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ABSTRACT
Sweet orange peel, a major by‐product of juice processing, is recognized as a bioactive‐rich material abundant in phenolic

compounds, offering substantial potential for valorization and sustainable by‐product utilization. This study investigates the

effect of plasma‐activated water (PAW) pretreatment combined with hot‐air tray drying on the drying behavior and quality

attributes of debittered sweet orange peel. Drying was conducted under varying temperatures (50°C, 60°C, and 70°C) and air

velocities (0.3, 0.6, and 0.9 m/s). The results demonstrated a significant reduction in drying time, from 465 to 225min in treated

samples (PAW‐pretreated tray‐dried) and from 420 to 165min in control samples (non‐pretreated tray‐dried), as the temper-

ature increased from 50°C to 70°C. Among the tested mathematical models, the logarithmic model provided the best fit for

describing drying kinetics. The optimal drying condition, identified as 60°C and 0.9 m/s air velocity, resulted in sweet orange

peel powder with enhanced phenolic content and improved functional, structural, and physical attributes. Treated samples

exhibited significantly reduced oil absorption capacity, water absorption capacity, and swelling capacity compared with control

samples. Scanning electron microscopy analysis revealed compact, dense structures in control samples, while treated samples

displayed porous structures with visible spacing between particles. Relative crystallinity increased from 18.09% in control

samples to 21.45% in treated samples, indicating structural transformation. Fourier‐transform infrared spectroscopy confirmed

the presence of key functional groups, such as hydroxyl and carbonyl, associated with the peel's bioactive compounds. These

findings highlight the synergistic effect of PAW pretreatment and hot‐air drying in enhancing the quality and properties of

sweet orange peel powder, offering an effective strategy for the valorization of citrus fruit waste.
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Practical Applications

Sweet orange peel is a rich source of bioactive substances and
phenolic compounds, possessing significant health‐promoting
properties. Despite its potential, the high moisture content of
the peel accelerates spoilage, making its preservation chal-
lenging. Utilizing drying techniques can address waste man-
agement issues while enhancing the nutritional and functional
value of the product. Hot‐air tray drying is an effective method
for maximizing the polyphenol retention while preserving the
structural, functional, morphological, and physical integrity of
the peel, thereby enabling the valorization of sweet orange peel
waste into nutritionally enriched products. This approach not
only promotes sustainable practices but also unlocks the
potential of citrus processing waste for broader industrial
applications.

1 | Introduction

The sweet orange fruit (Citrus sinensis) belongs to the family
Rutaceae and holds immense global significance due to its
delicious taste, attractive flavor, and nutritious profile [1]. As
per Food and Agriculture Organization, global production of
sweet oranges for the 2022–2023 period was estimated at
approximately 49 million metric tons. The major producing
countries included Brazil, the United States, China, India,
Spain, and Mexico [2]. It accounts for over 50% of global citrus
production with steady annual increase in consumption,
growing at an approximate rate of 3.5% over the past three
decades [3]. As one of the leading cultivated citrus species, it is
extensively utilized in various forms, including whole con-
sumption and juice processing. The processing of citrus fruits
for juice production results in significant waste, with approxi-
mately 50% of the fresh fruit weight ending up as seeds, pom-
ace, and peel. This waste is often discarded into the
environment [4, 5].

Discarding huge amounts of citrus waste in landfills or through
incineration results in environmental pollution and can impact
human health due to the release of pathogenic microbes into
the air. Additionally, the mismanagement of this valuable
bioresource leads to financial losses [6, 7]. Citrus waste is a
valuable source of nutraceutical properties, as it has phenolic
compounds, flavonoids, antioxidants, and dietary fibers [8].
These compounds derived from citrus waste hold immense
potential for transformation into functional foods, food ad-
ditives, pharmaceuticals, and cosmetic products. Additionally,
the high carbohydrate content in fruit waste makes it an ex-
cellent substrate to produce bioethanol and biogas, offering
sustainable solutions for energy generation and waste utiliza-
tion [9, 10]. Citrus peel serves as an abundant source of phy-
tochemicals, comprising vitamins, coumarins, and flavonoids
found naturally in plant material [11, 12]. Thus, it is vital to
investigate innovative methods for processing and utilizing
orange peel to minimize resource wastage and environmental
pollution. The presence of bitter compounds such as naringin
and limonin in citrus peel limits its direct applicability in food
products intended for human consumption. To overcome this
limitation, various debittering treatments, which include salt,
alkali, and solvent‐based methods, have been employed to

reduce the concentration of these undesirable compounds.
Among the solvents tested, acetone has shown the highest
efficacy in significantly decreasing the levels of naringin and
limonin [13].

Plasma‐activated water (PAW) pretreatment, coupled with
debittering, transforms sweet orange peel waste into functional
materials. PAW is produced by plasma interacting with water,
generating reactive oxygen species (ROS) and reactive nitrogen
species (RNS). These reactive particles drive chemical modifi-
cations in the water, enhancing its efficacy in preserving bio-
active compounds and improving peel properties [14]. Drying is
one of the traditional food preservation methods, enhancing the
storage life of biomaterials by decreasing their moisture content.
This reduction in moisture helps minimize microbial growth
and enzymatic activity, thereby preserving the food for longer
periods [15]. The hot‐air tray drying method employs hot air at
a constant or variable flow rate and temperature to remove
moisture from biomaterials. This technique involves circulating
warm air around the material on trays, effectively reducing its
moisture content [16]. The selection of a suitable drying tech-
nique is crucial in effectively preserving bioactive compounds.
Selection of a hot‐air‐drying method based on various factors
involves the type of the product, cost of the instrument, desir-
able properties, energy consumption, and so forth.

A few researchers have studied the drying kinetics and
modeling, as well as the effect of various drying temperatures
on phenolic content, antioxidant activities, and physico-
chemical properties of citrus peel. Deng et al. [17] studied
drying kinetics of orange peel using hot‐air drying with varying
temperatures and found that the Weibull model effectively
represented the drying kinetics. Additionally, the quality attri-
butes of the dried orange peel remained constant as drying time
reduced from 150 to 75min, despite a rise in temperature from
50°C to 70°C. Özcan et al. [18] reported that there was a sig-
nificant increase in total phenols and flavonoid content, along
with a slight reduction in antioxidant capacity and fatty acids,
during the drying process of orange and lemon powder. Various
drying methods, including convective, microwave, conductive,
hydro, and freeze‐drying, enhance levels of volatiles and phe-
nolic compounds in the dried powders of lemon, grapefruit,
orange, and bitter orange [19]. Similarly, orange peel was dried
using convective, microwave, and freeze‐drying methods.
Among these, freeze‐drying enhanced the total phenolics and
antioxidant activity. The page and approximation models were
observed to be the best fit in the kinetic study [20]. The maxi-
mum bioactive compounds retention was achieved at 50°C and
60°C during oven drying of pomelo peels [21]. Therefore, con-
trolled drying processes are crucial to preserve the poly-
phenolic, nutritional, physical, and structural characteristics of
sweet orange peel. The selection and optimization of drying
methods for PAW‐treated debittered sweet orange fruit peel
pose significant challenges.

Currently, no studies exist on the drying process of PAW‐
pretreated debittered citrus fruit peel, emphasizing the necessity
for further investigation. This underscores the need for further
research to develop appropriate drying protocols that preserve
the beneficial characteristics of the peel while ensuring efficient
moisture removal and quality retention. This study aimed to
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investigate the drying kinetics and modeling, as well as the
effect of drying on phenolic compounds, antioxidant activities,
physical properties, functional properties, and structural char-
acteristics of PAW‐treated debittered sweet orange peel powder
(PDSOPP). The findings from this study are intended to offer
insights for the industrial production of high‐quality sweet
orange peel powder to develop functional food products.

2 | Materials and Methods

2.1 | Materials

The sweet orange varietyMosambiwas procured from the Central
Citrus Research Institute in Nagpur, India. After procurement,
the fruits were washed and kept at 8°C before being used in
experiments. Later, the peel was subjected to PAW treatment
under optimized conditions (13 kV, 62min). These treatment
conditions were established through preliminary optimization
trials involving 13 different combinations of voltage and soaking
durations. The selected parameters were found to yield maximal
polyphenol retention and minimal antinutritional factors, and
were thus employed in the present study [22]. The peel sample
used for the PAW treatment was cut into uniform dimensions of
3mm× 3mm× 4mm (length ×width × thickness). The ratio of
PAW to peel was maintained at 5:1 (w/v) during the treatment
process. The PAW‐treated peel was then taken for debittering
treatments with a 1:10 (sample:salt) ratio. A 10% (w/v) sodium
chloride (NaCl) solution was employed for the debittering treat-
ment of the peel. The samples were immersed in the solution for
3 h at 25°C without continuous mechanical agitation. Instead,
manual agitation was performed at 30‐min intervals throughout
the treatment period to ensure uniform exposure. The resulting
PAW‐treated and debittered peel was taken for drying to make
peel powder under different conditions (temperature and air
velocity). The control for each treatment was taken as raw sweet
orange (variety Mosambi) peel (without any treatment). The
details of treatments are mentioned in Table 1.

2.2 | Drying Experiments

Sweet orange peel was dried in a hot‐air tray dryer at three
different air temperatures, Tair (50°C, 60°C, and 70°C), and
three different velocities, Vair (0.3, 0.6, and 0.9 m/s) to optimize
the drying efficiency, preserving the quality, and controlling the
properties. Further, their impact was studied on drying rate
(Rd), moisture (X), and moisture ratio (MR). A sample of 350 g
of sweet orange peel, with 4.036 ± 1.00mm thickness, was
uniformly spread on an aluminum tray in a single layer and
kept in a dryer chamber. The moisture loss of sweet orange peel
was recorded at a regular interval of 15 min on a digital balance.
The final moisture content of sweet orange peel was determined
by drying the sample at 105°C ± 2°C for 24 h in a hot‐air oven.
The dried sweet orange peels were ground using a hammer mill
(Indosaw model, India) and subsequently sieved through a
200‐μm mesh to obtain a uniform powder. The resulting finely
ground peel powder was used for further experimental
investigations.

2.3 | Drying Characteristics

2.3.1 | Moisture Ratio and Drying Rate

The moisture ratio (MR) of sweet orange peel was estimated
using Equation (1) as reported by Ju et al. [23]. Drying rate (DR)
denotes the rate of moisture loss per unit time. It was deter-
mined using Equation (2) as mentioned by Bai et al. [24].

MR
M M

M M
=

−

−
,t e

e0
(1)

where M0, Mt, and Me indicate the moisture content (g/g dry
basis) at time 0, time t, and equilibrium, respectively.
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t t
=

−

−
,

t t

2 1

1 2 (2)

where t1 and t2 are the drying time (h); Mt1 and Mt2 indicate the
moisture content (g/g dry basis) at time t1 and t2, respectively.

2.3.2 | Effective Moisture Diffusivity (Deff)

The Deff was determined using Fick's second law when the
drying rate curve is plotted for the sample. Equation (3)
describes the relation between Deff and moisture ratio (MR) as
given by Deng et al. [25]:

TABLE 1 | Drying conditions of plasma‐activated water‐treated
and untreated samples.

PAW‐
treated
samples

Temperature
(°C)

Air
velocity
(m/s)

Untreated
samples

DE1 50 0.3 DE1C

DE2 0.6 DE2C

DE3 0.9 DE3C

DE4 60 0.3 DE4C

DE5 0.6 DE5C

DE6 0.9 DE6C

DE7 70 0.3 DE7C

DE8 0.6 DE8C

DE9 0.9 DE9C

Note: DE1, DE2, DE3: Treated samples at 50°C temperature and 0.3, 0.6, and
0.9 m/s air velocity.
DE1C, DE2C, DE3C: Samples at 50°C temperature and 0.3, 0.6, and 0.9 m/s air
velocity.
DE4, DE5, DE6: Treated samples at 60°C temperature and 0.3, 0.6, and 0.9 m/s air
velocity.
DE4C, DE5C, DE6C: Samples at 60°C temperature and 0.3, 0.6, and 0.9 m/s air
velocity.
DE7, DE8, DE9: Treated samples at 70°C temperature and 0.3, 0.6, and 0.9 m/s air
velocity.
DE7C, DE8C, DE9C: Samples at 70°C temperature and 0.3, 0.6, and 0.9 m/s air
velocity.
Abbreviation: PAW, plasma‐activated water.
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Equation (3), under extended drying durations with n= 1, can
be denoted as Equation (4).
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Equation (5) represents the logarithmic transformation of
Equation (4), where k is the slope obtained through linear
regression of time curves versus ln MR. Deff can then be cal-
culated using Equation (6):
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where Deff denotes the effective moisture diffusivity (m²/s), t
denotes the drying time (s), and H denotes the thickness of
peel (m).

2.3.3 | Activation Energy (Ea)

The temperature dependence of moisture diffusivity is
described by an Arrhenius‐type equation (Equation 7) as re-
ported by Bai et al. [24] and Xie et al. [26]:

D D= e ,eff 0
(− )

E
R T

a
( +273.15) (7)

where D0 denotes the pre‐exponential factor (m2/s), R repre-
sents the gas constant (8.314 J/mol·K), Ea represents the acti-
vation energy in kJ/mol, and T denotes the drying temperature
in °C.

Equation (7) can be transformed into Equation (8) by taking the
logarithm on both sides. Consequently, the activation energy
(Ea) is estimated from the slope of the plot of ln(Deff) versus
1/(T+ 273.15).

D D
E
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1

+ 273.15
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2.4 | Kinetic Modeling

Modeling drying kinetics is valuable for predicting and opti-
mizing the drying process. The drying model was fitted to
obtained results, and the fitting was evaluated using a lower
correlation coefficient (R2), chi‐square parameter (χ2), and
residual sum of squares (RSS) among experimental as well as
predicted values. These evaluation metrics are expressed in
Equations (9)–(11).
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where Apre and Aexp represent the predicted and experimental
values, respectively; z denotes the model parameters, and N
represents the number of data.

2.5 | Total Phenolic, Flavonoid Content, and
Ferric Reducing Antioxidant Power (FRAP)

Total flavonoid content in PDSOPP was assessed using the
colorimetric method, and total phenol content in PDSOPP was
quantified following the Folin–Ciocalteu procedure as reported
by Bansode et al. [13]. The FRAP assay of PDSOPP was con-
ducted following the procedure outlined by Bansode et al. [13].

2.6 | 2,2‐Diphenyl‐1‐Picrylhydrazyl (DPPH)

The DPPH activity was determined using the procedure sug-
gested by Padhi and Dwivedi [27]. The scavenging activity of
the PDSOPP sample was determined using Equation (12):







DPPH

a a

a
(%) =

−
× 100,0 1

0

(12)

where a0 and a1 represent the absorbance of the control and
sample mixture measured at 517 nm.

2.7 | Physical Characteristics of PDSOPP

2.7.1 | Hausner Ratio (HR) and Carr Index (CRI)

The HR ratio was determined by dividing the tapped density by
the bulk density. The CRI, also known as the compressibility
index, was estimated following the procedure mentioned by
Bhusari et al. [28]:

Hausner ratio
Tapped density

bulk density
= , (13)

Carr s index
Tapped density bulk density

tapped density
′ (%) =

−

× 100.

(14)

2.7.2 | Bulk and Tapped Density

PDSOPP was added to the 100mL measuring cylinder until it
reached the 100mL mark, and the weight was recorded to estimate
the bulk density (g/cc). To calculate the tapped density (g/cc), the
cylinder was tapped 50 times on a wooden bench, and the final
volume was measured. The bulk and tapped density were calcu-
lated as per the procedure suggested by Smita et al. [29].
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Bulk density
Weight of PDSOPP

Bulk powdered volume
= , (15)

Tapped density
Weight of PDSOPP

Tapped powdered volume
= . (16)

2.7.3 | Color

The color of the flour was assessed using a Hunter Lab Color-
imeter (Color Flex EZ, Hunter Lab, Virginia, USA). Calibration
was performed with black and white glass standards. The color
parameters measured were L*, which ranges from 0 (black) to
100 (white); a*, indicating redness (negative values) to green-
ness (positive values); and b*, representing blueness (negative
values) to yellowness (positive values). The chroma value (ΔC)
is calculated by using the following equation (17):

∆C a b= + .2 2 (17)

2.8 | Functional Properties

The functional properties of PDSOPP, including water absorp-
tion capacity (WAC) (g/g), swelling capacity (SC) (g/g), solu-
bility index (SI) (g/g), and oil absorption capacity (OAC) (g/g),
were measured following the procedure mentioned by Jaddu
et al. [30].

2.9 | Structural Characteristics of PDSOPP

2.9.1 | Fourier‐Transform Infrared (FTIR)
Spectrometry

The FTIR spectra of PDSOPP were obtained using FTIR spec-
troscopy (Bruker, Alpha E FTIR, Germany). The spectra were
determined at wavelength ranges from 600 to 4000/cm with
32 scans per sample [31].

2.9.2 | X‐Ray Diffraction (XRD) Analysis

The XRD diffraction patterns of PDSOPP were analyzed using
an X‐ray diffractometer (AXSD8 Advance with Davinci Design,
Bruker, Germany). The instrument was operated at 40 kV and
40mA, with a scanning range of 2θ from 2° to 50° and a scan
rate of 4°/min. The crystallinity index (CI) was calculated using
Equation (18) as mentioned by Kishore et al. [31].

Crystallinity index
C

C A
(%) =

+
× 100,PA

PA A
(18)

where AA and CPA represent the amorphous area and crystal-
line peak area, respectively.

2.9.3 | Scanning Electron Microscopy (SEM) Analysis

The micrographs of the PDSOPP were obtained using SEM
(JEOL JSM‐6480 LV, Japan). The imaging conditions included

an accelerated voltage of 20 kV, a magnification of ×1000, and a
particle size of 10 μm [32].

2.10 | Statistical Analysis

The obtained results were analyzed utilizing SPSS software
(SPSS Inc., version 21.0, USA). Duncan's multiple range test was
employed to determine statistical differences between the
means, with a significance level at p< 0.05. For model fitting,
the reduced correlation coefficient (R2), chi‐square parameter
(χ2), and residual sum of squares (RSS) were utilized.

3 | Results and Discussion

3.1 | Drying Curves

Figure 1A–I illustrates the impact of various temperatures and
air velocities on the drying curves of PDSOPP. The obtained
results underscore the relationship between drying conditions
and the overall drying time as well as the drying rate of the
material. It contributes valuable knowledge to the optimization
of drying processes for simple organic materials. The data
clearly shows that both temperature and air velocity play crucial
roles in accelerating the drying process. An increase in drying
temperature (from 50°C to 70°C) combined with higher air
velocity (0.3–0.9 m/s) consistently resulted in a faster reduction
of moisture content [33]. The initial moisture content of treated
sweet orange peel was 80.2% (w.b.), whereas the untreated peel
exhibited a moisture content of 73.5% (w.b.). The overall drying
times for the final moisture content (10% w.b.) ranged from
465min at 50°C and 0.3 m/s to 225min at 70°C and 0.9 m/s. It is
evident that higher temperatures (70°C), coupled with
increased air velocity (0.9 m/s), accelerated the drying rate and
reduced the overall drying time. The study by Talens et al. [34]
similarly reported a drying time of 120 min for orange peel at
55°C under hot‐air‐drying conditions. The acceleration of dry-
ing time in response to higher temperatures and air velocities
can be attributed to the increased thermal energy supplied to
the material and enhanced convective heat transfer. The water
molecules within the PDSOPP are more readily vaporized at
elevated temperatures, which reduces the time required for the
drying process [35].

It is evident from the data that as drying temperature increased,
the initial drying rate also increased, indicating faster moisture
removal at the beginning of the drying process. This is attrib-
uted to enhanced vapor pressure and moisture diffusivity at
higher temperatures, which accelerate the transfer of water
from the material to the drying air. However, over time, a
decline in the drying rate was observed, which can be attributed
to case‐hardening. Case‐hardening occurs when the outer layer
of the material becomes hardened due to the excessive heat. It
forms a barrier that impedes more moisture transfer from the
inner layers to the surface. Consequently, even though the
drying conditions are more aggressive (increased temperature
and air velocity), the moisture transfer rate slows down as the
outer layer hardens, limiting further drying efficiency [36]. The
hardening factor hinders the increase in drying rate despite
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FIGURE 1 | (A–C) Moisture content versus drying time, (D–F) moisture ratio versus drying time, and (G–I) drying rate versus moisture content

plots of sweet orange peel samples dried at different drying temperatures and air velocities. Note: DE‐0.3, DE‐0.6, DE‐0.9—control samples; DE‐T‐0.3,
DE‐T‐0.6, DE‐T‐0.9—treated samples.
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FIGURE 1 | (Continued)
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increasing temperature. The obtained results corroborate
previous findings from studies on case‐hardening in various
materials, including fruits and vegetables. The outer layer acts
as a barrier to moisture diffusion during the drying process,
thus reducing the rate of drying at advanced stages [37]. The
finding also lines up with the study of cold plasma treatment on
tobacco leaf midribs during natural drying. The use of cold
plasma treatment before drying was shown to significantly
reduce drying times by enhancing the moisture removal
capacity. Similarly, in this study, the reduction in drying time
with increasing temperature and air velocity could be seen as a
form of pretreatment to the PDSOPP. The initial stages of dry-
ing are accelerated, yet the process slows as case‐hardening
occurs [38].

The data demonstrate a clear correlation between drying tem-
perature, air velocity, and drying time. It is important to con-
sider that the drying time required for PDSOPP to reach its final
moisture content remains substantial even under the highest
temperature and air velocity conditions. This suggests that
elevated temperatures and air velocities improve drying effi-
ciency. There may be other factors at play, such as intrinsic
properties of PDSOPP, which also influence the drying kinetics.
Further investigations into these factors, as well as the potential
effects of pretreatment methods such as cold plasma or chem-
ical additives, could provide additional insights [39]. In con-
clusion, the results highlight a significant effect of air velocity
and temperature on drying kinetics, with higher ranges leading
to faster drying time. It also contributes to a decline in drying
rate due to case‐hardening. The findings emphasize the need for
a balanced approach when selecting drying parameters to avoid
diminishing returns as the drying process progresses [40].
Further studies could explore the application of alternate drying
techniques or pretreatment methods to further optimize the
process to ultimately improve the efficiency and quality of the
final product.

3.2 | Drying Kinetic Models

The analyzed models presented in Table 2 offer a comparative
evaluation of the fitted models for both control and treated
PDSOPP samples under different flow rates and temperatures.
The comparison based on the moisture ratio and drying time
experimental data utilizing three thin‐layer drying models
(logarithmic model, combined two‐term exponential model,
and page model) with drying constants was determined through
nonlinear regression analysis [33]. The evaluation of model
suitability was conducted by assessing key statistical parame-
ters, which include the coefficient of determination (R2),
residual sum of squares (RSS), and the chi‐squared (χ2) values,
all of which provide insight into the quality of model fit [41, 42].
The results indicate that for both control and treated PDSOPP,
the logarithmic model demonstrated the best fit, as evidenced
by the highest R2 value (0.9994), alongside the lowest RSS and
χ2 values (4.811 × 10⁻⁴² and 4.681 × 10⁻⁶⁷, respectively). These
results suggest that the logarithmic model accurately describes
the drying behavior of PDSOPP under the experimental con-
ditions studied. It indicates that the drying process primarily
follows a nonlinear pattern. The excellent fit of the logarithmic

model reflects its capacity to capture the dynamics of moisture
removal as a function of time, especially as drying approaches
its equilibrium moisture content [43]. Further details of all
models can be found in Supporting Information Tables S1–S3.

It is consistent with previous studies in drying kinetics, where
the logarithmic model has been found to perform well in
describing moisture loss during the drying of various agricul-
tural products, including fruits and vegetables. In particular, the
model's ability to represent the slowing down of the drying rate
as moisture content decreases is an important characteristic
[43]. It reflects the inherent nature of moisture migration
within porous materials like PDSOPP. In contrast, while other
models such as the combined two‐term model and the page
model also showed good fits, the logarithmic model clearly
outperformed them in terms of statistical accuracy. The other
models useful in certain contexts may not have captured the
moisture dynamics as effectively under the experimental con-
ditions applied here [44]. This highlights the importance of
model selection in drying studies, where the choice of the best‐
fitting model directly influences the reliability and applicability
of the results [41]. The Weibull model, which was previously
identified as a better fit for orange peel drying kinetics in hot‐air
impingement drying [34], did not emerge as the most suitable
model for PDSOPP in this study. This discrepancy may be at-
tributed to differences in the material properties of orange peel
versus PDSOPP, or to the specific conditions under which the
drying experiments were conducted. The Weibull model is
typically favored for capturing the variability in drying rates due
to its flexibility. It might not have fully captured the drying
behavior of PDSOPP under the applied temperature and air
velocity conditions. It suggests that material characteristics,
such as pore structure, surface area, and moisture diffusivity,
play a critical role in determining the appropriate model [45].

The detailed comparison of these models further emphasizes
the importance of considering both the physical properties of
the material being dried and the specific drying conditions in
selecting an appropriate drying model. Although the logarith-
mic model provided the best fit in this case, future studies could
explore the performance of alternative models under a broader
range of conditions, as well as incorporating other factors [46].
In conclusion, the results of this model comparison confirm the
suitability of the logarithmic model for accurately describing
the drying kinetics of PDSOPP under the studied conditions.
The consistent superiority of this model in terms of R2, RSS, and
χ2 values suggests that it should be the model of choice for
further investigations of PDSOPP drying behavior. However,
continued exploration of other models, especially in relation to
different drying techniques or material types, is essential for
refining the understanding of drying kinetics and optimizing
the drying process for various agricultural products [45, 46].

3.3 | Effective Moisture Diffusivity

The results summarized in Table 3 provide important insights
into the effective diffusivity (Deff) of PDSOPP under varying
drying conditions. The effective diffusivity is a key parameter
that governs the rate at which moisture is transferred within the
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TABLE 2 | Model constants and statistical results obtained from different thin‐layer drying models for control and PAW‐treated samples.

Control PAW‐treated
Air flow (m/s) 0.3 0.6 0.9 0.3 0.6 0.9

Drying temperature: 50°C

Logarithmic model

a 0.1061 0.0792 0.0726 0.0694 0.1237 0.0481

b 1.0969 1.0505 0.0151 1.0523 1.1230 1.0212

k 0.0119 0.0139 0.0150 0.0104 0.0090 0.0163

R2 0.9994 0.9991 0.9981 0.9976 0.9998 0.9983

χ2 7.10 × 10−5 1.14 × 10−4 2.43 × 10−4 2.99 × 10−4 1.64 × 10−5 2.28 × 10−4

RSS 0.00277 0.00397 0.00777 0.01107 5.92×10−4 0.00706

Combined two‐term
exponential model

a 0.4879 0.4803 0.4752 0.4869 0.4902 0.4831

b 0.4879 0.4802 0.4745 0.4867 0.4902 0.4835

k 2.96 × 10−5 1.78 × 10−5 1.77 × 10−5 7.23 × 10−6 2.48 × 10−5 7.23 × 10−6

h 2.96 × 10−5 1.78 × 10−5 1.77 × 10−5 7.23 × 10−6 2.48 × 10−5 7.23 × 10−6

n 1.8919 2.0094 2.0315 2.0547 1.8453 2.2181

R2 0.9992 0.9987 0.9973 0.9974 0.9995 0.9978

χ2 9.80 × 10−5 1.82 × 10−4 3.66 × 10−4 3.33 × 10−4 5.60 × 10−5 3.12 × 10−4

RSS 0.00363 0.006 0.01098 0.01167 0.00190 0.00904

Page model

n 1.8076 1.8315 1.8567 1.7727 1.9531 2.0713

k 4.30 × 10−5 4.86 × 10−5 5.57 × 10−5 1.03 × 10−5 1.35 × 10−5 3.87 × 10−5

R2 0.9986 0.9970 0.9946 0.9961 0.9990 0.9959

χ2 1.64 × 10−4 3.74 × 10−4 6.85 × 10−4 4.68 × 10−4 1.09 × 10−4 5.29 × 10−4

RSS 0.00655 0.01348 0.0226 0.0178 0.00403 0.01692

Drying temperature: 60°C

Logarithmic model

a 0.0897 0.0664 0.0519 0.0640 0.0551 0.0438

b 1.0577 1.0262 1.0022 1.0525 1.0468 1.0270

k 0.0163 0.0193 0.0223 0.0153 0.0174 0.0198

R2 0.9976 0.9982 0.9956 0.9991 0.9992 0.9991

χ2 3.18 × 10−4 2.43 × 10−4 6.29 × 10−4 1.12 × 10−4 1.07 × 10−4 1.21 × 10−4

RSS 0.00826 0.00608 0.01384

Combined two‐term
exponential model

a 0.4794 0.4760 0.4737 0.4865 0.4903 0.4867

b 0.4867 0.4902 0.4835 0.4859 0.4895 0.4868

k 7.23 × 10−6 2.48 × 10−5 4.36 × 10−6 9.07 × 10−6 8.88 × 10−6 5.92 × 10−6

h 7.23 × 10−6 2.48 × 10−5 4.36 × 10−6 9.07 × 10−6 8.88 × 10−6 5.92 × 10−6

n 2.0547 1.8453 2.2181 2.1472 2.1891 2.2957

R2 0.9971 0.9973 0.9948 0.9987 0.9992 0.9991

χ2 4.06 × 10−4 3.93 × 10−4 8.17 × 10−4 1.85 × 10−4 1.22 × 10−4 1.44 × 10−4

RSS 0.00974 0.00903 0.01634 0.005 0.00294 0.00317

Page model

(Continues)
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material during the drying process. The Deff relationship with
temperature and air velocity plays a crucial role in optimizing
drying conditions [47]. The observed increase in Deff with rising
temperature (50°C, 60°C, and 70°C) and air velocity (0.3, 0.6,
and 0.9 m/s) across both treated and control samples is in line
with established drying kinetics theory. Although elevated
temperatures significantly enhance moisture removal in the
early stages of drying by accelerating evaporation, a noticeable
decline in moisture removal is observed during the later stages.
This reduction is likely due to the formation of a hardened
surface layer, which restricts internal moisture migration.

The values of Deff for the control and treated samples ranged
from 9.913 × 10⁻⁹ to 6.939 × 10⁻⁹m²/s and 9.582 × 10⁻⁹ to
5.782 × 10⁻⁹m²/s, respectively. It reflects the enhanced mois-
ture transfer capabilities associated with higher temperatures.

This increase in Deff with temperature can be attributed to the
enhanced activity of water molecules, which can move more
rapidly at higher temperatures due to the additional thermal
energy supplied [48]. The increase in thermal energy raises the
vapor pressure of water, facilitating moisture diffusion from the
interior of the PDSOPP particles toward the surface. This result
is consistent with previous studies, which have found a positive
correlation between temperature and effective diffusivity in
drying processes of various organic materials, including fruits
and vegetables [49].

The differences in Deff between the treated and control samples
indicate that the treatment may have influenced the material's
microstructure, potentially increased its surface area, or altered
its pore structure. This change could enhance the rate of
moisture transfer, which is especially relevant when

TABLE 2 | (Continued)

Control PAW‐treated
Air flow (m/s) 0.3 0.6 0.9 0.3 0.6 0.9

k 8.56 × 10−5 6.51 × 10−5 5.62 × 10−5 1.87 × 10−5 1.45 × 10−5 1.17 × 10−5

n 1.7975 1.8805 1.9410 2.0204 2.1015 2.1721

R2 0.9952 0.9948 0.9913 0.9979 0.9986 0.9981

χ2 6.10 × 10−4 6.77 × 10−4 0.00119 2.69 × 10−4 1.91 × 10−4 2.71 × 10−4

RSS 0.0164 0.0175 0.0272 0.00807 0.00515 0.00676

Drying temperature: 70°C

Logarithmic model

a 0.0562 0.0712 0.0630 0.0443 0.0456 0.0388

b 1.0199 1.0443 1.0292 1.0240 1.0208 1.0002

k 0.0238 0.0248 0.0289 0.0212 0.0227 0.0257

R2 0.9968 0.9977 0.9972 0.9979 0.9974 0.9967

χ2 4.62 × 10−4 3.26 × 10−4 4.20 × 10−4 2.83 × 10−4 3.70 × 10−4 4.59 × 10−4

RSS 0.00924 0.00522 0.00630 0.00509 0.00629 0.00689

Combined two‐term
exponential model

a 0.4789 0.4818 0.4795 0.4858 0.4838 0.4776

b 0.4788 0.4818 0.4794 0.4859 0.4838 0.4777

k 2.18 × 10−5 4.18 × 10−5 4.31 × 10−5 7.53 × 10−6 9.75 × 10−6 7.84 × 10−6

h 2.18 × 10−5 4.18 × 10−5 4.31 × 10−5 7.53 × 10−6 9.75 × 10−6 7.84 × 10−6

n 2.1492 2.0610 2.1076 2.2816 2.2650 2.3447

R2 0.9963 0.9973 0.9965 0.9974 0.9969 0.9957

χ2 6.00 × 10−4 4.49 × 10−4 5.99 × 10−4 4.05 × 10−4 4.87 × 10−4 6.92 × 10−4

RSS 0.0108 0.00628 0.00779 0.00648 0.00731 0.009

Page model

k 5.59 × 10−5 8.96 × 10−5 1.02 × 10−4 1.57 × 10−5 2.20 × 10−5 2.56 × 10−5

n 1.9718 1.9152 1.9386 2.1469 2.1141 2.1201

R2 0.9940 0.9955 0.9944 0.9958 0.9950 0.9921

χ2 8.30 × 10−4 6.16 × 10−4 7.92 × 10−4 5.51 × 10−4 6.69 × 10−4 0.00105

RSS 0.01744 0.01047 0.01267 0.01047 0.01204 0.01677

Note: Where a, b, h, n, and k, rate constants; R2, coefficient of determination; RSS, residual sum of squares; χ2, reduced chi‐square.
Abbreviation: PAW, plasma‐activated water.
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considering the lower Deff values observed in the control sam-
ples. The increased diffusivity in treated samples is likely a
result of modifications to the material's characteristics, such as
the breakdown of cell walls or the creation of more porous
structures, which facilitate moisture movement [50]. The ex-
perimental data for Deff and the reciprocal of temperature (1/T)
were further used to calculate the activation energy (Ea) using
the slope method (Table 3). The activation energy represents
the amount of energy needed to drive the moisture diffusion
process, with lower Ea values indicating that the drying process
becomes easier or more efficient at lower temperatures [51]. In
this study, the Ea values for the control samples were found to
be 39.27, 37.91, and 36.70 kJ/mol, while for the treated samples,
they were slightly lower at 36.88, 36.12, and 35.12 kJ/mol. The
trend of lower Ea values in the treated samples suggests that the
drying process in these samples requires less energy to initiate
moisture diffusion. It is likely due to the structural modifica-
tions induced by the PAW treatment. This result is consistent
with findings from other studies, where lower activation energy
values were reported for apricots (31.4 kJ/mol) and dried carrots
(35.53 kJ/mol) in hot‐air drying without any pretreatment
[52, 53].

The reduction in Ea for treated samples indicates that the
treatment could have facilitated the drying process by making

the material more susceptible to moisture loss at lower tem-
peratures. This is an important consideration when optimizing
drying methods; a lower Ea value can lead to more energy‐
efficient drying processes. The observed variability in Ea values
across different drying conditions is likely due to a combination
of factors (such as differences in the material's initial moisture
content, maturation status, and surface area) as well as the
specific drying conditions employed. These factors can all
influence the rate of moisture diffusion and, consequently, the
activation energy required for drying [54]. In conclusion, the
results presented in this study highlight the significant impact
of temperature and treatment on the effective diffusivity and
activation energy of PDSOPP. The increase in Deff with higher
temperatures, along with the lower Ea values for treated sam-
ples, suggests that the treatment improved the drying efficiency
[50]. It enhanced the moisture transfer and reduced the energy
required for the process. These findings provide valuable in-
sights into the drying kinetics of PDSOPP and can highlight the
development of more efficient drying techniques [54]. The
future research could explore the effects of different treatment
methods on the material's microstructure. This subsequent
impact on drying behavior influences the other variables, such
as humidity and drying time, on the activation energy and
effective diffusivity.

3.4 | Total Phenols and Flavonoid Content

The results of this study, as shown in Table 4, provide the effect
of drying kinetics on the retention of flavonoids and phenolic
compounds in PDSOPP. The flavonoids and phenolic com-
pounds are recognized for their potential health benefits and
antioxidant properties, including their ability to neutralize free
radicals and support various physiological functions [55]. The
observed variations in the total phenolic and flavonoid content
are due to changes in drying time, temperature, and air velocity.
It emphasizes the delicate balance between optimizing drying
conditions and preserving the bioactive compounds present in
the material [56]. The total phenolic content in the control
samples ranged from 77.51 mg GAE/100 g to 102.30mg
GAE/100 g, and in the treated samples, it ranged from 83.47 mg
GAE/100 g to 110.12 mg GAE/100 g. The data reveal a notice-
able trend as the drying time decreased (from 380min at DE1C
to 225min at DE6C); the total phenolic content increased in
both control and treated samples. This suggests that shorter
drying times, especially those below a critical threshold, may
help retain phenolic compounds. The increase in phenolic
content during the initial stages of drying could be due to the
breakdown of cell walls and the concentration of bioactive
compounds as moisture content decreases [56, 57]. However, as
drying time continued to reduce beyond certain points (DE7C to
DE9C), a decline in phenolic content was observed, especially
under higher temperature (70°C) and increased air velocities
(0.3, 0.6, and 0.9 m/s).

The observed decrease in phenolic content at longer drying
times or higher drying intensities is consistent with findings
reported by Deng et al. [17], who noted a reduction in total
phenolic content in lemon peels. The decline of phenolic
compounds is likely attributed to thermal degradation and
oxidation during the drying process. It is observed particularly

TABLE 3 | Effective moisture diffusivity (Deff), activation energy

(Ea), and overall drying time of control and PAW‐treated samples.

Samples Deff (m
2/s)

Ea

(kJ/mol)
Overall drying
time (min)

DE1C 5.782 × 10−9 39.27 420

DE4C 7.600 × 10−9 360

DE7C 9.318 × 10−9 330

DE2C 6.609 × 10−9 37.91 300

DE5C 8.095 × 10−9 270

DE8C 9.417 × 10−9 225

DE3C 7.269 × 10−9 36.70 210

DE6C 8.921 × 10−9 195

DE9C 9.582 × 10−9 165

DE1 6.939 × 10−9 36.88 465

DE4 8.261 × 10−9 450

DE7 9.412 × 10−9 390

DE2 7.435 × 10−9 36.12 360

DE5 8.591 × 10−9 315

DE8 9.748 × 10−9 285

DE3 7.765 × 10−9 35.15 255

DE6 9.08 × 10−9 240

DE9 9.913 × 10−9 225

Note: DE1C, DE4C, DE7C: Control sample at 50°C (0.3, 0.6, and 0.9 m/s air
velocity).
DE2C, DE5C, DE8C: Control sample at 60°C (0.3, 0.6, and 0.9 m/s air velocity).
DE3C, DE6C, DE9C: Control sample at 70°C (0.3, 0.6, and 0.9 m/s air velocity).
DE1, DE4, DE7: Treated sample at 50°C (0.3, 0.6, and 0.9 m/s air velocity).
DE2, DE5, DE8: Treated sample at 60°C (0.3, 0.6, and 0.9 m/s air velocity).
DE3, DE6, DE9: Treated sample at 70°C (0.3, 0.6, and 0.9 m/s air velocity).
Abbreviation: PAW, plasma‐activated water.
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at higher temperatures, which are known to be sensitive to heat.
The phenolic compounds are susceptible to thermal damage,
and prolonged exposure to high temperatures may result in
their degradation (loss of antioxidant activity). Therefore,
although short drying times help retain phenolic compounds,
careful control of the process is essential to avoid excessive
heat‐induced degradation [54, 58]. Flavonoids, another group of
bioactive compounds, are prevalent in sweet orange peel,
important for their ability to neutralize ROS [59]. The total
flavonoid content increased with reduced drying time for both
control and treated samples. In control samples, the flavonoid
content rose from 294.07mg QE/100 g to 370.18mg QE/100 g,
while in treated samples, it increased from 451.63 mg QE/100 g
to 510.47mg QE/100 g. The observed increase in flavonoid
content with decreasing drying time suggests that the faster
removal of moisture can help preserve the flavonoids [60]. They
are less likely to undergo thermal degradation in the early
stages of drying.

A decline in flavonoid content was noted in both the control
(DE7C–DE9C) and treated (DE7–DE9) samples at the highest
drying times, particularly under higher temperatures (70°C)
and increased air flow rates (0.3, 0.6, and 0.9 m/s). This decline
is likely due to the sensitivity of flavonoids to heat, as prolonged
exposure to high temperatures can lead to the breakdown of
these compounds, as suggested by Özcan et al. [18]. The study
by Özcan et al. [18] demonstrated that drying methods, such as
oven, microwave, and infrared drying, could lead to an increase
in total flavonoid content in orange and lemon peel powder.
The drying conditions were optimized to prevent excessive heat

damage. Similarly, our results suggest that the reduced drying time
is beneficial for preserving flavonoids. The excessively high tem-
peratures and prolonged drying durations may negate these bene-
fits, leading to the degradation of the flavonoid compounds [60].
The findings underscore the delicate interaction between drying
time, temperature, and air velocity in preserving the bioactive
compounds in PDSOPP. The shorter drying times help retain higher
levels of both phenolic compounds and flavonoids. The excessive
drying time and higher temperatures can lead to a significant loss of
these valuable bioactive molecules. This highlights the importance
of optimizing drying parameters to balance moisture removal effi-
ciency with the preservation of the chemical integrity of bioactive
compounds [54, 56].

The treatment process appears to have a positive effect on the
retention of both phenolic and flavonoid content, particularly at
shorter drying times. It suggests that pretreatment methods can
enhance the material's ability to retain bioactive compounds
during drying. The treated samples consistently exhibited
higher levels of phenolics and flavonoids compared with the
control samples. It could be attributed to changes in the
structural properties of the material that facilitate better
retention of these compounds [56, 61]. In conclusion, the results
demonstrate that drying time, temperature, and air velocity
significantly affect the retention of phenolic and flavonoid
compounds in PDSOPP. Shorter drying times and lower tem-
peratures are essential for preserving these bioactive com-
pounds. The longer drying times, particularly at high
temperatures, lead to their degradation. These findings align
with previous research and emphasize the need for careful

TABLE 4 | Total phenol content (TPC), total flavonoid content (TFC), and antioxidant activity (AOA) of control and PDSOPP.

Samples TPC (mg GAE/100 g) TFC (mg QE/100 g) AOA (% DPPH) FRAP (µg AA/g)

DE1C 77.51 ± 3l 294.07 ± 1.89m 32.92 ± 2.67e 67.88 ± 2.17h

DE2C 82.31 ± 1.84jkl 308.17 ± 2.4l 33.11 ± 2.33e 69.07 ± 0.99h

DE3C 87.42 ± 2.59hij 311.44 ± 1.84l 34.05 ± 1.04e 71.82 ± 2.17gh

DE4C 80.66 ± 2.51kl 309.24 ± 2.54l 34.09 ± 2.27ce 72.32 ± 1.91gh

DE5C 85.53 ± 1.6ijk 321.13 ± 3.48j 34.12 ± 1.06e 73.27 ± 1.82gh

DE6C 102.3 ± 1.84bcd 370.18 ± 4.6g 35.87 ± 1.41bcd 80.72 ± 1.32f

DE7C 94.17 ± 1.81fg 351.82 ± 2.54i 34.2 ± 1.73cde 77.1 ± 2.7fg

DE8C 96.42 ± 1.03defg 363.54 ± 4.04h 34.05 ± 1.69de 76.17 ± 2.04fg

DE9C 92.09 ± 1.04gh 337.03 ± 2.6i 33.7 ± 1.7de 75.09 ± 1.02fg

DE1 83.47 ± 2.06abc 451.63 ± 0.54b 44.93 ± 1.95ab 103.72 ± 1.27bc

DE2 87.24 ± 2.15ab 462.47 ± 2.57a 45.1 ± 0.61ab 106.18 ± 1.08ab

DE3 90.83 ± 3.65a 470.36 ± 3a 46.77 ± 0.99a 107.22 ± 1.75a

DE4 95.63 ± 1.78efg 477.56 ± 2.04d,e 46.92 ± 2.03ab 108.45 ± 2.09bcde

DE5 98.75 ± 2.73def 483.12 ± 2.25cd 47.5 ± 1.54ab 110.07 ± 2.72bcd

DE6 110.12 ± 1.49jkl 510.47 ± 2.87g 48.72 ± 1.68abc 118.67 ± 2.06e

DE7 107.44 ± 1.32hij 504.79 ± 1.96f 47.28 ± 2.79abc 114.11 ± 1.91de

DE8 105.87 ± 1.13ghi 492.2 ± 1.69ef 45.11 ± 0.71abc 112.37 ± 2.28de

DE9 100.06 ± 1.5cde 488.1 ± 1.03bc 43.92 ± 1.51ab 110.43 ± 1.6bcd

Note: Different letters in the same column showed significant (p< 0.05) differences between the samples.
Abbreviations: AA, ascorbic acid; DPPH, 2,2‐diphenyl‐1‐picrylhydrazyl; FRAP, ferric reducing antioxidant power; GAE, gallic acid equivalent; PAW, plasma‐activated
water; PDSOPP, PAW‐treated debittered sweet orange peel powder; QE, quercetin equivalent.
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optimization of drying conditions to enhance the retention of
health‐promoting compounds [54, 56]. Further studies could
investigate alternative drying techniques or pretreatment
methods to improve the preservation of phenolic and flavonoid
content. It provides valuable insights for both food processing
and nutritional enhancement.

3.5 | Antioxidant Activities

The antioxidant activity of orange peel (both fresh and dried) is
an important aspect of its potential health benefits. The anti-
oxidants play a crucial role in scavenging free radicals and
protecting cells from oxidative damage. Free radicals, which are
highly reactive molecules, can cause cellular damage and con-
tribute to various health conditions (including aging and
chronic diseases) [62]. Table 4 represents the antioxidant
activity of both control and treated PDSOPP using FRAP and
DPPH. The antioxidant activity measured by the FRAP and
DPPH assays was significantly higher in treated samples related
to the control samples. Specifically, treated samples showed an
increase in DPPH scavenging activity (48.72%) and FRAP value
(118.67 μg AA/g) compared with control samples (35.87% for
DPPH and 80.72 μg AA/g for FRAP). This suggests that the
treatment process had a positive impact on the preservation or
enhancement of the antioxidant properties in the dried orange
peel powder. The increased antioxidant activity in the treated
samples could be due to structural changes or enhanced
accessibility of antioxidant‐rich molecules, phenolics, and fla-
vonoids during the process treatment. The ROS and RON might
cause cell wall disruption or modifications of cell wall mem-
branes, improving the release and solubilization of intracellular
antioxidant compounds in PAW‐treated samples as compared
with untreated samples [13]. The data also reveal the effect of
drying conditions, particularly drying time and temperature, on
antioxidant activity [63]. The samples dried at lower tempera-
tures (50°C and 60°C) and with shorter drying times exhibited
enhanced antioxidant activity in both the DPPH and FRAP
assays. This trend is consistent with the general observation
that lower drying temperatures can help preserve antioxidant
compounds by minimizing their thermal degradation. At
moderate temperatures (50°C and 60°C), the moisture removal
process occurs efficiently without causing significant damage to
heat‐sensitive compounds like polyphenols and flavonoids [64].

The increased antioxidant activity observed in Okra pods after
cold plasma treatment, as reported by Zielinska et al. [65],
aligns with the notion that optimized drying or treatment
conditions can help retain or even enhance antioxidant prop-
erties. In the case of orange peel, the treatment seems to have
facilitated better retention of antioxidant activity. It might be
possibly due to changes in the physical or chemical structure of
the peel during processing, which could make antioxidant
compounds more bioavailable [66]. On the other hand, at
higher temperatures (70°C) and elevated air flow rates (0.3, 0.6,
and 0.9 m/s), both control and treated samples showed a
decrease in antioxidant activity. This decrease can be attributed
to the degradation of antioxidant compounds due to prolonged
exposure to high temperatures. The process of thermal degra-
dation likely causes the breakdown of sensitive antioxidants

(such as polyphenols and flavonoids), leading to a reduction in
their effectiveness in neutralizing free radicals [54]. Higher
temperatures can also lead to the oxidation of these compounds,
further diminishing their antioxidant potential. This finding is
consistent with previous research that highlighted the negative
impact of high temperatures on the retention of antioxidants in
dried food products. Deng et al. [17] observed a decline in an-
tioxidant activity and total phenolic content in lemon peel after
hot‐air drying at elevated temperatures. In the current study,
the reduction in antioxidant activity at higher drying tempera-
tures suggests that while increased drying intensity may accel-
erate moisture removal, it comes at the cost of losing valuable
antioxidant properties [56].

In conclusion, the results from the DPPH and FRAP assays
demonstrate that drying conditions significantly influence the
antioxidant activity of PDSOPP. Shorter drying times at mod-
erate temperatures (50°C and 60°C) enhance the antioxidant
activity. Higher temperatures (70°C) and elevated air velocities
lead to a reduction in antioxidant properties due to thermal
degradation. The treated samples consistently showed higher
antioxidant activity compared with the control samples, high-
lighting the potential of treatment methods to preserve or even
enhance the health‐promoting properties of orange peel during
drying. These findings underscore the importance of optimizing
drying parameters to retain the bioactive compounds. It is
responsible for antioxidant activity, which in turn can enhance
the nutritional profile of dried food products [67]. Further
research could explore alternative drying techniques (such as
freeze‐drying or vacuum drying) that may better preserve an-
tioxidant activity by minimizing thermal degradation.

3.6 | Physical Properties

The results in Table 5 indicate the physical properties of
PDSOPP, focusing on tapped density, bulk density, cohesion,
flowability, and color parameters. These characteristics are
critical for understanding the handling, processing, and storage
qualities of the powder as well as how drying conditions and
treatment processes affect its physical attributes. Bulk density is
a key parameter in powder characterization, and it is influenced
by factors such as particle size, particle size distribution, and the
mass of the components [48]. The DE6 sample was chosen for
powder characterization on the basis of higher retention of
polyphenols among all the samples. The bulk densities for the
treated sample (DE6) and the control sample (DE6C) were 0.48
and 0.46 g/cm³, respectively, indicating that the treatment
process did not significantly alter the bulk density. There was
only a small difference observed between the treated and con-
trol samples. These values suggest that both samples have rel-
atively low bulk density, which is typical for dried plant‐based
powders that have a porous structure. This characteristic is
important for the packing and storage of powders as lower bulk
density. It typically indicates that greater volume per unit mass
may affect packaging efficiency and storage space [56]. Tapped
density measures the volume reduction of the sample when
subjected to tapping, which allows the particles to settle and fill
previously empty spaces [68]. For the treated sample (DE6), the
tapped density was 0.60 g/cm³, slightly higher than the control
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sample's tapped density of 0.56 g/cm³. This increase in tapped
density for the treated sample may be attributed to changes in
the particle structure induced by the treatment, which could
result in a denser packing arrangement during tapping. These
findings are consistent with the study by Albuquerque et al. [69],
who observed similar trends in mango peel powder.

The HR is a measure of the powder's cohesiveness, and it plays
a critical role in determining the flowability of powders [68].
An HR value between 1.2 and 1.4 indicates intermediate
cohesion, which was observed in the treated sample with an HR
value of 1.24. In contrast, the control sample exhibited lower
cohesion with an HR value of 1.19, falling just below the interme-
diate cohesion range. According to the classification, HR values
below 1.2 indicate low cohesion, while values between 1.2 and
1.4 indicate intermediate cohesion, and values above 1.4 indicate
high cohesion. The observed HR values suggest that the treated
sample has slightly greater cohesiveness, which may affect its
flowability, potentially making it more resistant to movement dur-
ing handling. This could be due to the effects of treatment, which
might alter the surface characteristics or particle interactions,
leading to increased particle bonding [48, 70]. The CRI is another
important parameter for assessing powder flowability, with lower
CRI values indicating better flowability [71]. The CRI values for the
treated and control samples were 19.67% and 16.09%, respectively.
On the basis of the classification, CRI values ranging from 15% to
20% signify good flow properties, whereas values between 20% and
35% are indicative of poor flowability. The treated and control
samples exhibited relatively good flowability, with CRI values well
within the acceptable range for powders that can be efficiently
processed. The slightly higher CRI value for the treated sample
suggests that it retains good flowability. The increased cohesion (as
reflected in the higher HR value) might slightly reduce its ease of
flow related to the control sample [72]. The findings align well with
those of Albuquerque et al. [69], who reported similar CRI values

for mango peel powder, indicating that the observed flowability
trends are consistent with those seen in other plant‐based powders.

The color parameters of the powder are also an important
indicator of quality and can provide insights into the impact of
drying and treatment processes [73]. The L* (lightness), a*
(red–green), and chroma (ΔC) values were found to be en-
hanced in the treated samples compared with the control. It
indicates that the treatment had a positive effect on the overall
brightness and color intensity of the powder. The increase in L*
value suggests that the treated powder is lighter, which could be
associated with the removal of certain dark pigments or the
breakdown of compounds during the treatment process. Simi-
larly, the increase in chroma (ΔC) indicates a more vibrant
color in the treated samples, which might be a result of changes
in the pigment composition or structure due to the treatment
process. However, the b* value (yellow–blue) was decreased in
the treated samples, indicating a shift in color toward the blue
end of the spectrum [74]. This could be attributed to the oxi-
dation of pigments, which is a common occurrence in plant
materials exposed to certain treatments, such as PAW and
debittering treatments. These treatments may cause the decline
of carotenoids and promote a more neutral or bluish tone in the
powder. This color shift is consistent with findings in other
studies, where treatment processes involve high energy or oxi-
dative conditions. It resulted in alterations in the color of plant
powders due to the degradation of pigments [75, 76]. PAW
treatment generates reactive oxygen and nitrogen species,
which can modify the surface chemistry and microstructure of
the orange peel matrix. These changes can affect cellular
integrity, porosity, and the availability of binding sites, all of
which influence the behavior of the material during drying and
subsequent powder formation. Increased porosity and surface
roughness may enhance water diffusivity and promote more
uniform drying. It leads to powders with improved flowability,
dispersibility, or reduced particle agglomeration [13, 77].

In summary, the physical properties of the PDSOPP, including bulk
density, tapped density, HR, CRI, and color parameters, were sig-
nificantly influenced by drying conditions and the treatment pro-
cess. The treated sample (DE6) exhibited slight increases in bulk
density and tapped density compared with the control sample
(DE6C), as well as higher cohesion (HR) and slightly reduced
flowability (CRI). The color of the treated samples also exhibited
enhanced lightness and chroma, along with a decrease in the yellow
color component. It might be likely due to oxidation of pigments
during the treatment process [74, 76]. These findings indicate that
the drying conditions at 60°C with a drying time of 225min (DE6C)
and the corresponding treated sample (DE6) provide an optimal
balance between retaining bioactive compounds and ensuring
desirable physical properties in the final powder [54]. Further
research could explore the impact of alternative treatment tech-
niques on the bioactive compound retention and physical properties
to further optimize the processing of orange peel powder for food
and pharmaceutical applications.

3.7 | Functional Properties

The functional properties of PDSOPP play a significant role in
determining its potential applications in food, pharmaceutical,

TABLE 5 | Physicochemical and functional properties of PDSOPP

and control samples.

Physical properties DE6 DE6C

Bulk density (g/cm3) 0.48 ± 0.02a 0.47 ± 0.01a

Tapped density (g/cm3) 0.60 ± 0.02a 0.56 ± 0.01b

Hausner ratio (HR) 1.24 ± 0.03a 1.19 ± 0.02b

Carr index (CRI) (%) 19.67 ± 0.05a 16.07 ± 0.05b

L* 75.61 ± 0.04a 72.30 ± 0.07b

a* −0.78 ± 0.03a −2.13 ± 0.04b

b* 38.42 ± 0.04a 36.60 ± 0.06b

Chroma value (ΔC) 37.50 ± 1.02a 35.56 ± 1.09a

Water absorption
capacity (g/g)

4.15 ± 0.03a 4.16 ± 0.02a

Swelling capacity (g/g) 6.82 ± 0.02a 6.15 ± 0.03b

Solubility index (g/g) 0.43 ± 0.02a 0.40 ± 0.02a

Oil absorption
capacity (g/g)

1.33 ± 0.02a 2.08 ± 0.02b

Note: Alphabets followed by the same lowercase letter in the rows do not differ
statistically by the T test at 5% probability.
Abbreviations: PAW, plasma‐activated water; PDSOPP, PAW‐treated debittered
sweet orange peel powder.
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and other industries. Functional properties, such as oil WAC,
OAC, SI, and SC, are critical for understanding how the powder
will behave in different formulations and processes [78]. Table 5
provides valuable insights into how these properties are influ-
enced by the drying and treatment conditions applied to the
orange peel powder samples. The WAC and OAC are indicators
of the powder's ability to hold water and oil, respectively. These
are important for food formulations, particularly in the devel-
opment of emulsions or as fat replacers in various products [79].
The results indicate that the control samples exhibited higher
OAC and WAC values compared with the treated samples.
Specifically, the treated samples had a lower OAC of 1.30 g/g,
while the control samples had a higher OAC (2.07 g/g). Simi-
larly, the WAC for the treated samples was lower than that of
the control samples. The higher OAC and WAC in the control
samples could be attributed to the presence of protein structures
and nonpolar amino acids in the untreated orange peel powder.
These proteins and amino acids are known to interact with
water and oil molecules, promoting greater absorption [80].
These properties in the control samples might also be due to the
inherent structure and composition of the untreated orange
peel. It retains more hydrophilic and lipophilic sites, thus
facilitating better absorption of both water and oil. The treated
samples exhibited lower OAC and WAC values, which may
reflect changes in the structural properties of the powder caused
by the treatment. The treatment process (such as the use of
PAW or other physical treatments) could have modified the cell
wall structure, reducing the powder's capacity to absorb water
and oil. This could be due to the breakdown of certain molec-
ular structures, such as proteins or carbohydrates, that con-
tribute to the retention of these fluids [81].

SC is an important functional properties that reflect the pow-
der's ability to absorb water and expand in size. This property is
especially relevant for applications involving the development
of gels or hydrogels [82]. In the present study, the SC of the
control samples was 6.82 g/g, while the SC for the treated
samples was 6.15 g/g. Similarly, the SI for the control samples
was 0.43 g/g, whereas it was slightly lower for the treated
samples at 0.40 g/g. Although the treated samples had mar-
ginally lower SC and SI values compared with the control, the
values were relatively close. It indicates that the treatment did
not drastically reduce the swelling ability of the samples. One
possible explanation for the slight difference is that the reduc-
tion in moisture content during drying, particularly in the
treated samples, might have led to a higher concentration of
soluble components (such as dietary fiber and carbohydrates) in
the PDSOPP. The remaining soluble compounds, which are
often responsible for water retention and swelling, become
more concentrated as the moisture is removed. This increased
concentration may enhance the swelling power and stability of
the treated samples, even though the overall SC and SI values
were slightly lower than those of the control samples [83].

Bie et al. [84] stated that both oxidation and molecular degra-
dation of polysaccharides induced by active plasma species or
similar treatments could contribute to greater stability and
swelling properties in treated materials. This aligns with the
current findings, where treatment‐induced changes in the
molecular structure might have contributed to improved sta-
bility and maintained a good level of SC despite the reduction in

moisture content. In conclusion, the functional properties of
PDSOPP are significantly impacted by both the drying and
treatment conditions. The control samples exhibited higher oil
and water absorption capacities, while the treated samples
demonstrated comparable swelling properties. It suggested that
the treatment process enhanced the concentration of soluble
components (such as dietary fiber), which contributed to the
swelling power and stability [85]. The observed reduction in
OAC and WAC in treated samples might be due to changes in
the structural integrity of the powder, possibly caused by the
treatment process [86]. These findings are consistent with pre-
vious research, such as that by Bie et al. [84], which indicated
that treatment processes can alter functional properties like
absorption capacity and swelling. Further research could ex-
plore additional treatment methods or drying techniques that
might optimize these functional properties for specific appli-
cations in food processing and other industries.

3.8 | SEM and XRD Analysis of PDSOPP

The morphological and crystallographic characteristics of
PDSOPP were examined through SEM and XRD analysis, pro-
viding valuable insights into the structural changes induced by
the treatment process. The SEM images of the PDSOPP samples
(Figure 2A,B) revealed notable differences between the control
and treated samples. In the control samples, the powder parti-
cles appeared compact and dense, suggesting a more tightly
packed structure. In contrast, the treated samples exhibited a
more porous and less compact structure with visible spaces
between the particles. This change in particle morphology could
have significant implications for the bioavailability and release of
bioactive compounds (such as flavonoids and polyphenols) [87].
The increased porosity in the treated samples could facilitate the
easier release and extraction of these compounds. The more open
structure may allow for improved accessibility to the cellular com-
ponents responsible for the retention of polyphenols and flavonoids.
This morphological transformation is likely a result of the interac-
tion of reactive plasma species, particularly ROS and RNS, during
the treatment process [88]. These species are known to induce
changes in the physical structure of plant materials by breaking
down cellular walls and altering the arrangement of molecules
within the matrix. The previous studies have indicated that treat-
ments involving plasma species can lead to increased porosity and
altered particle size distributions in plant‐based powders. It is con-
sistent with the findings observed in this study. The enhanced
porosity in the treated samples could therefore improve their
functionality in various applications, particularly those that rely on
the release of bioactive compounds [56].

The XRD patterns of the PDSOPP samples (Figure 3A) revealed
differences in the crystalline structure between the control and
treated samples. The XRD peaks observed at 2θ values of 18.40°,
20.90°, 25.16°, and 24.98° are indicative of the characteristic
crystalline regions in the orange peel powder. The CI was cal-
culated to be 18.09% for the control samples and 21.45% for the
treated samples. This increase in crystallinity for the treated
samples suggests that the treatment process induced changes in
the crystalline structure of the PDSOPP. The higher crystallinity
in the treated samples may result from the alteration of amor-
phous regions into more ordered crystalline structures during
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the treatment process. This phenomenon is often observed in
materials exposed to physical treatments (such as plasma‐
assisted processes), where the application of energy can lead to
the reorganization of molecular structures [89]. Similar findings
have been reported by other researchers, where treatments
involving plasma or similar energy‐based techniques were
shown to enhance the crystallinity of plant‐based materials. It is
likely due to the rearrangement of cellulose and other poly-
saccharides into more ordered structures. The increased crys-
tallinity observed in the treated PDSOPP could impact its
functional properties (such as solubility and digestibility),
which are influenced by the degree of crystallinity in the
powder [90].

In summary, the morphological and crystallographic analysis of
PDSOPP has provided valuable insights into the effects of the
treatment process on the structure of the powder. The treated
samples exhibited increased porosity and crystallinity compared
with the control samples. It may enhance the release and

bioavailability of bioactive compounds, such as polyphenols and
flavonoids [56]. These structural changes are likely a result of
the interaction of reactive plasma species during treatment. It
can induce both physical and chemical modifications in plant
materials. The observed increase in crystallinity and porosity
suggests that the treated PDSOPP may have improved func-
tionality for applications in food, pharmaceutical, and other
industries where bioactive compound release and structural
properties are critical [88]. Further studies could explore the
specific mechanisms behind these structural changes and their
impact on the functional and nutritional properties of the
powder.

3.9 | FTIR Spectrum of PDSOPP

The FTIR analysis of PDSOPP (DE6 and DE6C) provided de-
tailed information about the chemical functional groups present
in the treated and control samples. The FTIR spectra shown in

FIGURE 2 | Scanning electron microscopy images of 60°C (with an air velocity of 0.9 m/s) dried samples: (A) PAW‐untreated and (B) with PAW‐
treated. PAW, plasma‐activated water.

FIGURE 3 | (A) XRD pattern and (B) FTIR spectrum of sweet orange peel powder samples. FTIR, Fourier‐Transform Infrared; XRD, X‐ray
diffraction.
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Figure 3B revealed several distinct peaks that are characteristic
of various bioactive compounds and macromolecules. It offers
insight into the structural changes and chemical composition of
the orange peel powder before and after treatment. The FTIR
spectra of control (DE6C) and both treated (DE6) samples ex-
hibited a broad peak at 3301/cm, which corresponds to the O─H
stretching vibration of phenolic compounds. This broad band is
indicative of the presence of hydroxyl groups commonly found
in polyphenols and flavonoids, which are key bioactive com-
ponents in orange peel. The broadness of this peak suggests
strong hydrogen bonding, likely due to the hydroxyl groups
interacting with water molecules or other functional groups
present in the sample [59]. The presence of peaks at 2896/cm is
associated with C─H stretching, which is characteristic of ali-
phatic hydrocarbons. This absorption is likely related to the
fatty acids, lipids, or other aliphatic components present in the
orange peel, contributing to the overall molecular structure
of the powder. Similarly, the peak at 1629/cm, which is indic-
ative of C═O stretching in conjugated carbonyl groups, can
be associated with the presence of proteins, lipids, or
other carbonyl‐containing compounds within the orange peel
powder.

The prominent peak at 1353/cm corresponds to C─O bonding
and O─H stretching of carbohydrates and polysaccharides,
which are abundant in orange peel. These peaks suggest that
the treated and control samples contain significant amounts of
cellulose, hemicellulose, and pectin, which are important
polysaccharides that contribute to the functional properties and
structural integrity of plant materials [91]. The peak at 1039/cm
further supports the presence of C─O stretching vibrations,
likely related to the polysaccharide components in the peel,
such as cellulose and pectin. The observed FTIR peaks in the
PDSOPP samples are consistent with those reported for various
citrus fruits. Specifically, similar absorption bands ranging from
1700 to 1500/cm (C═O stretching), 1500 to 1300/cm (C─H
stretching), and 1150 to 950/cm (C─O bonding) have been
observed in citrus peel samples [92]. These results confirm the
presence of typical functional groups, such as carbonyl,
hydroxyl, and polysaccharide structures, in both the treated and
control orange peel powders. The consistency in these absorp-
tion patterns further supports the notion that the chemical
composition of PDSOPP is largely retained after treatment. The
slight modifications to the molecular structure could occur as
reflected in the changes in morphology and crystallinity [93].
The FTIR analysis of PDSOPP samples has provided valuable
insights into the chemical composition of the powder. It high-
lights the presence of phenolic compounds, polysaccharides,
and other bioactive compounds. The broad O─H stretching
peak at 3301/cm, along with peaks corresponding to C─H
stretching, C═O stretching, and C─O stretching, confirms the
retention of key bioactive components in both treated and
control samples. It confirms the retention of key bioactive
components, such as polyphenols, flavonoids, and carbohy-
drates, in both treated and control samples. The similarity of
these spectra to those observed in other citrus fruit samples
reinforces the characterization of PDSOPP as a rich source of
bioactive compounds [54]. Furthermore, the subtle structural
changes observed in the FTIR spectra may contribute to the
enhanced bioactivity of the treated samples. It is reflected in
their increased antioxidant and phenolic content. These

findings underscore the potential of PDSOPP for various ap-
plications in the food, pharmaceutical, and nutraceutical
industries.

4 | Conclusion

This study comprehensively evaluated the drying character-
istics, functional properties, and bioactive compound retention
of PDSOPP under varying drying conditions. The results
showed that the drying process significantly influences the
retention of bioactive compounds, such as flavonoids, phenolic
compounds, and antioxidant activities in orange peel powder.
The optimized drying condition, specifically DE6 (drying time of
285min, airflow of 0.9 m/s at 60°C), demonstrated the highest
retention of these beneficial compounds. Thus, offering a
promising approach to enhance the functional properties of
PDSOPP. The morphological analysis using SEM revealed that
the treated samples exhibited greater porosity compared with
the control. It is likely beneficial for the release and bio-
availability of polyphenols and flavonoids. Furthermore, the
XRD analysis exhibited an increase in crystallinity in the treated
samples. It indicated structural changes induced by the drying
process. The FTIR analysis further confirmed the presence of
key functional groups, such as carbonyl and hydroxyl groups,
which are associated with the bioactive compounds in orange
peel. In terms of physical properties, the treated PDSOPP
samples showed a slight decrease in bulk and swelling capaci-
ties but maintained good flowability. It suggested that the
treatment process improved the powder's suitability for various
applications. Additionally, the antioxidant activity determined
by the FRAP and DPPH assays was enhanced in the treated
samples. It confirmed the beneficial effects of optimized drying
conditions on the preservation of antioxidants. Overall, the
findings from this study suggest that PDSOPP, particularly
when dried under optimized conditions, retains its nutritional
and functional properties. It can be considered a valuable
resource for the food, pharmaceutical, and nutraceutical
industries. Future studies should investigate the molecular and
structural mechanisms driving the changes induced by the
treatment process and further assess the potential of PDSOPP in
different product formulations.
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