation of a frozen product resulting in a dry material.[4] These processes can be 
used as encapsulation method when it incorporates ‘active’ material within a protective 
matrix, which is essentially inert to the encapsulated material.[5] Recently, the 
incorporation of micro and nano particles in film-forming solution to produce starch films 
with modified structure and properties have shown promise.[6] Therefore, the objective of 
this work was to incorporate directly and by sprinkling, blackberry pulp powder and 
microencapsulated blackberry pulp powder in arrowroot starch film-forming solution.The 
influence of type of incorporation and variation of concentration of blackberry powders on 
physicochemical properties of edible films were investigated. 

 

2. Materials and Methods 

2.1. Materials 

In this work, frozen fruits of blackberry (Rubus fruticosus), cv Tupy, were acquired from 
"Agro Monte Verde Eirelli", Cambuí – MG, Brazil. Blackberry soluble solids content was 
9°Brix, determined with digital refractometer with 0–90 °Brix range and 0.2 °Brix 
resolution (Reichert, Model AR200, USA). Blackberry pulp presented total solids content 
of 10.3 g/100g of pulp. For microencapsulation of blackberry pulp, arrowroot starch and 
Instantgum® gum arabic (Colloides Naturels, São Paulo, Brazil) were used as 
encapsulating agents. In elaboration of edible biodegradable films, arrowroot starch 
containing 15.24 ± 0.19% of water, 0.40 ± 0.03% of protein, 0.12 ± 0.01 % of fat, 0.33 ± 
0.01% of ash and 83.91 ± 0.00% of carbohydrates [7] and amylose content of 35.20 ± 
1.63%, determined according to the methodology described by Martinez and Cuevas 
(1989), with adaptations [8], was used as film-forming matrix and glycerol P.A. (Reagen, 
Quimibrás Indústrias Químicas S.A.- Rio de Janeiro, Brazil) as plasticizing agent.  
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2.2 Microencapsulation of blackberry pulp by freeze drying 

Blackberry pulp was obtained by grinding the fruits in a blender, filtered through a sieve to 
remove the seeds, and homogenized. Blackberry pulp was added to the encapsulating agent, 
arrowroot starch and gum arabic mixture (1: 1 mass / mass) in a ratio of 1:1.78 (mass / 
mass, blackberry pulp solids for encapsulating agent). Solution of encapsulating agent and 
blackberry pulp was performed in a mixer type homogenizer at room temperature for 5 
minutes. Portions of frozen blackberry pulp with and without encapsulating agent was 
lyophilized (Mod. 501, Edwards Pirani, Crawley, West Sussex, UK), with an initial 
temperature of -40 °C, pressure of 0.1 mmHg, and final temperature of 25 °C per 2 h, with 
total cycle time of 48 h. The resulting product was ground in a hammer mill (MR Manesco 
and Ranieri LTDA, model MR020, Piracicaba- Brazil), sieved and stored in polyethylene 
packages in desiccators, for further analysis. 

 

2.3 Incorporation of blackberry into film-forming suspension 

2.3.1.Preparation of film-forming suspension. 

Film-forming suspension was obtained by dispersing arrowroot starch in distilled water 
(4%, mass / mass, as optimized by Nogueira, Fakhouri & Oliveira, [9]). This suspension 
was heated to 85 ± 2 °C in a thermostatic bath (TECNAL, Brazil), with constant agitation, 
for about 5 minutes. The freeze dried blackberry pulp (BL) and the freeze dried 
microencapsulated blackberry pulp (ML) were added to film-forming suspension in 
different concentrations, 0%, 20%, 30% and 40% (mass/mass of dry starch) in two different 
ways. The first one consisted of direct incorporation in film-forming suspension and the 
second one was by sprinkling into film-forming suspension. Glycerol was added to the 
solution at concentration of 17% (mass/mass of total solids, [9]). 

2.3.2. Direct incorporation of blackberry powder into film-forming suspension (D. 

Freeze dried blackberry pulp (BL) and freeze dried microencapsulated blackberry pulp 
(ML) were added directly into film-forming suspension and homogenized in previously 
mentioned proportions. Aliquots of 25 mL of resulting suspensions were distributed on 
support plates (12 cm diameter). Films were dried at room temperature (25 ± 5 °C), until 
they could be easily removed from the plates, approximately for 24 h. Films were 
conditioned at 25 °C and 55 ± 3% of relative humidity for 48 h, before their 
characterization. 
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2.3.3. Incorporation of blackberry powder by sprinkling into film-forming suspension (S). 

Aliquots of 25 mL of resulting film-forming suspension were distributed on support plates 
(12 cm diameter). Freeze dried blackberry pulp (BL) and freeze dried microencapsulated 
blackberry pulp (ML) were dispersed through a stainless steel sieve (53 mesh), 
homogeneously in all the surface area of film-forming suspension already disposed on the 
plates. Then, films were dried for 24 h at room temperature (25 ± 5 °C). After drying, films 
were removed from the support plates and conditioned at 25 °C and 55 ± 3% relative 
humidity for 48 h, before their characterization. 

 

2.4 Films characterization 

2.4.1  Microstructure  

Electronic Scanning Electron Microscope with X-ray Dispersive Energy Detector (SEM) 
bench (model of MEV: Leo 440i, model of EDS: 6070, Leo 440i - LEO Electron 
Microscopy/Oxford- Cambridge, England) was used to observe morphological 
characteristics of surface and cross section developed for sample of the films formulations. 

2.4.2  Film Thickness and solubility in water 

Films thicknesses were measured with accuracy of ± 0.001 mm, at ten different regions of 
the film, using a micrometer (Mitutoyo brand, model MDC 25M, MFG / Japan). 
Water solubility of films was determined according to the method proposed by Gontard, 
Guilbert, and Cuq. [10] and expressed according to Equation (1). 
 

              (1) 

In which ‘msi’ is the initial dry mass of the films (g), ‘msf’ is the final dry mass of the non-
solubilized films (g). 

2.4.3 Water vapor permeability 

Water vapor permeability rate of the films was determined gravimetrically based on ASTM 
E96-80 method [11], using an acrylic cell, with a central opening (diameter of 4.3 cm), in 
which the film was fixed. The bottom of the cell was filled with dried calcium chloride, 
creating a dry environment inside (0% relative humidity at 25 ° C). This cell was placed in 
desiccator containing saturated sodium chloride (75 ± 3% RH), equalized for 48 h 
previously to analysis. Water vapor transferred through the film was determined by mass 
gain of calcium chloride. The cell weight was recorded daily for, at least, 7 days. The film 
thickness consisted on the average of 5 random measurements made on different parts of 

1850

http://creativecommons.org/licenses/by-nc-nd/4.0/


Nogueira, G. F.; Fakhouri, F. M.; Oliveira, R. A. 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

the samples. The water vapor permeation rate (PVA) was performed in triplicate and 
calculated by Equation (2). 

                                                            (2) 

In which ‘PVA’ is permeability to water vapor (g.mm / m2.day.kPa), ‘e’ is mean film 
thickness, ‘A’ is permeation area (m2), ‘Δp’ is partial vapor pressure difference between 
two sides of films (kPa, at 25 ºC), ‘Ṁ’ is absorbed moisture rate, calculated by linear 
regression of weight gain and time, in steady state (g/day). 

2.4.4 Statistical analysis 

Significant differences between average results were evaluated by analysis of variance 
(ANOVA) and Tukey test at 5% level of significance, using SAS software (Cary, NC, 
USA). 

 

3. Results and discussion 

Differences in microstructure of the films can be visualized in Figure 1, by scanning 
electron microscopy (SEM). Control film (0%) presented organized and continuous 
polymer matrix and regular surface (Figure 1 A-C). Films developed with 40% of 
blackberry presented rougher and irregular surfaces and exhibited structural characteristics 
directly related to those observed for BL and ML powders, which consequently hampered 
its solubilization. The cross-section images of 40% BLD and MLD films (Figure 2 D-F and 
J-L, respectively), showed continuous regions and disorganized regions due to the presence 
of BL and ML particle within arrowroot starch matrix formed during the films drying. BL 
and ML particles were integrated in arrowroot starch matrix, showing good compatibility 
between materials. Using sieve to sprinkle BL and ML powder over the film-forming 
suspension allowed falling homogenously over the entire surface area of films. It can be 
seen in Figure 2 G-I, in which, when 40% ML were sprayed under the film-forming 
suspension. Some regions with BL and ML agglomerations could also be observed in films 
for both types of incorporation. This may be due to poor dispersion of powders in high 
concentrations in the film-forming solution, given its high viscosity. 
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Figure 1. SEM images of the films with 0% and 40% of freeze dried blackberry pulp (BL) and 

freeze dried microencapsulated blackberry pulp (ML) incorporated directly (D) and by sprinkling 
(S): (A, B and C) surface and cross section of control film; (D, E and F) surface and cross section 
of 40% BLD film; (G, H and I) surface and cross section of 40% BLS film; (J, K and L) surface 
and cross section of 40% MLD film; (J, K and L) surface and cross section of 40% MLS film. 

Images A, C, F, I, L and O with 250x magnification and images B, D, E, G, H, J, K, M and N with 
1000x magnification. 

 

Thickness of films significantly increased (p<0.05) with increasing concentration of BL and 
ML powder incorporated directly (D) and by sprinkling (S) as compared to control film 
(0%) (Table 1), although, in all cases, the film-forming suspension volume by plate area 
remained constant. The increased solid content and possible agglomeration of BL and ML 
in polymer matrix, evidenced by prominences on the surface of films by SEM (Figure 1), 
could explain this result.  
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Table 1. Thickness, solubility in water and permeability to water vapor of films with 0%, 20%, 30% 
and 40% of freeze dried blackberry pulp (BL) and freeze dried microencapsulated blackberry pulp 

(ML) directly incorporated (D) and by sprinkling (S). 

Films Thickness 
(mm) 

Solubility in water 
(%) 

Permeability to water vapor 
(g.mm/m2.day.kPa) 

0% 0.065 ± 0.005 d 14.18 ± 0.26 g 3.62 ± 0.27 hdfge 

20% BLD 0.092 ± 0.005 dc 21.64 ± 0.93 fe 3.03 ± 0.10 hfge 

30% BLD 0.121 ± 0.014 bdaac 22.76 ± 1.13 dfe 6.63 ± 0.39 bc 

40% BLD 0.154 ± 0.054 bac 26.14 ± 1.16 dce 5.40 ± 0.47 dce 

20% BLS 0.082 ± 0.006 d 19.26 ± 1.68 fe 1.67 ± 0.12 h 

30% BLS 0.098 ± 0.013 bdc 24.65 ± 1.95 dce 2.38 ± 0.45 hg 

40% BLS 0.113 ± 0.016 bdac 27.98 ± 2.69 bc 3.47 ± 0.14 hfge 

20% MLD 0.150 ± 0.024 bac 21.74 ± 1.70 fe 2.43 ± 0.36 hg 

30% MLD 0.146 ± 0.022 bac 22.18 ± 0.36 dfe 7.80 ± 0.07 ba 

40% MLD 0.154 ± 0.010 ba 23.69 ± 0.77 dfce 9.23 ± 0.47 a 

20% MLS 0.147 ± 0.017 bac 27.14 ± 2.45 dc 4.42 ± 0.17 dfge 

30% MLS 0.153 ± 0.005 bac 33.89 ± 2.50 a 5.08 ±1.87 dfce 

40% MLS 0.173 ± 0.011 a 32.33 ± 1.39  ba 5.57 ± 1.05 dc 
*Same letters in the same column show no statistical difference (p > 0.05). 

Incorporated films with BL and ML by sprinkling were more water soluble than films with 
blackberry powder incorporated directly. Differently to direct incorporation, the 
incorporation by sprinkling allowed particles of powder stayed only in the surface of the 
films. As blackberry powders were porous and showed a high hydrophilicity, it is believed 
that, when the films were immersed in water, the particles rehydrated rapidly leading to 
their solubilization. Solubilization of the particles probably created holes in the surface of 
the films, which allowed the acess of water molecules into the starch matrix facilitating 
their solubilization. 
Films with only 20% BL and ML presented lower water vapor permeability rates than the 
0% film. This behavior was attributed to a better dispersion of blackberry powder at low 
concentrations in the film-forming solution increasing compactness of the films, which may 
have hindered the passage of water molecules. It is also possible that presence of blackberry 
powder particles within the starch matrix, as well as on the surface, has introduced a 
tortuous path for the passage of water molecules, which may have led to a decreasing 
behavior in water vapor permeability. At concentrations above 30%, there was an increase 
in water vapor permeability due to the presence of agglomerated blackberry dust particles. 
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4. Conclusions 
The type of incorporation and concentration of the blackberry into filmogenic solution 
(directly or by sprinkling) influenced the structure, thickness, water solubility and 
permeability to water vapor of resulting films.  
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Abstract 
Spray fluidized bed agglomeration is an important process in particle 
formation and is widely used in the chemical, pharmaceutical and food 
industry. In this study a continuously operated horizontal fluidized bed is 
employed to obtain a continuous agglomeration process. It is conducted with 
glass beads (dst=200 µm) and water-based binder hydroxy-propyl-methyl-
cellulose (HPMC) sprayed by three top nozzles. The steady state is reached 
and samples are taken periodically and analyzed. The influence of 
fluidization air temperature and configurations of internal weirs are studied. 

 

Keywords: horizontal fluidized bed, spray agglomeration, continuous process 
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1. Introduction 

Size enlargement processes have the purpose of changing the physical properties of 
powders in order to meet desired product specifications such as size, shape, flowability, 
density, solubility or porosity [1]. Among various heavily used apparatuses, spray fluidized 
bed agglomerator is an important one and widely used in the chemical, pharmaceutical and 
food industry. The most significant advantage of this apparatus is that it allows the 
combination of binder dispersion and drying in a single process [2]. In the agglomeration 
process, fluidized particles are wetted by spraying a liquid; agglomeration occurs when a 
wet particle collides with another particle forming initially a liquid bridge which solidifies 
by drying. A lot of attention has been paid on the study of this process but most of them are 
batch operated process. Among them the effect of process parameters such as binder 
addition rate, binder viscosity, fluidization velocity, air temperature, the morphology of 
agglomerates as well as the simulation based on population balance equation and Monte 
Carlo method have been studied [3,4,5,6]. However, many producers look for a continuous 
process for economic reasons instead of a batch process with high labor and dead-time. In 
this study, a horizontal fluidized bed is employed because it has serval advantages such as 
the possibility to control different processes in separated chambers and possibility to 
control particle residence time distribution. 

2. Materials and Methods 

2.1. Plant and materials 

In this paper, the agglomeration process was performed in a continuously operated 
horizontal fluidized bed (GF/Procell 20, Glatt GmbH, Weimar, Germany). A schematic 
flow diagram of the experimental fluidized bed is shown in Fig. 1. The dimensions of the 
horizontal fluidized bed are 1m in length and 0.2m in width. By installation of internal 
weirs, the bed can be separated into four chambers. With different settings of internal weirs, 
underflow and overflow can be achieved. To control the bed height, different heights of 
outlet weirs can be applied. The particles inlet speed was controlled by a twin screw feeder 
together with a rotary valve at the end of the feeding pipe which was used to isolate the bed 
from the atmosphere. The outlet was controlled by a rotary valve with constant rotation 
speed. The pulse injection of the tracer used in the residence time distribution measurement 
is enabled by an additional sewer port in the steady state of the system. The fluidization air 
was provided by two fans; one was at inlet and one at outlet. By adjusting the power of the 
two fans, the pressure inside the bed can be controlled. The fluidization air was heated by 
an electrical heater being separated into four pipes and entering the bed. The air speed and 
temperature in each pipes can be controlled by the open ratio of the two valves separately. 
Process parameters such as the fluidization air speed, the heater temperature, the open ratio 
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of valves, the spraying rate and etc. were controlled Distributed Control System station. 
The cross section of the upper side of the process chamber was expanded to reduce gas 
velocity and, thus, enforce the return of entrained particles in the fluidized bed. For the 
spraying system, maximum three top spray nozzles provided by Düsen-Schlick GmbH, 
Untersiemau, Germany, model 940/3 with orifice diameter 0.8 mm, two-fluid nozzle, could 
be used. The nozzles are placed at a height of 320 mm from the distributor. The spray rate 
was controlled by a piston pump and the atomizing air pressure was controlled by an 
adjustable valve. 

 

 

Fig. 1 Schematic representation of the plant GF/Procell 20 (Glatt GmbH). 

 

The particles used for the experiments were glass beads (Sigmund Lindner GmbH, 
Germany), had a high sphericity of 0.89 and density 2500 kg/m3, and were nearly mono-
disperse. Measurements by Camsizer (Retsch Technologies GmbH, Haan, Germany) 
resulted in a very narrow range size distribution of the primary particles, with diameters 
between 150 µm to 320 µm and the Sauter diameter of 200 µm. The binder used was 
hydroxy-propyl-methyl-cellulose (HPMC, trade name Pharmacoat 606, from Shin-Etsus, 
Japan) water solution.  

 

2.2. Experimental parameters 

To study the influence of process parameters, seven experiments were carried out, denoted 
by No. 1-7 (Table 1). Reference Exp. NO. 2 was defined and then only one of the process 
variables was changed at a time. For all experiment, the feed rate was controlled at 400 
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g/min and fluidization air speed at 1.1 m/s. The binder used was 4wt% and relative air 
pressure in the nozzle was 1 bar. The influence of fluidization air temperature was studied 
by running experiments with different air temperature at 100, 80, 70 and 60℃. To study the 
influence of the configuration of internal wires, three internal weirs were employed and the 
gap height between the weirs and the air distribution plate were 10 and 5 mm. For all 
experiment, the outlet weir height was 200 mm. 

To start the experiments, the plant was heated to the needed temperature then the feeder 
was started for the feeding. Apart from this metered feed, an initial feed of 6 kg of glass 
beads was fed instantly to promote the growth of the bed. The steady state was reached 
when the inlet and outlet mass flow rate of the particles were equal. After this stage, the 
binder pump was started. Samples were collected at the outlet periodically and used for 
analysis. The process time in each experiment was 130 -150 min. 

 

Table 1. Main experimental parameters 
Exp. 
NO. 

Inlet Air 
Temperature 

Ta [℃] 

Spray rate ṁb 
[g/min] 

Number of 
internal 
Weirs 

Gap height in 
underflow [mm] 

1 100 72 - - 
2 (Ref.) 80 71 - - 
3 70 73 - - 
4 60 71 - - 
5 80 72 3 10 
6 80 71 3 5 
 

2.3. Experimental result analysis 

In the first set of experiments the fluidization air temperature has been varied. As Fig. 2 
displays, the largest Sauter diameters of agglomerates were obtained at the lowest air 
temperature experiment NO.4 at air temperature 60℃. Agglomeration rate decreased with 
the increase of air temperature. At lower temperature, the process took a longer time to 
reach the steady and the lower temperature also introduced more fluctuations because more 
particles stuck to the wall due to the higher moisture inside the bed.  A decrease in 
agglomeration rate with increasing gas inlet temperature was also reported in batch 
operated agglomeration process [4,5]. At higher temperature binder droplets evaporate and 
shrink faster after having been sprayed from the nozzle, which decreases the height of 
sessile droplets. Some spray droplets may not even find a chance to hit the particle surface. 
In both cases, the number of particle collisions leading to agglomeration decreases [7]. 
From what showed in SEM pictures, at higher temperature despite using the same amount 
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of binder, there are more dried droplets layering on the outer surface of particles, meaning 
that the process tends to move from agglomeration towards coating. 

 

 
Fig. 2 Sauter diameter versus time at different air temperatures. 

Fig. 3 shows the Characteristic diameters X10,3, X50,3, X90,3 and bed mass change during the 
process. Compared to the Sauter diameter the same trend was observed that at a lower 
temperature a higher agglomeration rate and bigger agglomerates are achieved, combined 
with a wider size distribution of agglomerates at the end of the experiment. With bigger 
agglomerates the process needs longer time to reach the steady state. There was a fast 
increasing of bed mass in the first 20 min of spraying. Bigger agglomerates also lead to a 
higher bed mass. When the air temperature was 70 and 60℃, a continuous increasing of 
bed mass was seen after 100-120 min which means that there is a high risk of defluidization 
in these two experiments. 

In the second set of experiments, the internal weirs were used and the gap height was 
changed to see the influence of internals weirs on particle size distribution. The internal 
weirs are commonly used in such horizontal fluidized bed to control the flow behavior of 
particles. As Fig. 4 displays, the smallest Sauter diameter was achieved from the 
experiment with internal weirs which have the smallest gap height. During the present 
experiments, a slower rate of size increase was observed when the internal weirs were 
installed. The particle size distribution shows the internal weirs influence the flow behavior 
of the particles which could be shown more clearly in the residence time distribution 
measurement. By the installation of the weirs, more accessories were installed inside the 
bed which means more particles could stick. During the process, a hammer was used to 
knock the wall to clean the sticking particles on the walls and nozzles to prevent the 
formation of big lumps or the blocking of nozzles. 
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Fig. 3 Characteristic diameter X10,3, X50,3, and X90,3, the standard deviation σ and bed mass of 
experiments at temperature 100 (left, top), 80 (right, top), 70 (left, bottom) and 60℃ (right, bottom). 

 

Fig. 4 Sauter diameter versus time with different internal weirs configurations. 
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Fig. 5 Characteristic diameter X10,3, X50,3, and X90,3, the standard deviation σ and bed mass of 
experiments with internal weirs gap height 10 mm (left) and gap height 5 mm (right). 

In Fig. 5, when compared to the reference experiment, it was observed that with internal 
weirs the starting bed mass of experiment is higher than without internal weirs because by 
separating process chambers, the spray has less influence on the fluidization of particles in 
last chamber. The internal weirs with gap height 10 mm have little influence on the size of 
agglomerates as well as on the width of size distribution. When the gap height was 
decreased to 5 mm, they decreased the size of agglomerates and a higher standard deviation 
of particle size distribution was observed which means a wider size distribution was 
achieved. 

3. Conclusions 

In this work, a continuously operated horizontal fluidized bed was used to conduct a spray 
agglomeration. The influence fluidization air temperature and configuration of internal 
weirs is presented. It was observed that an increase of air temperature results in decrease of 
agglomerate size and the width of size distribution combine with more fluctuations during 
the process. The internal weirs with gap height 10 mm have little influence on the size 
distribution of products, but when the height is decreased to 5 mm, they will decrease the 
size of products while increasing the width of size distribution. In future work, more 
parameters will be changed to study the influence the parameters such as particle feed rate, 
binder concentration and spray rate. To describe the continuous spray agglomeration, 
process a stochastic modelling approach based on a Monte Carlo method will be developed 
and compared with the experimental results. 
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5. Nomenclature  
 

T temperature ℃ 

ṁ mass flow rate g/min 

X10,3 particle size Q3(x10)=0.1 mm 

X50,3 particle size Q3(x50)=0.5 mm 

X90,3 particle size Q3(x90)=0.9 mm 

Greek letters 

σ standard deviation mm 

Subscripts 

a air  

b binder  
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Abstract 
Bay leaves (Laurus nobilis L.) refers to aromatic leaves which are native to 
minor regions of Asia. In order to extend the shelf life of the bay leaves its 
water activity and the surface micro-organisms were reduced using 
microwave heating at different power densities in the range 32.14 to 142.85 
Wg-1. Treatment time at each power level was maintained constant at 150 s. 
The maximum reduction in water activity and moisture content occurred at 
highest power density. The heating time-temperature profile was obtained at 
all  power levels. TPC, color change and browning index (BI) of bay leaves 
were measured in order to determine the effect of microwave treatment on 
microbial reduction and quality. The highest reduction in TPC was found in 
leaves heated at 142.85 Wg-1 power density along with acceptable quality 
parameters of the treated bay leaves. 

Keywords: Bay leaves; Microwave heating; TPC; Colour change. 
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1. Introduction 

Bay leaves hail from the bay tree and originally belongs to the family Lauraceae which is 
scientifically known as Laurus nobilis. It is believed to have been originated in Asia minor 
region, from where it is distributed to all over Mediterranean region and other parts of Asia. 
Bay leaves began to find its medicinal use during the European Middle Ages. Bay leaves 
belonging to various different origins were studied by different researchers for its chemical 
composition. In almost all the cases, 1,8-cineole was found to be the major component with 
percentages ranging between 31.4% and 56% [1,2]. Other compounds that are also present 
in appreciable amount include trans-sabinene hydrate, linalool, a-terpinyl-acetate, sabinene, 
methyl eugenol and eugenol [3]. The various benzene compounds like eugenol, methyl 
eugenol and elemicin, present in bay leaves with percentages ranging between 1% and 
12%. These compounds are responsible for the sensory qualities of bay leaves [4]. The 
essential oil content of bay leaves varies with the source of origin of the bay leaves and it is 
different for bay leaves obtained from different resources. Generally, the essential oil 
content of bay leaves ranges from 1% to 3% on a fresh weight basis. Bay leaves have a 
strong aroma but are also quite bitter. The bitterness of bay leaves can be reduced to an 
acceptable extent by drying. Thus the essential oils in dried bay leaves contribute to a 
strong, spicy aroma and are widely used throughout the world as a flavor enhancer in 
varieties of foods. Being one of the best-known flavoring leaves all over the world, they 
find their use in soups, sauce, sausages, stews, pickles and also act as an essential ingredient 
of the herb mixes. As a medicinal plant, bay leaves have been used as a cure for 
rheumatism, earaches and skin rashes. In addition, it has been also employed as a stomatic, 
carminative, astringent, stimulatory, emetic, emmenagogic, diaphoretic, abortifacient agent, 
and as an insect repellent. Essential oil obtained from bay leaves has also found its use in 
the cosmetic industry. Micro-organisms exist in the dried bay leaves which affects the shelf 
life. In order to extend the shelf life of the bay leaves its water activity must be decreased 
and the microbes present in the surface must be inactivated. Thus, it requires finished 
drying and surface sterilization. Recently, microwave heating has gained popularity due to 
its various advantages like quick and uniform heating, high-temperature short time 
treatment, inactivation of microbes without much damage to food quality [5]. Considering 
all the above reviews, this study aims to carry out microwave finish drying and surface 
sterilization of bay leaves. 
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2. Materials and Methods 

2.1. Raw materials 

The bay leaves were collected from the local market of Rourkela, Odisha, India. The 
samples collected were stored in a refrigerator (4°C) until usage to prevent any type of 
quality deterioration in the product. 

2.2. Determination of moisture and water activity 

Moisture content and the water activity were determined for both the control untreated 
samples and the microwave treated samples. For determination of the moisture content, 
vacuum oven method was used. The water activity of the conditioned sample was measured 
using water activity meter (Rotronic, HC2-AW, Rotronic measurement solution, 
Switzerland) at initial temperature 20.02 °C and relative humidity 53%. 

2.3. Microwave finish drying 
2.3.1. Experimental Setup 

Finished drying and surface sterilization of the bay leaves were carried out in a microwave 
oven. A programmable domestic microwave oven (Samsung, Model-CE73JD) with a 
maximum output of 800 W at 2450MHz was used for the experiments. The dimensions of 
the microwave cavity were 310 mm width, 290 mm height, and 220 mm depth. The oven 
was fitted with a fan, a glass turntable (30 cm diameter) and a digital controller to adjust the 
pulsation of microwave power and total heating time. Schematic diagram of the microwave 
heating system is shown in Fig. 1. The efficiency of the microwave oven was calculated 
according to USFDA (United State Food and Drug Administration) procedure at different 
power levels and the average efficiency was determined. The heat absorbed by water (220 
g) was equated to the input energy[6]. During the drying process, the microwave oven was 
operated at five different power densities 32.14, 53.57, 80.35, 107.14 and 142.85 Wg-1 and 
a constant treatment time was maintained at 150 s. The surface temperature of the bay 
leaves was regularly measured at an interval of 10 s using infrared sensor (IRL380-
KUSAM MECO, India) up to 150 seconds at each power density. For accuracy in results, 
the temperature was measured at three different points each time and its average was taken 
as the final temperature. 
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Figure 1. Schematic diagram of the microwave heating system 

2.4. Microbial analysis 

Microbial analysis was performed on the bay leaves in order to find the effect of microwave 
treatment on the reduction of microbial contamination. In this regard, the Total Plate Count 
(TPC) per gram was done both for the control sample and the final samples treated at 
different microwave power densities. 

2.4.1. Culture Preparation 

Firstly, the culture media was prepared by mixing 28g of nutrient agar with 1000 mL of 
distilled water. It was then properly mixed with help of a stirrer and heated up to 60℃ for 
proper dissolution of the nutrient agar in the distilled water. Media was then transferred to 
the glass bottles leaving some headspace at the top. Glass bottles were autoclaved at 15 psi 
at 121℃ for 15 minutes. After completion of the autoclave heating, the media was allowed 
to cool below 50℃. The media was then poured into pre-sterilized Petri dishes such that a 
uniform layer of culture (2-3 mm) was obtained. The whole pouring process of the culture 
media was carried out under laminar flow hood in order to prevent any kind of 
contamination.  

2.5. Color analysis 

The color of the fresh and treated bay leaves was measured by scanning them with help of 
HP scanner. The scanned samples were then analyzed with help of Adobe Photoshop 
software. The color value of samples was measured at three different points for accuracy 
and expressed as L (whiteness or brightness/darkness), a (redness/ greenness) and b 
(yellowness/ blueness) at any time, respectively. The total color change (ΔE) indicates the 
overall color change and quantification was done using the equation given below [7]:  
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ΔE = [(L-L*)2 + (a-a*)2 + (b-b*)2]0.5               (1) 

where L, a, and b are respective values measured during high power short time microwave 
finish drying. The L*, a*

, and b* are values of the fresh sample (before microwave finish 
drying).The browning index (BI) were calculated from L, a, b values and used to describe 
the brown color produced due to heat accumulation during the decontamination process. 
The equation to calculate BI is given below: 

BI = [100(x - 0.31)]/0.17       (2) 

Where 

x = (a + 1.75 L)/(5.645L + a - 3.012b) (3) 

3. Results and Discussion 

3.1. Effect of power density on moisture content and water activity 

The moisture content and the water activity was measured for both the control and treated 
samples. The results obtained showed that the average initial moisture content of bay leaves 
was 10.68% (wb) which was reduced up to safe moisture content. The maximum reduction 
in the moisture level occurred when bay leaves were treated at the power density of 
142.85Wg-1. In this case, final moisture content obtained was 1.24% (wb). Similar trends 
were obtained for the water activity of bay leaves; initial average water activity of bay 
leaves was measured to be 0.89. The maximum reduction in the water activity occurred at 
142.85 Wg-1 and reached to 0.18. Table 1 gives the moisture content and the water activity 
for bay leaves treated at different power densities.  

 

Table 1. Final moisture content, water activity and TPC log reduction in the microwave 
treated bay leaves 

Power 
Density 
(W g-1)  

Final 
Moisture  
Content 
(%, wb)  

Water 
activity  

Log 
Reduction 

ΔE BI 

32.14  2.23 0.41 0.115 0.58 49.90 
53.57  1.87 0.35 0.291 0.65 55.78 
80.35  1.75  0.27  0.532 1.20 58.92 
107.14  1.66 0.23 0.780 1.39 63.59 
142.85  1.24 0.18 1.069 1.62 69.92 

 

 

 

1867

http://creativecommons.org/licenses/by-nc-nd/4.0/


Finish drying and surface sterilization of bay leaves by microwaves 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

 

3.2. Effect of microwave power density on product temperature and microorganisms 

Bay leaves samples were treated for 150 seconds at each of the five microwave power 
densities. The surface temperature of the bay leaves was measured regularly during the 
microwave treatment of bay leaves. The time-temperature profile obtained at different 
power densities showed that maximum surface temperature reached was 101.6°C in the 
case when bay leaves were treated at 142.85Wg-1 for 150 s. While minimum surface 
temperature reached was 75.85°C when bay leaves were treated at 32.14 Wg-1 for 150 s. 
Total plate count (TPC) was done for both control and microwave treated samples of bay 
leaves. Results showed that plate count was minimum for the sample treated at 142.85Wg-1. 
While the treatment at 32.14Wg-1 obtained a maximum number of plate counts. Total log 
reduction was also calculated for samples treated at different power densities and it ranged 
from 0.115 to 1.069. The log reduction at different power densities is given in Table 1. 

 
3.3. Effect of microwave power density on color change and browning index 

Color analysis was performed to determine the color change (ΔE) which was encountered 
during the microwave treatment of the bay leaves. Browning Index (BI) was also calculated 
for both initial and the microwave treated samples. Results obtained showed that maximum 
color change of 1.62 was obtained when the sample was treated at 142.85 Wg-1. Similar 
results were obtained for Browning Index (BI) that is a maximum BI value of 69.92 was 
obtained for microwave treatment at 142.85 Wg-1.  

4. Conclusions 

Maximum water activity reduction from 0.89 to 0.18 occurred at 142.85 Wg-1 power 
density. Microbial analysis was performed in order to determine the effect of microwave 
treatment on microbial reduction of bay leaves. TPC was obtained for fresh as well as 
microwave treated samples. Maximum log reduction (1.069) was achieved in the sample 
treated at 142.85 Wg-1 power density for 150 seconds. The color change was also quantified 
and the Browning Index (BI) was measured which indicated the less effect of microwave 
treatment on the color of the product. It can be concluded from the results that high power 
density short time microwave finish drying turns out to be an effective alternative for 
drying and surface sterilization of bay leaves with acceptable quality parameters. 
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Abstract 
In this study, the moisture adsorption isotherm of pistachio was determined at 
25°C and relative humidity (10-90%), using the standard static, gravimetric 
method. Eleven sorption models were tested to fit the experimental data. A non-
linear regression analysis method was used to evaluate the constants of the 
sorption equations. The GAB equation gave the best fit to the experimental 
data for a wide range of water activity, while BET gave the best fit for a water 
activity range of 0.1-0.5. The agreement between experimental and predicted 
values of these models was found to be satisfactory. 

 

Keywords: Moisture adsorption isotherm; Sorption model; Pistachio 

 

1871

http://dx.doi.org/10.4995/ids2018.2018.7826
http://creativecommons.org/licenses/by-nc-nd/4.0/


Moisture sorption characteristics of pistachio  
 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

 

1. Introduction 

Pistachios are one of the oldest edible nuts known to mankind, which are originated from 
Asia Minor, and are cultivated from Pakistan to Greece and even Italy and U.S.A. But 
pistachios originated from Gaziantep Region of Turkey, are worldwide known with its high 
quality and rich distinctive flavor. Pistachios are subjected to various processes after they are 
harvested. Proper harvesting and postharvest handling are two key activities in achieving 
maximum yield of good quality pistachio nuts, which effect marketability and profit. Process 
steps may vary with respect to desired product. For consuption as snack, processing of the 
nuts includes dehulling, washing, drying to 60–80 g/kg moisture (related to whole kernel) in 
dryers at 65°C for 6 to 7 h or by sun-drying for 3 to 4 d, salting by immersion in 100 g/kg 
sodium chloride solution for 15 min, roasting at 150 to 180°C for 30 min and packaging [2]. 
In this operation, water absorption and water vapor adsorption and desorption processes are 
very important, the air-watersolid equilibrium relations in the pistachio nuts determine the 
optimal conditions of post-harvest physical treatments and storage [3]. The water activity 
(aw) of food describes the energy state of water in the food, and hence, its potential to act as 
a solvent and participate in chemical/ biochemical reactions and growth of microorganisms. 
It is an important property that is used to predict the stability and safety of food with respect 
to microbial growth, rates of deteriorative reactions and chemical/physical properties [4]. 
Sorption isotherms can also be used to design their suitable packaging and storage conditions, 
and to select proper ingredients for preparation of a formulated intermediate moisture food. 
However, very limited data are available on sorption isotherms of different pistachio varieties 
[1]. It is well known that sorption isotherms of foodstuffs are very important for design, 
modelling and optimization of many processes. Hossain et al. [5] pointed out the importance 
of those data in drying, aeration, predicting of stability and quality during packaging and 
storage of food. Moisture sorption isotherms of foods provide critical information that can be 
used in predicting shelf-life by theoretical calculation. Moisture sorption isotherms can also 
be used to investigate structural features such as specific surface area, pore volume, pore size 
distribution, and crystallinity of food products. Many research studies on the sorption 
isotherms of certain foods, temperature dependence of isotherms, determination of heat of 
sorption, and mathematical models to represent sorption isotherms have been reported in the 
literature [6]. Many theoretical, semi-theoretical and empirical sorption models to describe 
the sorption behavior of foods other substrates have been proposed in the literature [7]. The 
objectives of this study were to determine the water sorption behavior of the pistachios 
originated from Gaziantep Region of Turkey at 25°C and relative humidities ranging from 
10 % to 90% to propose a mathematical model for prediction of its sorption behaviour as a 
function of temperature, to evaluate the constants of sorption isotherm models. 
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2. Materials and Methods 

 

2.1. Materials 

Roasted pistachio sample was obtained from a local market at Gaziantep. All chemicals used 
in the preparation of saturated salt solutions were reagent grade (Merck) and water used was 
deionized distilled water. 

 

2.2. Determination of Sorption Characteristics of Roasted Pistachio  

A static gravimetric method was used to determine the sorption isotherms at 25 ºC of the 
roasted pistachio nuts. 10 saturated salt solutions with an average water activity of between 
0.10 and 0.90 were prepared for the glass jars which can be closed to prevent air ingress. 0.3g 
pistachio samples were weighed and placed together with two witness samples to each jar. A 
small amount of toluene was placed in jars with saturated salt solutions with high water 
activity to prevent microbial spoilage. After the jars were closed tightly, they were placed to 
an oven set at a constant temperature of 25 ºC. Samples were weighed at 1-week intervals. 
The weighing continued until no difference more than 0.001 g it was found. The equilibrium 
moisture content of the samples was determined by drying at 105 ºC for 4 hours. The 
equilibrium moisture content was plotted against the water activities to form the moisture 
sorption isotherms. The water activity values of the saturated salt solutions at 25°C are given 
in Table 1.  

Table 1. Water activity values of the saturated salt solutions at 25ºC used in the experiment 
SALT aw (25 ºC) 
LiCl 0,1130 

CH₃COOK 0,2251 
MgCl₂ 0,3278 
K₂CO₃ 0,4316 

Mg(NO₃)₂ 0,5289 
NaBr 0,5757 
SrCl₂ 0,7085 
NaCl 0,7529 

NH₃SO₄ 0,8099 
KCl 0,8430 

 

The experimental sorption data of all samples at three different temperatures was fitted to 
sorption equations (with six two-parameters, five three–parameters and one four parameter) 
shown in Table 2. The parameters of the sorption models were estimated from the 
experimental results using nonlinear regression analysis (SPSS 13.0 for Windows), which 
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minimizes the residual sum of squares. Best-fitting equations were evaluated with the mean 
relative percentage deviation (P) value and the percentage root mean squares error (RMSE) 
value. P value and RMSE value are defined as  

𝑃𝑃 = 100
𝑁𝑁

 ∑ |𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀|
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑁𝑁
𝑖𝑖=1                                               (6) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 100�∑(𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)2/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑁𝑁

                              (7) 

where Mexp and Mcal are experimental and predicted moisture content values, respectively, 
and N is the number of experimental data. A model was considered acceptable if the P values 
and RMSE values were below 10% and R² values were higher than 0.90. 

Table 2. Equations describing the sorption equilibrium isotherms  

Name of the Equation Equation 
BET (Brunauer, Emmet and Teller) [8] 

])1)(1()1[(
0

www

w

aaca
caMM

−−+−
=         (1) 

GAB (Guggenheim-Andersen-de Boer) [9] 
)]1)(1[(

0

www

w

CKaKaKa
CKaMM

+−−
=          (2) 

Halsey [10]  ]exp[ n
w Mka −=                             (3) 

Henderson [11]                 1− 𝑎𝑎𝑤𝑤 = exp(−𝑘𝑘𝑘𝑘𝑅𝑅𝑛𝑛)                          (4) 

Oswin [12]                        𝑅𝑅 = 𝑘𝑘 � 𝑀𝑀𝑤𝑤
1−𝑀𝑀𝑤𝑤

�
𝑛𝑛
                                 (5) 

 

3. Results and Discussion 

Sorption isotherms are graphs that provide very useful information about the state of the food, 
determined by plotting the water content of the food at constant temperature versus the water 
activity of the food. These isotherm graphs are basically as follows; adsorption or desorption 
isotherms obtained by demonstrating the increased water content of the dry food at constant 
temperature or the decreasing water content of the wet food against the changing water 
activity [7]. The sorption data of whole pistachio nuts shows remarkable hysteresis in the 
multimolecular range and in the cappilary condensation range (between R = 0.10- 0.80). 
Above this region the difference between adsorption and desorption tends to disappear [3]. 
Several sorption equations (GAB, BET, Simit, Halsey, Henderson, Iglesias-Chirife, Chung-
Pfost, Oswin, Caurie, and Langmuir et al.) that considered the relationship between water 
activity, moisture content of food and water binding energy, were developed to represent the 
sorption isotherms of the foods. However, these equations do not adequately represent all the 
food. The reason for this is the high heterogeneity of foods in structure and composition. The 
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BET equation, which is one of the first sorption equations and widespread employed, can 
successfully represent the isotherm when the water activity is less than 0.50 [7]. GAB model 
is about monolayer moisture concept and provides the value of monolayer moisture content 
of the material, as most other models not have this parameter. The monolayer moisture 
content (M0) indicates the amount of water that is strongly adsorbed to specific sites on the 
surface of food and is regarded as the moisture content affording the longest time with 
minimum quality loss at a given temperature [13]. 

The adsorption isotherm of pistachio at 25˚C is shown in Fig. 1. The equilibrium moisture 
content at each aw represents the mean value of three replications. The standard deviation of 
each experimental point (kg/kg dry solids) was within the range of 0.003 to 0.05. 

 

Fig.1 Adsorption isotherms of roasted pistachio 25ºC. 

The adsorption isotherms of pistachio showed type II behaviour according to the BET 
classification, typical of the many sorption isotherms of food [14]. The equilibrium moisture 
content increases with increasing aw, at constant temperature. Similar results have been 
reported in literature for the sorption curve of pistachio [14]. 

The results of non-linear regression analysis of fitting the sorption equations to the 
experimental data are presented in Tables 3. The mean relative percentage deviation (P), the 
percentage root mean squares error (RMSE) and correlation coefficient (R2) values are also 
given in Tables 3.  

The GAB equation (Table 3) gave the best fit to the experimental adsorption data of pistachio 
for a wide range of water activity (0.10-0.9). This observation is consistent with the results 
obtained by Maskan [14]. Constant K value for pistachio in the GAB equation was 0.821. 
The value of K provides a measure of the interactions between the molecules in multilayers 
with the adsorbent and tends to fall between energy value of the molecules in the monolayer 
and that of liquid water. The monolayer moisture content (M0) helps to define physical and 
chemical stability of foods since it has a direct influence on lipid oxidation, enzyme activity, 
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non-enzymatic browning, flavour preservation and product structure. The BET and GAB 
monolayer moisture contents for pistachio were 0.038 kg/kg dry solid and 0.046 kg/kg dry 
solid, respectively (Tables 3). M0 value obtained by the GAB equation was higher than those 
obtained by the BET model. Moreover, the Oswin, Halsey and Henderson equations (Table 
3) gave a satisfactory prediction of the adsorption equilibrium moisture content of pistachio.   

Table 3. Estimated parameters and P (%), RMSE (%), R² values of the sorption equations  
Model Parameters Temperature 

25 (˚C) 

BETa 
M0 0.038 
C 22.79 

P (%) 4.439 
RMSE (%) 0.028 

R2 0.961 

GAB 

M0 0.046 
C 8.457 
K 0.821 

P (%) 5.924 
RMSE (%) 0.456 

R2 0.984 

Halsey 

k 0.005 
n 1.834 

P (%) 9.333 
RMSE (%) 2.853 

R2 0.986 

Henderson 

k 0.208 
n 1.685 

P (%) 10.99 
RMSE (%) 4.616 

R2 0.963 

Oswin 

k 0.068 
n 0.441 

P (%) 6.714 
RMSE (%) 0.573 

R2 0.975 
a aw range for BET equation was 0.11-0.5, only the first four data points were used. 

As seen in Table 3, the BET equation gives the lowest P % and RMSE % value in the water 
activity range 0.11-0.5. Furthermore, the GAB equation representing multi-layer adsorption 
gave the best fit to the experimental data for pistachio. The experimental adsorption data and 
the predicted values obtained from different sorption models at 25°C are shown in Fig. 2.  

It should be noted that, the goodness of fit of any sorption model to the experimental data 
shows only a mathematical quality and not the nature of the sorption process [15].  
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Figure 2. Comparison of experimental and predicted adsorption equilibrium moisture contents of 

pistachio at 25˚C. 

 

4. Conclusions 

The equilibrium moisture content of pistachio increased with increasing water activity at 
constant temperature. Among the sorption models tested, the GAB equation was 
recommended for characterising the adsorption behaviour of pistachio in the water activity 
range of 0.11-0.87.  The adsorption data were also expressed by the Halsey equations in the 
wide range of water activity and by the BET equation in the range of water activity 0.1-0.5.  
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Abstract 
Presented in this article studies show the investigation of ultrasound 
application as a new method for improvement of ceramic materials 
processing and their influence on mechanical properties of dried samples. 
Ultrasound were applied during convective and convective-microwave 
processes carried out in two different temperatures. Obtained results indicate 
increase of drying rate due to sonification and what’s more interesting they 
affect the material strength parameter. The experiments indicate that the 
effectiveness of ultrasound assist depends on the drying temperature and 
such dependency is observed mainy when considering dry product quality 
parameter. 

 

Keywords: ceramics; hybrid drying; material strength 
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1. Introduction 

Drying of clay like materials is a very important industrial process which allow to achieve 
ceramics with very useful, specific properties like, e.g. high durability, electrical and 
thermal resistance and other. It is the first step after molding or casting which lead to 
reduction of the moisture content and gives a possibility to further calcination of such 
products. Dry product before calcination needs to have not only very limited moisture 
content but also can not have fractures. Thus why drying process is so important as it 
contributes into final product quality or possibility for postprocessing of such product. 

To achieve a good quality of dried products the drying process needs to be carred out in the 
way which allow to reduce internal drying stresses, the main cause of material destruction[1-

4]. Tension which appears in dried products are mainly the result of highly nonuniform 
distribution in temperature and moisture content throught the material, thus why using 
several drying techniques simultaneously or using nonstationary drying is presented as a 
method to diminish unwanted effects[5-7]. Application of such drying programs not only 
allow to achieve better quality of dry products but also if appropriately determined lead to 
reduction in energy consumption, which is one of the most important parameter considered 
when presenting new drying solution affecting their economical effectiveness. 

In the mentioned hybrid drying processes in last years ultrasound were applied as one of the 
method to enhance the drying process, however they were considered mainly for thermal 
sensitive products like fruits and vegetables[8]. Nevertheless, described in the literature 
interaction with the material in the form of, e.g. heating or vibrating effect[9] could affect 
positively also other than biological products like for example ceramics[10]. The processes 
proposed in this work present modern drying technique in which high power ultrasound are 
used to affect drying kinetics and processed material propertiess. 

  

2. Materials and Methods 

The investigated material was kaolin KOC clay produced by Polish company Surmin 
Kaolin S.A. The material before preparing a moulding mass was dried for 24h in 120oC. 
Next, a dry powder was mixed with a specific amount of demineralized water which allows 
to achieve an initial moisture content of 40% d.b.. Wet material was closed in a sealed box 
and left for 48h, so the moisture distribution in the mass became uniform. After that time 
the mass was portioned into 200g batch and stored separately in a sealed containers at 
temperature of 5oC. For each experiment from single 200g batch 7 samples in the form of 
cylinders with a diameter of 21mm and a height of 26mm were molded and placed in a 
dryer trace. The experiment were performed in a hybrid dryer according to 6 drying 
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schedules presented in Table 1. The apparatus allowed to control and collect all important 
process parameters and is described in detail in other author work[9]. 

Table 1. Drying processes and parameters 
Drying program Convection Microwaves Ultrasound 

CV80 80oC air flow 4m/s -   - 

CVUS80 80oC air flow 4m/s -  200W 

CVMWUS80 80oC air flow 4m/s 100W in 2 cycles 200W 

CV50 50oC air flow 4m/s -  -  

CVUS50 50oC air flow 4m/s -  200W 

CVMWUS50 50oC air flow 4m/s 100W in 3 cycles 200W 

 

Application of microwaves was performed periodically in a given number of cycles which 
last 5 minutes with the following 30 minutes relaxation periods. Such procedure allows not 
to destroy ceramics samples during processing with microwave appication. 

As drying processes were carried out till the material reach 2%d.b. moisture content, before 
mechanical tests the samples were placed for 48h in exsiccator, so all examined cylinders 
would had exactly the same parameters. Compression tests were carried out axialy on 
Cometech strength machine with 20mm/min compression speed. 

 

3. Results and discussion 

The first series of experiments was carried out for higher drying temperature both as a 
single convective process as also with application of ultrasound and microwaves. The 
kinetics of such processes is presented in figure 1 and was evaluated on the basis of 
MR(time) curves where MR is defined as follows: 

eq

eqt

XX
XX

MR
−
−

=
0

   (1) 

In the above equation X value indicates the material moisture content (kg/kg d.b.) and 
subscripts specify the time at which they were determined, that is: t - given time of the 
process, eq is the end of process (equilibrium moisture content) and 0 is at the beginning of 
the process (initial value). 
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Fig. 1 Kinetics of processes carried out at 80oC 

In Figure 1, one can see the characteristic behaviour of material dried only with ultrasound 
assist at the beginning of the process. In the heating period the water loss is visibly lower as 
compared to the CV process, however in the next period the drying rate increases 
significantly and leads to reduction of the overall drying time up to 11 minutes. This 
characteristic kinetics was observed in number of repeats thus why it can be stated that for 
such processes ultrasound application could be applied after heating period what allows to 
additional improvement of drying kinetics. In the second process assisted with ultrasound 
(CVMWUS80 ) the kinetics showes the influence of short application of microwaves which 
allows to reduce the drying time significantly. Longer application of microwaves was not 
justified as earlier work of autor[10] indicates their negative effect on the material structure 
as also its strength. 

The next series of experiments was performed in a lower drying air temperature to verify if 
ultrasound assist in other conditions transfer onto the drying kinetics and material 
properties differently. Figure 2 presents the drying curves achieved for processes carried 
out in 50oC. In opposite to process carried out in higher temperature, the CVUS50 process 
do not show very slow drying tendency during heating period but from the beginning offer 
higher drying rates than pure convection. This reflects in higher reduction in drying time 
even up to 85 minutes. So high reduction in drying time could results also from the fact that 
a lower temperature of processing affects the air density which influence greately the 
reduction of acoustic wave attenuation. 

1882

http://creativecommons.org/licenses/by-nc-nd/4.0/


Pawłowski, A.; Trawińska, W. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

0 30 60 90 120 150 180 210
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0  CV50

 CVUS50

 CVMWUS50

M
R 

[-]

Time [min]
 

Fig. 2 Kinetics of processes carried out at 50oC 

Additional periodical application of microwaves in the CVMWUS50 process allows to 
increase the average drying rate and in total reduces the drying time to the level achieved 
during CVUS80. Similar drying time for those processes affects also similar appearanece of 
the sample surface with small number of narrow cracks. The samples achieved after drying 
are presented in Figure 3. 

    

   
Fig. 3 Dry samples structure achieverd after different dryingprocesses; a) CV80 , b) CVUS80,  

c) CVMWUS80 , d) CV50, e) CVUS50, f) CVMWUS50 

The presented above pictures show that ultrasound application affects positively the sample 
quality, however beter results were observed at higher drying air temperature, especially 
without microwave application. Slightly other influence of ultrasound was observed at 
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lower air temperatures where the best quality was observed in case the samples dried by 
CVMWUS50. In this temperature application of ultrasound itself do not cause visible 
improvement of product structure. The above investigation of samples appearance does not 
however investigate their mechanical properties, thus why the results of strength tests for 
the dried samples are tabulated in Table 2. 

Table 2. Material strength and energy consumption in different drying processes 
Drying 

program 
Strength [N] Standard 

deviation [N] 
Energy 

consumption 
[kWh] 

Standard 
deviation 

[kWh] 
CV80 180,38 23,78 2,28 0,01 

CVUS80 199,77 13,51 2,44 0,08 

CVMWUS80 196,27 22,61 1,87 0,18 

CV50 260,06 15,57 1,95 0,04 

CVUS50 203,38 23,42 2,07 0,17 

CVMWUS50 206,15 17,96 1,63 0,28 

 

The results of compression test correlates fully with a sample appearance for processes 
carried out at temperature of 80oC. In those processes ultrasound assitst reflects in the 
increase of material strength both for pure convective dryng and also for the process 
enhanced with microwaves. However the mechanical properties determined during strength 
tests do not cover with visual quality determination for samples dried at a lower 
temperature. It is observed that application of ultrasound as also microwaves during 
convective drying in 50oC affects significantly reduction of material strength, nevertheless 
without negative influence on product appearance. The reason of such specific behaviour 
could be tracked back into varied acoustic wave propagation and attenuation in different air 
temperatures, however it exact explanation is very difficult. From one side the vibration 
carried by mechanical wave could affect the clay particles arrangement and its strength, but 
from the other side it do not explain why the improvement of drying rate at lower 
temperature is greater. Nevertheless, when considering the material strength and drying 
time for particular processes it can be stated that CVUS80 and CVMWUS50 give almost 
identical, very good results. Thus why to indicate the most effective process in which 
ultrasound are applied it is necessary to consider the energy needed to remove a specific 
amount of water from the material. As all samples have the same volume and initial 
moisture content the overall energy consumed during specific process can be compared 
directly. The energy consumption presented in Table 2 showes that the most similar 
processes from quality and kinetic point of view (CVUS80 and CVMWUS50) differ 
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significantly by the energy consumption. The process carried out at a lower temperature 
consumes more than one third less energy what shows its great advantage. Also other 
processes carried out at a lower temperature are more effective from energy point of view 
comparing with the ones carried out at 80oC, where the only expception is the CVMWUS80 
process which offers similar energy consumption. 

 

4. Conclusions 

The application of ultrasound shows different influence on both drying kinetics and 
material strength depends from temperature in which they were applied. Application of 
acoustic waves in all cases affects in reduction of processing time, however at a lower air 
temperature their influence on drying rate is greater probably due to a lower wave 
attenuation. Ultrasound affect also the material strength, however their influence is 
ambiguous and depends on drying air temperature. At a lower temperature sonification 
affects negatively on the material resistance, whereas at a higher temperature it improves 
product strength. However, for both temperatures ultrasound improve the product 
appearance as the sonificated samples had a better surface quality with a lower amount of 
narrow cracks. 

Considering all of the processes and material parameters the CVMWUS50 program can be 
pointed as the best drying process due to a quite short drying time and also a lower energy 
consumptionless energy, and a reasonable material strength and product appearanece. 
Nevertheless, the ultrasound enhancement during all drying schemes brings some 
advantages in the process, but sonification should be applied with a grate care and 
determination of the most important parameters onto which we would like to affect using 
ultrasound. 
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Abstract 
Anthocyanins pulp and peel passionfruit extracted by leaching using water as 
a solvent where the operating conditions of spray drying were evaluated for a 
microencapsulated. The variables were temperature input (180,200 and 220 
° C), MD (6,8y10%), AP (1,3y5%) and outlet temperature 80 ° C, was 
achieved noted that during the drying process moisture decreased to 85% 
due to this high in MD and AP, this also increases the content of ST. Color 
significantly was not affected by spray drying.. 
 
Keywords: Passionfruit, abstract, encapsulants, spray microencapsulation. 
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1. Introduction 

Passionfruit (Passiflora biflora) is a wild fruit ovoid neotropical as shown in (Fig 1) and 
belongs to the Passifloraceae family, is a liana with smooth variable leaves are generally 
wider than long, with two lobes that occur with the cut end, rounded or slightly stippled. 
[n1] In recent years it has sought ways to replace artificial pigments thus has opted for 
extraction of certain natural pigments from different plants and fruits, is why in the present 
research, the extraction process is evaluated own compounds of passion fruit by 
microencapsulation technique by spray drying. 

 

 

 

 

 

 

 Microencapsulation by spray drying corresponds to the transformation of a fluid into a 
solid material, shaped by atomizing minute droplets into a hot drying medium. One of the 
great advantages of this process, besides its simplicity, is suitable for heat sensitive 
materials because the exposure time at elevated temperatures is very short ranging between 
5 and 30 seconds [n3, n5]. Anthocyanins belong to the flavonoid family, composed of two 
aromatic rings, a and β joined by a chain of 3 carbons [n2], these pigments are widely 
distributed in fruits and flowers, offering attractive colors such as orange, red and blue [n6]. 
One of the most important and studied food characteristics is the color,the Interest in 
anthocyanin pigments in scientific research have increased in recent years, due not only to 
the color that give products that contain them but its likely role in reducing heart disease, 
cancer, diabetes, anti-inflammatory, improvement of visual acuity and cognitive 
performance; these preventive and therapeutic effects are mainly associated with its 
antioxidant properties [n4] The objective of this research was microencapsulated 
anthocyanins pulp and peel passion fruit by spray drying with maltodextrin and potato 
starch, evaluating the influence of the conditions drying.  

 

 

 

Fig. 1 Passiflora biflora 
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2. Materials and Methods 

2.1 Raw material 

Passionfruit (Passiflora Biflora) was harvested and collected in the high mountains, 
Cordoba, Veracruz, Mexico 
2.2 Fruit packaging. 

The fruit was placed at room temperature (25 ° C) for 2 hours to return to its initial state, 
the subsequent detachment of the peduncle performed and seed making a homogenization 
between the pulp and peel of the fruit into a sterile glass papillary. 

2.3 Extraction of anthocyanins. 

Once homogeneous mixture extraction was performed by placing the fruit in water at 30 ° 
C for 2 hours, to obtain the anthocyanins in the solvent, filtration was performed on 
Whatman paper to remove solids from the extract. 

2.4 Experimental design. 

The amounts used were determined by an Box-Behnken experiment design have three 
variables to consider: Inlet temperature, % maltodextrin and potato starch %. 
 

Box-Behnken desingns always have 3 levels per factor, is a type of design response surface 
that does not have an embedded fractional factorial designt, where the design points are in 
combinations of high and low levels of factors and their midpoints [n8]. 

2.5 Determination of moisture. 

Moisture determination of passion fruit extract was performed in a thermobalance of 
Sartorius, Model MA35 brand. At a temperature of 121 ° C. 

2.6 Determination of Total Solids. 

It was determined by weight difference according to the result of % moisture. 

2.7 Determination of color. 

The color measurement was performed to extract Colorquest XE colorimeter for liquids 
where “L”, “a” and “b” values were obtained. Determining color for dry passionfruit was 
performed with a colorimeter MiniScan XE plus the mark Hunterlab obtaining values “L”, 
“a” and “b”. 

2.8 Determination of water activity (aw). 

The water activity (aw) was measured with an Aqualab, model series 3 computer.  
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3.Results and discussions  

3.1 Fruit Yield 

In (Table 1). integral yield mature fruit, which is formed by 8% shell, 80% pulp and 10% 
seed and the other 2% is the organic waste [n1] is shown. 
 

Table 1. Performance passionfruit (Passiflora biflora) 

Source: [n1] 

Table 2. Results obtained from the extract in different concentrations 
Sample Temperature 

(ºC) 

Maltodextrin 

(% m/v) 

Potato Starch 

(% m/v) 

Humidity 

(%) 

ST 

(%) 

1 180 6 3 92.11 7.89 

2 180 10 3 87.81 12.19 

3 220 6 3 91.71 8.29 

4 220 10 3 85.83 14.17 

5 180 8 1 87.64 13.36 

6 180 8 5 90.30 9.70 

7 220 8 1 90.81 9.19 

8 220 8 5 87.81 12.19 

9 200 6 1 89.05 10.95 

10 200 6 5 86.85 13.15 

11 200 10 1 91.82 8.18 

12 200 10 5 82.12 17.88 

13 200 8 3 86.23 13.77 

14 200 8 3 89.22 10.78 

15 200 8 3 89.56 10.44 

Sample Total 
weight 

(g) 

Pulp 
weight 

(g) 

Seed 
weight 

(g) 

Shell 
weight 

(g) 

  Shell yield 
(%) 

Seed yield 
(%) 

Pulp yield 
(%) 

A 104.5698 83.5903 9.8471 7.7998 7.4589 9.4167 79.9377 

B 108.6584 86.6302 9.2321 8.5462 7.8651 8.4964 79.7271 

C 112.9454 87.5682 10.9358 8.5821 7.5984 9.6823 77.5314 
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In (Table 2). Results show the humidity and ST obtained extract at different concentrations 
which shows that the amount of maltodextrin and starch added potato is directly 
proportional to the % obtained, showing that the higher the added amount increases occurs 
in solids and a decrease moisture. 

In (Fig. 2) is observed that a high level of MD and an average level of AP the highest 
content of total solids in the samples are present, this may be due to the degree of solubility 
of potato starch samples, since increasing this concentration could suffer saturation in the 
solution, affecting the homogeneity of the sample. 

 

 

 

 

 

 

 

 

 

 

In (Fig. 3) the graphical response surface moisture, it is clear that its content decreases until 
85% with a content of, high MD and low AP, as the one that is shown to microencapsulated 
ascorbic acid by spray drying with two matrices maltodextrin and soluble potato starch, the 
moisture value reported is 0.038 ± 1.5%, which is low by these drying conditions.[n9] 

 

 

 

 

 

 

 

 

In (Table 3) results according to the color parameters are shown, the luminosity (L), 
chromaticity (a*, b*) in the extract, the changes (L) clearly observed were diminished as 

Fig. 2. Correlation of TS content 

 

Fig 3. Correlation of moisture content 
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was increased the number of solids, however parameters (a * b *) had a trend toward red 
and blue, which notes the presence of anthocyanins which are responsible for the red, 
orange, blue and purple colors fruits, flowers and other plant products. 

Table 3.- Results of chromaticity in different concentrations extract 

Sample 
Chromatic parameters 

L a* b* 

1 1.71 -0.05 -0.35 

2 1.46 -0.43 -0.17 

3 1.26 -0.34 -0.07 

4 1.21 -0.39 -0.43 

5 1.39 -0.29 -0.05 

6 1.45 -0.90 0.20 

7 1.34 -0.66 -0.74 

8 1.38 -0.17 -0.29 

9 1.47 -0.52 -0.30 

10 1.31 -0.25 0.13 

11 1.69 -0.91 0.13 

12 1.43 -0.28 -0.14 

13 1.57 -0.80 0.06 

14 1.31 -0.40 -0.31 

15 0.83 -0.90 -0.71 

 

Table 4. Results obtained after performing spray drying 
Sample H (%) ± DS ST (%) ± DS aw ± DS 

1 5.04 ± 0.06 94.97 ± 0.06 0.308 ± 0.03 

2 7.07 ± 0.64 92.94 ± 0.64 0.411 ± 0.01 

3 5.06 ± 0.18 94.94 ± 0.18 0.308 ± 0.03 

4 5.15 ± 0.12 94.86 ± 0.12 0.345 ± 0.01 

5 8.28 ± 0.49 91.72 ± 0.49 0.380 ± 0.01 

6 6.87 ± 0.19 93.14 ± 0.19 0.327 ± 0.01 

 

In (Table 4) the results obtained are shown after performing spray drying which shows that 
in runs 3 and 4 there is a lower moisture content 5.06% and 5.15% respectively, resulting in 
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a greater amount of ST, is therefore it is considered that in a matter of performance is 
optimal to use an amount of maltodextrin 10% because this presents better results. 

In (Table 5) color results obtained in the pigment are shown, where the parameters (L, a*, b 
*) had a color trend toward red and blue resulting in the run, number 2 and 6 have a higher 
intensity is the color, which results show the presence of anthocyanins, demonstrating that 
the spray drying does not alter the anthocyanins present in the fruit.  

 

Table 5. Results of chromaticity obtained after performing spray drying  

Sample 
Chromatic parameters 

Luminosity 
L ± DS 

Chromaticity 
a ± DS 

Chromaticity 
b ± DS 

1 46.87 ± 0.21 6.65 ± 0.13 -5.16 ± 0.05 

2 42.50 ± 0.18 8.36 ± 0.04 -3.14 ± 0.19 

3 39.95 ± 0.21 5.45 ± 0.49 -3.06 ± 0.08 

4 45.42 ± 0.49 5.18 ± 0.04 -2.35 ± 0.21 

5 46.06 ± 0.44 7.37 ± 0.21 -1.60 ± 0.47 

6 44.22 ± 0.30 8.26 ± 0.10 -1.73 ± 0.49 

 
 
4. Conclusions 

From the extract obtained color leached from fruit of the passion fruit one 
microoencapsulado product was achieved maltodextrin by spray drying, where according to 
the experiment performed and the results obtained it is established that the optimum 
conditions for the pigment are the runs 3 and 4 with an inlet temperature of 180 ° C, MD 
10% D10, 5.1% of AP and a temperature of 80 ° C outlet, because in these higher 
performances are obtained and although They do not exhibit the greatest color intensity but 
they present a good one, which represents the existence of anthocyanins, which makes them 
be suitable for obtaining the pigment by spray drying. 
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5. Nomenclature 

L Luminosity  

a* y b* Chromaticity  

H Humidity % 

ST Total solids % 

MD Maltodextrin % 

AP Potato starch % 

aw Water activity % 
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Abstract 
Alginate microcapsules containing cell yeasts of the species Saccharomyces 
cerivisae, used as a reference microorganism, were studied here to improve 
the protection of cell activity during food processing. Here a novel drying 
process was proposed to optimize processing conditions. 

The dehydration of microcapsules by microwaves and under near fluidizing 
conditions (NFMD), allows performing dehydration employing lower 
temperatures to maintain high viability levels and a high quality end product. 
Thus, strategies based on the combination of different thermal gradients and 
processing temperatures were analysed through a series of NFMD 
experiments. 

Keywords: microwave drying, fluidization, probiotics, cell viability. 
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1. Introduction 

In this work, the novel Near Fluidizing Microwave Drying (NFMD) process is studied to 
avoid some of the problems with lyophilization and spray drying. Microwave heating 
adequately controlled is specially recommended for drying. Through this process, the heat is 
generated inside the microcapsules, causing a thermal gradient from inside out, which favours 
the elimination of the moisture [1]. Microwave drying is a technology that is being developed 
widely in the food industry [2]. Drying of the microcapsules through the application of 
microwaves presents as primary characteristic, the inverse temperature gradient, favouring 
the drying of the microcapsules from inside out, as opposed to conventional drying methods. 
The application of this inverse temperature gradient involves much lower temperatures and 
operating times [3]; [4]. Based on previous kinetic studies of the microwave drying operation, 
three perfectly differentiated phases during the dehydration of microcapsules have been 
found [5]. 

As an extension of the study, here the effect of control variables in the applied energy for the 
drying process of microcapsules were studied. Several operating conditions were analysed 
combining different values of thermal levels of control variables: air and product 
temperature. Finally, the viability of each thermal level applied by microwaves was compared 
with the results obtained by freeze-drying. 

 

2. Materials and Methods 

2.1. Preparation of microcapsules and viability analysis 

Microcapsules were prepared following a variant to that indicated in the bibliography [6]. In 
this work, dry yeast extract (Saccharomyces cerevisiae, ZYMAFLORE®) supplied by 
LAFFORT (France), containing an active cell concentration higher than 2 1010/g, was used 
as cell culture material. Capsules were extracted from the solution by filtration and, once 
eliminated the superficial water, they were conveniently packaged and stored for 18 h in 
covered traysduring18 h in a freezer at 4 ºC until the start of the drying experiment. This 
leads to initial moisture content between 7.1 and 7.3 g water/g d.s. in all the cases. 

The evaluation of viable encapsulated yeast was carried out by homogenizing 0.1 g of filtered 
microsphere slurry in 10 mL of sodium citrate 0.1 M for 10 min and stirred. The plates were 
incubated for 2 days at 37 °C and the encapsulated yeast enumerated as cfu/g d.s. 

 

 

2.2. Drying experiments 
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The experiments were carried out according to the procedure NFMD, consisting of dry cell 
capsules, under fluidizing conditions, through the supply of heat by microwaves. Microwave 
power was regulated during the drying process in order to achieve certain values of 
temperature in the microcapsules and the temperature of the air being introduced into the bed 
of particles. 

Nine thermal strategies were tested in this study combining three levels for the air 
temperature with other three levels for the product surface temperature through temperature 
Tf (Table 1). The inlet air temperature levels considered were: 5ºC, room temperature (20ºC) 
and 40ºC. The different experiments were defined on the basis of combining these three air 
temperature levels with three different target surface temperatures of the microcapsules. 
Since it was difficult to measure the temperature of the microcapsules directly, Tf was 
controlled instead, measuring the temperature of the air film in contact by a fiber optic probe 
placed inside the microcapsules bed. 

Table 1 Definition of the thermal levels in the NFMD experiments.ofthermal ld. 
 Phase I Phase II Phase III Code 

Exp. Tin* Tf* Ts* Tin* Tf* Ts* 

5 ºC/h decreasing 
 

rate of Tin 
 

(from 40 ºC) 

 
1 5 10 15 5 17.5 30 Ll/Ml 
2 5 17.5 30 20 25 30 Ml/Mm 
3 5 10 15 40 27.5 15 Ll/Lm 
4 20 25 30 5 17.5 30 Mm/Hl 
5 20 17.5 15 20 25 30 Lm/Ml 
6 20 17.5 15 40 42.5 45 Lm/Hm 
7 20 17.5 15 20 32.5 45 Lm/Hh 
8 40 27.5 15 40 42.5 45 Lh/Hh 
9 40 35.5 30 20 32.5 45 Mh/Hm 

 

The code used in Table 1 refers to the thermal conditions employed in Phases I and II. The 
first two letters correspond to Phase I and the other two, separated by a slash, to Phase II. At 
each phase, the first capital letter refers to the target temperature for the surface (Ts

*): L=15°C 
(Low), M = 30 °C (Medium), and H = 45 °C (High). The second letter refers to the inlet air 
temperature Tin

* using the same but in small letters: l = 5 °C, m = 20 ºC and h = 40 °C. Thus, 
in Experiment 3 (Ll/Lm), low thermal level was applied either for Phase I or II, except for 
the thermal gradient in Phase II, where a 40 ºC inlet air temperature was applied. 

 

3. Results and discussion 

The air velocity was used as indicator variable to define the phase boundaries, rather than the 
water content, which would have been much less accessible for following the process. 
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3.1. Variation of the minimum fluidization velocity 

The microcapsules obtained as described in the previous section had an initial moisture 
content of around 85% (X=0.85±0.03) at the beginning of the drying. Under these conditions, 
microcapsules have a high adherence so that, initially, the experimental minimum 
fluidization velocity u*

mf  of the bed was considerably higher than that obtained theoretically. 

Initially, the experimental minimum fluidization velocity, u*mf, was 1.39 m/s, about 3 times 
higher than the theoretical minimum fluidization velocity, umf, obtained  in accordance to the 
previous equations. Velocity decreases rapidly as drying progresses, while the theoretical 
value umf  decreases slowly only affected by the decrement in density and particle size dp 
along the drying. When the humidity of the particles reaches a value around X = 0.5, the 
microcapsules lose the adherence shown at the beginning of the process so that the 
experimental minimum fluidization velocity becomes equal to the theoretical. In such a 
situation: u*mf= umf =0.29 m/s (see Table 2) and it was set in this study as a reference for the 
definition of the end of Phase II or beginning of Phase III. From this moment, the residual 
moisture of the particles is removed exclusively by convective heating (microwave is off). 

Table 2.  Data of X, umf, dp and time in the transitionPhase II-III, in the different NFMD strategies 

1Units of Xin and X: g water/g w.b. 2Units of umf
* and umf: m/s 

An acceptable correspondence of the moisture content X with the minimum fluidization 
velocity values used in each phase can be seen in Table 2. Thus, the average values of X 
corresponding to the end of Phase I and II, for all the experimental conditions tested, were 
0.75 and 0.49 with a standard deviation of 0.040 and 0.051, respectively. 

 

Heatings
trategy 

 Phase II   Phase III 

t(min) X(1 dP(m) umf*/ umf(2  t(min) X(1 dP(m) 
Ll/Ml 35 0.44 1.69E-03 0.30/0.32  275 0.045 1.13E-03 

Ml/Mm 30 0.49 1.76E-03 0.30/0.30  195 0.070 1.16E-03 
Ll/Lm 18 0.55 1.86E-03 0.38/0.28  240 0.072 1.16E-03 
Mm/Hl 25 0.49 1.76E-03 0.30/0.30  240 0.070 1.16E-03 
Lm/Ml 25 0.57 1.88E-03 0.40/0.30  235 0.070 1.16E-03 
Lm/Hm 20 0.39 1.63E-03 0.30/0.30  210 0.071 1.16E-03 
Lm/Hh 23 0.48 1.75E-03 0.28/0.32  240 0.078 1.17E-03 
Lh/Hh 15 0.54 1.84E-03 0.28/0.36  240 0.081 1.18E-03 

Mh/Hm 20 0.5 1.78E-03 0.32/0.30  240 0.072 1.16E-03 
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3.2. Drying kinetics analysis 

In Figure 1, the mass loss profiles of NFMD Experiments 1 and 2, in terms of MR (moisture 
ratio dry basis), are compared with spray-drying and freeze-drying of product with similar 
water content. The drying time spent in the NFMD is clearly lower than freeze-drying and 
only a few minutes longer than the time observed in spray drying (about 100 min) but the 
thermal levels applied are considerable. Consequently, NFMD presents very favourable 
characteristics for the drying of thermosensible materials with similar efficiencies to those 
obtained by spray-drying, taking into account the duration of cycles and power consumption 
[7]. 

 

Figure 1. Drying kinetics of NFMD compared to freeze-drying (Rudy et al., 2015) and spray-drying. 

 

When analyzing the thermal profiles, it is necessary to take into account the strong reduction 
of mass during Phases I and II that directly affects the thickness of the bed through a reduction 
of the particle size, as shown in Table 2 above. An idea of the reduction of the size associated 
with the water loss is shown in Figure 2 for Experiment 7 (Lm/Hm). Thus, Figure 2a and 2b 
correspond to the start and end of Phase I, where one can see the important size difference 
with respect to the rest of the drying (Figure 2c and 2d). As a result, an important reduction 
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in the thickness of the bed, up to a 25% of the initial value, was observed at the end of Phase 
II. 

 

Fig. 2 Micrograph of the microcapsules at different drying times for Experiment 7 (Lm/Hm): a) 
Xin=0.80, dp=2.12 mm; b) X=0.51, dp=1.8 mm; c) X=0.24, dp=1.4 mm; d) X=0.05, dp=1.1 mm. 

 

3.3. Quality of the dehydrated product 

The lower the water activity, the better the stability of the dry food product, but in very low 
water activities, the oxidisation of membrane lipids can also reduce viability [8]. 

The moisture content was determined by the Karl-Fischer method. Results were obtained on 
wet basis, expressed as percent (KF) that permits to determine the dry solid fraction taking 
into account the mass loss during drying. The results of KF from each experiment were used 
to confirm the dry solid fraction of capsules. 

The probiotic viability or survival ratio (in %) of the microorganisms in each experiment is 
defined accorindg to Chávarri et al.[6]. It is based on a count of colony forming units (cfu), 
taking the log values in the initial sample (cfu0) and after drying (cfufin). According to Table 
3, the average data of drying rate for each experiment, the time of processing, water activity, 
KF, and the survival % of the overall process are shown at the end of each drying conditions. 
The NFMD experiments were made by triplicate in order to analyse the effect of possible 
process variability on the viability results. In Table 3, one can see that the standard error of 
the survival values were in all cases lower than 1.6%.This proves a good process control with 
the used operating variables and the subsequent reproducibility of experiments. 
 

  

  

 

a) b) 

c) d) 
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Table 3 Quality parameters obtained for all experiments. 

Exp. rI-II Mfin II rglobal time (min) KF Survival (%) Code 

1 0,114 0,783 0,017 275 6,726 74.42±1.01 Ll/Ml 

2 0,126 0,946 0,024 195 7,522 96.00±1.37 Ml/Mm 

3 0,219 1,245 0,021 240 7,706 93.83±0.28 Ll/Lm 

4 0,184 0,945 0,023 240 7,577 88.65±0.04 Mm/Hl 

5 0,163 1,309 0,023 235 7,458 91.78±0.03 Lm/Ml 

6 0,198 0,646 0,022 210 7,599 87.69±0.15 Lm/Hm 

7 0,159 0,907 0,019 240 8,414 77.62±0.54 Lm/Hh 

8 0,349 1,184 0,026 240 8,830 74.44±1.13 Lh/Hh 

9 0,254 0,992 0,025 240 7,726 55.00±0.98 Mh/Hm 

Lyo.   0,007 720 8,855 91.18±1.44 - 
*Units:rI, II and rglobal: g H2O/g d.s. min, Mfin II: g H2O/g d.s. 

 

4. Conclusions 

The NFMD process has proved to be a feasible technology for microencapsulated 
microorganisms dehydration.The global value of drying rate was in all NFMD cases around 
0.02 g water/g d.s., spite of the significant differences when referring Phases I and II. The 
long duration of Phase III dilutes somehow the differences of preceding phases. 

The operating conditions applied and the temperature gradient from product to air or 
viceversa generate a convective heat flow that leads to an extra heat contribution (medium 
air temperature; i.e. Experiment 1) or heat loss (low air temperature; i.e. Experiment 9). 
Despite the negative effect on energy consumption that occurs when the air temperature is 
low or medium, this circumstance seems to favour the quality of the dehydrated product as 
in Experiment 2, showing high survival values of 96%. 
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Abstract 
The great amount of waste produced by food industry contains interesting 
bioactive compounds. The extraction of these compounds requires the by-
products previous stabilization being the convective drying one of most used 
techniques to this end. Drying conditions can affect both drying kinetics and 
final quality of products. The apple skin, byproduct of apple juice or cider 
industries, is rich in functional compounds such as polyphenols or vitamin C. 
The main goal of this contribution was to quantify the influence of 
temperature and ultrasound application in drying kinetics of apple skin. For 
this purpose, drying experiments at different temperatures (-10, 30, 50 and 
70 ºC) and with (20.5 kW/m3) and without application of ultrasound were 
carried out. Drying kinetics were modelled by using a diffusion based model. 
As can be expected, the higher the temperature the faster the drying. 
Ultrasound application accelerated the process at every temperature tested 
being the influence slightly lower than found from the literature for other 
products. This can be attributed at the physical structure of the apple skin, 
less porous than the pulp. In any case, the application of ultrasound 
significantly reduced the drying time. 

 

Keywords: by-products; dehydration;diffusivity; mass transfer. 
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1. Introduction 

The food industry generates a great amount of waste that produces an important 
environmental impact. However, these by-products could be considered as a source of 
interesting bioactive compounds.[1] Apple is one of the most consumed fruits in the 
world.[2, 3, 4] The main by-product generated by juices and cider industries is the apple 
skin. This by-product presents a very important antioxidant activity [5] containing 
flavonoids such as cyanidin glycosides and quercetin glycosides which are not present in 
the pulp.[6, 7] Therefore, it can be used as a source of these compounds or directly as a 
functional ingredient.[7, 8] 

Convective hot air drying is one of the most applied methods to estabilize products and by-
products [9] facilitating their management, storage and transport. However, drying can 
induce significant changes in product quality.[4, 9, 10] Thus, the influence of drying 
process on antioxidant capacity of apples [11, 12, 13] and apple skin [4] has been already 
studied. The drying processes at low temperature emerges as an excellent way to preserve 
the thermal-sensitive compounds.[14] However, at these conditions, the low rate of drying 
must be intensified to avoid log processing times. [15] In this sense, ultrasound application 
comes up as an efficient alternative to intensify drying process.[16] 

The aim of this work was to assess the influence of the drying temperature and ultrasound 
application on drying kinetics of apple skin. 

2. Materials and Methods 

2.1 Sample preparation 

Apple fruits (Royal Gala var.) were selected with a similar maturation degree, washed and 
peeled. Apple skin was blanched in boiling water for 30 s to inactivate the enzyme 
polyphenol oxidase.[17] Moisture content was determined by differential weighing between 
fresh and dried samples in an vacuum oven at 60ºC.[18] 

2.2 Drying 

The drying processes were carried out by an atmospheric freeze-drying and a hot air drying 
process. 

2.2.1 Atmospheric freeze-drying experiments 

Samples were placed in a sample-holder, frozen in a blast freezer (HIBER, mod. ABB 
BF051, Italy) at -35 ± 1ºC and placed in an ultrasonically-assisted convective drier.[15] 
Drying process was carried out at -10ºC, 2 m/s, without (AIR-10) and with (US-10) 
ultrasound application (electrical input of 50 W) by triplicate. The process finished when 
samples lost 85% of its initial weight.  
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2.2.2 Hot air drying experiments 

These experiments were carried out at 30, 50 and 70ºC with (US30, US50, US70) and 
without (AIR30, AIR50, AIR70) the ultrasound application (electrical input of 50 W).[19] 
All the runs were performed by triplicate at 2 m/s and until samples lost 85% of initial 
weight. 

2.3 Modelling  

An unidimensional diffusion-based model was considered for modelling the experimental 
drying kinetics (Eq. 1).  

𝜕𝜕𝜕𝜕(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷𝑒𝑒
𝜕𝜕2𝜕𝜕(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥2  
    (1) 

Where W is the local moisture content of sample (kg water/kg dry matter, d.m.); De is the 
effective moisture diffusivity (m2/s); x is the direction of the moisture transport (m); t is the 
drying time (s). Effective moisture diffusivity was considered constant during the process 
and it was assumed isotropic and uniform samples. Althougth, at atmospheric freeze-drying 
conditions, this fact is far from the reality, the model allowed to quantify the influce of the 
estudied process variables and to compare the drying kinetics.[11] The external layer of 
apple peel was considered a waterproof surface. The external resistance to mass transport 
was included in the model by means of Eq. 2. 

−𝐷𝐷𝑒𝑒𝜌𝜌𝑠𝑠𝑠𝑠
𝜕𝜕𝜕𝜕𝑝𝑝(𝐿𝐿, 𝑡𝑡)

𝜕𝜕𝑥𝑥
= 𝑘𝑘(𝑎𝑎𝑤𝑤 (𝐿𝐿, 𝑡𝑡) − 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 ) 

       (2)  

where aw is the water activity of samples, ρss is the density of the dry solid (kg d.m./m3), L 
is the experimental average thickness of the apple peel samples, φair is the relative humidity 
of the drying air and k is the mass transfer coefficient (kg water/m2s). An implicit finite 
difference method was chosen to estimate the model parameters, De and k, using Matlab 
2011B® (The Mathworks, Inc, Natick, USA). 

The percentage of explained was used to measure the goodness of the model fitting. 

% 𝑉𝑉𝑉𝑉𝑉𝑉 =  �1 −
𝑆𝑆𝑥𝑥𝑥𝑥2

𝑆𝑆𝑥𝑥2
� · 100 

             (3)  

S2
xy and S2

y are the calculated moisture content of apple peel the variance of the 
experimental, respectively. 
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3. Results and Discussion  

3.1 Experimental drying kinetics 

The initial moisture content of apple skin was 4.99 ± 0.07 (kg water/kg d.m.). Only the 
falling rate of moisture content was considered in drying kinetics. 

As expected, temperature significantly affected the process kinetics; the higher the 
temperature the faster the drying (Table 1). Thus, the average time needed to reach a 
moisture content of 1 kg of water/ kg of dry matter at 30ºC was 4.6 times greater than those 
needed at 70 ºC. The atmospheric freeze-drying experiments were the slowest processes 
due to the low level of energy available for moisture transport at these conditions.  

Ultrasound application significantly shorten the drying processes (Fig. 1). The influence in 
time process reduction was higher as lower the drying temperature. Thus, the drying at 
atmospheric freeze-drying conditions (-10 ºC) assisted by ultrasound was 3.2 times faster 
than without ultrasound. At 30 º C, ultrasound application produced a 2.4 times shortening 
of drying process. 

Table 1. Drying time needed to achieve a moisture content of 1 kg water/kg dry matter during 
drying of apple peel at different temperatures without ultrasound application. 

Treatment Drying time (h) 
AIR-10 68.1 ± 23.4 
AIR30 4.1 ± 0,92 
AIR50 1.3 ± 0,29 
AIR70 0.9 ± 0,10 

 

3.2 Drying kinetics modeling 

Taking into account the limitation of the model used, the modelling permitted to quantify 
the influence of the process variables on drying kinetics. The figure of the explained 
variance obtained showed the goodness of the model fit to the experimental data (Table 2). 

Temperature significantly affected the values of De identified. Thus, the higher the 
temperature the greater the De figure. It can be highlithed the fact that the value of De found 
at atmospheric freeze-drying conditions (-10 ºC) was one order of magnitude smaller than 
those identified at temperatures above freezing point (Table 2). As a general rule, the 
identified De were in the range than those found by others authors drying apple flesh at 
similar temperatures.[11, 12, 13] 
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Figure 1. Percentage of time reduction by the application of ultrasound (50 W) during apple skin 
drying at different temperatures. 

 

The relationship between De and temperature was modeled using an Arrhenius type 
equation (Eq. 4). 

𝐷𝐷𝑒𝑒 = 𝐷𝐷0𝑒𝑒𝑥𝑥𝑝𝑝 �
𝐸𝐸𝑎𝑎
𝑉𝑉𝑅𝑅

� 
     (6) 

Where D0 is a pre-exponential factor (m2/s), Ea is the activation energy (kJ/mol), R is the 
universal gas constant (kJ/mol K) and T the absolute temperature (K). The fit for AIR 
experiments was adequate (r2>0.99) and the Ea obtained, 32.51 kJ/mol, was in the range of 
products such as passion fruit peel [20].  

Ultrasound application increased the identified De value being this increase higher as lower 
was the drying temperature. Thus, at -10 ºC, ultrasound application increased 74% the De 
while this increase was only 10 % at 70 ºC. This fact has been preoviously observed in 
other products such as apple flesh [12] or passion fruit peel [20]. The De observed in the US 
experiments at at -10, 30 and 50 ºC also followed an Arrhenius type relationship (r2>0.99). 
The Ea obtained for these experiments was lightly lower than those found for AIR 
experiments (25.86 kJ/mol for US vs 32.51 kJ/mol for AIR) that would indicate that the US 
assisted drying will could be a less temperature dependent process than the AIR 
experiments. This fact means that the ultrasound application can make possible the 
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lowering of the drying temperature. The pre-exponential factor was also lower for US 
(1.6·10-5 m2/s) than for AIR experiments (8.6·10-5 m2/s). 

As for the mass transfer coefficient (k) neither temperature nor ultrasound application 
significantly affected the figures identified (Table 2). However other authors have found 
significant influence of these variables on k [11, 12]. This fact could indicate that, at the 
drying conditions tested, the influence of external resistanced compared with the internal 
one was negligible. Therefore, the effect of studied variables on internal resistence could 
mask the effect on external one and then, the model can not identify any influence on k. 

Table 2. Effective diffusivity and mass transfer coefficient identified by using a diffusion model. 
Percentage of variance explained by the model. Letters in the same column show homogenous 

groups determined for Least Significance Difference (p<0.05) intervals. 

Treatment 
De k 

% var (x 10-10 m2/s) (x 10-3 kg water/m2s) 
AIR-10 0.3±0.1a 1.9±0.4a 98.7 
AIR30 1.7±0.6b 0.8±0.2b 99.1 
AIR50 5±3c 1.9±0.5a 99.6 
AIR70 9±2d 2.3±0.2a 99.9 
US-10 1.16±0.02b 2.0±0.4a 98.4 
US30 5.49±0.02c 1.8±0.3a 99.4 
US50 10±2d 2.0±0.3a 99.8 
US70 10±1d 2.4±0.7a 99.8 

 

In view of the results obtained, the ultrasound application can be considered as an 
interesting means of intensify drying processes at moderate temperatures.  

 

4. Conclusion 

Temperature and ultrasound application are able to significantly affect the apple skin 
drying. The higher the temperature the faster the process. The ultrasound application can 
also reduce the drying process time being this reduction more significant as lower the 
temperature. The atmospheric freeze-drying of apple peel was a very time consuming 
process even when was intensified by an ultrasound application. 
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Abstract 
Vibration is a promising way to intensify the drying process through heating-
up due to viscous dissipation, activation of internal liquid transfer and 
increase of external transfer. To better assess the possible contribution of these 
effects, we choose a multiscale approach. 

This paper is focused on the pore scale, simulated by a capillary tube partially 
filled with water subjected to sinusoidal vibrations. We studied the 
displacement of water inside this tube through image analysis. This 
configuration mimics the moisture transfer inside the pores of a porous media 
during drying. 

The experimental device developed in this study is applicable to a wide range 
of configurations, such as symmetrical or asymmetrical vibrations.  

 

Keywords: drying intensification, acoustic vibration, pore scale, symmetrical 
and asymmetrical signals, image processing. 
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1. Introduction 

Vibration is a promising way for the intensification of drying [1], especially for porous media. 
The present work is focused on the study of the effect of vibration to assist moisture migration 
inside these materials. Several phenomena may be involved [2,3] such as internal heat 
generation by viscous dissipation, intensification of transfer at the exchange surfaces, 
activation of vapor diffusion by oscillating bulk velocity, change of wetting angle, etc. In this 
paper, we focus on the liquid water behavior inside a unique pore during vibration. 

2. Materials and Methods 

The experimental set consists of a capillary glass tube partially filled with water, a vibration 
chain and an optical bench controlled by a PC. 

 

 Fig. 1 A general view of the experimental device.  
2.2 Capillary tube and water index 

Capillary tubes – inner diameter (ID) = 0.6 or 2.2 mm, length = 15 cm, carefully cleaned with 
Mucasol solution (3 %, ROTH) – are used for simulating a unique pore. Considering the 
difficulty of tracking the position of a smooth tube, a notch is machined on the top external 
wall as a mark to observe its movement. An index of distilled water is placed in this tube. In 
the present work, a constant index length was used, in the range 10.1 to 10.2 mm. 

2.3 Vibration chain 

A Brüel & Kjær vibration chain (Fig. 1) vibrates the capillary tube horizontally.  A power 
supply (type 2718) amplifies the signal from the generator (LDS LASERUSB, 64 bits) to the 
vibration exciter (type 4809, maximum 8 mm peak-to-peak displacement, from 10 Hz to 20 
kHz). An impedance head (type 8001, with a piezoelectric accelerometer and force gauge 
sharing the same housing, operating frequency range up to 10 kHz) – fastened between the 
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exciter and the tube, and connected to the signal generator – allows a feedback control. At 
the other end of the tube, a 3D-printed holder reduces the vertical oscillations due to the 
gravity and possible resonances. Series of tests were performed with sinusoidal vibrations: 

xcap(t)= Asin(ωt)  (1) 
where A is the amplitude, ω the angular frequency and f the frequency (ω=2πf). 

2.4 Image acquisition system  

The tube and liquid movement are monitored thanks to an optical bench, comprising a high-
speed camera (FASTCAM Mini AX100, by Photron: up to 4000 fps at full resolution of 
1024×1024 with a grey level coded on 12 bits), controlled by a PC, and a backside 
illumination. The perpendicularity of the tube and the optical bench axis is calibrated using 
two line lasers. 

 

Fig. 2 Water index meniscus inside a capillary tube. 
2.5 Image processing 

The behavior of the water index is studied by image processing through the displacement of 
the meniscus (Fig. 2), i.e. the interface between water and air. Obtained images are analyzed 
using a custom Matlab program. The core of the program consists in the recognition of the 
inner wall, the meniscus and the notch. The boundaries between phases are characterized by 
a transition from light to dark. Point B is the intersection of the tube axis and the meniscus. 
The coordinate of the mass center of the notch (white area in Fig. 2) is used to follow the 
position of the capillary tube.  

3. Raw data 

For each test, we register 50 pictures per period over a total of 7 periods. Fig. 3 presents 
images obtained for ID = 2.2 mm, f = 30 Hz and A = 2 mm. Red arrow depicts the tube 
direction and the blue one shows the water direction compared with the previous position. 
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For this test, we notice that the menisci are not perfectly symmetrical to the horizontal plane: 
gravity is not negligible anymore for the 2.2mm-inner diameter tube. 

t0       t0+6.67 ms               t0+13.33 ms 

                           

Fig. 3 Displacement of the water index during half period (ID = 2.2 mm, f = 30 Hz, A = 2 mm) 

 

Fig. 4 Absolute displacements of water and tube vs. time (ID = 2.2 mm, f = 30 Hz, A = 2 mm) 

We can also notice that the absolute displacement amplitude of the water index is lower than 
the one of the capillary tube. At this high frequency, inertia dominates the forces acting on 
the system (viscous and capillary forces). This observation is confirmed by all positions 
determined by image processing. In this case, as the absolute movement of water (Fig. 4) is 
much smaller than the tube movement, the relative movement of water inside the tube has 
almost the same amplitude as the imposed movement. For these parameters, the phase change 
of water movement is about π/2.  

4. Results 

In order to study a wide range of contrasted situations, the values of three parameters were 
systematically tested: inner diameter (0.6 and 2.2 mm), frequency (10, 20 and 30 Hz) and 
amplitude (0.5, 1, and 2 mm). Thus, we obtained a dataset of 18 experiments. The images 
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analysis for all tests depicts a high diversity of water index behavior, especially for menisci 
shape and displacement amplitude. To explain this variability, it is mandatory to quantify the 
relative importance of three parameters: surface tension, viscosity and inertia. For this 
purpose, we introduce two dimensionless numbers: 

4.1. The capillary effect 

Nc is the ratio of capillary force Fc over inertia Fi: 

Fc=2πRσ (2) 

Fi=ma=πR2lρAω2 (3) 

hence                                     Nc = 
2σ

RlρAω2 
                        (4) 

where R is inner radius of capillary, σ the surface tension, l the length of the index, and ρ the 
water density. 

 

Fig. 5 Representation of all tests performed in the present study according to their respective effects 
of capillary forces and viscosity; One marker size per signal amplitude, (small = 0.5 mm, medium = 

1 mm and large = 2 mm) 

4.2. The viscous effect 

Nv is the ratio of the characteristic time of the signal (half-period) over the characteristic 
diffusion time: 
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Nv = 
μ

2fρR2 
= δ2

R2 (5) 

where μ is the dynamic viscosity of water and δ the thickness of the Stokes boundary layer. 

All tests performed in this study can therefore be represented by one marker in the plane 
defined by the values of Nc and Nv (Fig. 5). From all these tests, four contrasted situations are 
selected for an in-depth study. 

 

Fig. 6 Lissajous curves (absolute displacement of point B plotted versus tube displacement) for the 
four configurations selected for the in-depth analysis (points in Fig. 5) 

4.3. Focus on contrasted situations 

In order to provide a more in-depth analysis of the relative effects of the physical phenomena 
(viscosity, surface tension, inertia), Lissajous curves were plotted for each selected test (Fig. 
6). These curves consist in plotting the absolute displacements of the water index (point B) 
as a function the tube displacement. On these closed curves, we can easily observe the ratio 
between the tube and water amplitude (respectively width and height of the ellipse according 
x and y) and the phase change between the signal (twice the angle between the first bisector 
and the main axis of the ellipse) 
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For test 1, the capillary effect dominates inertia and the viscous effect is not negligible (see 
the position of point 1 in Fig. 5). As a result, the water index flows the tube movement with 
a slight hysteresis. This explains why the curve is long and narrow along the direction 45°: 
almost same amplitudes and same phase. For the same tube diameter (0.6 mm) but a larger 
frequency and a larger amplitude (test 2), Nc is smaller than the unit. Consequently, the water 
index is not able anymore to follow the tube movement: the water index amplitude is ca. half 
the signal amplitude and the phase change increases. For test 3, as seen in Fig. 5, the capillary 
effects are quite important, but the viscous effects are now negligible, due to the larger tube 
diameter. Finally, test 4 lies at the very bottom-left of Fig. 5, which means very weak viscous 
and capillary forces. Accordingly, the water index is almost at rest in spite of the tube 
movement. 

5. Conclusions and perspectives 

In this work, we highlighted on the effect of vibrations on the movement of a water index in 
a capillary tube.  

Then, various parameters were tested: tube diameter, frequency and amplitude of the tube 
movement. In order to quantify the effects of the parameters, two dimensionless numbers 
were introduced to see the effect of viscous and capillary forces compared to the index inertia. 
All data collected in four contrasted selected tests are perfectly explained by these 
dimensionless numbers. 

     

Fig. 7 Absolute displacements of B and tube (ID = 2.2 mm, f = 1 Hz, A = 1.03 mm) 

Finally, by using an asymmetrical signal, we prove that the index movement can be forced 
in a chosen direction. In this sense, Fig. 7 depicts a preliminary, but promising test. Using a  

saw-tooth wave at low frequency, we obtained an obvious global movement of the index to 
the right along the successive periods. This trend was inverted when changing the phase of 
the signal, which proves that the water movement is really due to the asymmetric signal. 
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Additional tests as well as modeling approaches are in progress in our team to further 
investigate the effect of vibrations on liquid movement, and the numerical validation of some 
experimental results has also been done. 

6. Nomenclature  

a acceleration ms-2  m mass kg 
A sine 

 
m  Nc capillary effect  

f frequency Hz  Nv viscous effect  
F force N  R inner radius m 
ID inner diameter m  t time s 
l length m  x coordinate along the 

  
mm 

       
Greek letters  Subscripts 
δ Stokes boundary layer 

 
mm  c capillary 

μ dynamic viscosity Pa×s  cap capillary tube 
ρ density  kgm-3  i inertia 
σ surface tension Nm-1    
ω angular frequency rads-1    
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Abstract 
Wall deposition tests have been conducted on a new spray-drying sytem. 
Solutions of salt and skim milk powder have been dried with different inlet 
temperatures (170 °C and 230 °C) and solid contents (8.8 wt% and 30 wt%). 
The experiment showed that increasing the temperature caused an decrease in 
the amount of deposition for salt solution, but an increase for skim milk. The 
experiments also showed that a higher solid content caused an increase in 
deposition. The trends agreed with the studies using a conventional spray 
dryer, but the amount of deposition appeared to be lower in the new spray 
dryer at the same operating conditions  

 

Keywords: Spray drying; wall deposition 
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1. Introduction 

Spray-drying techniques have been applied in a wide range of industries. One of the key 
issues that occurs when using spray dryers for food materials is wall deposition. During the 
drying process, the particles, especially if they contain sugar-rich and fat-rich food materials, 
may stick on the wall of the drying chamber [1]. Many workers have focused on the effects 
of operating conditions on the degree of wall deposition, such as the temperatures and the 
solid content. At a certain moisture content, the sticky point is the critical temperature at 
which particles transform into a sticky state due to the increase in the molecular mobility and 
the formation of solid bridges between particles. Studies by Roos & Karel [2] showed a close 
relationship between the sticky point and the glass-transition temperature Tg of the dried 
materials. Solid content is another important factor affecting the formation of deposits. Goula 
& Adamopoulos [3] have suggested that, for food products with higher hygroscopicity (e.g. 
skim milk, sucrose, tomato pulp), increasing the feed concentration increases the moisture 
adsorption rate on the surface of particles. Another possible effect of increasing the feed 
concentration is to change the particle moisture content. The moisture content within each 
droplets may vary with feed concentration, depending on the droplet sizes [4]. 

A new spray-drying system has been established in the School of Chemical and Biomolecular 
Engineering in the University of Sydney. The preliminary studies on the flow pattern of the 
spray dryer have shown that the design improved the stability of the flow field near the 
chamber wall, which may help to reduce wall deposition. The aim of the project is to evaluate 
the wall deposition performance of the new spray dryer using different feed materials and 
operating conditions, including inlet temperatures and feed concentrations. The experiment 
also compared results with previous studies using spray dryers of conventional designs.  

2. Materials and Methods 

A schematic diagram of the system is shown in Figure 1. The stainless steel chamber is 
insulated using glass wool insulation blankets. The drying chamber consists of two drying 
columns of 30 cm in diameter. Chamber one is 2.2 m, and chamber two is 1.6 m in height. 
The columns comprise seven detachable sections in total, with the actual drying process 
starting from section 2. The chamber is fitted with a two-fluid nozzle atomizer (Buchi B-290, 
Switzerland). Feed solutions of all the tested materials have been introduced through the 
atomiser using a liquid flowrate of 27 ml/min and an atomising air flowrate of 10 L/min, 
which were selected according to previous experimental studies using a conventional spray 
dryer [5], [6]. The operating conditions for different materials have been shown in Table 1. 
Multiple stainless steel plates have been placed at the side wall of each section of the 
chamber as well as the bottoms of both columns, in order to measure the deposition fluxes. 
After removing the plates from all the sections, each section has been washed with water to 
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dissolve all the remaining deposits. Portions of the wash solutions have been dried at 80 °C 
for 24 h, in order to calculate the total mass of deposits based on the weight of the collected 
solutions. The total mass of deposits has been used to calculate the deposition rate, which is 
the total mass of deposits divided by the total sprayed solids. 

Table 1 Operating conditions for different feed materials applied in the experiment. 
Feed material Inlet temperature (°C) Feed concentration (wt%) 
Salt 170/230 8.8 
Skim milk  170/230 8.8/30 
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Figure 1 Schematic diagram of the new spray-drying system. 

3. Results and Discussion 

3.1. Investigation of the influence of inlet temperature using salt and skim milk 

The inlet temperature was chosen to be the first parameter to be investigated, because it was 
noticed that the design features and the insulation of the new spray-drying system provided a 
relatively low heat loss to the environment (around 20 W/K). The difference in temperature 
profile could lead to different wall deposition behaviour compared with conventional spray-
dryer designs. The qualitative observations of the deposition patterns at different sections of 
the drying chamber have been shown in Table 5. The measurements of deposition fluxes and 
deposition rates have been shown in Table 2.  

For the salt solutions, it can be first observed from Table 5 that there appeared to be no 
severe formation of wall deposits on the chamber wall, with only a thin, dusty layer observed 
in sections 3, 4 and 5. Increasing the inlet temperature from 170 °C to 230 °C has shown no 
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significant effect on the deposition pattern. It should be noted that, at the bottom of section 4, 
the deposition tended to form an evenly distributed layer, whilst at the bottom of section 5, 
the deposition pattern changed into spotted deposits. Such differences between indicated two 
different processes of forming wall deposits in the drying chamber. Kota & Langrish [6] 
suggested that deposition could be formed by two mechanisms: inertial deposition, caused by 
the inertia of particles, and turbulent deposition, caused by the random movement of particles 
due to turbulence in the air flow. In chamber one (section 4), the particles from the atomiser 
travelled directly towards the chamber wall/bottom, then formed an evenly-distributed 
deposit, mainly due to particle inertia. As the particles proceeded to chamber two (section 5), 
the recirculation flow caused the particles to agglomerate into large particles and formed 
spotted deposits. From Table 2, it can also be observed that the the deposition fluxes were 
higher on the bottom of sections 4 and 5, which indicated that the inertial deposition may be 
the dominant mechanism casuing deposition. At a higher temperature of 230 °C, the 
measurements have shown slight reductions on both the side walls and the chamber bottoms. 
Such reductions could be caused by a lower moisture content, thus less adhesive forces 
caused by liquid bridges [7]. 

Table 2 Wall deposition fluxes and deposition rates of 8.8 wt% salt and skim milk feed solutions at 
different sections of the drying chamber. 

  
Salt  

(170 °C) 
Salt 

(230 °C) 
Skim milk  
(170 °C) 

Skim milk  
(230 °C) 

Side wall 
Deposition 

Fluxes 
(g∙m-2∙h-1) 

Section 2 0.5 0 0.3 0.5 
Section 3 2.0 0.7 2.7 3.0 
Section 4 1.5 0.3 1.0 1.0 
Section 5 2.0 1.6 5.5 3.5 
Section 6 1 0 1.3 0.7 
Section 7 0 0 0 0 

Bottom 
Deposition 

Fluxes 
(g∙m-2∙h-1) 

Section 4  10 11 7.0 9.5 

Section 5  22 15 12 14 

Overall average (g∙m-2∙h-1) 4.9 3.6 4.0 4.0 
Side wall average (g∙m-2∙h-1) 1.2 0.4 2.0 1.4 
Bottom average (g∙m-2∙h-1) 16 13 9.3 12 

Chamber 1 deposition rate (%)  2.0 1.8 2.8 3.2 
Chamber 2 deposition rate (%) 3.4 1.3 3.3 4.4 

Cyclone deposition rate (%) 2.3 1.5 1.4 2.9 
Total deposition rate (%) 7.7 4.6 7.6 10.5 

 

In comparison with salt solutions, skim milk showed some differences in response to the 
increase in the inlet temperature. From Table 5, it can be seen that the deposition produced by 
the skim milk at 170 °C appeared to be similar to that produced by salt. As the temperature 
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increased to 230 °C, however, colour changes could be observed in the deposition. The 
brownness of the deposition indicated that Maillard reactions and possibly caramalisation 
may have occured at the higher temperature. Previous studies using a conventiaonl spray 
dryer [5] reported a deposition flux of around 16 g∙m-2∙h-2 at the inlet temperature of 170 °C, 
which was higher than the values measured in this work (maximum of 12 g∙m-2∙h-2). The 
lower deposition in the new spray dryer could be caused by a more stable flow pattern and 
relatively smaller heat loss of the new system. However, as the inlet temperature increased to 
230 °C, the deposition flux in the conventional spray dryer was reported to be 8 g∙m-2∙h-2, 
lower than the values measured at the bottoms of the new system. Maillard reactions and 
caramelisation could cause such higher deposition flux in the new dryer, as the reactions 
produced complex compounds [8], thus led to changes in the particle compositions and the 
glass transition temperature. 

3.2 Investigation of the influence of feed concentration using skim milk 

From the comparison of the wall deposits obtained at different inlet temperatures, it was 
strongly suggested that the higher drying temperature of 230 °C could lead to changes in the 
particle compositions. To avoid introducing additional variables, the investigation of the 
effect of feed concentration was conducted at the inlet temperature of 170 °C. The qualitative 
observations of the deposition pattern have still been shown in Table 5, and the measurement 
of deposition fluxes and deposition rates have been shown in Table 3.  

From Table 5, it can be observed that the bias in the deposition became more obvious at the 
higher feed concentration in sections 3 and 4 than that in section 5. Four plates were placed in 
each of section 3, 4 and 5 in order to better interpret the distribution of the wall deposition, 
and the percent deviations for each section have been shown in the brackets of Table 3. It can 
be seen that for the feed concentration of 8.8 wt%, the percent deviation was found to be the 
highest in section 3 (96%), and sections 4 and 5 showed a similar degree of deviation (57% 
and 54%). At the higher feed concentration, no apparent change was observed in the percent 
deviation in section 3 and 4 (90% and 52%), but a reduction was seen in section 5 from 54% 
to 17%. Such changes in section 5 suggested that the formation in section 5 underwent a 
different process from that in sections 3 and 4. The inertial deposition due to the direct 
impact of the spray appeared to be the main cause of the deposition, as well as the biased 
deposition pattern in sections 3 and 4, regardless of the feed concentration. By contrast, with 
a higher feed concentration, particle of larger sizes may be less influenced by the turbulent 
flow, thus forming the deposition around section 5.  

The deposition fluxes measured in this experiment were again compared with the results 
using a conventional spray dryer [5], [6]. As shown in Table 4, the new spray dryer showed 
lower deposition fluxes at the same operating conditions, with the average deposition fluxes 
reported to be 16 g∙m-2∙h-1 compared with 4 g∙m-2∙h-1 at a concentration of 8.8 wt%, and 130 
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g∙m-2∙h-1 compared with 50 g∙m-2∙h-1 with a 30 wt% feed solution. Despite the overall lower 
deposition flux, the new drying system showed the increasing trend similar to the previous 
studies, as shown in Table 4. There are several reasons that could lead to the increaing wall 
deposition fluxes: 1) higher the specific moisture content due to larger droplet sizes; 2) the 
hygroscopicity of skim milk increases with the solid content, which could hinder the drying 
process; 3) particles with higher solid content tended to form crust of higher thickness, which 
could reduce the evaporation of moisture within the crust.  

Table 3 Wall deposition fluxes and deposition rates of 8.8 wt% and 30 wt% skim milk feed solutions 
at different sections of the drying chamber. Inlet temperature = 170 °C. 

  
Skim milk  
(8.8 wt %) 

Skim milk  
(30 wt%) 

Side wall 
Deposition 

Fluxes 
(g∙m-2∙h-1) 

Section 2 0.3 6 
Section 3 2.7 (96%) 63 (90%) 
Section 4 1.0 (57%) 17 (52%) 
Section 5 5.5 (54%) 98 (17%) 
Section 6 1.3 13 
Section 7 0 5 

Bottom 
Deposition 

Fluxes 
(g∙m-2∙h-1) 

Section 4  7.0 121 

Section 5  12 74 

Overall average (g∙m-2∙h-1) 4.0 50 
Side wall average (g∙m-2∙h-1) 2.0 33 
Bottom average (g∙m-2∙h-1) 9.3 98 

Overall average w.r.t solid flowrate (g∙m-2) 0.026 0.10 
Side wall average w.r.t solid flowrate (g∙m-2) 0.013 0.069 
Bottom average w.r.t solid flowrate (g∙m-2) 0.065 0.20 

Chamber 1 deposition rate (%)  2.8 3.2 
Chamber 2 deposition rate (%) 3.3 4.4 

Cyclone deposition rate (%) 1.4 2.9 
Total deposition rate (%) 7.6 10.5 

Note: values in the brackets show percentages of the deviation with respect to the average deposition 
fluxes of the plates in the same chamber. 

Table 4 Average deposition fluxes of skim milk solutions dried at inlet temperature of 170 °C using a 
conventional spray dryer and the new spray-drying system in this work. 

 Feed concentration 
(%) 

Average deposition 
flux (g∙m-2∙h-1) 

Ozmen & Langrish [5] 8.8 16 
Kota & Langrish [6] 30 130 
This work using the new spray dryer 8.8 4.0 

30 50 
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Table 5 Qualitative observations of wall depositions formed at different sections of the drying chamber. 

 Section 3 
(1 m from atomiser) 

Section 4 
(1.5 m from atomiser) 

Section 5 

Salt 
8.8 wt% 
170 °C 

   

Salt 
8.8 wt% 
230 °C 

   

Skim milk 
8.8 wt% 
170 ° C 

   

Skim milk 
8.8 wt% 
230 °C 

   

Skim milk 
30 wt% 
170 °C 

   
 

4. Conclusion 

Wall deposition tests have been conducted on a a new spray dryer in order to investigate its 
performance at different operating conditions, and compare it with a conventional design. 
The increase in the inlet temperature from 170 °C to 230 °C has caused a slight reduction in 
wall deposition rate for salt solutions, but an increase in the value for skim milk solutions. 
Such a difference could be caused by the change in the composition of skim milk deposits as 
a result of Maillard reactions. The experiments with different feed concentrations showed an 
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increase in wall deposition when the solid content increased from 8.8 wt% to 30 wt%. Such 
an increasing trend agreed with the previou studies using a conventional spray dryer, 
although the actual amount of wall deposition appeared to be lower in the new spray dryer. 
Overall, the experiments provided some valuable information to improve the design of the 
new system. 
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Abstract 
A one stage drying process for dried cranberry production, employing a 
vacuum microwave technique, is proposed. The process consists of a specific 
sequence of microwave energy dosage at a given vacuum level. During the 60 
minute process, three sub-stages can be identified: osmotic dehydration, 
intensive water evaporation and stabilization. Mass transfer, as well as quality 
changes during the process, has been described, and the final product quality 
compared to purchased control. The proposed method of dried cranberry 
production resulted in a microbiologically stable product  (aw=0.62) of a 
decent sensory quality, with an antioxidant potential three times higher than 
traditional products. 

Keywords: Vaccinium macrocarpon; microwave-vacuum drying; ready-to-eat snack 
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1. Introduction 

The cranberry (Vaccinium macrocarpon) fruit is recognized worldwide as a rich source of 
numerous phytonutrients with confirmed pharmacological and antioxidant properties [1]. 
Due to a high acid content, as well as an astringent taste, the fresh fruits are unacceptable for 
direct consumption. In an effort to make cranberries more appealing to consumers, one idea 
is to dry them, which unfortunately also means adding sugar. The traditional method of dried 
cranberry production is a time and energy-consuming process, which is realized in three 
stages: skin pre-treatment, sugar infusion by osmotic dehydration and final drying. Cranberry 
fruits, like many other fruits are covered by a cutin layer consisting of fatty acid polymers 
which exist to protect the fruit from losing water. Although the wax layer is beneficial in 
plant biology, it restricts processing by inhibiting osmotic dehydration and further drying 
processes. Cutting the fruits into halves allows the interior fruit tissue to be exposed to 
osmotic solution as well as increasing the evaporation surface during final hot air drying. 
Sadly, cutting the fruit also leads to several negative consequences, such as a higher leakage 
of sap or an increase in nutrient oxidation during the final drying. Available literature 
documents numerous attempts to intensify the osmotic dehydration of cranberries through 
various pre-treatments [2–3], as well as attempts to accelerate the drying process by applying 
new drying techniques [4–6]. Among the new techniques, a hybrid technique including 
microwave technology has been intensively investigated [7]. According to the latest reports 
the drying time can be reduced to less than 100 min [3]. The other problem associated with 
dried sweetened cranberry production is the time needed to infuse sugar, which can take up 
to 24 hours [8]. Despite the introduction of some new ideas to reduce the osmotic dehydration 
process [3,5], the waste sucrose syrup collected after the process, remains a serious 
technological and environmental problem. 

The aim of this paper is to present an idea combining sugar infusion and final drying of 
freshly cut cranberry fruit, which can be realized within 60 min in the same reaction chamber 
by using a vacuum microwave technique. 

2. Materials and Methods 

Cranberry fruits (`Ben Lear` cv) taken out of cold storage (2°C) were thoroughly washed 
with tap water and cut in half. The osmo-dried cranberry production was realized using a 
laboratory vacuum-microwave dryer (PromisTech, Wrocław, Poland). The standard 
polypropylene reaction chamber was replaced with a glass drum, which allowed the 
management of liquid medium. Just before drying, a batch of 100 g freshly cut cranberry fruit 
halves were placed into a 2 L capacity glass drum and mixed with 80g of 40% sucrose 
solution. When the system reached the ambient temperature (20.0 ± 2.0°C), the process was 
started. The drying procedure was developed using a specific sequence of microwave energy 
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dosage at a given vacuum level. The drying period lasted 60 min, within which, three sub-
stages can be identified, as is presented in Table 1 (PL, Patent Pending, 2018). 

Table 1. The technical parameters of the vacuum microwave drying of halved fresh cranberries 

Stage 
Duration 

[min] Operation 
Preasure 

[hPa] 

Max sample 
temperature 

[°C] 

Microwave 
power 

[Watt/g] 
1 15 Osmotic dehydration 30 ± 2 34.0 ± 0.8 1.00 
2 30 Evaporation 30 ± 2 57.0 ± 3.0 3.25 
3 15 Stabilization 6 ± 2 30.0 ± 1.0 0 

 

The density of microwave power introduced into the drying chamber ensured that the 
material temperature was kept below 60°C. The mass transfer, and the quality changes of the 
material, was monitored in 7 mid-points, after 5, 10, 15, 20, 30, 35, 45 min and after process 
completion. To follow real drying dynamics, the process was terminated after a given time, 
and the material collected for analyses, after which a new procedure with a new batch of raw 
material was begun. For each mid-point of the process water removal rate was determined as 
the difference between the total weight of material at the given point. The material 
temperature was measured by a manual pyrometer, and then the material was checked for 
moisture content, density, anthocyanin content and antioxidant capacity. The appearance of 
the material was captured by a camera. The fruit samples taken between 5-30 min of the 
process, prior to measurement, were gently rinsed with water to remove residual syrup and 
blotted with paper towels. A fresh portion of fruit was used to obtain each sample taken for 
each time interval. The final product quality was also evaluated by a sensory panel, and the 
experimental dried fruit were compared to dried cranberries purchased in the market (one 
bulk product and one commercially packed). The experiment was carried out in two 
technological repetitions. 

2.1. Physical, chemical and sensory analyses 
The dry matter content was determined using the gravimetric method by drying the sample 
to a constant weight at 70°C under vacuum conditions (3 kPa) according to PN-90/A-
75101/03 [9]. The density of the dried berries was determined using hydrostatic scales 
(Radwag) and calculated using the following formula: 

ρ𝑠𝑠 =
𝑚𝑚𝑚𝑚1

ms1 − ms2
∗ ρ𝑡𝑡 

where, ρs indicated sample density (g/cm3), ms1 sample mass in the air (g), ms2 sample mass 
in toluene (g), and ρt density of toluene (g/cm3). For each experimental point the 
measurements were repeated for 6 individual fruit halves.  
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Water activity was measured 24 h after drying, using HC2-AW-USB station probes 
connected to a PC running HW4-P-QUICK-V3 software (Rotronic, B&L, Poland). 

Antioxidant activity was determined according to the method described by Re et al. [10]. 
Measurements were recalculated to micromoles of Trolox equivalents per gram of dry weight 
(µmol Trolox/g DW).  

Total anthocyanin content was quantified using the pH differential method [11]. The results 
were calculated as cyanidin-3-glucoside, and expressed in mg/100 g DW of the analyzed 
sample. For each mid-point of particular technological repetition, two independent analytical 
replicates were carried out.  

Sensory analysis. Both experimentally dried fruit and the commercially purchased products 
were assessed by a well-trained panel using a profiling method. The samples were evaluated 
in individual sensory booths under white light (6500 K). All samples, marked with 3-digit 
codes, were served in duplicate in random order. Panelists were asked to evaluate fifteen 
sensory attributes: three aroma attributes (fruity, untypical, overall), two textural attributes 
(hardness and overall), five flavour/taste attributes (fruity, sweet, sour, astringent, bitter, and 
off-flavour) and overall flavour, as well as overall quality. The results were finally expressed 
in 10-point scale. 

2.2. Statistical analysis 

The data was processed using the STATISTICA 13.0 software package (StatSoft Inc., Tulsa, 
USA). To determine the difference between experimental and commercial products the 
analysis of variance (ANOVA) and a Duncan´s multiple range test at p = 0.05 was used. 

3. Results and Discussion 

The dehydration kinetics of the fresh cranberry halves subjected to the one stage process 
realized in a vacuum- microwave reactor is illustrated in Fig. 1. Along with the parameters 
outlining the mass transfer intensity, the sample temperature is also given (Fig 1A). As the 
drying process proceeded simultaneously with osmotic dehydration, the obtained drying 
kinetics presents an untypical shape. In the first 15 min of the process, the drying rate 
gradually decreased (Fig. 1B), probably due to the effect of the increase of the syrup viscosity 
surrounding the surface of the fruit. During this stage the soluble solids of the fruit increased 
from 8.9 ± 0.1 to 15.1 ± 1.1°Brix, which was also reflected by the increase of the sample dry 
matter (Fig. 1A), caused mainly by the infusion of sugar into the fruit. The predominant effect 
of the osmosis mechanism at this stage, is indicated by the very low WRR (Water Removal 
Rate), which after 15 min of the process reached the minimum. 

When the residue of syrup liquid had run out, the second stage of drying was initiated by a  
microwave power increase up to 3.25 Watt/g of the initial sample weight. Immediately, the 
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WRR accelerated, and the water evaporation intensity increased for about 20 min, until it 
gained a maximum value of 0.094 g H2O/g DM/min, after which the WRR started to decline, 
and despite the still relatively high water content (2g H2O/g DM) in the dried material, the 
sample temperature continued to rise. When the temperature was approaching 60°C, the MW 
power was automatically reduced to avoid overheating. The temperature limit was set on the 
basis of other authors work [12], where 60°C is reported as crucial in polyphenol degradation 
in sour cherries subjected to microwave-vacuum drying. After 45 min of the process the 
microwave power was switched off, but water evaporation still occurred, with a steadily 
decreasing WRR, which can also be attributed to the low water content in the sample. These 
observations follow the typical pattern of sample temperatures when fruits are subjected to 
microwave drying [8,13].  

In Fig. 2 the quality changes of the dried material during the dehydration process are 
presented. During the first twenty min the sample density rose from the initial value of 0.87 

Fig. 2  Trends in the quality changes of osmo-dehydrated cranberry fruit during the drying process:  
(A) fruit density; (B) anthocyanin content and antioxidant activity (ABTS•+), MEAN ± SD (n=2). 

Fig. 1 Diagram of changes monitored for osmo-dehydrated cranberries during drying process (A) 
material temperature and dry matter contents (B) water removal rate,  MEAN ± SD (n=2) 
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± 0.02 to over 1 g/cm3 (Fig. 2A), which indicates slight material shrinkage, as is illustrated 
in Photo 1 (B).  

Photo 1. Cross-section and outside appearance of raw material (A), osmotically infused fruits after 
15 min (B) and final product (C). 

 
To some extent, the increase in the density of the material can be explained by the fact that 
the intercellular spaces were replaced by the infused sugar syrup. In the next 40 min the fruit 
density decreased steadily, by up to 0.48 ± 0.02 g/cm3, which represents almost half the initial 
density of the fresh material. This phenomena is typical for vacuum drying, where rapid mass 
transfer is accompanied by a typical expansion in a so-called “puff up” effect [14]. In Fig 2B, 
the effect of process time on the bioactive component content is presented. The raw material 
used in the study contained on average 220 ± 4 mg/100 g DW of total anthocyanins, which 
means that cranberries grown in Poland are able to accumulate as much anthocyanin as the 
Canadian clones [15]. Although the drying process lasted only 60 min, and the sample 
temperature did not exeed 60oC, the evident negative effect on both anthocyanin content and 
antioxidant activity (ABTS•+) was observed. When compared to fresh fruit, the loss of 
anthocyanins reached almost 50%, and its final content in dried product amounted to 119 ± 
10 mg/100g DW. A similar pattern was found for antioxidant activity, which decreased from 
127 ± 0.2 to 57 ± 1.3 µmol Trolox/g DW (Fig. 2B). According to data in literature, 
anthocyanin degradation in halved cranberries is higher than for sour cherries dried in similar 
microwave-vacuum conditions [15]. As is clearly presented in Fig. 2B, the antioxidant 
activity of dried cranberries expressed by ABTS•+, corresponds with the gradual decrease in 
anthocyanins. Similar findings have been reported by other authors [13,16] who indicated 
the anthocyanin content as having a major impact on the total antioxidant capacity of the 
cranberry fruits.  
To be able to identify the advantages of our product, the experimental material (Photo 1, C) 
was compared to commercially available product. The comparison comprised sensory 
attributes, antioxidant properties and water activity. The results are gathered in Table 2. 
Sensory evaluation of the product showed that, when compared to commercial products, the 
experimental cranberry (MW-V) was characterized by a more intensive fruity aroma, but 
unfortunately, despite higher water activity, also by an inferior texture. It was also perceived 
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as less sweet, which resulted in a rating of only 4.8 (out of 10) in the overall quality 
assessment. 

Table 2. The comparison of chosen quality characteristics of dried cranberries available in the 
market and the experimental product (MW-V). 

Product type 

Sensory attributes (0-10 points) 

A
B

T
S 

[µ
m

ol
 T

ro
lo

x/
g 

fr
es

h 
w

ei
gh

t]
 

W
at

er
 a

ct
iv

ity
 

Fr
ui

ty
 a

ro
m

a 

Fr
ui

ty
 

fla
vo

ur
 

So
ur

ne
ss

 

O
ve

ra
ll 

te
xt

ur
e 

Sw
ee

tn
es

s 

O
ve

ra
ll 

qu
al

ity
 

Bulk product 2.8b* 4.8b 3.3a 7.4b 6.2b 6.8b 15.0b 0.55a 
Commercially 
packed 1.5a 3.7a 2.7a 7.1b 6.2b 4.9a 9.9a 0.54a 

MW-V 3.1b 4.9b 5.8b 4.9a 4.4a 4.8a 51.8c 0.62b 
*Means in columns marked with the same letter do not differ significantly according to Duncan MRT at p = 0.05. 

Surprisingly, the highest overall quality was indicated for commercial, unpacked cranberries, 
which were expected to be of lower quality than the packed ones, which were assessed as 
having an untypical aroma and being off-flavour, which can be attributed to the flavor of 
oxidized oil, resulting in a low sample acceptance. Despite a slightly lower sensory 
appreciation than the commercial product, the dried cranberry produced using our method 
was characterized by three times more antioxidant potential. The ABTS•+ values seen in the 
experimental product were on average 51.9 ± 5.5 (Table 2), whereas for cranberries 
purchased in the market the values were as low as 15.02 ± 0.2 and 9.88 ± 0.2 µmol Trolox/g 
fresh weight for the bulk product and commercially packed, respectively. 

4. Conclusions 

The proposed method of sweetened dried cranberry production resulted in a 
microbiologically stable product (aw = 0.62) after a 60 min process. Sensory evaluation of 
the product showed that compared to commercial products, the experimental cranberry was 
characterized by a richer fruit aroma, but unfortunately, also by an inferior texture and lower 
sweetness sensation, which resulted in a rating of only 4.8 (out of 10) in the overall quality 
assessment. Despite a unfavourable sensory appreciation, the dried cranberry produced using 
our method was characterized by three times more antioxidant potential, thus further process 
optimization seems advisable.  

We can summarize, that the presented idea of production sweetened ready-to-eat dried 
cranberries using a one stage process combining osmotic treatment with a vacuum microwave 
dehydration technique can be considered as an alternative to traditional dried cranberry 
production. 
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Abstract 
Drying process directly affect in structure of the silica support for catalysts .  
Therefore, we herein prepared bimodal meso-macropore structure of silica by 
sol-gel method and investigated the silica support obtained from various 
drying techniques, namely, hot air drying (HA), microwave drying(MW)and 
freeze drying (FD)by means of BET and BJH N2-sorption, and SEM. The 
results showed a significant effect of drying technique on the textural 
properties of the dried bimodal porous silica support. In addition, it was found 
that freeze drying could enhance surface area of silica support with higher 
than 500 m2/g. 

 

Keywords: bimodal meso-macropore structure silica support: drying 
technology: freeze drying: hot air drying: microwave drying 
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1. Introduction 

Silica supports are widely used in field of catalysis. High surface area, large pore size and 
large pore volume of silica are often desired for catalyst supports in many reactions. Bimodal 
meso-macropore structure of silica is suitable for use as support in aspect of high dispersion 
of metal catalyst and good mass and heat transfer [1]. Generally, akyl orthosilicates are used 
as a silica source for the preparation of silica support. Moreover, organic surfactant are also 
used as the pore structure-directing agent (template) of silica support. However, they are not 
appropriate in term of commercial, safety and green approach production due to their high 
cost, flammability, difficulties in handling or storage, and toxic to environment [2-3]. 
Therefore, sodium silicate is an interesting as silica source and chitosan is an alternative bio-
template, in aspect of lower cost and cleaner production of silica support. In order to modify 
the textural properties of silica support, especially in preparing the meso-macro struacture of 
silica, is always conducted by chemical techniques. For example, Li et al. [4] had prepared 
meso-macroporous structure of silica by using tetrametoxysilane (TMOS) as silica source 
and polyethylene glycol (PEG) as template, Blin et al. [5] proposed the usage of decane as 
an effective expander to enlarge the pore size of mesoporous silica. It is found that these 
techniques are not only use more expensive chemicals but also impractical in green processing 
which effected to the environment. Besides, it is found that the preparation methods are more 
complicated for industrial scale [6]. 

However, many previous researches have been suggested that drying is a physical process 
that directly affects on structure of the prepared silica support [7-9]. The hot air drying is the 
process that thermal energy is transferred to the interior of the wet-gel silica via conduction, 
depends on the thermal conductivity of the wet-gel silica [2]. While, in the microwave drying, 
water, presented in the wet-gel silica, absorbs the microwave throughout the entire mass, 
causing molecular vibration with respect to the oscillating electric field of the microwave and 
the generated heat is transferred homogenously to a molecular scale throughout the bulk 
[2,10]. Whereas, freeze drying, moisture is removed by sequentially freezing the 
water/solvent and subliming it at low pressure [10]. As per the abovementioned, we interested 
and attempt to apply the drying techniques in term of physical techniques to modify textural 
properties of silica support instead of those chemical techniques. Due to the drying is easier 
and effective method with lower cost [6].  

Therefore, we herein prepared bimodal meso-macropore structure of silica supports by sol-
gel method using sodium silicate as a silica source and chitosan as a template, and 
investigated comprehensively the properties of silica support obtained from various drying 
techniques, namely, hot air drying (HA), microwave drying (MW) and freeze drying (FD).  
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2. Materials and Methods 

 The silica supports were prepared using sol-gel method. Firstly 0.4 g of chitosan was 
dissolved in 100 mL of 2% v/v acetic acid in deionized water under continuously stirred at 
300 rpm and control temperature using water bath at 40 °C for 30 min. Then, 5.4 g of sodium 
silicate solution (based on 1 g of SiO2) were primarily diluted with 10 mL of deionized water 
and added to the chitosan solution. The solution was adjusted to pH of 6 by dropwise addition 
of 2 M hydrochloric solution. After that, the hydrolysis-condensation reaction was carried 
out at 40 °C with continuously stirred for 3 h, and then the resulting mixture was aged in the 
Teflon-lined autoclave at 100 °C for 24 h. The precipitated wet-gel silica products were 
filtered, washed several times with distilled water. Then, the washed wet-gel silica cake was 
dried using different drying techniques (hot air drying, microwave drying and freeze drying). 
Dried-gel silica were finally ground and calcined at 600 °C with the heating rate of 2°Cmin-

1 for 4 h in order to remove chitosan template. The obtained white silica powder was kept in 
vacuum container. Hot air drying  was carried out in a hot air dryer (Binder GmbH, RedLine 
RF115, Tuttlingen, Germany) at the operating temperature of 80, 100 and 120 °C for 120, 90 
and 60 min, respectively. Microwave drying was carried out in a microwave oven (Samsung, 
MS28H5125BK, Seoul, Korea). The oven was operated at a frequency of 2.45 GHz and a 
power of 600, 850 and 1000 W for 40, 30 and 20 min, respectively. Freeze drying was carried 
out in a freeze dryer (Thermo Fisher Scientific, Supermodulyo-230, Waltham, MA) with 
vacuum pressure for 24 h. Pior to use the freeze dryer, the wet-gel silica cake was freeze in 
the freezer at -20°C for 24 h. The prepared silica support obtained from various drying 
techniques were characterized by means of Brunauer, Emmett and Teller (BET) and BJH N2-
sorption (Quantachrome Instruments, Autosorb-1C, Boynton Beach, FL) and Scanning 
electron microscopy (SEM) (FEI, Quanta 450, Hillsboro, OR). 

 

3. Results and discussion  

The results of textural properties (BET specific surface area, average pore diameter and 
cumulative pore volume) of silica supports prepared by various drying techniques were 
summarized in Table 1. It was clearly noticed that the largest BET specific surface area was 
obtained  for dried silica support by using freeze dryer. Whereas, silica supports, dried by 
using hot air and microwave dryer, were relative lower BET surface area. In addition, the 
average pore diameter and cumulative pore volume for freeze dried silica support were much 
grater than those of hot air and microwave dried silica support.  
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Table 1. Textural properties for silica supported dried by using microwave, hot air and freeze drying 
Sample Surface areaa 

(m2g-1) 

Pore diameter (nm) Pore volume 

(cm3g-1) 
Mesoporousb Macroporousc 

HA80 376 13.1 ̴ 400 1.23 

HA100 401 12.6 ̴ 250 1.24 

HA120 406 12.4 ̴ 150 1.28 

MW600 414 12.6 ̴ 150 1.30 

MW850 390 13.3 ̴ 350 1.30 

MW1000 413 12.5 ̴ 250 1.30 

FD 700 17.0 171.6, 500< 2.18, 4.05 
a Specific surface area calculated by BET method. 
b Pore diameter (mesopore) measured by BJH desorption method. 
c Pore diameter (macropore) estimated from SEM. 

 

The N2-sorption isotherm results for silica supports dried by using MW, HA and FD were 
given in Fig.1. It was found that HA and MW dried silica sample showed similar isotherm 
although differences in surface area, pore volume and pore size were observed. These 
isotherms exhibited hysteresis loop which correspond to the type IV isotherms at high relative 
pressure range of 0.75-0.9. It was due to the capillary condensation of N2 gas occurring in the 
mesopores. Therefore, the type IV isotherm was considered as the characteristic of 
mesoporous materials [2,11]. In addition, it was clearly noticed that the isotherm for freeze 
dried silica support exhibited significant difference hysteresis loop, which corresponded to 
the composite isotherm type IV-II. The sharp increase of N2, at relative pressure range of 0.8 
to above 0.9, indicated the presence of large meso-macropores or interparticle adsorption and 
condensation [3,12]. 

Pore size distribution of silica supports dried by using various drying methods were presented 
in Fig.2. It was found that the pore size distribution for silica supports corresponded to the 
results of pore size of silica listed in Table 1. It can be seen that hot air and microwave dried 
silica supports also showed similar and uniform pore size distribution with mesopores 
diameter of around 12 nm. While freeze dried silica support showed broader pore size 
distribution with mesopores diameter of 17 nm and clearly showed macropores diameter of 
171.6 nm. The SEM image for silica support obtained by different drying techniques were 
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presented in Fig.3. It was clearly observed that the texture of HA dried silica support are 
closely packed particles when drying temperature increased from 80 to 120°C.  It was due to 
the water molecules were constantly eliminated during the drying process. It led to the 
increasing of sol concentration, increasing in the capillary force and also created fluid drag 
which caused the particles to come closer to each other and forms aggregate to achieve greater 
stability [2,6,13].  In comparison with MW drying found that, the MW dried silica support 
had the higher porous of structure with larger pore size and pore volume. This could be due 
to fusion of some of the smaller particles during microwave drying [10]. The freeze dried 
silica support exhibited the lossely packed, highly porous and sponge-like particles with the 
macropore of interparticle voids. In the FD process, the effect of capillary force was avoided 
due to it involves solid-gas transition. The volume expansion occurred during the liquid water 
transformation to solid in the freezing process also could contribute to the loose packing [13]. 
In addition, the macropore diameter estimated by SEM images (Fig.3) for all of silica samples 
listed in Table 1. 
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Fig. 1 N2-sorption isotherm for silica supports dried by using microwave, hot air and freeze drying. 
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Fig. 2 Pore size distribution for silica supports dried by using microwave, hot air and freeze drying.  

 

4. Conclusion 

The bimodal meso-macropore structure of silica supports were successfully prepared by sol-
gel method using sodium silicate as a silica source and chitosan as a template. The textural 
properties of the prepared silica supports obtained from various drying techniques were 
investigated comprehensively. The freeze drying technique led to the  highest surface area, 
largest pore size and pore volume of silica support among the hot air and microwave drying 
techniques. In addition, the application of the prepared bimodal porous silica support in 
catalysis field is based on kind of reaction, that should be further studied. 
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Fig. 3 SEM images for silica support dried by using microwave, hot air and freeze drying. 
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Abstract 
Swedish Exergy AB commercialised superheated steam drying technology – an 
invention from Chalmers University of Technology. New application for drying 
and valorisation of DWGS has been successfully developed and deployed at 
one of the sites in Europe. The technology has been adapted to this application. 
Key development includes novel and innovative concept of back-mixing in 
pressurised loop.   
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1. Introduction 

Pressurised Super-heated steam drying (PSSD)  technology was re-invented by Claes 
Svensson Münter at Chalmers University of Technology, Gothenburg, Sweden. This novel 
and innovative technology found commercial application from research laboratory. In 1979, 
first full scale commercial plant was built and commissioned for drying of CTMP at a small 
paper mill in Sweden. Many other premier institutions have done research work on use of 
steam for drying and modification of product properties. TNO in Holland has done notable 
work on modification of product properties using steam at different pressures and conditions. 
NUS under leadership of Dr Mujumdar [1] has done extensive research work in the field of 
superheated steam drying and product quality modifications. All the research shows 
tremendous benefits for the technology. With net heat consumption 150 kWh/ton water 
evaporation; PSSD is world’s most energy efficient drying process. Swedish Exergy AB 
since inception has been working on commercializing this technology with mixed success. 
High capital expenditure is biggest hinder. However, Swedish Exergy has successfully 
applied PSSD in one of the most difficult applications. Purpose of this paper to present this 
application and highlight results achieved.      

 

2. Materials and Methods 

2.1. Application Industry and Process Description 

The application industry is grain based distillery plant. Process of ethanol from grain based 
distillery is briefly described below.  

Grain from storage silos is milled either as dry milling or wet milling. Fig.1 shows process 
with wet milling. Slurry after wet milling is cooked in jet cookers before fermentation 
process. Sugar are converted into alcohol in fermentation and separated in distillation 
process. Remains from bottom of distillation process containing solids rich in protein is de-
cantered. Separated solids are mixed with thin phase concentrated in an evaporator plant. 
This mix (DWGS) with 75% moisture content is dried in PSSD. Heat energy to PSSD is 
supplied from high pressure steam, thermal oil, natural gas or bio-gas. For every ton 
evaporated water, 750 kW thermal energy is put into the PSSD indirectly. Out of this 600 
kW is recovered as low pressure (2-4 barg) steam and used for jet cooking, distillation and 
evaporation. Dried product (DDGS) with 10% moisture content is cooled after the dryer and 
sold as animal feed.    
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Fig. 1: Grain based distillery integrated with PSSD. 

PSSD technology is closed loop system consisting of a circulation fan, heat exchanger, drying 
conduits, cyclone, feeding rotary valve and discharge rotary valve. Drying media is kept in 
closed loop circulation and drying energy is added indirectly through the heat exchanger. We 
product is fed through feeding rotary valve to the closed loop system. Drying takes place in 
drying conduits in very short time of less than 10 seconds. Product is separated in a cyclone 
from circulating drying media and discharged through bottom of the cyclone via discharge 
rotary valve. Separated drying media is circulated back to the heat exchanger for addition of 
drying energy. The process continues in this manner. As more and more moisture is 
evaporated in the closed loop, pressure increases inside the closed loop. Some of the 
evaporated moisture is bled-off through a control valve keeping constant pressure inside the 
closed loop. See fig. 2 for PSSD components.  

Sticky and pasty material is handled in the dryer by back-mixing system. Fig 3 is picture of 
commercial plant installed in an ethanol plant in Italy.  
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Fig. 2: Schematic of PSSD used for DDGS production 

 

Fig. 3: Picture of PSSD commercial plant 
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2.2. Process Integration and energy efficiency 

PSSD energy recovery potential makes it best candidate to integrate with other processes in 
the distillery. Steam generated from DWGS moisture is used for jet-cooking, distillation and 
evaporation processes in the plant. A typical energy and mass balance for a 10 ton/h DWGS 
plant is shown in table 1.  

Table 1: Heat and Mass Balance for 10 ton/h DWGS plant 

Input to PSSD 
Media Pressure, 

MPa 
Temperature, 

°C 
Mass,     
kg/h 

Heat,           
kW 

DWGS – 75% moisture - 70 10 000 685 
Net heat input  - - - 4 911 
Heat from electricity used for 
rotating machinery 

- - - 150 

Total - - 10 000 5 746 
Output from PSSD 

DDGS – 10% moisture content - 100 2 777 136 
Steam generated in the dryer and 
recovered as low pressure steam 

0,3 145 7 000 5 341 

Flash off and leakages 0 100 223 169 
Thermal losses - - - 100 
Total - - 10 000 5 746 

 

2.3. Product Quality Improvements 

2.3.1. Sterilization 

Closed loop PSSD works as continuous autoclave and product is 100% sterilized at the end 
of the PSSD process. Live tests with salmonella has been done to demonstrate this. This 
means product can be sold with guarantees which means higher value product. 

2.3.2.   Protein digestibility and by-pass protein  

Product when used as animal feed for animals with multiple stomachs like cows, DDSG 
produced with PSSD process offers additional product quality benefits of improved protein 
digestibility and by-pass protein [2]. Product gets cooked during drying process.  

2.3.3.   No oxidation   

Closed loop PSSD does not allow ingress of atmospheric air inside the PSSD which provides 
oxygen free process medium ensuring that product is not oxidized. O2 measurements 
conducted using sensitive O2 measuring probes have confirmed oxygen free media inside 
the PSSD. Product maintains excellent uniform color and texture. See product picture shown 
in fig 4.  
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Fig. 4: Picture of DDGS produced from PSSD process 

2.4. Novel and innovative back mixing system 

Swedish Exergy has developed and implemented at commercial stage a novel and innovative 
back mixing system operating at same pressure as PSSD operating pressure (fig 5.0). This 
unique back-mixing method offers many benefits over traditional back-mixing methods.  

1. Very short mixing time. 
2. Excellent mix production 
3. Smaller equipment 
4. Very uniform product dryness  
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Fig. 5: Picture of novel and innovative back-mixing system as part of  PSSD process 

3. Conclusions 

Commercialization of PSSD has been a challenge and still is. Swedish Exergy has 
successfully commercialized PSSD for production of animal feed from waste stream in 
ethanol production process. Valorization of waste streams or by-products is big focus for the 
industry. PSSD has big potential to help industry to valorize the waste and by-products.  

Example illustrated in this paper is concrete evidence.  Other potential industries who can 
benefit from PSSD technology are breweries, food and feed industry, oil seeds industry etc.  

 

4. Nomenclature  
 

CTMP Chemical Thermo Mechanical Pulp 

SHSD Super-heated steam drying  

DWGS Distiller Wet Grain and soluble 

DDGS Distillers Dry Grain and Soluble 

PSSD Pressurised Super-heated steam dryer 
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Abstract 
The Municipal Solid Waste of Agareb (Sfax –Tunisia), characterized by high 
organic fraction and moisture contents is the most worrying pollution source 
that must be managed by innovative treatment and recycling technologies. 
Bio-drying, as a waste to energy conversion technology, aims at reducing 
moisture content of this organic matter. This concept,  similar to composting, 
is accomplished by using the heat generated from the microbial degradation 
of the waste matrix, while forced aeration is used. The purpose of this work 
was to reduce the moisture content of the waste, by maximizing drying and 
minimizing organic matter biodegradation, in order to produce a solid 
recovered fuel with high calorific value. 

Keywords: Municipal solid wastes; organic matter; biodrying; composting; 
energy recovery. 
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1. Introduction 

The accumulation of municipal solid waste (MSW) is a matter of concern for the 
developing countries in the present time. The rapid urbanization followed by the industrial  
development and construction  activities  is  supposed  to  be  the  major  reason  for MSW 
accumulation [1]. Waste to energy (WTE)  technology  has  the  potential  to  reduce  the  
volume  of  the original waste by 90%, depending on the composition by recovering the 
energy [2, 3]. But the net energy  yield  from  waste  to  energy  conversion  processes  
depend upon the density, composition and relative percentage of moisture of  the  waste  
[4]. Here  comes  the  importance  of biodrying process for the treatment of municipal solid 
waste with high moisture content. The biodrying process can be promising for treating 
mixed municipal solid waste containing large proportion of organic compounds, since high 
moisture content of the organic materials  will  increase  the  wetness  of  the  entire  MSW  
matrix. Biodrying  is  a  suitable  method  to  treat  very  humid  waste,  which would 
release high quantity of leachate if waste is directly burned without any      pre-treatment 
[5]. 

Biodrying  is  an  aerobic  convective  evaporation  process  which reduces the moisture 
content of the waste, with minimum aerobic degradation. The major difference of biodrying 
from composting is that  the major  objective is  not  to maximise the  degradation  pro- 
cess of organic material, but only to degrade the waste enough to generate  biological heat  
to  dry  the  waste  [6]. The biodrying  process  is  distinct  from  composting  in  that  the  
output of composting process is stabilized organic matter, but the output of biodrying is 
only partially stabilized. Also biodrying process is of short  duration  one  and  hence  the  
emission  factors  are  also  short lasting. Process of biodrying utilizes the auto thermal heat 
genera- tion due to microbial action on waste material instead of thermal treatments in 
conventional drying process. Hence this is an energy saving   process   when   compared   to   
drying   since   it   effectively utilizes  the  biological  heat  energy  [7, 8].  

Biodrying reactor aims to pre-treat the waste at the lowest pos- sible  detention  time  in  
order  to  produce  a  high  quality  refuse derived fuel (RDF). Biodrying process increases 
the energy content of solid waste by maximising removal of moisture present in the waste  
matrix  and  preserving  most  of  the  gross  calorific  value  of the organic chemical 
compounds through minimal biodegradation [9]. The  solid  derived  fuel  from  biodrying  
process  is  the  best renewable  fuel  [9, 10, 11, 12, 13]. The  strategy  based on   
temperature   feedback   control   will   be   more   promising   for biodrying technology and 
the issue of homogeneity of the output of  the  biodrying  process  is  a  subject  need  to  be  
improved  and hence to be investigated in future ([14]. In biological stabilization processes 
the temperature parameter is more qualitative than quantitative [15]. The biodrying process 
is critical  for  control  of  physical  and  mechanical  properties  [6]. 
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In Tunisia, environmental preoccupations are among the priorities of the Government. 
Since 1990, Tunisia has triggered an environmental assessment process targeting the 
definition and implementation of a proactive national strategy and safeguarding the 
environment. This strategy dealing with the environment preservation was established and 
strengthened with the implementation of sustainable development. The municipal solid 
waste (MSW) management, an  important  task to protect human health, the environment 
and to preserve national resources was taken into account by the Government. Indeed, the 
Tunisian Government allocates a huge budget for MSW management and treatment. 
According to National Agency of Solid Waste Management (ANGed), 2.2 M of tons of 
household waste are annually generated (0.5 kg/inhabitant/day). These wastes are dumped 
in the landfields (9 in the country). Such strategy is cost and inefficient solution considering 
the large dumping land needed and the loss of available resources (68% organic matter in 
MSW) that could be recycled based on circular economy. Consequently, the ANGed started 
implementing a strategy where recycled waste is reconsidered, allowing waste reduction 
and incomes. Also, to boost the waste reduction and the materials recycling, political 
programs were set in the five-year program of the development plan (2016-2020). 
Moreover, the Ministry of Environment and Sustainable Development was engaged to 
improve the solid waste valorization all over the country, based on a partnership between 
public and private sectors. The Government announced its investment for waste 
valorization by giving financial support to encourage such strategy, reducing the landfilling 
of biodegradable waste. The recovery of MSW will reduce greenhouse gas emissions and 
increases the use of renewable fuels in energy production.  

The objective of this work was to conceive a laboratory prototype for the treatment and the 
recovery of the organic fraction from MSW by an innovative bio-drying process, in order to 
produce a solid fuel recycling (CSR). In this new bio-drying technology, the exothermic 
reactions were recycled for the evaporation of the highest part of the waste humidity, with 
the lowest bioconversion of organic carbon to produce a dry high-calorific fraction. This is 
usually shredded and can be used either in densified or bulk form as fuel in industrial 
boilers or in furnaces such as those in the cement plant. 

 2. Materials and Methods 

2.1. Raw material  

The studied waste was collected from the municipality of Agareb (region situated at 20 km 
in the West of Sfax city (Tunisia). After removing glass and metal debris from this 
municipal solid waste the organic fraction and the moisture content were 59% (w/w, in wet 
weight) and 70% of total solids (w/w) respectively. 
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2.2. Experimental setup and operation 

The conceived prototype (figure 1) is a bed plexiglass reactor of internal dimensions (1 m x 
0.5 m x 0.6 m) with a support made of a stainless steel grid to support a capacity of about 
60 kg of solid waste. 

The drying air is blown by a centrifugal fan of 0.75 kW power, controlled by a timer 
allowing the automatic operation fuction and shutdown of the system in order to maintain a 
defined air flow rate. The air flow crosses upward the waste from the bottom, activating the 
biological reactions and goes out of the biological reactor from the upper side. Finally, the 
process-air is discharged into the atmosphere after progressin through the bed. The 
experimental study evaluated and compared different tests according to the air flow rate and 
the stirring frequency, in order to choose the best working conditions. 

  

 
 

 
 

Fig.1 The prototype of bio-drying 
 

Each trial lasted approximately 10 days. After adequate waste mixing, the reactor was fed 
by 45 kg of the selected and homogeeized MSW organic matter fraction, having a density 
of 450 kg/m3. The airflow was set at 0.7 m3 per kg of wet waste per hour for the first test 
and 0.4 m3 per kg of wet waste per hour for the second and third trials. The temperature 
was measured by thermometers set inside the bed reactor, at 5 points scanning all the bed. 
The ventilation was set on a mode working at a frequency ventilation of 10 min on/20 min 
off. The waste was manually agitated every 2 days for the first 2 tests (tests 1 & 2) and then 
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every 4 days for the last test (test 3). The waste was sampled every two days. The humidity 
rate and the organic matter degradation were determined gravimetrically after drying          
at 105 °C. 

2.3. Sampling methods 

Waste samples were collected from the bed reactor for analysis 2 days during the biodrying 
process. The moisture content was determined as quickly as possible to limit evaporative 
losses. The organic matter, total organic carbon, kjeldahl nitrigen and metals are measured 
later in the laboratory. All these analyzes are carried out in duplicate. Leachte and 
condensate water were collected every day and analysed for volume, ph, total organic 
carbon (TOC) and ammonia concentration. 

2.4. Analytical methods 

- The moisture content of solid samples was determined by gravimetric method.  

- According to the standard (JIS K0102.14.4, 1995), the same crucible used for dry matter 
determination is placed in a muffle furnace at 550°C for two hours for calcination. The 
residual mass is weighed and the  organic matter and the ASH will be calculated.  

- The nitrogen content was measured with Kjeldahl nitrogen analyser.  

- The TOC concentration was measured by a total carbon/total nitrogen (TC/TN) analyser. 

- In order to get an idea of the lower heating value (LHV), we have chosen to estimate this 
value by using the CHANNIWALA correlation [16]. and which requires knowledge of 
the composition of the product in carbon, nitrogen and other compounds: 

LHV (MJ/kg) = 0.3491 C + 1.1783 H + 0.1005 S - 0.1034 O - 0.0151 N - 0.0211 ASH 

with C, H, O, N, S, ASH: product composition of carbon, hydrogen, oxygen, nitrogen, 
sulfur and ASH in %.                                                                                                                                                         

3. Results and discussion 

Three tests were carried out in this work: the first has an air flow of  0.7 m3/h kg MSW under 
a capacity of 46 kg of waste with a manual turning every  2 days. The second and third tests 
were carried out at a rate of 0.4 m3/h kg MSW under a 50 kg daily turning load every 2 and 4 
days respectively for the second and the third test. The three tests were carried out at a 
ventilation frequency of  10 minutes “on” / 30 minutes “off”, that is to say, the fan runs for 
a period of 10 minutes and stops for 30 minutes before to start the cycle again. 

3.1. Temperature evolution 

Figure 2 illustrate the evolution of the inlet and outlet air temerature  as well as the mean 
temperature of waste for three tests.  
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(a)                                                         (b) 

                
                          (c) 

Fig.2 Temperature evolution versus  time 
a (trial 1) - b (trial 2) – c (trial 3) 

 
For the first (Figure 2-a)  test with the highest air flow rate (0.7 m3/h kg MSW), the waste 
temperature is practically equal to the temperature of Air at the inlet and does not exceed 
40°C, the air is cooling the waste and the phenomenon of bio-drying didn’t take place. 
For the second (Figure 2-b) and the third test (Figure 2-c) the temperature changes are quite 
similar. At the end of the 4th day, the waste temperature reached 51°C and 55.5°C 
respectively in the 2nd and 3rd tests due to the fermentation of waste.        
By comparing test 1 and test 2, we find that for an air flow equal to 0.4 m3/h kg MSW the 
waste temperature is quite simlar  to the outlet air  during the first days of the experiment. 
From the 4th day The fermentation phenomenon is reduced and the temperature of waThese 
results show that the fermentation effect is more figured when using a low air flow rate.                                                     

3.2. Degradation of organic matter 

Degradation of organic matter is well sought in the case of the composting process, but it 
has an undesirable effect in the bio-drying process. So we must minimize this degradation. 
Analyzes were carried out every 2 days to monitor the mass fractions of dry matter, organic 
matter and mineral matter (ASH content) of the solid waste in Figure 3 illustrates the 
evolution of degraded organic matter per kilogram of waste. The highest air flow gives the 
highest degradation of organic matter. Tests 2 and 3 have the same air flow rate but a 

 

1958



Kechaou, N.; Ammar E. 

 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

different frequency of agitation, the one having the high frequency, undergoes the slight 
degradation. These results are similar to other research (Zhao et al., 2011). 

 

                                  
 
               Fig. 3 The evolution of degraded organic matter versus  time 

 
4. Conclusions 

During the biodrying process, the temperature evolution showed an increase in the second 
and third trials, and reached 51.0°C and 55.5°C respectively in these experiments, because 
of the fermentation held. Consequently, the water content was reduced from 70% to 9.0 and 
9.1%  and 21.4 % (respectively  for the three trials. A significant decrease in water was 
noticed during the 2 first-days, the water evaporation rate begins to decrease from the third 
day and that with low agitation frequency. The final product 'CSR' has the best water 
content compared  to that of higher agitation. The assessed calorific value of the three trials 
were 17.1, 19.66 and 19.16 MJ/kg respectively for the three experimented   air-flow rate 
and agitation frequency.                                                                                                                                                          
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Abstract 
The energy performance and carbon footprint associated with the fluidized bed 
drying of petals of Echium amoenum Fisch. and C.A. Mey are experimentally 
evaluated at three temperatures (40,50,60°C) and air velocities 
(0.50,0.75,1.00m/s). The maximum and minimum specific energy consumption 
are observed to occur at 40°C and 1ms-1 (79.18MJ/kg) and 60°C and 0.5m/s 
(22.60MJ/kg), respectively. The greenhouse gas emission is in the range, 0.10-
8.40kgCO2eq, varying with drying conditions in the same manner as energy 
consumption, with natural gas-fired systems performing better than oil-fired 
systems. High-temperature, low-air velocity drying is thus, favourable for 
energy-efficient and sustainable fluidized bed drying of the petals. 

 

Keywords: fluidized bed dryer; greenhouse gas; specific energy consumption; 
Iran. 
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1. Introduction 

Echium amoenum Fisch. and C.A. Mey grows in a narrow region of northern Iran and the 
Caucasus [1]. Its dried violet-blue petals have medicinal (demulcent, anti-inflammatory, 
analgesic, sedative tonic, tranquillizing and diaphoretic) properties, and are useful as 
remedies for cough, sore throat and pneumonia [2, 3]. Hence, it is important for the drying 
of these petals to be energy-efficient and sustainable, while yielding high-quality products.  

From ancient times, solar energy has been used to dry agricultural products. However, sun 
drying has several disadvantages such as poor food quality, insufficient control over the 
drying process, long drying times and contamination, all of which, could be avoided using 
industrial dryers [4]. The control of thermal treatment conditions is important during 
industrial drying of medicinal plants as the final product quality largely depends on the 
treatment conditions. In general, the drying temperature of medicinal plants should not 
exceed a certain level, to retain active compounds [5]. In this regard, drying in the fluid bed 
is attractive due to the homogeneous heat treatment of products, which allows better control 
of the conditions even at temperatures higher than those that cause thermal degradation of 
the product [6, 7].  

Fluidization also has several other benefits such as increasing moisture uniformity, 
facilitating the use of higher drying temperatures and hence, increasing drying capacity, 
allowing for better mass and heat transfer, smaller-size dryer chambers, lower costs and 
higher-quality products [8]. 

As drying is an energy-intensive process, accounting for about 10-25% of the national 
industrial energy of the developed world [9, 10], it is very important that drying processes 
are energy-efficient. It is therefore not surprising that energy efficiency has over the years 
been a key driver of research and development in drying technology [10]. Preserving limited 
fossil fuels, reducing carbon footprint to combat climate change and improving the 
economics of drying-related processes are clear motivations for reducing energy 
consumption in drying [11]. The first step in identifying opportunities to save energy in 
drying processes, is an in-depth analysis of energy use. The evaporation load to remove water 
from the product under different drying conditions indicates energy consumption [11]. 

Energy consumption affects global warming, which in turn,  affects humans and 
ecosystems in different ways: rising temperatures, changes in rainfall and rainfall rates, 
changes in the rate of melting of snow and ice, rising sea levels, changes in the geographical 
population distribution and even the extinction of some animals and plants [12]. 

Actions aimed at reducing energy usage must therefore be taken urgently in all processing 
activities. For drying in particular, using renewable energy sources, optimizing every part of 
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the process and using control devices to detect and minimize GHG injection into the 
atmosphere are some of the possible actions.  

Singh et al. [13] studied CO2 production during potato slice drying. They compared the CO2 

emissions of the sun, fossil fuels (coal, diesel fuel, natural gas) and electricity. Results 
showed that replacing coal with solar energy significantly reduced carbon emissions. 

Kumar and Kandpal [14] analyzed the carbon emission potentials of drying various products 
using solar energy and other fuels in India.  It was reported that increasing the proportion of 
solar energy, relative to the other fuels (coal, natural gas, wood) during agricultural product 
drying could lead to significant reductions in carbon emissions. 

Piacentini and Mujumdar [12] studied climate change due to the drying of agricultural 
products. Given the high energy-demand of the drying operation, the authors proposed the 
use of renewable sources, optimizing the drying process and adopting energy efficient 
practices to reduce GHG emissions. 

Motevali and Tabatabaei [15] studied SO2, CO2 and NOX emissions during the drying of dog-
rose using hot-air, infrared, hybrid hot air-infrared, microwave, hot air-microwave, vacuum, 
and hybrid photovoltaic-thermal solar dryers. The results showed that GHG emissions 
increased with temperature and air velocity in the hot air dryer, and reduced when infrared 
and hybrid hot air-infrared energy are used instead of hot air. The GHG emissions of hybrid 
photovoltaic-thermal solar dryers were less than the emissions of the hot air dryer. 

The literature review shows little research on the GHG emissions of dryers. The aim of this 
research is to explore the energy consumption and effects of different drying conditions on 
greenhouse gas emissions for petals of Echium amoenum Fisch. and C.A. Mey. 

2. Materials and Methods 

2.1. Experimental procedure and energy analysis 

A laboratory-scale fluidized bed dryer (details can be found in [16]) constructed at the 
Department of Agricultural Machinery Engineering of Azadshahr University, Iran, was used 
to conduct the drying experiments. It consisted of an air-heating device, chamber, and control 
systems for air and temperature. The fluidized bed chamber, made of stainless steel with 
inside dimensions of 250 mm×250 mm×300 mm, is connected with a fan, a duct made of 
stainless steel to supply air, while the distributor plate, with thickness of 1 mm and holes of 
3 mm in diameter, was tightly fixed to the bottom of the chamber. The fluidizing air is 
supplied by a 1.5-kW blower, while an anemometer is used to regulate the air velocity 
manually. The heating unit consists of three fin heaters each of 800 W power, using 
thermostat-type temperature controls in order to adjust the desired drying temperature. 
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Fig. 1 Fluidized bed dryer 

The total energy consumed during the experimental drying operation was estimated from the 
sum of the thermal and mechanical energies. Equation (1) was used to calculate the thermal 
energy for different temperatures. 

 . . . . .th a aE A C T t    
(1)  

where, A, v, ΔT, t, ρa and Ca are the  cross-sectional area of the distributor plate, the air flow 
rate, temperature difference between the dryer inlet and ambient air, drying time, density and 
specific heat capacity of the inlet air, respectively. The density and specific heat capacity of 
the air were respectively calculated [17] as: 

353.049
a

aT
 

  

(2)  
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(3)  

The mechanical energy used to move the air by the blower was determined by [18]: 

mecE PvAt   
(4)  

where ΔP=0.5f h ν2 ρ, with ΔP as the pressure drop, h, product thickness, and f, the resistance 
to airflow. 

Specific energy consumption SEC (kJ/kg) is the total energy required to remove 1kg of water 
from the product during the drying process and is expressed by the following equation. 
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where, mw is the mass of removed water from the product during the drying operation. It is 
obtained from equation (6). 
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(6)  

where W0 is initial weight,, M0 is initial moisture content and Mf is final moisture content.  

2.2. GHG emissions 

The main source of power in many  dryers is electricity [15]. Hence, the GHG emissions 
from the driving power plant indicates the amount of energy consumed during the drying 
process. The conventional power generation system in Azadshahr city, courtesy of Neka 
Power Plant, is a combined-cycle and steam system, and this study analyzes GHG emissions 
of this power plant. The mean GHG emissions (CO2) from the Neka Power Plant (steam and 
combined-cycle) using primary fuels (natural gas and heavy oil) for generating 1 kW energy 
are shown in Table 1. As the fluidized bed dryer used in this experiment is driven by 
electricity from this power plant, the total CO2 emissions due to the drying process is 
evaluated under the different power house/fuel type scenarios in Table 1. In each case, the 
total CO2 emissions is the product of the conversion factor and the corresponding total energy 
consumption (Eth+Emech), in kWh, with allowances made for power plant, transmission line 
and distribution losses (a total of 16.45%). 

Table 1. CO2 emissions and pollutants from power plant of Neka  
Power House Type Fuel type CO2 Conversion Factor (g/kWh) 

Combine-cycle Natural Gas 450 
Gas oil 622 

Steam Natural Gas 63 
Heavy Oil 1025 

 

3. Result and discussion 

3.1. The effect of drying conditions on specific energy consumption  

The specific energy consumption and the total energy required under the different conditions 
of fluidize bed drying E. amoenum petals are presented in Fig. 2. An analysis of the results 
shows that the minimum specific energy consumption of 22.56 MJ/Kg occurs at 60°C air 
temperature and 0.5 m/s air velocity, while the maximum specific energy consumption of 
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79.18 MJ/Kg occurs at 40°C air temperature and 1 m/s air velocity. This implies that, the 
maximum specific energy consumption is approximately 3.5 times the minimum specific 
energy consumption. The energy required for fluidized bed drying of E. amoenum petals is 
observed to decrease with temperature, and increase with air velocity. This is partly 
attributable to the reduction in drying time with increasing air temperature, Also, at any given 
temperature, the specific energy consumption and the total energy required were higher at 
higher fluidization velocity, because higher air velocity did not reduce the drying time 
considerably due to the fact that the moisture transfer inside the material was controlled by 
the diffusion process. Similar findings have also been reported by other researchers. A higher 
air velocity reduces the proportion of the input energy utilized by the dryer, thus, increasing 
the heat losses in the dryer exhausts. This implies increased energy consumption. 

 

Fig. 2 The effects of different drying conditions on the specific energy consumption 

 

3.2. The effects of drying conditions on CO2 emissions 

Fig. 3 shows the CO2 emissions by the Neka Power Plant, which is a combined-cycle and 
steam plant, using different fuels for drying 1 kg of E. amoenum petals. This figure shows 
the variations in temperature and air velocity in a fluid bed dryer and the corresponding CO2 
emissions. Increasing the air flow leads to increased CO2 emissions due to the corresponding 
increased energy consumption. The emissions however, decrease with temperature as a result 
of the corresponding drop in the energy consumption. The least CO2 emissions occur at 60°C 
and 0.5m/s, while the maximum occurs at 40°C and 1m/s. As Fig. 2 shows, the maximum 
CO2 production for all the studied drying conditions occurs for the combined-cycle-gas oil 
power plant, while the minimum occurs for the steam-natural gas plant. The maximum CO2 
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emissions recorded for the combined-cycle-gas oil power plant at 40°C and 1m/s was 
approximately 80.3 times, its level at the steam-natural gas plant at 60°C and 0.5m/s. 

 

Fig. 3 The effect of in temperature and air velocity variations in a fluid bed dryer on carbon 
emissions of power plants 

4. Conclusion 

In this study, the effect of drying air velocity and temperature on energy consumption and 
greenhouse gas (CO2) emissions from a fluidized bed dryer was evaluated. From the results, 
the total energy consumption increased with air velocity for each drying temperature, and 
decreased with temperature for each air velocity. The GHG (CO2) emission levels also varied 
with drying air temperature and velocity in the same manner. The lowest carbon footprint 
occurs when the natural gas-fired steam plant is used, while the highest corresponds to the 
use of oil-fired combined-cycle power plant. High-temperature, low-air velocity drying is 
thus, advantageous for the fluidized bed drying of  Echium amoenum Fisch. and C.A. Mey 
petals, from a sustainability viewpoint. 
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Abstract 
While anaerobic digestion is a reliable method that treats the waste and 
produces renewable biomethane fuel, the necessary sludge in liquid form is 
difficult to handle due to the constant biogas generation. Therefore, this 
study investigates the possibility of convective air drying, namely heat pump 
and hot air circulation oven as preservation methods for anaerobic microbial 
sludge. Drying was conducted at various temperatures, ranging from 22℃ to 
70℃. The study found that heat pump drying at 22℃ resulted in highest 
COD removal of 55.3% as well as the least log reduction in methanogens 
and anaerobes at 1.4 and 2.4, respectively. 

Keywords: Chemical Oxygen Demand (COD); Heat pump drying; Hot air 
drying; Log reduction; Methane yield 
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1. Introduction 

Palm oil mill effluent (POME) is liquid waste containing oil, plant debris, and nutrients 
produced from palm oil milling process. In Malaysia, the most widely used effluent 
treatment scheme is the anaerobic/facultative ponds. Anaerobic digestion is the 
decomposition of organic material whereby the end products are biogas and sludge. This 
process is desirable due to low costs and low energy demand involved besides producing a 
biologically stable final product with good fertilizing properties as well high nutrient 
content. However, Difficulty in supplying the solid-liquid mixture of microbial seed sludge 
for anaerobic treatment of POME has raised several issues that must be overcome in order 
to promote the practicality of this treatment option. Main concerns include limitations in 
storage and transportation due to constant biogas generation from the anaerobic digestion 
[1]. Drying of the seed sludge allows easier storage of additional sludge as the mass and 
volume are greatly reduced due to majority of water content evaporated[2]. In addition to 
space conservation, the dried product can be more easily transported in its inactive form, 
where biodegradation and biogas production is halted in its dormant form which prevents 
fire hazard and risk of over-pressurisation[3]. There have been many studies conducted for 
the preservation of microorganisms. Numerous studies have shown that high cell viability 
of pure cultures can be achieved using freeze drying technique[4]. Despite its wide 
applicability, this method is cost intensive and requires long drying time which could be 
harmful to several delicate microorganisms[5]. Thus, relatively inexpensive convective air 
drying has been considered as promising alternative to address problems encountered in 
freeze drying.  

To date, research on the application of convective air drying for microorganism 
preservation, or more specifically for mixed culture preservation, is rather scarce and 
largely limited to agricultural and dairy industry. Hence, this study aims to develop dried 
mesophilic mixed culture from economical convective air drying methods, namely heat 
pump and hot air circulation oven. Various drying conditions were also investigated to 
achieve the highest possible cell survival, methane yield, and treatment performance during 
treatment of POME. 

2. Materials and Methods 

2.1 Sample preparation 

Seed sludge and palm oil mill effluent (POME) were obtained from the palm oil mill at Seri 
Ulu Langat in Dengkil, Malaysia. During cultivation, intermittent feeding of POME as 
substrate was done in order to maintain the microbial population in the seed sludge. 
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2.2 Cultivation of mixed culture in UASB batch reactor 

An up-flow anaerobic sludge blanket (UASB) reactor with an effective volume of 2.5 L as 
shown in Fig.1 (separate attachment) was used to cultivate mesophilic sludge. To start-up, 
625 mL of seed sludge which represents 25% of the working volume is fed to the tank, 
while the remaining 75% consists of diluted POME. pH of the system was maintained in 
the range of 6.8-7.2 through the addition of 2 mol/L NaHCO3 to ensure satisfactory 
methanogenic activity[6]. Treated effluent was collected by letting the mixture in the 
bioreactor to settle for 30 minutes. After which the top portion of the mixture was collected 
as supernatant and sent for qualitative and quantitative analysis. COD removal is used as 
criteria for increasing load in the feed to maintain the effectiveness of the system, especially 
when COD removal is higher than 80% or when there is less than 5% increase for 3 
consecutive readings. The then matured mixed culture seed sludge was extracted from the 
batch reactor for drying procedure. 

2.3 Drying methods 

25 g of the mesophilic mixed culture sludge was extract from the bioreactor and used to 
perform drying experiment in three replicates. The sludge was dried until equilibrium 
moisture content (EMC) by using different drying methods as described in the following 
sections. 

2.2.1 Heat pump drying 

A laboratory scale heat pump dryer fabricated by I-Lab Sdn. Bhd., Selangor, Malaysia was 
used in this research. The heat pump dryer consists of a drying chamber of dimensions 0.8 
m × 0.6 m × 0.6 m and a heat pump system. Mild temperature dehumidifier air produced by 
the heat pump system was used as a drying medium to dry the sludge in the chamber. The 
dryer operated at temperature of 22℃ and relative humidity (RH) of 38.1%. In addition, the 
dryer is equipped with an auxiliary heater which can be switched on to give drying 
temperature of 32℃ and RH of 29.5%. The average air velocity in the drying chamber was 
recorded at 2 m/s across the two drying conditions.  

2.2.2 Hot air circulation oven drying  

Hot air circulation oven (Memmert UFB500) was used to conduct drying of sludge at 
average temperature and relative humidity of 40.0℃, 50.0℃, 60.0℃, 70.0℃ and 19.9%, 
16.1%, 7.4%, 4.7%, respectively. The drying chamber has a dimension of 53 cm × 47 cm × 
39 cm where air is circulated by an air turbine with measured average velocity of 1.9 m/s 
for all drying temperatures. 
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2.4 Drying rate and moisture diffusivity  

The initial moisture content (M0), moisture content at a given drying time t (Mt), 
equilibrium moisture content (Meq), moisture ratio (MRt) and drying rate (R) of the 
mesophilic mixed culture sludge were calculated by equations (1) – (5) whereas the 
moisture diffusivity (Deff) of the samples was determined using Fick’s second model 
(equation (6)). 
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Where W0, Wt, Wd, and Weq, refer to initial weight of the sample (kg), weight of the sample 

in the middle of drying process at time t (kg), bone dry weight of the sample (kg), and 

equilibrium weight of the sample (kg), respectively. As is denoted as the surface area of the 

samples (m2), Ft is the free moisture content of the sample at time t (kg H2O / kg dry 

material). Ɩ, t and n are the sample's thickness (m), drying time (s) and a positive integer, 

respectively. 

2.5 Quality analysis 

The quality of dried mixed culture mesophilic sludge was evaluated by assessing the 
viability of microorganisms after drying. To do that, the dried mixed culture was first 
rehydrated before it can be evaluated for cell survival, COD removal, and methane yield. 

2.5.1 Rehydration of mixed culture 

Rehydration was performed by adding distilled water in the amount equivalent to that lost 
during drying process and agitated in incubator shaker at 37℃ and 250 rpm for 18 hours. 
The resultant rehydrated mixed cultures were then evaluated for cell survival by obtaining 
the most probable number (MPN) of microorganisms contained in the sample. The 
rehydrated sludge was also evaluated for its performance in treating POME through 
assessment of the COD removal and methane yield. 

2.5.2 Cell survival 

MPN enumeration was conducted to obtain the cell count of microorganisms following 
drying process. Culture medium was prepared by dissolving 30 grams of tryptic soy broth 
(TSB) in 1 L of distilled water. Next, serial dilutions of seed sludge were prepared by 
adding 1 mL of sample into 9 mL of sterile distilled water until a 1012 times dilution is 
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obtained. Subsequently, 1 mL from each dilution number was then inoculated into vials 
containing TSB. This was done in triplicates for each dilution to enable comparison with 3-
tubes most probable number (MPN) table. The vials were then incubated under anaerobic 
condition for 8 days at 55°C. To obtain the MPN of total anaerobes, each vial was first 
determined to be either positive if the mixture was cloudy or negative if the mixture was 
clear after incubation. The combination of positive and negative tubes was then compared 
against MPN table to obtain a corresponding MPN value[7]. In contrast, MPN for 
methanogens was obtained by detecting the presence of methane using biogas analyser 
(Binder Combimass Ga-m). Vials were marked as positive if methane is detected and 
negative otherwise. The combination of positive and negative tubes was compared against 
the same table as for total anaerobes. The cell survival of microbes was subsequently 
determined by equation (7). 

                   (7) 

2.5.3 COD removal 

A 250 mL Schott Duran Bottle was set-up as bioreactor where 50 mL of rehydrated mixed 
culture was used to treat 150 mL of POME after pH adjustment by adding 1 mol/L sodium 
bicarbonate. Supernatant was collected regularly for a period of 12 days from the bioreactor 
after allowing 30 minutes settling time. It was then analysed for COD level by following 
HACH Method 8000 which is USEPA approved for wastewater analyses (Standard Method 
5220 D). The COD removal of the rehydrated sample was calculated using Equation (8). 

       (8) 

2.5.4 Methane yield 

Daily monitoring of bioreactor was conducted over 12 days period to obtain both biogas 
volume (mL) and methane composition (%). Biogas volume was measured by capturing the 
produced gas in an inverted measuring cylinder while its composition was obtained using 
biogas analyser Binder COMBIMASS® Ga-m. 

3. Results and Discussion 

3.1 Drying rate, effective moisture diffusivity, total drying time and EMC 

Tables 1 shows that low temperature drying using heat pump took longer time compared to 
high temperature drying using hot air circulation oven drying as heat pump was operated at 
drying temperature that is equal to- or below ambient temperature and thus relies on low 
relative humidity as the main driving force. Generally, higher temperature of drying air 
enables greater transfer of heat from air to water molecules in the mixed culture. This gives 
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rise to higher rate of evaporation (i.e. drying rate) and hence shorter total drying time 
required for the sludge to achieve EMC. Air at higher temperature also has greater capacity 
to hold moisture and thus hotter air is able to remove more water molecules than colder air 
of the same flow rate. In terms of effective moisture diffusivity, the values of Deff increased 
notably with increasing drying temperatures for both heat pump drying and hot air 
circulation oven drying. Lower relative humidity at high drying temperature promoted 
moisture concentration gradient between the surface of drying sample and its inner 
interstices, which stimulates the moisture diffusion from the interior of the sample to the 
surface and thus produced dried sludge with low EMC. Nevertheless, better survival of 
microorganism is achieved by drying at low temperature and relatively short drying time 
due to minimisation of heat and osmotic stresses[8]. Therefore, it is important to weigh over 
the importance of achieving high cell survivability over short drying time resulted from 
elevated drying temperature. Moreover, the performance of mixed culture in treating 
POME after subjected to drying process must also be considered. 

Table 1. Average drying rate, effective moisture diffusivity, total drying time and EMC of heat 
pump and hot air circulation oven dried mesophilic mixed culture 

Drying 
Method 

Average Drying 
Rate (R) 

(g H2O / m2.s) 

Average Effective 
Diffusivity (Deff) 

 (×10-8m2s-1) 
Total Drying 

Time (h) 

 
EMC 

(g H2O/ g 
dry solid) 

Heat pump (22ºC)   4.67                    0.85 26.6 0.148 

Heat pump (32oC)   5.78                    0.97 23.0 0.046 

Oven (40oC)   8.57                    3.39 7.5 0.034 

Oven (50oC) 12.87                    3.88 5.8 0.026 

Oven (60oC) 19.41                    4.25 4.5 0.017 
Oven (70oC) 21.55                    4.62 3.5 0.012 

 

3.2 Cell survival, COD removal and methane yield 

According to Table 2, the lowest log reduction for methanogens and anaerobes were 
obtained from 22℃-drying for heat pump drying with 1.4 & 2.4 and from 50℃ for hot air 
circulation oven with 1.5 & 5.6, respectively. Generally, higher log reductions indicate that 
more cell deaths occur during the drying process. Higher cell survivability was found 
towards milder drying temperature was likely due to the nature of mesophilic mixed culture 
which thrives at 20-35℃ combined with reduced thermal inactivation when drying was 
conducted at relatively lower temperatures[9]. As such, the mesophiles within mixed culture 
suffer from higher cell inactivation at higher temperature drying in a hot air circulation 
oven. As compared with mesophilic seed sludge, mesophilic mixed culture dried at the 
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various drying temperatures still gives comparable average COD removals in the range of 
46.8% to 55.3%, with fairly similar trend with the preceding cell viability, where more 
favourable results were obtained with decreasing drying temperature. This is indicated in 
Table 3 where mixed culture dried at 22℃ gave rise to higher COD removal as compared 
to other drying temperatures. In terms of methane yield, mesophilic mixed culture that was 
dried at 50℃ in a hot air circulation oven produces highest yield at 37.6 mL CH4/g COD 
when compared with other drying temperatures. It is most likely that a balance between 
drying temperature and drying duration was reached at 50℃-drying, producing dried sludge 
with moisture content that favours the survival of methanogens, eventually resulting in 
second highest values for both NM (after HP 22°C) and NM/NA (after 60°C) as illustrated in 
Table 2. Optimum moisture content as well as drying time are both directly affected by 
drying temperature and could influence the cell viability in mixed culture after drying[4]. 

Table 2. Most probable number (MPN) and log reduction of mesophilic mixed culture following 
drying process 

Drying Technique 

Most Probable Number (ml-1)  Log Reduction 
Methano
gens,  

Anaerobes, 
 

/  

(%) 

 Methanogens Anaerobes 

Mesophilic seed sludge 9.30ꞏ101 1.99ꞏ1012 4.67ꞏ10-9  n/a n/a 
Heat Pump (22 ) 0.36ꞏ101 7.50ꞏ109 4.80ꞏ10-8  1.4 2.4 

Heat Pump (32 ) 0.24ꞏ101 1.15ꞏ109 2.08ꞏ10-7  1.6 3.2 

Oven (40 ) 0.16ꞏ101 2.90ꞏ106 5.52ꞏ10-5  1.8 5.8 

Oven (50 ) 0.29ꞏ101 4.60ꞏ106 6.30ꞏ10-5  1.5 5.6 

Oven (60 ) 0.21ꞏ101 2.30ꞏ106 9.13ꞏ10-5  1.6 5.9 

Oven (70 ) 0.20ꞏ101 3.60ꞏ106 5.56ꞏ10-5  1.7 5.7 

 

Table 3. COD removal and methane yield of mesophilic mixed culture before and after drying 
under heat pump and hot air circulation oven 

Drying Technique  COD Removal (%)  Methane Yield (mL CH4/g COD) 

Mesophilic Seed Sludge 67.4  9.8  44.1  10.5 
Heat Pump (22 ) 55.3  8.9  17.9  1.74 

Heat Pump (32 ) 52.8  5.6  14.1  1.66 

Oven (40 ) 52.9  2.7  13.9  1.55 

Oven (50 ) 53.5  3.4  37.6  2.89 

Oven (60 ) 50.2  4.5  22.3  3.61 

Oven (70 ) 46.8  7.0  37.2  2.90 
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4. Conclusion 

Heat pump drying of mixed culture mesophilic sludge takes considerably longer time to 
reach EMC as compared to hot air circulation oven drying at elevated temperature. 
Nevertheless, in term of quality analysis, heat pump dried mesophilic mixed culture at mild 
temperature (22oC) gave rise to the best methanogenic survival, anaerobic survival, and 
COD removal among of all. The highest methane yield was produced by hot air circulation 
oven dried mesophilic mixed culture at 50oC. It might appear that either one of these two 
drying conditions could be considered as the most suitable drying condition for mixed 
culture mesophilic sludge depending on the desired outcome. However, hot air circulation 
oven drying at 50℃ could be more practical in industrial setting as drying duration is 
shorter. 
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Abstract 
The objective of this work was to produce, through the thermoplastic 
extrusion process followed by blowing, manioc starch-based flexible films 
added with Brazilian pepper oil as an antioxidant and plasticizer agent, and 
verify if the bioactive compounds contained in the fresh pepper oil are 
present after the drying step of the thermoplastic extrusion. After analysis by 
gas chromatography-mass spectrometry volatiles compounds were identified 
in the films. Pepper oil also  influenced the mechanichal properties of the 
films.These results suggest that the temperatures used in the process, kept 
some of the existing compounds in the Brazilian pepper essential oil adhered 
to the packages. 

 

Keywords: Termoplastic extrusion, temperature, bioactivs compounds. 
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1. Introduction 

Plastic films of petrochemical origin are currently used on a large scale in food packaging, 
and their use is contingent upon their mechanical and barrier properties. Although 
chemically stable, they are not biodegradable and cause environmental impact. One of the 
alternatives to this problem would be the development of edible and/or biodegradable films 
using raw materials from renewable sources.  

The bioplastics industry is still in beginning, looking to identify and exploit market niches 
not only for the biodegradability, recycling and / or replacement of plastics of 
petrochemical origin by plastics from renewable sources, also concerned about the carbon 
cycle and sustainability. Bioplastics are defined as materials which, containing variable 
percentage biopolymers, can be molded by heat and pressure. They are potential 
alternatives to conventional thermoplastic polymers of petrochemical origin, such as 
polyolefins and polyesters [1]. 

Starch is a polysaccharide of plant origin, widely found in the international market, capable 
of forming films both by the casting technique and by the thermoplastic extrusion process. 
Films made with starch can also introduce additives into the packaging, such as natural 
antioxidant and antimicrobial agents.  

The Brazilian pepper (Schinus terebinthifolius Raddi) is originally from Peru and is widely 
distributed throughout the Americas, including the Northeast, Southeast, South and 
Midwest of Brazil[2].   The fruit has healing properties attributed to the different volatile 
compounds that are distributed in its various organs, such as bark, leaves, flowers, fruits 
and seeds[3].  It is used in the food industries, as well as its essential oil in the development 
of pharmaceuticals and cosmetics[4]. The species has increasing pharmacological use, and is 
considered by popular medicine as an anti-inflammatory, antimicrobial and strong 
antioxidant agent[4,5,6].   

The process of extrusion allows the thermoplastification of a solid material by the 
application of heat and mechanical work, being the main process to obtain the bioplastics. It 
is a highly versatile process in which the extruder can behave as a heat exchanger due to the 
thermal changes occurring between the material to be extruded and the equipment [7].   

In this context, the objective of this work was to produce, through the thermoplastic 
extrusion process followed by blowing, manioc starch-based flexible films added with 
Brazilian pepper oil as an antioxidant and plasticizer agent, and verify if the bioactive 
compounds contained in the fresh pepper oil are present after the drying step of the 
thermoplastic extrusion process to obtain the biodegradable film. In parallel, we analyzed 
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the mechanical properties of the films to verify the effect of the pepper oil concentration on 
tensile strength, elongation and elasticity of the films.  

 

2. Materials and Methods 

Materials: manioc starch, glycerol and brazilian pepper essential oil. 

The films were produced by thermoplastic extrusion following buy blowing in single screw 
extruder.  The range of temperature was 90 to 130oC and the velocitiy 35 rpm, the same 
condictions proposed by Fakhouri [8]. Three formulations were produced: i) manioc starch 
with glycerol (25%), ii) manioc starch, glycerol (25%) and brazilian pepper essential oil 
(2%) and iii) manioc starch, glycerol (25%) and brazilian pepper essential oil ( 3%). 

Chemical characterization by Gas Chromatography : The analyzes were performed using a 
gas chromatograph equipped with a mass spectrometer detector (GCMS-QP2010 Ultra, 
Shimadzu, Kyoto, Japan). employing a fused silica DB-5 capillary column (J & W, 5% de 
phenyl-dimethylpolysiloxane) with 30 m in length x 0.25 mm i.d., 0.25 µm film thickness, 
under the following conditions: carrier gas helium (99.999% and flow rate 1.0 mL min-1); 
1 µL injection volume, split ratio (1:20), with initial oven temperature of 50ºC and heating 
from 50º to 280ºC at 3ºC min-1. The injector temperature, transfer line and detector 
temperatures were 250ºC. The MS scan parameters included electron impact ionization 
voltage at 70 eV, a mass range of 45 to 600 m/z and a scan interval of 0.3 s. Temperature-
programmed retention indices were calculated using a mixture of alkanes (C8-C30) as 
external references and compared with Adams[9]. The identifications were completed by 
comparing the mass spectra obtained in the NIST21 and WILEY229 databases and 
literature data [8]. 

Total flavonoids quantification by Spectrophotometry: The flavonoids content was 
determined in the acetonic extracts of extruded S. terebinthifolius using the colorimetric 
method involving the reaction with aluminum chloride by Chang [10] with adaptations for 
extrudates. Extracts were prepared with 100 g of sample added in 500 mL of acetone (50% 
w/v), and they were kept under constant agitation (150 rpm) for five hours. The sample was 
filtered, and the filtrate was considered the flavonoid extract for analysis. 

The extract was reacted with aluminum chloride and the readings were performed in a 
spectrophotometer (Biochrom – Libra S60) adjusted at 415 nm. Quercetin solutions at nine 
concentrations (0.01 to 0.2 µg.µL-1) were reacted with sodium aluminum chloride in order 
to construct a standard curve. The results were expressed as milligrams of quercetin 
equivalent (QE mg.100g-1 sample) using the quercetin standard curve. 
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Elastic modulus, tensile strength and elongation at rupture will be determined using a 
texturometer (Universal testing machine Galdabini SUN 2500, TA-HDi Texture Analyser 
(Stable Microsystem, Surrey, England), the condictions were perfomed by ASTM 
methods[11].  

3. Results and Discussion 

After analysis by gas chromatography-mass spectrometry, fourteen volatile compounds 
were found in the essential oil of S. terebinthifolius (Table 1). Among these compounds, we 
highlight the iso-sylvestrene (34.12%), α-thujene (17.13%), myrcene (8.25%), α-
phellandrene (6.68%), β-longipinene (5.90%) and sylvestrene (5.87%). After the 
thermoplastic extrusion process at temperatures ranging from 90 to 130°, 5 volatile 
compounds were identified, knowingly: α-pinene, sabinene, β-pinene, limonene and α-
copaene.  

Table 1. Monoterpene and sesquiterpene chemical characterization by gas-chromatography and 
total flavonoids quantification by spectrophotometry of Schinus terebinthifolius Raddi oil and 

extruded. 
Compounds RIa RIb Essential 

oil 
Extruded 

 (2%) 
Extruded 

 (3%) 
α-thujene 923 924 17.13 - - 
α-pinene 939 939 1.03 17.43 18.68 
α-fenchene 953 953 3.83 - - 
Sabinene 975 976 - 9.54 10.13 
β-pinene 980 980 1.19 8.79 8.67 
Myrcene 988 988 8.25 - - 
α-phellandrene  1002 1002 6.68 - - 
Iso-sylvestrene  1007 1007 34.12 - - 
Sylvestrene 1025 1025 5.87 - - 
Limonene 1030 1029 - 15.24 15.41 
Fenchone 1083 1083 3.69 - - 
α-copaene 1377 1377 - 9.91 10.12 
β-longipinene  1400 1400 5.90 - - 
Aromadendrene 1465 1465 4.63 - - 
Biciclogermacrene 1517 1517 3.21 - - 
δ-cadinene 1519 1519 2.29 - - 
Sphatulenol 1619 1619 1.34 - - 
Total flavonoids 
(mg.100g QE) - - - 60.77 63.49 
aRetention índex calculated; bRetention índex literature. The values of gas 
chromatography are expressed in % and the total flavonoids are expressed in mg.100g 
of quercetin equivalent. 
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Higher concentrations of pepper oil influenced the mechanical properties of the films, 
causing a significant increase in the elongation of the films and decrease of the tensile 
strength and elasticity (Figure 1).  

 

a 

 

b 

 

c 

Figure 1. (a) Yong modulus (MPa),  (b) Elogation at break (%) and (c) Tensile Strenght 
(MPa) of flexible films from starch and Brazilian pepper. 
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4. Conclusions 

It was possible to obtain flexible films by manioc starch, glycerol and brazilian pepper 
essential oil by thermoplastic extrusion following buy blowing. After the thermoplastic 
extrusion process, five volatile compounds were identified, knowingly: α-pinene, sabinene, 
β-pinene, limonene and α-copaene in the flexible films. The brazilian pepper essential oil 
aso influenced the mechanical properties of the films. 

These results suggest that the temperatures used in the thermoplastic extrusion process, 
although high, kept some of the existing compounds in the Brazilian pepper essential oil 
adhered to the packages. 
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Abstract 
We live in a world that usually use plastic bags either to go shopping or to 
pack the snack for a short trip. However, packaging makes life easier and 
serves as protection for products such as food. Bread is a common food 
product that needs packaging in order to be protected at storage and 
transportation. Therefore, with aim of reducing petroleum derived packagin 
g consumption it was developed an edible film from potato starch to packeg 
bread and some quality characteristics like water content, firmness and 
weight loss were evaluated, showing that edible film can be used as a 
packaging 

Keywords: biopolymers; edible coatings; packaging materials; starch; 
storage. 
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1. Introduction 

Bread is the product obtained by the cooking dough at pan, showing elastic and 
homogeneous crumb, fine pores, thin and soft crust, produced from a mixture of flour, 
water, yeast and salt [n1]. This is a perishable product because of its high water activity so, 
its marketing period is short.  

One of the shelf life limiting factors is the aging that occurs because of regress and favours 
to increase crumb firmness, giving a sensation of drying product by the ingestion   [n2] this 
added to the necessary of decrease operational costs and expand the market let the bakers to 
require new technologies and the development of new methods of dough production [n3]. 

In this manner, the edible film technology has been implemented recently, there are applied 
indirectly to the product in the way of a thin layer that acts like a modified atmosphere, 
being a barrier for gas exchanges and loss of water vapor that can improve handling and the 
visual appearance of the protected food product [n4; n5]. 

On the other hand, the use of packaging to increase shelf life is not to recently, however 
several researches have studied the use of non-conventional packaging. Production of 
edible films from biopolymers is na alternative technology that has been highlighting 
because of its ability of increase the conservation time and allows higher handling and 
marketing flexibility of the product [n6]. Films can be obtained by different types of 
materials, being more used the polysaccharides, proteins and lipids [n5]. 

Starch is a polysaccharide that besides being the main source of carbohydrates for human 
nutrition, also has technological relevance for food, pharmaceutical, paper, textile, materials 
and oil drilling industries. According to the industry it can be used like a thickener, 
colloidal stabilizer, gelling agent, paste former and adhesive [n7].  Do to the above, its 
lower cost and high availability [n8], this polysaccharide stood out to be used at the 
productive chain. Starch can be obtained from plants and depending on each plant the 
reserves source of energy can be found in higher quantities at different regions of the plant 
like such as grains, roots, rhizomes, seeds and stems. The main commercial sources of this 
carbohydrate are corn, potato and cassava [n9].  

In productive chain of bread the packaging is the last stage in which special care must be 
taken to guarantee longer shelf life. Success in Market depends on product intrinsic quality 
and packaging effectiveness to preserve and keep quality. Convectional procedure to 
packaging applied in bakery industry use atmospheric air and coverage materials approved 
for food. Several researches shown the effectiveness of the packing keeping bread quality 
characteristics, delaying loss of water content and fungi growth [n10, n 11]. 
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2. Materials and Methods 

2.1. Elaboration of filmogenic solution 

To produce edible coatings was used methodology proposed by Fakhouri [n12]. 
Macromolecule used was commercial potato starch (3% for 100 mL of distilled water).   
The starch and water were deposited in glass beakers and homogenized. This solution was 
brought to the thermostatic bath (Quimis, Q334 M-14, SP, Brazil) heated to 80 ° C. After 
obtaining the filmogenic solution of potato starch the glycerol is added in a gentle manner 
to avoid blistering in sample. The film-forming solution was dispersed in petri dishes and 
dried in an air circulating oven (45 °C) for 6 hours. After drying, films were utilization for 
packing bread in sealing machine, and stored at room temperature by 3 days. 

 

 

Fig. 1 Production and application of edible packaging of starch potato 

It was used small breads (Bisnaguito, Pullman), with weight ≅	23	g	for	unit,	obtained local 
commerce from Campinas city, Brazil. Ingredients contained in small breads: wheat flour 
fortified with iron and folic acid, sugar, sunflower oil, invert sugar, salt, fatty acid 
monoglyceride emulsifier, sodium stearoyl-2-lactyl lactate, conservative calcium 
propionate. 
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2.2. Determination of Water content of bread 

Water content of bread was determined by oven drying at 105 °C until constant weight. 
Three slices obtained of bread center (10 ± 1 mm thickness) for each of two repetitions 
were used. 

2.3. Firmness of bread 

Firmness was measured using the texture analyzer (TA.XT Plus, Stable Micro Systems Co. 
Ltd., UK) equipped with a 30 kg load cell and connected with a Warner Bratzler blade set 
with a speed of 1 mm.s-1 . Three measurements were collected for each treatment and day 
(0 and 3). Firmness was measured as the maximum shear strength values and expressed as 
maximum force (N). 

2.4. Weight loss of bread 

Weight loss of bread was determined by weighing the sample in initial day and three days 
after, in three repetitions were made. 

2.5. Statistical analysis 

Data were submitted analysis of comparison of means by the Tukey test (p< 0.05) through 
the statistical package Statistics 9.0. 

3. Results and Discussion 

The changes in moisture content, firmness and weight loss of bread are shown at Table 1. 
The initial crumb moisture content of bread tended to decrease during storage, similar to the 
observed by Licciardello et al [n13] and others studies [n14, n15] in differently packed 
durum wheat bread samples. One of the objectives of a packaging system is to reduce water 
loss, and this can be achieved by materials with suitable barrier to water vapor. The 
observed results were therefore undesirable to low moisture content value of samples. 

Texture is an important characteristic in consumer’s perception of food and influences the 
purchasing decisions. Firming of bread is one of the quality factors in bread ageing and one 
of the most common parameters used to evaluate staling. A significant increase in firmness 
was observed for all samples during storage. This result agreed with the water content 
measures that evidenced likely of starch retrogradation in samples (Table 1), result too 
observed in other studies [n13, n14, n15]. 

The products packaged when compared to unpacked showed similar weight loss, however 
when texture values were observed, sample with packaging showed a lower value than 
sample without packaging. Indicating that the first one lost less mass than the second, 
which presented increase of firmness, probable dryness of product. The results showed that 
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the packaging did not adversely affect the product, since there was no significant difference 
between the treatments.  

Table 1. Moisture content, firmness and weight loss of bread 

Storage time (days) Bread unp Bread WP 
   Moisture content (%)  

0 26,54±0,15 26,54±0,15 
3 16,94±0,65a 16,44±0,08a 

   Firmness (N)  

0 0,2±0,06  0,2±0,06 
3 1,9±0,15a 1,89±0,37a 

   Weight loss (g)  

0 23,36±0,41 25,99±0,57 
3  20,21±0,04 (3,15±0,45)a 22,65±0,31 (3,34±0,48)a 

unP=unpacked; WP= with packing 

Values are the average ± standard deviation (n=3). Demonstrated lower case letters that in 
the same parameter not different from each other (p < 0.05). 

At the research led by Cioban et al. [n16] showed that the signs of bread degradation begin 
to appear after the third day in agreement with what was shown in this work, the smooth 
and rigid crust becomes wrinkled, elastic and soft, compressing core turns into brittles and 
becomes less compressing and rigid when stored. 

5. Conclusions 

Based on results analysis, when comparison product with and without packaging , bread 
characteristics in initial phase of storage exhibit allowing only slight changes, with respect 
weight loss, compared to packed product.. However, in storage time the moisture content 
and firmness not extended the standard shelf life. 

These packaging could be used to keep the product separation by form unitary as primary 
packaging, for product that would be consumed on same day. Resulting in the decrease of 
packaging consumption derivate of the petroleum used for same purpose and which has 
high degradation time. In this context, developing of packaging with potato starch can 
promote reduction environmental damage. 

Another application for such packaging derived from renewable material would be in 
products which are desirable maintaining the breath, such as some fruits. But, with they 
were not significant differences between the treatments it is necessary to develop other 
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analysis with more days in different environments to better conclude the packing 
functionality. 
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Abstract 

Commercial drying methods are limited either by high production costs or 
significant quality loss due to process-related stresses. The near-ubiquitous 
use of freeze-drying in the pharmaceutical industry makes it the standard to 
which other drying technologies are compared. However, the shortcomings 
of lyophilization warrant evaluation of new techniques and the benefits they 
offer, such as compatibility with continuous manufacturing. Novel drying 
technologies must also overcome barriers to commercial implementation 
including, but not limited to, scalability and integration into a GMP 
environment. There remain several opportunities for further research which 
direct focus and investment strategy for the next generation pharmaceutical 
drying technologies.  

 

Keywords: pharmaceuticals; manufacturing technology; implementation; 
lyophilization; scalability  
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1. Introduction 
The dehydration of wet material can enable convenient storage options, decrease 
transportation costs, and improve the ease of sample handling. The specific mechanism of 
water removal plays a significant role in whether these benefits are achieved since the 
drying process impacts the material’s physical and chemical properties. A combination of 
consumer demands for improved functional properties (e.g., rapid dissolution, longer shelf 
life) and manufacturers’ concerns with the financial and operational aspects of a drying 
process are major drivers for implementing novel drying technologies in industrial 
applications (Fig. 1). In the food industry, J. A. Moses and coauthors rightly point out that 
“with technology and market-driven demands, new dryers will continually be 
developed.”[1]  

 
Fig. 1 Drivers for novel drying technologies. Figure adapted from Moses et al. [1] 

It is critical for the pharmaceutical industry to have a similar mindset regarding drying 
technologies, especially since pharmaceuticals employ considerably fewer number of 
drying techniques during manufacture compared to foodstuffs. Additional drivers for the 
evaluation of new drying technologies include, but are not limited to, improved energy 
efficiency, reduced environmental impact (e.g., use of renewable energy sources), and 
compatibility with continuous manufacturing process. For these reasons, having a strategy 
for evaluating and implementing new manufacturing technologies is critical to meet the 
demands for reducing manufacturing costs and delivering next generation therapeutics. 

 

2. Challenges and opportunities for new technology implementation  
While we remain optimistic that the best scientific ideas will be appropriately nurtured, 
there are many obstacles to their growth, development, and future implementation. In 
simple terms, humans are often innately resistance to change. As we explore unknown 
areas, we move away from safety and comfort and into risk and potential frustration. 
Therefore, it is critical to keep an open mind when new technologies are being assessed. 
Management (in industry) should be wary to stifle an idea simply because it may not be 
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easily implemented or scalable. Pushing through the initial resistance associated with 
developing a new manufacturing technology may lead to long-term benefits. Consumers 
(i.e., HCP and patients) may need to be re-educated to utilize products with ‘atypical’ 
features since novel drying technologies may produce products possessing unique physical 
properties (e.g., density, color), which may differ from those being produced by currently-
accepted technology.  

A biopharmaceutical technology management strategy outlined by Thakur et al. describes a 
four-phased approach to improving capabilities which involves observation, alignment, 
decision, and action.[2] Observation requires detailed collection of information and data 
from both internal and external sources. A market assessment conducted by Janssen 
summarized seven key technology themes that may impact the manufacturing process.[2] 
These technology themes include; process innovation, single use/modularity, continuous, 
automation/robotics, data analysis, disruptive, and customer facing. Technology trends 
impacting all aspects of biopharmaceutical processing, including upstream and downstream 
bioprocessing, formulation and fill, and packaging/devices, can be easily sorted into these 
overarching themes.[2]  

In some ways, regulators are playing a leading role in the conversation on the 
implementation of new manufacturing technologies. A statement released in September 
2017 describes the FDA’s commitment to pharmaceutical innovation, not only in regards to 
novel therapeutics, but also in the manufacturing technologies used to produce them. [3] 
CDER’s Office of Pharmaceutical Quality created an Emerging Technology program to 
“promote the adoption of innovative approaches to pharmaceutical manufacturing… and 
[provide] a route for companies to engage with the FDA prior to regulatory submission”.[3] 
In spite of these support structures in place, Munk [4] has summarized a number of 
challenges being encountered for implementation, including: 1) need for precedence, 2) 
need for a defined regulatory path, robust single-use technology, and robust process 
analytical technology (PAT) tools, 3) lack of comfort level and control tools, 4) lack of easy 
fit for continuous manufacture into existing infrastructure, facilities, and quality systems, 5) 
need for economic justification and adaptation of current quality or regulatory programs, 
and 6) need for unit operations to be fully developed for continuous processing.  

While some of these concerns are specific to continuous manufacture, the core principles 
apply to the resistance shown and felt by the industry to accept the implementation of any 
new technology. There are further pharma-specific aspects for consideration. For legacy 
products, new technologies are not easily implemented; tremendous amounts of effort have 
been invested to fulfill the regulatory requirements of product approval and maintain the 
validated status. Often, the introduction of a new technology would represent a ‘Major 
Change’ that requires a very costly repetition of validation and requalification work, in 
addition to the risk that may be associated with the use of new technology.  

Alternatively, a new technology may be introduced in conjunction with a new compound. 
This, however, narrows the range of potential users to introduce a new technology to the 
Rx-based industry. Furthermore, very significant risk is linked to the development of new 
compounds, which can fail in late development stages or even after market approval. To 
invest in a cGMP manufacturing site with a new technology that is not available in other 
sites of the company, or industry, for a new compound further increases the risk.  
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3. Challenges/limitations with lyophilization 
Lyophilization is the industry standard for drying of biopharmaceutical products and a 
significant fraction of pharmaceutical industry’s knowledge is devoted specifically to 
freeze-drying.[5] Even though it is common-practice, there are several drawbacks to the 
lyophilization process, such as 1) high energy consumption, 2) long processing times, 3) 
significant production and maintenance cost, and 4) limited manufacturing and container 
closure flexibility. 

The energy efficiency of a fully loaded production-scale lyophilizer was reported by Alina 
Alexeenko to be as low as 1.5 to 2%.[6] In general, drying processes are one of the most 
energy intensive unit operations.[7] The long drying process times during freeze-drying, 
which can vary from several hours to days, may also limit the number of batches that can 
be produced at manufacturing site. In some cases, the lyophilizer capacity may be the 
limiting factor to overall manufacturing production rate. This is one of the main reasons 
that significant effort is focused on optimizing the primary and secondary drying times 
during the freeze-drying cycle.[8] Since lyophilization is a batch process, it will also be 
challenging to adapt the technology into a continuous manufacturing process. From a 
container closure perspective, as previously mentioned, the primary packaging is limited to 
containers that are suitable for lyophilization (e.g. vial or bottles).  

Despite these limitations, freeze-drying is a robust and scalable process that is widely 
applied in the pharmaceutical industry. In all likelihood, freeze-drying will remain the 
predominant method for drying pharmaceuticals; however, the drawbacks highlighted here 
demonstrate the potential benefit of evaluating next generation drying technologies that 
may overcome these challenges. 

 

4. Potential solution to limitations associated with lyophilization 
In alignment with the technology management strategy, spray-freeze drying is a unique 
drying technology that is being evaluated for biopharmaceuticals due to the plethora of its 
offerings, which among them include manufacturing process innovation and new packaging 
options for customers [9-11]. Spray freeze-drying technology can be aimed at two major 
focus areas: product innovation and increased manufacturing flexibility. With respect to 
manufacturing flexibility, a major aspect is the production of homogeneous, free flowing 
and sterile microspheres as bulk that can be filled into vials, or any other container closure 
systems, at any time, with flexible (vial) dosing and batch quantities (e.g. even personalized 
medication). In contrast to conventional vial lyophilization, the general sequence of 
operation is reversed by having the lyophilization process prior to the filling process. With 
this technology, a long and rigid supply chain can be made flexible and cold chain logistics 
can be facilitated.  

Since the product is already freeze-dried, the primary packaging does not need to be 
suitable for lyophilization; this allows for direct filling into syringes or any other 
application devices that would not be suitable for conventional shelf freeze-drying. 

2000

http://creativecommons.org/licenses/by-nc-nd/4.0/


Langford, A.; Luy, B.; Ohtake, S. 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

With respect to product innovation, the availability of free flowing bulk that can be dosed 
and filled allows to formulate combination products by compounding on the filling line. 
Furthermore, the availability of the increased product surface not only facilitates the drying 
due to increased heat and mass transfer, but also reduces reconstitution time. This 
specifically applies when high protein concentration products (up to 200 mg/ml) are 
processed. Spray freeze-drying is a good example of a technology that has successfully 
progressed through the technology management process and will continue to mature as 
more applications are investigated.  

As described above, the introduction of new, disruptive technologies in pharmaceutical 
applications has its challenges, which has an impact on the overall product development 
timeline that needs to be taken into account (i.e., from first process development studies to 
cGMP operations). This can easily cover a period of 10+ years. This time span is a 
challenge even for an established technology provider, as the return on investment for the 
development does not occur prior to broader implementation in the industry, and the 
profitability is not in the range of new pharmaceutical compounds. The risks and challenges 
are greater for start-up companies that need to survive economically in that long 
development period.  

Nevertheless, there are possibilities to balance these risks. It is advisable to team up with a 
major Big Pharma partner that, besides the economical strength and possible application, 
brings regulatory competence and IP strengths to the development process. At a certain 
level of maturation, it may be possible to look for additional companies, which could then 
form a User Group, or a consortium, in order to address the development needs that are 
associated with the implementation of a new technology as well as regulatory 
considerations. In regard to the latter, it may be preferable to solicit participation of 
regulatory bodies that can comment on their evaluation criteria, which will reduce the risk 
of surprises regarding the acceptability of the technology. 

Alternatively, it may be possible to look for applications outside of pharma that do not 
carry the intrinsic risks and other time-consuming formal evaluation as in pharma 
applications. In these sectors, faster development and evaluation can be accomplished. 
Even with this approach, the challenge still remains to progress developments that are 
specific to the pharmaceutical application in parallel to reduce the time associated with 
implementation.  

 

5. Conclusions 
While the pharmaceutical industry continues to demonstrate its creativity associated with 
novel compounds in development (now venturing into the realms of gene and cell therapy, 
while a decade ago, it was solely focused on monoclonal antibodies), the processing 
technology has not kept its pace. This is not a reflection of the paucity of innovation 
associated with processing technology. Regulatory aspects, in which conventional testing or 
validation procedures and routines that are well accepted may no longer be applicable, pose 
another challenge that pharma companies face when considering the introduction of new 
processes. The introduction of a disruptive new technology is often only possible if a 
promising new compound strongly requires the benefits of that new technology, and if the 
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business case allows for the additional costs that are linked to its introduction. These 
concerns can broadly be classified as economic, logistical, technical, and psychological and 
all elements need to be overcome in order for successful implementation of a new 
technology. 

6. References
[1] Moses, J. A.; Norton, Tomás; Alagusundaram, K.; Tiwari, B. K. Novel drying 

techniques for the food industry.  Food Engineering Reviews 2014. 6 (3):43-55. 
[2] Thakur, R.; Simmen, T.; Merkle, S.; Venkataraman, R.; Handor, C.; Van den Heuvel, R. 

Evaluating technology and innovation in biopharmaceutical manufacturing. 
Pharmaceutical Technology 2016. 40 (8):22-27. 

[3] FDA in Brief: FDA issues guidance to help advance novel technology to improve the 
reliability and safety and help lower the cost of pharmaceutical manufacturing. 
2017. 

[4] Munk, M. 2017. "The industry’s hesitation to adopt continuous bioprocessing: 
recommendations for deciding what, where, and when to implement." BioProcess 
International. 

[5] Pikal, Michael J. Freeze Drying. In Encyclopedia of Pharmaceutical Technology; 
Swarbrick, James, Eds.; Informa Healthcare USA, Inc., 2006; pp 1807-1833. 

[6] Alexeenko, A. 2011. "Controlling the freeze-drying process: Simulations and 
modeling." World Lyophilization Summit, Boston, Massachusetts. 

[7] Raghavan, G. S. V.; Rennie, T. J.; Sunjka, P. S.; Orsat, V.; Phaphuangwittayakul, W.; 
Terdtoon, P. Overview of new techniques for drying biological materials with 
emphasis on energy aspects.  Brazilian Journal of Chemical Engineering 2005. 22 
(2):195-201. 

[8] Tchessalov, S.; Dixon, D.; Warne, N. 2018. Lyophilization above collapse. 
US9884019B2. 

[9] Luy, B.; Plitzko, M.; Struschka, M. 2016. Process line for the production of freeze-dried 
particles.   EP2764309. 

[10] Struschka, M.; Plitzko, M.; Gebhard, T.; Luy, B. 2016. Rotary drum for use in a 
vacuum freeze-dryer.   EP2764310. 

[11] Plitzko, M.; Struschka, M.; Gebhard, T.; Luy, B. 2015. A process line for the 
production of freeze-dried particles.   EP2764311. 

2002

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.8360 
 
 

 
21ST INTERNATIONAL DRYING SYMPOSIUM 

EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA  
 

Dryer performance – Reducing energy consumption, improving 
the product and sharing information 

 
Whaley, M.a*; Poandl, F.b 
a Principle Process Engineer, Buhler Aeroglide 
b Associate Chief Engineer, Buhler Aeroglide. 
 
*E-mail of the corresponding author: michael.whaley@buhlergroup.com 

 

Abstract 
The evaporation of water is a major energy consumer around the world where 
the evaporation of water from agricultural products, natural resources, 
processed foods and feeds, and petrochemical products is required for long 
term storage, subsequent processing or other desired attributes. 

The control of product attributes associated with drying can also be 
challenging in terms of measurement and modelling which may lead to 
inefficiencies in the operation of a dryer. 

This discussion below will address solutions to improve the thermal efficiency 
of dryers and to control the critical properties of the product being dried.  In 
addition, the benefits of haring information between the dryer supplier and the 
dryer operator will be discussed through the use of the Industrial Internet of 
Thing  

 

Keywords: heat recover; design; control. 
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1. Heat Recovery for Conveyor Dryers 

In a well-balanced conveyor dryer, the energy associated with evaporation of water 
represents approximately 65% of the thermal energy input.  The remaining energy is 
consumed by the hot exhaust air stream, the temperature increase in the product, and ambient 
losses to the environment.  Much of this energy may be recovered by cooling the product 
after the drying step and using this air within the dryer, recovering the sensible and latent 
heat in the exhaust to pre-heat make-air, recovering energy for steam condensate, and 
improving the insulation of the dryer construction.  

In order to reduce operating costs, energy conservation and heat recovery should be 
paramount to the configuration of any unit operation, specifically thermal drying. Numerous 
drying technologies benefit from energy recovery; however, the platform of this study 
focuses on reducing utility consumption in regards to conveyor drying.  Gel drying 
applications are used as examples for recovering energy and recycling heat within the dryer.  
Drying the gel yields effluent streams with sufficient internal energy to justify modifying the 
process design of the dryer for heat recovery.  Opportunities for heat recovery include 
cascading airflow, heat recovery from the exhaust air, and condensateflashing to maximize 
the energy from the steam supply. 

Drying wet material requires a large amount of energy/mass transfer to obtain the desired 
final moisture content of the product.  The physical properties of the gel have an inlet 
moisture typically around 50-60% wwb, while the desired outlet moisture range is 3-5% 
wwb.  Depending upon the nature of the gel, the product is first tested in a laboratory dryer 
to establish optimal drying conditions for air temperature, velocity, and bed depth.  Many 
cellulous or protein derived gel polymers are sensitive to air temperature, unlike refined gel 
polymers from petroleum based reactions.  The latter is considered for the purpose of this 
analysis.  Dryer components (fans, heat source, etc.) are designed for high process air 
temperatures (T range 165-180°C) and flow rates through the stacked bed of product (V range 
of 1.6-2 m/s) in order to facilitate a high rate of evaporation.    A typical gel conveyor dryer 
configuration can be seen in Figure 1. 

Buhler Aeroglide has a proprietary heat and mass balance spreadsheet, in which the process 
is broken down to identify areas where energy can either be reduced or reused. Figure 2 
shows an approximate energy consumption profile for a conveyor dryer, without heat 
recovery, producing dried gel at five tons per hour.  As seen in the bar chart, water 
evaporation requires the most amount of energy due to the phase change.  The second largest 
contribution to the thermal load is from heating a supply of cool dry make-up air in exchange 
for hot wet exhaust air.  For this example, the most beneficial savings can be achieved by 
recovering the thermal energy used to evaporate the water and heat the make-up air.  These 
dryers also have a cooling zone; therefore, heat from the product can be recovered by 

2004



Whaley, M.; Poandl. F. 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

recycling air from the cooling exhaust.  Improving the dryer design to limit ambient heat 
losses will also improve the energy efficiency. 

Figure 1 - Gel dryer configuration 

Figure 2 - Gel energy breakdown 

For dryers without heat recovery, over six mega-watts of energy is required to produce five 
tons per hour of dried gel.  These values do not include the electrical load to operate the 
mechanical equipment (conveyors, fans, etc.). Gel drying application are ideal for heat 
recovery because the production and evaporation rates are substantial for systems producing 
more than four tons per hour.  Thermally processing gel incurs high energy consumption and 
utility costs. As mentioned previously, the gel enters the dryer with an average moisture 
content between 50-60% wwb and exits at 3-5%.  Operating expenses, for a dryer demanding 
6 MW of thermal energy for evaporation, are considerable. 

The operating costs associated with the dryer can be reduced based on the energy recovery 
options.  However, there were parameters that were constant throughout the simulations.  The 
quality of the air entering the dryer was defined at ambient conditions (TDB=20°C) and sea 
level.  Also, the general dryer configuration and process parameters were standardized while 
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modeling the energy options.  The defined process operating conditions and assumed 
rheological properties are in noted in Table 1.  As mentioned, the overall configuration of the 
dryer in regards to airflow direction, drying/cooling area, and general arrangement were 
consistent.  In terms of design, the conveyor dryer is a single pass, single plenum machine.  
Each simulation had six drying zones with an extended cooling zone.  The direction of airflow 
in the first three zones were upflow, proceeded by downflow air in the later sections of the 
dryer. 

Table 1 - Dryer process parameters 
Parameter  Value  
Production Rate (kg/hr) 5.000 
Inlet Moisture (% wwb) 60 
Outlet Moisture (% wwb) 5 
Wet Density (kg/m3) 460 
Product Depth (mm) 100 
Retention Time (min) 30 
Air Temperature (°C) 160 
Air Velocity (m/s) 1,65 

 

 

Figure 3 - (a) Buhler aeroglide cascading air flow, (b) Flash steam system (c) Air to heat 
exchanger 

The simulations share many design features in common; however, the energy recovery 
features were unique to each.  This study focused primarily on cascading airflow, air-to-air 
heat recovery from exhaust to make-up, and condensate flashing to preheat make-up air.  
Figures 3a, 3b (Spirax Sarco Inc., “Design of Fluid Systems - Hook-Ups” 2012. pg. 97), and 
3c (Munters Corporation, “Counterflow Plate Type Air-to-Air Heat Exchangers” 2013) 
provide illustrations of the equipment. 

2.1 Base Design 

The first scenario that was modeled had no heat recovery in addition to the recirculated air.  
The results of the energy and mass balance for Case 1 can be seen in Table 2.  The dryer’s 
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exhaust and makeup air flow were set to provide absolute humidity levels in the exhaust of 
0.15 kgH2O/kgDA.  

Table 2 - Case 1: Results 
Dryer Performance  Value 
Energy Usage (kW) 6.045 
Steam Usage (kg/hr) 11.442 
Spec. Energy Consumption (kJ/kgEvp) 3.166 
Spec. Steam Consumption (kgSteam/kgEvp) 1,66 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,14 

 

 

Figure 4 - Case 1: Process flow diagram 

Case 1 represents the most energy intensive and least cost effective option from an operating 
perspective.  This scenario is a reference point for the following simulations and it is identical 
to the energy breakdown shown in Figure 2.  Table 2 shows the specific energy and steam 
consumption along with the specific moisture extraction rate.  These values are frequently 
used to compare similar drying applications but at varying sizes and production rates.  They 
will be used as a baseline for the following energy Cases. 

1.2 Cooler exhaust air used as dryer make-up air  

The second scenario focused on heat recovery from the cooling exhaust.  In this design, the 
air being exhausted from the cooling section was ducted to the makeup air dampers entering 
each heat zone.  The makeup air to each zone was no longer at ambient conditions; rather, it 
was preheated (TDB=30°C).    The cooling exhaust air flow rate was set based on the required 
makeup air mass flow rate.  Similarly to Case 1, it was assumed that the quality of the air 
entering the cooler was at ambient conditions (TDB=20°C) and sea level.   

To Scrubber

HEAT ZONE 1 HEAT ZONE 2 HEAT ZONE 3 HEAT ZONE 4 HEAT ZONE 5 HEAT ZONE 6 COOLING ZONE

Utility Steam 

Condensate

Ambient Air Ambient Air Ambient Air Ambient Air Ambient Air Ambient Air Ambient Air
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Table 3 shows the calculated energy and mass balance results for Case 2.  When compared 
to Case 1, there was a 2% savings in energy usage.  As expected, the specific energy and 
steam consumption are less because the same about water was evaporated using less energy.  
Similarly, the specific moisture extraction rate increased because it is inversely proportional.  

Table 3 - Case 2: Cooling exchaust make-up air results 

Dryer Performance  Value 
Energy Usage (kW) 5.908 
Steam Usage (kg/hr) 11.183 
Energy Savings (%) 2% 
Spec. Energy Consumption (kJ/kgEvp) 3.094 
Spec. Steam Consumption (kgSteam/kgEvp) 1,63 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,16 

 

Figure 5 - Case 2: Process flow diagram 

1.3 Cascading airflow 

Cascading airflow was simulated in Case 3.  Similarly to Case 2, the cooling exhaust is 
utilized as make-up air; however, it only enters the dryer in heat zones 1, 2, and 6. The make-
up air is introduced in zone 6. The exhaust from zone 6 internally “cascades” as the make-up 
air to zone 5.  This design is continued to zone 3, where it is finally exhausted from the dryer.  
The cascading design conserves energy by reusing relatively dry preheated air. 

Table 4 - Case 3: Cascading air flow results 
Dryer Performance  Value 
Energy Usage (kW) 5.803 

To Scrubber
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Steam Usage (kg/hr) 10.983 
Energy Savings (%) 4% 
Spec. Energy Consumption (kJ/kgEvp) 3.039 
Spec. Steam Consumption (kgSteam/kgEvp) 1,60 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,18 

Depending upon the drying characteristics of the product and the configuration of the dryer, 
some applications permit cascading airflow through all the heat zones.  A prime example of 
cascading airflow would be a rubber dryer. Consequently for gel drying, there is a high 
evaporation load in the first two heat zones in addition to the change in airflow direction from 
zones 2 to 3.  Therefore, it is mechanically and thermodynamically impractical to cascade 
airflow from zone 6 to zone 1 for gel drying applications. 

Table 4 depicts the results of the energy analysis for cascading airflow.  In comparison to 
Case 1, there is a 4% reduction in energy consumption. 

1.4 Flash steam 

Table 5 - Case 4: Flash steam result 
Dryer Performance Value 
Energy Usage (kW) 5.456 
Steam Usage (kg/hr) 10.328 
Energy Savings (%) 10% 
Spec. Energy Consumption (kJ/kgEvp) 2.857 
Spec. Steam Consumption (kgSteam/kgEvp) 1,50 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,26 

Flash steam is generated when high pressure condensate, from the internal steam coils, is 
released to low pressure.  The excess latent heat allows some of the condensate to re-
evaporate into steam (Spirax Sarco Inc., “Design of Fluid Systems – Steam Utilization” 
2012).  The design for the flash steam systems requires that the low pressure flash steam be 
a minimum of 520 kPa below the high pressure condensate.   

In the drying simulation, the low pressure flash steam is utilized via an external steam coil. 
The exhaust air from the cooling section is ducted to the low pressure steam coil.  After the 
air is preheated by the flash steam, it is then distributed to each heat zone. 

In the simulator, the condensate was leaving the dryer at 1765 kPa and the flash tank was 
operating at 690 kPa.  Based on the energy balance, the dryer produced condensate at a rate 
of 10,330 kg/hr.  The flash steam system was able to recover nearly 500 kW of power from 
the high pressure condensate in the form of lower pressure steam.   Table 5 lists the values 
from the flash steam energy balance.  The flash steam modifications yielded energy savings 
of 10% when compared to the base case scenario.   
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Figure 6 - Case 4: Process flow diagram 

1.5 Air-to-air heat exchanger 

The air-to-air heat exchanger recovers heat from the exhaust streams that would have 
otherwise been released to the environment.  Once again, the make-up air is supplied from 
the cooling exhaust/transfer fan.   An illustration of the dryer configuration can be seen Figure 
8.  

A counter-current parallel plate and frame heat exchanger is used to reduce pressure drop and 
achieve improved approach temperatures between the hot exhaust air and cooler make-up 
air.  Pressure drop becomes a concern while sizing transfer and exhaust fans.  Typically, the 
pressure drop across the heat exchanger is between 620-750 Pa; thus, significantly increasing 
the fans’ motor sizing.  There are also design considerations in regards to the approach 
temperatures of the make-up air.  For petroleum based gel polymers, the efficiency of the 
heat exchanger is limited by the formation of condensation in the exhaust stream. The humid 
exhaust air contains gel particulate, which will foul the heat exchanger if water condenses 
along the heat transfer surface area.  Therefore, the exhaust temperature must maintain at 
least an 11°C buffer above the dew point temperature.  (TEX ≥ TDEW+11°C). This exhaust 
temperature set point is used as a design parameter for the heat exchanger. 
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Figure 7 - Case 5: Process flow diagram 

Table 6 - Case 5: Heat exchanger results 
Dryer Performance  Value 
Energy Usage (kW) 5.396 
Steam Usage (kg/hr) 10.213 
Energy Savings (%) 11% 
Spec. Energy Consumption (kJ/kgEvp) 2.826 
Spec. Steam Consumption (kgSteam/kgEvp) 1,49 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,27 

Despite these design considerations, counter-current air-to-air heat exchangers improve the 
energy efficiency of system. Table 6 shows the benefits of recovering energy from the 
exhaust air stream to preheat the make-up air.   There were 11% energy savings; however, 
case studies show potential energy savings up to 16% (Mujumdar A. “Handbook of Industrial 
Drying” CRC Press. November 2006).   

1.6 Combined energy conservation measures 

Table 7 - Case 6: Cambined energy conservation results 

Dryer Performance  Value 
Energy Usage (kW) 4.917 
Steam Usage (kg/hr) 9.306 
Energy Savings (%) 19% 
Spec. Energy Consumption (kJ/kgEvp) 2.575 
Spec. Steam Consumption (kgSteam/kgEvp) 1,35 
Spec. Moisture Extraction Rate (kgEvp/kWh) 1,40 

Case 6 combined the energy features described in Cases 2-5.  First, the exhaust air from the 
cooling section was passed through an air-to-air heat exchanger.  Hot exhaust air from zones 
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1, 2, and 3 ran counter-current to the preheated make-up air.  The second feature involved 
further heating the make-up air using flash steam coils.  Then, the hot make-up air was ducted 
to zones 1, 2, and 6.  Finally, the air was cascaded from zone 6 to 3, where it was exhausted 
from the dryer. 

 

Figure 8 - Case 6: Process flow diagram 

The combined energy savings from the heat recovery features was 19% when compared to 
Case 1.  The specific steam consumption was determined to be 1.35 kgSteam/kgEvp.   

2.7 Energy Savings Results 

The energy savings were calculated using a mass and energy balance at the design 
conditions.  A nominal throughput of five tons per hour was selected as the production rate 
for the gel dryer.  Operating parameters were consistent with the industry’s standard.  The 
theoretical savings are summarized in Table 8. 

The heat recovery options were compared separately to the base case scenario, which had no 
energy saving features.  Each energy case was not added incrementally to the same 
simulation.  Since each energy saving option was evaluated and optimized independently, 
there are overlapping savings between each option.  Therefore, the “Combined” savings are 
not cumulative and will not equal the sum of the individual options. 
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Table 8 - Energy conservatioin measure results summary 

Dryer 
Production 
Rate       
5000 kg/hr 

Steam 
Usage 
(kg/hr) 

Energy 
Usage 
(kW) 

Spec. Steam 
Consumption 

(kgSteam/kgEvp) 

Spec. Energy 
Consumption 
(kJ/kgEvp) 

Spec. 
Moisture 

Extraction 
Rate 

(kgEvp/kWh) 

Energy    
Saving            

(%) 

Base Case 11.442 6.045 1,66 3.166 1,14 - 
Cooling 
Exhaust 
MUA 

11.183 5.908 1,63 3.094 1,16 2% 

Cascading 10.983 5.803 1,60 3.039 1,18 4% 
Flash 
Steam 

10.328 5.456 1,50 2.857 1,26 10% 

Heat 
Exchanger 

10.213 5.396 1,49 2.826 1,27 11% 

Combined 9.306 4.917 1,35 2.575 1,40 19% 

2. Product Quality Control

During drying, the control of product quality attributes is critical to successful production. 
Parameters such as moisture content, color, and specifically for nut roasting the reduction in 
pathogens should be measured and controlled within the process.  Methods for modelling 
and/or measuring these key product quality parameters will be discussed as well as how the 
dryer process parameters may be manipulated to maintain the values within the users’ 
specifications. 

3.1 Increased dryer yield 

Even small percentage gains can mean significant increases in yield and profitability over 
time. A product moisture control will automate the dryer operation to optimize performance, 
bringing more product closer to target moisture. This increases overall yield by preventing 
over drying. It also eliminates the risks associated with under drying.  Continuous monitoring, 
constant control uses suitable sensor technology for the specific product to be dried. 
Typically larger extruded products, the moisture content can be determined via their 
dielectric properties using microwave or capacitive sensors. While fine materials or surface 
drying applications near infrared based sensors are successful.  These types of sensors 
coupled with controls that use algorithms built on decades of technical drying experience 
allow dryer manufacturers to provide benefits to their customers. The resulting 
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comprehensive closed loop system delivers full time automated control of the dryer.  The 
moisture content at the dryer’s output is sampled continuously and the necessary adjustments 
to the dryer are made immediately, eliminating the need for manual sampling and the 
associated time gaps between sampling, testing, and making dryer adjustments. This fully 
automated method significantly increases the frequency of sampling and moves more of the 
product closer to the target moisture content.  Consistent, reliable dryer management 
improves energy efficiency by making the correct dryer control decisions quickly and 
reliably. Moisture content targets can be input by operator or by recipe control, and the dryer 
will automatically establish and maintain the optimal drying environment for the remaining 
production run. This eliminates the wasted energy and product that can result from manually 
attempting to reach a moisture target. 

3.2 Ensuring safe thermally processed food. 

In the USA alone, the annual cost of foodborne outbreaks caused by harmful bacteria, is $17B 
USD. Each recall can cost a single company up to $30M USD per incident.  The number of 
recalls have doubled over the last 10 years.  As a consequence of these incidents, there are 
new legal requirements (FSMA - Food Safety Modernization Act) in the USA that put much 
more pressure on food manufacturers in the form of increased government oversight and 
greater customer scrutiny.  One recall due to food safety failings can be disastrous to a 
company or a brand.   

Beyond the financial considerations, there are far greater consequences from food safety 
incidents. The Centers for Disease Control and Prevention (CDC) estimates that each year 
roughly 1 in 6 Americans (or 48 million people) get sick, 128,000 are hospitalized, and 3,000 
die of foodborne diseases. As part of the food supply chain, we all bear a moral obligation to 
ensure we are producing the safest food possible for consumption by the public.  

3.2.1 Regulatory requirements 

In 2011, the Food Safety Modernization Act became law. It is the most sweeping reform of 
US food safety laws in more than 70 years. With it came many new legal requirements for 
food processors. Among these new requirements is the need to guard against bacterial hazards 
in the food production process. Processors must now: 

• Analyze potential hazards in the food being processed 
• Put preventive controls in place 
• Validate the process to show the controls work 
• Record process data to show the controls are met 
• Be able to recall data quickly upon request 

For many foods where bacteria presence is known or expected, a kill step is the typical 
control. This step separates unsafe raw material from a safe-to-eat consumer product. The 
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kill step is usually a high temperature process, meaning processors can use existing processes 
originally designed for operations such as roasting of nuts, as a kill step for bacteria.  Gaining 
insights to a process to ensure that it is capable of delivering the required kill, and then 
monitoring and recording processing conditions, is currently done using tedious methods that 
are time consuming, costly, manual, and vulnerable to human errors and adulteration.  Many 
times there are also conflicts between food safety and quality needs. 

3.2.2 Ensuring the Kill Step 

With enhanced processing monitoring, food manufacturers can now take full advantage of 
their dryer manufacturer’s food safety expertise and food technology knowledge to meet 
these new challenges.  A system that can provide a continuous real time view into the thermal 
process, enables operators to react faster to process changes, reducing product losses and 
increasing production time, while its digital data recording, storage, and reporting capabilities 
help to reduce the vulnerabilities associated with manual and paper-based methods. 

3. Sharing Success – A Partnership between Dryer Users and Dryer 
Manufacturers 

Having this process instrumentation and controls isolated at the plant level does not benefit 
the corporation as a whole.  Utilizing the Industrial IoT and data analytics allows this 
information to be shared throughout the plant, multiple corporate facilities and the process 
equipment vendor.  Some of the benefits of this partnership are listed below. 

1. It will be possible for the drying process to be monitored in real-time from any location.  
This will allow the management to respond to unexpected upsets, eliminate wasted idle 
time, and reduce inventory ready to ship to customers.  Data from multiple sites will 
allow comparison of plant efficiencies and methodologies to improve each production 
line. 

2. Connected dryers can be monitored and managed remotely.  The dryer operator does 
not need to directly in front of a control panel in order to adjust the process.  Smart 
sensors and algorithms can be used to better understand what is happening within the 
drying process which can improve the final product, conserve energy costs and improve 
overall profitability. 

3. The dryer information from multiple sites can be monitored and modelled to form a 
predictive maintenance algorithm.  This will allow dryer operators to reduce downtime 
and achieve a greater return on their capital investment. 

4. Information may be used to study cause and effects that may result in material not 
meeting specifications.  Data affecting quality can be sent to the right people in real 
time so that they may make informed decisions and work to identify problems, find the 
root cause and implement solutions.  This data can then be used to confirm the solution. 

5. This information can help the management team make decisions in a competitive 
environment in real time by seeing what is happening on their plant floors throughout 
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the company.  This will allow them to better manage overall operating costs and 
efficiencies. 

6. Conclusions

A partnership between an equipment supplier and the user of the equipment can have many 
benefits as described above that can lead to the optimal use of energy (minimize energy input 
into the drying step) to lower operating costs.  Communications and data sharing through the 
Internet of Things will allow the partnership to succeed through multiple plant locations to 
result in the optimal use of resources, plant process lines and increased production quality. 
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Abstract 
The water content determination of two maize species (Yellow corn- and 
White corn-), located at Ohaji in Imo State of Nigeria was considered in this 
study. This was motivated by the regular reported cases of the seed post-
harvest spoilages. Modified High Constant Temperature Oven method, as 
prescribed by the International Seed Testing Association was employed, at a 
temperature of 132oC. The procedure for each sampling was replicated 
accordingly, and the mean value was identified as the actual result. The 
moisture content for Sample A (white corn) was found to be 31.6%, while 
that of Sample B (yellow corn) was found to be 21.5%, which shows that the 
yellow corn would always have longer storage value than the white corn. As 
any change in the seed moisture has a way of affecting its storage life, it is 
advisable not to store the white corn longer than it could be applied to the 
yellow corn  

 

Keywords: Determination, Moisture Content, White Corn, Yellow Corn, Dry-
weight Basis. 
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1. Introduction

Moisture content of a seed can be described as the percentage quantity of water in the seed 
at a given time (1). The moisture content can be expressed on either weight basis 
(percentage of the weight of the fresh seed) or on dry-weight basis (percentage of the dry-
weight of the seed). The seed moisture content is among the factors that determine whether 
or not the seed can be stored safely without loss of germination and vigour (2). In most 
cases, higher moisture content encourages higher heat content of the seed, which regularly 
prepares the seed for bacterial growth. As seeds of a given crop would usually have high 
moisture content at maturity, they become (more or less) naturally unsafe for storage 
without reducing their inherent percentage moisture content through applicable drying 
technique. The essence of drying is to reduce the excess moisture of the seeds that has the 
capacity of exposing them to microbial contamination and spoilage (3). 

When a seed/grain dries, it releases its moisture into the drying air, and consequently, loses 
weight upon which the moisture content assessment depends. The range of systems 
available for drying seeds varies, from thin-layer under the sun (or simple maize crib), 
through oven-drying, to extensive mechanized systems (such as use of continuous-flow 
dryers). But the choice of any of these systems depends on a number of factors, such as rate 
of harvest, volume of seeds (to be dried), available storage facilities, as well as flexibility 
(4, 5). As a very important cereal plant that is widely grown in Nigeria for both human food 
and livestock feed, maize is used in the industrial production of alcohol, starch and oil (6). 
It is economically not important to store maize seeds that are above 23% moisture content 
in a grain bin, as the kernels may freeze together and, subsequently, deform or stick 
together (7). Post-harvest management of maize seeds demands critical attention towards 
providing a good aerated (cool) condition for keeping the corn, as wet corn will deteriorate 
very easily. The use of maximum (but optimum) drying temperature during corn drying 
encourages drying efficiency and lowers the total required drying energy. On the other 
hand, decreasing the drying temperature in the lower portion (especially for a multistage 
dryer) could reduce the susceptibility to heat damage.   

However, as much as the seeds could be preserved when dried (at appropriate drying 
conditions), they could also be damaged when dried too rapidly (over-dried), and any 
change in the moisture content of the seed affects the storage life of the seed. These, thus, 
necessitated the present study, which centers on the moisture content determination of two 
maize species- Sorghum and Var. Rugosa (white and yellow corns) from Ohaji, in Imo 
State of Nigeria.  
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2. Materials and Methods 

The two maize samples used in this study were collected from a Late-planting farm (upon 
maturity) at Awarra-Ohaji, which is located at the Western part of Owerri, the Imo State 
capital in Nigeria. The method of moisture content determination adopted in this work is 
the modified high-constant temperature oven method, prescribed by the International Seed 
Testing Association (ISTA) (8) 

2.1. Pre-drying 

Exactly 1.0000g of each of the seed samples was weighed into a dish using analytical 
weighing balance, to obtain the weight, W1. The dish (of seed) was left in a warm dry place 
over-night. After 24hours, the sample was taken and re-weighed to obtain the weight, W2. 
The percentage moisture content for the pre-drying stage, S1 was evaluated using Eq. 1. 

 

Where W1 = Weight of dish and fresh seed 

           W2 = Weight of dish and pre-dried seed 

2.2. Grinding 

Each of the pre-dried seed samples was grinded to about 1mm size distribution, and then 
placed in a clean dry dish separately 

2.3. Drying 

The ground form of each of samples was weighed into a clean dry dish using analytical 
weighing balance, to obtain the initial weight, W3. The dish was the carefully placed in a 
thermostat oven set at 132oC. When the oven temperature reached the set point, the 
switched went off automatically, and the oven operation was maintained for a holding time 
4hours (at that temperature). At the elapse of the time, the dish was removed and placed 
inside a (covered) desicator, to cool for 40munites (at room temperature). The sample was 
then removed and re-weighed, to obtain the final weight, W4. The moisture content of the 
normal drying, S2 was evaluated using Eq. 2. 

 

Where W3 = Weight of dish and ground seed 
           W4 = Weight of dish and dried seed. 

The final moisture content, M was obtained using Eq. 3 
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Where S1 = Percentage moisture content from Pre-drying 
           S2 = Percentage moisture content from Drying 

This procedure was, however, replicated for each of the seed samples (giving rise to R1 and 
R2 data for each Sample), and the average moisture content, Mavg.was evaluated using Eq. 4. 

 

3. Result and Discussion 

The results of the dry-weight measurements for Samples A and B are presented in Tables 1 
and 2 respectively, while those of the moisture contents are presented in Table 3. 

Table 1: Dry-weight Analysis of Sample A (White Corn) 
Dish Number Weight of Dish, g Weight of (Dish and 

Fresh Feed), g 
Weight of (Dish and 

Dry Feed), g 

Pre-drying Stage 

1 20.3500 34.3313 32.4419 

2 20.4424 34.4224 33.0248 

Drying Stage 

3 10.8611 14.5201 13.7928 

4 10.9130 14.6046 14.3521 

 

Table 2: Dry-weight Analysis of Sample B (Yellow Corn) 
Dish Number Weight of Dish, g Weight of (Dish and 

Fresh Feed), g 
Weight of (Dish and 

Dry Feed), g 

Pre-drying Stage 

1 22.0025 36.6240 33.9925 

2 22.9034 36.7071 35.0059 

Drying Stage 

3 11.1424 15.5036 15.3016 

4 11.8013 16.0411 15.8512 
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Table 3: Moisture Content Analysis of the Samples 
Moisture 

Content (%) 
A B 

S1 (%) S2 (%) M (%) S1 (%) S2 (%) M (%) 

R1 13.5 19.9 30.7 18.0 5.5 22.5 

R2 31.5 1.4 32.5 12.3 9.4 20.5 

Average “M” Mavg. (%) 31.6 Mavg.(%) 21.5 

 

The results of the moisture content (M), in Table 3, show that there is no significant 
difference between the replications (R1 and R2). In other words, the differences between 
the R-values, for both samples, fall within the limits of +2, indicating absolute homogeneity 
and acceptability of the data (9, 10, 11). The moisture content of Sample A (31.7%) was 
observed to be greater than 23%, and as such should not be stored in poly bags or grain 
bins, as this may cause the kernels to freeze and bind together, unlike Sample B that can be 
reliably stored in a grain bin (7). Alternatively, storage of shelled corns of higher moisture 
contents (> 25%) should be in silos or silo bags (7) 

4. Conclusions 

The white corn has higher moisture content than the yellow corn. During post-harvest 
management of the grains, white corns should be stored in silos or silo bags, while the 
yellow corns could be stored in poly bags or grain bins. Generally, the seeds of the white 
maize should not be stored for longer periods as could be applicable to those of the yellow 
maize (under natural drying conditions), because of the high moisture content of the 
former; this will create enabling room for optimum exploitation of their storage values 
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6. Appendix 1
R1 

S1 = 34.3313 – 32.4419  X  100         =  1.8894   X  100  =  13.5% 
        34.3313 – 20.3500   1               13.9813        1 

S2 = 14.5201 – 13.7928  X  100         =   0.7273  X  100  =  19.9% 
        14.5201 – 10.8611        1  3.6590         1 

M = (13.5 + 19.9) – (13.5 X 19.9)       = 33.4 – 2.67 = 30.7% 
  100 

R2 

S1 = 34.4224 – 30.0248  X  100         =  4.3976  X  100  =  31.5% 
        34.4224 – 20.4424   1               13.9800        1 

S2 = 14.6046 – 14.5521  X  100         =  0.0525  X  100  =  1.4% 
        14.6046 – 10.9130   1               3.6916    1 

M = (31.5 + 1.4) – (31.5 X 1.4)      = 32.9 – 0.441 = 32.5% 
        100 

Mavg. = 30.7 + 32.5     = 31.6% 
       2 
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A. Moisture Content Computation for Sample B 

(R1) 

S1 = 36.6240 – 33.9925  X  100         =  2.6315  X  100  =  18.0% 
        36.6240 – 22.0025   1               14.6215        1 

S2 = 15.5036 – 15.3016  X  100         =  0.2020  X  100  =  5.5% 
        15.5036 – 11.8013   1               3.7023    1 

M = (18.0 + 5.5) – (18.0 X 5.5)     = 23.5 – 0.99 = 22.5% 
  100 

(R2) 

S1 = 36.7071 – 35.0059  X  100         =  1.7012  X  100  =  12.3% 
        36.7081 – 22.9034   1               13.8037        1 

S2 = 16.0411 – 15.8512  X  100         =  0.4599  X  100  =  9.4% 
        16.0411 – 11.1424   1               4.8987    1 

M = (12.3 + 9.4) – (12.3 X 9.4)      = 21.7 – 1.2 = 20.5% 
        100s 

Mavg. = 22.5 + 20.5     = 21.5% 
       2 
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Abstract 
The atmospheric freeze-drying process can be significantly accelerated using 
power ultrasound. This paper aims to investigate the impact of power 
ultrasound on the energy consumed by the process. Apple, carrot and eggplant 
were chosen as representative products with different textures and water 
content. A mathematical model of the whole plant required to carry out the 
atmospheric ultrasound-assisted freeze-drying process was developed. Model 
parameters were tuned according to the results obtained in a pilot-scale unit. 
Life Cycle Assessment (LCA) was used to gain an insight on the environmental 
impact of the process. The results showed that the use of ultrasound reduces 
the total energy consumption of the whole process, while the LCA analysis 
highlighted the cooling system as the most critical stage for all the impact 
categories.  

Keywords: atmospheric freeze-drying; ultrasound; process modeling; LCA. 
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1. Introduction

During the atmospheric freeze-drying process water is removed from a frozen product thanks 
to the difference between the water partial pressure in the ice and in the drying chamber [1]. 
To guarantee this driving force, a stream of dry air is used as carrying agent for moisture [2]. 
This provides some specific advantages with respect to the traditional batch vacuum freeze-
drying, among others, a continuous processing and a reduction of total energy consumption 
[3]. Besides, the advantages of low temperature drying, in terms of product quality, are also 
obtained in this case [4]. The limiting step of the atmospheric freeze-drying process is the 
low drying rate that can be achieved, and thus several methods have been proposed to 
accelerate it. In this sense, power ultrasound appears to be particularly successful to increase 
drying kinetics [5]-[7], without affecting product quality [8], mainly because of the moderate 
thermal effect with respect to other techniques, e.g. microwaves. 

However, a rigorous investigation on the impact of power ultrasound on the energy consumed 
by the process is still missing; this paper aims to gain an insight on this issue.  

2. Materials and Methods

The research included the following steps: products with different porosity were chosen and 
the kinetics of the ultrasonically assisted dehydration were obtained from literature; the actual 
energy consumption of a laboratory dryer with ultrasound application was measured and a 
model of an industrial scale drier was developed. Finally a life cycle assessment (LCA) was 
carried out to calculate the potential environmental impacts of the process. 

2.1. Raw materials 

Three different products were considered in this study, namely apple (Malus domestica cv. 
Granny Smith), carrot (Daucus carota L.) and eggplant (Solanum melongena L.), whose 
experimental drying kinetics have been published elsewhere [5]-[8]. These products are 
characterized by a very different internal structure, which explains their different porosity 
(0.423 for the eggplant, 0.233 for the apple and 0.031 for the carrot) [9]. From the literature, 
the moisture effective diffusion coefficients at different drying conditions were obtained: 

- air velocity: 1, 2 and 4 m s-1; 

- air temperature: -10, 0, 10 and 20°C 

- ultrasonic power applied: 0, 10.3, 20.5 kW/m3. 
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2.2 Lab-scale dryer 

The experimental drying kinetics of these products were determined in a lab-scale dryer [5] 
which consists of a cylindrical chamber where food samples are placed. The chamber acts as 
the ultrasound radiator, which is directly connected to a piezoelectric transducer. The 
required air flow rate is obtained through a fan. The air at the exit of the chamber is recycled, 
and the temperature of the air is thus decreased by means of a heat exchanger, using a glycol–
water solution (45% v/v) at -19°C. The cold air is subsequently heated at the desired drying 
temperature in contact with an electric resistance. The air stream is then forced to pass 
through a desiccant material, which is periodically changed and regenerated. The electric 
energy consumed by the different elements of the systems (fan, ultrasonic generator and 
heating resistance) was experimentally measured with a power quality analyzer (Fluke 435, 
Fluke Corporation Holland) at the different drying conditions considered. 

2.3 Industrial-scale dryer 

In order to assess the effect of the operating conditions on the energy consumption of the real 
freeze drying process, an industrial-scale process was designed and simulated. A sketch of 
the industrial-scale dryer is shown in Fig. 1.  

In the system, the frozen product is placed onto the shelves of the drying chamber. Dry cold 
air flows continuously, heating the product (as ice sublimation is endothermic) and removing 
the moisture. The outlet air is then filtered and cooled in such a way that the moisture is 
partially removed. This system also encompasses a desiccant wheel, which removes the 
moisture from the air, and a heating system which increases the temperature of the air stream 
used to regenerate the desiccant material/wheel. Before entering the drying chamber, a 
heating system is used to bring the process air to the required temperature. Moreover, air-
handling systems are used to move both the stream of air to the drying chamber and that used 
for the regeneration. 

The plant was designed to process 100 kg of fresh product, with a shelf size of 2 m x 1 m and 
a shelf-to-shelf distance of 0.1 m. 

2.4 Mathematical modeling 

A mathematical model was used to calculate the energy consumption of the different systems 
of the lab-scale dryer. Model parameters were tuned based on the results obtained in the lab-
scale unit, thus allowing the use of the model to simulate the whole industrial dehydration 
process. The air stream was considered to be incompressible, due to the low pressure drop. 
The pressure drop in the various pieces of the equipment was calculated according to their 
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geometry. A temperature drop of 2°C was considered in the drying chamber due to the 
exchange with the external environment, independently of the operating conditions (as 
measured experimentally). Regarding the cooling unit, the outlet air temperature was 
determined modeling the heat exchange in the unit according to its specific geometry. The 
drying kinetics of the investigated products was modelled according to the data available in 
the literature [5]-[7]. 

As to the modelling of the industrial-scale apparatus, the model of the drying chamber was 
the same reported by Colucci et al. [7], while data about the energy required by the desiccant 
system were taken from the catalogue of the manufacturer [10]. The energy consumed by the 
ultrasound system was calculated using the correlation obtained in the lab-scale system, while 
the pressure drops, and the heat exchanged, were calculated taking into account the specific 
geometry of the system. 

Fig. 1: Sketch of the industrial unit. 

2.5 Life Cycle Assessment 

To calculate the environmental impact of the simulated industrial-scale process of the 
different products, a Life Cycle Assessment (LCA) [11] was carried out. The functional unit 
to which all the process inputs and outputs were related was 1 kg of processed product. Gate 
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to gate system boundaries were set. Capital goods manufacturing were not included. Process 
inventory data were obtained from the mathematical simulation of the industrial plant 
whereas background data (production of electricity, ethylene glycol, R-404) were obtained 
from Ecoinvent 3.1 database. ReCiPe 1.08 with a hierarchical approach was used to calculate 
the environmental impacts.  

3. Results

In the first part of the study, the values of the actual energy consumption in the different units 
of the lab-scale dryer were compared to the calculated ones. Thus, the adequacy of the 
proposed equations used was proved/tested, and the missing parameters that best fit the 
experimental results were estimated. The fan and resistance efficiencies were calculated, 
obtaining values of 0.298 and 0.95 respectively. Using these parameters, the error between 
the measured experimentally energy consumption, and the calculated one ranged from 0.25% 
to 6.25%, depending on the operating conditions considered. 

The effect of the air velocity on the energy consumed by ultrasonic generation system was 
negligible regardless of the product. On the contrary, the higher the air temperature and 
ultrasound intensity applied, the greater the energy consumed by the system (Fig. 2). 

Fig. 2: Influence of the ultrasound (US) intensity and of the operating temperature (■: -10°C, □: 
0°C, ▲: 10°C, o = 20°C) on the energy required by ultrasound generating system. Dotted line 

shows the linear relationship calculated by Eq. 1. 

A linear equation was proposed to relate these parameters: 
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3 5 1.57110 2 10US US airP I T− −= + ⋅     (1) 

where PUS is the power required by the ultrasound generating system (kW), IUS is the 
ultrasound intensity and Tair is the air temperature. This equation was used in the simulation 
of the industrial scale unit, to calculate the total energy consumed (Fig. 3).  

Fig. 3: Influence of the type of product and of the ultrasound (US) intensity on the total energy 
required by the process. 

Relevant differences in the energy consumption were observed for the products considered 
in the study due to the differences in the water diffusivity, since the higher the water 
diffusivity the shorter the time needed to dry the product. That means that in the case of 
ultrasonically assisted drying, although the use of ultrasound increased the energy 
consumption per hour (kWh·h-1), the total energy consumption of the whole process (kWh) 
was lower, since the total operation time is reduced. In particular, about 70% energy 
reduction was obtained in those drying experiments with an ultrasonic power of 10.3 kW/m3, 
regardless of the product processed. An optimal value of ultrasound intensity corresponding 
to the minimum energy required was observed, as shown in Fig. 2. When ultrasound is 
applied, the drying time is reduced as well as the total energy consumption. However, when 
the ultrasound power is above a certain threshold, the increase of the energy consumption per 
hour of process does not compensate the drying time reduction. 
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The LCA results showed that the use of ultrasound allowed all the impact indicators to be 
reduced compared to a conventional atmospheric freeze-drying process (Fig. 4). Besides, the 
LCA results highlighted the cooling system as the most critical stage for all the impact 
categories studied. This is mainly due to the use of ethylene glycol and R-404 in the 
refrigeration cycle. Nevertheless, when dehydrating low porosity products, the energy 
consumption of the air dryer increased, and this stage becomes the most critical from an 
environmental point of view. 

 Fig. 4: Climate change impact, as kg-equivalents of CO2, for the atmospheric freeze-drying of 1 kg 
of eggplant. Red bar shows data for non-ultrasonic assisted drying and blue bar for ultrasonically 

assisted freeze drying (20.5 kW/m3) 

4. Conclusions

The use of power ultrasound in an atmospheric freeze-drying process allows to both speed-
up the process, and to save energy compared to the conventional process. About 70% of the 
total energy required by the process can be saved using ultrasound and the main impact 
parameters considered in a LCA can be reduced of about 40 to 50%. Considering the values 
of kWh per kg of product processed, the process appears particularly attractive for those high 
porosity products, whose structure allows a high diffusivity of water vapor in the dried layer 
to be obtained. 

0 10 20 30 40 50 60 70 80 90

Moisture removal

Cooling

Drying chamber

Compressor

Heating

2031

http://creativecommons.org/licenses/by-nc-nd/4.0/


Energy analysis of an ultrasound-assisted atmospheric freeze-drying process for food.  

5. Acknowledgment

The authors acknowledge the financial support of INIA-ERDF throughout the 
project RTA2015-00060-C04-02 

6. References

[1] Meryman, H. T. Sublimation: Freeze drying without vacuum. Science 1959, 130,
628–629. 

[2] Claussen, I.C.; Ustad, T.S.; Strommen, I.; Walde, P.M. Atmospheric freeze drying-
A review. Drying Technology 2007, 25, 957–967. 

[3] Wolff, E.; Gibert, H. Atmospheric freeze drying, part 1: Design, experimental
investigation and energy saving advantages. Drying Technology 1990, 8, 385-404. 

[4] Stawczyk, J.; Li, S., Witriwa-Rojchert, D.; Fabisiak, A. Kinetics of atmospheric
freeze-drying of apple. Transport in Porous Media 2008 66, 159-172. 

[5] Garcia-Perez, J. V.; Carcel, J. A.; Rossello, C.; Riera, E.; Mulet, A. Intensification
of low-temperature drying by using ultrasound. Drying Technology 2012 30, 1199-
1208. 

[6] Santacatalina, J. V.; Fissore, D.; Cárcel, J. A.; Mulet, A.; Garcia-Perez, J. V. Model-
based investigation into atmospheric freeze drying assisted by power ultrasound. 
Journal of Food Engineering 2015, 151, 7-15. 

[7] Colucci, D.; Fissore, D.; Mulet, A.; Carcel, J. A. On the investigation into the 
kinetics of the ultrasound assisted atmospheric freeze drying of eggplant. Drying 
Technology 2017, 35, 1818-1831. 

[8] Colucci, D.; Fissore, D.; Rossello, C.; Carcel, J.A. On the effect of ultrasound-
assisted atmospheric freeze-drying on the antioxidant properties of eggplant. Food 
Research International 2018, 106, 580-588. 

[9] Ozuna, C.; Gómez, T.; Riera, E.; Cárcel, J.A.; García‐Pérez, J.V. Influence of 
material structure on air‐borne ultrasonic application in drying. Ultrasonics 
Sonochemistry 2014, 21, 1235-1243. 

[10] Munters, https://www.munters.com/en/solutions/dehumidification/ (date of last 
access: April 2018) 

[11] McDonough, W.; Braungart, M. Cradle to cradle: remaking the way we make 
things, North Point Press, New York, USA, 2002. 

2032

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

http://creativecommons.org/licenses/by-nc-nd/4.0/


IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

KEY NOTES 



 

 
 

 



IDS’2018 – 21st International Drying Symposium 
València, Spain, 11-14 September 2018 

DOI: http://dx.doi.org/10.4995/ids2018.2018.7725 

21ST INTERNATIONAL DRYING SYMPOSIUM 
EDITORIAL UNIVERSITAT POLITÈCNICA DE VALÈNCIA 

Innovative microwave technologies for food drying processes 

Andrés, A.a*; De los Reyes, R.b; Sansano, M.a; Alcañiz, D.b; Heredia, A.a; De los Reyes, 
E.c 

a IUIAD.  Institute of Food Engineering for Development. Universitat Politècnica de València, 
Valencia, Spain 
b Microbiotech S.L, Alcàsser, Spain. 
c ITACA. Institute of Information and Communication Technologies. Universitat Politècnica de 
València, Valencia, Spain 

*E-mail of the corresponding author: aandres@tal.upv.es

Abstract 
It is well known that microwaves can assist food drying processes; Current 
knowledge of Solid-state technology permit to assess feedback from forward 
and reflected signal. This allows for easy measure and track the energy levels 
along the process, which can help to avoid most of current drying problems. 
Beside this option, advanced materials have been developed for transducing 
electromagnetic energy into heat, this being transferred to the drying air by 
using high contact surface structures. This paper presents the advantages 
offered by these two innovative microwave technologies: Solid-State 
Microwave Heating (S2MH) technology and Advanced Materials for 
Microwaves based Heating (AM2H). 
Keywords: microwaves; drying; Solid-State Microwave Heating; Advanced 
Materials. 
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1. Introduction

Food preservation aims at preventing the growth of bacteria, fungi and other microorganisms 
as well as retarding oxidation of fats to reduce rancidity, thus allowing it to be stored for 
longer periods. Water is the main food component involved in food spoilage reactions, thus 
the decrease of water activity by dehydration is one of the oldest and well-known preserving 
strategies[1]. Drying reduces weight and volume so foods can be carried easily and can be 
storage in low space needs. Besides this, any preservation method should ensure that the 
quality, edibility and the nutritive value of the food remain as intact as possible. For this 
purpose, different dehydration methods can be used depending on the type of product. 
Dehydration techniques can be divided in two main groups according to whether the water is 
eliminated in the liquid phase, as in the case of osmotic dehydration, or if the water is removed 
by surface evaporation[2]. In the case of osmotic methods, sugar or salt are used in syrup or 
brine form to dehydrate fruits, meat or fish products, while in evaporation methods, an air 
flow is needed to remove the water from the food surface; this is the case of bed dryers, 
fluidized bed dryers, shelf dryers, spray drying, etc. 

It is well known that microwaves can assist most of food drying processes; but despite its 
benefits, microwave energy has not yet been exploited to its potential in the industrial 
applications. Some of the reasons are because available microwave technology (tubes and 
valves) cannot offer a homogeneous heating, causing hot/cold spots depending on product 
geometry and distribution in the chamber or tunnel [3]. Particularly in drying processes, when 
available water decreases, the efficiency of the process will decrease. If the microwave power 
is not adjusted at this point of the drying process, the electromagnetic field strength increases, 
and thermal runaway, arcing, or plasma formation can be created. Currently, the solid-state 
microwave heating (S2MH) technology is considered one of the most promising options to 
avoid the ancient problems preserving the known advantages[4]. The new S2MH features 
include frequency and phase variability and control, low input-voltage requirements, 
compactness and rigidity, reliability, and better compatibility with other electronic 
possibilities (Internet-of-Things). The first notable advantage is the S2MH system ability to 
assess feedback from forward and reflected signal[4]. This allows the application to easily 
measure and track the energy levels being put into the load, which can avoid the mentioned 
final drying problems, together with many others related to monitoring needs. On the other 
hand, almost all energy consumption and CO2 generation in drying processes correspond to 
air heating stage. To tackle this problem, Advanced Materials for Microwaves based Heating 
(AM2H) have been developed for transducing electromagnetic energy into heat, which is 
transferred to air by using high contact surface ceramic structures. The aim of this work is to 
review Microwaves Assisted Drying Processes and to present the advantages offered by two 
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innovative microwave technologies: Solid-State Microwave Heating (S2MH) technology and 
Advanced Materials for Microwaves based Heating (AM2H). 

2. Microwave-assisted drying in Food Technology. Advantages and drawbacks

Microwave drying is a process based on the volumetric heating that involves heat generation 
and mass transfer. The heat is generated within the product because of dipolar induction and 
orientation when the electromagnetic field is alternated. During the process, electromagnetic 
energy is transformed into heat, and the corresponding vapor is then spread through internal 
pressure gradient; water is evaporated and transported toward the surface. However, 
microwaves alone cannot fully complete a drying process, so combined techniques are highly 
recommended, such as forced-air or vacuum-drying, in order to complete the drying and 
further improve the process efficiency[5]. Air and vacuum act then as carriers of evaporated 
moisture and contribute to a more homogeneous and faster drying. Utilization of microwaves 
combined to conventional drying processes have shown beneficial effects, mainly energy 
savings, reduced processing time and operational costs without mitigating the food quality[6]. 
During Microwaves-assisted air-drying, microwaves can be applied either at the beginning, 
when the drying rate begins to fall, or at the end of the process of falling rate [7]. Microwave-
assisted air-drying acts as follows: on the one hand, the airflow favors the removal of outside 
moisture of the product, while the volumetric heating of the microwaves leads to an intensive 
moisture evaporation and transportation toward the food surface. This combined process has 
been extensively proven to reduce drying time, and thus, energy requirements, while 
improving product quality [7–9]. Thus, reductions of 55–85% of drying time were reported 
when microwaves assisted hot-air drying of apple and strawberry slices[8], and of osmotic 
pre-treated cherry tomatoes[9], compared to analogous air-dried products. Berteli and 
Marsaioli[10] observed a reduction of drying time by a factor of 10 times during pasta drying 
compared to conventional air drying. They also highlighted a decrease of 90% of the space 
required for drying when microwaves are applied. With regards to Intermittent microwave-
convective drying (IMCD), which consists of microwave application at pulsed rates, has 
been widely used because of it results in more homogenous moisture and temperature 
distributions together with an enhanced quality of the dried foods[11]. For instance, Soysal et 
al.[12] reported a processing time reduction of 4.7-17.3 and better sensory qualities of oregano 
under IMCD conditions. Microwave-assisted vacuum drying has been widely studied in 
the recent years due to the advantages derived from combining the volumetric heat absorption 
provided by microwaves with an increase of drying kinetics at reduced pressure [6]. The 
absence of air prevents oxidation and thus, the color, flavor and texture are minimally 
affected. As vacuum drying requires less temperature, high vitamin contents are retained 
compared to convective drying. Some attempts have been also performed to evaluate the 
impact of microwaves during freeze-drying. In this sense, Duan et al.[13] reported an 
additional decrease of energy consuming and freeze-drying time when microwaves power is 
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used to supply the heat of sublimation. Some studies have also paid attention to the 
Microwave-assisted infrared drying. Considering that the main limitation of infrared 
drying is the low penetrating power, microwave energy has been applied together to 
compensate this weakness. Notable time savings (from 55 to 98 %) were obtained in banana, 
kiwifruit, raspberry, green pepper and egg plants subjected to different conditions of 
microwave and infrared energies combinations[6]. 

Apart from the reduction of drying rates, the application of microvawes presents a positive 
impact on rehydration capacity of dried products and, in volume and bioactive compounds 
retention[14]. 

Despite of the remarkable benefits of microwave application in food drying, its 
implementation in the food industry remains still not common, even if some formerly 
successful applications has been listed[15] such as in pasta drying, snack drying and, in the 
finish drying of potato chips, biscuits and crackers. The major limitation for their industrial 
employment seems to be the loss of efficiency of the microwave process as long as 
dehydration of the food progresses. The reduction of available water causes an increase of 
the electromagnetic field strength (because of load mismatch) and the consequent lower 
microwaves absorption during drying, being necessary an adaptation of microwaves power 
at this point of the drying process, that is not easy. This adaptation would be also dependent 
on the dielectric properties, size and geometry of the product, and on the presence of other 
materials that also absorb the microwaves, and therefore modifies the local field strength[14]. 
Other additional problems that could appear are thermal runaway, arcing, or plasma 
generation because of a drastic increase of the electromagnetic field strength causing 
damages in both the equipment and the product. The homogenous distribution of microwaves 
power in the drying chamber remains also a challenge to be solved due to the undesirable 
occurrence of hot and cold spots in the product, causing reflections that can lead to 
overheating in central areas, edges or corners [3,16]. Some manufacturers tried to solve this 
lack of homogeneity by the incorporation of mode stirrers or a turntable (as in household 
microwave ovens), although appropriate homogeneity has not been achieved. In addition, the 
design of microwaves-assisted dryers to reach an optimal heat distribution is unique for a 
binomial process-product; thus, reducing the versatility of the drying process to be extended 
to other food products. 

3. Solid-State Microwave Heating technology (S2MH)

The solid-state technology allows producing microwaves with power enough to generate heat 
inside dielectric materials, using solid state transistors to amplify a specific signal instead of 
valves (which are power oscillators). At the beginning of this century, the laterally-diffused 
metal-oxide semiconductor (LDMOS) technology became mature and cost-effective, in 
particular for the market segment of cellular communication base-stations[4]. The first 
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relevant use of a LDMOS amplifier for microwave heating purposes (~10cc samples) was 
presented in 2006 at IMPI-40 by Schwartz et al.[17]. Solid-State RF Amplifiers (LDMOS) 
efficiency has improved in recent years to performance levels compared to magnetron-based 
conventional microwave systems: from 50% efficiency and 180W in 2014 to 68.5% 
efficiency and 250W in 2017[18].  
There are several differences in the design and performance between S2MH and magnetron 
systems.  Mainly, while valves systems generate powered waves in a given spectrum (inside 
a bandwidth from ISM), the systems based on LDMOS have more degrees of freedom, being 
able to vary frequency (inside a bandwidth and among them) and the power (in amplitude 
and phase) in real time. In addition, LDMOS are littler, more durable (4 vs. 20 years) and 
permit better compatibility with electronic circuitry (Internet-of-Things). Among these 
advantages, the most important it the capacity of the S2MH system to evaluate the feedback 
from forward and reflected power levels (amplitude, phase), what favors the measurement 
and control of the energy levels present in the system. This feature could solve the load 
mismatching along the process, one of the main problems in drying applications. Moreover, 
the feedback system will detect and manage the problems of thermal runaway along the 
drying process, a big limitation of microwave-assisted drying. Different authors have 
developed new techniques to improve efficiency, with the aim of maximizing microwave 
absorption, by developing algorithms controlling frequency and phase[19]. Concretely, it has 
been developed a feedback scheme capable of associate the scatter parameters related to the 
dielectric properties to the load temperature changes in food. Furthermore, the system 
integrates the measurements of cavity power delivery into an oven. Detailed ‘fingerprints’ of 
the load can be sensed in this way, which provide feedback from the changing dielectric and 
structural properties of the food as heating proceeds[19]. In addition, the capability of the 
S2MH to modify frequency bandwidth (among the permitted in ISM), and thus, the 
penetration depth, could minimize the problems of size and geometry refereed in magnetron 
based systems[3,16]. Recently, Tang et al.[20] have proposed a novel method (using a solid-state 
amplifier) to improve heating uniformity by selecting optimal frequencies. From the 
industrial point of view, only in microwave ovens capable to modify the frequency range will 
extend the variability of products (different sizes). Apart from the signal measurement and 
control, S2MH modules offer excellent reliability (reduced “Mean Time Between Failures”), 
security (lower voltage), scalability, and design freedom (regarding form factor and system 
integration), which will allow a better industrial implementation[4]. 

4. Advanced ceramic materials to absorb microwave energy quickly and
efficiently 

Advanced Materials for Microwaves based Heating (AM2H) have been recently developed 
by adding a ceramic matrix composite[21]. AM2H can be performed adding high loss factor 
materials (SiC, zirconia) into low loss factor ceramic matrix (Al2O3, cordierite). These 
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materials behave as localized susceptors into ceramic matrix and work as high energy source 
(due to microwave energy absorption). Beyond the materials applications, Microbiotech have 
patented a heating system (named MBT-01) that uses AM2H as heat emission elements which 
are heated by means of microwave radiation distributed by planar technology[22]. The first 
stage was to optimize AM2H to be used as heat emitter by achieving the non-reciprocal 
behavior that would lead to energy efficiency. The MBT-01, is the result of the research on 
the combination of different ceramic matrix with microwave susceptors integrated in it[23]. 
Once optimized, MBT-01 has been integrated in novel planar devices able to transduce wave 
energy (2.45 GHz) to heat with an efficiency better than 99%, both in microstrip (resonant) 
and stripline (wideband) variations[23]. Fig. 1 shows a transducer, and some thermographic 
images obtained along a heating of an integrated cell, applying 30W at 2.45 GHz per cell. 

Fig. 1. Picture of stripline radiators (A) and, (Bb) Thermographies of a heating cycle, applying 30 
W microwave power at 2.45 GHz per cell, on the right [24]. 

The ability to increase 10ºC the ambient temperature with a 300 W prototype has been tested 
in controlled conditions; the high thermal inertia of the ceramic material to be heated with 
microwaves allow to save about 60% of energy as compared to current electric ceramic 
heaters. Savings in CO2 emissions with respect to electrical systems are about 70% (analysis 
performed with the energy certification program Ce3X). Fig. 2 shows the temperature 
variation of the surface, where the non-reciprocal behavior can be appreciated (heating rate 
(0.75 ± 0.03 °C/s) vs. cooling rate (0.05 ± 0.02 °C/s)[25]. 

Fig. 2.  Temperature variation of the surface of a 300 W prototype [26]. 
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The capacity of AM2H to heat fluids was also tested, obtaining high-energy efficiency using 
on-off cycles (efficiencies about 69.8% in water heating)[26].  

5. Conclusions and future prospects

Microwave energy improves efficiency and quality of food drying processes; but the common 
use technology (tubes and valves) cannot offer a homogeneous heating, causing hot/cold 
spots depending on product geometry and distribution in the chamber or tunnel. S2MH 
technology is considered one of the most promising options to avoid the ancient problems 
preserving the known advantages. Additionally, S2MH offers several advantages over tubes 
and valves because admits more flexibility in energy application and control, has low input-
voltage requirements, compactness, rigidity, reliability, durability and compatibility with 
other electronic possibilities. S2MH allows the application to easily measure and track the 
energy levels being put into the load, which can avoid the mentioned final drying problems, 
as well as others related to monitoring needs. Moreover, the use of optimized AM2H (quick 
and high-efficiency) can heat air and fluids. Future works will lead to AM2H based 
microwave devices with optimized tridimensional structures to improve air heating. 
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Abstract 
The knowledge of water vapour diffusion in biomaterials is very important in 
several fields of application (drying, building materials, food packaging…). 
The process of vapour water transfer in biomaterials is usually described by 
Fick’s law of diffusion. Nevertheless, sometimes the experimental data of 
transient experiments in biosourced materials do not respect the standard 
Fickian model.  

The precise determination and formulation of this non-Fickian behaviour is 
therefore an important topic. This work presents a new methodology to 
quantify the non-Fickian diffusion. Based on memory functions and imbedded 
in a comprehensive heat and mass transfer computational model, the method 
is robust and prone to be applied to different biomaterials. Examples of 
application are proposed in the case of biofilms and lignocellulosic 
materials. 

Keywords: Biofilm; Low Density Fiberboard; Modeling; Non-Fickian 
diffusion; Wood 
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1. Introduction

A detailed understanding of water vapour transfer in biomaterials is very important in 
several fields of application (drying, building materials, food packaging…). Regarding the 
drying process, the value of mass diffusivity, as well as its variations with moisture content, 
governs the second drying period, which is the most important in terms of drying time, 
energy consumption and product quality. As they are exposed to cyclic changes in relative 
humidty of the air, inducing cyclic changes in moisture content and bound water transfer, 
biomaterials used in building are always in transient regime. Finally, in the case of biofilms 
used as barrier in food packaging, the transfer properties are among the most important 
physical properties to ensure a good end-use. 

Nevertheless, experimental data of water vapour uptake of some biomaterials showed that 
did not follow the standard Fickian model. In these works, a phenomenon of slowing down 
the process of mass transfer at the final stage, often called non-Fickian behaviour was 
observed [1, 2]. In polymer science, this phenomenon is attributed to molecular relaxation, 
either at a local scale or at a global scale, in relation with stress relaxation [3, 4, 5]. The 
precise determination of this non-Fickian behaviour showed to be a difficult task since the 
physical phenomena causing this non-Fickian behaviour is different depending on the 
biomaterial structure and physical properties. 

This work presents a new methodology to quantify the non-Fickian diffusion very robust 
and prone to be applied to different biomaterials. Examples of application of this 
methodology on porous [6] and amorphous polymer [7] will be presented. The final part of 
this paper is devoted to abnormal behaviours, due to dual-scale effects, observed at short 
times in the case of low density fiberbroards (LDF) [8]. 

2. Materials and Methods

2.1 Materials 

Vapour sorption experiments  were applied on two types of biomaterials: porous material 
(wood, thermal-treated wood, Low density Fiberboard) and amorphous polymer (biofilms). 

Soprtion tests have been performed on native and thermally modified European beech 
(Fagus sylvatica L.). Thermally modified wood samples were submitted to a temperature 
level of 220°C during 60 min [6]. The oven dry density of unmodified and thermally 
modified wood was 680 and 655 kg/m3, respectively. The interested reader can refer to the 
reference [6] for a detailed description of the experiments. 
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Concerning biofilms, neat PLA (Polylactide) films were prepared using the casting method 
described in [9]. Biofilms were 60 - 80 μm thick, with a standard deviation of 20 %. They 
were stored over P2O5 at room temperature prior to sorption tests. 

Prior to the sorption tests, the LDF samples was stabilised to an equilibrium moisture 
content close to 12%. The disk-shaped samples, with a diameter of 72 mm, were cut from 
the equilibrated material from 20-mm thick panels. An epoxy resin was applied to the 
lateral face of the sample to block the surface porosity. Because of the propensity of 
fibreboard samples to absorb the epoxy resin, the resin was first applied to a thin strip of 
aluminium, which was then applied around the sample. 

 
2.2 Sorption tests 

2.2.1 Sorption tests applied on wood samples 
 
The samples were firstly stored in containers with controlled air temperature of 20°C and 
relative humidity of ca. 35% during 6 months, wich allowed obtaining their uniform initial 
bound water content. Then the samples were transferred to the set-up with controlled air 
parameters, i.e. temperature of 23.5°C, relative humidity of 75.5% and the forced air flow 
of 0.8 m/s. The final bound water content of each sample was determined by the 
gravimetric method after the sorption experiment. More details about the vapour mass 
sorption results can be found in [6]. 

 
2.2.2 Sorption tests applied on biofilms 
 
Water vapour sorption was performed by using dynamic vapour sorption with a DVS 
intrinsic apparatus (Surface Measurement Systems, London, UK). A support pan was 
specially designed to allow the entire film surface to be available for the vapour exchange. 
Approximately 20 mg of sample was placed in the sample pan. The samples were first 
equilibrated at 0% RH over 360 min. The amount of dry matter was determined at the end 
of this plateau. Then, the RH was increased to 30% and maintained at this level for 1440 
min. Finally, the RH was increased to 90% and maintained at this level for 2880 min. 
Preliminary tests confirmed that the duration of each RH plateau was suficient to attain the 
equilibrium condition (the rate of change of mass per unit time (dm/dt) was less than 
0.0005%/min). The data were saved every 20 s. More details about the methodology are 
available in [9]. 

2.2.3 Sorption tests applied on LDF 
 
LDF samples were tested according to a new method proposd in [8]. The principle of this 
method is to impose a sudden change in RH on one side of the sample to create a transient 
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diffusive flux through the sample. The RH measured on the back face of the sample 
provides the information from which the mass diffusion coefficient is determined by 
inverse analysis. To that purpose, a specific device was conceived and built to obtain quasi 
1-D transfers along the sample thickness. This requires the back face chamber, where the 
RH is measured, to be perfectly airtight and as small as possible [8]. 

 

3. Mathematical model to determine the Non-Fickian diffusion 

Several effects taking place at the local, microscopic scale, have important effects at the 
macroscopic scale. In this section, we will treat two major effects encountered in bio-based 
building materials : 

- molecular relaxation : due to the mobility of macromolecules, new sorption sites appear 
due to the reorganization of molecules after change of bound water content. For ligno-
cellulosic materials, this is particularly observable at high levels of relative humidity or for 
thermally modified products [8, 10], 

- dual scale effects : due to the long characteristic time of diffusion in the secondary cell 
wall, the local equilibrium sometimes fails. At the macroscopic level, this induces a delay 
between the change of air characteristics and the moisture content of the product, even at 
the very fine microscopic scale. 

3.1 Molecular relaxation 

This phenomenon can be approached using a relaxation function, defined by a sudden 
change of RH surrounding the product at the microscopic scale, from   to  , 

assuming the cell wall to be at equilibrium at  ( ). In this case, the 

evolution of the local moisture content is simply the signature of molecular relaxation: 

  (1) 

where  is defined by the sorption isotherm values  

and  a monotonic function which respects . 

In a more general case, the value of  varies continuously in time, so that a convolution 
product is required : 

  (2) 
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It is obvious from equation (1) that if  is the casual function (the Heaviside function, see 
Fig. 1), any memory effect vanishes. 

 

Fig. 1. Some possible shapes of the relaxation function. 

 

3.2 Dual scale effects 

Similar effects can arise from dual scale phenomena : depending on the characteristic time 
for the moisture field to equilibrate at the microscopic scale, a delay might exist between 
the equilibrium moisture content and the actual moisture content. This is know as the 
failure of the local thermodynamic equilibrium. For the sake of example, we can refer to 
mass diffusion in a cylindrical fiber of radius a. By neglecting the resistance to mass 
transfer in the gaseous phase of the porous medium, the equilibrium moisture content  

can be used as Dirichlet boundary conditions at the solid phase surface. In the case of a 
perfect cylindrical shape for example, the corresponding analytical solution reads [11]: 

  (3) 

Where the values of   are the positive roots of 

  (4) 
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Where  and  are the Bessel functions of the first kind of order zero and one. The 

integration of equation (3) over the cylindre volume allows the average moisture content 
 to be obtained : 

  (5) 

This equation is very similar to the equation obtained in the case of molecular relaxation 
(2). A function  can be therefore be deduced from equation (5): 

   (6) 

 
3.2 Computational solution 

The previous sections tells us that equation (2) is a general expression allowing the non-
Fickian behaviour to be accounted for in the macroscopic formulation. The kernel function 

 is therefore the signature of the product behaviour and its history can be expressed as the 
form of a convolution product that account for the time evolution of the conditions 
undergone by the product. This formulation was embedded in the coupled heat and mass 
transfer code TransPore, a custom computational model currently used in our team as 
comprehensive physical engine to perform inverse analysis [8, 12]. 

 

Fig. 2. Dimensionless change of moisture content. Result obtained for different shapes using 
the first 500 terms of the respective analytical solutions [11]. 
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4. Results 

The water vapour uptake of the biomaterials studied can be observed in Figs 3 and 4. Each 
figure contains experimental results and predicted bound water content changes as a 
function of the square root of time simulated by the formulation presented in the previous 
section. 
Fig. 3 gives a clear vision of transient water vapour transfer in native wood (left) and 
thermally treated wood (right). The parameter identification allows the sorption behaviour 
to be represented as a combination of Fickian and non-Fickian behaviour. The red line 
stands for the full model whereas the blue line was obtained by cancelling the relaxation 
function (its value was set constant at ). The effect of thermal treatment on 
the wood/water relations is obvious in the plots : significant reduction of the sorption 
isotherm [13] and considerable increase of the non-Fickian part. Olek et al. [6] attributed 
this non-Fickian behaviour to the chemical changes in wood components (hemicellulose, 
cellulose and lignine) caused by thermal treatment. 

 
Fig. 3. Sorption tests and theoretical analysis for native (left) and thermally treated beech 

wood (right). Note the impressive increase of the non-Fickian behavior in treated wood (after 
Olek et al. [6]) 

 
Fig. 4. Sorption tests and theoretical analysis for PLA. (after Almeida et al. [7]). 
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Table 1 list the diffusion parameters identified by the model: Diffusion coefficient, 
following the Fickian diffusion law (D0), total amount of bound water molecules allowed 
by relaxation and reorganization of already sorbed water at infinite time ( ) and time 
constant of relaxation (τ). According to these parameters, thermal modification alters the 
diffusion behavior of wood in two characteristics: (a) significant reduction of diffusivity, 
(b) dramatic increase of the non-Fickian part [6]. For PLA, the determined diffusion 
coefficient (D0=5.7x10-12 m2.s-1) is in the range of published data [5, 14]. Works in  
progress depicts also a large increase of the non-Fickian proportion when the PLA film is 
charged with nanostructures. 

Table 1. Fickian and non-Fickian Diffusion parameters determined by the model 
Biomaterial D0 (m2s-1)   τ (s) 

Unmodified wooda 0.58.10-10 0.065 5.35.105 

Thermally treated wooda 0.38.10-10 0.47 7.65.105 

PLAb 0.057.10-10 0.18 0.67.105 

a data from Olek et al. [6]; bAlmeida et al. [7]. 
 

The final part of this paper is devoted to transient diffusion in LDF (160 kg.m-3). This kind 
of materials, used for insulation in construction, presents an open porosity that allows a 
rapid diffusion at the macroscopic level. Therefore, in spite of the huge contrast between 
the macroscopic dimension (thickness in buildings) and the microscopic solid phase (the 
order of one or some natural fibers) the characteristic time diffusion of the micro- and 
macro-scale overlaps. This induces a non-local equilibrium and alter the macroscopic 
behavior. In this case of open porosity, the macroscopic mass transfer is expressed as 
follows : 

  (7) 

Where is the diffusivity of water vapour in air and f, the product parameter, represents 

the dimensionless coefficient of resistance (0< f <1). In order to focus on the dual-scale 
effect and to avoid the relaxation effect, we focus here on the first hours of diffusion (Fig. 
5). When using the usual macroscopic formulation, yet accounting rigorously for the 
coupling between heat and mass transfer, an unrealistic value of f (2.5) is needed for the 
model to fit the experimental data. This was already discussed in [8]. Using a relevant value 
of f = 0.5, as predicted by homogenisation from the real 3D morphology [15], the model 
predict a too low dynamic of RH increase at the back face. Finally, the use of a simple 
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function, whose parameters were determined by identification, the dynamic of RH 
evolution can be captured with the same value of f (0.5). Additional works are in progress 
in our team to further test this new approach. It seems in particular that this new 
formulation allows both the MC and the RH at the back face to be simulated with the same 
set of parameters. 

 
Fig. 5. The back-face method with LDF: experimental RH value at the back face of the 

sample and computed evolution obtained with various assumptions (data after Perré et al. [8]). 

 

5. Conclusion 

This paper presents a geral approach to account, at the macroscopic level, for various 
situations of non-Fickian diffusion in biosourced products. This model is applied to 
experimental data of water vapour uptake of biomaterials presenting completely different 
physic-chemical structure (porous biomaterials with different morphologies and biopolymer 
films). The proposed model is able to describe the diffusion behavior of such biomaterials 
and differences obtained are discussed. It is proved that the non-Fickian diffusion must be 
taking into account for such materials in order to insure its proper transformation and good 
end-use. 
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