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Abstract

Drying is one of the most used options for the stabilization of the surpluses resulting from kiwifruit industrialization for
their upcycling. However, drying conditions, such as drying temperature or ultrasound application during drying to inten-
sify the process, can highly affect its final quality. Thus, with the aim to assess the combined influence of temperature and
ultrasound application in the drying process of kiwifruit, ultrasonically assisted drying experiments were performed at 40,
50, 60 and 70 °C. The process kinetics was greatly dependent on the temperature, as shown by the activation energy value
obtained, 30.95 kJ/mol. Ultrasound application increased the drying kinetics, with its influence being more marked at the
lowest temperatures tested. The increase in effective diffusivity and the mass transfer coefficient induced by ultrasound
application was similar to the increase induced by an increase of drying temperature of 10 °C. Drying caused a significant
change in the color although the use of ultrasound helped to preserve it at the higher temperatures. Antioxidant capacity and
vitamin C content decreased after drying, but the total phenolic content increased. The greatest retention of the antioxidant
properties was observed in ultrasonically assisted samples dried at the highest temperatures. In the case of fiber properties,
the best results were obtained at intermediate ones. Drying kiwifruit at 60 °C with ultrasound application could serve as a
means of balancing a fast drying process and good final quality.
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Introduction

Kiwifruit is one of the most widely cultivated and consumed
fruits worldwide due to the fact that it has both great nutri-
tional and sensory value. This fruit is known for its great
antioxidant capacity, being a source of vitamins, especially
ascorbic acid, and containing phenolic compounds of inter-
est (Chamorro et al., 2022). The dietary fiber in kiwifruit
is of high quality due to its good water and oil retention
capacity, which contributes to the stabilization of the food
structure (Wang et al., 2021). As a result of kiwifruit pro-
duction, which is both extensive and industrialized, a large
number of by-products and surpluses are generated, both

P4 J. A. Carcel
jcarcel @tal.upv.es

Analysis and Simulation of Agro-Food Processes Group,
Instituto Universitario de Ingenieria de Alimentos —
FoodUPYV, Universitat Politecnica de Valéncia, Camino de
Vera S/N, 46022 Valencia, Spain

Department of Chemistry, University of the Balearic Islands,
Ctra. Valldemossa, Km 7.5, 07122 Palma, Spain

@ Springer

considered as waste (Tylewicz et al., 2022). In the context
of a circular economy, however, the upcycling is a must,
and the stabilization of these by-products, for example via a
drying process, is a necessary previous step for the purposes
of reducing the degradation of compounds of interest. Thus,
drying allows obtaining a kiwifruit-powdered product that
can be used as ingredient to develop new products such as
low-fat pork meatballs (Zhao et al., 2021) or healthy snacks
(Tylewicz et al., 2020). In addition, the use of the whole by-
product as ingredient has no need of intermediate operations
(extraction, purification...), which can involve the use of
solvents. This fact makes simpler and cheaper the process-
ing, reduces the environmental impact and helps to achieve
the clean label grade for the new products developed.

Hot air drying, despite being the most widely
implemented industrial method for the dehydration of
fruits and vegetables, involves high energy costs and is of
limited efficiency (Kaur et al., 2020). In this sense, there has
recently been a growing interest in studying new methods
for drying kiwifruit, such as radio frequency-vacuum drying
(Zhou et al., 2018), a combination of freeze drying and


http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-023-03138-6&domain=pdf

Food and Bioprocess Technology (2024) 17:440-451

441

microwave vacuum drying (Huang et al., 2021), infrared
heating-assisted hot air-drying (Wang et al., 2022) or a
hybrid of convection and microwave drying (Bhat et al.,
2022). Power ultrasound (US) has been shown to be efficient
at enhancing the removal of moisture due to mechanical
effects (Mousakhani-Ganjeh et al., 2021; Namjoo et al.,
2022; Vallespir et al. 2019). However, one of the main
challenges to make feasible this option is the generation and
transmission of high intensity ultrasonic fields that induce
significant changes in the process. Thus, the most common
way to apply US is through solid-liquid pretreatments
due to the availability of efficient commercial equipment
(ultrasonic baths and probe systems) to generate US in liquid
media. These pretreatment induces structural changes that
can clearly enhance the kinetics of the later drying process
(Kaveh et al., 2022; Prithani & Dash, 2020; Taghinezhad
et al., 2021). However, this pretreatment can induce
important losses of soluble compounds of interest (Wang
et al., 2019), compromising the quality of the final product.
Another alternative is the application of US by direct contact
between ultrasonic transducers and samples. Thus, Liu et al.
(2019, 2020b) have studied this alternative during drying
of kiwifruit, finding shortenings of the drying process of
great interest. However, the great friction generated between
transducer and sample causes a significant thermal effect
that could compromise thermosensitive compounds (Astrain-
Redin et al., 2021). The third alternative is the application of
airborne ultrasound during drying. This option overcomes
some of the drawbacks of the former two ones, that is, the
losses of soluble compounds and the samples temperature
increase by friction, and significantly shorten drying process
(Garcia-Pérez et al., 2012). In this case, the generation and
the transmission of US is a challenging issue due to the low
impedance and the high attenuation properties of air. Product
structure and drying temperature can highly influence the
ultrasonic effects, not only from a kinetic point of view but
also from the product quality one. Thus, the US influence
in drying kinetics is greater in mushrooms (Vallespir et al.,
2019) than in beetroot (Vallespir et al., 2018), being this
probably linked with the different porosity of these products.
Regarding quality, Fernandes et al. (2015) reported that
the combined application of US and drying temperatures
(45 and 60 °C) affected the retention of B group vitamins
differently. Do Nascimento et al. (2016) also reported a
significant interaction effect in the antioxidant properties
preservation of ultrasound and drying temperature (40 to 70
°C) during passion fruit peel drying.

To our knowledge, the application of airborne ultrasound
during kiwifruit drying has only been studied at low tem-
peratures, 5, 10 and 15°C (Vallespir et al., 2019). In these
conditions, the US application at the highest temperature
tested, 15 °C, contributed to reduce the antioxidant capac-
ity losses in dried samples. Then, the use of greater drying

temperatures during the ultrasonically assisted drying of
kiwifruit could contribute to a better preservation of anti-
oxidant properties. No studies about the application of air-
borne US in kiwifruit drying in a moderate range of dif-
ferent temperatures have be found, those most commonly
used at industrial level. In addition, also regarding the final
quality of the product, the functional properties of the dried
kiwifruit fiber has hardly been studied (Wang et al., 2021)
and no studies about the effect of the temperature and US
assisted drying interaction on color and functional properties
of kiwifruit fiber have been found.

The aim of this study was to determine the influence of
moderate drying temperatures and US application on the
drying kinetics of kiwifruit and the quality of the final prod-
uct, taking into account properties, such as color, antioxidant
properties (antioxidant capacity, vitamin C, the total phe-
nolic content) and functional properties (swelling capacity,
water retention capacity and oil retention capacity).

Materials and Methods
Raw Material

Experiments were performed with kiwifruits (Actinidia
deliciosa) obtained in a local market (Valencia, Spain) and
stored at 4 °C until drying experiments. Kiwifruits of similar
size and degree of ripening (15.0+ 1.0 °Brix) were selected,
since the kiwifruit ripeness influences the physicochemical
properties and drying kinetics (Wang et al., 2022). The ini-
tial moisture content of the samples was 82.78 +£0.89% and
was determined in a vacuum oven at 60 °C until constant
weight. The kiwifruits were cut into slices of 6.0+ 0.1 mm
thickness and 55+ 1 mm diameter with a sharp blade per-
pendicular to the vertical axis. Only samples from the central
part of fruits were considered.

Drying Experiments

For each drying experiment, 9 slices from 3 different kiwi-
fruits were randomly placed in a sample holder, which
ensures a homogeneous air flow and ultrasound applica-
tion during drying (Rojas et al., 2020). The experiments
were carried out at 1 m/s at four different temperatures (40,
50, 60 and 70 °C) in the range of those applied in drying
fruit operations, without and with (US) power ultrasound
application named 40, 50, 60, 70, 40-US, 50-US, 60-US
and 70-US, respectively. For this purpose, an ultrasound-
assisted convective dryer was used. The drying chamber
consisted of a duraluminium cylinder (height: 0.31 m, diam-
eter: 0.1 m, thickness 0.01 m) which is excited by several
piezoelectric transducers in a sandwich arrangement. The
system is provided by an impedance matching unit, which
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continuously tunes the impedance output of the generator
(do Nascimento et al., 2016). Thus, the signal applied has
always the resonance frequency (21.8 +0.4 Hz) which per-
mits the system to achieve the best electrical yield and the
power applied constant. In this sense, the ultrasonic assisted
drying experiments were carried out at 50 W (20.5 kW/m?).
The sample weight was automatically recorded every 5 min
throughout the drying process until reaching a moisture
content of 0.161 +0.003 kg water/ kg dm. This moisture
content involves a water activity lower than 0.6 (Moraga
et al., 2006), which ensures the stability of the product and
was appropriate to get a kiwifruit powder for later use. Every
drying condition was tested at least three times. After dry-
ing, the samples were stored in an environment of low rela-
tive humidity with silica gel until quality analysis.

Mathematical Modeling

The experimental data was modeled in order to quantify the
influence of both temperature and ultrasound application on
the drying kinetics with a diffusion model based on Fick’s
second law. The samples were considered as an infinite slab
of half-thickness, the effective diffusivity (Deﬁf), constant,
and the solid, isotropic (Eq. (1)):

oW, 1) PW(x,1)
o d o2

ey

where W is the moisture content (kg water (w)/kg dry matter
(dm)), Dy is the effective diffusivity (m?/s), t is the drying
time (s), and x is the direction of the water transport (m).

In order to solve Eq. (1), it was also assumed that the
initial moisture content was uniform, the samples were sym-
metric and the volume during drying was constant.

In this way, Deﬁc constitutes a measurement of the reverse
of internal resistance to mass transport offered by the prod-
uct. In addition, due to the low air velocity used, the exter-
nal resistance was also considered (Corréa et al., 2017).
Thus, the mass transport coefficient (k; kg Water/mzs) was
included in the model by the boundary condition shown in

Eq. (2):

_Deﬁ ' pss% = k(aw(l" n-— (pair) 2
where p_, is the dry solid density (kg dm/m>), @, is the water
activity,L is the half thickness of the kiwifruit samples, and
@, 1s the relative humidity of the air drying. This equation
expresses the continuity of the moisture transport, by dif-
fusion due to moisture content gradients inside the sample
until to the solid surface and by convection from the solid
surface to the drying air. The equilibrium moisture content
was calculated according to the sorption isotherm reported
by Moraga et al. (2006).
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The model was numerically solved and the SIMPLEX
optimization method of Matlab (Matlab 2015™, Inc, Natick,
USA) was used to identify D,; and k by minimizing the
squared sum of differences between the experimental and
calculated moisture content. Explained variance (%Var)
was used to assess the model’s fit to the experimental data

(Eq. 3)):

S2
y

SZ
%Var = ll —ﬂl - 100 3)

where Sfy is the standard deviation of the estimation, and Sﬁ
is the standard deviation of the experimental data.

The influence of the temperature on D,; was described
by an Arrhenius type equation (Eq. (4)):

Eq
Dy =Dy-e )

where D, is a pre-exponential factor of the Arrhenius equa-
tion (m%/s), E, is the activation energy for water diffusion
(kJ/mol), R is the gas constant (kJ/mol K) and T is the tem-
perature of each experiment (K).

Quality Analysis

Some quality parameters of dried samples were evaluated to
determine the influence of temperature and ultrasound appli-
cation. Every measurement was taken at least three times.

Color

The color of fresh and dried kiwifruit was directly deter-
mined in the green zone of the samples, avoiding the seeds
and the whitish core areas with the aim of reducing the influ-
ence of the natural variance of fruits in the measurements. In
this way, the L*, a* and b* color coordinates were measured
with a CM-2500d colorimeter (Konica Minolta, Japan). The
system was provided with a measurement area of 8 mm in
diameter, a reference system of illuminant D65 and an obser-
vation angle of 10°. The specular component was excluded.
The total color difference (AE) between the fresh (f) and the
dried (d) samples was calculated by Eq. (5):

AE" =W = L3P + (@ — @) + (b = b)) )

Antioxidant Properties

The antioxidant properties were evaluated before and after
drying to determine their retention. Every measurement
was replicated 9 times. For this purpose, an ethanol extract
was prepared by placing 1.000 +0.002 g of ground sample,
sieved through a pore size mesh of 200 pum, in 20 mL of
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96% ethanol (analysis quality) and homogenized with an
ultra-Turrax (T25 Digital, IKA, Germany) at 13,500 rpm.
The mixture was kept at 4 °C for 24 h, then centrifuged at
4,000 rpm for 10 min (Medifriger BL-S, P. Selecta, Spain)
and filtered through glass microfiber with a 1.2 um pore.
The antioxidant properties determined in the filtrate were
as follows:

e Antioxidant Capacity (AC): AC was evaluated fol-
lowing the Ferric Reducing Ability Power (FRAP)

method (Benzie & Strain, 1996). For this purpose, the
FRAP reagent was prepared from an equivalent mix
of 0.3 M acetate buffer (Panreac, Barcelona, Spain),
20 mM of FeCl; 6-H,O (Labkem, Barcelona, Spain)
and 10 mM TPTZ (Sigma-Aldrich, Madrid, Spain)
diluted in 40 mM HCI (Panreac, Barcelona, Spain),
and it was incubated for 30 min at 37 °C. 900 uL of the
obtained reagent were mixed with 30 uL of distilled
water and 30 uL of the ethanol extract. The mixture
was incubated again at 37 °C and, the absorbance at
595 nm was read after 30 min in a spectrophotometer
(Helios, Gamma, Thermo Spectronic, Cambridge, UK).
The results, expressed as Trolox equivalent, were deter-
mined through a calibration curve, previously made
with Trolox solutions of known concentration (Sigma-
Aldrich, Madrid, Spain).

e Vitamin C (VC): For the VC determination (Jagota &
Dani, 1982), 500 uL of the ethanol extract were mixed by
shaking with 500 uL of 7.5% C,HC1;0, (Panreac, Barce-
lona, Spain). After 5 min of incubation at 4 °C, the mixed
solution was filtered (0.45 um pore). 200 uL of this fil-
tered solution was mixed with 2 mL of distilled water and
200 uL L 1:10 Folin-Ciocalteu solution. It was incubated
for 10 min before the absorbance was read at 760 nm
in the spectrophotometer. The results were expressed as
equivalent of ascorbic acid (AA) through a calibration
curve prepared with ethanol solutions of known AA con-
centrations (Sigma-Aldrich, Madrid, Spain).

e Total Phenolic Content (TPC): TPC was measured
through the Folin-Ciocalteu method (Gao et al., 2000).
For this purpose, 100 uL of the ethanol extract was mixed
with 200 uL of the Folin-Ciocalteu reagent (Sigma—
Aldrich, Madrid, Spain) and 2 mL of distilled water.
After 3 min at room temperature, 1 mL of 20% Na,CO;
(Labkem, Barcelona, Spain) was added and it was incu-
bated for 1 h at room temperature. Then, the absorbance
of the samples was measured in a spectrophotometer
at 765 nm. The equivalent concentration of gallic acid
(GA) was obtained thanks to a calibration curve previ-

ously made with different ethanol solutions of known GA
concentrations (Sigma-Aldrich, Madrid, Spain).

Functional Properties

The functional properties are closely related to the quality of
a product and can define its use as functional ingredient. The
drying process can modify physicochemical properties and
thus these functional properties. In this sense, the kiwifruit
powder obtained after drying process was sieved through a
pore size mesh of 200 um and the swelling capacity (SW),
water retention capacity (WRC) and oil retention capacity
(ORC) were analyzed following the procedure described by
Garau et al. (2007) in order to evaluate the influence of the
drying temperature and US application. In every case, the
measurements were replicated 9 times.

o Swelling Capacity (SW): SW was estimated by placing
0.20+0.01 g of dried kiwifruit powder in a graduated cyl-

inder and adding 10 mL of distilled water. The initial volume
of the sample was compared with the volume after 24 h at
room temperature. The results were expressed as mL/ g dm.

e Water Retention Capacity (WRC): in order to measure
WRC, 0.20+0.01 g of dried kiwifruit was hydrated with
10 mL of distilled water. After 24 h at room temperature,
the sample was centrifuged (15 min, 10,000 rpm, 4 °C),
removing the excess of water. The amount of water retained
was determined by calculating the difference between
the hydrated and the dried sample weight and the WRC
expressed as kg water/kg dm.

¢ Qil Retention Capacity (ORC): for the purposes of estimat-
ing ORC, 0.20+0.01 g of the sample were immersed in
10 mL of sunflower oil. After 24 h at room temperature, it
was centrifuged (15 min, 10,000 rpm, 4 °C) and the excess
of oil removed. The oil retained in the sample was calcu-
lated by differential weighing and the results indicated as
kg oil/kg dm.

Statistical Analysis

Statistical analyses were performed to determine the signifi-
cance of the impact of air temperature and ultrasound appli-
cation on the drying kinetics and quality parameters. For this
purpose, the experimental data was statistically analyzed by
analysis of variance (ANOVA) using the Statgraphics Cen-
turion X VIII software (Statpoint Technologies Inc., Warren-
ton, VA, USA). LSD (Least Significant Difference) intervals
(p<0.05) were also determined to identify the significance of
the differences between the levels of factors tested.
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Results and Discussion
Drying

The air-drying temperature clearly affected the drying rate
of the kiwifruit. At the higher temperatures, the total drying
process was shorter than in the case of the experiments car-
ried out at the lower temperatures. In this sense, to achieve a
moisture content of 0.16 kg water/ kg dm, an increase from
40 to 70 °C reduced the drying time by 62.42% (Fig. 1).
Other authors also have reported drying time reductions
with the increase of drying temperature (Daric1 & Sen, 2015;
Mahjoorian et al., 2017). This can be linked to the greater
energy provided by drying air at a high temperature, which
increased the kinetic energy of the water molecules.

The application of power ultrasound (US) during the dry-
ing process also led to it being shorter at every temperature
tested. Studying the convective drying of kiwifruit with a
hybrid dryer, Kroehnke et al. (2021) also found significant
reductions in the process time when applying ultrasound.
However, the ultrasonic effect was not the same in all of
them, the time reduction being 30.3, 29.2, 22.8 and 18.3%
at 40, 50, 60 and 70 °C, respectively (Fig. 1). This effect has
previously been reported in the case of the US-assisted dry-
ing of passion fruit peel (Do Nascimento et al., 2016), cherry
tomatoes (Fernandes et al., 2016) or red peppers (Carcel
et al., 2019) over a similar temperature range. As the temper-
ature increased, the drying air provided more energy to the
system masking the effect of ultrasound application, which
was more intense at low temperatures. In fact, studying the
ultrasound-assisted drying (20.5 kW/m?) of kiwifruit at low

Table 1 Parameters identified from the modeling of kiwifruit drying
experiments carried out at different temperatures (40, 50, 60 and 70
°C) with and without (US) ultrasound application: effective diffusivity
(Deﬂ), mass transfer coefficient (k) and percentage of explained vari-
ance for the model (% Var)

Drying D, 7 x107° k x1073 %Var
(m~/s) (kg water /mz-s)
40 1.70(0.04)* 1.4(0.1)* 99.84
40-US 2.31(0.04)* 1.7(0.3)° 99.66
50 2.2(0.4) 1.8(0.2)° 99.76
50-US 3.8(0.7)* 2.000.1)° 99.63
60 3.5(0.3)° 2.1(0.2)° 99.64
60-US 4.4(0.6)° 2.6(0.1)¢ 99.78
70 4.7(0.7)¢ 2.72(0.08)¢ 99.79
70-US 6(1)¢ 3.5(0.1)° 99.55

Average values and standard deviation. Different superscripts within
the same column indicates significant differences (p < 0.05) estab-
lished from LSD intervals

temperature 5, 10 and 15 °C, Vallespir et al. (2019) reported
greater time reductions (between 55 and 65%). Therefore,
the lower the drying air temperature, the more intense the
ultrasound effects on drying kinetics.

Mathematical Modeling

Table 1 shows the mean values of effective diffusivity
(D) and the mass transfer coefficient (k) identified in the
modeling of drying kinetics obtained under the different
experimental conditions tested. Regardless of the conditions

Fig. 1 Experimental evolution 1 14 b
of dimensionless moisture ' 50
content (MR = %) of 0.8 0.8 - = 50-US
kiwifruit during dryiflg at O =
different temperatures (40 (a), o 0.6 x 0.6 1
50 (b), 60 (¢) and 70 (d)) with =204 =04
and without ultrasound
application 0.2 0.2
0 0 . — i
0 5 10 15
Time (h)
1 1 1‘ 70
c 60 ] d = 70-US
08 1 = 60-US 08 l‘
= 4 <06 4
v 0.6 02: &
=04 - 0.4 - \
0.2 1 0.2 E
0 B B E 0 1 . T T
0 5 10 15 0 5 10 15
Time (h) Time (h)
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considered, the percentage of explained variance (% Var) was
greater than 99%, which indicates the good fit of the model.
The identified values were in the range as other reported
for kiwifruit drying (Guine et al., 2017; Liu et al., 2020b).

The D,; values identified (from 1.7 to 6.0 -10™ m%s)
increased in line with the rise in the drying air tempera-
ture. Thus, it was observed that an increase in the air dry-
ing temperature from 40 to 70 °C meant a 64% rise in D, 4.
The increase in drying temperature provided more energy
for the movement of the water molecules, thereby enhanc-
ing the diffusivity of the water within the sample (Martin-
Goémez et al., 2020). The mass transfer coefficient, k, was
also affected by temperature, inducing an increase of about
49% when the temperature rose to 70 °C from 40 °C.

The application of ultrasound (US) increased both D,
and k compared with conventional drying (without ultra-
sound application) carried out at the same temperature.
Inside the kiwifruit samples, US could weaken the inter-
nal resistance to mass transfer by the formation of internal
microchannels facilitating the diffusion of water from the
interior to the surface (Goztepe et al., 2022; Vallespir et al.,
2019). US also affected the external resistance, generat-
ing turbulence and microstreaming at the interfaces which
reduced the boundary layer of diffusion and caused changes
in the surface of the product (Garcia-Perez et al., 2023).
Thus, the intensification of the D, and k values induced by
US treatment applied in this study was found to be approxi-
mately equivalent to an increase in the drying temperature
of 10 °C.

The influence of temperature on D,; was quantified by
fitting an Arrhenius relationship (Fig. 2). The correlation
coefficients achieved (0.9891 and 0.9613 for experiments
carried out without and with US application, respectively)
showed the good fit of this equation. The activation energy
value (E,) estimated for samples dried without US applica-
tion was 30.95 kJ/mol. This value is coherent with other E,,

1T
0.0029 0.003 0.0031 0.0032 0.0033
-18.8 . . , )
e
-19.2 { B o =-3296.1x - 9.2943
... Re=09613
5 Iy o US
2 .19.6 A - - non-US
S > ~
- \\\ S ~
=-3722.7x - 8.3293 3+ _ Y
-20 + R2 = 0.9891
-20.4 -

Fig.2 Fit of Arrhenius equation (dotted line) to the relationship of
the identified moisture effective diffusivities for kiwifruit drying with
and without ultrasound application and drying temperature

values found in kiwifruit drying (Chin et al., 2015; Guine
et al., 2017; Simal et al., 2005) and indicates how the sig-
nificant is temperature influence on the drying kinetics of
kiwifruit. In the case of drying with US application, the E,
value obtained, 27.41 kJ/mol, was lower. The additional
mechanical energy provided by ultrasound reduced the
influence of temperature on the drying kinetics (Bennaceur
et al., 2021). Moreover, the application of US significantly
reduced the pre-exponential value Dy, from 2.41x 107 to
9.19% 107 m%s.

Color

Color is one of the most important quality parameters of
dried food products, and can determine consumer accept-
ance. The use of high temperatures during drying can cause
the degradation of some compounds, as well as Maillard
browning reactions (Vieira da Silva Janior et al., 2018).
In the case of kiwifruit, it was found that drying produced
changes in the color parameters regardless of the conditions
applied (Table 2). Thus, the value of L* increased signifi-
cantly after drying: the higher the drying temperature, the
greater the value. Although some authors have reported a
lower degree of luminosity after the drying of different prod-
ucts (Bhat et al., 2022; Martins et al., 2019). Simal et al.
(2005) also observed that luminosity increased alongside
the rise in temperature when studying the drying of kiwi-
fruit. Parameter a* moved from negative values in fresh
kiwifruit to positive in the case of dried samples, indicating
a transition from green to red, which was enhanced with
the increase in temperature. Chlorophyll is a thermosensi-
tive compound, responsible for the greenness of kiwifruit
(Kroehnke et al., 2021) and its degradation resulting from

Table2 Color parameters of fresh and dried kiwifruit at different
temperatures (40, 50, 60 and 70 °C), with (US) and without ultra-
sound application, and color difference (AE) between fresh and dried
samples

Drying L* a* b* AE
fresh 32(4)? -9(1)? 40(8)° -

40 57(8)° S3(1)° 40(12)® 29(3)
40-US 59(9)" 202)° 36(7)* 28(6)
50 57(5)% -1 37(5)® 28(5)*
50-US 58(6)* 0(1)¢ 36(3)* 28(6)*
60 61(6) 1.4(0.3)° 36(2)* 34(6)°
60-US 57(5)* 1(1)° 39(6)® 29(4)
70 63(5)¢ 1.5(0.9) 36(4)* 33(4)b
70-US 59(5)% 2.0(0.9)° 40(5)® 29(5)*

Values are reported as means (SD)

4~¢ Different superscripts in the same column indicates significant dif-
ferences (p <0.05) established from LSD intervals
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the thermal treatment involved in the drying process, could
be associated with the changes in parameter a*.

Regarding the effect of US application during drying, it
did not induce significant changes in the color parameters
at low temperatures. However, significantly lower AE was
observed in samples dried at 60 and 70 °C with ultrasound
application (Table 2), similar to those found at lower dry-
ing temperatures. The decrease in drying times caused by
US could weaken the undesired thermal effects and reduce
oxidation during drying, as has been seen in the US drying
of other products, such as mushrooms (Szadzinska et al.,
2022), raspberries (Kowalski et al., 2016) or sunflower seeds
(Dibagar et al., 2020).

Antioxidant Properties

The retention percentage of the antioxidant capacity (AC),
vitamin C (VC) and total phenolic content (TPC) were deter-
mined to evaluate the influence of the drying temperature
and US application on the antioxidant properties of dried
kiwifruit samples.

The AC of the fresh kiwifruit was 120 +26 pmol Trolox/
100 g dm. This value dropped after drying, with the retention
values observed being in the range of 43 and 58% (Table 3).
The rise in the drying temperature resulted in higher AC
retention percentages. The long drying times required when
drying at low temperatures could lead to the oxidation of the
antioxidant compounds. At the same time, high temperatures
could better preserve the antioxidant activity because of the
inactivation of oxidative enzymes as well as the formation
of new antioxidant compounds derived from Maillard reac-
tions (Llavata et al., 2022). The enhancement of the AC as
the temperature rises has also been observed in the case of
the drying of maqui berries (Rodriguez et al., 2016) or plums
(Hassan et al., 2022).

Table 3 Percentage of retention of antioxidant activity (AC), vitamin
C (VC) and total phenolic compounds (TPC) of kiwifruit after drying
at different temperatures (40, 50, 60 and 70 °C) with and without US
application

Drying AC VC TPC

40 43(7)" 60(12) 98(22)*
40-US 45(5)® 62(7) 120(24)°
50 49(8)° 70(12)%¢ 133(15)%
50-US 48(4)> 65(10)%° 121(16)"
60 53(4)4 68(9)° 127(14)b<d
60-US 45(4)® 62(14)® 124(25)"
70 58(11)° 72(9)% 137(27)¢
70-US 58(7)° 77(9)° 160(18)°

Values are reported as means (SD)

4~¢ Different superscripts in the same column indicates significant dif-
ferences (p <0.05) established from LSD intervals
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US application affected the AC of samples dried at 60 °C,
during which process a significant decrease (p < 0.05) was
observed. However, no significant differences were found for
samples dried at the other temperatures tested. When drying
passion fruit peel, Do Nascimiento et al. (2016) reported that
the application of US did not produce any significant effect
in AC at temperatures of 40 and 50 °C, but caused an intense
decrease at 60 and 70 °C. These authors attributed this fact to
the combination of the high temperature and cellular damage
caused by US.

The antioxidant activity of a product is dependent on the
content of antioxidant compounds. In this study, a close cor-
relation was found between the percentage of AC retention
and those of VC (correlation coefficient of 0.9118) and TPC
(correlation coefficient of 0.8341). The VC content of fresh
samples (90+3 mg AA/100 g dm), which was similar to
that found in other studies (Bhat et al., 2022; Zhou et al.,
2018), decreased after drying until a retention range from 60
to 77% (Table 3). The greatest loss in VC was observed in
the samples dried at 40 °C. No significant differences were
found among the other temperatures tested. The longer dry-
ing time at 40 °C could lead to its greater degradation. The
application of US involves a slight but significant (p <0.05)
decrease of VC retention at 50 and 60 °C but an increase
at 70 °C, being this last results likely linked to the shorter
drying process. When applying US in kiwifruit drying by
contact among transducer and sample (no airborne US),
Liu et al. (2019) found better VC retentions at every tem-
perature studied. They attributed this fact to the reductions
in the drying time and oxidation reaction time. Conversely,
Vallespir et al. (2019), studying the drying of kiwifruit at
low temperature (from 5 to 15 °C), found that the applica-
tion of airborne US reduced the VC content. They related
this fact to the structural damage caused by ultrasonic waves.
The results observed in the current study when applying US
during drying could be attributed to the fact that the possible
negative effects of US on VC could be masked by the posi-
tive ones induced by the shortening of the drying process.

The initial TPC of the kiwifruit samples was 3.0+0.9 mg
GA/ 100 g dm. Unlike AC and VC, the retention percent-
age of TPC increased after drying. Some studies reported a
reduction of TPC after drying and attributed this to a pos-
sible degradation of phenolic compounds (Goztepe et al.,
2022; Kayacan et al., 2020). However, higher TPC values
have been found after the drying process in products such
as guava (Liu et al., 2020), wolfberry (Dandan Zhao et al.,
2019) or grape (Martin-Gémez et al., 2019). In these cases,
new polyphenols can be released, such as some phenolic
acids bounded to cellular structures. In addition, polyphenols
in an intermediate oxidation state may have greater radical
scavenging efficiency. Kiwifruit has a good phenolic pro-
file, rich in phenols such as pyrogallol, quercetin, caffeic
acid or ferulic acid among others (Bursal & Giilcin, 2011)



Food and Bioprocess Technology (2024) 17:440-451

447

which content and activity could be affected by drying con-
ditions. Thus, only samples dried at 40 °C without US appli-
cation, which corresponded to the longest drying process,
did not show a significant increase in TPC. US application
at this temperature enhanced the TPC, possibly due to the
shorter exposure to oxygen. A significant improvement in
TPC was found when applying US at 70 °C. The application
of ultrasound, in this sense, could have promoted a greater
extraction of phenolic compounds. Thus, Wang et al. (2019)
reported an increase in the content of polyphenols such as
ferulic acid, catechin and gallic acid in dried kiwifruit sam-
ples pretreated with ultrasound. They attributed this fact not
only due to cell membrane rupture, but also due to the addi-
tion of hydroxyl radicals to their aromatic rings. This result
disagrees with those reported by Do Nascimento et al. (2016)
for passion fruit peel drying where a significant decrease
of TPC was found in drying experiments with ultrasound
application carried out at the same temperature, 70 °C. This
fact indicates that the combined effects of temperature and
ultrasound are highly dependent on the product considered.
Additional studies could help to a better understanding of
the evolution of phenolic content and phenolic profile during
drying of kiwifruit.

It could be stated that the high drying temperatures con-
tributed to a better preservation of the antioxidant properties
of kiwifruit samples. In addition, ultrasound generally did
not have a negative effect on antioxidant properties; on the
contrary, in some cases it even induced a better retention of
antioxidant compounds.

Functional Properties

Kiwifruit is a source of both soluble and insoluble fiber due
to its content of hemicelluloses, cellulose, pectic substances
or lignin (Wang et al., 2021). The temperature of the drying
process, as well as the application of ultrasound, can modify
these compounds and, thus, the functional properties of the
kiwifruit.

Swelling capacity (SW) indicates how much the matrix
swells when water is absorbed. It is related with the satiat-
ing capacity of fiber when introduced into a diet. The SW of
dried samples varied between 3.9 and 7.7 mL/g dm (Fig. 3a),
which was in the range of those found by Zhuang et al.
(2019). The highest value of SW was found in the samples
dried at 60 °C, while they were significantly lower (p <0.05)
at 40 and 70 °C. Longer drying processes associated with
lower temperatures can cause tissue shrinkage that affects
porosity (Nieto-Calvache et al., 2019). On the contrary, the
use of high temperatures can damage polysaccharides, and
thus hinder water absorption. As far as US application is
concerned, a SW improvement was found when applying
US during drying process at 50 °C. The mechanical effect
produced by US could cause some cell rupture resulting in
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Fig.3 Swelling capacity (a), water retention capacity (b) and oil
retention capacity (c¢) of kiwifruit dried at different temperatures with
and without ultrasound application

an enhancement of this property. However, at the remaining
temperatures, no statistical differences were found. When
working on the convective drying of orange peel, Mello et al.
(2020) did not find any significant differences in the SW
when applying US.

The water retention capacity (WRC) is related to an
increase in the speed of the passage of feces through the
intestinal tract. Therefore, it is associated with the prevention
of disorders, such as constipation, and some types of can-
cer, such as colon cancer. The kiwifruit samples presented
WRC values of between 2.7 and 4.4 kg w/kg dm (Fig. 3b).
Similarly to SW, the highest value was also found in samples
dried at 60 °C, while samples dried at 70 °C presented the
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lowest. High-temperature drying can generate a more rigid
structure and lead to the collapse of channels, worsening the
WRC (Llavata et al., 2022; Santos et al., 2022). Although the
application of US during drying improved the WRC at the
two lowest temperatures tested, 40 and 50 °C, it reduced it
at 60 and 70 °C; these differences, however, were significant
only in samples dried at 60 °C.

The oil retention capacity (ORC) is a measurement of
the ability of the product for retaining fats, avoiding their
absorption in the intestinal tract. The ingestion of products
with this functional property is related with a reduction of
the cholesterol level in blood. The dried kiwifruit samples
presented an ORC in the range of 2.5 to 3.1 kg oil/kg dm
(Fig. 3c). These values were lower than those found for
dehydrated mushroom samples (Vallespir et al., 2019) but
higher than the ORC of other products, such as lemon peel
(Ghanem et al., 2020) or apple and orange pomace (O’Shea
et al., 2015). This could be of great interest since high ORC
values can prevent oil losses during food processing or
reduce cholesterol absorption during digestion (Liu et al.,
2021). Again, it was found that drying at the intermediate
temperatures tested, 50 and 60 °C, better preserved ORC,
indicating that both the long processing time and the high
temperatures impair the functional properties. This trend
was also observed in the drying of artichoke bracts and
stems (Borsini et al., 2021). The application of ultrasound
only affected ORC at the lowest temperature tested, 40 °C,
at which a significant (p < 0.05) increase in ORC was found.
Vallespir et al. (2019) studying the drying of kiwifruit at
low temperature (5—15 °C) also reported an improvement of
ORC when ultrasound was applied.

Therefore, the functional properties of kiwifruit were bet-
ter preserved by drying at intermediate temperatures, espe-
cially at 60 °C, without there being a marked influence of
the application of ultrasound during drying.

Conclusions

The drying of kiwifruit at different temperatures with the
application of airborne ultrasound was assessed. An increase
in the drying temperature led to a reduction in the process
time. Power ultrasound shortened the drying times in every
case, the influence being more evident at lower temperatures.
The diffusive model, which presented a good fit, revealed
that US application reduced both internal and external mass
transfer resistance. The increase in the D, and k values was
equivalent to an increase in the drying temperature of over
10 °C. The identified E, value demonstrated the great influ-
ence of the drying temperature on the drying kinetics of
kiwifruit, an influence which weakened when applying US.

@ Springer

As for the quality parameters, the drying affected the color
of the kiwifruit samples. The L* value increased significantly
after drying and a* increased in line with the rise in the dry-
ing temperature. The AC and VC decreased after drying,
being better preserved when high drying temperatures were
used. In contrast, the TPC increased, which can be related
with the formation of new phenolic compounds or a better
extraction due to structural changes caused by the US. US
application reduced the antioxidant properties of the sam-
ples dried at 50 and 60 °C, but strengthened them at 40 and
70 °C. Finally, the functional properties of kiwifruit fiber,
SW, WRC and ORC, were greater at the intermediate drying
temperatures tested of 50 and 60 °C, which increased slightly
when US was applied.

Therefore, as a whole, it can be stated that the drying
of kiwifruit at 60 °C with US application could represent a
good balance between a short processing time and quality
preservation. In these conditions, the drying time was simi-
lar to that obtained when drying at 70 °C, and the quality
parameters were similar to those obtained at 50-60 °C.
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