Document downloaded from:

http://hdl.handle.net/10251/104454
This paper must be cited as:

Talens Vila, C.; Arboleya, JC.; Castro Giraldez, M.; Fito Sufier, PJ. (2017). Effect of
microwave power coupled with hot air drying on process efficiency and physico-chemical
properties of a new dietary fibre ingredient obtained from orange peel. LWT - Food Science
and Technology. 77:110-118. doi:10.1016/j.lwt.2016.11.036

The final publication is available at

http://dx.doi.org/10.1016/j.lwt.2016.11.036

Copyright E|sevier

Additional Information



Elsevier Editorial System(tm) for LWT - Food
Science and Technology
Manuscript Draft

Manuscript Number: LWT-D-16-00494R2

Title: Effect of microwave power coupled with hot air drying on process
efficiency and physico-chemical properties of a new dietary fibre
ingredient obtained from orange peel

Article Type: Research paper

Keywords: microwave drying; energy consumption; citrus by-products;
orange fibre; swelling capacity

Corresponding Author: Dr. Marta Castro-Giraldez, Ph.D.
Corresponding Author's Institution:
First Author: Clara Talens

Order of Authors: Clara Talens; Juan Carlos Arboleya; Marta Castro-
Giraldez, Ph.D.; Pedro J. Fito

Abstract: Orange by-products are an excellent source of dietary fibre.
The main objective of this work was to compare the physico-chemical and
technological properties of fibres obtained from orange by-products by
applying two different drying methods: hot air (HAD) and hot air coupled
with microwave drying (HAD+MW). Process efficiency was also compared. 92
% reduction in processing time and 77 % reduction in energy consumption
was achieved with HAD+MW. The drying treatment did not affect the
physico-chemical properties of the fibres; however, the shrinkage-
swelling phenomena that occurred during drying changed the rehydration
properties of the fibre. HAD mainly affected the mechanical energy
whereas HAD+MW affected the surface tension. An increase in particle size
due to an increase in porosity during HAD+MW improved the fibre swelling
capacity. HAD + MW can reduce drying time resulting in a more efficient
drying process that positively affects the orange fibre's technological
properties.



*Manuscript
Click here to view linked References

1 Effect of microwave power coupled with hot air drying on process efficiency and
2 physico-chemical properties of a new dietary fibre ingredient obtained from

3 orange peel

4  ClaraTalens?, Juan Carlos Arboleya®, Marta Castro-Giraldez™, Pedro J. Fito”

5 2AZTI - Food Research, Parque Tecnolégico de Bizkaia, Astondo Bidea, Edificio 609,
6 48160, Derio (Bizkaia), Spain

7  PInstituto Universitario de Ingenieria de Alimentos para el Desarrollo, Universidad
8 Politécnica de Valencia, Camino de Vera s/n, 46022 Valencia, Spain

9  *author for correspondence: marcasgi@upv.es



mailto:marcasgi@upv.es
http://ees.elsevier.com/lwt/viewRCResults.aspx?pdf=1&docID=19537&rev=2&fileID=607500&msid={B14F548D-05CB-40DB-BD83-B622030DD67E}

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract

Orange by-products are an excellent source of dietary fibre. The main objective of this
work was to compare the physico-chemical and technological properties of fibres
obtained from orange by-products by applying two different drying methods: hot air
(HAD) and hot air coupled with microwave drying (HAD+MW). Process efficiency
was also compared. 92 % reduction in processing time and 77 % reduction in energy
consumption was achieved with HAD+MW. The drying treatment did not affect the
physico-chemical properties of the fibres; however, the shrinkage-swelling phenomena
that occurred during drying changed the rehydration properties of the fibre. HAD
mainly affected the mechanical energy whereas HAD+MW affected the surface
tension. An increase in particle size due to an increase in porosity during HAD+MW
improved the fibre swelling capacity. HAD + MW can reduce drying time resulting in a
more efficient drying process that positively affects the orange fibre’s technological

properties.

Keywords: microwave drying, energy consumption, citrus by-products, orange fibre,

swelling capacity



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abbreviations

MW microwave drying

HAD hot air drying

WRC water retention capacity

TDF total dietary fibre

IDF insoluble dietary fibre

SDF soluble dietary fibre

SC swelling capacity

dm dry matter

[0) relative humidity (-)

M mass per time in wet basis (kg s™)

M’ mass per time in dry basis (kg s™)

X mass fraction (kg kg™)

X absolute moisture (kg water kg dry air %)
t time (s)

h specific enthalpy (J kg™)

Ps water saturation pressure (kPa)

Cp heat capacity at constant pressure (W g™ K™)

AH molar enthalpy (J mol™)



p density (kg m™)

v velocity (m s™)

S section (m?)

E energy (KW or kWh)

W microwave energy (W g*)

P absolute pressure (Pa)

T temperature (K)

R ideal gases universal constant (J mol * K™
Qc isosteric heat

A sample overall surface (m?)

A sample external surface (m?)

Subscripts and superscripts:

amb ambient conditions
da dry air

D drying conditions
0 initial time

v vapour

w water

i internal



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

e external

P protein

F fat

A ash

C carbohydrates
S sugar

T total

CEL Cellulose
HEM Hemicellulose
L Lignin

1. Introduction

One important source of citrus dietary fiber is the residue generated by the orange juice
industry (Fava et al., 2013; O'Shea, Arendt, & Gallagher, 2012). The ability to swell
after water absorption is the principal physiological effect of fiber. The physico-
chemical properties the fibre may be altered during processing operations such as drying
(Bocco, Cuvelier, Richard, & Berset, 1998; Garcia Herrera, Sanchez-Mata, & Camara,

2010).

The main disadvantage of conventional hot air drying (HAD) is that it takes a long time,
even at high temperatures, which in turn may cause serious damage to the product's
quality attributes, such as flavour, colour, texture, nutrient status and beneficial health

substances (Nijhuis, Torringa, Muresan, Yuksel, Leguijt, & Kloek, 1998; Tsami,
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Krokida, & Drouzas, 1998). The application of coupled drying technologies such as hot
air-microwave drying (HAD+MW) could reduce the drying time and preserve the
quality of orange by-products (Fava et al., 2013; Talens, Castro-Giraldez, & Fito,
2016a). MW drying has achieved considerable attention in the recent past, gaining
popularity because of its advantages over conventional heating such as reducing the
drying time of biological material with small quality loss (Arslan & Ozcan, 2010;
Sahraoui, Vian, El Maataoui, Boutekedjiret, & Chemat, 2011). The theoretical basis of
drying treatments by hot air is to produce water fluxes from food sample to the air
stream induced by a gradient of water chemical potential (Demirel & Sandler, 2001).
The main drive of the water transport is the gradient between a,, and relative humidity
(Traffano-Schiffo, Castro-Giraldez, Fito, & Balaguer, 2014). A common technique is to
couple MW with hot air drying (Bergese, 2006; Kowalski, Rajewska, & Rybicki, 2005).
Talens, Castro-Giraldez, & Fito (2016b) reported a higher expansion phenomenon in
orange peels at 14 % water content after HAD+MW drying at 6 W/g compared to HAD.
One of the strategies used to improve the functionality of vegetable by-products is the
expansion of fibrous materials which in turn increases its specific surface area, thus
generating a greater retention of water (Bejar, Kechaou, & Mihoubi, 2011; Ghanem,
Mihoubi, Kechaou, & Mihoubi, 2012; Santana, 2009; Gu, Ruan, Chen, Wilcke, &
Addis, 2001; Lundberg, 2005; Ruiz-Diaz, Martinez-Monz0, Fito, & Chiralt, 2003;

Turbak, 1983).

The objective of this study was to compare the energy consumption of hot air drying
(HAD) versus hot air drying coupled with microwaves (HAD+MW) by analysing the
physico-chemical and technological properties of the dietary fibre obtained from orange

by-products.

2. Materials and methods
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2.1. Fibre production process

Orange peels (Citrus sinensis (L.) Osbeck var Lane Late) were obtained after juice
extraction by using a rotary press machine (Zumex Z450, Zumex Group, Valencia,
Spain). Orange by-products were minced to 0.5 - 1 cm particle size using a cutter
(Stephan UMC-5, Stephan, Germany) and blanched in water (ratio of 1 kg of fresh
orange peel per 4 L of distilled water) at 65 °C for 5 min. Afterwards, samples were
centrifuged at 1 kg for 5 min using a high performance centrifugal machinery

(Comteifa, Barcelona, Spain).

Blanched samples were treated in batches of 0.5 kg by two different drying methods in
order to compare process efficiency and the physico-chemical and rheological
characteristics of the fibre ingredient obtained. A pilot scale combined 2450 MHz
electromagnetic MW and hot air drier equipment (MMP20T, Sairem S.A., Miribel,
France) was used for HAD and HAD+MW treatments. Combined drying chamber
dimensions were 0.66 m x 0.66 m x 0.83 m, air velocity was 7 m/s, hot air temperature
was 55 °C (relative humidity = 6.5 %), ambient temperature was 15 °C and relative
humidity was 60 %. For the energy consumption calculations, HAD, HAD+2 WI/qg,
HAD+4 W/g and HAD+6 W/g were studied (the applied MW power was referred to the
initial weight). The drying process was performed for each treatment until sample
moisture was 0.01 kgw/kgt. Drying processes were stopped at different times in order
to obtain the mass variation and moisture. Weight was measured by a precision balance

Mettler Toledo AB304-S (+ 0.001 g). Experiments were carried out in triplicate.

For physico-chemical analysis, samples treated by HAD and HAD+6 W/g were
compared after 190 min and 15 min of drying, respectively. This was the time needed to

reach 0.01 kgw/kgr of final moisture in orange by-product. After drying, samples were
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milled using an ultracentrifuge mill (ZM 100, Retsch, Haan, Germany) with a sieve of
500 um. At this stage, powder samples were sealed in plastic bags for further

characterization.

2.2. Compositional analysis

Powder samples were analysed according to the ISO recommended standards. Moisture
as in ISO 1442:1997 (1SO, 1997); ash as in ISO 936:1998 (ISO, 1998); protein content
was analysed by using the Digestion Unit K-435 and a distillation unit B-324 (Buchi
Labortechnik AG, Flawil, Switzerland). A correction factor of 6.25 was used as
recommended by I1SO 937:1978 (I1SO, 1978). Crude fat was analysed as in 1SO
1443:1973 (ISO, 1973). Total sugars were analysed by Luff-Schoorl method for

reducing sugars (Lees, 1968). The carbohydrate content was determined by difference.

TDF, SDF, and IDF were determined by the AOAC enzymatic-gravimetric method,
991.43. Acid detergent fibre and acid detergent lignin was analysed by the gravimetric
method AOAC 973.18. Cellulose content was calculated as the difference between acid
detergent fibre and acid detergent lignin. Finally, hemicellulose content was determined

according to NF V 18-122 (AFNOR, 1997).

2.3. Colour

Colour was measured following CIELab scale. L*, a* and b* parameters were measured
using a Minolta CR-400 chromameter (Osaka, Japan), where L* is the parameter that
measures lightness, a* the tendency towards red and b* the tendency towards yellow.

The meter was calibrated using the standard white plate provided by the manufacturer
and powder samples were disposed over the whole surface of the plate for measurement

in triplicate.
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2.4. Particle size distribution

Analysis of the particle size distribution was carried out using a laser diffractometer
Mastersizer 2000 (Malvern Instruments Ltd, Malvern, UK) which has a particle size
distribution range of 0.02 — 2000 pum. The Mie theory was applied by considering a
refractive index of 1.5 and absorption of 0.01 (Park, 1995). The samples were analysed
on laser diffraction with wet analysis using the Hydro S dispersion unit. Dry analysis
was also performed using the Scirroco dry dispersion unit. Samples were diluted in de-
ionised water at 2,000 rpm during 10 min. An obscuration rate of 15 % was obtained at
each measurement. D3, (surface weighted mean diameter) and D43 (volume weighted

mean diameter) were obtained.

2.5. Water retention and swelling capacity

Samples (0.5 g = 0.0001 g) were hydrated in 20 mL of distilled water in a 50 mL falcon
tube and left overnight to ensure the fibre was fully hydrated. Then, the tubes were
centrifuged at 1000 x g for 10 min (adapted from Robertson, de Monredon, Dysseler,
Guillon, Amado, & Thibault, 2000). The supernatant was decanted and the tubes were
carefully inverted to drain residual unbound water from the sample. The remaining
pellet was dried overnight in an oven at 105 °C and weighed to consider possible solid

matter losses in the draining step.

Swelling capacity (SC) was measured by the method of Raghavendra, Rastogi,

Raghavarao, and Tharanathan (2004).

2.6. Rheology

In order to measure the rheological properties of the fibre, samples of fibre/water

dispersion with a mass fraction of 0.06 kgripre/kgr Were prepared. The rheological
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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. A Peltier plate was
used to equilibrate and maintain the samples temperature at 20 °C during the
measurements. A spoon was used to carefully load the sample on the bottom plate,
trying to minimize the structure breakdown. Samples rested for 2 minutes before any

determination was carried out to allow the stress induced during loading to relax.

Large and small deformation analyses were used for samples characterization. A flow
curve (large deformation) analysis was performed at increasing logarithmic shear rates,
from 0.001 to 100 s to determine the viscosity of samples. Casson model was applied
to calculate the yield stress and the apparent viscosity of each sample (Lundberg, Pan,
White, Chau, & Hotchkiss, 2014). Dynamic oscillatory stress sweeps (small
deformation) were applied to investigate the viscoelastic behaviour of the samples with
a range of stress values from 0.1 to 2000 Pa at a constant frequency of 1 Hz. All the

measurements were carried out at least by triplicate.
2.7. Microscopy

Dehydrated particles were examined under a light microscope (DMLM Leica
Microsystems, Newcastle, UK) with a CCD camera incorporated which allowed
acquiring images for further analysis. Description of dehydrated samples was based on
examining sample surface variation each second over 40 s from dry until fully hydrated.
Subsequent treatment and measurement of the images was carried out by using Adobe
Photoshop v 7.0; Image J, 1.36 b free version. Measurements consisted on obtaining the
surface area of each sample. The response of particles to rehydration was assessed by

examining 5-10 particles per treatment.

10
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2.8. Statistical analysis

To determine the statistical significance of the results an analysis of variance test
(ANOVA) was carried out with confidence levels of 95 % (p < 0.05) and 99 % (p <

0.01) using the program Statgraphics Plus 5.1.

3. Results and discussion

The basic composition of the citrus fibres obtained in this study is shown in Table 1.
There were no significant differences in water, protein, fat, ash, sugar or carbohydrates
contents among the fibres obtained by HAD or by HAD+MW. Due to the variability of
seasonality, cultivar, production process and region, these values can be considered
consistent with those reported by other authors (Chau & Huang, 2003; Lundberg et al.,
2014) for water (0.0742 £ 0.0073 kgw/kgr), protein (0.0815 = 0.0045 kgp/kgr), fat
(0.0105 £ 0.0012 kgr/kgr), ash (0.0265 = 0.0026 kga/kgr), carbohydrates (0.8073 +
0.0092 kgc/kgr) and sugar (0.0736 £ 0.0268 kgs/kgr) of commercial citrus fibre. TDF
was not significantly different among samples. The value obtained (0.61 + 0.05
kgror/kgr for HAD and 0.59 + 0.02 kgrpe/kgr for HAD+MW) was lower than that
reported by Lundberg et al. (2014) which was approximately 0.73 kgrpr/kgr. This might
be due to differences among cultivars as reported by Grigelmo-Miguel and Martin-

Belloso (1998).

The ratio of SDF:IDF obtained was 1:1, which means that the TDF was approximately
50 % soluble and 50 % insoluble in water. This ratio is higher for SDF than other
authors have reported in citrus fibre. Andrade, de Jong, and Henriques, (2014) reported
a ratio of SDF:IDF ranging from 1:1.2 to 1:1.4; and Grigelmo-Miguel and Martin-
Belloso (1998) obtained a ratio ranging from 1:1.7 to 1:2.2. This means that the fibre

obtained has a higher soluble to insoluble ratio, which can contribute to its suitability as

11
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a food ingredient due to its ability for solubilisation in a food matrix. It is generally
accepted that fibre sources suitable for use as food ingredient should have an SDF:IDF
ratio close to 1:2 (Jaime, Molla, Ferndndez, Martin-Cabrejas, LOpez-Andreu, &

Esteban, 2002; Schneeman, 1987).

Cellulose and hemicellulose contents were lower than those reported by Lundberg et al.,
(2014), 0.1595 + 0.0002 kgceL/kgr and 0.1006 + 0.0015 kguem/kgr, respectively.
However, lignin content was higher than that estimated in another study carried out by
Grigelmo-Miguel and Martin-Belloso (1998) where the lignin content ranged from
0.022 — 0.03 kgi/kgr. These differences in fibre composition might be due to another
important factor: the ripening of the plant cells. The ripening is associated with a
gradual shift in fibre composition which is affected by the increase of cellulose and
lignin (McPherson, 1982). Differences in lignin content also might be due to the
method use for lignin determination. The acid detergent lignin method may account for
cutin and waxes which tend to remain in lignins (Van Soest, 1994), therefore, the lignin

content could be overestimated because it includes cutin and waxes.

Colour is another attribute that could be affected by temperatures reached during drying
(Table 2). No significant differences were found on lightness (L*) nor hue on a green (-)
to red (+) axis (a*) or either on b*, blue (-) to yellow (+) axis between HAD and
HAD+MW treatments. That showed that HAD+MW had the same effect as HAD on the

molecules responsible for colour in orange peels, such as B-carotene (Hecker, 2014).

Energy consumption was calculated as explained in Figure 1. The total energy required
for the HAD+MW process was calculated by adding the amount of energy required by

hot air (Enap) to the amount of energy required by MW (Emw) per unit of time.

12
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Enap was calculated by applying thermodynamics of humid air as explained in Green,
and Perry (2007). If we consider the specific enthalpy (h) as the amount of heat (kJ/kg)
used or released in a system at constant pressure, Eqap could be calculated as the
difference between the enthalpy of hot air at 55°C (hp) and the enthalpy of ambient air
at 15°C (hamp) per kg of dry air (M’). The total energy consumption of microwaves was

calculated as the total microwave power applied (W) per kg of wet product (My).

As air is a homogeneous mixture of dry air and water vapour, the enthalpy of hot air is
found by taking the sum of the enthalpy of dry air and the enthalpy of water vapour in
the humid air. The specific enthalpy of dry air is the total of the specific heat of dry air

(Cp,,) multiplied by the temperature of drying (Tp). The enthalpy of water vapour
depends on the specific heat of water vapour at a particular temperature (Cp,, ), the

absolute moisture (X) and the latent heat of vaporization (AH"). The absolute moisture
(kgw/kgda) is related to the partial pressure of water vapour. The partial pressure of
water vapour is the total of relative humidity (¢) multiplied by the vapour pressure of
saturated air at a specific temperature (ps ); the latter being dependent only on
temperature. Thus, it is possible to obtain the vapour pressure of saturated air
(ps@™Pand p?) at Tamp and Tp,

It was possible to calculate the specific enthalpy of ambient air and drying air (hamp and
hp, respectively) by assuming that the absolute moisture of ambient air (X,,,5) is equal
to the absolute moisture of drying air at the beginning of the drying process (X3).
Finally, the mass of dry air (M) was calculated from the mass of humid air (M) and its
absolute humidity (XD). Also, Mp, is a product of air density (pp ), air velocity (v,;,)
and the drier section (Spyer). FOr air density estimation at 1 atm it was possible to apply

the perfect gases law, therefore, pp was calculated using ¢p and pSD. The relative

13
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humidity of drying air (¢p ) is defined as the relationship between the partial pressure of
water vapour and the vapour pressure of saturated air at Tp. By using the relative
humidity of drying air it was possible to calculate the partial pressure of water vapour as
previously explained.

Table 3 showed that at higher microwave levels, the time needed to reach different
moisture levels was significantly reduced. A strong time reduction was observed in all
treatments by HAD+MW with regards to HAD at the initial stages of the drying (x,, =
0.5 kgw/kgr). After 122.5 min of drying by the HAD method a water content of 0.5
kgw/kgr was achieved, whereas only 9.6 min were needed drying by HAD+6 W/g to

reach the same moisture content, which represents a 92 % reduction in time.

The process yield was 125 g fibre/ kg of fresh by-product. Figure 2 shows the energy
required to achieve different reductions of moisture content by using HAD (0 W/g) or
HAD+MW at different powers (2, 4 and 6 W/g). It is possible to observe how MW
drying reduced energy consumption by up to 77 %. For instance, it was estimated that
HAD would require 608.9 kWh in order to reduce the moisture content from 85 % to 10

% , whereas only 47.2 kwWh were needed when using HAD+6 W/g.

HAD+MW drying involves simultaneous effects of the thermodynamics of hot air on
the sample’s surface, and the microwaves effect from the surface to the core, depending
on the penetration depth of microwaves. The internal effect of microwaves produced
mechanical and thermal phenomena which increased water mobility, and accelerated
water transport thus reducing drying time. These phenomena were studied and
published by Talens et al. (2016a) and Talens, Castro-Giraldez and Fito, (2016c) where
a thermodynamic model was developed to explain and quantify the mechanisms
involved in mass and energy transports throughout the combined drying of orange peels

by HAD+MW and its microstructural effect.

14
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In order to study the expansion effect of microwaves on the tissue of orange by-
products, particle size distribution was measured in dried samples after milling. Table 4
shows the volume weighted diameter (D4 3) and the surface weighted diameter (D3 ,) of
orange peel powder samples dried by HAD and by HAD+6 W/g. It was observed that
the D, 3 of samples dried by HAD+6 W/g (466.5 + 15.3 mm) were 30 % higher than the
D43 of samples dried by HAD ( 325 £ 8.7 mm). The same was observed with the
surface weighted diameter D3, which was 43 % higher (p < 0.05) for samples dried by
HAD+6 W/g (260.1 £ 12.7 mm), than for samples dried by HAD (146.0 £ 5.8 mm).
This could be explained due to the expansion phenomena that occurred during
microwave drying, in which the samples swelled and increased their particle size.
Talens, Castro-Giraldez, and Fito (2016b) showed a swelling in volume variation of
orange peels treated by HAD+MW at different power intensities at both the

macroscopic level and in micrographies.

Powdered samples were hydrated and the particle size was measured again (Table 4).
Samples dried by HAD increased their Ds3 by 1.76 times when hydrated, whereas
samples dried by HAD + 6 W/g increase their D43 by 1.37 times. D3, increased 18 % in
hydrated HAD samples whereas no increase D3, was observed for hydrated HAD+MW

samples.

Figure 3 shows the particle size distribution of dry and hydrated powder samples. It was
observed that HAD+MW samples have higher percentage of larger particles both in dry

and hydrated form.

WRC is the most common parameter used in the industry to characterize the rehydration

capacity of fibre. It is also related to the physiological function of dietary fibre. Table 5
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shows the results for the hydration properties measured. There were no significant

differences in WRC (12.66 and 12.23 gu/gam, respectively).

SC was significantly higher (p < 0.01) for HAD+MW samples (16.5 £ 0.7 mL/gqm)
compared to the HAD samples (14.75 + 0.35 mL/gqm). No differences were found in
WRC among fibres obtained by different treatments, however, there were significant (p
< 0.05) differences found in SC. Therefore, it can be concluded that HAD+MW caused
an increase in particle size and porosity of orange powder samples which affected their

SC but not their WRC.

Rheological characterisation of HAD and HAD+MW fibres was performed to study
possible mechanical changes caused by the differences in both particle size and
porosity. The flow behaviour of fibre dispersions presented non-newtonian shear-
thinning behaviour, decreasing their viscosity with the application of increasing shear
rates, which is in accordance with the typical behaviour of fibre suspensions. For this
reason the experimental points could be adjusted to the Casson model, as it is
commonly used to describe dispersions that have particles that interact in a
pseudoplastic solvent (Lundberg et al.,, 2014). The parameters for Casson model
(apparent viscosity and yield stress) are shown in Table 5. Although the apparent
viscosity showed the same values for both types of fibre (Table 5), the shear stress that
needs to be applied to the solution before it begins to flow (Yield Stress) was
considerably higher in the case of HAD-treated fibre (165 Pa) compared to HAD+MW-
treated fibre (88 Pa). This higher resistance to flow may be explained by the lower
particle size of HAD-treated fibre (Table 4). At low shear rates, fibre molecules fuse to
form an entangled network (Cepeda & Collado, 2014). At this point where

entanglement occurs, the increase of viscosity with the concentration is much steeper.

16



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

The viscoelastic properties of both fibres were also investigated through oscillatory
measurements. Both samples presented a greater storage modulus (G’) over the loss
modulus (G”) confirmed by the low tan & (G”/G’) values along most of the oscillation
stress range (Figure 4). This behaviour indicates a predominant solid-like behaviour and
more precisely a gel-like structure (Sendra, Kuri, Fernandez-Lopez, Sayas-Barbera,

Navarro, & Perez-Alvarez, 2010).

HAD samples recorded higher G’and G” values compared to HAD+MW samples. As
explained above, the higher SC of HAD+MW fibre, made a weaker structure with

considerably lower storage modulus values.

In contrast, HAD fibre showed a stronger structure. This fact can be seen at higher
stresses when the structure is broken. The stress needed to collapse the system was

higher for HAD samples.

During rehydration, when fibre is in the glassy state with high mechanical energy stored
and high surface tension (Talens et al., 2016c¢), the gradient of the water’s chemical

potential that causes the water to penetrate will be induced by the following equation:

a

duy = ViydP +0dA +RTIn 3 1)
Where: dy,, is the gradient of the water chemical potential, v,,dP corresponds to the

mechanical term, o is the surface tension, dA is the overall surface variation and ay, is

the water activity.

The two different drying techniques applied affect various terms of equation 1. HAD
mainly affects the mechanical term because higher mechanical energy is stored during
drying due to the shrinkage-swelling phenomena induced; therefore, more mechanical
energy of expansion was released during the rehydration. This phenomenon can be
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observed in the micrographies (Figure 5a) throughout the samples rehydration,

estimated as follows:

aar = 404 v

49

Where A" the external surface of the sample, considering the bidimensional expansion
of fibers, obtained from the micrographies, and subindexes: t is the time (1 s, 20 s and
40 s), and 0 is the initial time. In the evolution of external surface variation it is possible
to observe the liberation of mechanical energy through the rehydration, being higher in
HAD treatment. However, figure 5b shows the isosteric heat or adsorption energy,
directly related with surface tension, indicating that the surface tension term is the most
important contribution to the water chemical potential of HAD+MW samples.
Therefore, the main contribution to the water chemical potential, during the rehydration
process, is the mechanical expansion in case of HAD treatment and the surface
adsorption in the HAD+MW treatment. The WRC (Figure 5b) is directly related with
the water flux induced by the water chemical potential gradient, thus the contribution of
the different treatments to the water chemical potential in fiber rehydration process,
explained before, produces water fluxes with non significant differences; in conclusion,
the fibers treated with HAD expand more but the fibers treated with HAD + MW retain

more water for a same volume.
4. Conclusions

A new fibre ingredient was obtained from orange by-products by applying hot air
coupled with microwave drying. An important reduction in processing time (92 %) and
energy consumption (77 %) was achieved compared to hot air drying. The drying
treatment did not affect chemical composition, water retention capacities or colour of

orange fibres as compared to hot air drying. Total dietary fibre was close to 0.6
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kgror/kgr with a ratio of SDF:IDF being 1:1. The shrinkage-swelling phenomena
occurred during drying affected the gradient of the water’s chemical potential, changing
the rehydration properties of the fibre. An increase in particle size improved the fibre’s

swelling capacity when hydrated.
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FIGURE CAPTION

Figure 1. Drying conditions and experimental data for calculating energy consumption
of two different drying processes applied to orange by-products: hot air drying (55 °C)
and hot air combined with microwave drying at different power intensities (2, 4 and 6
Wi/g).

Figure 2. (a) Energy consumption (Er in kWh) and (b) time consumption (tp in min) for

drying orange by-products at different moisture contents (xy in kgw/kgr) by applying

(@) hot air drying, (#) hot air combined with microwave drying at 2 W/g, (A) hot air

combined with microwave drying at 4 W/g and (®) hot air combined with microwave
drying at 6 W/g. Data represent means and standard deviation of experiments performed
in triplicate.

Figure 3. Particle size distribution of ( —— ) hot air drying (dry fibre particles), ( = = )
hot air drying (wet fibre particles), ( —— ) hot air coupled with microwave at 6 W/g
(dry fibre particles) and ( — — ) hot air coupled with microwaves at 6 W/g (wet fibre
particles). Where: n; = number of particles of one particular size, n; = total number of
particles.

Figure 4. Representative stress sweep curves (elastic modulus G’ and viscous modulus
G”’) of a fibre/water dispersion (0.06 kgge/kgr) using fibres processed by two different
drying treatments: G’ of fibre dried by hot air ( —— ), G’* of fibre dried by hot air (
— — ), G’ of fibre dried by hot air coupled with microwaves at 6 W/g ( — ), G’ of
fibre dried by hot air coupled with microwaves at 6 W/g ( — — ). The lines are fits
using the Casson model.

Figure 5. (a) Top: micrographies of fibre particles dried by hot air (HAD) during the
rehydration process throughout time, where: t, refers to dried sample, t; refers to 1 s of

rehydration, tyo refers to 20 s of rehydration, and t4 refers to 40 s of rehydration.
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Bottom: external surface variation (AA*, dimensionless) with time of rehydration,
where (@) is hot air drying and (®) is hot air drying coupled with microwaves at 6
W/g. (b) Top: micrographies of fibre particles dried by hot air coupled with microwaves
at 6 W/g (HAD + 6 WIg) during the rehydration process throughout time, where: tg
refers to dried sample, t; refers to 1 s of rehydration, ty refers to 20 s of rehydration,
and tyo refers to 40 s of rehydration. Bottom: table comparing isosteric heat (Qc) and
water retention capacity of orange peel dried by hot air and by hot air coupled with

microwave at 6 W/g.
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Table

Table 1: Chemical composition (kgi’kgr) of the fibre obtained by hot air drying (HAD)

and hot air coupled with microwave drying (HAD+ MW) of orange peel.

Composition (i) Orange fibre
(kgi’kgr) n=3
HAD HAD+MW
Water 0.0938 £0.0016  0.0977 +0.08
Protein 0.068 + 0.005 0.068 + 0.003
Fat 0.027 £ 0.003 0.021 + 0.003
Ash 0.0326 £0.0012  0.034 +0.004
Carbohydrates 0.7874 0.7794
Sugar 0.1+ 0.01 0.13+ 0.03
TDF 0.61 +0.05 0.59 +0.02
SDF 0.30 £ 0.04 0.283 £ 0.013
IDF 0.31+0.02 0.31+0.02
SDF:IDF* 1:1 1:1
cellulose  0.092 +0.012 0.112 £ 0.011
hemicellulose 0.07 £0.03 0.059 +£0.012
lignin**  0.13+0.02 0.110 £ 0.012

TDF (Total Dietary Fibre); IDF (Insoluble Dietary Fibre); SDF (Soluble Dietary
Fibre); *SDF:IDF is the ratio between soluble and insoluble fibre and it is
expressed as a relation. **Lignin is not a carbohydrate but it accounts for the

insoluble part of dietary fibres. Data represent mean and standard deviation.



Table 2: Colour parameters (CIEL*a*b*) of orange fibres obtained by different drying

methods: hot air drying (HAD) and hot air coupled with microwave drying (HAD +

MW).
HAD HAD + MW
L* 77.50 £ 0.90 77+ 1
ax 3t 1 342
b* 661 2 61+ 4

Data represent mean and standard deviation, n = 3.



Table 3: Drying time needed for reaching 0.1, 0.2, 0.3, 0.4 and 0.5 water mass fraction
(kgw/kgr) of orange by-products dried by hot air drying (HAD) and hot air drying

coupled with microwaves (HAD+MW) at different powers (2, 4 and 6 W/g).

Xy (Kguw/Kgr) time (min)
HAD HAD+2W/g HAD+4W/g HAD+6 W/g
0.5 122.5 27.0 15.2 9.6
0.4 144.0 31.0 17.3 10.8
0.3 159.5 35.0 19.2 12.1
0.2 174.5 40.0 21.2 13.3

0.1 191.5 44.0 23.0 14.6




Table 4: Particle size distribution of the orange fibre obtained from orange by-products

by applying hot air (HAD) and hot air coupled with microwave drying (HAD+MW).

HAD HAD + 6 MW
particle size dry wet dry wet
Dy (Mm) 3259 572+ 19 466 £ 15 642 + 19
D3 (mm) 146 £ 6 179+ 9 260 + 13 246 + 16

D43, D32 represent volume weighted mean diameter, surface weighted mean diameter,
respectively. Data represent means and standard deviation of experiments performed in

triplicate (n=3).



Table 5: Physical properties of the fibre obtained by hot air drying (HAD) and hot air

coupled with microwave drying (HAD + MW) of orange peel.

Orange fibre
HAD HAD + MW
WRC (kgw/kgqm) 12.7+0.5 12.2+0.3
SC (mL/ggm) 148+0.3 16.5+0.7
Yield stress (Pa)* 165 + 26 88 + 27

Apparent viscosity (Pa/s)* 0.95+0.19 0.91 +0.08

WRC (Water Retention Capacity), SC (Swelling Capacity).
*Values from Casson Model
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