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Abstract: The peel and pulp of soursop are ideal for
creating a new tea product, offering a unique flavor com-
pared to traditional leaf tea. This study develops mathema-
tical models to describe the drying process, decomposition
of bioactive components, and antioxidant activity of soursop
slices. The slices were dried at four temperatures (20-50°C)
using industrial-scale heat pump drying. Changes in moisture
ratio (MR) were calculated and compared with 30 previous
models. Additionally, two and four mathematical models
were used to analyze data on total flavonoid content (TFC)
and antioxidant activity. The model fits were evaluated based
on statistical parameters (RZ, root mean square error, )(2). The
results indicated that the drying process at 20°C involved two
mechanisms following the Aghbashlo model (R* > 0.993). At
higher temperatures, the moisture removal process followed
a single mechanism. Zero order, first order, and polynomial
quadratic models were suitable for describing TFC decompo-
sition and antioxidant activity, depending on the tempera-
ture. The activation energy of MR (29.89 kJ/mol) was lower
than that of 2,2'-azino-bis-3—ethylbenzothiazoline—-6-sulfonic
acid (37.02KkJ/mol) and 2,2-diphenyl-1-1-picrylhydrazyl
(32.12Kk]J/mol), indicating drying efficiency and retention
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of bioactive components. The study’s findings are expected
to enhance quality, improve economic efficiency, and
expand the market for soursop tea.
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1 Introduction

Soursop tea made from the pulp and peel is a new product
in Vietnam and rare internationally. Most soursop teas are
typically made from leaves. The importance of this tea has
increased due to its long shelf life and health benefits from
bioactive compounds like polyphenols, flavonoids, and
vitamins C and B1-B6 [1-3]. These components boost anti-
oxidants, protect the liver, counteract toxins, and improve
wound healing [4-6], and prevent diseases like cancer,
cardiovascular diseases, and infections [7-11]. Addition-
ally, rich minerals like Ca, Mg, P, K, Na, and Zn have
been found. Tea made from the pulp and peel offers a
unique flavor and experience, different from traditional
leaf tea. It also reduces the pressure on harvesting leaves,
protecting the plants and conserving natural resources.
Moreover, previous studies on selecting soursop promise
high-nutrient products favored by consumers [12-14].
Diversifying and developing high-quality soursop pro-
ducts is a key goal for Vietnam’s agriculture and other
major growing countries like Malaysia (1470.4 tons/year/
356.7 ha) [15] and Nayarit (21860.02 tons/year) [7]. Viet-
nam’s annual soursop yield is very high, averaging around
16-17 tons/ha [7]. This leads to spoilage due to short shelf
life, causing waste and reducing agricultural economic effi-
ciency [16]. Producing soursop tea in high-yield countries
helps minimize spoilage and reduces the pressure of fresh
fruit trade [17]. Countries with lower soursop yields will
rely less on imports. Developing new soursop tea products
from the peel and pulp also creates job opportunities for
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farmers by boosting fruit processing and cultivation, enhan-
cing the agricultural economy.

Besides the potential and challenges related to soursop,
one crucial factor in processing soursop tea is the appro-
priate drying conditions. As product demand increases,
drying equipment and methods need to be upgraded to
meet the demand. However, industrial drying equipment
is typically larger, includes upgraded components, and is
more challenging to control than laboratory-scale dryers.
Therefore, establishing a database to standardize the drying
process and predict product quality is necessary. Identifying
bioactive components (total flavonoids content [TFC]), anti-
oxidant activity (2,2-diphenyl-1-1 picrylhydrazyl [DPPH] and
2,2"-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid [ABTS]),
and their relationship with moisture content (MC) allows for
predicting product quality over time and improving dryer
design [18]. The kinetic models provide a solid foundation
for optimizing parameters in the drying process, aiming to
enhance product quality and guide the production of soursop
tea. Furthermore, these models have the potential to be inte-
grated with advanced technological devices to establish a highly
efficient automated system, allowing real-time monitoring of the
drying process [19]. In addition to being applied to the drying
kinetics of soursop, these models can also be used to relatively
predict the quality of products from other similar materials.

Among the common drying methods for various mate-
rials, heat pump drying is considered to meet both the
economic and product quality aspects, as it allows drying
at low temperatures. However, research on this method is
still limited [20]. Mathematical models of the drying pro-
cess contribute to predicting quality and MC, serving as a
basis for balancing economics, quality, and designing sui-
table drying equipment [21]. Existing reports on the mathe-
matical modeling of thin-layer drying for fruits like mango
[22], lemon [23], and golden apple [24] are mostly done on
laboratory-scale equipment using convective hot air drying.
Heat pump drying of mango slices has been reported [25].
However, mathematical modeling of soursop slice drying,
including MC, TFC, and antioxidant activity (DPPH and
ABTS), has not been reported. The aim of this study is to
develop models describing changes in MC, TFC, and antiox-
idant activity (DPPH and ABTS) using experimental data
from industrial-scale heat pump drying.

This work presents three new aspects not previously
addressed in mathematical modeling of soursop slice drying
kinetics on an industrial scale. First, the drying process was
conducted at temperatures ranging from 20 to 50°C until the
moisture ratio (MR) was less than 0.02 kg water/kg solid, mon-
itoring key components such as MC, TFC, DPPH, and ABTS
throughout. Second, a total of 30, 02, and 04 mathematical
models were applied, respectively, to the processes of
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moisture removal, TFC degradation, and antioxidant activity
reduction. The most suitable models were identified for
soursop slice drying based on calculated kinetic parameters
(coefficient of determination [R?], chi-square [¥?], rate con-
stant [k], and root mean square error [RMSE]). Finally, the
activation energy (E,) for the drying process was deter-
mined for all parameters. The study findings are expected
to enhance soursop tea production efficiency in the future.
The current models can also serve as a reference for the
drying process of various plants that possess high antioxi-
dant activity and properties similar to soursop, such as Sida
acuta [26]. Additionally, the proposal to combine soursop tea
with caffeine represents a comprehensive development in
enhancing the antioxidant capacity of the product [27].

2 Material and methods

2.1 Plant material

This study employed soursop fruit sourced from Tan Phu
Dong, Tien Giang province, Vietnam (coordinates 10°14'43"
N 106°41'54"E). The fruits were harvested approximately
3months after formation. Post-harvest, the fruits were
stored at a temperature of 30 + 2°C and promptly trans-
ported to Nguyen Tat Thanh within a maximum of 4 h for
immediate study. The fruits weighed between 1.5 and 2 kg,
featuring white pulp and a fresh green peel, and was free
from bruising, waterlogging, or any damage [28]. Addition-
ally, pesticide residues (Amitrole, Bifenazate, Clothianidin,
Glufosinate-Ammonium) were tested and found to be below
the permissible limits according to Vietnam’s national food
safety standards.

2.2 Drying procedure and heat pump dryer
set-up

For each experiment, around 70 kg of fresh soursop, meeting
the criteria in Section 2.1 (Figure 1a), were washed with water
compliant with Vietnamese health standards. The soursop was
manually cut lengthwise into 1-2 cm thick slices (Figure 1b),
deseeded, and further sliced to 1-2mm thickness (Figure 1c)
(Diep Ky company, Ho Chi Minh City, Vietnam).

An industrial-scale heat pump dryer with a maximum
capacity of 40 kg per batch of soursop (Figure 2) was uti-
lized in the experiments. Each drying tray, measuring 47 x
55 x 2cm (hole size: 0.5 x 0.5cm), held 2.00 + 0.10 kg of
soursop slices (Figure 1). The dryer operated by drawing
moist air from the medium (30 + 2°C, relative humidity
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Figure 1: Fresh soursop (a) was cut longitudinally (b) and then into thin slices (c).

[RH] = 78 + 2%) and condensing the moisture using a 2 HP
cooling system. The resulting low-humidity air (RH =10 +
2%), was measured using an absolute humidity analyzer
(TP152, ThermoPro, China), was heated with an electric
resistor to reach an air temperature of 20-50°C. This
heated air was then circulated into the drying chamber
as the drying agent to remove moisture.

The soursop was dried at 20, 30, 40, and 50°C (Airflow
speed: 2.5 m/s) until the MC stabilized over three consecu-
tive measurements, then the drying process was stopped.
The MC, TFC, and ABTS and DPPH antioxidant activity were
recorded every 15 min during drying. A balance (Dragon
equipment, Ho Chi Minh City, Vietnam) and a heat-resistant
camera (M500, 70MAI Xiaomi, China) were installed to monitor
MC throughout the drying process. Experimental data and
previous mathematical models were used to develop models
describing the changes in components (MC, TFC, ABTS, and
DPPH antioxidant activity) during industrial-scale heat pump
drying. Kinetic parameters, diffusion coefficients, and E, were
calculated.

2.3 Equipment and chemicals

Slicing equipment (Diep Ky company, Ho Chi Minh city,
Vietnam) (Capacity: 80kg of soursop per hour, motor: 0.5
HP, total blades: 2). Heat pump drying equipment (parameters
depicted in Figure 2): Total number of drying trays: 20, airflow
direction: from left to right, total electric resistor: 2, limited
temperature: 20-50°C, and limited airflow speed: 0-5m/s.

Aluminum chloride (97%, Merck), Potassium acetate
(98.14%, Merck), ABTS (>98%, Merck), DPPH (95%, Merck).

2.4 Analytical methods
2.4.1 MC, drying rate (DR), and MR

A heat-resistant weighing device (Dragon equipment, Ho
Chi Minh City, Vietnam) continuously weighs a drying
tray with 2.00 + 0.10 kg of material in a heat pump dryer.
The MC of soursop slices is monitored and recorded
every 15min using a heat-resistant camera (M500, Xiaomi,
China).

MC at the time t (kg/kg):

m; — my X (100 - MC())

MC, = (€]
m;
DR (kg/kg/min):
DR = w, (2)
At
MR (kg/kg):
_ MC; - MCeq
MR = G, - MCeq’ @

where my: initial total weight of drying material (kg); my:
total weight of drying material at time t (kg); MCy, MC,, and
MC,q are initial MC (fresh soursop), MC at time ¢, and equi-
librium MC, respectively (kg water/kg solid).
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Figure 2: Design of industrial-scale heat pump drying equipment. (a) Perspective projection, (b) vertical projection, (c) equal projection, and (d) edge

projection.

2.4.2 TFC

Each 5.00 + 0.02 g soursop slices (m) were extracted with
50 mL ethanol 96° (V). The extract was filtered using filter

S50Hz, DLAB Faithful, China) mixer for 30s at 1,500 rpm
(V3). The mixture was incubated for 30 min in the dark and

towels and Whatman No.l paper. Each 0.5mlL filtered
extract (V,) was then mixed with 0.1mL AlCl;, 4.3 mL

ethanol 96°, and 0.1mL CH3COOK using a vortex (MX-

y=176.87 x x

TFC (mgQE/gDW):

+1.77.

measured at 415 nm using UV-Vis spectroscopy.
Standard curve of Quercitrin (QE):

@



DE GRUYTER

Vi x C x 100 x V4

TFC = )
¥, x 1,000 x m x (100 - MC,)

)

where C is the TFC obtained from the spectrophotometer
corresponding to the cuvette volume (ug/mL).

2.4.3 ABTS and DPPH antioxidant activity

The extraction and filtration were performed as described
in Section 2.4.2. Then, each 0.5 mL extract was mixed with
1.5mL ABTS or DPPH using a vortex mixer for 30s at
1,500 rpm (V3). The mixture was incubated for 30 min in
the dark. Samples were measured using UV-Vis spectro-
scopy at 734 nm for ABTS or 517 nm for DPPH. Standard
curves for DPPH and ABTS antioxidant activity were based
on ascorbic acid (AA) equivalent.
Standard curve of DPPH antioxidant activity:

= -36.75 x x + 28.31. (6)
Standard curve of ABTS antioxidant activity:

y = —22.52 x x + 20.16.

ABTS/DPPH antioxidant activity (mg AA/g DW):

B Vi x C x 100 x V4
V5 x 1,000 x m x (100 - MC,) "

(M

2.5 Mathematical modeling and kinetic
analysis of the process

2.5.1 Mathematical modeling

Drying thinly sliced fruits and vegetables is modeled by 30
mathematical models of moisture loss (Table 1) and 05 math-
ematical models of quality changes (Table 2), depending on
drying method, conditions, dryer design, and input material.

2.5.2 Estimation of the effective moisture diffusivity

The effective moisture diffusion coefficient (D.g) is essential
for simulating drying processes but cannot be measured
directly and must be calculated. Accurate determination
of D is crucial for realistic moisture transfer models.
To determine D.g, the Fick’s diffusion model was applied
as follows:
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Table 1: 30 mathematical models of moisture loss in previous drying

processes
No. Models Equation Eq. Ref.
1 Ademiluyi Modified MR = a exp (-(kt)") (8) [29]
2 Aghbashlo MR = exp {-[kt/(1 + kt)]} (9) [30]
3 Balbay and Sahin MR = (1 - a) exp (-kt") ~ (10) [31]
+b
4 Binomial MR = a exp (-kt) + b an  [32]
exp (kit)
5 Combined Two Term MR =aexp (-kt")+ (1 - (12) [33]
and Page a) exp (-kqt)
6 Demir et al. MR = a exp (-kt)" + b (13) [34]
7 Diffusion MR=aexp (-kt)+(1-a) (14) [35]
approximation exp (-kibt)
8 Two-Term Exponential MR=aexp (-kt)+(1-a) (15) [36]
exp (-kat)
9 Hasibuan and Daud MR =1- at” exp (-kt")  (16) [37]
10 Henderson and Pabis MR = a exp (-kt) (17) [38]
1 Hii et al. MR = a exp (-kt") + b (18) [39]
exp (-kit")
12 Logarithmic MR = a exp (-kt) £ ¢ (19) [40]
13 Logistics MR = b/[1 + a exp (k)] (20) [41]
14 Midilli et al. MR = a exp (-kt") + bt (21) [42]
15 Modified Henderson MR=aexp (-kt) +bexp (22) [43]
and Pabis (=kqt) + c exp (=kat)
16 Modified Page MR = exp (-kt)" (23) [42]
17 Modified Page II MR = exp (-k (/LA™ (24) [44]
18 Modified Page III MR = k exp (-t/L%" (25) [45]
19 Newton/Lewis MR = exp (-kt) (26) [46]
20  Noomhorm and Verma MR=aexp (-kt)+bexp (27) [47]
(-nt) + ¢
21 Page MR = exp (-kt") (28) [48]
22 Silvaetal. MR = exp (-at - bt'"?)  (29) [49]
23 Simplified Fick’s MR = a exp (-¢ (t/L%) (30) [50]
diffusion
24 Singh et al. MR = exp (-kt) - akt 31 [51]
25 Thompson t=aln(MR)+bIn (MR (32) [52]
26 Two-term MR = a exp (-kt) + b (33) [53]
exp (-kit)
27 Vega Lemus MR = (a + kt)? (34) [54]
28  Verma et al. MR=aexp (-kt)+(1-a) (35) [55]
exp (-kit)
29  Wang and Singh MR =1+ at + b (36) [38]
30  Weibull MR = a - b exp (-kt") (37) [56]

Noted: a, b, ¢, and n are the coefficients of the models; , k;, and k, are
the constants of moisture loss rate (min™"); L is the thickness of the
drying material (mm).

Fick’s diffusion:

(43)
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Table 2: Mathematical models describing the changes in TFC, DPPH, and
ABTS antioxidant activity during previous drying processes

No. Model name Equation Eq. Ref.
1 First order (a,b,c) C; = Co exp (tkt) (38) [57]
2 Fractional G = (Co - Ceq) Xp (k1) (39) [58]
conversion (a) + Ceq
3 Polynomial C=Co+at+ bt (40) [59]
quadratic (b)
Second order (a,b,c) 1/C=1/Cy + kt (41) [60]
5 Zero order (a,b) Ce=Co £kt (42) [61]

Noted: Cp and C; denote the component content ratio at time t=0and t =
t, respectively. Ceq is the equilibrium content. The symbol “+” indicates
the formation (+) and degradation (-) of the component. Symbols (a),
(b), and (c) indicate models describing DPPH, ABTS antioxidant activity,
and TFC, respectively.

Crank (1975) provided solutions for moisture diffusion
in other shapes.

8 o 1
33 e

MR =
i @n+ 1)

D
-(2n + 1)2n24LLf2ft . (44)

For extended drying periods, the equation simplifies to

8
)

Effective moisture diffusivity is determined from the
slope of the In(MR) vs time plot.

zﬂt (45)

In(MR) = In 2t

2.5.3 Estimation of E,

The logarithm of MR vs inverse temperature gives the E,
from the slope.
Arrhenius equation:

1
RxT R X T

Deff = DO exp

Eq

], (46)

where E, is the activation energy (kJ/mol), D is the effec-
tive diffusivity, Dy is the pre-exponential factor (m?s), R is
the gas constant (8.314 kJ/mol), and T = T,, (°C) + 273.15is the
absolute temperature (K). Tyr is the average absolute tem-
perature (K). For calculating E, for TFC, DPPH, and ABTS
antioxidant activity, the slope of the In(C/Cy) vs time plot
gives rate constant (ks = — slope). E, is then found from
the nonlinear relation between k. and (1/(R x T) — 1/R x
Tref) [62]
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2.5.4 Determination of the coefficient of determination
(R?) and chi-square (x?)

Experimental data were fitted to kinetic models (Section
2.5.1) to determine the best model for MC, TFC, DPPH, and
ABTS during drying. The models were evaluated using R,
x5 and RMSE. The best model has the highest R* and lowest
x* and RMSE values.

n - )2
R2=1- Z;:l(cexp,z Cpre,l)z ’ @7
Zi=1(CeXp,i - Cmean)
X2 = Z?=1(Cexp,i - Cpre,i)z (48)
N-n ’
1
Yit1(Cexpi = Gore)” |
RMSE = i=1\Cexp,i pre,i (49)
N-n ’

where N and n: total experimental and predicted data
points. Cexp;: €xperimental value at i, and Cpy.;: predicted
value, Cpean: Mean experimental value [63].

2.6 Statistical and data analysis

Data were analyzed with Microsoft Excel (Redmond, WA,
USA) and one-way ANOVA was conducted using IBM®
SPSS® Statistics version 25, with significance set at a 95%
confidence interval. Tukey HSD*” tested the significance of
differences in the study. Additionally, Origin Pro 9.0 software,
version 90E (OriginLab, Roundhouse Plaza Northampton,
USA), was utilized for further analysis [28].

3 Results and discussion

3.1 Drying curve and DR

The initial MC of soursop slices dried at 20-50°C averaged
77.03 + 1.15 kg water/kg solid for slices about 1.3 mm thick.
Changes in MC over time were expressed as the MR
(Figure 3).

Figure 3 shows that MC decreases with increased
drying time and faster DRs at higher temperatures (p <
0.05). The time to reach stable MC (MR < 0.02 kg water/kg
solid) at 20, 30, 40, and 50°C were 1,080, 750, 465, and
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Figure 3: MC and DR of soursop slices during industrial-scale heat pump drying. The results are repeated with n = 3.

420 min, respectively. This indicates significant effects of
both temperature and drying time on soursop slices’ MC
(p < 0.05). Similar findings were reported for turmeric
slices dried with hot air and infrared support at 50-70°C
[64]. Temperature variation is inversely proportional to
drying time. Increasing the temperature accelerates water
evaporation, leading to shorter drying time. This is consis-
tent with the findings from most of the previous drying
processes. For example, the heat pump drying time for 10
mm thick mango slices decreased from 1,400 to 700 min as
the temperature increased from 20 to 50°C [25]. Increasing
the hot air drying temperature for 5 mm apple slices from
40 to 60°C reduced drying time from 400 to 240 min [65].
Differences in drying techniques, equipment, and condi-
tions affect moisture diffusion and drying time. At 20°C,
drying occurs in two stages: a slow diffusion stage
removing 30% of moisture in the first 630 min, followed
by a rapid increase to 98% by 1,005 min, and then stabiliza-
tion up to 1,080 min. Initially, moisture loss is slow due to the
humidity difference. In the next stage, after 30% moisture
loss, larger cell pores and faster water movement accelerate
drying. Moisture reduction slows significantly when the
humidity difference decreases [30]. At higher temperatures,
continuous moisture reduction makes constant DR stages
hard to identify. This shows that heat pump drying and equip-
ment design allow balanced moisture movement and diffu-
sion. Similar results were found for thin-layer liquorice root
drying at 40-55°C [31]. The DR at 40°C is faster than at 50°C in
industrial heat pump drying. Moderate heat and low
humidity at 40°C increase moisture loss, while higher tem-
peratures (50°C) cause cell shrinkage and blocked pores,
slowing the DR [41]. A report on drying apple slices at

40-50°C showed that reaching MR < 0.02 kg water/kg solid
took approximately 700-400 min [66]. A previous report on
drying lotus pollen at 40 and 50°C found no significant differ-
ence in drying time [67].

On the other hand, the DR changes significantly and
fluctuates strongly over time. In the initial stage of the
drying process, moisture on the surface of the material is
quickly lost, leading to a high DR. As the surface moisture
becomes depleted, the DR decreases. As drying continues,
moisture from within the material moves to the surface.
This movement causes temporary decreases in the DR,
resulting in the formation of sharp peaks. Additionally,
each drying temperature affects the material differently.
At a low temperature (20°C), the drying process is slower
and the DR is more stable but lower overall. The findings
suggest that the moisture loss rate appears to be fastest
when the MC in the sample fluctuates between 0.5 and
0.6 kg water/kg solid, corresponding to a 40-50% reduction
in MC compared to the initial moisture level. A previous
report also showed similar results regarding the variation
and temporary decrease in DR during the drying process of
tomato slices using convective hot air drying [68] and heat
pump drying of Tu Quy mango slices [25].

3.2 Mathematical models of moisture loss

A total of 30 mathematical models were developed to
describe previous drying processes and predict moisture
diffusion in drying soursop slices. Among these, 24 models
were considered highly suitable (R* > 0.7).
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Table 3: Statistical results and regression coefficients of models describing moisture loss

No. Models Para. 20°C 30°C 40°C 50°C
1 Ademiluyi Modified Ve 0.00161 0.00052 0.00087 0.00044
RMSE 0.04014 0.02278 0.0296 0.02100
R? 0.98485 0.99590 0.99323 0.99681
2 Aghbashlo Ve 0.00043 0.00145 0.00154 0.00184
RMSE 0.02084 0.03808 0.03921 0.04289
R? 0.99586 0.98829 0.98770 0.98620
3 Balbay and Sahin Ve 0.00100 0.00048 0.00087 0.00046
RMSE 0.03164 0.02208 0.02957 0.02141
R 0.99073 0.99622 0.99347 0.99682
4 Combined Two Term and Page Ve 0.18795 0.00131 0.00094 0.00047
RMSE 0.43353 0.03622 0.03065 0.02172
R -0.71631 0.99006 0.99324 0.99686
5 Diffusion approximation Ve 0.01163 0.00266 0.0013 0.00234
RMSE 0.10787 0.05160 0.03611 0.04838
R? 0.89063 0.97895 0.98992 0.98309
6 Two-Term Exponential Ve 0.02751 0.01682 0.00131 0.01844
RMSE 0.16586 0.12967 0.03616 0.13578
R 0.74140 0.86702 0.98989 0.86681
7 Hasibuan and Daud Ve 0.26070 0.41935 0.00639 0.00526
RMSE 0.51060 0.64757 0.07996 0.07256
R? -1.45080 -2.31620 0.94717 0.96197
8 Henderson and Pabis Ve 0.02149 0.01075 0.00611 0.01144
RMSE 0.14659 0.10367 0.07817 0.10696
R? 0.79510 0.91324 0.95113 0.91416
9 Hii et al. Ve 0.00540 0.00056 0.00094 0.00048
RMSE 0.07347 0.02335 0.03068 0.02186
R? 0.95070 0.99587 0.99222 0.99681
10 Logistics Ve 0.10423 0.40053 0.00094 0.00044
RMSE 0.32285 0.63287 0.03063 0.02095
R 0.02015 -2.62110 0.99275 0.99683
n Modified Henderson and Pabis Ve 0.02277 0.01170 0.00705 0.01343
RMSE 0.15090 0.10818 0.08397 0.11589
R? 0.79510 0.91324 0.95113 0.91416
12 Modified Page Ve 0.02712 0.01647 0.00964 0.01775
RMSE 0.16469 0.12834 0.09817 0.13324
R 0.74140 0.86702 0.92293 0.86681
13 Modified Page II Ve 0.00420 0.00061 0.00085 0.00044
RMSE 0.06479 0.02471 0.02917 0.02099
R? 0.95998 0.99507 0.99319 0.99669
14 Newton/Lewis Ve 0.02674 0.01614 0.00933 0.00933
RMSE 0.16354 0.12705 0.09657 0.09657
R? 0.74140 0.86702 0.92293 0.92293
15 Page Ve 0.00445 0.00061 0.00085 0.00044
RMSE 0.06668 0.02477 0.02918 0.02099
R 0.95761 0.99505 0.99319 0.99669
16 Silva et al. Ve 0.48005 0.01647 0.00964 0.01775
RMSE 0.69286 0.12834 0.09817 0.13324
R -3.57720 0.86702 0.92293 0.86681
17 Simplified Fick’s diffusion Ve 0.02149 0.01075 0.00611 0.01144
RMSE 0.14659 0.10367 0.07817 0.10696
R? 0.79510 0.91324 0.95113 0.91416
18 Singh et al. Ve 0.01332 0.00340 0.00243 0.00477
RMSE 0.11543 0.05830 0.04934 0.06904
R 0.87296 0.97256 0.98053 0.96424
19 Thompson Ve 0.25484 0.05524 0.04100 0.01312
RMSE 0.50481 0.23503 0.20248 0.11452

(Continued)



DE GRUYTER

Table 3: Continued

Changes in characteristics and predictive models during drying of soursop tea = 9

No. Models Para 20°C 30°C 40°C 50°C
R? 0.85288 0.97115 0.98583 0.99125
20 Two-term X 0.02211 0.01120 0.00655 0.01236
RMSE 0.14870 0.10585 0.08092 0.11116
R 0.79510 0.91324 0.95113 0.91416
21 Vega Lemus XZ 0.01504 0.00415 0.00171 0.00449
RMSE 0.12264 0.06443 0.04139 0.06700
R? 0.85658 0.96649 0.98630 0.96632
22 Verma et al. )(2 0.02127 0.00992 0.00487 0.00961
RMSE 0.14584 0.09962 0.06979 0.09804
R 0.80003 0.92152 0.96234 0.93057
23 Wang and Singh XZ 0.00128 0.00333 0.00285 0.00476
RMSE 0.03573 0.05770 0.05340 0.06901
R? 0.98783 0.97312 0.97719 0.96428
24 Weibull )(2 0.00361 0.00061 0.00085 0.00044
RMSE 0.06012 0.02463 0.02917 0.02099
R 0.96554 0.95510 0.99319 0.99670

Noted: The Binomial, Demir, Midilli, Modified Page III, Noomhorm and Verma, and Weibull models are unsuitable for drying soursop slices (R*<0.2).

Table 4: Models, statistical parameters, and half-life of MC

No. Models Temp. (°C) R? Constants and coefficients T50 (min)
1 Aghbashlo 20 0.99586 k=-091%x10"3k =031x107 737.10
2 Balbay and Sahin 30 0.99622 k=028x10"a=-0.01bh=-0.03n=21 347.83
3 Balbay and Sahin 40 0.99347 k=14.02x10"" a=-0.02 b = -0.02 n = 1.67 160.19
4 Logistics 50 0.99683 k=15.43 x 107> g = 0.06 b = 1.06 189.68
MR20 = exp[(-0.31 x 1073¢)/(1 - 0.91 x 1073¢)], (50)
10 — ey P MR30 = 1.01 exp(-0.280 x 105¢211) - 0.03,  (51)
— 30 °C Balbay and Sahin|
—— 40 °C Balbay and Sahin MR40 = 1.02 exp(-14.02 x 1075¢167) — 0.02, (52)
0.8 1 —— 50 °C Logistics
2 MR50 = 1.06/[1 + 0.06 exp(15.43 x 1073¢)]. (53)
b 061 Table 3 shows the mathematical models predicting the
Q
= R?=0.99586 drying curves of soursop slices, with most fitting the data
iz 0.4 R 0.99622 well (R* > 0.8). The models selected for heat pump drying at
= 20-50°C are Aghbashlo, Balbay and Sahin, and Logistics
0.2 22099347 (Table 4 and Figure 4). At 20°C, moisture loss occurs via
R2= 099683 two mechanisms, while at higher temperatures, it follows
0.0 T > T . : a single mechanism. Figure 4 illustrates predicted drying
0 200 400 600 800 1000 1200

Time (min)

Figure 4: Four mathematical models describing the moisture loss
mechanism in heat pump drying of soursop slices at different
temperatures.

curves for industrial-scale heat pump drying. The half-
moisture reduction times at 20, 30, 40, and 50°C are 737.10,
347.83, 160.19, and 189.68 min, respectively. A similar study
on drying licorice root at 40°C found the Balbay and Sahin

model to be highly suitable (R* > 0.99) [31].
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3.3 Estimating the E, of MC

81071 R
y=4.72x107 x g2
R?=0.9716
— 6x1071
g
2 4x107-
2x1071 "

-2x107° —1x107° 0 1x10°  2x107°
IR.T- 1/R.T,;

— L at different

Figure 5: The relationship between D and Ri—T T
Tel

drying temperatures.

Yyo = —0.0032x + 0.8324 R? = 0.6056, (54)
Y50 = —0.0056x + 0.8087 RZ = 0.8356, (55)
Yy = ~0.0090x + 0.6498 RZ = 0.9075, (56)
V5o = —0.0113x + 0.8287 RZ = 0.9094. G7)

E, was determined using the Arrhenius equation based on
the plot of In(MR) and (1/R T — 1/R Ty, for the four drying
temperatures 20-50°C (Figure 5). Diffusion coefficients at 20, 30,
40, and 50°C were 2.2 x 10,38 x 10,62 x 10, and 7.7 x 10
(m%s), respectively, indicating that a 10°C increase in drying
temperature increases diffusion efficiency by 1.5-2 times. The
calculated E, for moisture removal from soursop slices in
industrial-scale heat pump drying was E, = 29.89 k]J/mol. This
result aligns with most reported drying processes for vegeta-
bles and fruits, with about 90% of activation energies ranging
from 14.42 to 43.26 kJ/mol [69]. Similarly, avocado slice drying
reported a comparable E, (E, = 32.06 kJ/mol) [70].

3.4 Degradation curves of TFC

Flavonoids are a major group of polyphenols responsible
for significant antioxidant activity. The initial TFC was 4.69
+ 0.11 mgQE/gDW. The degradation of TFC over time is
shown as the ratio of content at time ¢ to ¢t = 0 (Figure 6).

TFC is significantly affected by the drying process due
to its sensitivity to temperature and oxygen (p < 0.05)
[71,72]. At low temperatures (20°C), the decline in TFC is

DE GRUYTER

TFC (mgQE/gDW)

0.0

400 600 800

Time (min)

0 200 1000

Figure 6: TFC of soursop slices during industrial-scale heat pump drying.
The results are repeated with n = 3.

mainly due to the presence of oxygen in the drying agent,
rather than the temperature itself [73]. Oxidation and
degradation intensify as drying temperature increases to
30, 40, and 50°C. At 30 and 40°C, high moisture and heat
promote reactions with oxygen, causing significant TFC
loss. The difference between 40 and 50°C is smaller due
to cell shrinkage limiting heat and oxygen penetration,
which protects bioactive compounds. However, high tem-
peratures still significantly degrade flavonoids. Similar find-
ings were reported for pomegranate arils, where increasing
drying temperatures from 55 to 75°C decreased flavonoids,

Table 5: Statistical results and regression coefficients of models
describing the degradation of TFC

No. Models Para. 20°C 30°C 40°C 50°C
1 First order )(2 0.00222 0.00168 0.00059 0.00156
RMSE 0.04717 0.04097 0.02433 0.03954
R 0.96339 0.97186 0.99030 0.97480
2 Second order y 0.04064 0.00563 0.00325 0.00863
RMSE 0.20160 0.07503 0.05701 0.09290
R 0.33110  0.90560 0.94680 0.86110
Table 6: Models, statistical parameters, and half-life of TFC
No. Models Temp. (°C) R? Constants T50 (min)
and
coefficients
1 First order 20 0.96339 k=145x10"* 478.03
2 First order 30 0.97186 k=232x10"* 298.77
3 First order 40 0.99030 k=44.8x10"* 154.72
4 First order 50 0.97480 k=58.9x107* 117.68
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polyphenols, and anthocyanins, with minimal differences
between 65 and 75°C [74]. A drying study on button mush-
rooms showed that at 70°C, significant cell shrinkage occurs,
and at 65°C, the TFC degradation curves are nearly identical
[75]. This suggests that at temperatures causing strong cell
shrinkage, pore closure occurs. Each material undergoes
shrinkage at a specific temperature during the drying pro-
cess. Soursop slices were found to experience significant
shrinkage at temperatures above 40°C.

3.5 Mathematical models of the degradation
of TFC

1.0
—— 20 °C First order
—— 30 °C First order

0.8 1 —— 40 °C First order
< — 50 °C First order
=
0.6+
o
o
)
E 0.4 2
o0 R?=0.96339
S &
F 2

R?=0.99030
0.2
5 R*=0.97480
R>=10.97186
0.0 T T T T
0 200 400 600 800 1000
Time (min)

Figure 7: Four mathematical models describing the degradation TFC
mechanism in heat pump drying of soursop slices at different
temperatures.

Crz0 = Co exp(-14.5 x 1074¢), (58)
Ci30 = Co exp(=23.2 x 1074t), (59)
Ciao = Cy exp(—44.8 x 107%t), (60)
Ciso = Co exp(-58.9 x 107%¢). (61)

The degradation of flavonoid compounds in soursop slices
was analyzed using both First-order and Second-order math-
ematical models at four drying temperatures (20-50°C). The
results showed that the First-order model is suitable for
describing TFC degradation, with R* > 0.96, y* < 0.0022, and
RMSE < 0.047 (Tables 5 and 6). The predicted data and degra-
dation models are illustrated in Figure 7. The rate constants k
at 20, 30, 40, and 50°C were 14.5 x 107, 232 x 107, 44.8 x 107,
and 58.9 x 107, respectively. This indicates an increase in DR
by 1.3-1.9 times for every 10°C rise from 20 to 40°C. However,

Changes in characteristics and predictive models during drying of soursop tea
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from 40 to 50°C, the rate only increased 1.3 times. This is
consistent with the findings on drying pomegranate arils
[74] and button mushrooms [75], where DRs increased
from 55 to 65°C but less so from 65 to 75°C. Based on the
chosen models, the half-life times for TFC degradation were
478.03, 298.77, 154.72, and 117.68 min at 20, 30, 40, and 50°C,
respectively.

3.6 Estimating the E, of TFC

0.005 -
u
. 0.004
z y=321 % 107 x 520
] R®=0.9438
5

0,003

0.002-

L}

T T T
-2x1073 -1x10°° 0 1x1073
I/R.T-1/RT,

T
2x10°3

Figure 8: Relationship between ky,, of total flavonoids content and
1 1

RxT ~ Rx Tt at different drying temperatures.

Yyo = —0.0018x + 0.1233 RZ = 0.9757, (62)
Vs = ~0.0025x + 0.0532 R* = 0.9730, 63)
Yo = —0.0042x - 0.0580 R? = 0.9847, (64)
Ysp = —0.0048x - 01525 R? = 0.9648. (65)

E, is the minimum energy needed for reactions to occur,
with lower Ea indicating easier degradation with slight
temperature increases [75]. The E, for flavonoid degrada-
tion is 25.23 kJ/mol (Figure 8), similar to button mushrooms
at 25.38 kJ/mol [75]. This suggests flavonoids degrade more
easily by heat than by moisture removal or antioxidant
activities (DPPH and ABTS). Flavonoids, after degradation,
still exhibit antioxidant properties. This is due to the
decrease in flavonoid content but an increase in antioxi-
dant activity from new compounds formed. For example,
quercetin can convert into quercetin-3-glucuronide and quer-
cetin-3-sulfate under high heat during drying [76]. This trans-
formation occurs due to the breakdown of the original mole-
cular structure and reformation into new compounds under
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heat and oxygen. Additionally, flavonoids can transform into
other antioxidant compounds, losing their flavonoid identity.
Catechin, for instance, can convert into catechol, a simpler
phenolic, but still retains antioxidant capabilities. Other flavo-
noids like anthocyanin, flavanones, quercetin, kaempferol,
isoflavonoid, and hesperidin degrade into compounds such
as caffeic acid, gallic acid, ferulic acid, anthocyanidin, chal-
cone, stilbene, isoflavone, and hesperetin. These compounds
have antioxidant properties but are not classified as flavo-
noids [77,78].

3.7 Decline curves of antioxidant activities

The antioxidant activity of soursop slices was tested using
DPPH and ABTS radicals. Initial DPPH and ABTS antioxidant
activities were 4.42 + 0.06 mg AA/g DW and 3.84 + 0.02 mg AA/
g DW, respectively. Changes in antioxidant activity over time
are shown as the ratio of content at time ¢ to t = 0 (Figure 9).

The antioxidant activity results based on DPPH and
ABTS (Figure 9) revealed an inverse correlation between
time, temperature, and antioxidant activity. Statistical ana-
lysis showed significant differences in antioxidant activity
with drying times and temperatures from 20 to 50°C (p <
0.05). Measurements continued until the MC reached a
very slow reduction phase. The drying times for DPPH
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and ABTS antioxidant activities to stabilize at 20, 30, 40,
and 50°C were 885, 615, 465, and 420 min, respectively.
Drying generally decreases quality regardless of condi-
tions. For tea production, maintaining antioxidant compo-
nents is crucial. The study showed that increasing drying
temperature and time significantly reduced antioxidant
activity. Higher temperatures caused faster declines, likely
due to the sensitivity of bioactive compounds like polyphe-
nols, vitamin C, and flavonoids to heat, which are key anti-
oxidants in the material [71,72]. After the first hour of
drying at 20°C, DPPH antioxidant activity decreased by 8%,
while ABTS antioxidant activity dropped by 16%. About 90%
of DPPH and ABTS antioxidant activities were reduced after
795 and 870 min, respectively. Initially, DPPH antioxidant
activity declines faster but slows compared to ABTS later.
The decomposition rate at 20°C is mainly due to oxygen expo-
sure [73]. At 30, 40, and 50°C, DPPH and ABTS antioxidant
activities decrease linearly and slow down near the end of the
drying process. This is likely because low water content at the
end reduces chemical reactions. As water is removed, antiox-
idants may become more concentrated, enhancing internal
interactions and slowing degradation. Previous studies also
show a gradual decline in bioactive compounds and antiox-
idant activity towards the end of drying at 55-75°C [74].
Another report indicates a positive correlation between the
decline of polyphenol compounds and ABTS antioxidant
activity [79].
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Figure 9: DPPH and ABTS antioxidant activities of soursop slices during industrial-scale heat pump drying. The results are repeated with n = 3.
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Table 7: Statistical results and regression coefficients of models describing the degradation of DPPH and ABTS antioxidant activity

Indicators No. Models Para. 20°C 30°C 40°C 50°C
DPPH antioxidant activity 1 First order )(2 0.00694 0.00168 0.01480 0.00385
RMSE 0.08328 0.04099 0.03845 0.06202
R? 0.86749 0.97825 0.98275 0.95974
2 Fractional conversion )(2 0.00801 0.00458 0.00282 0.00462
RMSE 0.08949 0.06764 0.05306 0.06795
R? 0.84699 0.94077 0.96714 0.95166
3 Second order )(2 0.04595 0.00854 0.01155 0.02828
RMSE 0.21437 0.09239 0.10748 0.16815
R? 0.12208 0.88949 0.86520 0.70463
4 Zero order )(2 0.00444 0.00908 0.01268 0.01558
RMSE 0.06666 0.09529 0.11261 0.12481
R? 0.91512 0.88244 0.85203 0.83693
ABTS antioxidant activity 1 First order Ve 0.00212 0.00092 0.00241 0.00199
RMSE 0.04608 0.03040 0.04912 0.04463
R? 0.95721 0.98468 0.95787 0.97673
2 Polynomial Quadratic Va 0.00162 0.00056 0.00190 0.00071
RMSE 0.04028 0.02376 0.04355 0.02661
R 0.96787 0.99087 0.96795 0.99202
3 Second order )(2 0.03170 0.00408 0.00620 0.01114
RMSE 0.17804 0.06391 0.07872 0.10554
R? 0.36131 0.93230 0.89183 0.86987
4 Zero order Va 0.00256 0.00826 0.02970 0.00745
RMSE 0.05060 0.09089 0.17234 0.08630
R? 0.94841 0.86311 0.48146 0.91297
3.8 Mathematical models of the decline in Cisopper = Co €xp(-0.00658t), (69)
antioxidant activities Cooapts = Co — 0.00121¢ + 3.48 x 1077¢2, (70)
- -642
Cooonpon = Co — 0.00093t, (66) Ci3oapts = Co — 0.00250¢ + 2.02 x 107°t4, (71
- _ 642
Cosonerrt = Co exp(~0.00321), 67) Ctaoapts = Co — 0.00472t + 6.64 x 107°t4, (72)
= C. - -642
Coaoppor = Co €xp(~0.00501¢), 68) Cisoapts = Co — 0.00384¢ + 4.01 x 107°¢=. (73)
1.0 1.0

—— 20 °C Polynomial Quadratic
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Figure 10: Four mathematical models describing the degradation DPPH and ABTS antioxidant activity mechanism in heat pump drying of soursop
slices at different temperatures.
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Table 8: Models, statistical parameters, and half-life of DPPH and ABTS antioxidant activity

Indicators No. Models Temp. (°C) R? Constants and coefficients T50 (min)

DPPH antioxidant activity 1 Zero order 20 0.91512 k =0.00093 537.63
2 First order 30 0.97825 k = 0.00321 215.93
3 First order 40 0.98275 k = 0.00501 13835
4 First order 50 0.95974 k = 0.00658 105.34

ABTS antioxidant activity 1 Polynomial Quadratic 20 0.96787 a=-0.00121 b = 3.48 x 1077 479.29
2 Polynomial Quadratic 30 0.99087 a =-0.00250 b = 2.02 x 107° 250.84
3 Polynomial Quadratic 40 0.96795 a=-0.00472 b = 6.64 x 107° 129.54
4 Polynomial Quadratic 50 0.99202 a=-0.00384 b = 4,01 x107° 155.25

A total of four mathematical models were developed to 0.011

describe the degradation of DPPH and ABTS antioxidant 0.010 1 R

activities during drying. The fitting results showed a high 0.009 -

degree of accuracy with R? > 0.7 (Table 7). However, two N@ 0.008 -

models — zero order (20°C) and first order (30, 40, and 50°C) E 0.007 - 5 10% 10° x ¥

— were found to be the best for describing the decline in = 0.006] _y R0 9540‘;

DPPH antioxidant activity at respective temperatures (R* > 2 0,005 ’

0.91). Similarly, the Polynomial Quadratic model was best @ 0'004_

for describing the decline in ABTS antioxidant activity at '

all four temperatures (Figure 10). High R? low RMSE and y* 00037

values were used to determine the best models. The rate 0.002 . . . . .

constant k showed that degradation rate increases from —0.00002 —0.00001 0.00000 0.00001  0.00002

0.00093 to 0.00658 (m%s) as drying temperature rises to I/R.T - 1/RT

50°C, indicating higher temperatures accelerate the degra-

dation of bioactive components, leading to reduced antiox- 0.006 -

idant activity in soursop slices during industrial heat pump

drying. Based on these models, the half-life of DPPH anti- 0.0051

oxidant activity at 20°C was 537.63min, decreasing to ‘é

105.34 min at 50°C. For ABTS antioxidant activity, the T£0.004 1 326 10° x o212

halflife decreased from 479.29 min at 20°C to 155.25 min = y=326x10"xe

at 50°C. These results are consistent with previous reports & 0.003 1

on the DPPH antioxidant activity of pomegranate seeds <

[74], cabbage [14], and tomatoes [80] during drying at tem- 0.002 4

peratures from 40 to 75°C, all following the first-order

model. Similarly, the Polynomial Quadratic model was 0.001

also chosen to describe the decline in antioxidant activity
in pear slices, with R* > 0.9 (Table 8) [61].

3.9 Estimating the E, of antioxidant

activities
Yyopppr = —0-0033x + 0.6336 R% = 0.6827, (74)
Ysoppp = —0-0035x + 0.0604 R? = 0.9720, (75)
Yiopppr = —0.0058x + 0.1187 R% = 0.9853, (76)

Ys0pppH

Y204BTS

~0.00002 ~0.00001 0.00000 0.00001 0.00002
IRT-IRT,,

Rx

= -0.0101x + 0.3928 R* = 0.9588,

= -0.0017x + 0.0690 R? = 0.9357,

Yaoaprs = —0.0027x - 0.0169 R? = 0.9684,

Yioaprs = —0.0038x — 0.2346 R? = 0.9391,

Ysoaprs = —0.0058x + 0.1400 R% = 0.9866.

Figure 11: Relationship between kj, of DPPH and ABTS antioxidant
activities and Tlr - % at different drying temperatures.
x ref

(77
(78)
(79
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The rate constants ka,, = — Slope were determined from the
slope of the experimental data curve. E, was calculated using
the Arrhenius equation based on the plot of ka,, vs (/RT -1/
R T, at drying temperatures of 20-50 °C (Figure 11). The
calculated rate constants k., for DPPH antioxidant activity
at 20, 30, 40, and 50°C were 0.0033, 0.0035, 0.0058, and 0.0101
(m?s), respectively This shows that for every 10°C increase in
drying temperature, ka,, increases 1.06-1.74 times, with larger
differences at higher temperatures. The E, for the decline in
DPPH antioxidant activity in soursop slices during industrial
heat pump drying was found to be E, = 37.02 k]/mol. Similarly,
the rate constants k,, for ABTS antioxidant activity at 20, 30,
40, and 50°C were 0.0017, 0.0027, 0.0038, and 0.0058 (m?%s),
respectively. This indicates that ABTS antioxidant activity
declines more slowly than DPPH at the same tempera-
tures, suggesting that bioactive components (such as
polyphenols, flavonoids, or vitamin C) that tend to accept
electrons instead of H+ were significantly degraded
during drying, reducing DPPH antioxidant activity effi-
ciency. Additionally, the ka,, values suggest that with
every 10°C increase, the decline in antioxidant activity
increased by 1.4 to 1.5 times. The E, for the decline in
ABTS antioxidant activity in soursop slices during indus-
trial heat pump drying was found to be E, = 32.12 kJ/mol.

3.10 Correlation among MC, TFC, and
antioxidant activities at different
drying temperatures

In-depth analysis of the correlation between MC and bioac-
tive components (TFC, DPPH, and ABTS) at various heat

Changes in characteristics and predictive models during drying of soursop tea
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pump drying temperatures (20-50°C) shows strong rela-
tionships, allowing qualitative inferences about one indi-
cator based on known values of others. The results shown
in Figure 12 reveal that most correlations between MC and
bioactive components at the four investigated temperatures
are high to very high (R* > 0.81). Notably, the correlation
between moisture diffusion at 30°C and the decline in ABTS
antioxidant activity at 40°C is R* = 0.81. Similarly, the corre-
lation between moisture diffusion at 30°C and TFC degrada-
tion at 50°C is R = 0.83. However, a very close relationship
was found between TFC degradation at 50°C and ABTS anti-
oxidant activity decline at 40°C (R* ~ 1) [81]. The correlation
between ABTS and DPPH antioxidant activity at each tem-
perature from 20 to 50°C is also very high (R* > 0.97) [81].
These values enable relatively accurate predictions when
one of these indicators is known. Additionally, DPPH anti-
oxidant activity can be qualitatively inferred based on MC at
each corresponding temperature due to the very high posi-
tive correlation (R? > 0.98). Similarly, TFC, DPPH, and ABTS
can qualitatively infer each other based on a correlation of
R*> 0.97 [81]. In the heat pump drying of soursop slices on
an industrial scale, a close relationship between DPPH and
ABTS decline was also noted in the drying of Hibiscus can-
nabinus leaves (R* = 0.906). The close relationship between
TFC and ABTS and DPPH antioxidant activity has also been
reported [81], showing similar results with correlations ran-
ging from 0.8547 to 0.9503 [82].

4 Conclusion

This study successfully developed mathematical models to
describe the drying process of soursop slices using industrial-
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Figure 12: Correlation among the variation in MC, TFC, and antioxidant activities at drying temperatures from 20 to 50°C.
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scale heat pump drying. The models accurately predicted the
changes in MC (Aghbashlo, Balbay and Sahin, and Logistics),
TFC (First order), and antioxidant activities (Zero order, First
order, and Polynomial Quadratic) at varying temperatures
(20-50°C). It was found that higher drying temperatures led
to faster moisture loss and also accelerated the degradation of
flavonoids and the decline in antioxidant activities of the dried
samples. Additionally, the activation energies for MC, TFC,
DPPH antioxidant activity, and ABTS antioxidant activity
during heat pump drying were calculated as 29.89, 25.23,
37.02, and 32.12kJ/mol, respectively. Moreover, a strong cor-
relation between TFC and both DPPH and ABTS antioxidant
activities under the same drying conditions was revealed,
with R* > 0.93. The study highlights the efficiency of heat
pump drying in preserving the quality of soursop tea and
provides a basis for optimizing drying processes to enhance
product quality and economic efficiency. Moreover, these
models can be integrated with advanced technological sys-
tems to create a highly efficient automated setup, enabling
real-time monitoring of the drying process. Beyond their
application to the drying kinetics of soursop, these models
can also be employed to relatively predict the quality of
products from other similar materials.
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