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Abstract: This study aimed to investigate the effects of combined ultrasound and osmotic
pretreatment conditions on the drying kinetics and antioxidant properties, such as total
phenolic content (TPC), total flavonoid content (TFC), vitamin C content, and DPPH
radical scavenging activity, of dried Citrus macroptera (Satkara) fruits. The fruit slices were
immersed in 10% aqueous solutions of sucrose (5), glucose (G), and fructose (F) followed
by an ultrasound treatment (40 kHz) for 10, 20, or 30 min. The samples were then dried in
a convective oven at 50, 60, or 70 °C and 30% relative humidity with a constant air velocity
of 3 m s7.. Four thin-layer kinetic models, namely Page, Newton, Henderson and Pabis,
and Logarithmic, were evaluated. Among these, Page was found to be the most suitable
model for predicting the drying kinetics. The pretreatment process accelerated the drying
process significantly, reducing the drying time up to 6 h. Additionally, the pretreated
samples exhibited improved retention of quality attributes, with vitamin C being best
preserved in S solutions, TPC in both S and F solutions, TFC in F solutions, and DPPH in
all three sugar solutions (S, F, and G). The application of ultrasound during osmotic
treatment also had a positive impact on TPC and TFC retention, whereas it presented a
negative effect on vitamin C when used for a prolonged duration and a negligible one on
the antioxidant capacity. Overall, this study provides a new perspective on the drying
kinetics of Satkara fruits, and their respective properties after drying, and being subjected
to combined ultrasound and osmotic pretreatment. These findings will contribute to the
development of effective and efficient drying methods suitable for industrial applications
to produce dried Satkara products with a minimum quality degradation.

Keywords: air-drying; osmotic pretreatment; ultrasound; modeling; Page model; quality;
vitamin C; total phenolic content; total flavonoid content; antioxidant activity
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1. Introduction

Citrus macroptera (Order: Sapindales, Family: Rutaceae) commonly referred to as
Melanesian papeda, Bengali hatkhora, wild orange, Cabuyao, or Satkara is a wide-ranging
semi-wild species distributed across South and Southeast Asia and the South Pacific [1].
This fruit is renowned for its ethnomedicinal uses, particularly in treating fever, digestive
disorders, diarrhea, abdominal pain, high blood pressure, and as an antiseptic [1-4]. Click
or tap here to enter text. Amani et al. [5] evaluated the use of this fruit, in a recent study,
for herbal formulation to be used as a natural remedy. The therapeutic potential of the
fruit is attributed to its rich phytochemical composition, including high levels of [3-
carotene, vitamin C, polyphenols, and flavonoids. These bioactive compounds also
contribute to the antioxidative, cytotoxic, antimicrobial, antihypertensive, and antipyretic
properties of the fruit [1,4].

In certain regions of Bangladesh, the rind of mature fruits has been utilized in
culinary practices, serving as an ingredient in curries, pickle preparations, or consumed
as a vegetable [1]. From an industrial perspective, this fruit's cooking stability [6] and its
juice’s physicochemical properties [7] have been analyzed previously. However, the high
moisture content of C. macroptera (approximately 75% w/w) renders it susceptible to spoilage
within a few days under ambient conditions (20-25 °C) [8]. While refrigeration can extend the
fruit’s shelf life a bit, limited refrigerator access within Bangladesh necessitates alternative
preservation methods. To overcome these challenges and ensure year-round availability,
drying has emerged as a viable strategy to prolong the shelf life of fruits.

However, drying often results in extended processing times and, in many cases, the rates
are substantially low, which can impact the nutritional and sensory qualities of the product
negatively [9]. Adverse effects include alterations in color, taste, and texture, as well as
shrinkage, hardening, and loss of essential nutrients. To mitigate these adverse effects, the
process of drying is often combined with several pretreatment methods including osmotic
dehydration [8,10] and sonication [11].

Osmotic pretreatment is commonly employed to preserve the flavor, aroma, and
structural integrity of dried products. This process involves the partial removal of water
from a product by immersing it in a concentrated solution, using the osmotic pressure
difference between the two as a driving force [12]. However, when used for fruit products,
the efficiency of this pretreatment decreases significantly due to the fruit epidermis’s low
permeability, which substantially inhibits mass transfer during the pretreatment process
[13]. In this context, the application of ultrasound can be a promising solution. This
method uses sonic waves, which effectively reduce the drying time by improving the mass
transfer rate [14]. Ultrasound treatment generates cavitation bubbles in the fruit’s liquid
medium, which collapse and create microjets. This enhances cell membrane permeability,
improving protective solute infusion during osmotic pretreatment and reducing the time
needed for the water removal [11,14]. Ultrasound also disrupts cellular structures in a
controlled manner, which can protect antioxidants by reducing oxidative reactions during
drying [11,12].

Thus, a combined application of ultrasound and osmotic pretreatments (US-OP)
during the drying of fruit products holds significant promise. This novel pretreatment
process mainly focuses on utilizing the combined effects of sonication and osmotic
pressure gradient to facilitate the removal of moisture in a much shorter period by
creating microscopic channels within the cellular structure [15]. Research on a variety of
fruits and vegetables, including papaya [16], pumpkin [17], strawberries [18], Garcinia
pendunculata [11], and bitter gourd [19] has demonstrated the effectiveness of US-OP in
improving drying efficiency and further improving the quality of the final product. Still,
the application of US-OP during the drying of Satkara fruits remains a gap in the research.
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Effective drying requires the assessment of drying kinetics and the development of a
model based on a representative sample set. Conducting full-scale experiments to
determine optimal drying conditions can be both time-intensive and costly. Consequently,
drying kinetics is employed to characterize the moisture removal process. An accurate
drying model thus necessitates establishing the relationship with process variables and
understanding the drying rate comprehensively [8,11,12]. Thus, the objective of this study
was to comprehensively evaluate the influence of US-OP on the air-drying kinetics, and
physicochemical attributes of Satkara fruits. This study is an extension of our previous
research [8], which evaluated the impact of osmotic pretreatment on Satkara fruit drying
kinetics and quality. Despite promising results from osmotic pretreatment, the pursuit of
superior product quality has motivated this investigation into the application of emerging
technologies. More specifically, the objective of this work was to study the effects of the
osmotic dehydration in three different 10% hypertonic solutions (sucrose, fructose, and
glucose) at a fruit-to-solution ratio of 1:4 (w/w), followed by ultrasound treatment at 30
°C for different periods of 10, 20, and 30 min on the convective drying kinetics (50, 60, and
70 °C) and quality parameters (vitamin C, TPC, TFC, DPPH) of Satkara fruit slices. In
addition, four commonly employed mathematical models were used to determine the
optimal pretreatment and drying conditions for preserving the nutritional value of the
dried product.

2. Materials and Methods
2.1. Materials

Fresh, mature Satkara (C. macroptera) fruits (6-7 cm in diameter), exhibiting no
external damage or imperfections, were procured one day after harvest from a local
supplier at Modina Market, Sylhet, Bangladesh. The fruits were stored at 8 °C until use in
the experiments. Fructose, sucrose, glucose, and additional chemicals, including ethanol,
Folin—Ciocalteu reagent, sodium carbonate (Na2COs), aluminum trichloride (AlCls), gallic
acid, quercetin, potassium acetate, DPPH (2,2-diphenyl-1-picrylhydrazyl), sodium
oxalate, and L-ascorbic acid, essential for quality assessment, were acquired from Sigma-
Aldrich (St. Louis, MO, USA) and Merck (Darmstadt, Germany).

2.2. Sample Preparation

The fruits were meticulously cleaned with distilled water to eliminate contaminants
after collection. For the experiments, only the peel portion of the fruit was used. After
deseeding and removing the core, the peel was sectioned in slices (4 cm x2 cm x2 c¢m) for
subsequent pretreatment and drying operations [20,21].

2.3. Ultrasound-Osmotic Pretreatment (US-OP) Process

Four different osmotic solutions, 10% sucrose (S), 10% glucose (G), 10% fructose (F),
and distilled water, were used during the pretreatment process. The sugar concentrations
were selected based on existing literature and preliminary trials [20,21]. The sliced fruit
samples were immersed in the respective solutions at a solid-to-solution ratio of 1:4 (w/w)
to prevent excessive moisture loss, and the ultrasound treatment was started immediately
[10,11,22,23] in an ultrasonic water bath (GT Sonic, 40 kHz, 150 W, Shenzhen, China),
maintained at 30 °C, for 10, 20, or 30 min. A control group, exempted from both osmotic
and ultrasonic treatments, was included. The experimental conditions, including the type
of osmotic solution and duration of ultrasound treatment, are summarized in Table 1.
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Table 1. Different US-OP conditions and their respective symbols.

Group Symbols

Pretreatment Conditions

UT
510
G10
F10
W10
520
G20
F20
W20
530
G30
F30
W30

Neither osmotic nor sonication treatment was involved
10% Sucrose solution with 10 min sonication
10% Glucose solution with 10 min sonication
10% Fructose solution with 10 min sonication

Water with 10 min sonication
10% Sucrose solution with 20 min sonication
10% Glucose solution with 20 min sonication
10% Fructose solution with 20 min sonication
Water with 20 min sonication
10% Sucrose solution with 30 min sonication
10% Glucose solution with 30 min sonication
10% Fructose solution with 30 min sonication
Water with 30 min sonication

2.4. Drying of Satkara

Following pretreatment, the fruit slices were carefully removed from the solutions
and gently blotted with tissue paper to eliminate residual liquid. Subsequently, they were
arranged in a single layer (2 cm thickness) on multiple trays and subjected to convective
drying in a temperature and humidity-controlled chamber (VS-8111H-150, Vision, Dae-
jeon-Si, Republic of Korea). Drying conditions were established at air temperatures of 50,
60, and 70 °C, as determined by reviewing previous studies [8,24] and preliminary exper-
iments, with a constant air velocity of 3 ms™ and a relative humidity of 30%. Weight loss
measurements were recorded at 30 min intervals for the initial 1.5 h and subsequently at
hourly intervals until a constant weight was achieved, indicated by a weight variation of
less than 0.01 g between consecutive readings (AY220—Electronic analytical balance, Shi-
madzu Corporation, Kyoto, Japan) [22].

2.5. Drying Kinetics
2.5.1. Determination of Moisture Content

The initial moisture content was determined using the method described by Roy et
al. [22]. Briefly, 5 g of samples were taken and dried at 120 °C for 24 h in a drying oven
(FD-56, Binder, Tuttlingen, Germany). Equation (1) was used to calculate the moisture
content on a dry basis:

MC (dry basis) = =4 x 100% (1)

where MC represents the moisture content, Ww indicates the sample weight, and Wa is
the dry weight of the sample.

The data obtained for moisture content was then converted to moisture ratio to fit
various drying models, following Equation (2),

_ Mt - Me
MR = o T )

where MR represents the moisture ratio, a dimensionless number; M: reflects the moisture
content of the sample at any time t (g moisture/g dry matter); and Mo and M. regard the
initial and equilibrium moisture content of the dried sample (g moisture/g dry matter),
respectively.
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2.5.2. Mathematical Modeling of Drying Data

A comprehensive evaluation of various mathematical models was conducted to ac-
curately predict the drying kinetics of Satkara fruit, particularly when subjected to com-
bined ultrasound and osmotic pretreatment. Given the absence of prior research on the
drying behavior of Satkara fruit slices under US-OP conditions, four commonly employed
thin-layer models —Page, Newton, Henderson and Pabis, and logarithmic models—were
selected for this study (Table 2). These models, derived from Fick’s second law of diffu-
sion, have been widely used to predict the drying behavior of various agricultural prod-
ucts. The most suitable model for accurately describing the drying kinetics of Satkara
fruits under specific conditions was identified through rigorous testing.

Table 2. Four thin layer models assessed in this study.

Name of the Model Equation References
Page MR = exp (-kt) [25]
Newton MR = exp (-kt) [26]
Handerson and Pabis MR = a exp (-kt) [27]
Logarithmic MR =aexp (-kt) +c [28]

MR is the moisture ratio; t is the drying time (h); k, n, a, and c are the model constants.

2.5.3. Evaluation of Mathematical Models

Models are usually evaluated based on their ability to predict the experimental data
accurately. Statistical metrics such as the coefficient of determination (R?) and reduced chi-
square (x?) are used extensively to determine the adequacy of the models. The value of R?
describes the precision of the models, whereas the value of x2? indicates the model accuracy
[29]. In addition to these parameters, the root mean squared error (RMSE) was also calcu-
lated for a more comprehensive evaluation. Under the established criteria, a model with
the lowest values for RMSE and 2 (close to zero) and the highest R? value (close to one)
is considered to be the most suitable [22]. The following Equations (3)—(5), were used to
determine these parameters:

T 1 (MR(exp) = MR preq )’

R2=1- p— 3
DX (MR(exp,i)‘MR)2 @)

n - NS
X2= 21 MRexp,i) MR(prEd,l)) (4)
N-z

N (MRiexpi) — MR+ +)
RMSE = JEH — N ) ©)

where MR(exp iy, MR (preq) are the experimental and predicted moisture ratio (dimension-

less), respectively; MR indicates the mean of all experimental moisture ratio values; N
and z are the number of observations and constants.

2.5.4. Determination of the Activation Energy (Ea)

After assessing the best-fit model, the activation energy (Ea) for each pretreatment
group was also calculated based on the linearized Arrhenius equation [22],

In(k) = In(A) — % (6)

The rate constant (k) was calculated through the model fit for each pretreatment condi-
tion at three different temperatures, 50, 60, and 70 °C. By plotting the natural logarithm of
these rate constants (In (k)) against the reciprocal of temperature (1/T, T in K), the activation
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energy was determined from the slope of this linear relationship, which is given by —Ea/(RT),
where R is the ideal gas constant (8.314 J/(mol.k)) and A is the Arrhenius factor.

2.6. Quality Assessment of Satkara
2.6.1. Preparation of Sample Extracts

For extract preparation, samples from each treatment group, including the fresh
group, were initially homogenized using an electric blender (HL710, Philips, Amsterdam,
The Netherlands). Subsequently, 5 g of homogenized sample was mixed with 40 mL of
60% ethanol and subjected to centrifugation at 3100 rpm for 10 min (416 G Benchtop Cen-
trifuge, Gyrozen, Gimpo, Republic of Korea). After collecting the supernatant, the process
was repeated three times to ensure complete extraction. The resulting supernatants were
gathered and filtered using the Whatman No. 1 filter paper. The filtrates were then stored
at —20 °C for subsequent analysis of total polyphenols, flavonoids, ascorbic acid, and an-
tioxidant capacity [30].

2.6.2. Determination of Vitamin C (Ascorbic Acid) Content

Ascorbic acid content was quantified spectrophotometrically following the method
of Hossain et al. [31]. To initiate the analysis, 10 mL of 0.056 M sodium oxalate was added
with 1 g of sample (fresh or any pretreated group) and the mixture was then homogenized
properly for about 5 min (VM-2000 Vortex Mixer, Digisystem, New Taipei, Taiwan). Follow-
ing homogenization, the extracted liquid was kept at rest for another 5 min, and the homoge-
nate was subsequently filtered through Whatman No. 1 filter paper. For Vitamin C measure-
ments, 0.5 mL of the filtrate was diluted with 5 mL of sodium oxalate solution (0.056 M), and
the absorbance was measured at 266 nm using a UV-spectrophotometer (UV1800, Shimadzu,
Kyoto, Japan). Sodium oxalate solution was used as a blank, and an L-ascorbic acid standard
curve equation was used to quantify the vitamin C content (y = 10.257x + 0.2889; R? = 0.9925).
The results are expressed as ascorbic acid equivalents (AAE)/100 g of fresh sample.

2.6.3. Determination of Total Phenolic Content

To determine the total phenolic content, a modified version of the method described
by Zzaman et al. [10] was employed. In brief, a mixture was prepared by combining 20
mL of each sample extract, 1.58 mL of distilled water, and 100 mL of Folin—Ciocalteu rea-
gent followed by vigorous mixing. After 8 min, 300 mL of Na2COs solution (0.2 g/mL) was
added to the mixture, and the resulting solution was then incubated in dark conditions at a
temperature of 40 °C for another 30 min. A blank was prepared using distilled water instead
of the sample extract. The absorbance measurements were taken at a wavelength of 765 nm
using a UV spectrophotometer (UV1800, Shimadzu, Kyoto, Japan). The results are expressed
as milligrams of Gallic acid equivalent (GAE) per 100 g of fresh sample and calculated using
a standard curve equation (y = 0.0902x + 0.0542; R? = 0.9998).

2.6.4. Determination of Total Flavonoid Content

Total flavonoid content was determined using the well-known aluminum trichloride
method, as described by Del Caro et al. [31]. For the determination, 0.5 mL of sample ex-
tracts were mixed thoroughly with 1.5 mL ethanol (95%), 0.1 mL of aluminum trichloride
(AICls) solution (0.1 g/mL), 0.1 mL of potassium-acetate (1 M), and 2.8 mL of distilled wa-
ter. The mixture was then incubated for 40 min at ambient conditions, and, subsequently,
the absorbance measurements were taken using a UV-spectrophotometer (UV1800, Shi-
madzu, Japan) at 415 nm. Distilled water, instead of the sample, with all the other rea-
gents, served as the blank, and the results are expressed as milligrams of quercetin equiv-
alent (QE) per 100 g of fresh sample (y = 0.004x + 0.0236; R? = 0.9981).
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2.6.5. Antioxidant Activity Assessment

The antioxidant capacity of fresh and dried Satkara fruit slices was evaluated using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay [32]. Briefly, 2 mL of
the sample extract was mixed with a methanolic solution of DPPH radical (6 x 105 M),
and the mixture was incubated in completely dark conditions for 30 min at room temper-
ature. DPPH solution without any extract was used as the control. A UV-spectrophotom-
eter (UV1800, Shimadzu, Japan) was then used to measure the change in the color of the
mixture at a wavelength of 517 nm. The percentage of DPPH scavenging activity was cal-
culated using the following standard Equation (7):

0 — A

Inhibition (%) = 2 = x100% @)

where A1 and Ao are the absorbance values of the sample and the control, respectively.

2.7. Statistical Analysis

The results are expressed as mean + standard deviation after conducting all the ex-
periments in triplicates. Microsoft Excel 2019 was used to analyze the experimental data
and also to prepare all the figures. To compare the mean groups, one-way analysis of var-
iance (ANOVA) followed by Tukey’s test was performed using Minitab version 21.0
(Minitab 21.0, LLC, State College, PA, USA). A similar software package was also used for
performing Pearson correlation analysis. Differences were considered statistically signifi-
cant at a level of p <0.05.

3. Results and Discussion
3.1. Drying Characteristics of Ultrasound-Osmotic Pretreated Satkara

Figure 1 depicts the drying kinetics of Satkara fruit subjected to various drying tem-
peratures and pretreatment (US-OP) conditions. While factors such as air velocity and
relative humidity were kept constant, the drying behavior of Satkara was primarily influ-
enced by drying temperature, osmotic agent type, and ultrasound treatment duration, as
evidenced by the presented drying curves.

Three distinct drying temperatures (50, 60, and 70 °C) were employed in this study,
with the corresponding drying kinetics shown in Figure la—i. As illustrated, an increase
in the drying temperature led to a notable reduction in the time required to attain an equi-
librium in moisture content. The drying duration for the Satkara fruit slices ranged from
6.5to 12.5h at 50 °C, 5.5 to 8.5 h at 60 °C, and only 4.5 to 7.5 h when dried at 70 °C. This
observed trend is a common phenomenon primarily attributed to the enhanced moisture
diffusivity and elevated drying rates at higher temperatures [33]. Compared to the un-
treated group, pretreated samples dried more quickly, corroborating the findings of Kek
et al. [34] and Garcia-Noguera et al. [35]. Kek et al. [34] found that a combined application
of ultrasound and osmotic pretreatments reduced the drying time of guava slices by over
30%, whereas Garcia-Noguera et al. [35] observed a 135 min reduction in drying time for
the pretreated strawberries compared to the control group.

Among all sample groups, UT, F30, W10, and W30 exhibited the longest drying times
of 12.5 h (at 50 °C), while the S30 pretreatment group at 70 °C required the shortest drying
time of only 4.5 h. In addition, sucrose was the most effective as an osmotic agent, signif-
icantly reducing the drying times of the fruit slices under all the studied conditions. This
aligns finely with the observations of Ispir and Togrul [36], who reported a similar phe-
nomenon during the osmotic dehydration of apricots, where sucrose-treated samples ex-
hibited higher moisture loss compared to those treated with fructose, glucose, sorbitol,
and maltodextrin. According to the authors, the distinct molecular structure of sucrose
and its interaction with apricot cells likely contributed to the observed differences.
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Figure 1. Drying kinetics of Satkara subjected to different US-OP conditions at (50, 60, and 70 °C). The dotted lines show the best model (Page) fit curves. S
(sucrose), G (glucose), F (fructose), and W (distilled water) represent the four types of osmotic solution used. The numbers 10, 20, and 30 denote the duration (min)

of the application of ultrasound. UT indicates the untreated sample.
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Sonication also exerted a positive influence on the drying kinetics. With increasing
time duration, the samples exhibited accelerated water loss at any given time interval.
This occurred mainly due to the formation of microscopic channels within the fruit slices
during sonication, facilitating the moisture to evaporate more rapidly [37]. A similar effect
was observed by Li et al. [38] during the drying of ultrasound—osmotic pretreated Sanhua
plums. This process can also improve mass transfer by creating vibrations through sound
waves, which eventually reduce disruptions in the boundary layer [37]. It is evident that
with prolonged sonication, the samples became more exposed to these sound waves, re-
sulting in enhanced moisture removal within a shorter timeframe.

3.2. Fitting and Evaluation of Mathematical Models

The models used in the present work for Satkara, Page, Newton, Henderson and
Pabis, and logarithmic models, had previously been used for Garcinia pedunculata [11,21],
pomelo [39], and mango [40] to predict their drying nature. The adequacy of a model for
a particular dataset can be assessed by examining the various statistical parameters. In
this study, three such parameters, R, RMSE, and x? were calculated from the experi-
mental data and are listed in Table 3.

In simpler terms, R?values, or the coefficient of determination values, indicate how
well the models can explain the variance that exists in the experimental data. This param-
eter is perhaps the most important of all. RMSE or root mean square error measures the
average differences between the experimental and the model predicted values. Lastly, the
X2 or chi-square values are used to assess the goodness-of-fit between the model and the
experimental data, i.e., how well the model matches the actual values [16]. Each of these
parameters has its role in assessing model fit and performance. Castro et al. [29] men-
tioned that R?, and x? were frequently used to predict the drying characteristics of food
products. In the literature, R RMSE, and x? have been considered the most important
model parameters for predicting the mass transfer of food materials [11,12,22,29] and they
are discussed in the following paragraphs.

For the Page model, the values for R2, RMSE, and x? ranged from 0.9816 to 0.9997,
0.0067 to 0.0475, and 0.0001 to 0.0028, respectively. Similarly, for the Newton model, the
values of these parameters were between 0.8303 and 0.9947, 0.0238 and 0.1478, and 0.0006
and 0.0246, respectively. The values for the Henderson and Pabis model were observed to
be in the ranges of 0.1176 to 0.9945, 0.0241 to 0.331, and 0.0007 to 0.1409, respectively.
Finally, for the logarithmic model, the values were found between 0.43 and 0.9941, 0.024
and 0.2254, and 0.0009 and 0.0728, respectively, for these statistical parameters.

Higher R? values generally indicate better fits. Based on this criterion, both the Page
and Newton models can be considered suitable (R%> 0.83) for predicting the drying nature
of pretreated Satkara. However, when considering the other precision criteria of lower
RMSE and x? values, only the Page model was singly found to be more appropriate for
modeling drying kinetics. Moreover, the fact that the experimental values for all the pre-
treatment and untreated groups lie close to the model predicted lines, shown in Figure 1
with dotted curve lines, further confirms the suitability of the Page model in describing
the drying properties of the Satkara fruit slices subjected to convective drying conditions.
This Page model has been developed by simplifying Fick’s second law of diffusion and is
an empirical modification of the Newton model [25]. Previous studies, including Hossain
etal. [21], Roy et al. [8], Biswas et al. [22], and Korese and Achaglinkame [24] have already
demonstrated the effectiveness of this model for various drying applications. Assis et al.
[23] had also found that the Page and Newton models were among other tested models
that could describe the moisture content well during the air-drying (25-80 °C) process of
osmotically pre-treated apple cubes.
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Yet, despite the good predictability, these empirical models are still inadequate for com-
prehensive analysis. In their studies, Meisami-asl et al. [41] and Lépez et al. [42] mentioned
these empirical models and their inability to involve various factors, such as irregular changes
in process variables or diverse characteristics of the product during the drying process. In this
study, the air velocity and the relative humidity were kept constant, and still the changes in
shape during the process and their impact on the kinetics remained unfolded.

Since the Page model was found to be the most appropriate for modeling drying ki-
netics, the activation energy (Ea) values were calculated for the k parameter of this model
for each pretreatment condition (Table 4). The energy values vary from 15.75 kJ/mol (ob-
served for the G10 group) to 42.06 kJ/mol (observed for the S30 group). This range of ac-
tivation energies falls within the typical range reported for food products, which is gen-
erally considered to be between 11.01 and 43.16 kJ/mol [43]. However, not all determina-
tions followed Arrhenius rule, as R? were rather low, namely for pretreatment using glu-
cose solutions and for the control (UT). For some osmotic pretreatments, such as the ones
with sucrose solutions, the Ea values tended to increase with the sonication duration, sug-
gesting that the Satkara fruit slices treated with ultrasounds required more energy to ini-
tiate the moisture removal process. A study by Santos et al. [44] also reported a similar
trend where the authors attributed the temperature sensitivity of the diffusion process to
the increased energy values of sonication. However, an opposite effect was observed in
Kaveh et al.’s study [45], where the Ea decreased significantly from 36.44 kJ/mol to 28.55
kJ/mol during a 40 min sonication pretreatment of almonds.
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Table 3. Model constants and statistical parameter values obtained for different mathematical models evaluated during Satkara drying.

Page Model Newton Model Henderson and Pabis Model Logarithmic Model
Tem. Pre-Treatment
k n R* RMSE x? k R* RMSE x? k a R* RMSE x? a k c R* RMSE x?
uT 0.3682 1.1714 0.997 0.0184 0.0004 0.5354 0.9717 0.0561 0.0034 0.5672 0.7782 0.8338 0.1358 0.0213 1.2414 0.7686 0.0938 0.8889 0.111 0.0154
S10 0.4863 1.1592 0.9891 0.0352 0.0015 0.6459 0.9829 0.044 0.0021 0.6867 0.8092 0.8739 0.1195 0.0175 0.9636 0.7048 0.0813 0.971 0.0573 0.0045
G10 0.4404 1.2226 0.998 0.0155 0.0003 0.679 0.9586 0.0696 0.0053 0.7371 0.7114 0.7287 0.1783 0.0382 1.0268 0.6539 0.0718 0.969 0.0603 0.0049
F10 0.4767 1.0749 0.9899 0.0322 0.0012 0.552 0.9913 0.0298 0.0009 0.564 1.0900 0.9856 0.0384 0.0017 1.011 0.7065 0.078 0.9665 0.0586 0.0044
W10 0.4418 1.1033 0.9939 0.0254 0.0007 0.5365 0.9929 0.0273 0.0008 0.5427 0.9525 0.9837 0.0413 0.002 1.1025 0.7305 0.0597 0.9681 0.0579 0.0042
520 04761 1.2626 0.9842 0.0431 0.0023 0.7652 0.9486 0.0779 0.0067 0.8604 1.5348 0.7116 0.1844 0.0425 1.1615 1.158 0.0633 0.5693 0.2254 0.0726
50 °C G20 0.4437 1.3198 0.9974 0.0181 0.0004 0.7823 0.9207 0.0998 0.0111 0.8878 0.6220 0.5112 0.2477 0.0767 1.1185 0.8002 0.0803 0.9427 0.0848 0.008
F20 0.4482 1.1698 0.9889 0.0349 0.0014 0.6148 0.9844 0.0414 0.0019 0.6417 0.8385 0.91 0.0995 0.0117 1.197 0.8781 0.0766 0.9287 0.0886 0.0102
W20 0.4340 1.1798 0.9883 0.0356 0.0015 0.6105 0.9835 0.0423 0.0019 0.6313 0.8609 0.9261 0.0894 0.008 1.0542 0.6915 0.0551 0.9768 0.0501 0.0032
S30 0.4699 1.297 0.9886 0.0372 0.0018 0.7678 0.9454 0.0814 0.0075 0.8717 0.6728 0.5938 0.2219 0.0633 1.0719 0.677 0.0253 0.9847 0.043 0.0028
G30 0.4431 1.3398 0.9982 0.0153 0.0003 0.8033 0.9142 0.1044 0.01 0.9131 0.6101 0.4889 0.2548 0.0812 1.2474 0.9317 0.0784 0.887 0.1198 0.0205
F30 0.5144 1.0213 0.9885 0.0334 0.0013 0.5249 0.989 0.0327 0.0012 0.5165 1.0685 0.9765 0.0479 0.0026 1.1746 0.9339 0.0856 0.9263 0.0847 0.009
W30 0.4575 1.0948 0.9937 0.0256 0.0008 0.5397 0.9934 0.0263 0.0007 0.5377 1.0158 0.9945 0.0241 0.0007 1.1808 0.7542 0.0365 0.9653 0.0603 0.0045
uT 0.5564 1.0823 0.9934 0.0264 0.0009 0.6905 0.9787 0.0476 0.0028 0.753 0.7234 0.7759 0.1545 0.0292 1.2577 0.9502 0.0752 0.8728 0.1164 0.0187
S10 0.5865 1.1187 0.9916 0.0306 0.0012 0.7481 0.9824 0.0442 0.0022 0.8076 0.7654 0.8276 0.1385 0.024 0.9803 0.8173 0.078 0.9754 0.0524 0.0039
G10 0.2855 1.2933 0.9816 0.0475 0.0028 0.5698 0.8323 0.143 0.0227 0.6962 0.5663 0.1176 0.3282 0.1346 1.0399 0.4755 0.094 0.9416 0.0845 0.0102
F10 0.6072 1.0397 0.9937 0.0255 0.0008 0.6983 0.9883 0.0347 0.0013 0.7529 0.7534 0.8399 0.1286 0.0202 0.9206 0.6269 0.0412 0.9889 0.0338 0.0016
W10 0.6488 1.0256 0.9962 0.0199 0.0005 0.7124 0.9945 0.0238 0.0006 0.7528 0.8112 0.9118 0.0954 0.0111 0.967 0.7417 0.0448 0.9921 0.0285 0.0011
520 0.6793 1.0681 0.9967 0.0187 0.0004 0.7966 0.9926 0.0278 0.0009 0.8476 0.7678 0.8694 0.117 0.0167 1.0122 0.8053 0.0306 0.9941 0.024 0.0009
60 °C G20 0.3225 1.343 0.9929 0.0301 0.0011 0.6299 0.8833 0.122 0.0165 0.743 0.6012 0.3387 0.2902 0.1053 1.1892 0.6781 0.0887 0.9035 0.1112 0.0177
F20 0.5885 1.1209 0.9847 0.041 0.002 0.7597 0.9765 0.0503 0.0028 0.8208 0.7285 0.7957 0.1482 0.0269 0.8859 0.7126 0.0802 0.9631 0.063 0.0055
W20 0.5738 1.029 0.9963 0.0199 0.0005 0.7328 0.9802 0.0461 0.0023 0.8009 0.7028 0.7578 0.1612 0.0318 1.0454 0.7655 0.055 0.9802 0.0461 0.0029
S30 0.7070 1.3689 0.9997 0.0067 0.001 1.138 0.9193 0.1021 0.1191 1.2716 0.6584 0.5869 0.2309 0.0711 1495 1.633 0.0717 0.6477 0.2133 0.0728
G30 0.3728 1.3979 0.9855 0.0432 0.0024 0.7758 0.8303 0.1478 0.0246 0.9363 0.5421 0.1483 0.331 0.1409 1.0485 0.6131 0.0861 0.9457 0.0836 0.0105
F30 0.6922 1.031 099 0.0316 0.0012 0.7843 0.9852 0.0385 0.0016 0.8417 0.7427 0.8394 0.1269 0.0197 0.8782 0.8223 0.0962 0.9608 0.0627 0.0054
W30 0.7446 1.0786 0.9971 0.018 0.0004 0.8346 0.9947 0.0242 0.0007 0.8496 0.9346 0.9801 0.047 0.0028 1.4476 1.4305 0.0528 0.7587 0.1636 0.0382
UT 0.4226 1.3762 0.9975 0.0179 0.0004 0.7987 0.8956 0.1156 0.015 0.9356 0.5931 0.3715 0.2837 0.1035 1.1375 0.7897 0.0737 0.9402 0.0875 0.0115
70 °C S10 0.8289 1.194 0.9965 0.0201 0.0005 1.124 0.9592 0.0684 0.0053 1.212 0.7146 0.7514 0.167 0.0367 0.9023 0.982 0.1083 0.9419 0.0817 0.01
G10 0.5041 1.2468 0.9846 0.0423 0.0022 0.8586 0.8891 0.1135 0.0143 1 0.5291 0.3132 0.2825 0.0998 0.9513 0.6403 0.0868 0.9635 0.0651 0.0061
F10 0.8402 1.1676 0.9949 0.0237 0.0007 1.0955 0.9647 0.0625 0.0043 1.1384 0.8244 0.8761 0.1171 0.0171 1.3652 1.5453 0.0677 0.7882 0.153 0.0335
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W10
520
G20
F20
W20
S30
G30
F30
W30

0.5305
1.0899
0.6565
0.9587
1.0066
1.1726
0.8482
0.9828
0.7603

1.2481
1.1465
1.2495
1.1876

1.267
1.1969
1.1571
1.2434
1.4666

0.9992
0.9949
0.9938
0.9906
0.9968
0.995
0.9972
0.9941
0.9977

0.0101
0.0239
0.027
0.0328
0.0196
0.0243
0.0181
0.0263
0.0174

0.0001
0.0008
0.0009
0.0014
0.0005
0.0008
0.0004
0.0009
0.0004

0.8139
1.3631
1.0134
1.2914
1.4201
1.4863
1.0923
1.36
1.3655

0.9529
0.9723
0.9351
0.9494
0.9435
0.9659
0.9689
0.9447
0.8732

0.0754
0.0558
0.0872
0.0878
0.082
0.0635
0.06
0.0808
0.129

0.0063
0.0036
0.0086
0.0067
0.0077
0.0047
0.004
0.0075
0.019

0.8723
1.4712
1.1465
1.4279
1.5382
1.6211
1.1981
1.474
1.5315

0.7390
0.7128
0.6018
0.6524
0.6911
0.7192
0.7182
0.6998
0.5948

0.7609
0.7803
0.5259
0.6552
0.7084
0.7639
0.7464
0.7164
0.4661

0.1699
0.157
0.2358
0.1984
0.1862
0.167
0.171
0.183
0.2648

0.0353
0.0329
0.0715
0.0525
0.0463
0.0391
0.039
0.0446
0.0935

1.01
1.4807
0.9745
0.8679
0.9821
0.9426
1.1122
0.9162
0.9892

0.8774
1.8634
0.8573
1.115
1.0802
1.3694
1.2672
1.2316
0.9819

0.0746
0.0376
0.0763
0.1224
0.0438
0.0828
0.0745
0.119
0.0827

0.9481
0.6742
0.9727
0.9346
0.9836
0.9713
0.9401
0.9345
0.43

0.0792
0.1912
0.0566
0.0865
0.0442
0.0582
0.0831
0.0879
0.0816

0.0086
0.0585
0.0048
0.012
0.0031
0.0059
0.0111
0.0124
0.0106
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Table 4. Activation energy (Ea) and Arrhenius factor (A) for k parameter of Page model fit of Satkara

drying under different pretreatment conditions.

Pretreatment Condition E. (kJ/mol) A (min™) R?
UT 16.66 1.59 0.61
S10 24.49 8.37 0.97
G10 15.75 1.16 0.54
F10 26.05 8.94 0.98

W10 18.7 2.51 0.64
520 38.08 13.42 0.99
G20 17.56 5.56 0.78
F20 34.91 12.16 0.96
W20 38.61 13.49 0.95
S30 42.06 14.89 0.99
G30 29.44 9.98 0.54
F30 29.78 10.41 0.64
W30 23.6 8.08 0.79

3.3. Quality Evaluation of Dried Satkara

For the quality evaluation of pretreated Satkara dried in different drying conditions,
the levels of bioactive compounds and the antioxidant activity were assessed and are dis-
played in Figures 2-5.
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Figure 2. Changes in vitamin C content in different US-OP conditions during Satkara drying. Dif-
ferent letters at the top of the bars indicate significant differences among samples.
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Figure 3. Changes in total phenolic content (TPC) in different US-OP conditions during Satkara drying.

Different letters at the top of the bars indicate significant differences among samples.
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Figure 4. Changes in total flavonoid content (TFC) in different US-OP conditions during Satkara

drying. Different letters at the top of the bars indicate significant differences among samples.
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Figure 5. Changes in DPPH radical inhibition capacity (%) in different US-OP conditions during Sat-
kara drying. Different letters at the top of the bars indicate significant differences among samples.
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3.3.1. Vitamin C (Ascorbic Acid) Content

Among all the vitamins, vitamin C is considered to be the most sensitive, primarily
due to its high water solubility and thermal instability. For this, it is assumed that if Vita-
min C can be successfully retained during processing, it is likely that other vitamins will
also be maintained at a similar or greater level [46].

The changes in vitamin C content in Satkara subjected to different pretreatment con-
ditions are presented in Figure 2. The initial value was recorded as 73.57 + 2.04 mg ascorbic
acid equivalents (AAE)/100 g of sample, which declined by 25.64% to 85.81% following
the drying process (p < 0.05). Most of the reduction was observed when the samples were
dried at higher temperatures. This is consistent with previous findings by Vega-Galvez et
al. [47] and Santos and Silva [48], who attributed the decrease to enhanced oxidation re-
actions at elevated drying temperatures.

Compared to the untreated sample, all samples treated in different osmotic solutions
showed higher retention of vitamin C. Among the different solutions, sucrose was found
to be more effective, resulting in a loss of only 25.64% to 39.12% vitamin. A similar effect
of sucrose was observed in our previous experiment [3], where sucrose-pretreated sam-
ples showed a relatively higher ascorbic acid retention. These findings also align with the
observation of Zzaman et al. [10] during the quality evaluation of pineapples, dried at
different temperatures. The protective effect of sucrose may come from enhancing the ac-
tivation-energy barrier for ascorbic acid oxidation, as reported by Hsieh and Harris [49].
The combination of sucrose pretreatment, in this study, with 10 min of sonication (S-10)
and drying at 50 °C yielded the highest vitamin C content (54.71 + 1.98 mg AAE/100g).

However, a negative effect of sonication could be noticed, among the pretreated sam-
ple groups, on the vitamin content. At any given temperature, the levels declined with
increasing duration of sonication. The production of new free radicals during cavitation
can be a possible explanation for this reduction [50], while other researchers have at-
tributed the increased heat production during sonication to vitamin C degradation [51].

3.3.2. Total Phenolic Content (TPC)

Phenols are important as they contribute to the taste, color, and nutritional qualities of
the food products [39]. However, these compounds are heat-liable and undergo permanent
structural alterations when subjected to prolonged heating [33]. Thus, it becomes crucial to
investigate the changes in phenolics during the drying process. Figure 3 illustrates the effects
of different US-OP conditions on the total phenolic content of dried Satkara.

The TPC in the fresh Satkara was found to be 358.32 + 3.61 mg GAE/100 g of sample.
The drying process led to a considerable loss of phenolic content, with a reduction ranging
from 2.4% to 48.6%. With increasing the drying temperature, almost every pretreatment
group showed a substantial reduction (p < 0.05) in phenolic compounds, which again val-
idates their heat liability nature. Our findings align closely with the work of Lépez et al.
[42], who also observed a substantial reduction in these compounds in hot air-dried blue-
berries. The continuous exposure to elevated temperatures can disrupt glycosidic linkages
in phenolic compounds, leading to their degradation or transformation into non-bioactive
forms [43]. Apart from the negative impacts of the heat, the leaching of these hydrophilic
compounds with the water during the osmotic pretreatment can also be a possible reason
for the reduction [42]. Nearly 27-39% reductions were observed when the samples were
dried after immersion only in water. Interestingly, the range was much less prevalent
when pretreatment was carried out in sugar solutions.

Compared to the untreated sample, all samples treated in different osmotic solutions
showed higher TPC. Most of the retention was found in the samples treated with sucrose
and fructose solutions, approximately 87% to 76% and 91% to 77%, respectively. This en-
hanced retention occurred due to the shortening of drying time and the protective effects
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of osmotic agents. Sugar solutions can form barrier layers at the product surface, limiting
oxygen interactions with phytoconstituents present in the fruit [52]. Moreover, they can
also substitute for water molecules, which helps maintain the stability of phospholipids
and water molecules, ensuring the integrity of the cell membrane as previously reported
for strawberries by Jiang et al. [18].

Similarly, except for the F30 and G20 pretreatment groups, sonication also posed a posi-
tive impact on the TPC of Satkara and for most of the conditions, the effect was found to be
significant (p < 0.05). Surprisingly, for the sucrose pretreatment group, the effect was not sig-
nificant compared to the samples subjected to 20 and 30 min of sonication time (p > 0.05).

3.3.3. Total Flavonoid Content (TFC)

Flavonoids, a subgroup of polyphenols, are found in plants naturally and include
flavones, flavonoids, isoflavones, catechins, and anthocyanins. In addition to their princi-
pal function of pigmentation, their role as antioxidants has also been supported by studies
[53]. The TFC of pretreated Satkara fruit slices dried at three different temperatures is
shown in Figure 4.

From 96.58 + 2.21 mg QE/100 g of sample, recorded with fresh Satkara, the TFC con-
centration was greatly decreased (p < 0.05), ranging from a 12.4% reduction in glucose-
treated samples dried at 50 °C with 30 min of sonication (G30) to a 50.8% reduction in
untreated samples dried at 70 °C. The decrease appeared to be more pronounced as the
drying temperature rose. Heat increases enzymatic activity and oxidation processes, lead-
ing to the degradation of these beneficial molecules [10]. In their review, Kamiloglu et al.
[50] also reported on the destruction of flavonoids, highlighting how the drying process
affects the antioxidant potential of plant products. Authors such as Shang et al. [54] at-
tributed the thermal deterioration and oxidative degradation to reductions in these com-
pounds during the drying process. However, the negative effect of temperature was less
apparent when the samples were treated in the fructose solution; in this case, the majority
of retention was observed with a minimal loss of approximately 15-32%.

Similarly, the loss of TFC was less pronounced with increasing sonication duration,
reducing it by 1-11% across all pretreatment conditions. This increased the retention of
these compounds with longer sonication times mostly due to the shortening of drying
time, release of bound phenols, and inactivation of some phenolic enzymes in the Satkara.
Similarly to our findings, Ren et al. [55] found that the onion samples subjected to ultra-
sound pretreatment preserved more of their flavonoids than the untreated samples. How-
ever, the effect of ultrasound tended to be more significant when fruit slices were dried at
relatively higher temperatures. In contrast to this, Liu et al. [56] reported that the soni-
cation treatment only resulted in a better retention of flavonoids when the peach samples
were dried at low temperatures. The difference in the drying temperatures employed, the
presence of specific flavonoids, and their structure in the two samples could be attributed
to this discrepancy.

3.3.4. Antioxidant Activity

Figure 5 illustrates the antioxidant activity of fresh and dried Satkara measured by
the DPPH method. The fresh Satkara exhibited a radical inhibition percentage of 76.32 +
0.98% which declined noticeably after the drying process, aligning with what was re-
ported for European cranberry bush [33] and pomelo [39].

It was noticed that the antioxidant activity of Satkara slices declined with the increas-
ing drying temperatures, with most of the decline observed at 70 °C. The reduction in
antioxidant capacity during thermal treatment is generally associated with phenol degra-
dation. Compared to the untreated sample, all samples treated in different osmotic solu-
tions showed higher DPPH values.
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Previous studies, including Zhou et al. [57], have consistently demonstrated a posi-
tive correlation between the levels of phenolic compounds and antioxidant activity. In the
present study, a strong correlation between the total phenolic content (TPC) and antioxi-
dant capacity (r = 0.82) was also observed, while the correlation between total flavonoid
content (TFC) and antioxidant capacity was slightly weaker (r = 0.67), shown in Figure 6.
This correlation analysis further confirms that TPC plays a more significant role in deter-
mining the antioxidant potential of the studied US-OP Satkara than TFC. The lower con-
tribution of flavonoids in antioxidant activity, as indicated by previous studies [58,59],
coupled with the higher concentration of phenolic compounds in the fresh fruit, may ex-
plain this phenomenon.

However, as Alonzo-Macias et al. [60] pointed out, the changes in antioxidant capac-
ity during processing are indeed complex and cannot be always predicted solely based on
the quantity of phenols. Their study on dried strawberries revealed that despite declining
phenolic content, the dried strawberries showed higher radical inhibition values. This
suggests that factors beyond phenolic compounds, such as the formation of new com-
pounds, the inactivation of hydrolytic and oxidative enzymes, and deterioration due to
UV radiation, can also contribute to variations in antioxidant capacity [61].

Interestingly, the deteriorative impact of temperature was mostly alleviated when
the samples were treated with different sugar solutions. The retention was comparable in
the fruit slices treated in sucrose, fructose, and glucose solutions, and the highest value
was achieved with glucose pretreatment, 30 min of sonication (G-30), and a drying tem-
perature of 50 °C, reaching 61.4 +2.07%. However, compared to the other parameters eval-
uated in this study, the effect of sonication duration was found to be mostly insignificant
in terms of the antioxidant activity of Satkara (p > 0.05).
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Figure 6. Pearson Correlation analysis with matrix plot (95% CI) of TPC, TFC, and DPPH for Sat-
kara drying subjected to different US-OP conditions.

Overall, the osmotic pretreatment of Satkara involves immersion in a hypertonic so-
lution, which draws water out of the fruit through osmosis. This reduces the moisture
content and creates a protective barrier against nutrient loss. At the same time there is a
penetration of the solute from the solution into the fruit [23]. The osmotic process also
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minimizes the thermal damage during subsequent drying by reducing the drying time,
thereby preserving heat-sensitive compounds like vitamins and antioxidant compounds.
As already mentioned in Section 1, ultrasound treatment reduces the time needed for wa-
ter removal and it can also protect antioxidants during drying [11,12,51,53]. In the present
study, vitamin C content, TPC, TFC and DPPH were higher when the osmotic ultrasound-
assisted pretreatment was used (Figures 2-5). In addition, vitamin C retention was higher
when sucrose was used in the osmotic ultrasound-assisted pretreatment in comparison
with the other sugars (Figure 2), but TPC was lower (Figure 3). As a disaccharide with a
higher molecular weight than glucose and fructose, sucrose exhibits lower permeability
through cell membranes compared to monosaccharides. This characteristic limits its dif-
fusion into the food matrix, thereby reducing the leaching of water-soluble nutrients.
Studies have shown that using sucrose in the osmotic solution resulted in better retention
of nutrients such as ascorbic acid, as well as lower levels of anti-nutrients like tannins,
which are phenolic compounds [62,63].

4. Conclusions

This study aimed to evaluate the impact of different osmotic ultrasound-assisted pre-
treatment conditions on the drying kinetics (50-70 °C) and the quality of dried Satkara
fruit. Among the four models assessed, Page’s model was found to be the most suitable
to fit the drying kinetics. The osmotic ultrasound-assisted pretreatment reduced the dry-
ing time for all conditions tested. This pretreatment was most effective in preserving the
vitamin C, TPC and TFC of Satkara, thereby minimizing the nutrient and bioactive com-
pound degradation, while improving the drying process efficiency. However, a longer
sonication treatment had a more destructive effect on vitamin C, whereas its effect on TPC
and TFC was positive. Sucrose, in the osmotic solution, was shown to be more effective in
preserving vitamin C compared to smaller sugars like glucose and fructose.

The findings in this study suggest that this osmotic ultrasound-assisted pretreatment
method holds a high potential for industrial applications, particularly for producing high-
quality dried products or to preserve different perishable fruits. Industrial applications
could extend to the development of value-added dried fruit snacks, and functional food
ingredients. In the present work, a method was successfully established to mitigate qual-
ity degradation during the drying of Satkara. Future research could be focused on opti-
mizing packaging materials and techniques to maintain product quality during storage.
As the stability of phytonutrients is critical for the long-term marketability and health
benefits of dried fruit products, future studies should prioritize investigating the effects
of various storage conditions, such as temperature, humidity, and light exposure on nu-
trient preservation. Moreover, exploring advanced packaging solutions, such as active or
intelligent packaging systems, could help to extend shelf life while ensuring minimal loss
of functional properties.
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