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Abstract

Soybean (Glycine max) is one of the most important crops in grain production in Brazil. Its grains are destined for
the domestic market and mainly for export. Thus, it is necessary to guarantee the quality of stored grains for later
consumption. Drying is a preprocessing step to preserve grains and improve their quality during storage. This study
evaluates the drying kinetics of soybean grains to determine effective diffusivity and thermodynamic properties.
Soybean samples were collected at the Federal Institute of Goias - Ceres Campus. Moisture content was
approximately 0.21 (decimal db). The samples were subjected to drying at temperatures of 20, 30, 40, and 50 °C
until hygroscopic equilibrium was reached. Ten mathematical models were used to fit the drying data, using the
following statistical criteria: relative mean error (P), estimated mean error (SE), chi-square (x?), coefficient of de-
termination (R?), and residual distribution. The effective diffusion coefficient and the activation energy were obtained
through the selected mathematical model and the Arrhenius equation. The dryings started with RX close to 0.82
and finished with hygroscopic equilibrium. The average drying time was 9 hours and 30 minutes. The mathematical
model of Midilli best fit the drying kinetics of soybean grains. The activation energy obtained was 26.80 kJ mol?,
standard for agricultural products. As the drying air temperature rises, the effective diffusion coefficient increases
from 2.2642 10° to 5.6325 10° m2 s, common values for grains. The increase in the drying air temperature
increases Gibbs free energy while decreasing enthalpy and entropy, a behavior common to grains for different
temperatures.

Additional keywords: enthalpy; entropy; Gibbs free energy; mathematical modeling; water diffusivity.

Resumo

A soja (Glycine max) € uma das culturas de extrema importancia na produgéo de graos no Brasil. Seus gréos séo
destinados para comercializagdo interna e, principalmente, para exportagdo. Por isso se faz necessério garantir a
gualidade dos grdos armazenados para seu consumo posterior. A secagem € uma pré etapa de beneficiamento
dos gréos com o intuito & conservacdo e a qualidade durante 0 armazenamento. Objetivou-se com este trabalho
avaliar a cinética de secagem dos graos de soja, determinar sua difusividade efetiva e suas propriedades termo-
dindmicas. As amostras de soja foram colhidas no Instituto Federal Goiano — Campus Ceres, tendo como teor de
agua aproximadamente 0,21 decimal em base seca (b.s). As amostras foram submetidas a secagem nas tempe-
raturas de 20, 30, 40 e 50 °C até o alcance do equilibrio higroscépico. Dez modelos matematicos foram utilizados
para o ajuste dos dados da secagem, utilizando como critério estatistico: erro médio relativo (P), erro médio esti-
mado (SE), qui-quadrado (x?), coeficiente de determinagéo (R?), e a distribuicdo do comportamento dos residuos.
Através do modelo matemético selecionado e da equacgéo de Arrhenius, obteve-se o coeficiente de difuséo efetiva
e a energia de ativagdo. As secagens iniciaram com RX préximo a 0,82 e encerraram com equilibrio higroscépico.
O tempo médio de secagem foi de 9 horas e 30 minutos. O modelo matematico que melhor se ajusta a cinética
secagem de gréos de soja foi o de Midilli. A energia de ativagdo obtida foi de 26,80 kJ mol?, padrdo para produtos
agricolas. O coeficiente de difusdo efetivo aumenta de 2,2642 10° para 5,6325 10° m? s com a elevagéo da
temperatura do ar de secagem, valores comuns para graos. O incremento da temperatura do ar de secagem
aumenta a energia livre de Gibbs, enquanto diminuem a entalpia e a entropia, comportamento comum aos graos
para diversas temperaturas.

Palavras-chave adicionais: difusividade da &gua; entalpia; entropia e energia livre de Gibbs; modelagem
matematica.
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Introduction

Material and methods

Soybean (Glycine max) is a crop with protein-
rich grains that has been used in human food and
animal feed (Coélho, 2018). Soybean production is very
important in Brazil, with an estimated production of
122.2 million tons for the 2019/2020 harvest, 2.6%
higher than the 2018/2019 harvest (CONAB, 2020).

Ribeiro et al. (2005) highlight some factors to be
considered for obtaining quality grains, among them
early harvest, thereby reducing field losses from insect
and microorganism attack. High moisture content at
harvest can be reduced by drying, which is of para-
mount importance among the techniques involved in
preserving the desirable qualities of plant products
during their storage period.

Resende et al. (2010) explains that some grain
drying methods may affect grain quality. Therefore,
studies focus on the development and improvement of
grain drying equipment. Drying simulations provide
results on the behavior of each plant product during
water removal, in which several mathematical models
are used to describe the drying kinetics.

This study analyzes water diffusion, in which
the grains will be exposed to a certain air temperature,
water surface speed, and drying air relative humidity in
athin layer. The theoretical results obtained will be used
in mathematical models, which allow estimating the
behavior of grain water during drying. These results do
not provide data on water and energy transport within
the grains and, hence, the study of thermodynamic
properties is recommended (Barrozo et al., 2004).

According to Corréa et al. (2010), the thermo-
dynamic property is important for the development of
drying equipment, relating the properties of adsorbed
water, the determination of the energy required in this
process, the evaluation of food microstructure, and the
study of physical phenomena that occur on the surface
of a plant product.

The present study evaluates the drying kinetics
of soybean grains at temperatures of 20, 30, 40, and
50 °C, determining the activation energy, water
diffusivity, and thermodynamic properties.

Samples of grains of soybean cultivar Bayer®
TEC Ipro Credenz® were obtained from the experi-
mental crop grow in the area of the Federal Institute of
Goias - Ceres Campus. Sowing was performed in early
November 2018 and harvest occurred in late January
2019. The grains were selected and taken to the
Industrial Chemistry Laboratory of the Federal Institute
of Goias - Ceres Campus, where the drying experiment
began.

Initial grain moisture content was determined in
the laboratory using the gravimetric method, in which
the grains were taken to a drying oven with forced air
circulation and exposed to a temperature of 105 + 3 °C
for 24 hours, with 3 replications (ASABE, 2010).

Grain moisture content was approximately 0.21
(decimal db). The grains were divided into four samples,
each with four subsamples, which were placed in Petri
plates. The grains were placed uniformly on the plate,
forming a layer according to grain thickness, where each
subsample had an initial average weight of 22 g.

The plates with subsamples were inserted in a
BOD chamber, being exposed to drying air tempera-
tures of 20, 30, 40, and 50 °C. Drying air relative hu-
midity was monitored by two analog psychrometers,
one placed on the laboratory bench and the other inside
the BOD chamber. Subsamples were weighed on an
analytical balance at 30-minute intervals until the
moisture content ratio (RX) was close to zero.

The RX calculation was performed by Equa-
tion 1.

(X-Xe)
(Xi-Xe)

Wherein:

RX = product moisture ratio, dimensionless;

X = product moisture content, decimal db;

Xi = initial product moisture content, decimal db;

Xe = equilibrium product moisture content, decimal db.
The mathematical models fitted to the RX data

by means of nonlinear regression using the Gauss-

Newton interaction, performed by the software Statistica

version 7.0, at 5% confidence interval. The

mathematical models commonly used for grain drying

kinetics were applied (Rodovalho et al., 2015) (Table 1).

RX = 1)

Table 1 - Mathematical models used to adjust the data obtained from drying kinetics.

Model name Model Equation
Diffusion approach RX=a exp (-k t)+(1—-a) exp(—k b t) (2)
Two terms RX=a exp (-k t)+b exp(-k1 t) (©)]
Exponential of two terms RX=a exp (-k t)+(1-a) exp(-k a t) 4)
Henderson and Pabis RX=aexp (-k t) (5)
Henderson and Pabis Modified RX=a exp (—k t)+b exp(-k1 t)+c exp(-k2 t) (6)
Logarithmic RX=a exp (-k t)+b @)
Midilli RX=aexp (—k (tb))+ct 8)
Midilli Modified RX=exp (-k (tn))+at 9)
Newton RX=exp (-k t) (20)
Page RX=exp (=k (t n)) (11)

Wherein: RX - product moisture ratio (dimensionless); t - drying time, hours; k- drying coefficient; a, b, ¢ and n - model constants.
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For the selection of the mathematical model
that best fitted the experimental data of soybean grains,
the following criteria were considered: relative average
error (P) less than 10% (Equation 12), the lowest
estimated mean error (SE) (Equation 13), the lowest chi-
-square value (x2) (Equation 14), the magnitude of the
coefficient of determination (R?), and the residual
distribution (Resende et al., 2010).

100 < (| Y-

P = (T) (12)
=1

_ [z (13)
SE = DFR

()’
Xz'm DFR (14)
Wherein:

P = relative mean error;

n = number of experimental observations;

Y = value observed experimentally;

Y = value estimated by the model;

SE = estimated mean error;

DFR = degrees of freedom of the model (number of
experimental observations minus the number of model
coefficients);

X? = chi-square;

Soybean volume was obtained with a digital
caliper, measuring the three orthogonal axes (length,
width, and thickness), as proposed by Mohsenin (1986).
This procedure was performed on 50 grains before
drying. The average of the axes was calculated
according to Equation 15.

mABC

5 (15)

Vg=
Wherein:

Vg = grain volume, m3;

A = largest grain axis, m;

B = intermediate grain axis, m;
C = smalllest grain axis, m.

From the orthogonal axes obtained, the liquid
diffusion model for spheres fitted the experimental data
of soybean grain drying for the determination of the
effective diffusion coefficient (Def), with approximation
of 8 terms, using Equation 16. According to Brooker et
al. (1992), this equation considers the geometric shape
of the grain as spherical, disregarding the volumetric
grain contraction and considering the moisture content
boundary condition on the grain surface.

mxe XX 6 i 1 n? m? Deft]
XX, mlim &P R2 (16

n=1

Wherein:

t=time, s;

n = number of terms;

Def = liquid diffusion coefficient, m? s 1;
Re = equivalent radius, m (2.95 x 10 m).

The influence of drying air temperature on Def
was evaluated using the Arrhenius equation, repre-
sented by Equation 17.

E
Def = D, exp [— 2 ] 17)

R.T,
Wherein:
Do = pre-exponential factor, m? s,
Ea= activation energy, J mol?;
R = universal gas constant, 8.314 J mol! K%,
Ta= absolute temperature, K.

The thermodynamic properties enthalpy (AH),
entropy (AS), and Gibbs free energy (AG) were deter-
mined from the values of Ea and Do obtained by fitting
the Arrhenius model (Jideani & Mpotokwana, 2009).
These thermodynamic properties were calculated
according to Equations 18, 19, and 20 for AH, AS, and
AG, respectively.

AH = Ea_ R Ta (18)

AS =R [ln(Do) —In (E—B) - In(Ta)] (19)
P

AG = AH -T2 AS (20)

Wherein:

AH = enthalpy, J mol?;

AS = entropy, J mol?;

AG = Gibbs free energy, J mol?;

ks = Boltzmann constant, 1.38 10"2 J K%,
he = Planck constant, 6.626 1034 J s.

Results and discussions

According to Araujo et al. (2017), the fitting of
the models cannot be classified only by the coefficient
of determination (R?), requiring the evaluation of more
statistical parameters such as P, SE, ¥?, and the resid-
ual distribution. The evaluations of each statistical
parameter follow the prescription applied to each
experimental result of the mathematical models (Table
2). It is noteworthy that P values higher than 10% are
classified as inappropriate for drying kinetics
(Mohapatra & Rao, 2005). In turn, the closer to zero are
the SE values, the better the fitting of the experimental
data (Oliveira et al, 2012). According to these
considerations, the Midilli model showed the best results
compared to the other fitted models for presenting the
lowest P values (between 1.9 and 3%) and the lowest
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SE values (between 1.13 10® and 7.53 10%°) at the
studied drying air temperatures (Table 2). Moreover, as
observed for SE, the closer to zero is the x? value, the
better the model fit (Draper & Smith, 1998). For this

variable, all models presented results close to zero, but
the Midilli model still had the lowest values (between
1.1310% and 7.53 10'19).

Table 2 - Coefficient of determination (R?), relative average error (P), estimated mean error (SE), chi-square test
(x?) and residual distribution (Dist.) as adjustment criteria of the models to the experimental data of the drying
kinetics of soybeans, obtained at air temperatures of 20, 30, 40 and 50 °C.

Models Temp. (°C) NG P (%) SE R? Dist.
20 1.27.10° 2.8 1.13.10° 0.99 *R
Diffusion anoroach 30 2.52.10°® 9.5 1.59.10 0.99 R
pp 40 1.27.10° 10.1 1.13.10° 0.87 R
50 1.51.10° 14.2 1.23.103 0.83 R
20 9.75.10° 2.7 9.87.10° 0.99 R
Two terms 30 2.75.10° 8.2 1.66.10 0.99 R
40 1.23.10°8 8.6 1.11.10 0.98 R
50 4.06.10° 13.7 6.37.10° 0.99 R
20 2.27.107 9.8 4.76.10° 0.98 R
Exponential of two 30 2.62.10°% 9.3 1.62.10* 0.99 R
terms 40 2.62.10° 8.5 1.62.103 0.81 *B
50 7.61.10° 18.3 2.76.10° 0.68 B
20 2.23.107 9.8 4.73.10° 0.98 R
Henderson and 30 2.75.10°8 8.2 1.66.10* 0.99 R
Pabis 40 1.23.10°® 8.6 1.11.10 0.98 R
50 1.11.107 9.9 3.33.10° 0.96 B
20 2.23.107 9.8 4.72.10° 0.98 R
Henderson and 30 2.53.10°8 8.9 1.59.10* 0.99 R
Pabis Modified 40 1.33.10°® 9.6 1.15.104 0.98 R
50 4.06.10°7 13.7 6.37.10° 0.99 R
20 1.87.10° 34 1.37.10% 0.99 R
L ogarithmic 30 2.49.10° 75 1.58.10% 0.99 R
9 40 6.23.10° 5.4 7.90.10° 0.98 R
50 1.16.107 15.4 3.41.10* 0.96 B
20 1.13.10° 3.0 1.06.10% 0.99 R
Vil 30 5.12.10° 2.6 7.16.10° 0.99 R
40 7.53.101° 1.9 2.74.10° 0.99 R
50 2.33.101° 2.8 1.53.10° 0.99 R
20 1.22.10° 3.0 1.10.10% 0.99 R
o 30 5.09.10° 2.6 7.14.10° 0.99 R
Midilli Modified 40 1.08.10° 2.7 1.04.10° 0.88 R
50 1.41.10° 4.7 1.19.10° 0.84 R
20 2.11.107 9.6 4.60.10° 0.98 R
Newton 30 3.59.10° 7.9 1.90.10% 0.99 R
40 5.84.10° 12.8 2.42.10° 0.74 B
50 1.43.10° 255 3.78.10° 0.58 B
20 1.55.107 8.3 3.94.10° 0.98 R
bage 30 3.02.10° 10.5 1.74.104 0.99 R
9 40 1.76.10° 17.2 1.33.10° 0.86 R
50 2.24.10° 28.1 1.50.10° 0.81 B

* R: random residual distribution;* B: Biased residual distribution.

The Midilli model showed random residual
distribution (Table 2 and Figure 1), thus resulting in
better fittings to the experimental data of soybean grain
drying. The Newton model was the least satisfactory,
with random residual distribution for the temperatures of
20 and 30 °C, and biased residual distribution for the
temperatures of 40 and 50 °C, which were not suitable
for drying (Table 2 and Figure 2). The R2 results for the
temperatures of 20 and 30 °C were higher than 0.98,

and varied more for the temperatures of 40 and 50 °C,
reaching up to 0.68. The Midilli model stands out for
presenting the highest magnitude of R2 (0.99) for all
temperatures studied (Table 2).

Considering the adopted statistical criteria, the
Midilli model is the most recommended to represent the
phenomenon of soybean grain kinetics in the studied
conditions. This model is commonly used in the fitting of
drying data for grains and cereals such as cowpea
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(Camicia et al., 2015) and for pigeon pea (Cajanus cajan

L.) (Silva et al., 2014). The Midili model was also
recommended in the study by Botelho et al. (2018), who
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Figure 1 - Distribution of residues by the Midilli model for soybeans at drying air temperatures of 20 °C (a),

30 °C (b), 40 °C (c) and 50 °C (d).
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Figure 2 - Distribution of residues by the Newton model for soybeans at drying air temperatures of 20 °C (a),

30 °C (b), 40 °C (c) and 50 °C (d).

Midilli coefficients were significant at 5%
probability by the t test. Model coefficients “a”, “b”,
and “k” did not show a trend with the mcrease in
temperature, but the coefficient “n” decreased

according to the increase in temperature (Table 3). In

grain drying, the coefficient “n” tends to decrease with
increasing temperature, since the pressure difference
between the air vapor and the grain tends to result in
a greater removal of water (Silva et al., 2014).
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Table 3 - Coefficient of the Midilli model for drying soybeans for different drying air temperatures.

Temp. Coefficients
Model () a b n K
20 0.9804* -0.0193* 0.825* 0.2593*
Midili 30 0.9974* -0.0069* 0.809* 0.4192*
40 0.7203* -0.0105* 0.7188* 0.3834*
50 0.6965* -0.0115* 0.4981* 0.6239*

* Significant by t test (p < 0.05).

The values in Figure 3 correspond to the drying
kinetics of soybean grains in the Midilli model, to which
moisture ratio fitted better than drying time. In the same
RX, the higher the temperature, the shorter the drying
time. This fact was also observed by Resende et al.
(2010) when analyzing the drying kinetics of adzuki

bean (Vigha angularis), and Botelho et al. (2018) when
analyzing the same phenomenon in soybean grains.
This behavior occurs because the higher the drying air
temperature, the lower the grain moisture content due
to the increase in the water potential gradient between
the grain and the air (Silva et al., 2014).

— Predicted
o Observed 20°c

Observed 30°C

Observed 40°C

Observed so0°C

<>

[ ]

X

Drying time (hours)

Figure 3 - Midilli model adjusted to RX data obtained from drying soybeans at different drying air temperatures.

During drying, effective diffusion (Def) in-
creased along with temperature, reaching 2.2642 107,
2.6422 10, 3.9539 10°%, and 5.6325 10° (m? s%) at tem-
peratures of 20, 30, 40, and 50 °C, respectively (Figures
4A and 4B). Almeida et al. (2009) observed that

(a)
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27 35 - 030
S« A 40°
S E 307 X 50°
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29 251
e
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w 20 40 60

Temperature (°C)

effective diffusion values increased linearly with the
increase of drying temperature in adzuki bean grain.
Jangam et al. (2010) state that grains and other plant
materials have Def values from 1023 to 107. Therefore,
the results are similar to those in the literature.

(b)
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Figure 4 - Effective diffusivity coefficient of water (m? s) obtained when drying soybeans for different drying air

temperatures.
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The activation energy (Ea) obtained by fitting
the Ahrrenius model to the Def data was 26.80 kJ mol™.
This result is within the values recommended in the
literature for agricultural products. According to Zogzas
et al. (1996), these values can range from 12.7 kJ mol*
to 110 kJ mol. Morais et al. (2013) observed similar Ea
values for cowpea grain (27.16 kJ moll). Using
temperatures of 40, 50, and 60 °C, Silva et al. (2008)
obtained an Ea of 26.9 kJ mol! in an experiment with
grains of macassar bean (Vigna unguiculata L. Walp.).
Corréa et al. (2007) studied the drying of bean grains
and define Ea as the capacity of the water molecule to

overcome an energy barrier during its migration from the
interior to the surface of the grain; thus, the lower the Ea,
the higher the water diffusivity.

Enthalpy (AH) decreased with increasing tem-
perature (Table 4). Corréa et al. (2010) also observed a
reduction in enthalpy values as a function of the
increase in temperature. The authors explain that the
higher the temperature, the lower the energy expendi-
ture for drying grains, which shows that the results
obtained are within the recommended standard for
enthalpy.

Table 4 - Thermodynamic properties, enthalpy (AH), entropy (AS) and Gibbs free energy (AG) obtained in drying

soybeans at different drying air temperatures.

Temp. (°C) AH (kJ mol?) (AS) (kJ mol 1) AG (kJ mol )

20 24.3702 -0.3644 131.1465

30 24.2870 -0.3647 134.7921

40 24.2039 -0.3649 138.4405

50 24.1208 -0.3652 142.0915
As expected, the entropy values (Tabela 4) References

decreased as the drying temperature increased.
According to Araujo et al. (2017), the rise in temperature
provides an increase in the partial pressure of water
vapor in the product, consequently exciting water
molecules. These factors increase the rate of water
diffusion from the interior of the grain to the drying air,
and decrease entropy.

The results for Gibbs free energy (Table 4)
were opposite to those of enthalpy and entropy,
increasing along with temperature, which corroborates
Nkolo Meze'E et al. (2008). The authors obtained posi-
tive Gibbs free energy values, since drying was not
spontaneous. In their study, the samples were initially
exposed to an environment with higher relative humid-
ity, being subsequently subjected to drying, decreasing
moisture content.

Conclusions

The mathematical model of Midilli best fit the
drying kinetics of soybean grains.

The activation energy was 26.80 kJ mol?,
standard for agricultural products.

As the drying air temperature rises, the effective
diffusion coefficient increases from 2.2642 10° to
5.6325 10° m2 s’1, common values for grains.

The increase in drying air temperature
increases Gibbs free energy while decreasing enthalpy
and entropy, a behavior common to grains for different
temperatures.
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