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a b s t r a c t

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 þ MW). Process efficiency was also compared. 92% reduction in processing time and 77% reduction
in energy consumption was achieved with HAD þ 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 þ MW affected the surface tension. An increase in particle size due to an increase in
porosity during HAD þ MW improved the fibre swelling capacity. HAD þ MW can reduce drying time
resulting in a more efficient drying process that positively affects the orange fibre's technological
properties.

© 2016 Elsevier Ltd. All rights reserved.
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 ab-
sorption 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;
García Herrera, S�anchez-Mata, & C�amara, 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 et al., 1998; Tsami, Krokida, & Drouzas, 1998).
The application of coupled drying technologies such as hot air-
microwave drying (HAD þ 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
dez).
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 aw and relative humidity (Traffano-Schiffo,
Castro-Gir�aldez, Fito, & Balaguer, 2014). A common technique is
to couple MW with hot air drying (Bergese, 2006; Kowalski,
Rajewska, & Rybicki, 2005). Talens (2015) reported a higher
expansion phenomenon in orange peels at 14% water content after
HADþMWdrying at 6W/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 and Gasparetto, 2009; Gu, Ruan, Chen,
Wilcke, & Addis, 2001; Lundberg, 2005; Ruiz-Dıaz, Martı;nez-
Monz�o, Fito, & Chiralt, 2003; Turbak, Snyder, & Sandberg, 1983).

The objective of this study was to compare the energy con-
sumption of hot air drying (HAD) versus hot air drying coupled with
microwaves (HAD þ MW) by analysing the physico-chemical and
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Nomenclature

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
4 relative humidity (�)
M mass per time in wet basis (kg s�1)
M0 mass per time in dry basis (kg s-1)
x mass fraction (kg kg-1)
X absolute moisture (kg water kg dry air -1)
t time (s)
ℎ specific enthalpy (J kg-1)
ps water saturation pressure (kPa)
Cp heat capacity at constant pressure (W g-1 K�1)
DH molar enthalpy (J mol-1)
r density (kg m-3)
n velocity (m s-1)
s section (m2)
E energy (kW or kWh)

W microwave energy (W g-1)
P absolute pressure (Pa)
T temperature (K)
R ideal gases universal constant (J mol�1 K-1)
Qc isosteric heat
A sample overall surface (m2)
A* sample external surface (m2)

Subscripts and superscripts
amb ambient conditions
da dry air
D drying conditions
0 initial time
v vapour
w water
i internal
e external
P protein
F fat
A ash
C carbohydrates
S sugar
T total; CEL Cellulose; HEM Hemicellulose; L Lignin
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technological properties of the dietary fibre obtained from orange
by-products.
2. Materials and methods

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 0.5e1 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. Af-
terwards, 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 elec-
tromagnetic MW and hot air drier equipment (MMP20T, Sairem
S.A., Miribel, France) was used for HAD and HADþMW treatments.
Combined drying chamber dimensions were 0.66 m � 0.66 m x
0.83 m, air velocity was 7 m/s, hot air temperature was 55 �C
(relative humidity ¼ 6.5%), ambient temperature was 15 �C and
relative humidity was 60%. For the energy consumption calcula-
tions, HAD, HADþ2 W/g, HADþ4 W/g and HADþ6 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
HADþ6 W/g were compared after 190 min and 15 min of drying,
respectively. This was the time needed to reach 0.01 kgw/kgTof final
moisture in orange by-product. After drying, samples were milled
using an ultracentrifuge mill (ZM 100, Retsch, Haan, Germany) with
a sieve of 500 mm. 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 recom-
mended standards. Moisture as in ISO 1442:1997 (ISO., 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 ISO 937:1978 (ISO., 1978). Crude fat
was analysed as in ISO 1443:1973 (ISO., 1973). Total sugars were
analysed by LuffeSchoorl 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 deter-
gent 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 18e122 (AFNOR., 1997).

2.3. Colour

Colour was measured following CIELab scale. L*, a* and b* pa-
rameters 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 pro-
vided by the manufacturer and powder samples were disposed
over the whole surface of the plate for measurement in triplicate.

2.4. Particle size distribution

Analysis of the particle size distribution was carried out using a
laser diffractometer Mastersizer 2000 (Malvern Instruments Ltd,
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Malvern, UK) which has a particle size distribution range of
0.02e2000 mm. 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 2000 rpm during 10 min. An obscuration rate of
15% was obtained at each measurement. D3,2 (surface weighted
mean diameter) and D4,3 (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� 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 unboundwater 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).
́

Table 1
Chemical composition (kgi/kgT) of the fibre obtained by hot air drying (HAD) and hot
air coupled with microwave drying (HAD þ MW) of orange peel.

Composition (i)
(kgi/kgT)

Orange fibre
n ¼ 3

HAD HAD þ 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
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
kgFibre/kgT were prepared. The rheological characterization of the
samples was carried out using a controlled-stress AR 2000
rheometer (TA Instruments, Leatherhead, United Kingdom). Stain-
less 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 min 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-1 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.
́

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:IDFa 1:1 1:1

cellulose 0.092 ± 0.012 0.112 ± 0.011
hemicellulose 0.07 ± 0.03 0.059 ± 0.012
Ligninb 0.13 ± 0.02 0.110 ± 0.012

TDF (Total Dietary Fibre); IDF (Insoluble Dietary Fibre); SDF (Soluble Dietary Fibre.
a SDF:IDF is the ratio between soluble and insoluble fibre and it is expressed as a

relation.
b Lignin is not a carbohydrate but it accounts for the insoluble part of dietary fi-

bres. Data represent mean and standard deviation.
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 hy-
drated. 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 5e10 particles per treatment.
2.8. Statistical analysis

To determine the statistical significance of the results an anal-
ysis 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 þ MW. Due to the variability of sea-
sonality, 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/kgT), protein (0.0815 ± 0.0045 kgP/kgT), fat
(0.0105 ± 0.0012 kgF/kgT), ash (0.0265 ± 0.0026 kgA/kgT), carbo-
hydrates (0.8073 ± 0.0092 kgC/kgT) and sugar (0.0736 ± 0.0268 kgS/
kgT) of commercial citrus fibre. TDF was not significantly different
among samples. The value obtained (0.61 ± 0.05 kgTDF/kgT for HAD
and 0.59 ± 0.02 kgTDF/kgT for HAD þ MW) was lower than that
reported by Lundberg et al. (2014) which was approximately 0.73
kgTDF/kgT. This might be due to differences among cultivars as re-
ported by Grigelmo-Miguel and Martın-Belloso (1998).

The ratio of SDF:IDF obtainedwas 1:1, whichmeans 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
Martın-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 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 et al.,
2002; Schneeman, 1987).

Cellulose and hemicellulose contents were lower than those
reported by Lundberg et al. (2014), 0.1595 ± 0.0002 kgCEL/kgT and



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 þ MW).

HAD HAD þ MW

L* 77.50 ± 0.90 77 ± 1
a* 3 ± 1 3 ± 2
b* 66 ± 2 61 ± 4

Data represent mean and standard deviation, n ¼ 3.
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0.1006 ± 0.0015 kgHEM/kgT, respectively. However, lignin content
was higher than that estimated in another study carried out by
Grigelmo-Miguel and Martın-Belloso (1998) where the lignin
content ranged from 0.022e 0.03 kgL/kgT. 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 cel-
lulose 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 tempera-
tures reached during drying (Table 2). No significant differences
were found on lightness (L*) nor hue on a green (�) to red (þ) axis
(a*) or either on b*, blue (�) to yellow (þ) axis between HAD and
HADþMWtreatments. That showed that HADþMWhad 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 Fig. 1. The
total energy required for the HAD þMW process was calculated by
adding the amount of energy required by hot air (EHAD) to the
amount of energy required by MW (EMW) per unit of time.

EHAD was calculated by applying thermodynamics of humid air
́

Figure 1. Drying conditions and experimental data for calculating energy consumption of tw
hot air combined with microwave drying at different power intensities (2, 4 and 6 W/g).
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, EHAD could be calculated as the dif-
ference between the enthalpy of hot air at 55 �C (hD) and the
enthalpy of ambient air at 15 �C (hamb) 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 (M0).

As air is a homogeneousmixture of dry air andwater 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 (Cpda )
multiplied by the temperature of drying (TD). The enthalpy of water
vapour depends on the specific heat of water vapour at a particular
temperature (Cpv ), the absolute moisture (X) and the latent heat of
vaporization (DHv). 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 (4) 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 (psamb

s and pDs ) at Tamb and TD.
It was possible to calculate the specific enthalpy of ambient air

and drying air (hamb and hD, respectively) by assuming that the
absolute moisture of ambient air (Xamb) is equal to the absolute
moisture of drying air at the beginning of the drying process (X0

D).
Finally, the mass of dry air (M?) was calculated from the mass of
humid air (MD) and its absolute humidity (X0

D). Also, MD is a
product of air density (rD ), air velocity (vair ) and the drier section
(SDrier). For air density estimation at 1 atm it was possible to apply
the perfect gases law, therefore, rD was calculated using 4D and
pDs . The relative humidity of drying air (4D ) is defined as the
relationship between the partial pressure of water vapour and the
vapour pressure of saturated air at TD. By using the relative hu-
midity 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 differentmoisture levels was significantly reduced.
o different drying processes applied to orange by-products: hot air drying (55 �C) and



Table 3
Drying time needed for reaching 0.1, 0.2, 0.3, 0.4 and 0.5 water mass fraction (kgw/
kgT) of orange by-products dried by hot air drying (HAD) and hot air drying coupled
with microwaves (HAD þ MW) at different powers (2, 4 and 6 W/g).

xw (kgw/kgT) time (min)

HAD HADþ2 W/g HADþ4 W/g HADþ6 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

Figure 2. (a) Energy consumption (ET in kWh) and (b) time consumption (tD in min) for dry
hot air drying, (A) hot air combined with microwave drying at 2 W/g, ( ) hot air combined
6 W/g. Data represent means and standard deviation of experiments performed in triplicat
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A strong time reduction was observed in all treatments by
HAD þ MW with regards to HAD at the initial stages of the drying
(xw ¼ 0.5 kgw/kgT). After 122.5 min of drying by the HAD method a
water content of 0.5 kgw/kgT was achieved, whereas only 9.6 min
were needed drying by HADþ6 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. Fig. 2
shows the energy required to achieve different reductions of
moisture content by using HAD (0 W/g) or HAD þ MW at different
powers (2, 4 and 6 W/g). It is possible to observe how MW drying
ing orange by-products at different moisture contents (xw in kgw/kgT) by applying (C)
with microwave drying at 4 W/g and ( ) hot air combined with microwave drying at
e.



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 þ MW).

HAD HAD þ 6 MW

particle size dry wet dry wet

D4,3 (mm) 325 ± 9 572 ± 19 466 ± 15 642 ± 19
D3,2 (mm) 146 ± 6 179 ± 9 260 ± 13 246 ± 16

D4,3, D3,2 represent volume weighted mean diameter, surface weighted mean
diameter, respectively. Data represent means and standard deviation of experi-
ments performed in triplicate (n¼3).

Table 5
Physical properties of the fibre obtained by hot air drying (HAD) and hot air coupled
with microwave drying (HAD þ MW) of orange peel.

Orange fibre

HAD HAD þ MW

WRC (kgw/kgdm) 12.7 ± 0.5 12.2 ± 0.3
SC (mL/gdm) 14.8 ± 0.3 16.5 ± 0.7
Yield stress (Pa)a 165 ± 26 88 ± 27
Apparent viscosity (Pa/s)a 0.95 ± 0.19 0.91 ± 0.08

WRC (Water Retention Capacity), SC (Swelling Capacity).
a Values from Casson Model.
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reduced energy consumption by up to 77%. For instance, it was
estimated that HAD would require 608.9 kWh in order to reduce
themoisture content from 85% to 10%, whereas only 47.2 kWhwere
needed when using HAD þ 6 W/g.

HAD þ MW drying involves simultaneous effects of the ther-
modynamics 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 phenomenawere studied and published by Talens et al.
(2016a) and Talens, Castro-Giraldez, and Fito (2016b) 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 þ MW and its
microstructural effect.

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 (D3,2)
of orange peel powder samples dried by HAD and byHADþ6W/g. It
was observed that the D4,3 of samples dried by HADþ6 W/g
(466.5 ± 15.3 mm) were 30% higher than the D4,3 of samples dried
by HAD (325 ± 8.7 mm). The same was observed with the surface
weighted diameter D3,2, which was 43% higher (p � 0.05) for
samples dried by HADþ6 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
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: ni ¼ number of particles of one particular size, nt ¼ total number of
particles.
which the samples swelled and increased their particle size. Talens
(2015) showed a swelling in volume variation of orange peels
treated by HAD þ 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
D4,3 by 1.76 times when hydrated, whereas samples dried by
HAD þ6W/g increase their D4,3 by 1.37 times. D3,2 increased 18% in
hydrated HAD samples whereas no increase D3,2 was observed for
hydrated HAD þ MW samples.

Fig. 3 shows the particle size distribution of dry and hydrated
powder samples. It was observed that HAD þ 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 shows the results for
the hydration properties measured. There were no significant dif-
ferences in WRC (12.66 and 12.23 gw/gdm, respectively).

SC was significantly higher (p � 0.01) for HAD þ MW samples
(16.5 ± 0.7 mL/gdm) compared to the HAD samples
(14.75 ± 0.35 mL/gdm). No differences were found in WRC among
fibres obtained by different treatments, however, there were sig-
nificant (p � 0.05) differences found in SC. Therefore, it can be
concluded that HAD þ MW caused an increase in particle size and
porosity of orange powder samples which affected their SC but not
their WRC.

Rheological characterization of HAD and HAD þ 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 behav-
iour, 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 so-
lution before it begins to flow (Yield Stress) was considerably
higher in the case of HAD-treated fibre (165 Pa) compared to
HADþMW-treated fibre (88 Pa). This higher resistance to flowmay
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 concen-
tration is much steeper.

The viscoelastic properties of both fibres were also investigated
through oscillatory measurements. Both samples presented a
greater storage modulus (G0) over the loss modulus (G00) confirmed
by the low tan d (G?/G?) values along most of the oscillation stress
range (Fig. 4). This behaviour indicates a predominant solid-like



Figure 4. Representative stress sweep curves (elastic modulus G0 and viscous modulus G00) of a fibre/water dispersion (0.06 kgF/kgT) using fibres processed by two different drying
treatments: G0 of fibre dried by hot air ( ), G00 of fibre dried by hot air ( ), G0 of fibre dried by hot air coupled with microwaves at 6 W/g ( ), G00 of fibre dried by hot air
coupled with microwaves at 6 W/g ( ). The lines are fits using the Casson model.
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behaviour and more precisely a gel-like structure (Sendra et al.,
2010).

HAD samples recorded higher G'and G? values compared to
Figure 5. (a) Top: micrographies of fibre particles dried by hot air (HAD) during the rehy
rehydration, t20 refers to 20 s of rehydration, and t40 refers to 40 s of rehydration. Bottom: ex
air drying and ( ) is hot air drying coupled with microwaves at 6 W/g. (b) Top: micrographi
during the rehydration process throughout time, where: t0 refers to dried sample, t1 refers to
Bottom: table comparing isosteric heat (Qc) and water retention capacity of orange peel dr
HAD þ MW samples. As explained above, the higher SC of
HADþMW fibre, made aweaker structure with considerably lower
storage modulus values.
dration process throughout time, where: t0 refers to dried sample, t1 refers to 1 s of
ternal surface variation (DA*, dimensionless) with time of rehydration, where (C) is hot
es of fibre particles dried by hot air coupled with microwaves at 6 W/g (HAD þ 6 W/g)
1 s of rehydration, t20 refers to 20 s of rehydration, and t40 refers to 40 s of rehydration.
ied by hot air and by hot air coupled with microwave at 6 W/g.
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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.,
2016b), the gradient of the water's chemical potential that causes
the water to penetrate will be induced by the following equation:

dmw ¼ vwdP þ sdA þ RT ln
aiw
aew

(1)

where: dmw is the gradient of the water chemical potential, vwdP
corresponds to the mechanical term, s is the surface tension, dA is
the overall surface variation and aw 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 me-
chanical energy of expansion was released during the rehydration.
This phenomenon can be observed in the micrographies (Fig. 5a)
throughout the samples rehydration, estimated as follows:

DA* ¼ A*
t � A*

0
A*
0

(2)

where A* the external surface of the sample, considering the bidi-
mensional 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 rehydra-
tion, being higher in HAD treatment. However, Fig. 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 þMW samples. Therefore, the main contribution to the water
chemical potential, during the rehydration process, is the me-
chanical expansion in case of HAD treatment and the surface
adsorption in the HAD þ MW treatment. The WRC (Fig. 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 dif-
ferences; in conclusion, the fibers treated with HAD expand more
but the fibers treatedwith HADþMWretainmorewater 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 kgTDF/kgT 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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