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ABSTRACT

Seeds of winter melon can be used in the production of by-products or consumed in natura. To do so, it requires
correct handling and processing, which drying process is inevitable. Thus, this work aimed to evaluate and model
drying process of winter melon seeds and determine thermodynamic properties in three different temperatures
(40°C, 50°C and 60°C). Winter melon seeds were acquired with initial water content of 1.04 d.b. and submitted to
drying until constant weight. Experimental data were fitted to six mathematical models usually used to represent
drying of agricultural products. Two Term Exponential presented the best fit to predict the drying curves of
winter melon, except for the 40°C temperature. At this temperature, no model was able to predict water content.
Thermodynamic properties presented a high correlation with drying temperature, in which higher temperature
resulted in lower values of entropy and enthalpy values. On the other hand, higher temperatures increased values of
Gibbs free energy. Activation energy of drying process was 53.9 k] mol!
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INTRODUCTION

The growing process of revision of environmental values of the
population has been occupying a privileged place in all human
activities due to the emergence of the ecological crisis and the recent
environmental paradigms. While society becomes more aware of
environmental issues, it is essential to assume new behaviors in
relation to this green theme [1,2].

Global competitiveness and population growth at higher rates than
food production require increases in production and productivity
in agricultural areas, but there is no point in producing more if
post-harvest losses reach undesirable levels. According to the UN
(2015), some world problems would reduce if there were no food
losses and waste [3].

Deivanayagame et al. (2020) evaluated the osmotic dehydration of
Benincasa hispida in saline solutions, at 40°C, 50°C and 60°C [4].
Mondal et al. (2019) studied the effect of drying in a greenhouse
and with intermittent drying air on the nutritional parameters of
some vegetables from India, including, Benincasa hispida [5]. No
studies were found on the drying of seeds of Benincasa hispida,
which can be used in the production of by-products or in natura,
often being discarded during the processing steps.

According to Vieira et al. (2019), discarded portions of fruits and

vegetables, such as seeds and peel, have been used for nutritional
purposes in the human diet and to reduce food losses (6]. Thus,
vegetable seeds become alternative sources of protein and other
nutrients for nutrition, such as melon seeds [7]. These seeds are rich
in lipids, proteins, amino acids, fibers and antioxidant compounds;
however, they are usually discarded [8,9].

The commercialization of melon seeds requires prior and careful
studies on its storage, drying process for preservation and quality
control of the components of interest [10]. It is noticed that
the drying process is extremely important for maintaining the
conservation of melon seeds, and in the elaboration of new products
[11]. Still, understanding the drying process and the movement of
molecules inside the product, through thermodynamic properties,
is also essential. Therefore, the present work was developed
with the objective of statistically adjusting and modeling the
mathematical models for the drying kinetics of winter melon, as
well as determining the thermodynamic properties of this process.

MATERIALS AND METHODS

This study was conducted at the Federal Institute of Education,
Science and Technology of Southeastern Minas Gerais, Campus
Manhuacu.
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Raw material

The winter melons (Benincasa hispida) were obtained in the Zona
da Mata region of Minas Gerais, harvested at the stage of green
maturation. After transporting the melons, the seeds were removed
and the initial water content was measured (1.04 + 0.05 d.b.),
according to the greenhouse nb b method, in triplicate [12].

Drying process

The product was dried in an oven with forced air circulation (new
ethics, model 400/5ND), at temperatures of 40°C, 50°C and 60°C.
During the drying process, the trays with the samples were weighed
periodically using a digital scale (Shimadzu, model BL3200H) of
0.01 g resolution. Drying was completed when the mass of the trays
with the seeds did not vary more than 0.01 g in three consecutive
weighing’s.

Mathematical modeling
To determine the Moisture Ratios (MR) of winter melon seeds

during drying, under different air temperature conditions,
Equation 1 was used:

U’ -u: (1)

Where, MR is the moisture ratio, dimensionless; Ut is the
water content of the product at t time, decimal dry basis; Ue’ is
the equilibrium water content of the product, decimal dry basis;
Ui’ is the initial water content of the product, decimal dry basis.
The drying rate during drying of winter melon was calculated by
Equation 2:
U:+dt _U[* (2)
dt

Where: DR is Drying Rate, kg, kgms™ h'; Ut, " is water content
att, time, % d.b.; tis time, h.

DR =

Different models proposed in the literature were used to predict the
drying kinetics of winter melon seeds: Page, Logarithm, Modified
Midilli, Diffusion Approximation, Two-term Exponential and
Henderson and Pabis (Table 1).

Table 1: Mathematical models used to predict the drying phenomenon.

Model 006Eame Equation Reference
Page MR = exp(—kt") Page (1949)
. _ Chandra and Singh
MR =aexp(-kt)+c
Logarithm p(-k1) (1995)

Modified Midilli MR =exp(=kt")+bt Midilli et al. (2002)

Diffusion v/ _ g exp(—ke)+(1-a)exp(—kb) Kassem (1998)
Approximation
Two-term Sharaf-Eldeen, Blaisdell

MR = aexp(—kt) + (1—a)exp(—kat)
- i ¢ Hamdy (1980)

Handerson e Henderson and Pabis
Pabis (1961)
Note: Where: a, b, ¢, n are coefficients of the models, dimensionless; k is
the drying constant, h'; and t is the time, h.

Exponential

MR = aexp(—kt)

For the adjustment of the mathematical models, nonlinear
regression analysis was performed by the Gauss Newton method,
using the STATISTICA 14.0 software®. The choice of the best

model was based on the coefficient of determination (R?), Standard
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Deviation of the Estimate (SDE), in the Relative Mean Error
(MRE) and the calculation of the last two was performed using the
following equations [13].

" y—7 " (Y-Y%)?
MRE:@Z‘Y Y‘,SDE:JZ':I( ) (3)
n S Y DF

Where: P=relative mean error, %; n=number of observed data;
Y=observed value, % d.b.; Y=value estimated by the model, % d.b.;
SDE=Standard Deviation of the Estimate, % d.b; and, DF=Degrees

of Freedom of the model.

Effective diffusion coefficient

To calculate the effective diffusion coefficient, Fick's second law
(Equation 4) was used, with an approximation of eight terms,
considering the seeds as oblate spheroids, considering the moisture
boundary condition on the surface of winter melon seeds and

disregarding volumetric contraction during drying [14].
2_2

6 &1 n’r’( A ’
MR="%— 2 Dt

;ﬁ;nzeXp[ 9 (V fjj @
Where, Def=Effective Diffusion Coefficient, m? s'; A=surface area
of the product, m% V=volume of the product, m’; n=number of

terms.

To calculate the volume (Equation 5) and area (equation 6) of
winter melon seeds, measurements of length (a), width (b) and
thickness (c) were performed using a digital caliper (Vonder, model

PDV1500) with an accuracy of 0.01 mm, in 10 seeds dried at each

temperature.
4 2

V= 3 zL L, 5)
L lf(ﬁjz

LZ
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(7)

L =% Ic ®)

Where, L, and L,=dimensions of oblate spheroid, m.

7L

I

A=2rL + ~ In

Thermodynamic properties

The activation energy is defined as the energy that must be exceeded
or the minimum energy required initiating a chemical reaction.
Thus, the activation energy of the drying kinetics of winter melon
seeds was calculated. The Arrhenius equation (Equation 9) was
used, in which it reports the relationship between the activation
energy and the speed at which the reaction occurs.

K:Aoexp(— Iij )

Where: A is the pre-exponential factor, h'; E_is the activation
energy, ] mol'; R is the universal gas constant, 8.314 ] mol! K7,
and; T is the temperature, K.

The thermodynamic properties of the drying process of winter
melon seeds were obtained using the method described by Jideani

and Mpotokwana (2009) [15]:

AH' = E, —RT (10)
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AS® :R(lnA0 —lnk—B—lnTKJ
h[’

(11)
AG" =AH" —-TAS” (12)

Where AH': enthalpy, ] mol?; AS’: entropy, ] mol’; AG": Gibbs
free energy, ] mol'; kB: Boltzmann constant, 1.38 x 10-23 ] K; h,:
Planck constant, 6.626 x 107 ] s

RESULTS AND DISCUSSION

Drying rate increased with temperature increment (Figure 1).
Furthermore, at the beginning of drying, the drying rate is higher,
mostly at temperatures of 50°C and 60°C. Corréa Filho et al. (2015)
also concluded this same trend, working with drying kinetics of figs

(16].
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Figure 1: Drying Rate (DR) of winter melon at temperatures of 40°C,
50°C and 60°C. Note: (—) 40°C; ( »+ =) 50°C ; ( ——) 60°C.

It was not verified a period of constant drying rate at temperatures
of 50°C and 60°C. This trend is explained by periods of lower

velocities of drying, in which water molecules migration from

OPEN aACCESS Freely available online

the center to the outliers of winter melons occurs mainly by
diffusion mechanism [17]. On the other hand, it was observed, at
the temperature of 40°C, a slightly period of constant drying rate.
This can be explained because of the lower temperature, in which
requires more time to dry the product, thus providing higher time
to the migration of water molecules throughout diffusion to occur.

Mathematical modeling of drying kinetics

Table 2 shows the parameters of the Page exponential, logarithm,
modified Midilli, diffusion approximation, two-term exponential
and Henderson and Pabis models obtained after adjustment to the
experimental data.

According to Chicco, Warrens and Jurman (2021) and Souza
et al. (2019), although the coefficient of determination (R2) is
a good parameter for the selection of models that represent the
experimental data, this alone is not presented as a good criterion,
and the values of the Standard Deviation of the Estimate (SDE)
and Mean Relative Error (MRE) are also used [13,18]. The observed
values of MRE demonstrate the deviation of the experimental
results in relation to the data estimated by the model, and it is
recommended that its result be less than 10% in the selection of

models [13].

Given the above, according to Table 2, it was observed that
all the models studied presented good adjustments to the
experimental data, with R? values greater than 0.99, however, at
40°C, no model obtained good MRE results, according to Souza
et al. (2019) criterion, being this temperature disregarded for the
continuation of the discussion in the present study. This situation
can be explained since, with the lower temperature, the period
of decreasing drying rate may have extended to the drying time,
making the behavior of moisture loss linear and, thus, hindering
modeling, which represents an exponential behavior [13,19]. This
trend was observed in Figure 1.

Table 2: Parameters adjusted to empirical models at temperatures of 40°C, 50°C and 60°C.

Model Temperature - . Cocfficients - - R2 MRE (%)  SDE (x 10° % d.b.)
40°C 1.6638 0.3548 0.999 17.88 442
Two-term exponential 50°C 1.4172 0.5778 0.9973 4.23 9.19
60°C 1.2863 1.2344 - . 0.9988 3.37 5.43
- 40°C 1 0.2723 1 . 0.9933 45.92 30.97
apgﬁ;‘i:;on 50°C 1 0.5064 1 ; 0.9967 6.59 11.2
60°C 1 1.1552 1 - 0.9987 4.11 5.7
40°C 1.0765 0.244 -0.0597 . 0.9988 24.99 5.51
Logarithm 50°C 1.0328 0.4453 10.0529 . 0.9984 4.38 6.34
60°C 1.0013 1.1219 -0.0087 . 0.9989 6.1 4.99
40°C 0.2248 10.0019 1.1093 0.9995 13.13 2.2
Modified midilli 50°C 0.4874 10.0098 0.9483 0.9981 4.2 7.25
60°C . 1.1417 100025782 0.9882 0.9989 7.32 5.27
40°C . 0.2192 . 1.1507 0.9989 17.02 4.87
Page 50°C . 0.4969 . 1.0252 0.9969 6.14 12.25
60°C . 1155 1.0039 0.9988 3.89 5.68
40°C 1.0371 0.2826 0.995 39.98 233
Henderson and pabis 50°C 0.9939 0.503 - - 0.9968 7.96 12.83
60°C 0.9957 1.1502 0.9988 3.39 55.9
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With this, the Two Term Exponential model was chosen to
represent the experimental data, since it was the model that
presented MRE values, for temperatures of 50°C and 60°C, lower
compared to the other models, as well as lower standard deviation
values of the estimate (SE).

According to Table 2, for the Two Term Exponential model, it is
possible to observe that the drying coefficient “k” increased with
the increase in temperature, while the constant “a” reduced as a
function of the drying temperature. As "k" is the constant of the
drying rate, the result obtained in this experiment is consistent
with what is expected for this parameter, since, with the increase
in temperature, the rate of water loss from the product to the
environment increases.

Leite et al. (2019), when adjusting the experimental data of jackfruit
seed drying, found as the best model the exponential of two
terms with excellent results of R* and mean square deviation [10].
While Costa et al. (2021), in their studies of drying the seeds of
Amaranthus cruentus 'BRS Alegria', also noticed that the parameter
"k" increased with the increase in temperature and "a" showed a
downward trend as a function of the increase in drying temperature
[20]. Such results from these literatures confirm the data obtained
in this current study.

Figure 2 shows the drying curves of the samples at temperatures of
50°C and 60°C, adjusted by the Two Term Exponential model as a
function of drying time. As shown in Figure 2, for all temperatures,
a rapid reduction in product moisture is observed in the early
stages of drying, and when the drying time approaches equilibrium
moisture, the speed decreases sharply. In general, during drying,
the speed of moisture loss is higher during the first stages, since the
sample has high moisture contents (presence of free water), and,
over time, there is a drastic drop in the speed of water removal,
since the still existing water is strongly linked to the constituents

of the food [19].

MR (Dimensionless)

Time (h)

Figure 2: Moisture behavior (MR) of winter melon at temperatures of
50°C and 60°C. Note: (@) 50°C ; (O) 60 °C; (—)Estimated by two-

term exponential model.

This trend in humidity behavior was also observed by Santana et
al. (2022) when evaluating the effects of separation methods on
the drying kinetics of pitaya seeds; by Amini, Salehi and Rasouli
(2021) when studying the drying kinetics of basil seeds; and by
Keneni, Hvoslef-Eide and Marchetti (2019) when performing the
mathematical modeling of pitaya seeds [19,21,22].
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In addition, it was also observed that the drying time decreased
when increasing the temperature from 50°C to 60°C, since the
water pumpkin seeds reached the equilibrium value more quickly
at the temperature of 60°C (approximately 4 hours), while at the
temperature of 50°C this time was greater (approximately 6 hours).
This behavior proves that the drying temperature exerts a great
influence on the drying speed of the studied material, making the
drying time shorter with increasing temperature.

Given the above, the increase in temperature creates, on the product
to be dehydrated, a greater temperature differential between the
food and the drying air, as well as a reduction in relative humidity.
This type of condition accelerates heat transfer and, consequently,
increases the rate of water loss from the product, since it increases
the difference between the vapor pressure of the drying air and that
of the seed samples [23].

Effective diffusion coefficient

Regarding the values of the effective diffusion coefficient, there is a
direct relationship with the drying temperature, with values of 1.114
x 10 m2s!; 1.472 x 10"° m2s?; 3.093 x 10'° m2s?! for temperatures
of 40°C, 50°C and 60°C, respectively. With the increase in
temperature, there is an increase in the effective diffusion coefficient,
which was expected, since higher temperatures lead to a decrease in
water viscosity, facilitating its removal from the seeds [24]. Jittanit
(2011), working with pumpkin seeds (Cucurbita spp.), found values
of 3.76 x 10'° to 5.09 x 10° m2s?! for temperatures 60°C, 70°C and
80°C. Uddin et al. (2016) reported values between 8.2 and 33.2 x
10° m2s?! for drying pumpkin seeds in tray and fluidized bed, at
70°C, 80°C and 90°C and different air speeds (2 ms-1, 3 ms* and 4
ms™) [25]. This variety of values denotes the importance of studying
different products at different drying temperatures.

Thermodynamic properties

Activation energy regarding water diffusion of winter melon during
the drying process was 53.9 k] mol. Previous study reported that
activation energy generally ranges from 12.7 k] mol” to 110 k] mol
for food [26]. Thus, value encountered at the present work is within
the range. Table 3 presents the values of enthalpy, entropy and
Gibbs free energy, regarding the drying process of winter melon.

Table 3: Values of thermodynamic parameters at different temperatures for
the drying process of winter melon.

Temperature (°C) AH’ (J mol?") AS’ (J mol?)
40°C 51,331.80 -82.12
50°C 51,248.66 -82.38
60°C 51,165.52 -82.63

Enthalpy and entropy values of activation decreased, while the
Gibbs free energy increased with increased drying temperatures in
Table 3. As stated by Oliveira et al. (2016), water diffusion process
for the product during drying responds to sensible heat and requires
energy (AH™>0) to promote changes [20]. Higher values of enthalpy
indicate a higher amount of energy required to remove moisture
linked to the product during drying. As expected, this trend occurred
at lower drying temperatures, indicating higher energy is required,
so drying can occur, indicated by the higher required drying time.
Negative values of entropy are attributed to the existence of chemical
adsorption and/or structural alterations of the adsorbent in which
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entropy values decreased with temperature increment. This trend
can be explained by the fact that whilst moisture is removed from
the winter melon, moisture content decreases and the movement
of water molecules become more restrict [27-34]. In other words,
there are less available sites so diffusion mechanism can occur [20].
Gibbs free energy values were positive, indicating that drying is a
non-spontaneous process. This trend is characteristic of endergonic
reaction, in which needs an energy addition from the environment
where the product is being dried, so the reaction can occur. This
addition is made by the drying process, increasing air temperature.

CONCLUSION

The Two Term Exponential presented the best fit to predict
the drying curves of winter melon, except for the 40°C
temperature. Activation energy of drying process was 53.9 k]
mol’. Thermodynamic properties presented a high correlation
with drying temperature, in which higher temperature resulted in
lower values of entropy and enthalpy values, whilst this increment
increased values of Gibbs free energy.
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