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Comparative analysis of drying
kinetics, thermodynamic
properties, and mathematical
modeling of pomegranate peel
(Punica granatum L.) in a hybrid
solar dryer and an oven dryer
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Aml Abubakr Tantawy?3, Ahmed Elbeltagi*, Ali Salem®>!, Samy A. Marey’"",
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Drying pomegranate peels, a by-product of juice extraction, offers an effective means to preserve
bioactive compounds while reducing waste. This study investigates the influence of drying temperature
and layer thickness on the drying kinetics, thermodynamic properties, and modeling of pomegranate
peels using a hybrid solar dryer (HSD) and a conventional oven dryer (OD). Fresh peels with an average
initial MC of 325.53% (dry basis) were dried under three temperatures (50, 60, and 70 °C) and three-
layer thicknesses (1, 2, and 3 cm). The HSD included a temperature and humidity control unit and an
auxiliary electric heater to ensure stable conditions. Weight loss during drying was recorded at regular
intervals to track moisture content changes until equilibrium MC (EMC) was reached. Experimental
data were used to calculate effective moisture diffusivity (EMD) using Fick’s second law and activation
energy through Arrhenius-type relationships. Thermodynamic parameters—Gibbs free energy,
enthalpy, and entropy—were also determined. Additionally, twelve thin-layer drying models were
fitted to the data using nonlinear regression, with performance evaluated using R?, RMSE, and x2.
Results showed that final MCs ranged from 2.15 to 2.80% (OD) and 2.92-3.01% (HSD). EMD increased
with temperature and thickness, reaching up to 12.17 x10-° m?/s (OD) and 11.66 x 10-° m?/s (HSD) at
70 °C for 3 cm layers. Activation energy varied with thickness, ranging from 25.76 to 43.55 kJ/mol
(OD) and 25.82 to 41.09 kJ/mol (HSD). Among all models, the Modified Midilli Il model best described
the drying behavior. Thermodynamic analysis indicated that Gibbs free energy increased with
temperature, while enthalpy and entropy decreased, reflecting improved energy efficiency at higher
drying temperatures. The results demonstrate that optimized drying conditions can enhance the
preservation and quality of pomegranate peels, promoting their use as functional ingredients in the
agri-food industry.

Keywords Fruit drying, Food by-product, Renewable energy, Thin layer modeling, Effective moisture
diffusivity
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The pomegranate (Punica granatum L.) originates from Iran and is widely cultivated in countries such as
Tunisia, Turkey, Spain, Egypt, Morocco, the United States, China, India, and across Near and East Asial™. The
pomegranate market, valued at USD 248.4 million in 2023, is projected to rise from USD 261.57 million in 2024
to USD 356.55 million by 2032, reflecting a compound annual growth rate (CAGR) of 5.3% between 2025 and
2032°. Egypt, Spain and Israel are the most prominent exporting countries, but the Egyptian crop is of great
importance in international contracts due to its high quality and the organization of the export process. The
high demand for Egyptian pomegranates has contributed to raising its prices to record levels, especially in the
markets of Europe, Russia and Arab countries, most notably Iraq®. Pomegranate is esteemed for its nutritional
properties and is frequently utilized in juice and wine manufacturing. The processing of pomegranates produces
significant byproducts, mainly including peels and seeds, with the peel representing 50% of the fresh fruit
weight”. Pomegranate peel is notably abundant in phenolic compounds, such as punicalagin, ellagic acid,
gallic acid, and rutin, with concentrations surpassing those present in the fruit pulp®®. These chemicals have
a range of advantageous qualities, including anti-cancer!%anti-inflammatory'!antibacterial'?antioxidant, and
hypoglycemic effects'®. As a result, pomegranate peels have gained extensive utilization in the pharmaceutical,
cosmetic, and food sectors'.

Pomegranate peels can be dried using various methods, each affecting the quality, efficiency, and nutritional
value of the final product. Common techniques include sun drying, oven drying, and solar drying. Solar drying
of pomegranate peels is an eco-friendly and cost-effective method to preserve and utilize this often-discarded
agricultural byproduct'>'7. By harnessing solar energy, the process reduces MC, preventing spoilage and
extending shelf life while retaining valuable bioactive compounds like polyphenols and antioxidants'®-%’. Solar
drying is energy-efficient, sustainable, and accessible, making it ideal for small-scale farmers and processors®! 2%,
Dried pomegranate peels can be used in food, pharmaceuticals, cosmetics, and agriculture, offering health
benefits and economic opportunities. This approach not only reduces waste but also aids environmental
protection by decreasing dependence on non-renewable energy sources and fostering a circular economy?>-%,
The development of drying systems, adherence to quality standards, and energy efficiency require assessing
the overall quality of dried products and predicting their drying behavior under varying conditions?-3!.
Mathematical modeling plays a pivotal role in drying technology, serving as a foundation for designing and
operating dryers under optimal conditions. Since drying affects the physicochemical and quality characteristics
of final products, process control strategies often involve simulating drying kinetics**~3%. Additionally, studying
drying kinetics enhances the understanding and quantification of the thermal and physical factors governing
the drying process®>~3°. Factors such as air temperature, humidity, product dimensions, and drying time have
a significant impact on drying kinetics?®4%1. Each aspect must be examined during the drying process, as they
may exert differing affects. This problem renders human operation of the dryer system nearly futile. Therefore,
developing a model that incorporates multiple variables is crucial for researchers. Numerous drying models—such
as Page, Midilli, and logistic models—have been developed to simulate food drying kinetics*>~%>. Understanding
material transport in thin-layer drying is essential for effective process simulation and control. Studies show that
relying only on experimental methods, without mathematical modeling, can lower dryer efficiency, raise costs,
and reduce product quality?®->2. Thus, robust models are vital for process design, optimization, and control of
agricultural product drying®*->>.

A number of prior academics and scholars have investigated the drying process of pomegranate peels,
including Wanderley et al.*® investigated the effect of hot air oven drying at 50, 60, and 70 °C on pomegranate
peels and seeds. They modeled the drying kinetics using twelve mathematical models, finding the Diffusion
Approximation, Verma, and modified Henderson and Pabis models best fit the data. The study determined
effective diffusivities and thermodynamic properties, revealing that higher temperatures reduced drying time
and that peel flours retained high fiber and mineral content, while seed flours were richer in lipids and proteins
Cecchi et al.”” reviewed the influence of various industrial drying methods—including sun, microwave, vacuum,
and oven drying—on the phenolic and polysaccharide content of pomegranate peel. They highlighted that both
the drying technique and extraction protocol (e.g., solvent, supercritical fluid, ultrasound-assisted) significantly
affect the recovery of bioactive compounds. For instance, oven drying at 60 °C yielded higher punicalin levels
compared to 40 °C, and pressurized liquid extraction achieved the highest total phenolic content, though at higher
cost. The review emphasized the need for cost-effective methods that preserve compound. Mphahlele et al.>
evaluated the impact of freeze and oven drying (at 40, 50, and 60 °C) on the bioactive, antioxidant, antibacterial,
and antityrosinase activities of pomegranate peels. Using colorimetric and chromatographic analyses, they found
freeze-dried peels retained the highest total phenolic, tannin, and flavonoid concentrations, while oven drying
at 60 °C produced high punicalin but poorer coloration. Both freeze and oven-dried extracts showed significant
antibacterial and antioxidant activities, with freeze drying best preserving bioactive. Mphahlele et al.> focused
on the drying kinetics of pomegranate peel at 40, 50, and 60 °C with constant air velocity. They fitted ten thin-
layer drying models to the data, identifying the Midilli et al. model as the best fit. The study found that drying
time decreased with increasing temperature, and EMD and activation energy were quantified, supporting the
optimization of drying processes. Galaz et al.®® examined double drum drying at 100, 110, and 120 °C, modeling
drying kinetics and analyzing polyphenolic content. Drum drying was rapid, achieving low MC in short times
without significant loss of total polyphenols or antioxidant activity. Hydrolysable tannins were preserved at
lower drum temperatures, suggesting drum drying as an efficient method for high-quality peel processing. And
Marchi et al.®! compared freeze-drying and oven drying at 60 °C for their effects on antioxidant and antibacterial
properties of pomegranate peel extracts. Their findings indicated that freeze-drying better preserved bioactive
compounds, resulting in higher antioxidant and antibacterial activities.
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To the best of our knowledge, the existing literature lacks comprehensive studies investigating the
simultaneous effects of solar drying, drying temperature, and thin-layer thickness on the drying kinetics,
thermodynamic properties, and mathematical modeling of pomegranate peels. While individual aspects
of drying processes have been explored for various agricultural products, a detailed and integrated analysis
focusing specifically on pomegranate peels remains unaddressed. This gap is particularly significant given the
growing interest in valorizing fruit by-products for functional and sustainable applications. Therefore, the
present study was designed to fill this research gap by employing a hybrid solar dryer (HSD) equipped with
advanced control systems for temperature, humidity, and an auxiliary electric heater. This setup enables precise
manipulation of drying conditions, ensuring consistent and replicable results. The study examined the drying
behavior of pomegranate peels under varying temperatures and thin-layer thicknesses to assess their impact on
drying efficiency. Additionally, a comparative analysis was conducted using a conventional oven dryer (OD) to
evaluate the performance and effectiveness of the HSD under equivalent conditions. The outcomes of this study
are expected to contribute valuable insights into optimizing solar drying processes for pomegranate peels and
potentially extend to other similar agro-industrial residues.

This study aligns with multiple Millennium Development Goals (MDGs) by promoting sustainability,
enhancing food security, reducing agricultural waste, and adding value to agro-industrial by-products.
Specifically, it contributes to MDG 1 (Eradicate Extreme Poverty and Hunger) by converting underutilized
agricultural residues, such as pomegranate peels, into value-added products with potential applications in food,
pharmaceuticals, and cosmetics—thereby generating income opportunities for small-scale farmers and agro-
processors. The implementation of improved drying techniques helps minimize post-harvest losses, preserve
food quality, and extend shelf life, directly supporting food availability and nutritional security. In relation to
MDG 7 (Ensure Environmental Sustainability), the use of a hybrid solar dryer promotes the adoption of clean,
renewable energy sources, reducing reliance on fossil fuels and lowering the carbon footprint of food processing.
Moreover, the valorization of agro-waste aligns with sustainable resource management practices. The research
also advances MDG 8 (Develop a Global Partnership for Development) by facilitating the transfer of appropriate,
cost-effective technologies to developing regions, fostering international collaboration, knowledge exchange, and
local capacity building in sustainable agri-food systems. Although indirectly, it also supports MDG 3 (Promote
Gender Equality and Empower Women), as women in many developing countries are heavily engaged in food
processing. Access to efficient and affordable drying technologies can reduce labor burdens, enhance income
potential, and improve working conditions. Collectively, this work contributes to the broader MDG agenda
by supporting sustainable agriculture, waste minimization, food preservation, and clean energy adoption—key
pillars for improving livelihoods and advancing environmental and socio-economic resilience.

Materials and methods

Experimental procedures

The fresh pomegranate fruit (Origanum majorana L.) was procured from local markets in Benha, Egypt. The
peels were subsequently cleaned to eliminate dirt and impurities, after which they were chopped and extracted
from the pomegranates. The average initial MC of pomegranate peels is 325.53% (on dry basis).

The experimental study employed a split-plot design with three replications to investigate the effects of
drying method, drying temperature, and sample layer thickness on the drying performance of pomegranate
peels (Origanum majorana L.). The factors and their respective levels are presented in Table 1.

Drying Method:

o Hybrid Solar Dryer (HSD): A flat-plate solar dryer equipped with an auxiliary electric heater.
o Oven Dryer (OD): A conventional hot-air oven dryer used as a control.

Drying temperature Three target drying temperatures were tested—50, 60, and 70 °C—regulated during ex-
periments.

Sample thickness Pomegranate peels were spread in three uniform thicknesses (1 cm, 2 cm, and 3 cm) on the
drying trays.

All experiments on the desiccation of fresh pomegranate peels were conducted at the Faculty of Agriculture,
Moshtohor, Benha University, Egypt, from May to August 2024. In the outdoor experiments, the ambient
air temperature varied from 21.6 to 34.1 °C, relative humidity fluctuated between 42.6 and 77.3%, and solar
radiation measured between 321.9 and 954.1 k] m~2 day~ . Figure 1 shows the step-by-step drying process flow
diagram using the HSD.

Factor Type Levels

Drying Method Main Plot Factor | Hybrid Solar Dryer (HSD), Oven Dryer (OD)

Drying Temperature (°C) | Sub Plot Factor | 50, 60, 70

Sample Thickness (cm) Sub Plot Factor 1,2,3

Table 1. Input variables and levels used in the experimental design.
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Fig. 1. Step-by-step drying process flow diagram using the HSD.
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Fig. 2. Main components of the HSD. Whereas a. real photo of the HSD, b. double air circulation passes inside
the flat plate solar collector.

Description of the HSD
The HSD was created and employed to fulfill the objectives of the current investigation. It was combined with
a double air pass flat plate solar collector (DPFPSC) and supplemented by an electric heater to modify the
air temperature within the drying chamber. The constructed HSD (Fig. 2) comprises various components,
including: 1. DPFPSC: Its dimensions are 4 m in length, 1 m in breadth, and 20 centimeters in depth. It was
encased in a glass cover measuring 3 mm in thickness. A corrugated black aluminum plate functions as the
absorber plate, while thermal wool with a thickness of 5.0 cm provides insulation. The drying chamber measures
1.0 m in length, breadth, and height. Galvanized steel, measuring 5 mm in thickness, constituted the internal
and external walls. The walls were insulated with 2 cm of thermal wool and 3 cm of foam. 4. Drying boxes:

Scientific Reports|  (2025) 15:26288

| https://doi.org/10.1038/s41598-025-11016-8

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Constructed from stainless steel, they measure 30 cm in length, 20 cm in width, and 7 cm in height. Their base
is perforated, facilitating the passage of hot air through the items. 5. Rotary trays: The drying chamber contained
two rotary trays (Fig. 3), each with a diameter of 60 cm and a height of 3 cm, mounted on a hinged rotary axis.
An auxiliary heating system consisting of a 2000 W electric heater was employed alongside solar drying to
elevate air temperature and decrease relative humidity within the drying chamber, hence expediting the drying
process and minimizing drying duration. 7. Air fans: Two air fans were employed to expel the heated air from the
DPFPSC into the drying chamber and to circulate the drying air within the chamber (Model C.C.P. Parm with a
flow rate of 6.6 m*/h, 2800 rpm, and 150 W, Italy). 8. Control System: The present study employed two distinct
control systems. Two control systems exist. The initial component is a digital controller (model: REX_C100
PID, Yueqing Juzlong Electric Co., Ltd., Yueqing City, Wenzhou, Zhejiang Province, China) that regulates the
temperature and humidity within the drying chamber by managing the electrical heater and the airflow fan’s
velocity. The secondary system governed the functioning of the air blowers to sustain the requisite temperature
and humidity levels within the drying chamber.

The HSD primarily operates by utilizing direct solar thermal energy to heat the drying air. Solar radiation
is captured through the double-pass flat plate solar collector (DPFPSC), where a black corrugated aluminum
absorber plate converts solar energy into thermal energy. The heated air is then directed into the drying chamber
by air fans, facilitating the drying of the product through natural convection and forced air circulation. To ensure
consistent drying performance—especially during periods of low solar irradiance, such as cloudy days or late
afternoon hours, an auxiliary electric heater (2000 W) is integrated into the system. This heater supplements the
solar energy by raising the temperature of the air entering the drying chamber and reducing the relative humidity,
which accelerates the drying rate and improves efficiency. Therefore, the primary drying mechanism is solar-
based, with electric heating serving as a supportive, secondary source to maintain optimal drying conditions
and minimize variability due to fluctuating weather. This hybrid design ensures that the drying process remains
efficient, continuous, and less dependent on environmental conditions, offering both energy efficiency and
reliability for practical applications.

Evaluations processes

Drying kinetics

Moisture content (MC) Using the procedure outlined by AOAC®’the fresh pomegranate peels sample was
heated to 105+ 1 °C in an electrical oven for three hours in order to determine the MC of the pomegranate peels
under laboratory conditions. The initial MC on a dry basis (d.b.) was then determined using Eq. (1) 5.

W — Wy

ud:[ - ]xmo (1)

where g, is the MC on dry basis, %; W., is the weight of fresh pomegranate peels sample, g and W is the
weight of dried pomegranate peel sample, g.

Moisture ratio (MR) The MR was estimated using Eq. (2)%.

M, — M,
MR=—t—""¢ 2
R= 3= @

where: My is the initial MC in %, M. is the EMC in %, and M; is the MC at any time in %.
The MR was employed to examine the drying kinetics of pomegranate peels using suitable mathematical
models. The value of M. can be neglected, as it is relatively little compared to the values of M; and Mo, using

Eq. (3).
=

MR (3)
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Fig. 3. Internal components and control units of the HSD. Whereas, a. internal components of the drying
room, and b. control units for temperature, humidity and electrical heater.
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Drying constant (k)

The drying constant is ascertained using the exponential correlation between LnMR and drying time. Although
drying constants are essential for thoroughly characterizing the drying kinetics of dried product*-*it is
imperative to account for the various transport parameters involved. The drying constant was calculated using
Eq. (4).

MR = Mo exp(—k x t) (4)
where, t is the time, h.
Effective moisture diffusivity (EMD)

Fick’s Second Law of Diffusion (Eq. 5) is a powerful tool for understanding and predicting moisture diffusion
behavior in materials. By applying this principle, researchers and engineers can gain valuable insights into EMD,

leading to advancements in various fields that rely on controlling moisture transport®®as follows:
M
IMC _ e x v2MC 5)
ot
Using Eq. (6), the D gcan be calculated,
8 1 —7% X Degr X t

where, n is the term number, t is the time in s, and L is the half slab thickness.

Mathematical modelling

The experimental drying data were evaluated through nonlinear least squares regression to fit twelve established
thin-layer drying models, as detailed in Table 2. This regression technique minimizes the sum of squared
differences between the observed and predicted values, ensuring accurate model fitting. To perform the statistical
analysis, specialized software developed by Oksiiz and Buzrul®*was employed. This software facilitated precise
comparison among the models by computing key statistical parameters, ultimately aiding in the selection of the
most suitable model for describing the drying behavior of the studied product.

Thermodynamic properties of pomegranate peels

Thermodynamic properties are essential for understanding and optimizing the drying process of pomegranate
peel, as they provide insight into the energy requirements, moisture removal mechanisms, and quality
preservation during drying. The main thermodynamic properties studied include enthalpy, entropy, gibbs
free energy, activation energy. Where enthalpy changes reflect the total energy required for moisture removal,
including both latent heat and binding energy. In pomegranate peel drying, enthalpy values are lower than those
for seeds, indicating less energy is needed for peel dehydration. And entropy changes provide information about
the disorder or randomness associated with water molecules during drying. Lower entropy in peels compared to
seeds suggests a more ordered state of water binding in the peel matrix. A linear relationship between enthalpy and

No. | Model name Model Equation* Reference
1 Aghbashlo MR = exp (— %) 69,70

2 Henderson - Pabis MR = a exp (—kt) 71-73

3 Lewis (Newton) MR = exp (—kt) 71

4 Logarithmic (Asymptotic) | MR = a*exp (—kt) + ¢ 71-73

5 | Midilli MR = a*exp (—kt™) + bt | 71-73
6 Modified Midilli I MR = exp (—kt™) + bt 7475
7 Modified Midilli IT MR = a*exp (—kt™) +b |7

8 Modified Page MR = exp (—(kt)™) 71-73
9 Page MR = exp (—kt") 71-73
10 | Wang-Sigh MR =1+ bt + at® 7173
11 | Weibullian MR = exp (7 () s ) 7475

MR = 107(‘%)”

74,75

12 | Weibullian I

Table 2. Selected mathematical modeling to demonstrate the drying process of pomegranate peels. * k, k, and
k are the drying constants, h~ L t is the drying time, h; a, b,c, n,¥,  and § are the models constants.
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entropy (enthalpy-entropy compensation) indicates that the sorption process is enthalpy-controlled, meaning
energy input is the dominant factor in water removal. Additionally, gibbs free energy indicates the spontaneity of
the drying process. Positive values suggest that the drying process is non-spontaneous and requires energy input,
which is typical for food dehydration. Peels generally show lower Gibbs free energy values than seeds, reflecting
easier moisture removal®*’®, Furthermore, the activation energy is the minimum energy required to initiate
moisture diffusion. For pomegranate peel, activation energy values are reported between 10.60 and 22.25 kJ/
mol, indicating moderate energy requirements for water removal and supporting the use of moderate drying
temperatures for efficiency®>*””. The thermodynamic properties related to the drying process of pomegranate
peels were determined by following the methodology described by Jideani and Mpotokwana’®widely applied to
several agricultural products (Eqs. 7-10)

AH= E,—RT (7)
AS=R (1nDO _mEe lnT) )
Kp
AG= AH-TAS 9)
E,
Dess = Doexp (— RT) (10)

where AH is the enthalpy (J mol™!), R is the universal gas constant (8.314 ] mol~! K™!), AS is the entropy (] mol ™!
K1), K, is the Boltzmann’s constant (1.38 x 1023 J K1), K is the PlancK’s constant (6.626 x 1073 Js™1), AG is the
Gibbs free energy (J mol™*), D, is the pre-exponential factor, and Ea =activation energy (J mol™").

I. The equations used in drying models and thermodynamic analysis are based on several key assumptions that
simplify the complex physical processes involved. Understanding these assumptions is crucial for interpret-
ing results and recognizing the limitations of the models. Common assumptions in drying models:

o Uniform properties: The material being dried is often assumed to have uniform initial MC, temperature, and
physical properties throughout the sample. This simplifies calculations but may not reflect real variations
within the material during drying®”*%.

« Constant drying conditions: Many models assume constant drying air temperature, velocity, and humidity,
even though these can fluctuate in practical settings”>81:82,

« Negligible external resistance: It is frequently assumed that the main resistance to moisture movement is
internal (within the material), and external resistance (at the surface) is negligible, especially at high air ve-
locities”%.

o Local equilibrium: Some models assume local thermal and/or mass equilibrium between the solid and the
drying air, meaning temperature and moisture gradients within the material are ignored or minimized. How-
ever, more advanced models may relax this assumption to account for non-equilibrium effects®>#.

o Neglecting shrinkage and structural changes: Many drying models do not account for physical changes in
the material, such as shrinkage, cracking, or changes in porosity, which can affect drying rates and thermo-
dynamic properties®*84,

II. Assumptions in Thermodynamic Analysis.

o Closed or controlled system: Analyses often treat the drying chamber or sample as a closed or well-defined

control volume, ignoring interactions with the external environment except for specified inputs and out-
84,85
puts®>®.

« Steady-state or quasi-steady-state: Thermodynamic calculations may assume steady-state or quasi-steady-
state conditions, where properties change slowly enough to be considered constant over short time inter-
valsd18485.

o Ideal gas behavior: The drying air is typically assumed to behave as an ideal gas, simplifying calculations of
energy and mass transfer’*3657,

« Negligible heat losses: Some models neglect heat losses to the surroundings, assuming all supplied energy is
used for moisture removal, which can overestimate efficiency®¢-%,

These assumptions help make drying models and thermodynamic analyses mathematically manageable and
useful for engineering design and optimization. However, they may introduce errors when real-world conditions
deviate from these simplifications, so results should be interpreted with these limitations in mind.

Uncertainty analysis
Where the uncertainties in measuring instruments are estimated using Eq. (11)®:

2 2 271/2
W, = (a—Rwl) + (a—sz) PR (a—ng) (11)
01 0 2 03

The initially evaluated uncertainty of MC, MR and drying rate was about 1.12%. The research also examined
measurement errors for temperature, humidity, wind speed, and solar radiation, which were 0.32%, 0.28%, 0.24%,
and 0.13%, respectively. Upon evaluating these factors, the comprehensive assessment of HSD efficiency was
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estimated to possess a cumulative uncertainty of around +2%. This signifies that, notwithstanding the intrinsic
measurement uncertainties, the sun drying system continues to be dependable and efficient in its functioning.
The accumulation of imprecision highlights the system’s resilience in practical scenarios.

Statistical analysis

The coefficient of determination (R?), the adjusted coefficient of determination ( Ridj,) and root mean squared
error (RMSE) are fundamental statistical criteria for selecting the optimal model to characterize the drying
curves. The optimal model was identified based on the criterion of minimal RMSE values and maximal R? and
Rgdj_ 8485 The following Egs. (12-14) can be employed to calculate these parameters.

) S LU(MR,,, ;= MRops,:)?
R*=1- — 5 (12)
Z ivzl(M Rp7'e - ]\4Piobs7 7,)
2 2 N -1

Rog. =1- (1= R*) » 5— (13)
RMSE = | = Y (MR MRops. i)? (14)

= Nzizl( pre,i obs,z)
where, MReXP)i is experimental MR; MRPW,i is predicted MR; N is number of observations; n is number of

constants.

Results and discussions

Moisture content

The impact of drying methods, layer thicknesses and drying temperatures on MC of pomegranate peels are
shown in Tables S1 and S2 in supplementary materials. The average initial MC of pomegranate peels is 325.53%
(d.b.). The drying process using OD led to a decrease in the MC of all pomegranate peel samples from 325.53% to
average MC of 2.80, 2.32, and 2.15%, at drying temperatures of 50, 60, and 70 °C, respectively. Additionally, the
average MC of all pomegranate peel samples dried using HSD were 3.01, 2.64, and 2.92%, at drying temperatures
of 50, 60, and 70 °C, respectively. On the other hand, the drying process using OD led to a decrease in the MC of
all pomegranate peel samples from 325.53% to average MC of 2.82, 2.28, and 2.18%, at layer thicknesses of 1, 2,
and 3 cm, respectively. Furthermore, drying of pomegranate peel using HSD led to decrease the MC up to 3.08,
3.16, and 2.33%, at layer thicknesses of 1, 2, and 3 cm, respectively.

MR (MR)

Figure 4 and Tables S3 and S$4 in supplementary materials illustrate the variation of MR relative to drying time
for pomegranate peels at various drying temperatures and layer thicknesses across both drying processes.
Furthermore, Fig. 4 illustrates the variations in the drying process at three distinct temperatures: 50, 60, and
70 °C, as well as three different layer thicknesses of 1, 2, and 3 cm. The drying time required to attain the
equilibrium MC ranged from 4 to 15 h, depending on the drying temperature and layer thickness. Furthermore,
Fig. 4 illustrates that increasing the air temperature from 50 to 70 °C results in a decrease in the drying time of
the finished product by about 100%, 57%, and 67% for layer thicknesses of 1 cm, 2 cm, and 3 c¢m, respectively,
across both drying techniques. This observation corresponds with the results presented by Beigi® and Kaleta et
al.#which indicated that increasing the air temperature from 50 to 60 °C during the drying process improved
mass transfer, reduced process length, and minimized energy consumption. Also, Kara and Doymaz’s™
indicated that elevated air temperatures resulted in reduced drying times. Furthermore, Beigi® noted that an

Moisture ratio, dimensionless

Drying time, h Drying time, h

(a) (b)

Fig. 4. MR on dry basis of pomegranate peels at different drying temperatures and layers thicknesses, (a) OD,
and (b) HSD.

Scientific Reports |

(2025) 15:26288 | https://doi.org/10.1038/541598-025-11016-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

LaMR

DAT50 DAT60 DAT70
Drying system | Coefficient | LT1 LT2 LT3 LT1 LT2 LT3 LT1 LT2 LT3
k -0.554 | -0.394 | -0.257 | -0.778 | -0.509 | -0.412 | -1.428 | -0.689 | -0.481
op R? 0.989 0973 |0.921 |0.992 [0.985 |0.982 |0.928 |0.963 |0.965
k -0.544 | -0.368 | -0.248 | -0.766 | -0.468 | -0.417 | -1.329 | -0.644 | -0.461
HSD R? 0.981 |0.962 |0.914 |0.986 |0.977 |0.966 |0.95 0.949 | 0.953

Table 3. Drying coefficient and determination coefficient of pomegranate peels for OD and HSD.

Deying time =18 Drying time x 10%s

"MR

! g = é\. =
o\\ » » ) ® » :\ ' '
\ M
(a) (b)

Fig. 5. Relation between LnMR and drying time of pomegranate peels at different drying temperatures and
layers thicknesses, (a) OD, and (b) HSD.

increase in air temperature within the measured range resulted in a proportional increase in the amount of
moisture extracted from the product. The MR during drying is substantially affected by air temperature and
layer thickness. Elevated air temperatures accelerate the drying rate by augmenting the kinetic energy of water
molecules, resulting in a more pronounced reduction in MC over time. For example, drying pomegranate
peels demonstrated that elevating the temperature from 50 °C to 70 °C leads to a more rapid decrease in MR,
attributable to heightened vapor pressure differentials and accelerated moisture evaporation. Conversely, layer
thickness influences the diffusion path length for moisture extraction. Thinner layers (1 cm) facilitate expedited
and uniform drying, resulting in a swift decrease in MC, but thicker layers (3 cm) augment internal barrier to
moisture transfer, so decelerating the drying process.

Table 3 presents the drying coeflicient (k) and determination coefficient (R?) for pomegranate peels at various
drying temperatures and layer thicknesses for both OD and HSD methods. The tabulated data indicated that the
(k) increases with the rise in drying air temperature in both drying methods. Higher drying temperatures result
in increased vapor pressure of water within pomegranate peels. The elevated vapor pressure generates a greater
impetus for water molecules to evaporate from the surface. Furthermore, augment the kinetic energy of the
water molecules contained in the pomegranate peels. The augmented kinetic energy leads to accelerated passage
of water molecules from the interior to the surface, facilitating evaporation. Conversely, the data indicated that
the drying coefficient often diminishes as layer thickness increases. As the layer thickness grows, the distance
water molecules must traverse from the core of the pomegranate peels to the surface for evaporation likewise
increases. The extended diffusion pathway results in heightened resistance to water movement and a reduced
drying rate. Moreover, thicker layers of pomegranate peels possess a reduced surface area to volume ratio
in comparison to thinner layers. This indicates that a reduced fraction of the pomegranate peels is directly
subjected to the drying conditions, hence constraining the rate of moisture extraction. Moreover, with thicker
layers of pomegranate peels, temperature differences may arise during the drying process. The external surface of
pomegranate peels may be considerably warmer than the inner core, resulting in uneven drying and potentially
obstructing moisture extraction from the interior. These findings aligned closely with the analogous pattern
reported in the drying rate data. Doymaz’'Kaleta et al.”?and Meziane®> made analogous observations. The
coefficient of determination indicated that the tabulated data exhibited a direct correlation with layer thickness
and an inverse correlation with drying temperature.

Effective moisture diffusivity

Figure 5 and Tables S5 and S6 in supplementary materials illustrate the correlation between LnMR and the drying
time of pomegranate peels for OA and DDS across various layer thicknesses and drying temperatures. A linear
correlation between drying time and In (MR) was seen in both drying methods. The principal experimental
parameter used for simulating drying processes is the decrease in sample weight, measured as the ratio of the
water content at a specific time (t) to the initial MC*%.
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Fig. 6. EMD for OD and HSD under different drying air temperatures and different layers thicknesses.

LaDeff

(a) (b)

Fig. 7. LnD g with invers absolute temperature of pomegranate peels at different drying temperatures and
layers thicknesses, (a) OD, and (b) HSD.

The results illustrated in Fig. 6 reveal that the drying time is predominantly controlled by internal mass
transfer resistance, which is influenced by the presence of a falling-rate drying period. Accordingly, the EMD
values for the drying experiments under various conditions were calculated using Fick’s second law of diffusion.
Similar patterns were observed across the same thin-layer thickness, demonstrating that the water diffusion
coefficient increases as temperature rises. Specifically, at a drying temperature of 70 °C, the EMD values for
layer thicknesses of 1.0, 2.0, and 3.0 cm were 4.02, 7.75, and 12.17x10™° m® s, respectively, for the OD
system, and 3.74, 7.25, and 11.66 X 10™° m? s7%, respectively, for the HSD system. The highest EMD recorded
in this study occurred at 70 °C with a 3 cm layer thickness, emphasizing that air temperature is a crucial factor
affecting EMD. As temperature increases, the kinetic energy of water molecules also increases, which accelerates
moisture migration and leads to higher EMD values***>%. Conversely, layer thickness has a significant impact
on the moisture transfer pathway; thicker layers generally reduce EMD because they introduce more resistance
to moisture movement by lengthening the diffusion path®”. The EMD values obtained in this investigation are
consistent with previous findings. For instance, Mphahlele et al.*® reported EMD values for pomegranate peel
ranging from 4.05x107° to 8.10x10™'° m”® s™' when drying at air temperatures of 40, 50, and 60 °C with
a constant air velocity of 1.0 m/s. Similarly, Doymaz* studied the drying of pomegranate peels using a cabinet
dryer at an air velocity of 2.0 m/s and an initial layer thickness of 2.8 cm, with air temperatures of 50, 60, and
70 °C. In that study, the EMD ranged from 4.02 to 5.31x 10™° m” s™" across the temperature range examined.

Activation energy

The activation energy can be computed using a method analogous to that employed for determining EMD.
Utilized the EMD values collected previously to construct linear correlations with the inverse of the absolute
drying temperature data, as illustrated in Fig. 7.
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Fig. 8. Activation energy of pomegranate peels for OD and HSD under different drying air temperatures and
different layers thicknesses.

Figure 8 shows the activation energy of different pomegranate peels samples, where it was calculated to
find the minimum energy at which the drying occurs. Consequently, the activation energy is ascertained by
calculating the slope of the linear correlations depicted in Fig. 7. Figure 8 illustrates that in this investigation, the
activation energy values for thicknesses of 1.0, 2.0, and 3.0 cm were 43.55, 25.76, and 29.06 k] mol™ for the OD,
and 41.09, 25.82, and 28.72 k] mol™" for the HSD. In addition, these results are in close agreement with those
reported by Mphahlele et al.*who investigated the drying of pomegranate peels at air temperatures of 40 °C,
50 °C, and 60 °C, using a constant air velocity of 1.0 m/s. Their study revealed an average activation energy of
22.25 k] mol™". Similarly, Doymaz* conducted drying experiments on pomegranate peels using a cabinet dryer
at a constant air velocity of 2.0 m/s and an initial layer thickness of 2.8 cm, with drying air temperatures of 50 °C,
60 °C, and 70 °C. In that case, the activation energy was determined to be 12.72 kJ mol™.

Mathematical modeling

Table 4 shows the mathematical model constants and statistical parameters of OD and HSD for pomegranate
peels under different drying air temperatures and layer thicknesses. Twelve mathematical models, detailed in
Table 2, were utilized to examine the drying kinetics of pomegranate peels. Initially, the MC data of the dried
samples were recorded at different drying air temperatures and layer thicknesses. Subsequently, these MC
values were transformed into the MR using Eq. 6, after which the twelve mathematical models were applied to
perform curve fitting on the experimental data. Selecting a suitable mathematical model is crucial for accurately
predicting the drying behavior of various products®®. However, the selection of the most appropriate model for
describing the drying kinetics of pomegranate peels should not be based solely on the number of constants in
the model. Instead, the process must be guided by statistical criteria that have been validated in the literature as
effective indicators for model selection. Therefore, it is essential to rigorously assess these statistical parameters
to ensure that the choice of mathematical model is informed by reliable data and sound analytical reasoning. The
results of the statistical analysis, shown in Table 4, indicate that all tested drying models exhibited generally high
values of R%and dej,, along with low values of the RMSE. These statistical measures are widely recognized and
used by researchers to evaluate the goodness-of-fit of drying models. Numerous studies have confirmed that the
best model for describing thin-layer drying behavior is the one characterized by the highest R%nd R, values,
as well as the lowest RMSE®*#>. Furthermore, all twelve fundamental mathematical models were employed to
simulate the drying kinetics of pomegranate peels under the examined conditions. Among them, the Modified
Midilli (IT) model demonstrated the best fit and most accurately described the drying kinetics of pomegranate
peels for both drying techniques—OD and HSD—as reflected in Table 4; Figs. 9 and 10.

Thermodynamic properties
Table 5 delineates the thermodynamic parameters (enthalpy, entropy, and Gibbs free energy) of the OD and HSD
for drying of pomegranate peels at differing drying temperatures and layer thicknesses.

The data presented in the table show the enthalpy, entropy, and Gibbs free energy values at various drying
temperatures. As the drying temperature rises, both enthalpy and entropy decrease, whereas Gibbs free energy
increases. Enthalpy reflects the energy needed to remove water bound to the dry matter during drying, and
it tends to decrease with higher drying temperatures®!%. Lower enthalpy at reduced temperatures signifies
greater energy demand for drying tamarind seeds, a trend also seen in studies on Baru fruits by Resende et
al.’Bode pepper grains by Rodovalho et al.>?and tamarind seeds by Ferreira Junior et al.!!. Entropy values
(Table 5) decline as drying temperature increases because higher temperatures greatly stimulate the product’s
water molecules, reducing the overall order in the water-product system!'°:1%2, Entropy, which measures the
disorder between water and the product!®"!%shows lower values at elevated temperatures. Negative entropy
values are often linked to chemical adsorption or structural changes in the adsorbent material'%*. Meanwhile,
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Fig. 9. Observed and predicted MR for OD at the best mathematical model (Modified Midilli II).

positive Gibbs free energy values (Table 5) point to an endergonic process, where energy input into the drying
air is required for moisture removal. Similar patterns have been reported in other studies!°*10>10,

Conclusion

In current study, pomegranate peels were dried using a HSD at three different temperatures of 50, 60, and 70 °C
and three different layer thicknesses of 1, 2, and 3 cm. Then, the OD was used to compare the performance of
the drying process with the HSD in terms of drying characteristics, EMD, mathematical modeling, activation
energy, and thermodynamic properties. The obtained results showed that the drying process using OD led to
a decrease in the MC of all pomegranate peel samples from 325.53% to average MC of 2.82, 2.28, and 2.18%,
at layer thicknesses of 1, 2, and 3 cm, respectively. Furthermore, drying of pomegranate peel using HSD led to
decrease the MC up to 3.08, 3.16, and 2.33%, at layer thicknesses of 1, 2, and 3 cm, respectively. On the other
hand, raising the air temperature from 50 to 70 °C leads to a reduction in the time required for the finished
product to dry by about 100%, 57%, and 67%, for layer thicknesses of 1 cm, 2 cm, and 3 cm, respectively, for
both drying methods. Additionally, the maximum EMD during the current study 12.17x 10~° m* s™*, and it was
observed at a drying temperature of 70 °C, and 3 cm layer thickness. Furthermore, the activation energy values
for thicknesses of 1.0, 2.0, and 3.0 cm were 43.55, 25.76, and 29.06 k] mol™', respectively, for the OD, and 41.09,
25.82, and 28.72 k] mol™}, respectively, for the HSD. In addition, Modified Midilli (IT) was the best mathematical
model to show how pomegranate peels dried by both drying systems. Moreover, results showed that with the
increase in drying temperature, enthalpy and entropy decreased, while Gibbs free energy increased.

Practical applications The results demonstrate that optimized drying conditions significantly enhance the
preservation, structural integrity, and overall quality of pomegranate peels, making them more suitable for use
as functional ingredients in the agri-food, nutraceutical, and cosmetic industries. By maintaining key physic-
ochemical and thermodynamic characteristics during drying, these by-products can be effectively repurposed
into value-added products, contributing to waste reduction and sustainable processing.

Future work Future research should prioritize the evaluation of bioactive compound retention, antioxidant
stability, and the incorporation of dried peels into novel product formulations. Additionally, efforts should be
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Fig. 10. Observed and predicted MR for HSD at the best mathematical model (Modified Midilli IT).

Drying system DAT, °C | LT,cm | AH, k] mol~! | AS,kJ mol ' K~! | AG, kJ mol~!
1 40.863 -0.2113 109.126
50 2 23.075 -0.1653 76.465
3 26.373 -0.1792 84.247
1 40.780 -0.2116 111.240
Oven dryer (OD) 60 2 22.992 -0.1655 78.119
3 26.290 -0.1794 86.040
1 40.697 -0.2118 113.357
70 2 22.909 -0.1658 79.776
3 26.206 -0.1797 87.835
1 38.401 -0.2036 104.179
50 2 23.131 -0.1649 76.381
3 26.034 -0.1780 83.520
1 38.317 -0.2039 106.217
Hybrid solar dryer (HSD) | 60 2 23.048 -0.1651 78.030
3 25.951 -0.1782 85.301
1 38.234 -0.2041 108.257
70 2 22.965 -0.1654 79.683
3 25.868 -0.1785 87.085

Table 5. Thermodynamic properties of pomegranate peels for OD and HSD under different drying air
temperatures and different layers thicknesses.

15

15
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directed toward scaling up hybrid drying technologies for cost-effective and energy-efficient industrial applica-
tions.

Data availability
All data is provided within the article.
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