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Abstract

This work aimed to study the drying kinetics of canola seeds, fit mathematical models and obtain the effective diffusion coefficient.
Canola seeds with initial moisture content of 0.3653 (decimal, d.b.) were subjected to drying in a forced ventilation oven at
temperatures of 40, 60, 80 and 100 °C and relative humidity of 37.15, 16.93, 8.35, 4.41 and 2.47%, respectively. The samples were
dried on trays without perforations, containing approximately 77 g, in three replicates. A final moisture content of 0.080 + 0.004
(decimal, d.b.) was established to determine the drying curves and fit the mathematical models. The mathematical models were
selected considering the mean estimated error, chi-square, coefficient of determination, mean relative error, and Akaike (AIC) and
Bayesian (BIC) information criteria. Drying time decreased with increasing temperature. Based on the best values of the statistical
parameters and together with the Akaike and Bayesian information criteria, the Page model was selected to represent the drying
kinetics of canola seeds. The effective diffusion coefficients showed magnitudes between 0.153x10™ and 1.221x10™ (m2 s’l), and
their values increased with temperature increase, being described by the Arrhenius equation, with activation energy of 33.94 kJ
mol'l, an important piece of information to consider when designing drying equipment.

Keywords: desorption, mathematical modeling, oilseed, postharvest.
Abbreviations: db_dry basis; g_gramme; h_hour; AIC_akaike information criterion; BIC_schwarz’s bayesian information criterion;

SE_mean estimated error; xz_chi—square test; Rz_adjusted coefficient of determination; P_ mean relative error.

Introduction

Canola (Brassica napus L.) is an oilseed plant belonging to contributes to the execution of projects and sizing of
the Brassicaceae family and has stood out as an important equipment.

alternative species to produce seeds and grains in the winter Drying equipment should be designed considering the
period in the southern region of Brazil (Kriiger et al., 2011). following criteria: (i) the dryer must provide sufficient heat
Its seed has around 15% protein and 40% oil (Norton and for the evaporation of moisture from the samples, (ii)
Harris, 1975), being a promising source of renewable energy appropriate air flow must be provided to eliminate moisture
(Singh, 2011), as well as excellent nutritional quality for in the dryer, (iii) the surrounding conditions should not
human and animal consumption (Lin et al., 2013; Bergamin reduce the quality of the product, and (iv) adequate time
etal., 2011). required for satisfactory drying of the material should be
Given the economic potential of this crop, up to the present used (Avhad and Marchetti, 2016).

time several studies have been carried out on aspects such In recent years, there have been scientific efforts to
as yield (Rosa et al., 2011), adaptation (Lima et al., 2017), investigate the influence of different temperatures on the
cultivation (Fard et al., 2018), irrigation (Sanches et al., 2014) drying kinetics of several products, such as soybean grain
and oil quality (Fleddermann et al., 2013). However, there is (Botelho et al., 2018); Piper umbellatum L. leaves (Dorneles
limited information on the postharvest of this species. et al., 2019); Jatropha curcas L. seeds (Keneni et al., 2019);
Mathematical models allow evaluating and predicting the sunflower grains (Smaniotto et al.,, 2017); peanut fruit
behavior of various materials during the drying process, (Araujo et al., 2017); cowpea seeds (Camicia et al., 2015).
being described by theoretical, semi-theoretical and Among the different indices used to evaluate the drying
empirical equations. According to Corréa et al. (2011), fitting kinetics of agricultural products, one of the most important
mathematical models to experimental data is essential to is the diffusion coefficient. This index makes it possible to
predict and simulate the behavior of products subjected to a evaluate and compare the drying rate of products with
given process. For simulation, whose principle is based on different sizes, shapes and textures (Botelho et al., 2015).
the drying of successive thin layers of the product, a Therefore, this study aimed to describe the drying behavior
mathematical model that satisfactorily represents the water of canola seeds, by fitting different mathematical models to
loss of the product during the process is used (Berbert et al., the experimental drying data, select the one which best
1995). Therefore, using mathematical models for drying represents the phenomenon, and determine the effective
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diffusion coefficient and the activation energy of the
process.

Results and Discussion
Drying time

The times required for canola seeds to reach the moisture
content of 0.080 * 0.004 (d.b.) were 10.83, 4.87, 2.17 and
1.5 h for the drying temperatures of 40, 60, 80 and 100 °C,
respectively. This result shows that the increase in air
temperature leads to reduction in the drying time of the
seeds, so the moisture content ratio decreases abruptly with
the increase in drying temperature (Figure 1).

Mathematical modeling

The mathematical models had high coefficients of
determination, above 0.99 (Table 1). Models with high
coefficients of determination indicate a satisfactory
representation of the drying process. It is worth pointing out
that the models with highest coefficients of determination
were Wang and Singh, Page and Midilli, regardless of the
temperature studied. When analyzed alone, the coefficient
of determination (RZ) does not constitute a good criterion to
select nonlinear models (Madamba et al., 1996). Thus, the
values for the mean estimated error, chi-square and mean
relative error were considered.

In relation to the mean estimated error (SE), all models had
values below 0.0267, which is satisfactory for their good fit
to the experimental data. It is also verified that, among the
analyzed models, the lowest value for chi-square test ()(2)
was obtained by the Page model, while the highest values
were obtained by the Thompson and Two-term exponential
models, and the higher the value of xz, the greater the
discrepancy between the experimental values and the
expected values (Molina Filho et al., 2006). Thus, the chi-
square value is related to the quality of the model fit to the
experimental data. In general, the models of Wang and
Singh, Page and Midilli showed the lowest values of chi-
square.

It should be pointed out that, for the models to adequately
represent the drying phenomenon, the mean relative error
(P) should be lower than 10% (Mohapatra and Rao, 2005).
Thus, all the models evaluated in this study satisfactorily
represent the drying kinetics. However, Wang and Singh,
Page and Midilli had the lowest mean relative errors at all
temperatures. For the temperature of 80 2C, the Two terms
and Approximation of Diffusion models also stood out.
Considering the lowest values of AIC and BIC for one of the
selection criteria (Table 2), it can be noted that the Page
model showed the lowest values. Based on that and on the
fitting criteria analyzed previously, this model was the best
fitted to the experimental data, hence being selected to
represent the desorption curves of canola seeds.

Several criteria can be used to fit mathematical models to
drying data, and AIC and BIC constitute an additional
method to strengthen and endorse the decision-making.
Several studies have been conducted nowadays and also
satisfactorily indicate the use of AIC and BIC to select the
best mathematical model to predict postharvest processes,
such as: drying of the crushed mass of ‘jambu’ (Acmella
oleracea) (Gomes et al., 2018); determination of sorption
isotherms of Hymenaea stigonocarpa Mart. seeds (Ferreira
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Junior et al., 2018); drying kinetics of biofortified pulp of
sweet potato (lpomoea batatas Lam.) (Souza et al., 2019);
and drying kinetics of leaves of spiked pepper (Piper
aduncum L.) (Quequeto et al., 2019).

The drying curves of canola seeds estimated by the Page
model are presented in Fig. 2. This model satisfactorily fitted
to the experimental values obtained during the drying of
canola seeds, demonstrating that the moisture content at
the beginning of the process is exponentially reduced to a
final moisture content of 0.080 + 0.004 (d.b.). At the end of
the drying, the interaction between water and dry matter
becomes stronger as the moisture content of the product
decreases (Siles et al., 2015). It is observed in the present
study that the drying time is directly associated with air
temperature and that the reduction of moisture content is
faster at the beginning of the drying process.

The parameters “k” and “n” of the Page model were
significant at 1% probability level by t-test at all
temperatures analyzed. The values of these parameters are
represented in Egs. 12, 13, 14 and 15 for the temperatures
of 40, 60, 80 and 100 °C, respectively.

RX = exp (-0.161556 x

401.058301) (12)
2())(;)%8% )(-0.325076 x 13)
:élisesﬁg )(—0.732860 X a4)
U o 03298 s

It can be observed that the magnitude of the drying constant
(k), which represents the effect of the external drying
conditions, increased with the increment in drying air
temperature. The drying constant (k) can be used as an
approximation to characterize the effect of temperature and
is related to the effective diffusivity in the drying process in
the falling rate period and to the liquid diffusion which
controls the process (Madamba et al., 1996; Babalis and
Belessiotis, 2004).

Effective diffusion coefficients (D)

During the drying process, the effective diffusion coefficients
(D) showed magnitudes from 0.153 x 10™ to 1.221 x 10™
m” s and their values increase with the increment in drying
air temperature (Fig. 3). The values of the diffusion
coefficient calculated for canola seeds are consistent with
those reported in the literature for the drying of agricultural
products, which range from 10° to 10™ m?s™ (Madamba et
al., 1996).

The effective diffusion coefficient of canola seeds increased
linearly with the increment in drying air temperature,
demonstrating a greater intensity of the phenomenon of
water transport from the interior to the periphery of the
seed, corroborating the results obtained by other
researchers (Botelho et al.,, 2015; Smaniotto et al.,, 2017;
Quequeto et al., 2019). This phenomenon occurs because
the increase of temperature reduces water viscosity, a
measure of resistance, which leads to alterations in the
diffusion of water in the capillaries of the product, favoring
the displacement of this fluid from the interior to the
periphery (Araujo et al., 2017).

The dependence of the effective diffusion coefficient of
canola seeds on the drying air temperature was represented
by the Arrhenius expression, as illustrated in Figure 4.



Table 1. Values for the mean estimated error (SE, decimal), chi-square test (xz, decimal x 10™), adjusted coefficients of
determination (RZ, %) and mean relative error (P, %) calculated for the eleven models used to represent the drying kinetics of
canola seeds (Brassica napus L.)

40 °C 60 oC
Models SE X P R’ SE X P R’
(1) 0.0073 0.53 1.42 0.9994 0.0052 0.27 1.177 0.9997
() 0.0104 1.07 2.04 0.9988 0.0070 0.50 1.370 0.9995
3) 0.0128 1.64 2.27 0.9981 0.0143 2.03 3.119 0.9977
(4) 0.0080 0.65 1.63 0.9992 0.0046 0.21 0.984 0.9998
(5) 0.0125 1.56 2.26 0.9981 0.0138 1.90 3.118 0.9977
(6) 0.0073 0.53 1.16 0.9994 0.0049 0.24 0.980 0.9998
7 0.0100 1.00 1.91 0.9989 0.0064 0.41 1.300 0.9996
(8) 0.0107 1.14 1.93 0.9987 0.0103 1.06 2.007 0.9988
(9) 0.0128 1.64 2.26 0.9981 0.0143 2.03 3.118 0.9977
(10) 0.0099 0.98 1.86 0.9990 0.0111 1.23 2.007 0.9988
(11) 0.0131 1.72 2.29 0.9981 0.0070 0.50 1.370 0.9995
80 °C 100 C
(1) 0.0140 1.95 2.305 0.9976 0.0109 1.19 2.883 0.9987
() 0.0190 3.60 3.401 0.9959 0.0166 2.74 4.425 0.9973
(3) 0.0245 6.01 4.349 0.9925 0.0267 7.15 6.189 0.9920
(4) 0.0119 1.41 2.566 0.9982 0.0133 1.78 3.458 0.9980
(5) 0.0234 5.46 4347 0.9925 0.0255 6.50 6.187 0.9920
(6) 0.0106 1.12 2.008 0.9989 0.0146 2.13 3.310 0.9981
7 0.0167 2.79 3.088 0.9969 0.0169 2.85 4543 0.9971
(8) 0.0187 3.48 3.303 0.9956 0.0237 5.64 5.272 0.9937
(9) 0.0245 6.01 4347 0.9925 0.0267 7.15 6.187 0.9920
(10) 0.0111 1.24 1.907 0.9988 0.0173 2.99 4383 0.9973
(11) 0.0105 1.10 1.903 0.9988 0.0166 2.74 4.425 0.9973
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Fig 1. Moisture content ratio of canola (Brassica napus L.) seeds along the drying time under four conditions of air temperature.

Table 2. Akaike information criterion (AIC) and Schwarz’s Bayesian information criterion (BIC) values calculated for the eleven
models used to represent the drying kinetics of canola (Brassica napus L.) seeds

Vodel 40°C 60 °C 80°C 100°C
oaels AIC BIC AIC BIC AIC BIC AIC BIC

Wang and Singh 127.05 123.64 126,50 12401 6463 6318 6212  -60.58
Verma -150.12 -148.13 -127.30 -130.42 4460 4198  -52.40  -51.20
Thompson -128.40 -126.32 -120.38 -124.41 4390  -4523 4926  -48.36
Page -152.77 -149.89 -131.06 -133.56 67.85  -99.82 6577  -64.31
Newton -133.37 131.10 -94.39 92.72 5311 5214  -51.05  -50.08
Midilli -150.61 -145.28 127.12 -122.96 6298  -67.56 6230  -59.88
Logarithmic -141.88 -137.34 -118.74 -115.40 5959  -57.65  -59.36  -57.42
Henderson and Pabis -137.05 -133.64 -103.41 -100.91 5766  -56.21  -51.90  -50.45
Two-term exponential -150.82 -147.41 -130.29 -127.79 -52.55 -49.38 -56.30 -54.20
Two terms -152.37 -146.69 -128.51 -124.35 3860  -3630  -52.40  -51.20
Approximation of diffusion -150.92 147.82 -129.90 12235 53.80  -52.70 5526  -58.15
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Fig 2. Values of moisture content obtained experimentally and estimated by the Page model for the drying of canola (Brassica
napus L.) seeds under the different temperature conditions.

Table 3. Mathematical models used to predict the drying of agricultural products.

Model designation Model

RX=1+a.t+b.t? Wang and Singh (Wang and Singh, 1978) (1)
RX =-a.exp(-k.t)+(1.-a) exp(-k;.t) Verma (Verma et al., 1985) (2)

05

RX = exp -a-(:ﬁ# Thompson (Thompson et al., 1968) (3)
RX = exp(-k . t") Page (Page, 1949) (4)
RX = exp(-k . t) Newton (Lewis, 1921) (5)
RX=a.exp(-k.t") +b.t Midilli (Midilli, 2002) (6)
RX=a.exp(-k.t)+c Logarithmic (Yagcioglu et al., 1999) (7)
RX =a.exp(-k.t) Henderson and Pabis (Henderson and Pabis, 1961) (8)
RX=a.exp(-k.t)+(1.-a)exp(-k.a.t) Two-term exponential (Sharaf-Eldee et al., 1980) (9)
RX =a.exp(-kg. t)+b . exp(-k;. t) Two terms (Henderson, 1974) (10)
RX=a.exp(-k.t)+(1-a)exp(-k.b.t) Approximation of diffusion (Kassem, 1998) (11)

t: drying time, h; k, ko, ki: drying constants, h'l; a, b, ¢, n: coefficients of the models.
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Fig 3. Mean values of effective diffusion coefficient (m? s™), obtained for the drying of canola (Brassica napus L.) seeds at
temperatures of 40, 60, 80 and 100 °C.
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Fig 4. Arrhenius representation of the effective diffusion coefficient obtained for the drying of canola (Brassica napus L.) seeds at

temperatures of 40, 60, 80 and 100 °C.

Activation energy

The activation energy obtained for the drying phenomenon
of canola seeds was 33.94 kI mol® for the temperature
range evaluated in this study, of 40, 60, 80 and 100 °C. The
activation energy indicates the ease with which water
molecules overcome the energy barrier during their
movement within the product (Corréa et al., 2007). Hence,
the lower the activation energy, the greater the diffusivity of
water in the product.

Eqg. 16 presents the coefficients of the equation fitted for the
effective diffusion coefficient of canola seeds, calculated
according to the expression 27.

33939.2204)

D =6.8929 x 107 exp (
RxT,

(16)

The activation energy found in this study was lower than
that obtained by Camicia et al. (2015) for cowpea, 35.04 kJ
mol'l, and higher than the value reported by Oliveira et al.
(2012) for corn, 19.09 kJ mol™. These different values of
activation energy for the products can be attributed to their
physical and biological characteristics (Martins et al., 2015),
as well as to the more unstable binding of water to the
chemical components of canola, since it is an oilseed crop.

Materials and Methods
Conduction of the research

The study was carried out in the Laboratory of Postharvest
of Plant Products, at the Federal Institute of Education,
Science and Technology of Goias - Campus of Rio Verde and
Campus of Ipora, GO, Brazil. Seeds of the canola hybrid
Hyola 430 with initial moisture content of 0.3653 (decimal,
d.b.) were used. Drying was carried out in a forced
ventilation oven under different controlled conditions of
temperature, 40, 60, 80 and 100 °C, and relative humidity,
37.15, 16.93, 8.35, 4.41 and 2.47%, respectively. The seeds
were dried on trays without perforations containing
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approximately 77 g of product, forming a layer with
thickness of around 2 cm.

Drying kinetics

For the determination of the drying curves and fitting of the
models, a final moisture content of 0.080 + 0.004 g (decimal,
d.b.) was established. The moisture contents were
determined in an oven at 105 + 3 °C for 24 h (BRASIL, 2009).
The hygroscopic equilibrium of canola was determined using
three replicates containing 10 g, kept under the specific
conditions of drying and periodically weighed until constant
weight. The moisture content ratios of the product were
determined by Eq. 17:

X - X,

RX=——¢%
Xi_Xe

where:

RX - moisture content ratio, dimensionless

X - moisture content of the product at a certain drying time
(decimal, d.b.)

X; - initial moisture content of the product (decimal, d.b.)

Xe - equilibrium moisture content of the product (decimal,
d.b.)

The drying kinetics of canola seeds was represented by the
models frequently used to describe the drying of agricultural
products (Table 3).

Mathematical modeling

The mathematical models were fitted by means of nonlinear
regression analysis using the Gauss-Newton method and
were selected considering the mean estimated error (SE),
chi-square test (xz), mean relative error (P), and the
magnitude of the coefficient of determination (R2).



Where:

Y - experimental value;

Y. value estimated by the model;

N - number of experimental observations; and

DF - degrees of freedom of the model (number of
experimental observations minus the number of coefficients
of the model).

In order to select a single mathematical model to describe
the drying process, the models that obtained the best fits
were subjected to the Akaike information criterion (AIC) and
Schwarz’s Bayesian information criterion (BIC).

The Akaike criterion (AIC) is used to compare non-nested
models or when three or more models are being compared.
Lower AIC values reflect better fitting (Akaike, 1974),
according to Eq. 21:

AIC=-2.log (L) +2.p (21)

where: p is the number of parameters, log is the value of the
logarithm and L is the likelihood function considering the
estimates of the parameters.

The Schwarz’s Bayesian information criterion (BIC), Equation
22, also considers the degree of parameterization of the
model, and likewise, the lower the value of BIC (Schwarz,
1978), the better the fit of the model. It is an asymptotic
criterion, whose adequacy is strongly related to the sample
size magnitude. In relation to the penalty applied to the
number of parameters, it is stricter than that of AIC for small
samples.

BIC=-2.log (L) +p.log (n)

where: n is the number of observations used to fit the curve.

Effective Diffusion Coefficient (D)

The model of liquid diffusion for the spheroidal geometric
shape, with eight-term approximation, was fitted to the
experimental data of drying of canola seeds, according to Eq.

23:
X=X, & 4 A2.D-t (2
RX=——"2 =) _axp|——2~-— .| =
X, —X, nz_l:xﬁ P 4 (rj
where:

D - liquid diffusion coefficient, m?s?

n - number of terms

r - equivalent radius, m

A, - roots of the zero-order Bessel equation

The equivalent radius of the seeds was determined by Eq.
24:

313xVq
r: —_—
4xm

(22)
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Where:
V, - volume of seeds, mm>

(18)
The volume of each seed (V) was obtained by measuring the
three orthogonal axes (length, width and thickness) in
fifteen seeds at the end of the drying, usiﬁ% digital caliper

with resolution of 0.01 mm, according to Eq. 25:
V.= nxAxBxC
s” 6
(20)

where:

A - length, 1.75 mm

B - width, 1.65 mm

C - thickness, 1.63 mm

Activation energy (E,)
The relationship between the increase in the effective
diffusion coefficient and the elevation of the drying air
temperature was described by the Arrhenius equation.
D=Dg-exp _—Fa_
R- Tab

Where:

D, - pre-exponential factor

E, - activation energy, kJ mol™*

R - universal gas constant, 8. 314 kJ kmol™. K*
T, - absolute temperature

The Arrhenius expression coefficients were linearized by
applying the logarithm in the following form:

E 1
LnD = LnDg-—& . —

R Tab

Conclusions

The Page model fitted best to the data and was selected to
describe the drying kinetics of canola seeds.

The effective diffusion coefficient tends to increase with
increasing temperature, ranging from 0.153x10™ to
1.221x10™ m?* 7, being described by the Arrhenius
equation and with activation energy of 33.94 kJ mol™.
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