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Effect of freeze-thaw and PEF
pretreatments on the kinetics and
microstructure of convective and
ultrasound-assisted drying of orange peel
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The main waste generated by juice industry comprises orange peels, which have a great upcycling
potential once stabilized. Drying is the most used method for this purpose, but the high energy
consumption prompts interest in its intensification. This study assessed the influence of freeze-thaw
and pulsed electric field (PEF) pretreatments in conventional and airborne ultrasound-assisted drying
(50 °C) of orange peels. None of these pretreatments alone got to reduce processing times
significantly, but combined with ultrasound-assisted drying produced a significant shortening of the
process. This was particularly important in the lower intensity PEF pretreatment tested (0.33 kJ/kg),
indicating the existence of optimumconditions to carry out the pretreatments.Microstructure analysis
revealed that the application of ultrasound during drying led to better preservation of the sample
structure. Thus, the integration of pretreatment techniques to ultrasound-assisted dryingmay not only
shorten the process but also help to preserve the original structure.

Oranges are one of the most widely cultivated fruit crops in the world1.
Much of the production goes to the juice industry, generating a large
amount of waste, mainly made of peels2. This by-product is an interesting
source of biocompounds, such as fibers, vitamins or polyphenols3, so it has
great value-adding potential to be added as an ingredient in the formulation
of newproducts4.However, its highmoisture contentmakes it susceptible to
microbial or enzymatic deterioration reactions, which can reduce or even
eliminate the bioactivity of these compounds. In this sense, hot air drying
has beenwidely used because of its simplicity. This technique has significant
advantages, such as prolonging product shelf life, reducing packaging costs,
and decreasing storage and transport needs. However, this method does
have significant drawbacks, such as high energy consumption5, which
induces undesirable changes in the structure and the degradation of
bioactive compounds present in the food, all of which are related to the long
exposure of the product to high temperatures6. The application of treat-
ments before drying is one of the strategies used to minimize these draw-
backs and a wide variety of pretreatments can be found in the literature,
from conventional techniques, such as osmotic pretreatments7, blanching8

or the freeze-thaw process9, to the use of new technologies, such as cold

plasma10, ultrasound application in liquid medium11, electro-infrared
treatments12 or pulsed electric field application13. Most of these pretreat-
ments aim to modify the food structure to make the moisture transport
during the subsequent drying easier. Thus, in the case of freeze-thaw pre-
treatments, the formation of ice crystals during freezingmay induce cell wall
damage that can promotemass transfer during drying14. The velocity of the
freezing process affects the number and size of the crystals. Thus, in a slow
freezing process, few and large crystals are generated, which can break
cellular walls and other structures. On the contrary, a fast freezing process
produces numerous smaller crystals, which induce less cell damage15. In the
case of pulsed electricfield (PEF) technology, the application of high voltage
electric pulses for a short time can induce pore formation in the cell
membrane16. This effect is known as electropermeabilization and can con-
tribute to the increase in mass transfer rates during the dehydration
process17,18. The degree of electropermeabilization achieved during the PEF
pretreatment and its effects depend on the intensity of the treatment19.

Another completely different strategy to intensify convective drying
consists of enhancing the drying process itself. In this sense, airborne power
ultrasound (US) applied during the process can promote significant
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reductions in drying time20,21 due to the mechanical stress induced in the
food tissues and the micro stirring generated at the solid-gas interfaces,
improvingmoisture transport22. The extension ofUS effects is highly related
to the internal structure of products23. Therefore, the application of pre-
treatments that modify this structure can enhance the effect induced by the
later application of ultrasound. Several studies have explored the combi-
nation of pretreatments with airborne ultrasound-assisted drying. For
instance, Zhu et al. 24. assessed the influence of blanching and brining of
apple,Corrêa et al. 25. studied the application of solid-liquidpretreatments of
pineapple, and Rojas et al. 26. tested ethanol pretreatment of apple chips; all
of these pretreatments applied before the ultrasound-assisted drying. Other
authorshave also examined the combinationof several pretreatmentsbefore
a conventional drying process. Thus, Liu et al. 27. evaluated the combination
of freeze-thaw and ultrasound pretreatment in a liquid medium before
drying, and Xu et al. 28. studied the effect of freeze-ultrasound thawing and
freeze-air ultrasound thawing pretreatments on the vacuum freeze-drying
of okra. To the authors’ knowledge, however, there are no studies that assess
the influence of freeze-thaw pretreatment on ultrasonic-assisted drying. As
regards the combination of PEF pretreatment and US-assisted drying, the
only previous analyses that have been found are those carried out by the
authors regarding the antioxidant properties of orange peels29 and
kiwifruits30.

Therefore, the aim of this study was to evaluate the effect of two
different pretreatments, freeze-thaw and pulsed electric field (PEF), at two
different levels on the kinetics of conventional and ultrasound-assisted
drying of orange peels.Moreover, the impact of these pretreatments and the
two types of drying on the final structure of the dried product was also
assessed.

Results
Drying experiments
The initial moisture content of orange peel was 2.9 ± 0.2 kg water/kg d.m.
During the conventional drying of samples, it was observed that the freeze-
thaw pretreatment affected the process kinetics. The drying kinetics of
slowly frozen samples (SF-AIR) were slightly faster than those of non-
pretreated ones (UP-AIR).However, the kinetics of fast frozen samples (FF-
AIR) were significantly slower. Among the samples treated with pulsed
electric field (PEF), only those pretreated at low intensity (LiPEF-AIR) had
slightly shorter, but significant, drying times than the UP-AIR sample
(Table 1).

The application of power ultrasound (US) during drying significantly
shortened the process, regardless of the pretreatment considered (Fig. 1).
Thus, the drying time required for UP-AIR samples to reach a moisture

content of 0.55 ± 0.02 kg w/kg d.m. was reduced by 27.2% when US was
applied during drying (UP-US) (Table 1). Overall, the combination of
pretreatments and ultrasound-assisted drying accelerated the process.
Specifically, the drying experiments of SF-US, LiPEF-US and HiPEF-US
samples were significantly (p < 0.05) faster than the UP-US and, compared
to UP-AIR samples, showed drying time reductions of 35.0%, 40.0%, and
35.6% respectively. On the contrary, the combination of fast freezing and
ultrasound-assisted drying (FF-US) resulted in slower kinetics than the
ultrasound-assisted drying of unpretreated samples (UP-US).

Modeling of drying kinetics
The modeling of experimental drying kinetics permitted the quantification
of the differences among pretreatments (freeze-thaw and PEF pretreat-
ments) and drying techniques (conventional and US-assisted) considered.
The fit of the selected model to the experimental data was adequate, as
shown by the percentage of explained variance (%Var), above 99.7% in
every experiment (Table 1). Moreover, a good agreement was observed
between experimental and calculated moisture contents (Fig. 2).

The results showed that, compared to the non-pretreated (UP-AIR)
samples, the application of pretreatments before conventional drying of
orange peel decreased the effective diffusivity identified (Deff). These dif-
ferences were significant (p < 0.05) in the case of freeze-thaw pretreated
samples (Table 1).On theotherhand, the identifiedmass transfer coefficient
(k) was greater in the pretreated samples, being the differenceswithUP-AIR

Table 1 | Drying time (min), effective diffusivity (Deff) (m
2/s),

mass transfer coefficient (k) (kg/m2·s) and the percentage of
variance explained (%Var) of the different pretreatments and
drying conditions studied

Drying
condition

Drying
time (min)

Deff · 10
−10

(m2/s)
k · 10−4

(kg /m2·s)
%Var

UP-AIR 300 (18)e 6.6 (0.7)cd 8.5 (0.5)a 99.85

FF-AIR 363 (10)f 4.1 (0.1)a 8.9 (0.5)a 99.82

SF-AIR 297 (21)de 5.4 (0.2)b 11 (2)b 99.94

LiPEF-AIR 281 (12)d 5.8 (0.4)bc 10.1 (0.8)ab 99.78

HiPEF-AIR 287 (6)de 5.3 (0.3)abc 11.0 (0.1)b 99.85

UP-US 218 (3)b 8 (1)de 15 (3)c 99.70

FF-US 245 (6)c 6.4 (0.3)bcd 11.9 (0.5)b 99.80

SF-US 195 (13)a 8.3 (0.8)e 17 (2)d 99.95

LiPEF-US 180 (8)a 11 (2)f 14.6 (0.6)c 99.80

HiPEF-US 193 (6)a 8.0 (0.6)e 15.1 (0.8)c 99.71

Values are reported as theaverage (standarddeviation).Different letters in the samecolumn indicate
significant differences according to an LSD test (p < 0.05).
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Fig. 1 | Experimental drying kinetics (50 °C) of orange peel obtained for con-
ventional drying (AIR, Fig. 1A) and ultrasound-assisted convective drying (US,
Fig. 1B). Un-pretreated (UP), freeze-thaw pretreated with slow (SF) and fast (FF)
freezing, and PEF pretreated samples (1.25 kV/cm) at low (8 pulses, LiPEF) and high
(24 pulses, HiPEF) intensity.
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significant (p < 0.05) in the case of SF-AIR and LiPEF-AIR samples
(Table 1).

The application of airborne ultrasound during drying significantly
(p < 0.05) increased bothDeff and k (Table 1), being both parameters 21 and
76% greater in UP-US than in UP-AIR samples. As for the free-thaw pre-
treatments, the velocity of freezing had a significant impact on both kinetic
parameters. In fact, the FF-US samples presentedDeff and k values that were
not only significantly (p < 0.05) lower than those of the SF-US samples, but
even lower thanUP-US.As forPEFpretreatments, no significant differences
were observedamong theDeff and k values identified forHiPEF-US andUP-
US samples. However, the LiPEF-US experiments showed the significant
(p < 0.05) greatest values of both modeling parameters (Table 1) among all
the conditions tested.

Effects of drying on the microstructure
Orange peel consists of two types of parenchyma cell tissues, albedo and
flavedo. The outer layer, flavedo, is made up of small, elongated cells with
almost no intercellular spaces. The albedo, the white inner layer, has
rounded cells with large intercellular spaces. Conventional drying produced
a significant structural modification of the orange peel tissues, as shown in
the lightmicroscope images included in Fig. 3. In theUP-AIR samples,most
of the cells appeared disintegrated, broken, and separated from each other
by large intercellular spaces, so it was not possible to differentiate flavedo or
albedo tissues with certainty. The parenchyma was mainly formed by the
apoplast or the space outside the plasmalemma.

The freeze-thaw and PEF pretreatments induced changes in the
structure of conventionally dried samples. Thus, the microscope
images of frozen-thawed samples (Fig. 3) showed a degraded struc-
ture with large intercellular spaces. However, the cell walls appeared
better defined than in the case of UP-AIR samples. This definition
was more marked in the cells of FF-AIR samples than in those of the
SF-AIR samples. The PEF pretreated samples also presented an
unstructured parenchyma consisting of deformed or partially disin-
tegrated cells and large intercellular spaces. The samples pretreated
with PEF presented highly blurred cell walls compared to the UP-
AIR samples. This fact was more intense in HiPEF-AIR than in
LiPEF-AIR. Thus, the image presented a deeper blue coloration,
indicating a greater dispersion of the cell wall compounds (cellulose
fibrils, cellular cement…).

The application of US during drying significantly contributed to pre-
serving the original structure of fresh samples. As can be observed in the
microstructure images of Fig. 4, the twomain tissues (flavedo and albedo) of

orange peel were clearly distinguishable in all cases, regardless of the pre-
treatment considered, and in contrast of the conventionally dried samples
(Fig. 3). Thus, UP-US samples showed almost intact cells after drying. The
cellularwalls were closely packedwith nodiscontinuities and, consequently,
dense in appearance. It was also possible to observe the plasmalemma
remained close to the cellular wall. The frozen-thawed or PEF pretreated
samples presented a slightly more disordered structure with swollen cell
walls. As in the case of freeze-thaw conventionally dried samples, the FF-US
maintained a more complete structure than the SF-US, but with the walls
highly warped. Moreover, the SF-US samples presented some breaks in the
cell wall that were not observed in FF-US. Regarding PEF pretreated sam-
ples, the cell deformation and the blueish color of images of HiPEF-US
samples indicated some tissue degradation. On the contrary, cells of LiPEF-
US samples appeared better defined and compacted than in the HiPEF-US,
which means better preservation of raw matter structure.
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Fig. 2 | Goodness ofmodel fit. Experimental versus calculatedmoisture content (kg
water/ kg d.m.) of the orange peel during conventional (UP-AIR) drying at 50 °C.
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Fig. 3 | Microstrure of conventionally dried orange peel. Light microscope images
of parenchymatic cells of orange peels conventional dried (AIR) at 50 °C: un-
pretreated (UP), freeze-thaw pretreated with slow (SF) and fast (FF) freezing, and
PEF pretreated samples (1.25 kV/cm) at low (8 pulses, LiPEF) and high (24 pulses,
HiPEF) intensity.
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Discussion
The experimental results indicated a significant influenceof freeze-thawand
pulsed electric field (PEF) pretreatments on both conventional and
ultrasound-assisted drying kinetics and the final structure of orange peel.
Thus, in the case of the freeze-thaw pretreatments, the effect of freezing
velocity on drying kinetics could be attributed to the differences in the ice
crystal formation process that took place under the two conditions tested,
fast and slow freezing. Fast freezing resulted in the formation ofmany small
ice crystals that were uniformly distributed inside the cell. On the contrary,
when slow freezing occurred, the ice nucleation rate was slower than the ice
growth, generating large ice crystals spread throughout the extracellular
region31. These different ice crystal characteristics and distributions can
generate different structural changes that could promote dissimilar effects
on the mass transport process. The small ice crystal generated in the fast
freezing (FF) did not break the cell membranes, but swollen the cell walls

and dispersed some of the wall components. This important disorder
induced made the water release difficult. This made the moisture diffusion
inside samples difficult and would explain the delay of FF-AIR drying
compared with UP-AIR. On the contrary, the larger ice crystals generated
during slow freezing (SF) could break cell walls, making easier moisture
transport, which would explain the slight increase in the drying rate of SF-
AIR samples. In this sense, some studies have found enhancement of the
drying process through applying freeze-thaw pretreatments. For instance,
Vallespir et al. 15 reported that freeze-thaw pretreatments at different
freezing temperatures (−20, −80, and −196 °C) induced drying time
reductions in beetroots (11–16% shorter compared to control samples),
apples (25%) and eggplants (12–32%). Similarly, Santos et al. 32 also found
that freeze-thawpretreatment of papaya shortened drying (32%),whileGuo
et al. 33. observed significant reductions of drying process (20–50%) in the
case of garlic. However, other authors reported no drying time reduction
induced by frozen-thaw pretreatments, such as Chen et al. 34 in the case of
blueberries.

Regarding PEF pretreatments, the shortening of the drying process
observed (Table 1) could be attributed to the permeabilization of the cell
membrane, which could lead to an increase in the moisture diffusivity35.
Nevertheless, the drying time difference between PEF pretreated andUP-
AIR samples was small. PEF can also soften the foodmatrix, resulting in a
collapse of the cell structure, which compromises the diffusive process36.
Therefore, it is important tonote that the effect of thePEFpretreatment on
drying kinetics is very complex. It depends not only on the electrical
conditions applied but also on the product considered, the drying tem-
perature, or the dryingmethod. Thus, Arevalo et al. 37 found that the same
PEF pretreatment that shortened the drying of potatoes did not have the
same effect on apples. Alam et al. 38. stated that carrot drying was shor-
tened by pretreating with PEF at 50 and 60 °C, but not at 70 °C, while
parsnip drying was shortened at 60 and 70 °C, but not at 50 °C. Likewise,
Pérez-Won et al. 39. reported an acceleration in the freeze-drying and
vacuummicrowave drying rate of some products pretreated with PEF but
a slowing down in the case of convective drying. On the contrary, Wiktor
et al. 40 observed that although the PEF pretreatment shortened the con-
vective drying process, it did not influence microwave-assisted air drying.

The ultrasound-assisted drying significantly reduced the process time
of the conventional drying (Table 1), which is consistent with previous
studies of different citrus by-products like lemon peel41 and orange peel42.
This factwasprobably related to themechanical effects generated in the food
matrix that accelerated themass andheat transfer processes43. The structural
changes induced by pretreatments affected the magnitude of US effects,
likely because they altered the impedance of samples. Thus, these structural
changes can modify the elastic properties of samples. The relationship
between the elastic properties and the ultrasonic velocity is widely known,
which in turn affects the acoustic impedance23 and then the air-sample
impedance mismatch. In this sense, the products with low acoustic impe-
dance get a better coupling with the drying air. This facilitates the US
propagation and makes its effects more noticeable, enhancing the mass
transfer22. Therefore, while the influence of pretreatment applied alone was
modest, they could create a suitable matrix in the products that enhanced
the effects of airborne ultrasound when applied during drying.

Themodeling of drying kinetics provided a better understanding of the
mechanisms of the observed effects. About the internal transport of con-
ventionally dried samples, the significantly lower values of effective diffu-
sivity (Deff) identified in pretreated samples can be attributed to the
disorders in the cell matrix induced by the pretreatments. These Deff values
were significantly different (p < 0.05) in the case of freeze-thaw pretreat-
ments, which indicates that the effects on the cell matrix of the ice crystals
generated during sample freezing were greater than those induced by PEF
pretreatments. However, other authors have reported higher diffusivity
values when freezing pretreatments were applied44,45 to products such as
carrot or apple. This could be attributed to the different initial structure of
the materials studied and, therefore, the different effects induced in the
matrix. Regarding the external transport, a significantly greater mass
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Fig. 4 | Microstrure of ultrasonically assisted dried orange peel. Light microscope
images of parenchymatic cells (A, albedo; F flavedo) of orange peel ultrasonically
assisted dried (US) at 50 °C: Un-pretreated (UP), freeze-thaw pretreated with slow
(SF) and fast (FF) freezing, and PEF pretreated samples (1.25 kV/cm) at low (8
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transfer coefficient (k) was observed in SF-AIR and HiPEF-AIR. This
increasemight be linked to somedamage caused by the pretreatments to the
outer waxy layer of the flavedo, which reduced the natural resistance of the
orange peel to dehydration. In the case of freeze-thaw pretreatment, the
freezing step could modify the product surface and increase the area in
contact with the air. This could reduce external resistance and cause greater
moisture transfer46. In the caseofPEFpretreatment, it could generate greater
water release to the surface, producing a moisture-saturated surface, which
increased the influence of the external resistance on the drying process as
compared to the internal one. A similar effect has been previously reported
for the drying of spinach47 and onion36.

The US application during drying led to higher Deff figures, whichever
the pretreatment considered. The ultrasonic waves could generate succes-
sive contractions and expansions of the matrix (sponge effect) and produce
internal microcracks that reduced the internal resistance to mass transfer.
Likewise, the increase in k indicated a lower external resistance, likely linked
with the pressure and velocity variations at the surface level produced byUS
vibration48, which reduced the diffusion boundary layer and enhanced the
external moisture transport. However, the magnitude of these effects
depended on the pretreatment considered. In the case of freeze-thaw pre-
treatments, the freezing velocity affected Deff and k. This fact can be related
to structural changes induced by freezing, which developed a more prone
structure to the US effects in SF-US pretreated samples (higher values of
both Deff and k), likely linked to the partial break of cell membranes. In
contrast, FF-US showed a less susceptible structure, probably related to the
swelling of the cell walls (Table 1). No studies have been found about the
combined application of freeze-thaw pretreatments and ultrasonically
assisted drying. As for PEF pretreatments, it was also observed that LiPEF-
US resulted in higher values of both kinetics parameters, Deff and k. In this
case, a moderate electroporation could reduce the impedance of thematrix,
making easier the propagation of US energy23. On the contrary, the greater
PEF intensity of the HiPEF-US pretreatments could have induced a sig-
nificant collapse in the structure, making ultrasound propagation difficult.
This last facthas beenpreviously reported byWiktor et al. 49 in carrot drying.
The results would indicate the existence of an optimum PEF pretreatment,
which produces adequate internal effects that favor US assistance when
applied during drying. The similar Deff values identified in the SF-US and
HiPEF-US experiments could point out that both treatments induced a
similar effect in the internal structure of the samples.

In summary, compared with control samples (UP-AIR), the lower
values of Deff identified in the drying experiments carried out with pre-
treatments indicated an increase in the internal resistance to mass transfer.
This increase could be attributed to the structural disorders induced, which
in the case of SF-AIR, LiPEF-AIR, andHiPEF-AIR canbe related to a partial
destruction of the cell structure, while in FF-AIR with a cell wall swollen
effect. At the sample surface level, these effects could damage the outer waxy
layer, reducing the external resistance tomass transfer, as shown the greater
value of k obtained, except for FF-AIR samples. The swollen cell wall effect
could counteract the waxy layer degradation in this case.

Ultrasound application during drying significantly reduced both
internal and external mass transfer resistance. However, the structural
changes induced by the tested pretreatments affected the intensity of
ultrasoundeffects. Thus, the swollen effect of FF-USpretreatment on the cell
walls could attenuate ultrasonic vibration, decreasing ultrasound influence
on internal and external mass transfer resistance. In the case of SF-US, the
internal disorders did not significantly affect the internal influence of
ultrasound but significantly weakened the external one, probably linked
with the development of a more porous surface that was more prone to the
ultrasound effects. Regarding PEF treatments, the structural changes
induced at the adequate intensity (LiPEF-US) enhanced the internal ultra-
sound influence, but no significant influence of these changes was observed
on the external resistance.

The analysis of the microstructure of orange peel dried samples con-
tributed to understanding the effects induced by both pretreatments and
drying process. Thus, the freeze-thaw pretreated samples presented a highly

altered structure, linked to both the ice crystals generated during freezing,
which damaged the cell walls and produced the lysis of vacuoles27, and the
later drying. Specifically, the disorganized structure of FF-AIR, with areas
with visible but blurred cell walls and areas without them (Fig. 3), could
make moisture diffusion difficult50, and it would explain that the drying
process of these experiments was longer (Table 1) than control ones. On the
contrary, the large ice crystals formed during slow freezing could make the
diffusion ofwater through the cellwalls easier. This caused a greater swelling
of the cell walls, destroying the middle lamella, as shown by the slightly
colored walls in Fig. 3. However, this structural modification was not
enough to shorten the drying significantly compared to the UP-AIR sam-
ples. Other authors have also observed that the velocity of the freezing
pretreatment can inducedifferent changes in themicrostructure of products
such as raisin grapes51 or potatoes31 reporting obstruction of capillary ducts,
formation of large cracks anddeformations of cells in slowly frozen samples.

Regarding the PEF pretreated samples, it was observed that PEF
damaged the structure, generating large pores, deformed membranes, and
cell lysis52. These factsweremoremarked in themore intense PEF treatment
tested (HiPEF-AIR), which could make the moisture movement inside the
samples difficult and explain the lower values of effective diffusivity
identified.

The airborne US application during the drying process helped to
preserve the orange peel structure. The continuous contraction and
expansion of orange peel samples could induce the warp of cells without
breaking the structure, making the inner moisture transport easier. This
shortened the drying process, avoiding lengthy exposure to high tempera-
tures that could induce tissue damage.Moreover, the ultrasonicwaves could
release intercellular air and, therefore, reduce the pressure difference
between the sample inside and the sample surface, mitigating sample con-
traction during drying. Puig et al. 53 also reported that drying assisted with
ultrasound preserved the structure of eggplant better than conventional
drying.

However, the structure of dried samples differed regarding the com-
bination of the pretreatments and ultrasound-assisted drying. Thus, thick
warped cell walls were observed in FF-US samples, which could make
difficult the water transport through them and would explain why these
samples presented the lowest Deff and k identified among the ultrasound-
assisted dried samples. On the contrary, the breaks found in the cell walls of
SF-US samples, likely linked with the formation of large ice crystals during
freezing, would help the inner moisture transport to the surface and from
there to the surrondings as showed the greatest k value obtained and linked
to the shorter drying time of these experiments compared to those of the
UP-US sample. Chao et al. 54 stated that a freezing pretreatment could create
microcracks and even irreversible structural damage to the cell walls,middle
lamella and protoplasm. In this sense, it was difficult to distinguish the
middle lamella and protoplast in the SF-US images (Fig. 4). In the case of the
PEF pretreated samples, it was observed some differences between HiPEF-
US and LiPEF-US experiments. Thus, LiPEF-US samples presented a less
damaged structure than HiPEF-US ones, which could improve the ultra-
sonic energy transmission and could explain the highest Deff values
obtained.

Therefore, the application of ultrasound during drying not only con-
tributed to the shortening of the drying process but also had a preserving
effect on the microstructural tissue. When applied in adequate conditions,
the structural changes induced by the freeze-thaw or PEF pretreatments can
significantly intensify theUS effects of orange peel, a slow freezingprocess in
the case of freeze-thaw pretreatments and a moderate intensity for PEF
pretreatment. Particularly, this last combination, the LiPEF-US, provided
the fastest procedure, preserving the initial structure of orange peel.

Methods
Rawmaterial
Valencia Late var. orange (Citrus sinensis) samples, acquired at a local
market inValencia (Spain),were stored at 4 °Cuntil the drying experiments.
The oranges were washed and peeled by hand with a sharp knife. Then,
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orange peel slices of 5.0 × 2.5 × 0.3 cm, containing only flavedo and albedo
tissues, were obtained. The samples presented an initial moisture content of
2.9 ± 0.2 kg water/kg d.m., which was in the range reported in other
studies55,56.

Pretreatments
Freeze-thaw pretreatment. In these pretreatments, two freezing con-
ditions were considered: fast and slow. For fast freezing (FF) processes,
the samples were covered with a plastic film to avoid moisture loss and
frozen in a blast chiller shock freezer (HIBER, model RDM051S, Italy) at
−35.0 ± 0.3 °C for 2 h. For the slow freezing (SF) treatment, the samples,
also packed in plastic film, were introduced in a domestic freezer (Lieb-
herr SGN 3063, Switzerland) at −18.0 ± 0.7 °C for 24 h. In this case, air
turbulence around samples was avoided to make difficult the convection
heat transfer and delay as possible the freezing process. Before drying,
both FF and SF samples were thawed at 25 ± 1 °C until the internal
temperature was constant.

Pulsed Electric Field (PEF) pretreatment. The PEF pretreatments were
performed with a PEF system (EPULSUS-PM1, Energy Pulse System,
Lisbon, Portugal), which generated high-intensitymonopolar pulses. The
pretreatments were carried out with an electric field strength of 1.25 kV/
cm, a frequency of 10 Hz and a pulse width of 25 µs. The treatment
chamber containing the samples was filled with tap water (electrical
conductivity of 1.04 ± 0.03 mS/cm), used as the electricity conductor
medium. Two different levels of treatment intensity were also tested in
this case: one of lower intensity (LiPEF), applying eight pulses, and
another of higher intensity (HiPEF), applying 24 pulses. These treat-
ments meant an energy input of 0.33 and 0.98 kJ/kg, respectively.

In addition to these four pretreatments, unpretreated (UP) samples
were also considered as control.

Drying experiments
The pretreated (FF, SF, LiPEF and HiPEF), as well as the control (UP)
samples, were dried in an ultrasound-assisted convective dryer, previously
described by Llavata et al. 43. For each run, 18 slices of orange peel samples
were randomly placed in a sample holder ensuring homogeneous air dis-
tribution. The experiments were performed at 50 °C and 1m/s, and the
weight was automatically recorded every 10min with a balance coupled to
the dryer. The drying process was finished when the samples lost 60% of
their initial weight.

Two types of drying experiments were carried out for each pretreat-
ment: a conventional drying process (AIR) and an ultrasound-assisted
convective drying process (US) (Table 2). The airborne power ultrasound
was applied through the walls of the drying chamber, an aluminum-
vibrating cylinder excited by a piezoelectric transducer, working at a reso-
nance frequency of 21.8 ± 0.4 kHz, and supplied with a constant power of
50W. All the experiments were performed at least in triplicate.

Modeling
Experimental data modeling was performed to quantify the influence of
pretreatments and the effect of ultrasound application during drying on the
process kinetics. For this purpose, it ismore adequate the use ofmechanistic
models than empirical ones due to, even though these last can accurately
describe the drying kinetics, they are only valid just for the conditions

considered to achieve the experimental data, they usually neglect the fun-
damentals of drying process and their parameters have no physical mean-
ing. Therefore, in this study, a model based on the diffusion theory was
chosen. Thus, from the combination of amassmicroscopic balance and the
Fick’s law of diffusion and assuming that the samples followed an infinite
slab behavior with unidirectional moisture flow, it was obtained the Eq. (1)

∂Wðx; tÞ
∂t

¼ Deff
∂2Wðx; tÞ

∂x2
ð1Þ

where W is the moisture content (kg water/kg dry matter, d.m.), Deff is the
effective diffusivity (m2/s), t is the time (s), and x is the direction of the water
transport (m). To solve Eq. (1), samplemoisture content was assumed to be
uniform at the beginning of the drying process. Both internal and external
resistance tomoisture transportwere considered in themodel as a boundary
condition Eq. (2).

�Deff � ρss
∂WðL; tÞ

∂x
¼ kðaw L; tð Þ � φairÞ ð2Þ

where ρss is the density of dry solid (kg d.m./m3) reported byGarcia-Perez et
al. 57, k is themass transfer coefficient (kgwater/m2s), aw is thewater activity,
L is the thickness of the orange peel (0.005m), and φair is the relative
humidity of drying air. The equilibrium conditions were estimated from the
moisture sorption isotherms reported by Kammoun Bejar58.

Equation2 is a continuity condition.Thus, themoisture transport from
the inner part of the samples to the outer surface, which took place by
diffusion (the left-hand side of Eq. 2),moved by convection from the sample
surface into the drying air (the right-hand side of Eq. 2). The model was
solved by applying a finite differences methodology. The Matlab 2015B®
(TheMathworks, Inc,Natick,USA) softwarewas used to identify the kinetic
parameters, effective diffusivity (Deff) andmass transfer coefficient (k). The
SIMPLEX method available in Matlab 2015B® was applied to solve the
optimization problem, which was to minimize the squared differences
between the experimental and calculated moisture contents.

The percentage of variance explained (%Var) by the model was
determined to verify how accurately the model fitted (Eq. 3).

%Var ¼ 1� S2calc
S2ex

� �
100 ð3Þ

where S2calc is the calculated variance and S2ex is the experimental variance.

Microstructure
To study the combined effects of the pretreatments and the considered
drying conditions on the final dried product’s internal structure, the dried
samples’microstructure was analyzed using light microscopy. The samples
were cut into cubes (3mm3) and then fixed with a 25 g/L glutaraldehyde
solution (0.025M phosphate buffer, pH 6.8, at 4 °C, 24 h). Afterward, they
were post-fixed with a 20 g/L OsO4 solution (1.5 h) and dehydrated using a
graded ethanol series (300, 500, 700, 960, and 1000 g/kg). Finally, they were
contrasted in 40 g/L uranyl acetate dissolved in ethanol and embedded in
epoxy resin (Durcupan, Sigma–Aldrich, St. Louis, MO, USA). The samples
were cut using a Reichert Jung ultramicrotome (Leica Microsystems,
Wetzlar, Germany). Thin sections (1.0 μm) were stained with 2 g/L

Table 2 | Experiment codes in terms of the pretreatments and drying conditions considered

Drying Pretreatments

Unpretreated Freeze-thaw PEF

Fast freezing Slow freezing Low intensity High intensity

Conventional (AIR) UP-AIR FF-AIR SF-AIR LiPEF-AIR HiPEF-AIR

Ultrasonically assisted (US) UP-US FF-US SF-US LiPEF-US HiPEF-US
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toluidine blue and examined in a Nikon Eclipse E800 light microscope
(Nikon, Tokyo, Japan).

Data analysis
The significance of the results was assessed using a multifactorial ANOVA.
A residuals analysis was carried out to identify anomalous experiments and
to determine if they follow a normal distribution with a constant variance,
conditions which ensure the validity of the ANOVA. The LSD (least sig-
nificance difference) intervals (p < 0.05) were estimated using the software
Statgraphics Centurion XVI (StatPoint Technologies, Inc) to differentiate
the significantly different conditions.

Data availability
Data available under request to the corresponding author: Juan A. Carcel
(jcarcel@tal.upv.es).
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