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ABSTRACT

Increasing the value of the waste generated by food processing is a must from an
environmental and economic point of view. This paper addresses the influence of drying
temperature and ultrasound application on the drying kinetics and quality of apple peel
(Royal Gala var.). Samples were dried at -10, 30, 50 and 70 °C without and with (50 W)
ultrasound application. Color, antioxidant capacity, total phenolic and ascorbic acid
content were measured. Ultrasound application and drying temperature significantly
shortened the drying time and affected the quality parameters. The drying carried out at
30 °C with ultrasound application was a fast process that provided samples with good

color and antioxidant attributes.
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INTRODUCTION

The food industry is responsible for generating large quantities of waste with an important
environmental impact. Its uses as a fertilizer, after a composting process, or as livestock
feed constitute an alternative with either no, or negative, economic impact for the
producers. Frequently, the food industry by-products are rich in bioactive compounds [1,
2]. Therefore, it is essential to find efficient and environmentally-friendly options to
increase the value of these materials, especially in view of the greater profitability of the

process [3].

Worldwide, apple is currently considered to be one of the most widely-consumed fruits
[4, 5]). Apart from the fresh fruit, the best known products originating from apple are
juices, jams, breakfast snacks, instant baby food and functional foods [1, 2]. Apples are
rated among the richest fruit in free phenolic compounds [6] and antioxidant properties
[4, 5]. It is the apple peel where the antioxidant components are in the highest proportion
[7], containing flavonoids which are not present in the pulp, such as cyanidin glycosides
and quercetin glycosides [8, 9]. Apple peel is one of the main by-products generated by
different manufacturing processes, such as the production of dried apple, apple juice or
cider. This by-product can be increased in value by using it as an ingredient with

functional properties in different food products, such as bakery products [10, 11].

The re-use of apple peel in other processes requires a prior stabilization step to facilitate
its storage and management. Convective hot air drying is one of the most commonly-
used techniques in the food industry for this purpose [12] because of its low cost and
simplicity. However, drying can produce physical, structural or chemical changes that
can affect quality attributes, such as texture, color, flavor or nutritional properties [5, 9,
13, 14]. In fact, the influence of different drying processes on the antioxidant properties
of apple [15, 16, 17] and apple peel [5] has been previously studied. The health
requirements of modern-day society and the market demands for high quality products

have promoted the innovation and development of alternative drying technologies [18].



In this sense, vacuum freeze-drying is considered to be the method that provides the
dried products of the highest quality [19]. However, the high energy requirements and
the difficulty of achieving a continuous operation [20] make this technique unsuitable for
drying low value-added products, such as by-products. However, the use of low-
temperature drying techniques can be of great interest when preserving temperature-
sensitive compounds [21]. The slowness of mass transport in these conditions is the
main drawback of low-temperature drying. Therefore, it is necessary to intensify the

kinetics of these kinds of processes [22].

The application of high-intensity ultrasound emerges as an efficient alternative means of
intensifying mass and heat transport and shortening the processing time [23]. The
mechanisms involved in ultrasound effects are mainly mechanical, but not thermal [22,
23]. Among others, high-intensity ultrasound generates microstreaming at the solid-gas
interfaces, which reduces the thickness of the diffusion boundary layer and, therefore,
the external resistance to heat and mass transport. Moreover, it increases the diffusion
of water inside solids by the effect of the continuous compression and decompression of
the material [24]. Therefore, ultrasound application represents an interesting method of
non-thermally intensifying drying processes, not only at high but also at low temperatures

[22, 25].

Therefore, the aim of this study was to assess the influence of both the drying
temperature and ultrasound application on the drying kinetics and quality attributes of

apple peel.
MATERIALS AND METHODS
Sample preparation

Apples (Royal Gala var.) of Spanish origin, selected with a similar degree of ripeness
and appearance, were bought in a local market (Valencia, Spain). They were washed in

running water and peeled by using a peeler machine that provides samples that are



homogeneous in thickness. To inactivate the enzyme, polyphenol oxidase [26], the peel
samples were blanched in boiling water for 30 s [27]. The initial moisture content was
determined by the differential weighing of fresh and dried samples in an oven at 60°C

until constant weight [28].
Drying

Drying experiments on apple peel were carried out by testing two different mechanisms
of water elimination, sublimation and evaporation. The first case corresponded to an
atmospheric freeze-drying process and the second to a hot-air drying process. All the

experiments were replicated at least three times.
Atmospheric freeze-drying experiments

Before the atmospheric freeze-drying process, the samples were placed in a sample
holder and regularly distributed to ensure afterwards a homogeneous air flow and
ultrasonic treatment (Fig. 1). Then, they were frozen in a blast freezer (HIBER, mod. ABB
BF051, ltaly) at -35 + 1°C. The frozen samples were transferred to an ultrasound-
assisted convective dryer with air recirculation adapted to work at low temperatures [22].
The drying chamber is an aluminum cylinder excited by a piezoelectric transducer (21.9
kHz) that produces an inner high-intensity ultrasonic field. During the drying process, the
temperature and the air velocity were monitored and controlled by PID algorithms. The
experiments were carried out at a constant air velocity of 2 m/s and a temperature of -
1020.5 °C without (AIR-10) and with (US-10) ultrasound application (absolute electrical
input of 50 W that corresponds to an energy density of 20.5 kW/m? if considering the
drying chamber volume). The drying kinetics were obtained through the sample’s weight
measurement during drying at a preset time and the initial moisture content of the apple

peel. The experiments were carried out until 85% of the samples initial weight was lost.

Hot air-drying experiments



The hot air-drying experiments were performed at 3 different air temperatures, 30, 50
and 70°C, in an ultrasonically-assisted dryer previously described in the literature [29].
The drying chamber shape and ultrasonic characteristics were similar to those used for
atmospheric freeze-drying experiments. The drying experiments were also carried out
using an air velocity of 2 m/s, without (AIR30, AIR50 and AIR70) and with (US30, US50
and US70) ultrasound application (electrical input of 50 W) and until the samples lost

85% of their initial weight.
Modelling

A diffusion-based model was considered for the purposes of modelling the experimental
drying kinetics (Eq. 1). The samples were considered as uniform and isotropic slabs.
This can be assumed for hot air-drying experiments but not for atmospheric freeze-drying
ones. In this last case, moisture samples remain frozen when the drying takes place.
Thus, two layers are found, a frozen inner core and a dehydrated external layer. In this
case, therefore, the diffusion model became just an empirical model. However, it permits
the comparison between experiments carried out in different drying conditions and the
quantification of the influence of temperature and ultrasound application on the drying

kinetics [16]. The effective moisture diffusivity was considered to be constant during

drying.
0X(xt) 02X (x,t)
o~ PDe %2 (Ea-1)

According to Eq. 1, Xis the local moisture content of the sample (kg water/kg dry matter,
d.m.); t is the drying time (s); x is the direction of the moisture transport (m); and D is
the effective moisture diffusivity (m?/s). To solve Eq. 1, the moisture distribution inside
the samples at the beginning of the drying process was considered to be uniform. As the
external layer of apple peel is a natural barrier against dehydration, this was considered
as a waterproof surface. Therefore, for modelling purposes, it was considered as a slab

geometry with unidimensional moisture flux through a symmetrical sample of twice the



thickness of apple peel. The external resistance to mass transport was also included in
the model by taking into account that the moisture that reaches the sample surface by

means of diffusion is transferred to the drying air by convection (Eq. 2)

aX, (L,t)
—D,pss g—x = k(ay (L, t) — @qir) (Eq. 2)

Where L is the experimental average thickness of the apple peel samples, pss is the
density of the dry solid (kg d.m./m3), k is the mass transfer coefficient (kg water/m?s), a,

is the water activity of the samples and @i is the relative humidity of the drying air.

An implicit finite difference method was chosen to estimate the model parameters, D,
and k. For this purpose, an optimization problem was defined to find the D, and k values
which minimized the difference between the experimental and calculated average
moisture contents. For this purpose, the SIMPLEX method available in the Matlab

2011B® (The Mathworks, Inc, Natick, USA) software was used.

The percentage of explained variance (% var, Eq. 3) was used to assess the fit of the

model

2
% var = (1 —Ss’f—zy) -100 (Eq. 3)

y

Where S?, and S, are the variance of the experimental and the calculated moisture

content of apple peel, respectively.
Quality parameters

Color, antioxidant capacity, total phenolic content and ascorbic acid content were chosen
to assess the influence of temperature and ultrasound application during drying on the
quality of dried apple peel. For the purposes of their measurement, the dried samples
were milled by using a domestic grinder to make a powder product. Then, the samples
were sieved and particles of under 1 mm in size were selected for quality assessment.

All the measurements were taken in triplicate

Color



The color of dried apple peel samples was determined by measuring the CIELAB space
color parameters L* (lightness/darkness), a* (redness/greenness) and b*
(yellowness/blueness) with a CM-2500d colorimeter (Konica Minolta, Japan). For this
purpose, a circular sample holder was filled with the dried apple peel powder and
covered with a transparent glass. Readings were made in triplicate for each sample by
using a D65 illuminant reference system, with a 10 ° opening angle and considering the
excluded specular component (SCE). The chroma (C*), as a measurement of color

saturation [30], was obtained from Eq. 4.

¢t =/(a? +b2) (Eq. 4)
Antioxidant properties of apple peel

An extract was used to measure the antioxidant properties of dried apple peel. For this
purpose, 3 g of sieved apple peel powder was introduced into 25 mL of ethanol (96 %
v/v). In the case of ascorbic acid determination, the proportion used was 3 g of dried
apple peel in 10 mL of ethanol. The mix was treated for 15 min in an ultrasonic bath
(VMR mod. USC-T, USA). After that, the samples were centrifuged at 1000 r.p.m for 10
min (Selecta, mod. Medifriger BL-S, Spain) and filtered using hydrophobic PTFZ syringe
filters of 4.5 um (VMR, USA). The liquid was stored, protected from the light, and quickly

processed to determine the antioxidant characteristics.
Antioxidant capacity (AC).

The antioxidant capacity (AC) of the apple peel extracts was determined by using the
Ferric-Reducing Ability Power (FRAP) method, which was described by Benzie and
Strain [31]. The FRAP reagent was prepared by adding 2.5 mL of 10 mM TPTZ (Fluka,
Steinheim, Germany) in a solution of 40 mM HCI (Panreac, Barcelona, Spain) plus 2.5
mL of 20 mM FeCI3.6H20 (Panreac, Barcelona, Spain) and 2.5 mL of acetate buffer 0.3

M (Panreac, Barcelona, Spain), pH 3.6 [32]. For the AC determination, 30 uL of each

sample were completed with 30 uL of distilled water and 900 uL of FRAP reagent and



kept at 37 °C for 30 minutes. The procedure was performed in triplicate. Using a
spectrophotometer (Helios Gamma, Thermo Spectronic, Cambridge, UK) the
absorbance was read at 595 nm. A calibration curve was previously determined using
ethanol solutions of known Trolox (SigmaeAldrich, Madrid, Spain) concentrations and

described as mmol Trolox equivalent per g of dry mass of apple peel.
Total phenolic content (TPC)

The Total Phenolic Content (TPC) of the apple peel samples was determined through
the Folin-Ciocalteu method [33]. To this end, 100 uL of apple peel extract was added to
a solution composed of 200 uL of Folin-Ciocalteu's phenol reagent (SigmaeAldrich,
Madrid, Spain) and 2 mL of distilled water. The mixture was kept at 25 °C for 3 min and
then, 1 mL of Na,COs (Panreac, Barcelona, Spain) solution (Na.COs and water 20:80,
w/v) was added. The absorbance was read with a spectrophotometer (Helios Gamma,
Thermo Spectronic, Cambridge, UK) at 765 nm after the solution was maintained for 1 h
at 201 °C in the dark. The procedure was performed in triplicate. A standard curve
determined with gallic acid hydrate (Sigma Aldrich, Madrid, Spain) at several known
concentrations was used to determine the total phenolic content of the samples. The
values obtained were described as mg of Gallic acid equivalent (GAE) per g of dry mass

of apple peel.
Determination of Ascorbic Acid content (AA)

The ascorbic acid content (AA) was determined by adapting the method proposed by
Jagota y Dani [34]. Thus, 0.5 mL of the extract of apple peel was mixed with 0.5 mL of a
7.5% trichloroacetic acid solution. The mixture was stirred slightly, kept for 5 minutes at
4°C and filtered (4.5 um). Then, 0.2 mL of the filtrate were added to 2 mL of distilled
water and 0.2 mL of Folin-Ciocalteu reagent (1:10 v/v). The final solution was kept in
darkness at room temperature (20+1 °C) for 10 minutes. Then, the absorbance was read
with a spectrophotometer (Helios Gamma, Thermo Spectronic, Cambridge, UK) at 760

nm. The procedure was performed in triplicate. The concentration of vitamin C was



obtained from a calibration curve made up of solutions of known ascorbic acid

concentration. All the measurements were taken in triplicate.

The percentage of retention of the different antioxidant parameters was estimated from

Eq. 5
Retention = ?- 100 (Eq. 5)
0

where Pyis the value of the parameter obtained (AC, TPC and AA) from fresh apple peel

and Ps corresponds to those of the different dried apple peel samples.

RESULTS AND DISCUSSION
Drying
Experimental drying kinetics

The apple peel samples used in these experiments had an average initial moisture
content of 4.99 + 0.07 (kg water/kg d.m.). Only the falling rate period was observed in

the drying kinetics for every experiment carried out.

As can be expected, the temperature of the drying air seriously affected the drying
kinetics. As can be seen in Fig. 2, the higher the temperature, the faster the drying
process. Thus, the average time needed to achieve a moisture content of 1 kg of water/
kg of dry matter (Table 1) in experiments carried out at 70°C (AIR70, 0.9+0.1 h) was 23%
of those carried out at 30 °C (4.1+0.9 h). The rise in drying temperature increases the
energy available in the medium, facilitating both the water mobility inside the product and

the water evaporation [35].

As shown in Table 1, considerably more drying time was needed in the atmospheric
freeze-drying experiments (68+23 h for AIR-10) than in hot-air drying experiments. At the
temperature used in those experiments, very little energy was available to sublimate the

frozen water and to transport the vapor from the frozen front to the product surface.



Moreover, the value of standard deviation also exhibited the great variability of the drying

kinetics in these conditions.

The ultrasound application shortened the drying time at every temperature tested.
However, the lower the drying temperature, the greater the influence of ultrasound. Thus,
under atmospheric freeze-drying conditions (-10 °C), the application of ultrasound
shortened the drying time (time needed to achieve 1 kg of water/kg dry matter) by 69 %
(Fig. 3), at 30 °C the reduction was 58%, at 50 °C it was 21% and at 70 °C it was only
18%. According to Gallego-Juarez et al. [24], ultrasound application can have a greater
effect on the drying process at low temperatures than at high ones. As the mechanical
energy supplied by ultrasound is constant in every case, the proportion it represents as
regards the total energy available increases the more the temperature falls [36].
Therefore, ultrasound application may be considered an excellent alternative means of

improving low-temperature drying processes.
Modelling of drying kinetics

The modelling of experimental moisture evolution during drying permitted the
quantification of the influence of temperature and ultrasound application on kinetics. It
must be highlighted that the elimination of the moisture content of apple peel under
atmospheric freeze-drying conditions takes place by sublimation, whereas in hot air-
drying experiments it is brought about by evaporation. Thus, the identified value of De
under atmospheric freeze-drying conditions (AIR-10) was one order of magnitude
smaller than in hot air conditions (Table 1). The D, obtained was in the range of that
obtained by other authors at -10 °C when drying apple flesh (15.6+1.3-10"" m?/s for
Santacatalina et al. [16] and 4.09+0.12-10"" m?%s for Moreno et al. [17]) using similar
modelling. This represents a significant measurement of the great internal resistance to
mass transport existing under these conditions, which makes drying a very slow process.
As for hot-air drying conditions, the D, obtained were similar to those found by Rodriguez

et al. [15] when drying apple cubes.



Although the diffusion model becomes an empirical model in the case of atmospheric
freeze-drying, it was possible to fit the D. identified at the different temperatures to an

Arrhenius type equation (Eq. 6).

D, = Dyexp (5—‘;) (Eq. 6)

Where Dy is a pre-exponential factor (m?/s), E, is the activation energy (kJ/mol), R the

universal gas constant (kJ/mol K), and T the temperature (K).

As can be observed in Fig. 4, the fit for AIR experiments was adequate, as shown by the
value of the r? (0.9895). The E, obtained (32.51 kJ/mol), which constitutes a
measurement of the influence of temperature on the kinetics of the process, was in the

order of that obtained for similar products [36].

The drying temperature was observed to exert a small, but significant (p<0.05), influence
on external resistance. Thus, the mass transfer coefficient (k) identified in AIR70

experiments was 3.5 times larger than that identified in AIR30 experiments (Table 1).

Ultrasound application significantly increased the identified Des; the lower the
temperature, the more marked this influence became. Thus, the D, identified at 30°C
with ultrasound application (US30) was 3.8 times bigger than those identified at the same
temperature without ultrasound application (AIR30). This increase was 2.0 at 50°C and
1.1 at 70°C. Under atmospheric freeze-drying conditions, the increase in D, produced by
ultrasound was near one order of magnitude. Santacatalina et al. [16] found an increase
of 500% when ultrasound was applied during the drying of apple cubes at-10 °C. Moreno
et al. [17] reported similar values in the case of the drying of cylindrical and laminar apple
samples. The effects of ultrasound on the reduction of internal mass transport resistance
can be related with the successive compression and expansion of the material produced
by ultrasonic vibration that makes it easier for the moisture/vapor to move inside the solid
sample [18]. The D. identified in the US experiments at the different temperatures also

followed an Arrhenius relationship, except in the case of the highest temperature tested,



70 °C (Fig. 4). At this temperature, the energy provided by the drying air could mask the
effects provided by the mechanical energy supplied by ultrasound. As can be observed
in Fig. 4, the slope of the In(D¢) vs 1/T relationship for US experiments (excluding 70°C
experiments) was gentler than for AIR experiments, as indicate the lower value of the E.:
specifically, 25.86 kJ/mol for US versus 32.51 kJ/mol for AIR. Therefore, the application
of ultrasound made the drying less dependent on the drying temperature. The influence
of ultrasound was also important in the pre-exponential factor, reducing it from 8.6:10°

m?/s in AIR experiments to 1.6:10° m?%/s in US experiments.

As regards the influence of ultrasound application on the external resistance to mass
transport, this was negligible under the experimental drying conditions considered, the
values of the identified mass transfer coefficient being similar (Table 1). It is likely that
the external structure of apple peel samples, with one of the sides exhibiting waterproof
properties, makes the influence that the microstirring produced by ultrasound at the

sample-air interphase exerts on mass transfer negligible.

Taking these results into account, ultrasound application can be an interesting means of
attaining a higher drying rate at moderate drying temperatures. The low energy supplied
to the transducer (50 W) may indicate that the application of ultrasound could contribute
to a reduction in energy consumption, but this point must be verified with other studies

at pilot-plant scale.
Quality properties
Color

Color is an important parameter when using dried apple peel as an ingredient. In fact,
the pale reddish color of the peel of the Royal Gala variety of apple could be interesting
for their use in some bakery products like pies, muffins, etc. For this reason, the influence
of the drying process on the final color of dried apple peel was quantified. The results

obtained showed differences in the color parameters of samples dried under the different



conditions tested (Table 2). Thus, as can be observed for AIR experiments, the higher
the drying temperature, the higher the L* parameter and the lower the a* and b*
parameters. This means that the samples dried at the higher temperatures exhibited
more luminosity but less redness and yellowness. On the contrary, the lower the
temperature, the lower the degree of luminosity and the more significant the redness and
yellowness attributes, characteristics which are highly appreciated in the peel of the

Royal Gala variety of apple.

As to the application of ultrasound, it is necessary to differentiate between its application
under freeze-drying (-10 °C) or hot (30, 50 and 70 °C) air-drying conditions. In the first
case, the application of ultrasound during drying (US-10) provided color parameter
values similar to those found in samples dried at 50 °C without ultrasound application
(AIR50). The mechanical stress, linked to oxidizing reactions, produced by ultrasound
on the frozen samples during the long drying period involved in these experiments
(21.24£0.4 h), could produce a similar color degradation to that which takes place when
drying at higher temperatures without ultrasound application. As for the US experiments
carried out above room temperature, the relationship between color parameters and
temperature was similar to that encountered in AIR experiments; that is, the higher the

temperature, the greater the value of L* and the lower those of the a* and b* parameters.

As is known, chroma constitutes a measurement of the saturation of color. For AIR
experiments, the highest value of chroma was found at the lowest drying temperature
tested, -10 °C, which fell when the temperature rose (Table 2). In the case of the
influence of US, the US-10 experiments showed significantly (p<0.05) lower chroma than
that obtained at the same temperature without ultrasound application (AIR-10). On the
contrary, the application of ultrasound increased the chroma value under hot air-drying
conditions compared with the experiments carried out at the same temperature without
ultrasound application (Table 1). In fact, the value obtained in US30 experiments was

not significantly different from that obtained in the AIR-10 ones. This means that it is



possible to achieve the same saturation of color when drying at 30 °C with ultrasound
application as in a conventional atmospheric freeze-drying process; the drying process

is shorter in the first case (1.7£0.1 h vs 68.1£23.5 h).
Antioxidant properties

The influence of the drying processes on the antioxidant properties of apple peel was
studied from the measurement of the antioxidant capacity (AC), the total phenolic content

(TPC) and the ascorbic acid (AA) content.
Antioxidant capacity (AC)

The antioxidant capacity (AC) of fresh apple peel was 42+1 mg Trolox/g d.m. This value
was higher than those found by other authors when working on apple flesh. Thus, for the
Granny Smith variety, Santacatalina et al. [16] reported a value of 8.0£1.7 mg Trolox/g
d.m., Rodriguez et al. [15] obtained 7.7+1.7 mg Trolox/g d.m. or Moreno et al. [17]
18.2+0.7 mg Trolox/g d.m. These results agree with the fact that the antioxidant capacity

of apple peel is greater than that of the flesh [27, 37].

Drying reduced the AC of the apple peel, its retention ranging from 59 to 79 % (Fig. 5A).
The level of retention of AC was higher than that obtained by both Rodrigues et al. [15]
after drying cubic apple samples at 30, 50 and 70 °C (49-62 %) and by Santacatalina et
al. [16] at temperatures in the range of -10 °C to 10 °C (50-60 %). On the contrary, it was
slightly lower than that reported by Moreno et al. [17] (75-95 %) for cylindrical and laminar

slab apple samples dried at -10 °C.

No great differences were found between drying experiments carried out at different
temperatures (Fig. 5A). Thus, for the AC retention in AIR experiments, only AIR30 dried
samples showed a significantly (p<0.05) higher percentage of AC retention. In the case
of US experiments, no significant differences in AC retention were found between the
four temperatures tested. When comparing the AC retention in AIR and US experiments

carried out at the same temperature, no significant (p<0.05) differences can be observed



(Fig 5A). Then, from the point of view of the antioxidant capacity of dried apple peel, it
can be concluded that 30°C is the most interesting temperature of the ones tested, at
which to carry out the drying. The application of ultrasound under these conditions did
not significantly affect the AC, but may contribute to a significant shortening of the drying
time. These results may indicate that optimal drying conditions can be found due to the

time-temperature effects and the ultrasound enhancement of oxidizing reactions.
Total phenolic compounds (TPC)

The concentration of total phenolic compounds is much greater in the apple peel than in
the flesh, encouraging new and important studies into its characteristics [27, 38]. The
total phenolic compound content of dried apple peels was 16.6£0.9 mg de GAE/ g d.m.
This value was in the range of that found by other authors. Thus, Lata [37] reported a
TPC of 5.64 mg GAE/g d.m. in fresh apple peel (Gala var.) while Henriquez et al. [5]

found a value of 35.741 3.09 mg GAE/g d.m. (Granny Smith var.).

As in the case of AC, drying decreased the TPC of apple peel; however, in this case, the
drying temperature was found to have an influence (Fig. 5B). Thus, for AIR experiments
carried out under hot air-drying conditions, the higher the temperature, the lower the
percentage of TPC retention, the difference being significant between AIR30 and AIR70
samples. This can indicate that some of the phenolic compounds present in apple peel
are thermo-sensitive in character. Henriquez et al. [5] found a similar relationship
between the drying temperature and TPC when working with higher drying temperatures

(110-140°C).

As regards the experiments carried out under atmospheric freeze-drying conditions, the
TPC of AIR-10 samples was no different from the TPC obtained for AIR50 samples. The
prior freezing of AIR-10 samples could involve some cell rupture that can make the
degradation of phenolic compounds easier. This fact, together with the long drying period
needed under these conditions, can produce a TPC degradation similar to the one

produced by temperatures of around 50 °C.



The application of ultrasound produced, on the whole, a decrease in TPC retention,
which was quite similar for the different temperatures tested (Fig. 5B). However, if AIR
and US experiments are compared, only in the drying test carried out at 30 °C were the
differences significant (p<0.05). The mechanical action induced by ultrasound can
produce an increase in the oxidation rate, and thus a slight degradation of the phenolic
compound. At high temperatures, this can be masked by the effect of that temperature
has on thermo-sensitive phenolic compounds (US50 and US70) and, in the case of
freeze-drying conditions (US-10), by the phenolic degradation induced by freezing. So,
it is only at 30 °C, when there are no temperature or freezing, where the ultrasound-
induced oxidizing effects are significant (p<0.05). Santacatalina et al. [16] also found a
greater degradation of TPC in ultrasonically-assisted air freeze-dried samples of apple

flesh.
Ascorbic acid content (AA)

The ascorbic acid content of fresh apple peel was 1.6£0.2 mg of ascorbic acid/g d.m. As
in the case of the other antioxidant characteristics considered, drying produced a partial
degradation, the retention ranging from 55 to 89 % of the initial content (Fig. 5C). A
similar range of percentage of retention was found by Moreno et al. [17] after drying
apple flesh samples (2.6t mg of ascorbic acid/g d.m. of initial content of AA). In drying
experiments carried out without ultrasound application, the drying temperature was
observed to exert a significant influence. Thus, the percentage of retention of AA was
significantly higher in experiments carried out at 30 °C (AIR30) than at the other
temperatures considered (AIR-10, AIR50 and AIR70). As in the case of TPC, at the
temperatures above 30 °C, a thermo-degradative effect on AA is observed. Under
atmospheric freeze-drying conditions, the prior freezing of the sample and the long drying

periods may be the reason for a marked AA degradation.

The application of ultrasound, in general, did not influence the percentage of AA

retention. In fact, only at 70 °C was the AA content of US experiments (US70)



significantly (p<0.05) higher than in AIR experiments (AIR 70). Therefore, of the drying
temperatures considered, 30 °C was the best one at which to preserve AA, ultrasound

application not being considered as a significant factor in AA loss.
CONCLUSIONS

Temperature and ultrasound application significantly influenced both apple peel drying
kinetics and the quality of the dried product. Thus, the higher the temperature, the faster
the drying process. The application of ultrasound also shortened the drying time, this
reduction becoming more significant as the temperature fell. The atmospheric freeze-
drying of apple peel was a very time-consuming process, even when intensified by
ultrasound. Of the quality parameters considered, the use of ultrasound did not provide
a significant, positive impact. On the contrary, the use of ultrasound would enhance
oxidizing reactions by increasing oxygen transfer at interfaces. This would indicate that
when using ultrasound, an optimal temperature should be found. As for the drying
conditions considered, the drying carried out at 30 °C with ultrasound application was a
fast process that provided the samples with the best attributes in terms of color and
antioxidant properties. An objective function considering productivity, energy

consumption and quality parameters should be defined for future studies.
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FIGURE CAPTIONS
Figure 1. Apple peel distribution in the sample holder before being placed in the dryer.

Figure 2. Experimental drying kinetics of apple peel (Royal Gala var.) at different

temperatures and without (AIR) and with ultrasound (US) application.

Figure 3. Experimental atmospheric freeze-drying kinetics of apple peel (Royal Gala

var.) without (AIR) and with ultrasound (US) application.

Figure 4. Relationship between the effective diffusivity identified from modelling and the
drying air temperature of apple peel dried without (AIR) and with ultrasound (US)

application.

Figure 5. Percentage of antioxidant capacity (A), retention of total phenolic content (B)
and ascorbic acid (C) of apple peel after drying at different temperatures and without

(AIR) and with ultrasound (US) application.



TABLE CAPTIONS

Table 1. Drying time needed to obtain a moisture content of 1 kg water/kg dry matter of
apple peel at different temperatures and without (AIR) and with (50 W) ultrasound (US)
application. Effective diffusivity (D.) and mass transfer coefficient (k) identified by using
a diffusion model. Percentage of explained variance (% var) by the model. Letters in the
same column show homogeneous groups determined by Least Significant Difference

(p<0.05) intervals.

Table 2. Color parameters of apple peel dried at different temperatures and without (AIR)
or with (50 W) ultrasound (US) application. Same letters in each column show

homogeneous groups determined by Least Significant Difference Intervals (p<0.05).



Figure 1. Apple peel distribution in the sample holder before being placed in the dryer
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Figure 2. Experimental drying kinetics of apple peel (Royal Gala var.) at different
temperatures and without (AIR) and with ultrasound (US) application.
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Figure 4. Relationship between the effective diffusivity identified from modelling and the
drying air temperature of apple peel dried without (AIR) and with ultrasound (US)
application.
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Figure 5. Percentage of antioxidant capacity (A), retention of total phenolic content (B)
and ascorbic acid (C) of apple peel after drying at different temperatures and without
(AIR) and with ultrasound (US) application.



Table 1. Drying time needed to obtain a moisture content of 1 kg water/kg dry matter of
apple peel at different temperatures and without (AIR) and with (50 W) ultrasound
(US)application. Effective diffusivity (De) and mass transfer coefficient (k) identified by
using a diffusion model. Percentage of explained variance (% var) by the model. Letters
in the same column show homogeneous groups determined by Least Significant
Difference (p<0.05) intervals.

Treatment Drying time De k % var
(h) (x 10 m¥s)  (x 103 kg water/m?s)
AIR-10 68.1+23.5° 0.3+0.12 1.9+0.4° 98.7
AIR30 4.1£0.9° 1.7+0.6° 0.8+0.2° 99.1
AIR50 1.3+0.3¢% 5+3¢ 1.9+0.5° 99.6
AIR70 0.9+0.1¢ 9424 2.3+0.22 99.9
Us-10 21.2+0.4° 1.1620.02b 2.0+0.42 98.4
US30 1.7+0.1¢ 5.49+0.02¢ 1.8+0.32 99.4
US50 1.1£0.1¢ 10+2¢ 2.0+0.32 99.8

Us70 0.8+0.2° 10£1¢ 2.4+0.72 99.8




Table 2. Color parameters of apple peel dried at different temperatures and without
(AIR) or with (50 W) ultrasound (US) application. Same letters in each column show
homogeneous groups determined by Least Significant Difference Intervals (p<0.05).

Treatment L* a* b* Cr*

AIR-10 49.2+0.3a 21.840.3a 17.8+0.6ab  28.5+0.3a
AIR30 50.81£0.5b 21.810.3b 15.940.3c 27.120.2b
AIR50 58.0+0.3d 17.4+0.2d  15.5+0.2bce  23.3+0.1d
AIR70 68.310.6e 15.0+0.6f 15.310.3e 21.820.4e
us-10 58.6+0.5d 17.6+0.3d 17.0+0.6b 24.8+0.4c
US30 54.610.1c 21.1+0.3b 18.7+0.6a 28.5%0.2a
US50 57.5+0.1d 18.6+0.2c 16.6+0.7b 25.5+0.3c
US70 58.840.7d  17.8+0.5cd  15.2+0.4e 23.8+0.3d




