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Abstract: The aim of this study is to investigate the impact of time and temperature of the heat
pump drying process of soursop slices at different levels on moisture content and total polyphenol
content (TPC). Twelve types of classical kinetic models have been used in this work to describe
the suitability of experimental data with models. The conformity is assessed based on statistical
values (e.g., coefficient of determination (R2), Chi–square value (X2), etc.). The loss of moisture in
the material is described in accordance with Fick’s diffusion law. Value of moisture rate (MR), and
effective moisture diffusivities (Deff) have been identified. Experimental results show that MR value
depends on the time and drying temperature, Deff increases when increasing the drying temperature
from 20–50 ◦C with values of 1.24 × 10−9, 1.85 × 10−8, 7.69 × 10−8, and 5.54 × 10−7 m/s2. The
Singh et al. model is the best option to describe the moisture of the sliced soursop drying process at
30 ◦C (R2 = 0.97815). The largest TPC decomposition occurs at a temperature of 50 ◦C. The ability to
decompose TPC is proportional to the drying temperature. The TPC decomposition dynamic model
follows a first–order reaction when drying at 20 ◦C with a determinant coefficient R2 = 0.9693.

Keywords: degradation of polyphenols; moisture loss kinetic; heat pump drying; soursop; Annona
muricata L.

1. Introduction

The soursop fruit (Annona muricata L.) is one of the fruits with high antioxidant
content. The total polyphenol content (TPC) is representative of antioxidant compounds.
A significant concentration of TPC in SSF (soursop fruit) ranged from 0.0104 to 1.86 g
GAE/100 g DW (GAE: gallic acid equivalent; DW: dry weight) [1]. In addition, some other
nutritional content in soursop is based on 100 g, such as protein (1000 mg), fat (970 mg),
ascorbic acid (29.6 mg), carbohydrates (14.63 g), calcium, and iron, etc. [2]. One or more
benzoic rings are characteristic of sensory elements (e.g., color, odor, taste). The nutritional
values are also influenced by the number of benzoic rings [3]. Food processing causes many
changes in biological activity, antioxidant capacity, nutritional content and organoleptic
properties of color, odor, and taste of the product. Most of the processing processes have
negative effects on the nutritional, organoleptic and biological activity of the raw materials.
However, this variation is also dependent on processing conditions. Drying is a useful
method of removing moisture from materials, in order to prevent microbial growth and
reduce the rate of product spoilage. However, drying is one of the processing processes that
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negatively affects product quality [4]. This has proved the importance and necessity of the
kinetic model to the processing processes. Antioxidant compounds such as polyphenols
are easily transformed by the heating of the material and the presence of oxygen in the
drying air [5,6]. However, some other studies suggested that an increase in TPC occurred
after drying onion at 60–70 ◦C [7] and drying soursop at 40–60 ◦C [8]. Nowadays, people’s
interest in natural products with high nutritional content is increasing, especially for
products that are able to reduce the damage of cells that are caused by free radicals [9]. A
previous study showed a close relationship between phenolic compounds and the ability to
prevent some diseases (e.g., cancer, cardiovascular, and inflammation in humans) [10]. The
construction of a kinetic model of total polyphenols decomposition is aimed at contributing
to the control of drying stages and the design of processing equipment suitable for the
group of materials. On the other hand, kinetic modeling can help predict the influence of
variables on nutrient content and biological activities. From there, it is possible to adjust
the appropriate parameters for optimal drying efficiency and product nutrition. A previous
publication on the drying process of cashew apples had a negative effect on TPC when
investigating the drying temperature range from 55 to 65 ◦C [4]. A similar report on the
effect of drying temperature from 40 to 60 ◦C on polyphenols when drying cocoa beans [11].
The kinetic models of polyphenol degradation and moisture loss kinetics of some root
vegetables have been studied previously. Kyi et al. studied the polyphenol degradation
kinetics of cocoa beans under drying conditions from 40 to 60 ◦C. Research results show the
compatibility of experimental data with first–order response (R2 > 0.96) [11]. As reported
by Zhou et al., polyphenol degradation during bean drying follows a first–order dynamic
model with R2 = 0.91 when drying at 80 ◦C by hot air [12]. The report of Si Tan et al. showed
the compatibility of experimental data with Page model (R2 > 0.93) when investigating
moisture loss during heat pump drying of tomato slices [13]. There have been many studies
on the kinetic model of moisture loss and polyphenol degradation in various materials in
the past. However, there have been no studies on polyphenol degradation kinetics and
moisture loss kinetics in soursop slices. The twelve models represent three common groups
of models including: theoretical, semi–theoretical and experimental groups of models
which this study applied to the heat pump drying process of soursop slices. Simultaneous
investigation between moisture loss efficiency and TPC degradation in the heat pump
drying process thus serves as the basis for the selection of drying conditions to satisfy the
concurrency between drying efficiency and post–drying product quality. This is different
from previous studies. On the other hand, most of the previous studies have applied the
convection, microwave and vacuum drying processes to investigate the drying kinetics
of some foods such as lemons and limes [14], apples [15], and mushrooms [16]. However,
the heat pump drying method is a method rarely applied in previous studies, especially
for soursop raw materials. On the other hand, due to the influence of the structure and
conditions of the soursop growing area in each country being different, the resulting
properties of the raw materials are also different. The mechanism/degree of polyphenol
degradation and the mechanism/degree of moisture loss over time in soursop in Vietnam
were also affected. However, there have not been any studies to comprehensively evaluate
the effect of heat pump drying on the efficiency of moisture removal and TPC degradation
before this. The study was carried out on a device with a maximum drying capacity of
25 kg of soursop and the characteristic parameters stated in this study.

Therefore, the main aim of this work is to investigate the effect of four temperature
levels from 20–50 ◦C on TPC and moisture content in the raw materials. Analysis of the
TPC decomposition kinetic model and the moisture loss kinetic model of raw materials
in the drying process by heat pump drying method will follow. The study will also show
the required activation energy in this drying process through the Arrhenius equation. The
results of the study are expected to optimize the economic efficiency and nutritional content
of the product in the future drying of soursop.



Processes 2022, 10, 2082 3 of 15

2. Materials and Methods
2.1. Materials

This work used soursop fruit which were grown in Tan Phu Dong, Tien Giang province,
Vietnam (coordinates 10◦14′43′′ N 106◦41′54′′ E). SSF were harvested after about 3 months
when SSF were formed. The mass of the fruit ranges from 1.5–2 kg. The initial moisture
content of SSF was 80.54 ± 2.59%. The pH value is 3.86 ± 0.04, total soluble solids are
14.2 ± 0.4, acidity (as malic acid) is 0.72 ± 0.03%, fiber is 0.85 ± 0.03%, dry matter is
15.9 ± 0.3%, pulp color is white.

2.2. Chemicals and Agents

Some chemicals were used this work such as Folin–Ciocalteu reagent 2N, gallic acid
(purity > 97.5%) which were purchased from Sigma–Aldrich (St. Louis, MO, USA), Na2CO3
which were purchased from Shantou City, Guangdong Province, China (purity 99.8%),
MB90 moisture drying scale (Ohaus Corporation, Waukegan, IL, USA).

Heat pump drying equipment is designed and installed in Vietnam with basic pa-
rameters such as: dimensions of drying tray with length x width x height, respectively
(50 × 45 × 2 cm). The holes of the drying trays are designed in a square shape with a side
size of 0.5 cm. The volume of the drying chamber is 0.484 m3 with dimensions of length ×
width × height, respectively (110 × 80 × 55 cm). The device is designed with a maximum
drying temperature range of 20–50 ◦C. The allowable wind speed range for equipment
operation is 40–60 Hz. Wind is blown horizontally from left to right. A drying chamber
contains 20 drying trays and the distance between the drying trays is 5 cm.

2.3. Processing

SSF are cut into thin slices (thickness: 1–2 mm) and are de–nutted. Slice shape is
triangular. Soursop slices, which are selected for further processing in the next stages, meet
the requirements for uniformity in size, shape and no peeling phenomenon. Raw materials
are blanched at 70 ◦C for 2 min [17], the ratio of blanching water and material weight is 5:1
(w/w). After the blanching process, the material is rapidly cooled with water, which reaches
a temperature of 20 ± 3 ◦C, for 2 min. After the cooling process, the water deposited on
the surface of the material is removed by a dry cloth before the drying process is carried
out. The drying process is investigated for temperature factors in the range of 20–50 ◦C
and the process is extended until the MC of the raw materials remains constant 3 times in
succession. The wind speed during drying is 50 Hz. Layers of sliced soursop are stacked
on drying trays with a total thickness of 4 mm, equivalent to 2 layers of ingredients. Each
drying temperature in the survey range was evaluated for moisture content and TPC with
3 replicates on the same sample and continued to be repeated 3 times at 3 different drying
times.

2.4. Determination of Total Polyphenol Content (TPC)

TPC is determined on the principle that the polyphenols in the feedstock reduce the
phospho–wolfram and phospho–molybdate complexes in the Folin–Ciocalteu reagent to
form a blue product. The procedure is followed as described by T.P. Dao et al., 2021 [17].
The sample is diluted with ethanol to obtain a solution of suitable dilution. Each 0.5 mL of
the test sample is placed in each of the respective test tubes (5 mL). Folin–Ciocalteu reagent
10% (2.5 mL) is further added to the test tube under low–light conditions. Then, 2 mL of
7.5% Na2CO3 solution is added, and left for 60 min in the dark. The sample is measured
for absorbance at 765 nm.

2.5. Determination of Moisture Content (MC)

MC is determined based on the principle of evaporating water in food. The results are
calculated based on the difference in weight of materials before and after drying at 105 ◦C
to constant weight. The method is carried out based on the description of A.P. Olalusi and
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O. Erinle 2019 [18]. MC in the raw materials is determined based on the support of the
Ohaus MB120 moisture–weighing device operating according to the stated principle.

2.6. Mathematical Model of Kinetic Loss Moisture

The selection of the best drying model is based on statistical values and mathematical
models (Table 1). The coefficient of determination (R2) is used to choose the best equation
describing the experimental data of the drying process. In addition to the coefficient of
determination, Chi–square value (X2) is used to determine the degree of compatibility
with 7 types of experimental models. The rate constant (k) of the process is determined
by a nonlinear regression equation based on experimental values based on the graph of
moisture function and t.

The coefficient of determination R2 = 1− ∑n
i=1

(
Aexp,i − Bpre,i

)2

∑n
i=1

(
Aexp,i −A

)2 (1)

where: n value is the total values A, i is at time i, A indicates the average value of the values
obtained after the experiment, Bpre,i is the value predicted Ai by the fitted model at time i,
Aexp,i is the value of A at time i [19].

Chi square X2 =
∑n

i=1
(
MRexp,i −MRexp,i

)2

N− n
(2)

where: MRexp,i is the ith dimensionless experimental moisture rate, MRpre,i is the dimen-
sionless predicted moisture rate, N and n represent the total value of the experimental data
and the total the number of predicted moisture rate, respectively [20].

Dimensionless moisture rate (MR) =
MCt −MCe

MC0 −MCe
=

8
π2 exp

(
−π2 Defft

L2

)
(3)

Dimensionless Ln(MR) = Ln
(

8
π2

)
− π2 Defft

L2 (4)

Effective moisture diffusivities (Deff) = −K
L2

π2 = D0 exp(− Ea

RT
) (5)

where: t represents the drying time (minutes), L represents the soursop slice thickness
(m), K is the slope inferred from the linear regression between time and the logarithm of
MR [13]. The constant corresponding to the diffusion coefficient (m2/s) is expressed as D0,
Ea represents the activation energy (KJ/moL), and R = 8.314 KJ/moL represents the ideal
gas constant, and T is the absolute temperature (K). Activation energy (Ea) and constant D0
were determined based on the graph of ln(Deff) vs. 1/T after linearizing Equation (5) [21].
MCt, MC0, MCe are the variables corresponding to the MC at a particular time, the initial
MC and the equilibrium MC [14].

Drying rate (DR) =
−(MCt+∆t −MCt)

∆t
(6)

where: MCt+∆t is the MC at any time increased by an amount of time ∆t [21,22].
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Table 1. Several popular mathematical models were used in this study.

No. Models Equations References

01 Newton/Lewis MR = e−kt [23]
02 Page MR = e−ktn [24]
03 Henderson and Pabis MR = a.e−kt [25]
04 Midilli MR = a.e−ktn

+ bt [26]
05 Logarithmic MR = a.e−kt + c [27]
06 Two–term MR = a.e−k1t + b.e−k2t [28]
07 Wang and Singh MR = 1 + at + bt2 [25]
08 Weibull MR = α− be−k0tn [29]
09 Quadratic MR = a + bx + cx2 [14]
10 Verma MR = a.e(−kt) + (1− a).e(−gt) [30]
11 Singh et al. MR = e(−kt) − akt [31]
12 Vega–Lemus MR = (a + kt)2 [32]

2.7. Mathematical Model of Kinetic Polyphenol Degradation

During the drying process, various kinetic models are widely used to predict the
changes in nutritional composition and color in fruits and vegetables. This change is
normally found in the form of zero and first–order reactions [33].

Zero–order reaction :
−dCA

dt
= k (7)

First–order reaction :
−dCA

dt
= k.CA (8)

where: CA: concentration of nutrient A at any time t, k: reaction rate constant.

2.8. Statistical Analysis

Data in this work were calculated and determined using Microsoft Excel software
(Redmond, WA, USA) and Origin Pro 9.0 software, version 90E (OriginLab, Roundhouse
Plaza Northampton, USA) with statistical significance (p < 0.05), Statgraphics Centurion
XV version 15.1.02 [34].

3. Result and Discussion
3.1. Variation of Total Polyphenol Content during Heat Pump Drying of Soursop Fruit

Most polyphenol compounds are structurally susceptible to oxidation. Therefore, this
is the main cause for the decrease in TPC after processing. According to the results of
ANOVA analysis, the effects of time and temperature on TPC in the drying process are
statistically significant (p < 0.05). The drying time was gradually increased to 300 min at
20 ◦C. About 33% of TPC is degraded (Figure 1). Oxidation of polyphenol compounds
normally occurs by two mechanisms (enzymatic and non–enzymatic) [35]. The increase
in temperature during drying accelerates the reaction between amino groups and the
degradation of sugars in the feedstock. After many stages of transformation into Schiff,
ketose amino. Melanoidin are formed by condensation. The report of Vanzour et al.,
has shown that the oxidation of phenolic compounds is due to the occurrence of the
Maillard reaction [36]. A similar report by Billaud et al., mentioned a high probability of
Maillard reactions in environments with low humidity [37]. The higher the temperature
supplied to the drying process, the greater the evaporation of water in the air. The rate of
moisture transport from the material to the environment increases when the temperature
is increased from 20–50 ◦C, corresponding to the increase in solids concentration in the
raw material at the same drying time. This is what leads to enhanced interaction between
sugars and amino acids. An inverse correlation between sugar/amino acid interactions and
nutritional content has been shown in previous studies [37]. The results of the comparison
of the four investigated temperature levels showed that there was a large difference in the
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degree of TPC degradation between the drying process at 20 ◦C and the drying processes at
30–50 ◦C. At 20 ◦C, TPC degraded less than TPC at the remaining investigated temperatures.
The degradation of TPC slowed down with the gradual increase in the drying temperature to
50 ◦C. The investigation range of drying temperature from 40–50 ◦C did not have a significant
difference in TPC in slices of soursop. This slow degradation of TPC can be explained based
on the average kinetic energy of the molecules/atoms present in the medium. The greater
the kinetic energy, the greater the effect on the components in the material. The kinetic
energy of the atoms/molecules in the drying medium tends to increase slowly with increasing
temperature—this was shown in a previous report when investigating with a hot air dryer [38].
On the other hand, the degradation of polyphenols is also affected by common enzymes,
e.g., polyphenol oxidase (PPO), lipoxygenase (LOX) and peroxidase (POD). PPO has the
ability to react with oxygen in the environment. Melanin is formed from the hydroxylation
of monophenols to O–diphenol and the oxidation of O–diphenol to O–quinone [39]. The
interaction of polyphenols with PPO leading to TPC degradation was also demonstrated in
the report of Lopez–Nicholas and Garciacarmona [39,40]. TPC depletion in soursop can be
influenced by LOX and POD enzymes. After the oxidation of metal ions in the enzyme,
they act as an oxidation catalyst and participate in the oxidation of phenol [35,36,41]. The
blanching process in the study did not completely inactivate the enzymes in soursop
because of the thermal stability and high quantity of one enzyme (POD) in all other
enzymes. A previous report confirmed that it was not possible to completely inactivate the
enzyme [42]. Therefore, TPC degradation during drying is evident. On the other hand, the
continuous increase in drying time leads to an increase in the contact time of enzymes and
polyphenols with the air in the drying chamber, which leads to the increasing oxidation
of phenol compounds over time. The influence of temperature on TPC was also shown in
some previous reports (e.g., Zielinska et al. [43], C.L Hii et al. [22], S. Ong et al. [44]).

Figure 1. Decomposition of total polyphenol content under the influence of time and temperature.

3.2. Kinetics of Moisture Loss during Heat Pump Drying

The heat pump drying process of soursop slices was investigated at a temperature
range of 20–50 ◦C [45]. The effects of time and temperature on the MR in the material had a
statistical significance (p < 0.05). The correlation between MC at specific time and MR is
positive. The initial MC before drying of the raw material is 80.54 ± 2.59% [2]. Figure 2
has shown the correlation between MR and drying time. Increasing drying time leads to a
decrease in MR, the investigated temperature range was from 30 to 50 ◦C and during the
first 200 min of the drying process, there was a rapid decrease in the MR. This is due to the
difference in MC between the inside of the raw material and the drying environment. The
drying time is from 200 to 500 min, MR tends to decrease slowly to 0. At a temperature
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of 20 ◦C, the MR value decreased slowly with increasing time from 0 to 500 min. At low
temperature, the difference between the MC in the raw material and the drying medium
is small. Therefore, the process of moisture drainage of the material is slow. At different
temperature conditions, different drying times are required to achieve a constant MC. Heat
pump drying at 20 ◦C requires about 590 min to bring the MR of the material to constant.
Similarly for three temperature milestones of 30 ◦C, 40 ◦C, 50 ◦C, the minimum time for
MR to be constant is 375 min, 300 min, 250 min, respectively. The amount of drying time
at 20 ◦C takes 2.2 times more than performing drying at 50 ◦C. The results show the close
relationship of time and temperature in the drying process of raw materials. The higher the
drying temperature, the less moisture in the air. The difference in MC inside and outside
the raw material is large. This increases the rate of moisture conduction to the outside of
the air based on the principle of transporting matter from an area of high concentration to
an area of low concentration. Therefore, drying at high temperature shortens drying time
more effectively than drying at low temperature [46]. These results are consistent with a
previous study where increasing the air temperature reduced drying time [4,47]. During
heat pump drying at temperatures of 30 and 40 ◦C, the drying curve tends to be steeper than
that at 50 ◦C. In particular, in the period from 75–125 min for the drying process at 40 ◦C
and 150–175 min for the drying process at 30 ◦C. At the drying temperature of 50 ◦C, the
drying curve tends to decrease continuously and the MR does not have a sudden decrease.
This can be explained by the energy and temperature provided for the drying process at
30 and 40 ◦C not being sufficient to move moisture continuously from the center of the
material to the outside of the environment, the MC phase is diffused. inside the material
and a large concentration of moisture in the cell layer near the surface before moving to the
surface which is evident in the drying time of 50–75 min at 40 ◦C and 125–150 min at 30 ◦C.
Moisture moves from the near–surface flesh to the surface of the material rapidly, and
rapid moisture loss occurs as soon as a quantity of moisture is transferred to the surface
with no or very little moisture being further displaced to the surface of the material. The
energy provided for the drying process at 50 ◦C is large, the phenomenon of cell shrinkage
facilitates the loss of moisture in the material and the diffusion rate occurs rapidly and
continuously. The time for moisture diffusion in the material is negligible. Therefore, it is
difficult to notice this stage.

Figure 2. Variation of moisture rate (MR) over time at a temperature range of 20–50 ◦C.
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The variation of the drying rate (DR) depends on the drying temperature and time.
Drying at a high temperature (50 ◦C) during the first 50 min, the DR reached the highest
value (1.7 gH2O.g−1.min−1) when investigating 4 temperature levels from 20–50 ◦C. Con-
tinuing to increase the drying time (>50 min), the DR was decreased rapidly (Figure 3).
There is a large difference in MC inside and outside the material when drying at high
temperature (50 ◦C), the MC in the material is quickly released. Continuing to increase the
drying time at the same temperature, the MC difference between the raw materials and
the drying medium decreases, resulting in a significantly reduced DR. On the other hand,
in the early stages of the drying process, the MC on the product surface and its exposure
to dry air is very large and there is no interference between this contact [24]. Therefore,
a large loss of MC in the early stages is obvious [48]. During this drying period, the DR
was continuously reduced until the balance between MC on the surface of the material and
the air. The next drying time (from 75 to 220 min at a temperature of 50 ◦C), the MC on
the surface of the material was gradually exhausted. Phase 2 of the drying process then
begins to take place, the MC of the material is diffused within the internal material before
moving out of the material surface. This interpretation is the same for the 20 ◦C, 30 ◦C and
40 ◦C temperature levels. However, this process often happens quickly, making it difficult
to detect. In general, the higher the temperature, the greater the MR in the early stages
of the drying process. The general trend for the temperature levels is a gradual decrease
in DR with drying time. However, in the first time, the higher the DR, the lower the DR
in the next time and quickly achieve a constant MC of the sample. This is evident during
the drying process at a temperature of 30–50 ◦C. At the same time, in the first stage of the
drying process, the higher the temperature, the higher the drying rate, and vice versa in
the later stage of the drying process. At low drying temperature (20 ◦C), the MR of the
material is very slow at all time points. The time for the MR to reach a constant state at
20 ◦C is 590 min. The gradual increase in the drying temperature leads to a decrease in
time. The drying process at 50 ◦C takes about 250 min for the DR to reach a constant state.

Figure 3. Variation of drying rate over time at different temperatures (p < 0.05).

The kinematics of the drying process are often described by various classical models.
The coefficients of determination (R2) and Chi–square (X2) values are shown in Table 2. The
fit of the classical models to the soursop drying curve is based on the R2 value. The higher
the R2 value, the better the fit of the drying curve for the models. At different temperatures
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shows compatibility with different models. R2 value > 0.9 in the Newton/Lewis (1),
Page (2), and Henderson and Pabis (3) models at drying temperature ranges. However,
R2 > 0.9 is found in some models, such as the two–term (6) model at 40–50 ◦C, the Wang and
Singh model (7) at 20, 30 and 50 ◦C and the Weibull model (8) at 30 and 50 ◦C. Based on the
average of the statistical parameters (SP), the highest SP and the lowest Chi–square appear
in the Singh et al., (11) model. This finding is suggested that the Singh et al., model best
represents the heat pump drying of soursop slices. Moreover, recent studies also show that
the Singh et al., model is effective in simulating the drying process of fruits. Therefore, this
model was selected in the present study to represent the drying characteristics of soursop
slices.

Table 2. Statistical parameters of the different models.

No. Models Value 20 ◦C 30 ◦C 40 ◦C 50 ◦C Statistical
Parameters

1 Newton/Lewis
R2 0.89208 0.97000 0.96904 0.97000 0.95028

Chi–square 0.00813 0.00200 0.00232 0.00200 0.00361

2 Page
R2 0.94867 0.99181 0.97365 0.98440 0.97463

Chi–square 0.00387 0.00076 0.00198 0.00147 0.00202

3 Henderson and
Pabis

R2 0.89392 0.97900 0.96887 0.98000 0.95545

Chi–square 0.00800 0.00100 0.00234 0.00100 0.00309

4 Midilli
R2 −2.35181 −0.58374 −0.07385 −0.26511 No Fit

Chi–square 0.25263 0.14768 0.08057 0.11913 0.15000

5 Logarithmic
R2 0.03077 0.11210 0.96852 0.19080 0.32555

Chi–square 0.07305 0.08270 0.00236 0.07610 0.05855

6 Two–term
R2 −3.87070 −0.71132 0.96767 0.97848 No Fit

Chi–square 0.36711 0.15958 0.00243 0.00203 0.13279

7 Wang and Singh
R2 0.97837 0.98679 0.85974 0.95500 0.94498

Chi–square 0.00163 0.00123 0.01052 0.00400 0.00435

8 Weibull
R2 0.00049 0.99311 0.22060 0.98396 0.54954

Chi–square 0.07500 0.00064 0.05848 0.00151 0.03391

9 Quadratic
R2 0.98747 0.98642 0.90858 0.95836 0.96021

Chi–square 0.00094 0.00127 0.00686 0.00392 0.00325

10 Verma
R2 0.88846 0.98146 0.96767 0.98641 0.95600

Chi–square 0.00841 0.00173 0.00243 0.00128 0.00346

11 Singh et al.
R2 0.97642 0.97815 0.96845 0.97666 0.97492

Chi–square 0.00178 0.00204 0.00237 0.0022 0.00210

12 Vega–Lemus
R2 0.94195 0.98635 0.88407 0.9513 0.94092

Chi–square 0.00438 0.00127 0.0087 0.0045 0.00471

To predict the percentage of moisture at a specific time in this drying process, the
parameters at the temperature levels of the Singh et al., model were applied and the
equation was established. To demonstrate that the Singh et al., model is representative
of the drying process of soursop slices, a comparison of the tested humidity ratio with
predicted values at specific temperature levels is made. The effective diffusivity coefficients
(Deff) at the temperatures of 20, 30, 40, and 50 ◦C are 1.24 × 10−9, 1.85 × 10−8, 7.69 × 10−8,
and 5.54 × 10−7 m/s2, respectively. The results are consistent with a report by T.T.Y. Nhi
et al., on an increase in the Deff value with the increasing drying temperature of soursop
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leaves [34]. Ln(Deff) is the inverse function of the absolute value of the drying temperature
which is shown in Figure 4.

Figure 4. The Arrhenius equation and the relationship between Deff and temperature.

The slope of Deff is a straight line, representing the dependence of Arrhenius. The
Deff values show that they fit perfectly in the linear regression. The results are similar
to a previous report, where the logarithm of Deff was also used to demonstrate a linear
relationship with [RT]−1 [8]. According to the results shown in Figure 4, R2 value = 0.9887.
In addition, the Ea of moisture diffusion during the drying of soursop was estimated to be
155.8 kJ/mol. R2, Chi–square, and k values are three values used as the basis for choosing a
model that is suitable for experimental data in the 12 models that are applied in this work.
The SP value is the average value of all R2 values at the investigated temperatures. The SP
value in the model by Singh et al., reached the highest value (SP = 0.97492). Based on R2

reaching the highest value and Chi–square reaching the lowest value, the Singh et al., model
is the model of choice. The drying process at 30 ◦C showed that the moisture diffusion rate
constant k increased by 36 times compared with the heat pump drying process at 20 ◦C and
the k constant was only 1.789–2.02 times lower than the temperature 40–50 ◦C. On the other
hand, the R2 value in the drying condition at 30 ◦C reached the highest value (R2 = 0.97815)
and the Chi–square value reached the second lowest value only after the 20 ◦C temperature
(Chi–square = 0.00204). This result clearly shows that the drying efficiency at 30 ◦C helps
to optimize the drying process at 20, 40, and 50 ◦C in terms of energy used because it does
not need too much energy to create the ambient temperature. At the same time, the low
difference in efficiency when drying at 30–50 ◦C is indicated by the diffusion coefficient k
(Table 3). Therefore, this model can be applied to describe the heat pump drying kinetics
during the drying of soursop slices.

Table 3. The kinematic parameters of the Singh et al., model at the temperature range of 20–50 ◦C.

Temp (◦C)
Model Parameters

k a R2 Chi–Square

20 0.00017 9.39003 0.97642 0.00178

30 0.00613 0.0171 0.97815 0.00204

40 0.01238 0.00172 0.96845 0.00237

50 0.01096 0.00862 0.97666 0.00220
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The kinetic equation for moisture loss from cashew fruit slices through heat pump
drying at 30 ◦C is as follows:

MR = e(−0.00613×t) − 0.0171× 0.00613× t

where: t is drying time at any time.

3.3. Polyphenol Degradation Kinetics during Heat Pump Drying

The polyphenol degradation kinetic model was built in this study to generalize and
predict the degradation level of polyphenols during the drying process of soursop by the
heat pump drying method. The temperature range of 20 to 50 ◦C was investigated during
the drying process. TPC was evaluated after every 15 min of drying at different tempera-
tures. Experimental data were collected, processed, and the kinetics of the decomposition
of polyphenol compounds were checked for compatibility of first–order and zero–order
reactions (Figures 5 and 6).

Figure 5. The zero–order kinetic model of polyphenols in the heat pump drying method.

Figure 6. The first–order kinetic model of polyphenols in the heat pump drying method.
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The results of the experimental process are processed by the software origin 9. The
decomposition of polyphenols during the heat pump drying process follows the first–order
reaction (Figure 6).

The first–order polyphenol degradation reaction model has the form:

−dCA
dt = k.CA

⇒ Ct = C0 × e−k×t

Under the influence of temperature and the activity of enzymes present in the raw
materials. Phenolic compounds are readily broken down into colored compounds. Different
drying conditions give the degradation of polyphenols with different constants. From
the results shown in Figure 6, we determined the decomposition constant of polyphenol
content corresponding to each different drying regime with descriptive coefficient when
conducting nonlinear regression of experimental data.

R2 value and k value are two factors to be considered to select an appropriate model
that describes the TPC degradation process during heat pump drying of soursop slices.
The SP value is the average of the R2 values at the investigated temperatures. The SP
value in the first–order kinetic model reached the highest value (SP = 0.9405) (Table 4).
At the drying temperature condition of 20 ◦C, the R2 value reached the highest value
(R2 = 0.9693). At the same time, the decomposition rate constant reached the lowest value
(k = 0.0013). Therefore, the first–order reaction model was used to predict the residual
TPC in the feedstock with the decomposition rate constant k = 0.0013 when drying the
soursop slices at 20 ◦C. The lower the decomposition rate constant, the lower the TPC loss
during heat pump drying. This helps to store maximum nutritional content after processing
dried products from soursop slices. The equation to predict the remaining TPC in the raw
materials is:

Ct = C0 × e−0.0013t

where: Ct: TPC at any time during the drying process, C0: the original TPC of the material,
t: the time to perform the drying process at any time. Some previous reports have shown
the reduction in polyphenols during the drying process of cocoa, and the author also shows
that the kinetic model of TPC degradation of cocoa during drying follows a first–order
reaction [3]. In the report of Jaiswal et al., it was shown that TPC in cabbage is affected
by temperature during drying and the study data follows a first–order response with
coefficient of determination (R2 > 0.94) [49].

Table 4. Kinetic parameters of TPC decomposition in the heat pump drying method.

Models Temp (◦C) k (min−1) C0 Chi–Square A (%) R2 Statistical
Parameters

Kinetic order
0

20 0.0255 23.3770 0.2491 0.0126 0.9576

0.9106
30 0.0323 22.1740 0.6539 0.0686 0.9326

40 0.0286 21.1730 1.2253 0.1044 0.8521

50 0.0335 22.0920 1.0000 0.0689 0.9000

Kinetic order
1

20 0.0013 23.6590 0.1803 0.0007 0.9693

0.9405
30 0.0019 22.7560 0.3776 0.0442 0.9611

40 0.0017 21.7390 0.8719 0.0804 0.8948

50 0.0020 22.7430 0.6620 0.0415 0.9370

A: Percentage deviation between the original C0 and C0 of the model.

4. Conclusions

In this study, we used the flesh and rind of soursop fruit to evaluate the effects of
temperature and time on TPC, and to monitor the moisture loss in soursop slices. The
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results show that the influence of temperature on TPC increases with increasing drying
temperature from 20–50 ◦C. During the drying process, at a temperature of 30–50 ◦C, the
moisture content in the raw materials decreased sharply during the first 200 min. The rate
of moisture reduction gradually slows down when drying is continued for > 200 min. The
drying process at 20 ◦C has a very slow moisture rate. Moreover, the study has shown the
compatibility of experimental data with the Singh et al., model (R2 = 0.97815) at the drying
temperature of 30 ◦C. At this condition, it takes 375 min to dry the material and retain
maximum TPC, while at the same time economically optimizing the production process. In
addition, the study identified a first–order response model that predicted TPC degradation
during the drying of soursop (R2 = 0.9693). The result is an important contribution to the
field of food drying, especially fruit and vegetables, in predicting the TPC remaining in
the dried product when similar studies on the model are found. The kinetics of nutrient
breakdown have not been focused on.
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