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This study investigated the impact of various drying techniques and ultrasound pretreatments on the
drying kinetics, rehydration properties, energy efficiency, and quality parameters of apple slices.
Apples were dried using hot-air drying at 55 °C and 65 °C, and intermittent microwave drying at
240 W and 400 W. US pretreatment was applied at acoustic densities of 60 and 80 W L™! prior to
hot-air drying to assess its effect on mass transfer and quality. The drying behavior was modeled
using both thin-layer mathematical models and artificial neural networks. Results revealed that US
pretreatment significantly enhanced the drying rate and reduced drying time and energy
consumption, particularly at higher acoustic density and temperature, while intermittent microwave
drying achieved the shortest drying durations and lowest energy consumption. Among the models,
the Midilli and Kucuk model best described the thin-layer drying data, although ANN models
provided superior predictive performance across most conditions. Rehydration ratio was positively
influenced by US pretreatment at lower temperatures but was adversely affected at higher
temperatures and higher microwave power levels due to structural damage. Total phenolic content
and antioxidant activity were preserved or enhanced by microwave drying, whereas US
pretreatment showed no clear benefit and, in some cases, led to degradation, likely due to prolonged
sonication and water immersion. Color values showed minimal undesirable changes with US
pretreatment, and higher L* values (lightness) were retained in most cases. a* and b* values
increased after drying processes. Principal component analysis (PCA) effectively differentiated
treatment groups based on all measured parameters. US pretreated and unpretreated samples are
positioned in the same place, while intermittent microwave dried and fresh samples are in a different
plane. In conclusion, US pretreatment and microwave drying are promising technologies for
improving drying efficiency and maintaining quality in dried apple products.
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Apple (Malus domestica), one of the most consumed
fresh fruits, produced 153 million tons in 2023. Among the
world apple production, Turkey is the third major apple
producer with 4.6 million tons after China and ABD
(FAOSTAT 2025). Apples are nutritional source such as
vitamins,  phenolic  components, minerals and
carbohydrates and health-beneficial fruits due to having
bioactive components (Bai et al., 2023, Vega-Galvez et al.,
2012). Apples can be consumed as fresh, dried, juice or
other processed derivatives (Jedlinska et al., 2025). Due to
its high moisture content like other fruits and vegetables,
apples are perishable and have short storage life (Bai et al.,
2023). Therefore, dried apples have become attractive
products for having longer shelf life and worthful
component of ready-to-eat foods (Jedlinska et al., 2025).

Food loss and waste is one of the major obstacles to a
sustainable world. Especially, perishable foods (such as
fruits and vegetables) cause post-harvest loss which is a
significant challenge for global scale (Haider & Choubey,
2024). Approximately 30% of apples produced loss due to
poor storage and transportation conditions (Manrich,
2024). Drying is the most popular and most used technique
of food preservation and easy way to prevent post-harvest
loss. A mass transfer process occurs during drying of foods
by removing moisture from food (Adeyeye et al., 2022).
Reducing moisture content of food cause prevention to
microbial spoilage and enzymatic deterioration, extension
shelf life, minimization storage and transportation costs by
reducing volume (Alp & Bulantekin, 2021, Bai et al., 2023,
Kahraman et al., 2021). In addition to these advantages hot-
air drying, is one of the most used traditional drying
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methods in food industry, also has some important
disadvantages due to the temperature and time such as
degradation of nutritional and bioactive components, color
alterations and shrinkage problems (Fathi et al., 2022). On
the other hand, microwave (MW) drying provides bulk
heating by causing internal heat generation originating
from MW frequency interaction with material (Farthi et al.,
2022). When a material is exposed to microwave, ions and
molecules oscillate and an internal friction has occurred.
Thus, the kinetic energy is converted to heat energy which
causes volumetric heat. The volumetric heat induces
shortening in drying time by rapidly moisture vaporization
(Radoj¢in et al., 2021). Therefore, not only lower energy
consumption, but also losses in bioactive substances are
reduced and better-quality final product is obtained (Fathi
etal., 2022).

Some pretreatments might prevent loss of nutritional
and bioactive properties of dried products. Among the
pretreatments ultrasound (US) technology has shined out
last decades due to accelerating mass and heat transfer,
reducing drying time and energy consumption and
improving the quality of dried products (Xu et al., 2022).
US, have a frequency of 20 kHz-100 MHz which cannot be
heard by humans is high noisy mechanical sound (Bagheri
& Dinani, 2019). High power ultrasonic waves having low
frequency are used for some food processes such as
freezing, extraction, fermentation and drying. As a
pretreatment, the US has three main effects on material;
cavitation, sponge effect and creation of microscopic
channels (Xu et al., 2022). Cavitation, which occurs in
liquid phase, is a phenomenon about vacuum bubbles.
When the internal pressure of cavitation bubbles overtakes
their surface tension, the bubbles explode. The collapsing
of cavitation bubbles weakens the cellular membranes in
the US pretreated food, causes them to break down, thus
facilitating the removal of water from the food. Cavitation
also induces shear stress generation, microstreaming of
moisture and formation of free radicals caused by
degradation of water molecules (Bagheri & Dinani, 2019,
Xu et al., 2022, Eroglu, 2024). When acoustic waves cross
the food matrix, squeezing and decompression behaviors
occur in the sample and it causes a mechanical “sponge
effect” which results in the formation of microchannels and
assists the diffusion of intracellular moisture to the surface
(Wang et al., 2019, Xu et al., 2022). Both cavitation and
sponge effect generate microscopic channels which
accelerate heat and mass transfer (Xu et al., 2022). Due to
these capabilities, US pretreatment is a promising
application that can improve drying efficiency.

The aim of this study is to evaluate drying
characteristics, rehydration ratio, color properties, total
phenolic content and antioxidant activity of apple slices
dried by hot-air drying (55 and 65 °C) and intermittent
microwave drying (240 W and 400 W) and examining the
effect of US pretreatment at two different power level on
hot-air dried samples. In addition, thin layer modelling and
artificial neural network modeling were used to describe
drying kinetics. Another objective is to determine the best
drying method in terms of all parameters by analyzing the
experimental results with principal component analysis
(PCA). The findings of the study can provide important
approaches and information to optimize industrial dried
apple slice production and further scientific studies.

Materials and Methods

Sample Preparation

The apples (Granny smith var.) were purchased from a
local market in Sebinkarahisar, Giresun, Tirkiye. After
washing samples, the remaining water was dried with filter
paper. Following removal of seeds and peels, apples were
sliced into 3.8 + 0.1 mm thickness by an adjustable
stainless-steel slicer. The thickness of samples was
measured by an digital caliper. Initial moisture content of
the apples was determined as 84.63 % + 0.17 on a wet basis
(w.b.).

Hot Air Drying of Apples

100 g of apple slices was dried by using drying tray in
the drying oven (Niive, FN 400) at two temperatures of 55
and 65°C=+1°C. The weight change was periodically
measured by a digital weight measurement (Presica 620)
during the drying. The drying experiment was finished till
the moisture content of apple samples reached 10% w.b..
All drying experiments were carried out in triplicate. The
same conditions were used for the drying experiments of
the untreated and pretreated samples.

Intermittent Microwave Drying of Apples

A domestic microwave oven (Argelik MD 2084),
which has 800 W output power and 2450 GHz, was used
for intermittent microwave drying of the samples. Two
microwave powers, 240 W and 400 W, were used for trials.
For reducing overheating and burning risks, the
intermittent microwave drying method was used with 30 s
on and 15 s off (Macedo et al., 2022). 50 g of apple slice
were placed in a perforated polypropylene plate and the
weight of samples measured periodically with a digital
weight. The drying experiment continued till the final
moisture content of samples reached 10% w.b.

Ultrasound pretreatment

Apple samples were put in an ultrasonic water bath
(DzgScience, 50 Hz, 240 W US power) and US
pretreatments were performed at two different acoustic
density (ultrasonic power per volume (Rodriguez et al.,
2017)) 60 and 80 W L-! for 30 min. After sonication, excess
water on the surface of apple samples was dried using filter
paper. 100 g of pretreated samples were put on drying tray
and were dried at 55 and 65°C until the 10% WB moisture
content. After pretreatment, the moisture content of
samples for 60 W L' and 80 W L' was found to be 86.95%
+0.26 and 88.37% + 0.38.

Drying Characteristics of Apples

Moisture Content of Apples

The moisture content changes of samples at intervals
were observed and measured via equation (1) (Demiray et
al., 2023).

m—-DM

M, =
DM

)

M :Moisture content of the sample at any given time
(g water g ! on a dry basis (d.m.))

m :the weight (g) of the sample

DM : Dry matter content (g) of the sample
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Moisture Ratio of Apples
Moisture ratio (MR) was determined by equation (2).

_ M¢-M,
T Mi-M,

MR 2

Me.: The equilibrium moisture content

M;: The moisture content at any time,

M;: The initial moisture content.

The value of "M." was neglected as it has too small
value when compared to both "M;" and "M;. Therefore, M.
can be assumed as 0 (Maskan, 2000, Evin, 2012).

Drying Rate
Equation (3) was used for determining drying rate (DR)
(Demiray et al., 2023).

_ M—Mgyppe
DR = =& 3)

where M. is moisture content at t + At (g water g’!
d.m.), t is the time (min) and At time difference (min).

Effective Moisture Diffusivity

Fick's diffusion equation describes the drying behavior
of biological materials during the falling rate phase. Crank
(1979) formulation of Equation (4), derived from Fick’s
second law of diffusion, is widely applicable to various
geometric  configurations, including  rectangular,
cylindrical, and spherical systems. In the context of food
drying, biological tissues or food samples are often
idealized as infinite slabs to facilitate analytical modeling.
The model operates under the assumption that the ambient
temperature remains constant during the drying process.
The effective moisture diffusivity (Deff) is treated as
uniform throughout the material, while effects such as
structural shrinkage, capillary transport, and other
secondary mass transfer mechanisms are disregarded.
Furthermore, moisture migration is considered to occur
solely in one dimension, normal to the surface of the slab,
aligning with the one-dimensional drying assumption.
MR ==

2 12
T n=1 (2n-1)

exp (—(Zn - Dm? M) 4)

412

The Deff was calculated with equation (5), where t is
the drying duration and L is half the thickness of the fresh
apple samples. For extended drying periods, under the
assumption that n = 1, equation (4) reduces to equation (5)
(Crank 1979).

In(MR) = In (%) = (X5 Deyyt) 5)

A linear correlation is observed between the
drying duration and the natural logarithm of the moisture
ratio (MR), producing a straight-line trend. The gradient of
this line is quantitatively described by Equation (6) (Crank
1979).

7.[2
Slope = — + Deyy (6)

Mathematical Modelling of Apples

Thin layer models used in this study were shown in
Table 1. The root mean square error (RMSE), reduced chi-
square (y?), and coefficient of determination (R?) were
calculated by using equations (7), (8), and (9), respectively
(Demiray et al., 2017).

Table 1. Thin layer drying models

Model name Model References
. Henderson and
Henderson and Pabis aexp(—kt) Pabis (1961)
Page exp(—kt™) Page (1949)
A, _Len Tunckal &
Midilli & Kucuk aexp(—kt™) + bt Doymaz (2020)
1 2
RMSE = [~ XX o(MRpye = MRes)? | ™
_ 2:Iiv=0(1"mpre,i_IVIRexp,i)z
X2 = rei” ®)
2 _ Y(MRpre—X MRexp)z )
L(MRpre,av— ¥ MRexp)”
MRy : Predicted moisture ratio
MRy, : Experimental moisture ratio
N : Number of observation data points
n : Constants of the thin layer drying models

MATLAB software (R2015a, version 8.5), along with
its nonlinear curve-fitting toolbox utilizing the trust-region
method, was used to calculate statistical parameters and
perform curve fitting. The highest R? and the lowest %* and
RMSE values have been decisive for selection of the most
suitable thin-layer model (Demiray et al., 2017).

Artificial Neural Network Modelling of Apples
During Drying Process

In this study, the artificial neural network (ANN) was
developed using the Levenberg-Marquardt back-
propagation algorithm, as suggested by Omari et al. (2018),
and implemented via MATLAB software (R2015a, version
8.5) utilizing the Neural Net Fitting Toolbox. Comparative
analysis of algorithmic performance indicated that the
Levenberg—Marquardt method outperformed both
Bayesian regularization and the scaled conjugate gradient
approach in terms of mean squared error (MSE) and the
coefficient of correlation (R), justifying its selection in line
with prior recommendations (Omari et al., 2018). The
ANN architecture was constructed with drying time and
acoustic density as the input parameter and moisture ratio
(MR) as the target output. The hidden layer employed the
hyperbolic tangent sigmoid (tansig) activation function,
which demonstrated superior predictive accuracy
compared to the radial basis function during preliminary
testing. Model optimization was conducted through
systematic evaluation of neuron counts in the hidden layer,
using MSE and R? as performance metrics. The optimal
structure was identified as having three neurons in the
hidden layer, balancing model complexity and predictive
performance. Experimental data were derived from three
independent drying trials and partitioned into training
(60%), validation (20%), and testing (20%) subsets. This
data division yielded more favorable results—
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characterized by lower MSE and higher R? values—than
alternative splits of 70:15:15 and 50:25:25. To prevent
model overfitting, training was governed by specific
stopping criteria, including a maximum of 1000 training
iterations (epochs), a limit of six validation failures, and a
performance gradient threshold set at 1x1077 (Yildiz et al.,
2015). Model performance was assessed based on RMSE
and R? values, enabling a robust evaluation of the ANN's
ability to predict moisture ratio as a function of drying time
under the given experimental conditions.

Energy Consumption of Drying Process

A power meter (Polaxtor, PLX-15366) was used for
determining the energy consumption of drying processes.
Specific energy consumption (SEC, kWh kg water) of
drying process was calculated via equation (10) (Aksiit et
al., 2023).

Total consumed Ener, kWh
SEC = gy (kWh)

Total removed moisture (kg) (10)

Color Properties of Apples

Color properties of apples were determined by a color
measurement device (3NHNRI10QC, China). The
measurements were carried out with selected five different
samples. In addition to L*, a* and b* values, total color
differences (AE) were calculated. AE is employed for the
purpose of determining the discrepancies between fresh
and dried products and calculated with equation (11)
(Horuz et al., 2017).

AE = /Ly — L)% + (ag —a*)? + (b — b2 (11)

Rehydration Ratio of Apples

A method suggested by Tepe & Tepe (2020) was used
to perform rehydration of the apple samples. The
temperature of the water bath was set at 50 °C and 5 g of
dried apple slices were placed in the 500-mL glass
container which contains 400 mL of distilled water at 40
°C. During rehydration, the temperature of the distilled
water in the glass container was controlled by a digital
thermometer (Thr233x-1, China). The rehydration
experiments continued for 6 h. Following the rehydration
process, excess water of apple samples was removed by
filter paper. Then, the rehydrated samples were weighed.
Rehydration ratio (RR) of the samples was calculated by
using equation (12).

RR = (32)

Wi

(12)

Here, W; is the sample weight after rehydration (g), and
Wi is the sample weight before rehydration (g).

Total Phenolic Content and Antioxidant Activity
Analysis

The total phenolic content (TPC) and antioxidant
activity (AA) of samples were evaluated from methanolic
extraction of fresh and dried samples (Choi et al., 2012).
The spectrophotometric methods suggested by Singleton &
Rossi (1965) and Thaipong et al. (2006) were used for
carrying out TPC and AA analysis, respectively. All
analyses were done in triplicate. The results for TPC and
AA were given as mg gallic acid equivalent (GAE) 100 g™
d.m. and mmol Trolox equivalent (mmol TE) 100 g ' d.m.
respectively.

Statistical Analysis

Analysis of variance (ANOVA) was performed to
assess the mean differences among the evaluated
parameters, utilizing SPSS software. A significance
threshold of p = 0.05 was applied. For post-hoc analysis,
Tukey’s test was employed to identify specific group
differences. Furthermore, principal component analysis
(PCA) was conducted using Minitab® version 21.

Results and Discussion

Drying of Apple Slices and Energy Consumption

Drying of apple slices were evaluated based on the
curves of MR vs. time. MR and DR curves of US pretreated
and unpretreated apple slices dried by using hot air-drying
methods and intermittent microwave dried apple slices are
presented in Figure 1 and Figure 2, respectively.
Additionally, Table 2 gives Deff values and drying time of
apple slices. As seen from Table 2 and Figure 1, US
pretreatment improved the drying rate and reduced the
drying time at both temperatures (55 and 65°C).
Furthermore, acoustic density of US pretreatment had also
positive effect on drying rate. As it increased, the drying
rate increased, and drying time decreased. Among the hot
air-dried samples, the highest drying rate and Deff value
were calculated at the sample coded 8OWL-65°C. Deff
indicates dehydration ability of products for determining
optimum drying process. Increasing Deff is related to
reducing drying time and increasing drying rate.
Fijalkowska et al. (2016), Tiifek¢i & Ozkal (2020) and
Musielak et al. (2024) notified positive effect of US
pretreatment on drying time of apple slices. In other
studies, similar phenomenon was mentioned by Yamchi et
al. (2022) in peach slices, Bozkir et al. (2019) in garlic
slices and Denglin et al. (2015) in carrot slices. US
pretreatment forms microchannels by sponge effect that
enables moisture to transfer from inside to surface of foods
(Bozkir et al., 2019; Wang et al., 2019). Additionally,
Removing dissolved oxygen from within cells enhances
both heat and mass transfer during the drying process
(Wang et al., 2019). On the other hand, intermittent
microwave drying provides a faster drying rate and a
shorter drying time compared to other drying methods.
Increasing microwave power generally promotes increased
porosity within the food matrix and leads to higher sample
temperatures (Guo et al., 2017, Taghinezhad et al., 2023).
This effect arises from the intense internal vapor pressure
generated during microwave heating, which contributes to
the development of a porous structure (Aydogu et al.,
2015). Greater microwave intensity accelerates moisture
migration from the interior of the material by amplifying
the thermal gradient and vapor pressure difference between
the core and the surface (Kumar et al., 2016). Additionally,
the rise in temperature can trigger cell structure disruption
and phase transitions, resulting in significant structural
damage. In such cases, bound water is more readily
released from the compromised tissue compared to
samples with less structural degradation during
intermittent microwave drying (Guo et al., 2017). The
similar drying behavior were stated in apple slices by Izli
& Polat (2020), Tepe & Tepe (2020) and Taghinezhad et
al. (2023).
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Figure 1. Moisture ratio (a) and drying rate (b) of hot air-dried apple slices

Table 2 presents SEC values of dried apple slices. As
seen, an increase in the drying rate resulted in a decrease in
the SEC value. This indicates that the US pretreatment and
intermittent microwave drying method contribute
positively to the more efficient use of energy required for
the drying process. Taghinezhad et al. (2023) reported that
US pretreatment and increasing microwave power led to
less energy consumption in intermittent microwave dried
apple slices. In another study, it was notified that lower
energy consumption was provided in hot air-dried apple
slices by US pretreatment. (Musielak et al., 2024). Rasooli
Sharabiani et al. (2021) noted lower SEC in hot air and
intermittent microwave dried apple slices when increasing

in temperature and power. In conclusion, US pretreatment
and intermittent microwave drying methods can provide
less energy consumption. The results of the current study
showed similarity with literature.

Modeling of Drying Experiments

Thin layer and ANN modeling details are given in
Table 3. According to numeric values of the models,
Midilli & Kucuk model gave the best fit among the thin
layer models. %2, RMSE and R? values of Midilli models
were in the ranges of 1.72892 x 10 — 2.72439 x 10,
0.001126 —0.01493, 0.9985-0.9999, respectively.
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Figure 2. Moisture ratio (a) and drying rate (b) of intermittent microwave dried apple slices

Additionally, when the rate constants (k and c) of the
models are examined, it is seen that the rate constants
increase with the increase in drying rate. Musielak et al.
(2024) and Nowacka et al. (2012) found similar results in
apple slices for both US pretreatment prior to hot air-drying
and intermittent microwave drying. The great description
performance of Midilli & Kucuk model was observed in
other dried food materials by Tepe (2024a) in carrot slices,
Yamchi et al. (2022) in peach slices and Kian-Pour (2023)
in quince slices. On the other hand, ANN modeling
generally showed better description performance when
compared to thin layers models except for 65 °C and
60WL-65°C. Statistical data such as RMSE and R? of ANN
were found to be between 0.0030992-0.0282658 and
0.9966-0.9999, respectively. Khoshhal et al. (2010) and

Tepe (2024b) reported greater performance of ANN
modeling than thin layer modeling hot air-dried apple
slices. Similar results were reported in different foods by
Sarkar et al. (2021) in bael fruits and Thuy et al. (2025) in
Moringa olifera leaves. Figure 3 and Figure 4 show the
best validation performance and regressions. As seen in
Figures, similar progressions were found in validation and
test error curves. The validation and test error curves
follow a consistent trend, suggesting that no overfitting
occur during the training of the ANN (Kurtulmus et al.,
2020). In conclusion, although the Midilli & Kucuk model
demonstrated good predictive performance, the ANN
modeling generally yielded significantly better results
compared to thin-layer models.
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Experiments Deff (m?s") Time (min) SEC (kWh kg™! water) SD (&)
55°C 1.15x 10710 540 11.68 0.058
65°C 1.54x 10710 360 9.85 0.034
60WL-55°C 1.25x 10710 450 10.14 0.237
80WL-55°C 1.32x 10710 420 8.18 0.048
60WL-65°C 1.78 x 10710 330 7.42 0.198
80WL-65°C 2.02x 10710 270 6.11 0.232
240W 2.04x 10710 28 3.09 0.019
400W 5.14x 1010 15 1.63 0.012

Table 3. Modeling data of apple slice’s curves
Model Experiments Model Constants 1 RMSE R?
55°C k=0.0003687 n=1.446 0.000694669 0.02513 0.9952
65°C k=0.000623 n=1.432 0.000863029 0.02748 0.9941
60WL-55°C  k=0.000333  n=1.488 0.00092252 0.02873 0.9936
Page 80WL-55°C  k=0.0004621 n=1.445 0.000919562 0.02859 0.9936
60WL-65°C  k=0.0006074 n=1.476 0.00070452 0.02471 0.9955
80WL-65°C  k=0.0008815 n=1.445 0.000919939 0.0279 0.994
240W k=0.009012 n=1.596 0.000134732 0.0112 0.999
400W k=10.03661 n=1.694 0.000152066 0.01148 0.999
55°C k=0.004721 a=1.09 0.003909999 0.05962 0.9729
65°C k=0.006301 a=1.084 0.004378983 0.0619  0.97
60WL-55°C  k=0.00512 a=1.093 0.00484048 0.06581 0.9667
Henderson & Pabis 80WL-55°C  k=0.005402 a=1.086 0.004366451 0.0623 0.9694
60WL-65°C  k=0.007297 a=1.094 0.005000295 0.06583 0.968
80WL-65°C  k=0.008273  a=1.081 0.005042466 0.06532 0.9669
240W k=0.08358 a=1.165 0.006660938 0.07875 0.9481
400W k=0.2107 a=1.126 0.006921349 0.07745 0.954
55°C k=0.0005286 a=0.9854 n=1.35 b=-0.0001574 0.000272439 0.01493 0.9985
65°C k=0.001344 a=0.9958 n=1.225 b=-0.0004631 7.88481E-05 0.00769 0.9996
60WL-55°C  k=0.0007061 a=0.9928 n=1.296 b=-0.0003446 0.000160028 0.01124 0.9991
Midilli & Kucuk 80WL-55°C  k=0.001053  a=0.9956 n=1.232 b=-0.0004102 0.000128546 0.009999 0.9993
60WL-65°C  k=0.001008 a=0.9924 n=1.336 b=-0.0003234 1.72892E-06 0.001126 0.9992
80WL-65°C  k=0.00178  a=0.9942 n=1.24 b=-0.0005966 0.000118068 0.009041 0.9995
240W k=0.009973 a=0.9946 n=1.705 b=-0.001567 1.91021E-05 0.004058 0.9999
400W k=0.03556  a=0.9881 n=1.681 b=-0.001413 0.000101371 0.008622 0.9995
55°C 0.005078 0.9999
65°C 0.02071 0.9978
60WL-55°C 0.005657 0.9999
ANN 80WL-55°C 0.003796 0.9999
60WL-65°C 0.028266 0.9966
80WL-65°C 0.005305 0.9999
240W 0.003099 0.9999
400W 0.004962 0.9999

Table 4. Rehydration ratio of dried apple slices

Experiments RR SD (£)
55°C 3.87¢4 0.11
65°C 5.37% 0.23
60WL-55°C 4.85° 0.03
80WL-55°C 5.332 0.20
60WL-65°C 4.06% 0.17
80WL-65°C 4.80° 0.15
240W 4.22¢ 0.06
400W 3.80¢ 0.01

*Different letters in the same column indicate significant differences with confidence of 95%.
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Rehydration Ratio

The structure and physicochemical properties of dried
foods are significantly affected by the drying process. The
rehydration ratio is considered an important quality
parameter in dried foods. Rehydration refers to the
recovery of some of the water lost by food prior to
consumption. Thus, dried foods can relatively regain their
original properties. (Bhargava et al., 2021). The degree of
food tissue is regarded as the most important factor
affecting the rehydration process (Fijalkowska et al.,
2016). Several factors influence the rehydration process of
dried food materials, including porosity, surface-level
capillaries and cavities, temperature, trapped air bubbles,
the amorphous or crystalline nature of the material, soluble
solids, and the pH of the soaking water. Among these,
porosity plays the most significant role, as it primarily
governs the mechanisms involved in rehydration, such as
diffusion and capillary action (Joardder & Karim, 2022).

Table 4 presented the rehydration ratio of dried apple
samples. Among all samples, apple slices coded 65 °C and
80 WL-55 °C showed the highest rehydration ratio
(p<0.05). On the contrary, the lowest results were observed
at samples dried at 400 W (p<0.05). According to Table 4,
the findings revealed that US pretreatment improved
rehydration ratio at low temperatures, however, when
applied at high temperatures, it had negative contribution
to rehydration ratio. Moreover, greater acoustic density
enhanced the rehydration ratio of the samples. Wang et al.
(2019), Tao et al. (2019), and Wu et al. (2020) reported that
US pretreatment increases rehydration ratio through
structural modifications such as pore, microchannel, larger
tunnel, and gap formation when compared to untreated
samples. Enhanced rehydration ratio was observed in US
pretreated apple slices and eggplants by Tiifek¢i & Ozkal
(2020) and Salehi et al. (2024), respectively. In addition,
Ricce et al. (2016) reported similar findings regarding
enhanced rehydration ratio at lower drying temperatures in
carrot slices. It can be related to greater and irreversible
structural damage and tissue collapse at higher drying
temperatures with US pretreatment. On the other hand,
intermittent microwave drying significantly affects
rehydration ratio. When compared to hot air drying, lower
rehydration ratio was observed in intermittent microwave
dried samples (p<0.05). Exposure to higher microwave
power causes irreversible damage to cells, including
rupture, displacement, and loss of tissue integrity. As a
result, the material forms a compact structure characterized
by significantly compressed capillaries and diminished
water-attracting properties. This decline in hydrophilicity
limits the material’s ability to reabsorb water, preventing
effective rehydration and leaving internal pores unfilled
(Izli & Polat, 2020). Similar results were published by Izli
& Polat (2020) in apple slices and Daric1 et al. (2021) in
some green peppers. Although, no statistical differences
between samples dried at 55 °C, 240 and 400 W were
obtained (p>0.05), higher temperatures provided better
rehydration ratio (p<0.05). Tissue and cellular damage
caused by higher temperatures increases porosity, thereby
increasing the rehydration ratio of products (Tepe & Tepe
2020). Aradwad et al. (2023) and Beigi (2016) similarly
reported higher drying temperatures higher rehydration
ratio in apple slices.

Total phenolic compound and antioxidant activity of
dried apple slices

Total phenolic compound (TPC) and antioxidant
activity (AA) values of apple slices were given in Table 5.
TPC and AA values of fresh samples were calculated as
227.38+3.98 mg GAE 100 g!' d.m. and 2.10 + 0.004 mmol
TE 100 g'!' d.m, respectively. For hot air-dried samples, no
remarkable differences in TPC were observed between US
pretreated and unpretreated samples. However, TPC values
showed an increment tendency after drying. Also, AA
increased depending on the drying process. The highest
AA was obtained from samples coded 65 °C. In addition,
US pretreatment caused no significant change in TPC,
while reduced AA of apple slices. Likewise, Jakubczyk et
al. (2024) stated no significant change in TPC and AA of
US pretreated apple slices dried at 55 °C. In general, US
pretreatment provides easiness obtaining bioactive
compounds. It is related to cell disruptions that enable more
phenolic compounds releasing from the membranes
(Abbaspour-Gilandeh et al., 2021). By this way, phenolic
compounds convert to free from (Xu et al., 2022). In the
current study, US pretreatment had adverse effects on TPC
and AA. It may be associated with immersing distilled
water and heat generation during long US pretreatment.
Migration from apple tissue or degradation due to heat
sensitivity of TPC and other compounds that have AA. The
other phenomenon is the enzymatic degradation of
phenolic compounds due to more exposure to polyphenol
oxidase (Méndez et al. 2015). Besides, it is the fact that free
radicals and charged or uncharged other molecules formed
by US pretreatment can occur and adversely affect these
compounds (Bursa¢ Kovacevi¢ et al., 2019). On the other
hand, the higher TPC and AA were observed when
compared to other drying methods. Moreover, the higher
microwave power the greater the TPC and AA in apple
slices. Similar results were reported by Ozcan-Sinir et al.
(2019) in kumquat, Karabacak et al. (2018) in celery slices.
In the literature, more phenolic compounds can be
extracted by food tissue due to cellular rupture by
microwave drying (Szadzinska & Mierzwa 2021).
Karabacak et al. (2018) explained the increasing of AA in
microwave drying with the product of maillard reaction
that have antioxidant ability. According to these
approaches, higher TPC and AA are consistent with the
literature. Finally, a strong correlation was observed
between TPC and AA with a correlation coefficient of 0.83
at the significance level of 0.01.

Color alterations of dried apple slices

The color properties of fresh and dried apple samples
were given in Table 6. The color values of fresh samples
were found as L*=68.84 + 0.48; a*=5.48 £ 0.96 and b*=
20.73 £ 1.52. In all drying experiments expect 400 W,
intermittent microwave drying increased the L * value. The
highest L* value was obtained at SOWL-55°C samples,
while the lowest value was 400W samples. As well as L*
value, a* and b* values also increased with all drying
experiments. S0WL-55°C samples had the lowest a * value
among other drying experiments. Except 80WL-55°C,
drying conditions and pretreatments had no statistically
significant effect on a* value. US pretreatment caused a
decrement in b* values of samples dried at 55°C, while
there is no dramatical effect on samples dried at 65°C.
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Table 5. Total phenolic compounds and antioxidant activity of apple slices

Experiments TPC (mg GAE 100 ¢! d.m.) SD () AA (mmol TE 100 g'! d.m.) SD ()
Fresh 227.38¢ 3.98 2.10f 0.004
55°C 447.11¢ 29.36 3.76% 0.22
65°C 459.82°¢ 14.78 4.520¢ 0.62
60WL-55°C 467.20¢ 29.21 2.89¢f 0.20
80WL-55°C 426.85°¢ 27.88 4.07¢4 0.33
60WL-65°C 431.07¢ 19.26 3.704 0.14
8OWL-65°C 398.54° 13.87 3.614% 0.005
240W 788.82° 127.79 5.32b 0.29
400W 1253.532 34.29 6.15° 0.14

*Different letters in the same column indicate significant differences with confidence of 95%.

Table 6. Color properties of apple slices
Experiments L* SD (£) a* SD (£) b* SD (£) AE SD (£)
Fresh 68.844 0.48 5.48¢ 0.96 20.73¢ 1.52 0¢ 0
55°C 72.22° 0.83 15.54* 1.23 39.24* 1.40 21.42% 2.35
65°C 76.72° 0.40 14.54* 0.53 31.41b 0.98 16.132%¢ 0.40
60WL-55°C 76.83° 1.14 12.807 1.80 30.11b 2.72 14.50b¢ 2.16
80WL-55°C 83.517 1.11 9.11° 0.64 26.75% 2.02 16.40%¢ 0.52
60WL-65°C 76.99° 1.54 14.232 1.57 36.20% 1.58 19.67%® 1.20
8OWL-65°C 73.20° 1.82 15.622 0.76 34.992b¢ 1.18 18.122 0.79
240W 74.23b¢ 0.56 13.032 0.93 26.99% 341 11.71¢ 2.56
400W 62.66° 0.73 16.04* 1.95 28.79%¢ 3.43 14.95b 3.65

*Different letters in the same column indicate significant differences with confidence of 95%.
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Figure 5. PCA analysis of fresh and dried apple slices

Cetin & Saglam (2023) reported that L* values of US
pretreated apple slices (Granny smith var.) showed no
statistical difference from fresh ones, while a* increased
after drying. b* values of US pretreated apple slices were
found to be slightly higher than fresh samples. Fijalkowska
et al. (2016) noted higher L*, a* and b* values of US
pretreated apple slices than fresh samples. L* is generally
used as quality control parameter. Samples which have
higher L* values have lighter color and are considered as

more desirable (Lv et al., 2020). Higher L* value can be
explained with the oxidation causing bleaching. McGhie &
Ainge (2002), as well as Nowacka et al. (2021), noted that
chlorophylls possess a masking capability that can obscure
the visual impact of carotenoids, which are predominantly
associated with the yellow pigmentation in food products.
Zhu et al. (2010) reported that the enhancement in yellow
coloration observed in dried samples is attributable to the
increased concentration of yellowish phytochemicals
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following dehydration. Accordingly, an elevation in the b*
value may reflect a rise in these yellow pigments and a
concurrent degradation of chlorophylls, thereby
diminishing their masking effect and allowing the
carotenoid-associated yellow tones to become more
visually apparent. The rise in the a* value is indicative of
an increase in red coloration, a phenomenon which may be
associated with the enzymatic browning reaction that
occurs during the processes of pretreating and drying
(Fijalkowska et al., 2016). On the other hand, lower L*
value of samples dried at 400 W may be associated with
the Maillard reaction products, caramelization, pheophytin
and pheophorbide formation (Tepe & Tepe 2024).
Additionally, the total color difference (AE) quantifies the
extent of color deviation between dried and fresh samples,
with values exceeding 2 typically considered perceptible to
the naked eye (Rybak et al., 2021). In all samples, AE
values were found over 2. Therefore, color change can be
easily marked by naked eye.

Principal Component Analysis

Figure 5 shows the PCA analysis of the apple samples.
For PCA analysis, color values, RR, SEC, TPC and AA
values of the samples were used. As Figure 5, Fresh
samples are positioned in a different plane. This means that
fresh samples (negative quadrant of component 1 and
positive quadrant of component 2) show differences in
terms of the parameters when compared to dried ones.
Likewise, apple slices dried at 240 W (negative quadrant
of both component 1 and 2) and 400 W (positive quadrant
of component 1 and negative quadrant of component 2) are
located quite a distance from the other samples and each
other’s. US pretreated and unpretreated samples (positive
quadrant of both component 1 and 2) show a similar
arrangement in the same location. Samples that share a
similar configuration within the same plane appear to be
closely related in terms of the specified parameters.

Conclusion

The current study demonstrates that both ultrasound
pretreatment and intermittent microwave drying are
effective techniques for enhancing the drying performance
and quality attributes of apple slices. ultrasound
pretreatment, particularly at higher acoustic densities,
significantly improved drying rates and energy efficiency
while maintaining favorable rehydration properties at low
temperatures. ultrasound pretreatment had no effect on
total phenolic content and antioxidant activity. Intermittent
microwave drying notably reduced drying time and energy
consumption and enhanced the retention of total phenolic
content and antioxidant activity, while rehydration ratio
was negatively affected. Among the modeling approaches,
artificial neural network outperformed traditional thin-
layer models in predicting drying behavior. Overall,
combining ultrasound pretreatment with optimized hot air-
drying conditions and intermittent microwave drying
methods present a promising strategy for producing high-
quality dried apple products with improved functional and
physical characteristics.
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