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ABSTRACT

Drying is the most widely used process to ensure the quality and stability of plant
products. Therefore, this study aimed to determine the effective water diffusivity and
activation energy in grain sorghum during drying at different temperatures and initial
moisture contents. Sorghum grains (cultivar DeKalb 640) were harvested with an initial
moisture content of 0.49 kg water kg ™' dry matter. The effective diffusion coefficient was
determined from different initial moisture contents of approximately 0.49, 0.40, 0.31, and
0.23 kg water kg ! dry matter. Grains with different moisture contents were dried under
four temperature conditions of 40, 60, 80, and 100 °C on perforated trays. The spherical
geometry model was used for liquid diffusion. The experiment was conducted in a
completely randomized design in a 4 x 4 factorial scheme (four moisture contents x four
temperatures), with three replications. Data were subjected to analysis of variance and
regression using the statistical software SISVAR®. Sorghum grain diffusivity increases at
the same drying temperature as an increase of the initial moisture content of grains. The
activation energy was higher for grains with higher initial moisture content, with values of
27.32,26.75, 22.55, and 20.94 kJ mol !, respectively.

INTRODUCTION

Sorghum (Sorghum bicolor L.) belongs to the grass
family and is the fifth most-produced cereal in the world.
Sorghum cultivated area in Brazil is estimated at 626.5
thousand hectares, with a grain production of 1.845 million
tons and average yield of 2.97 tons ha™!. The state of Goias
leads the national production, with 851.5 thousand tons. In
second place, with 499.7 thousand tons, is Minas Gerais,
followed by Mato Grosso, with 291.5 thousand tons
(Conab, 2017).

Drying is the most widely used process in the
postharvest phase to ensure quality and stability of plant
products, as a decreasing moisture content reduces the
biological activity in the grain mass, as well as chemical
and physical changes that occur during storage (Aratjo et
al., 2014), reduces weight and volume occupied during
processing and marketing, protects against degradation
reactions, and makes them available at any time of the
year. Also, it contributes to nutrient concentration because
water is removed from the product (Fernandes et al., 2014).

The modeling of drying curves determines physical
and thermodynamic indices related to heat and mass
transfers and equipment sizing, allowing comparing the
drying between different species or materials and
evaluating the peculiarities of products, being one of the
most important indices the diffusion coefficient (Botelho
etal., 2015).

The liquid diffusion model has been studied and
stands out among the theoretical models applied to the
drying process of plant products, whose parameters are not
strictly representative of the various mechanisms that
prevail in the water transport in agricultural products.
Researchers such as Aragjo et al. (2017) have relied on the
theory of liquid diffusion to establish liquid diffusion as a
function of the concentration gradient.

Due to diffusivity variation as the drying conditions
change, this study aimed to determine the effective water
diffusivity and activation energy in grain sorghum grains
during drying at different temperatures and initial
moisture contents.
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MATERIAL AND METHODS

The experiment was conducted at the Laboratory of
Postharvest of Plant Products of the Federal Institute of
Education, Science and Technology Goiano (IF Goiano),
Campus of Rio Verde. Sorghum grains (cultivar DeKalb
640) were harvested manually in Jatai (GO), with an initial
moisture content of 0.49 kg water kg™ ! dry matter. Grain
processing was performed by means of sieves for pre-
cleaning and a homogenizer.

Three moisture contents of grains were obtained in
a greenhouse with a drying temperature of 40 °C from
their initial moisture content of 0.49 kg water kg ' dry
matter. The reduction in the moisture content was analyzed
by gravimetry and stipulated moisture contents of 0.40,
0.31, and 0.23 kg water kg™' dry matter were obtained.
Thus, the effective diffusion coefficient was determined
from different initial moisture contents of approximately
0.49, 0.40, 0.31, and 0.23 kg water kg ! dry matter. Grains
with different moisture contents were submitted to drying
in a forced air ventilation oven at four temperature
conditions (40, 60, 80, and 100 °C) in perforated trays with
250 g of grains. The average ambient air temperature was
25.3 £ 1.1 °C and the relative humidity of 39.8 + 2.3%
throughout the drying period.

The drying process (Table 1) was interrupted when
sorghum grains reached final moisture contents of
0.144+0.007 kg water kg! dry matter for temperatures of
40, 60, 80, and 100 °C, respectively, determined in an
oven at 105 £ 1 °C for 24 h, with three replications.

The following expression was used to determine
sorghum moisture content ratios during drying:

_X-X, 0
X, - X,

Where,
RX is the moisture content ratio;

X is the moisture content of the product (kg water
kg™ dry weight);

X; is the initial moisture content of the product (kg
water kg~! dry matter), and

X, 1s the equilibrium moisture content of the
product (kg water kg ™! dry matter).

Moisture content reduction during the drying
process was analyzed by the gravimetric method (mass
loss) using an analytical balance with a resolution of 0.01
g, knowing the initial moisture content of the product until
reaching the desired moisture content.

The liquid diffusion was described by an eight-term
approximation spherical geometry model, according to the
following expression:

nz-nz-D-t
r

Rx= 83 L
g exp @
Where,
n is the number of terms,

D is the liquid diffusion coefficient (m? s™'), and

r is the equivalent radius (m).
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The equivalent radii of sorghum grains were
determined by the following expression:

3)

Where,

V, is the grain volume (m™).

The volume of each sorghum grain (V,) was
obtained by measuring its three orthogonal axes (length,
width, and thickness) in fifteen units at the end of drying,

using a digital caliper with a 0.01-mm resolution,
according to the following expression:

_m-a-b-c
6

Vg (4)

Where,

a is the length (m);

b is the width (m), and
c is the thickness (m).

The relationship between the effective diffusion
coefficient and the increase in the drying air temperature
was described by the Arrhenius equation:

-E
D=D,- — 5
° eXp(R-T ] ®

abs

Where,
D, is the pre-exponential factor,
E. is the activation energy (kJ mol™),

R is the universal gas constant (8.134 kJ kmol™'
K™), and

Tabs 1s the absolute temperature (K).

The coefficients of the Arrhenius expression can be
ecasily obtained by linearizing [eq. (6)] with logarithm
application, as follows:

E 1
LnD = LnDo—?a'T—
ab (6)

The experiment was conducted in a completely
randomized design in a 4 x 4 factorial scheme (four
moisture contents X four drying temperatures), with three
replications. Diffusion coefficient data were subjected to
analysis of variance and regression using the statistical
software SISVAR®. The models were selected based on
the significance of equation by the F-test, significance of
regression coefficients using the t-test at 5% significance
level, and the coefficient of determination.

RESULTS AND DISCUSSION

Figure 1 shows the drying curves of grain sorghum
for temperatures of 40, 60, 80, and 100 °C, with different
initial moisture contents of 0.49, 0.40, 0.31, and 0.23 kg
water kg! dry weight.
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FIGURE 1. Moisture content of grain sorghum throughout drying at different temperatures: (A) 40 °C, (B) 60 °C, (C) 80 °C,
and (D) 100 °C.

Temperature increases as drying time decreases, behavior to most agricultural products observed by several
and higher initial moisture contents need longer drying researchers (Baptestini et al., 2015; Rodovalho et al., 2015;
time when compared to the smaller contents to reach a Oliveira et al., 2014).
moisture content of 0.14 kg water kg™ dry matter. It is due Table 1 shows the time required for drying at each
to the increased availability of energy for water temperature and moisture content until reaching the final
vaporization to occur and the increase in the mass transfer moisture contents of 0.14+0.007 kg water kg™! dry matter.
coefficient as drying air temperature increases. Thus, it The lowest moisture contents with the shortest drying time
shows that drying kinetics of sorghum grains has similar stand out as the temperature increases.

TABLE 1. Time (hours) required for the drying process of sorghum grains to reach a moisture content of 0.14 kg water kg!
dry weight under different conditions.

Initial moisture content (kg water kg™' dry matter)

Temperature (°C)

0.23 0.31 0.40 0.49
40 7.0 10.0 14.0 21.0
60 2.6 4.8 6.0 7.0
80 1.33 2.0 2.5 3.15
100 1.0 1.33 1.97 2.0
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Sorghum grain diffusivity increased at the same
drying temperature as the initial moisture content of grain
increased (Figure 2).

Increases of 0.0173, 0.0201, 0.0280, and 0.0298 m?
s ! were observed in the effective diffusion coefficient for
moisture contents of 0.23, 0.31, 0.40, and 0.49 kg water
kg! dry matter, respectively, for each 1 °C increase in
temperature (Figure 2). An increasing linear behavior was
observed between the different moisture contents for
drying temperatures, with values varying from 0.23 to 0.49
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kg water kg ! dry matter, from 0.39 x 107! to 0.45 x 107!
m? s7!, respectively, at a temperature of 40 °C. The values
of the diffusion coefficient ranged from 0.47 x 107!! to
0.69x10" m?s™!,0.78 x 10" to 1.43 x 107" m?> s”!, and
1.44 x 107" t0 2.43 x 107! m? s™! for temperatures of 60,
80, and 100 °C, respectively. These results are consistent
with those reported in the literature for drying agricultural
products, which range from 107 to 10! m? s}, according
to Madamba et al. (1996).
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FIGURE 2. Values of effective diffusion coefficient (m? s™') obtained for drying of sorghum grains at different temperatures
and initial moisture contents of 0.23 (A) 0.31 (B) 0.40 (C), and 0.49 kg water kg ! dry matter (D).

There was an effect of temperature and initial
moisture content on the effective diffusion coefficient. An
increase in the drying air temperature leads to a decrease in
viscosity, which represents the fluid resistance to water
flow, resulting in alterations in water diffusion in the
capillaries of sorghum grains, favoring the movement of
this fluid in the product (Goneli et al, 2009).
Consequently, a reduction in moisture content causes a
decrease in fluid resistance, positively affecting drying.

The drying temperature of 40 °C (Figure 3) led to a
lower variation in the diffusion coefficient, with values of
0.39 x 10711,0.40 x 1071, 0.42 x 107", and 0.45 x 107!! for
moisture contents of 0.23, 0.31, 0.40, and 0.49 kg water kg™
dry matter, respectively. The tendency to reduce diffusivity
with a decreasing grain initial moisture content was linear.
The difference in the diffusion coefficients between initial
moisture contents presented higher variations as the drying
temperature increased, following a linear behavior of higher
diffusivity for grains with higher moisture contents.
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FIGURE 3. Values of effective diffusion coefficient (m? s™!) obtained for drying of sorghum grains at different initial moisture
contents and temperatures of 40 °C (A), 60 °C (B), 80 °C (C), and 100 °C (D).

The values of the effective diffusion coefficient of
sorghum grains increased linearly as temperature
increased, corroborating the results reported by Botelho
et al. (2015) for sorghum grains and Aratjo et al. (2017)
for peanut.

In addition, the increased temperature leads to an
increase in the vibration of water molecules, which also
contributes to the speed of the effective diffusion
coefficient (Goneli et al., 2007). Therefore, the vibration
level is lower at lower temperatures, allowing increasing
the resistance of mass transfer and make it difficult for
water to escape at a higher speed.

In this sense, the moisture content of the product
also influences the vibration condition because the higher
the water availability in the product is, the higher the
vibration level of water molecules and, consequently, the
higher the drying rate due to an increased diffusivity.

The effective diffusion coefficient of sorghum
grains in relation to the drying air temperature was
represented by the Arrhenius expression, which provides
the Ea to R ratio, while the intersection with the ordinate
axis indicates the Do value (Figure 4). The activation
energy was calculated from the straight line of 27.32,
26.75, 22.55, and 20.94 kJ mol™!' for initial moisture
contents of 0.49, 0.40, 0.31, and 0.23 kg water kg ! dry
matter, respectively.

An increase in the initial moisture content of
sorghum grains led to an increase in the activation energy.
Botelho et al. (2015) worked with two sorghum cultivars
under moisture contents of 0.37 (BRS 308) and 0.39
(NIDERA A 9721) kg water kg™! dry matter and found
values of activation energy of 33.71 and 35.71 kJ mol !,
respectively. Both studies show that the highest
activation energy occurred in grains with higher initial
moisture content.
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FIGURE 4. Arrhenius representation for the effective diffusion coefficient as a function of drying air temperature (40, 60, 80,

and 100 °C) of sorghum grains at different moisture contents.

Resende et al. (2014) studied drying sorghum
cultivar AS4620 with an initial moisture content of
0.228+0.003 kg water kg ! dry matter at 40, 50, and 60 °C
under two different drying air speeds (0.5 and 1.0 m s™)
and observed that the diffusion coefficient increased as
drying air speed increased, i.c., from 0.638 x 107!! to 1.11
x 107" m? s7! for an air speed of 0.5 m s! and 1.024 x
107" t0 2.355 x 107" m? s”! for a drying air speed of 1.0 m
s! at the temperature range of 40 to 60 °C. Consequently,
this increase in diffusivity increased the activation energy
for the most diffusive condition, ranging from 27.12 to
42.05 kJ mol! for 0.5 to 1.0 m s™!, respectively, as observed
in the present study. Similar values for activation energy
were found for bean (27.16 k] mol™") (Morais et al., 2013).

Gely & Giner (2007) worked with soybean and
defined the activation energy for two drying temperatures,
i.e., temperatures higher and lower than 50 °C led to
values of activation energy of 28.80 and 16.60 kJ mol !,
respectively. As in the present study, the authors obtained
higher values of activation energy for a situation of higher
diffusivity. The authors attributed the increase of
activation energy to high molecular mobility, similar to
that observed for the drying of grain sorghum under
different moisture contents, in which grains with higher
moisture content had higher water mobility rate and,
consequently, higher diffusivity and increased activation
energy for the process to occur.

The highest energy consumption for drying
sorghum grains under different moisture contents is
attributed to the higher initial moisture content, as
according to the transformation energy theory, high
moisture content at the adsorbed and free states requires a
higher energy demand to grains of lower moisture content
for the desorption process to occur. According to Brooker et
al. (1974), the amount of energy absorbed by the material
during drying is directly related to its amount of water,
leading to an increase in temperature and water evaporation.

The difference in activation energy for drying grain
sorghum can also be explained by the glass transition

temperature (Tg), which varies as a function of the
chemical composition of food, such as starch, and may
influence texture stability and thickener and gelatinization
properties (Guillon & Champ, 2000), mainly of the
moisture content. Roos & Karel (1991) observed a
decrease in Tg as product moisture content increased, as
water causes a drastic reduction in Tg of food polymers.

A reduction in Tg causes different activation energy
values to occur for different product moisture contents.
Activation energy is weaker at lower temperatures due to
material rigidity, with less free volume available for
translational motion of water molecules. In addition,
drying at high temperatures makes the material softer and
more elastic, resulting in higher activation energy (Yang et
al., 2003). Sorghum grains with higher initial moisture
contents presented higher activation energy values due to
higher exposure to temperatures higher than Tg.

CONCLUSIONS

Effective diffusivity of sorghum grains increased at
the same drying temperature as the initial moisture content
of grains increased.

The activation energy was higher for grain sorghum
grains with higher initial moisture content, with values of
27.32,26.75, 22.55, and 20.94 kJ mol ™! for initial moisture
contents of 0.49, 0.40, 0.31, and 0.23 kg water kg™ dry
matter, respectively.
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