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ABSTRACT: The objectives of this study were to describe the process of drying niger seeds 

through the fitting of different mathematical models to the experimental drying data, to select the 

best model that represents the phenomenon, and to determine the diffusion coefficients and 

thermodynamic properties of the product. Seeds with an initial moisture content of 0.42 (d.b) were 

collected and dried at 40o, 50o, 60o, 70o, and 80ºC in a fixed bed experimental dryer. After drying, 

different mathematical models were fitted to determine the diffusion coefficient by applying liquid 

diffusion theory, which allowed for calculation of the energy activation, enthalpy, entropy, and 

Gibbs free energy values. The Page model was selected to represent the drying process of niger 

seed drying, as it is a traditional and simple model. The effective diffusion coefficient increased as 

the temperature increased. The activation energy for liquid diffusion at the temperature range of 

40oC to 80ºC was 46.83 kJ mol-1. The enthalpy and entropy specific values decreased as the drying 

air temperature increased. The Gibbs free energy values also increased as the drying air temperature 

increased. 

 

KEYWORDS: activation energy, effective diffusion coefficient, Guizotia abyssinica Cass, 

mathematical models. 

 

 

INTRODUCTION 

Niger (Guizotia abyssinica Cass) is an annual erect shrub that is mainly cultivated because of 

the high oil content of the seeds. Some countries that use large amounts of vegetable oil, such as 

Ethiopia and India, are major producers of this crop, and cultivate it in conventional agricultural 

systems.  

Oleaginous plants have been introduced as winter crops in Brazil, especially in the Central-

West region of the country, in areas previously under fallow; thus, niger ranging from 30% to 40% 

in oil content (Ghane et al., 2012; Ramadan 2012) has a great potential to be cultivated in this 

region (Gordin et al., 2012). The oil from niger seeds can be used for several industrial purposes, 

such as making soaps, paints, and lubricants, and can also be used as raw material in biodiesel 

production. 

One of the main postharvest steps is to dry the agricultural products. Drying can be defined as 

a process that involves simultaneous energy and mass transfer between the product and the drying 

air. Drying also consists of the removal of excess water contained in the seed by evaporation, which 

is generally achieved by forced convection of warm air. 

Drying rates of agricultural products are defined by a thin layer drying tests, which is 

achieved by recording  mass losses that occur in a sample during water removal. 

Several models have been fitted in an attempt to describe the drying process of agricultural 

products. Such models include the Midilli, Page, Thompson, Verma, Henderson and Pabis, 

logarithmic, two-term, two-term exponential, Newton, Wang and Singh, diffusion approximation, 

and Valcam models (Mohapatra & Rao, 2005; Kashaninejad et al., 2007; Goneli et al., 2009; Corrêa 

et al., 2010; Resende et al., 2011; Prates et al., 2012; Reis et al., 2012; Siqueira et al., 2012a; 

Siqueira et al., 2012b; Isquierdo et al., 2013; Santos et al., 2013). 
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Activation energy is defined as the least amount of energy required for water molecules to 

surpass energy barriers during migration inside of a product with consideration of diffusion 

mechanisms. During drying, low activation energy corresponds to a fast speed of water removal 

from the product (Resende et al., 2011). 

 

Liquid diffusion theory assumes that there is no influence from capillarity, ignores the effects 

of energy and mass transfer from one body to another, and also considers that the bodies will reach 

instantaneous thermal equilibrium with the air (Faria et al., 2012). The effective diffusion 

coefficient describes the speed of water exit from the seed.  Diffusivity varies according to the 

drying conditions, but it is not intrinsic to the material, and is generally referred to as effective 

diffusivity (Oliveira et al., 2006).  

Specific enthalpy, specific entropy, and Gibbs free energy are among the thermodynamic 

parameters analyzed during the drying process of agricultural products. These parameters have been 

studied in several crops (Jideani & Mpotokwana, 2009; Corrêa et al., 2010; Oliveira et al., 2013; 

Oliveira et al., 2014a; Oliveira et al., 2014b).   

The drying of agricultural products is a process used to assure their quality and storability. 

Considering that mathematical modeling is a means to represent the product  drying process, it can 

contribute to its description. The objectives of the present study were to describe the drying process 

of niger seeds by fitting different mathematical models to the drying experimental data, to select the 

best model that represents the phenomenon, and to determine the diffusion coefficient and 

thermodynamic properties of the product.  

 

MATERIAL AND METHODS 

This study was conducted at the Laboratory of Physical Properties of Agricultural Products 

and at the Laboratory of Preprocessing and Storage of Agricultural Products of the Federal 

University of Grande Dourados (Universidade Federal da Grande Dourados - UFGD). To conduct 

the experiment, niger (Guizotia abyssinica Cass) seeds were cultivated in the UFGD experimental 

area, located in Dourados, Mato Grosso do Sul, Brazil. 

The capitula were manually harvested and threshed. Next, seeds with a moisture content of 

approximately 0.42 d.b were sent to the laboratory where they were subjected to drying tests. 

The niger seeds were dried with forced air flow utilizing a fixed bed experimental dryer 

regulated and maintained at 40o, 50o, 60o, 70o, and 80°C. During the drying process, four trays with 

a perforated bottom containing 0.01kg of sample each were weighed at the beginning and during  

drying until the process was stopped. The drying process was concluded when the moisture content 

of the product was equal to 0.086 ± 0.5 (d.b).  

The air temperature during drying was monitored using a thermometer allocated inside of the 

dryer. The relative humidity at that place was obtained by applying the basic principles of 

psychrometrics. The external environmental conditions were monitored using a psychrometer along 

with the GRAPSI computational program. The speed of the drying air, which was monitored with 

using an anemometer with rotating blades, was maintained at approximately 0.85 m s-1. 

To study the kinetics of niger seed drying, the moisture ratio of the product was determined 

for each drying condition (Equation 1): 

i

e

e

X X
RX = 

X X




           (1) 

where, 

RX – moisture ratio of the product, non-dimensional; 

X – moisture content of the product at a specific time point,  dry basis (d.b); 

Xi – initial moisture content of the product, d.b, and 
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Xe – equilibrium moisture content of the product, d.b. 

 

The equilibrium moisture content of the seeds was obtained experimentally. The product was 

exposed to the same drying temperature until its mass was considered constant during three 

consecutive weightings of 60 minutes. 

The obtained experimental drying data were fitted using mathematical models that are 

frequently utilized to represent the drying of agricultural products, as shown in Table 1. 

 

TABLE 1. Mathematical models used to predict the drying of agricultural products. 

Model designation Model  
2RX = 1 a t b t   Wang and Singh (2) 

0.5a (a² 4 b t)
RX= exp

2 b

  
 Thompson (3) 

 nRX = exp k t  Page (4) 

 RX = a exp k t c   Logarithmic  (5) 

RX = a exp( k t)  Henderson and Pabis (6) 

RX a exp( k t) (1 a)exp( k b t)      Diffusion approximation (7) 

   0 1RX = a exp k  t +b exp k  t   Two-term (8) 

1.5 2RX a b t c t d t   
 

Valcam (9) 

t - drying time, h; 0 1k, k , k - drying constants, h-1, and a, b, c, n - model coefficients. 

 

The effective diffusion coefficient of niger seeds was calculated for the different drying 

conditions using [eq. (10)], which is based on liquid diffusion theory. It represents an analytical 

solution for Fick’s second law, considering the geometric shape of the product as spherical with 

eight terms for approximation. 

The effective diffusion model for the spherical geometric form, considering a seed mean 

equivalent radius of to 1.1365mm, was obtained by non-linear regression (Equation 10). 

t

2
2 2

e t i

2 2
n 1i e t e

X X n   D  t6 1 3
RX =  exp

X X n 9 R





   
   

     
    (10) 

where, 

Di – liquid diffusion coefficient, m2 s-1; 

Re – sphere equivalent radius, m, and 

n – number of terms. 

 

To calculate the sphere equivalent radius used in the effective diffusion model (Equation 10), 

the three orthogonal axes of the niger seeds were measured, which included the length (a), width 

(b), and thickness (c). A total of 50 seeds were randomly chosen and measured with the aid of a 

digital micrometer with a resolution of 0.0001mm. 

The volume of each seed was calculated based on the perpendicular diameters using           

[eq. (11)]: 

g

a b c
V

6

 
  

 
                  (11) 

where, 

Vg: seed volume, mm3; 
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a: length, mm; 

b: width, mm; and 

c: thickness, mm. 

 

The Arrhenius equation was applied to evaluate the effect of temperature on the effective 

diffusion coefficient: 

a
i 0

a

E
D D exp

R T

 
  

 
       (12) 

where, 

Do – pre-exponential factor, 

R – universal gas constant, 8.314 kJkmol-1 K-1, 

Ta – temperature, K, and 

Ea – activation energy, kJ mol-1. 

 

The thermodynamic properties of the niger seed drying process (Equations 13, 14 and 15) 

were obtained using the method described by Jideani & Mpotokwana (2009): 

h = E - RTa                                (13) 

B
0

p

k
s = R ln D - ln - lnT

h

 
 
 
 

                                (14) 

aG = h - T S                                 (15) 

where, 

h – enthalpy, J mol-1; 

s – entropy, J mol-1; 

G – Gibbs free energy, J mol-1; 

kB – Boltzmann constant, 1.38 x 10-23J K-1, and 

hp – Planck constant, 6.626 x 10-34J s-1. 

 

The experimental drying kinetics data were subjected to regression analysis and selection of 

the appropriate model to express the relationship among the studied variables. 

The STATISTICA 7.0. was used to fit the mathematical models to the experimental data. To 

analyze the fit of each model, the magnitudes of the coefficient of determination of the relative 

mean error, standard deviation of the estimate, and distribution of the residuals were considered. 

The values of the relative mean error (P) and the standard deviation of the estimate (SE) were 

calculated as described in eqs 16 and 17, respectively: 

Y Y100
P

n Y

 
 
 
 

  (16) 

 
2

Y Y

SE
DF






 
(17) 

where, 
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Y – observed experimental value; 

Ŷ – value estimated by the model; 

N – number of experimental observations, and 

DF – degrees of freedom of the model (number of observations minus the number of model 

parameters). 

 

RESULTS AND DISCUSSION 

The standard deviation of the estimate (SE), relative mean error (P) and coefficient of 

determination (R2) are presented in Table 2. These parameters were used in the comparisons for the 

eight models, which were fit according to the experimental moisture ratio data obtained during the 

drying of niger seeds at different temperatures. 

 

TABLE 2. Statistical parameters obtained for the eight models used in the drying of niger seeds.  

Models 
40 °C 50 °C 60 °C 70 °C 80 °C 

SE P R² SE P R² SE P R² SE P R² SE P R² 

(2) 0.079 32.08 0.94 0.062 14.84 0.95 0.046 13.66 0.98 0.074 14.71 0.94 0.051 13.43 0.97 

(3) 0.013 5.47 0.99 0.010 1.93 0.99 0.005 1.38 0.99 0.019 4.34 0.99 0.037 5.37 0.99 

(4) 0.006 1.77 0.99 0.003 0.58 0.99 0.009 2.49 0.99 0.013 2.52 0.99 0.040 6.37 0.98 

(5) 0.022 6.96 0.99 0.020 4.09 0.99 0.010 2.43 0.99 0.038 6.89 0.99 0.037 5.41 0.99 

(6) 0.030 12.54 0.99 0.037 9.07 0.98 0.026 8.96 0.99 0.052 10.47 0.97 0.047 11.82 0.98 

(7) 0.006 2.97 0.99 0.008 1.83 0.99 0.006 1.49 0.99 0.009 2.05 0.99 0.037 5.15 0.99 

(8) 0.007 2.96 0.99 0.008 1.77 0.99 0.006 1.51 0.99 0.009 2.05 0.99 0.041 5.48 0.99 

(9) 0.014 4.53 0.99 0.011 1.94 0.99 0.007 1.60 0.99 0.028 5.12 0.99 0.043 5.74 0.99 

 

The fitted models exhibited coefficient of determination values (R2) close to 0.98, except for 

the Wang and Singh model, for which only the results at a temperature of 60 °C were satisfactory. 

According to Madamba et al. (1996), values close to 0.98 reflect good model fit for representing the 

drying process. However, these authors also note that the use of the coefficient of determination 

(R2) as the only criterion to select non-linear models is not a good parameter to represent the drying 

phenomenon. Therefore, a joint analysis including other statistical parameters was conducted. 

Among the models applied to predict the niger seed drying process, the Henderson and Pabis 

and the Wang and Singh models exhibited relative mean error values greater than 10%. According 

to Kashaninejad et al. (2007), the values of the relative mean error indicate the deviation of the 

observed values relative to the estimated curve of the model. Mohapatra & Rao (2005) state that 

models with relative mean error values greater than 10% are inadequate to describe a specific 

phenomenon. 

The Wang and Singh and Henderson and Pabis models stood out from the other models 

because they exhibited the highest SE values for all drying conditions. Given that this statistical 

parameter indicates the ability of a model to accurately describe a certain physical process, and that 

a smaller magnitude of SE corresponds to a higher quality of fit to the observed data (Siqueira et al., 

2012a), these two models do not adequately represent the niger seed drying process. 

The residual distribution trends for the models fitted to the experimental data for niger seed 

drying are presented in Table 3. 
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TABLE 3. Residual distribution trends for the eight models fit to the experimental data for niger 

seed drying.  

Mathematical models 
Temperature (°C) 

40 50 60 70 80 

Wang and Singh Biased Biased Biased Biased Random 

Thompson Biased Random Random Random Random 

Page Random Random Random Random Random 

Logarithmic  Biased Biased Random Biased Random 

Henderson and Pabis Biased Biased Biased Biased Random 

Diffusion approximation Random Random Random Random Random 

Two-term Random Random Random Random Random 

Valcam Biased Random Random Random Random 

 

Table 3 shows that the Page, diffusion approximation, and two-term models displayed a 

random residual distribution under all drying conditions. Thus, these three models had the best fit to 

the experimental data for niger seed drying. 

Figures 1A and 1B show the distributions of the residuals (random for the Page model and 

biased for the Wand and Singh model) during the modeling of niger seed drying. 

 

A. B. 

  

FIGURE 1. Distributions of the residuals: random for the Page model (A) and biased for the Wand 

and Singh model (B) during the drying process of niger seeds.  

 

Among the three models that meet the statistical requirements and that are recommended to 

represent the thin-layer drying of niger seeds, the Page model is the simplest and most traditional 

model. The simplicity of the Page model is related to the fewer number of parameters that it 

requires, and its common use is related to its continued recommendation and application to 

represent the thin-layer drying process for various agricultural products, including jatropha fruit 

(Siqueira et al., 2012a), pistachio nuts (Kashaninejad et al., 2007), hulled coffee beans (Goneli et 

al., 2009), and cactus pear (Madureira et al., 2011). 

Figure 2 presents the comparisons between the estimated and observed moisture ratio values 

using the Page model for all thin-layer drying air conditions for niger seeds. For all studied 

temperatures, the Page model provided a good fit for describing the drying kinetics for this crop. 
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FIGURE 2. Observed and estimated moisture ratio values using the Page model for thin-layer niger 

seed drying under different temperatures.  

 

The Page model showed excellent fit and fidelity with respect to the behavior of niger seed 

drying (Figure 3). Additionally, higher temperatures led to shorter drying times. This behavior is 

due to the higher rate of water removal from the product under higher temperatures because of an 

increased difference between the water vapor pressure of the air and the seeds. The same behavior 

has been observed in other studies, such as the works of Siqueira et al. (2012b) and Resende et al. 

(2014). 

 

  

FIGURE 3. Moisture ratio values estimated by the Page model for thin-layer niger seed drying. 

 

The decrease in the seed moisture ratio is greater at the beginning of the process for all the 

drying temperatures tested. As the drying process continues, the release of water from the seed 

occurs with greater difficulty because the water is strongly bound to the product. This causes the 

moisture ratio curve to display the pattern shown in Figure 3. 

The parameters of the Page model fit to the experimental data for niger seed drying under 

different temperature conditions are presented in Table 4. 
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TABLE 4. The Page model parameters for different temperatures used during niger seed drying.  

Temperature (°C) 
Parameters 

k N 

40 1.115661 0.807568 

50 1.485567 0.761612 

60 2.700678 0.848577 

70 3.323381 0.673447 

80 5.848469 0.862072 

 

The “n” parameter does not display a defined behavior. However, the “k” parameter increased 

as the drying air temperature increased. Because of its progressive increase with the increase in 

drying air temperature, the behavior of “k” can be described by [eq. (18)]: 

     k = 0.113x – 3.877                            R2 = 0.906                                                                    (18) 

 

Equation 18, used to describe the “k” coefficient values of the Page model as a function of air 

temperature, showed a good fit, having a coefficient of determination value of 0.906. 

Using [eq. (18)] for the “k” coefficient and the mean value of the “n” coefficient from the 

Page model, the moisture content of the product for all drying air conditions tested can be estimated 

using [eq. (19)]: 

    0.790656

e i eX = X + X  - X  exp 0.113x - 3.8873  t

 

(19) 

where, 

t – drying time, h, and 

x – drying air temperature, ºC. 

 

The mean effective diffusion coefficient values obtained during the drying of niger seeds for 

different temperature conditions are presented in Table 5, considering a seed equivalent radius equal 

to 1.1365mm. 

 

TABLE 5. Mean effective diffusion coefficient values as a function of the niger seed air drying 

temperature.  

Temperature (ºC) D x 10-11 (m2 s-1) 

40 2.3273 

50 3.2761 

60 6.7006 

70 11.7050 

80 15.6915 

 

Table 5 shows that the effective diffusion coefficients increased as the temperature increased. 

A similar behavior was observed by Goneli et al. (2009) for the drying kinetics of hulled coffee. 

The authors highlighted that as the temperature increases, the water viscosity decreases. Viscosity is 

a measure of a fluid’s resistance to flow. Variations in this property imply changes in water 

diffusion in the capillaries within the seed that favor the movement of this fluid inside the product. 

The effective diffusion coefficient for the niger seeds under the different drying temperatures 

varied between 2.3273 x 10-11m2.s-1 at 40ºC and 15.6915 x 10-11m2.s-1 at 80ºC. According to 

Madamba et al. (1996), the effective diffusion coefficient for the drying of agricultural products 

varies from 10-9 to 10-11m2.s-1. Therefore, the values calculated for niger seed were within the range 

established by that study. 
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Figure 4 presents the Ln (D) values as a function of the inverse absolute temperature for the 

niger seeds. The decreasing linearity observed is evidence of the uniform variation in the drying rate 

within the studied temperature range. The slope of the Arrhenius curve represents the Ea ratio, 

whereas its intersection with the y-axis indicates the Do value. 

 

  

FIGURE 4. Arrhenius representation of the effective diffusion coefficient as a function of different 

niger seed drying temperatures.  

 

Equation 20 presents the Arrhenius equation coefficients adjusted to the effective diffusion 

coefficient of niger seeds, calculated according to [eq. (12)]. 

-3

i

a

46.834
D  = 1.4155 10  exp

R T

 
 
 

       (20) 

The activation energy considering the diffusion mechanisms for the temperature range from 

40o to 80ºC during niger seed drying was 46.834kJ.mol-1. This value is higher than the values 

observed for other oleaginous products, e.g., 24.78 and 28.47kJ.mol-1 observed by Sousa et al. 

(2011) and Duc et al. (2011) for forage turnip and canola, respectively. 

Table 6 shows the values of the thermodynamic properties specific enthalpy (h), specific 

entropy (s), and Gibbs free energy (G) calculated for the niger seed drying process. 

 

TABLE 6. Thermodynamic properties of the niger seed drying process.  

T (°C) h (kJ mol-1) s (kJ mol-1 K-1) G (kJ mol-1) 

40 44.2304 -0.2999 138.1336 

50 44.1473 -0.3001 141.1335 

60 44.0641 -0.3004 144.1360 

70 43.9810 -0.3006 147.1409 

80 43.8979 -0.3009 150.1483 

 

The specific enthalpy values decreased as the drying air temperature increased. This pattern 

can be explained by the fact that an increase in the drying air temperature causes an increase in the 

partial water vapor pressure in the seed while the air water vapor pressure remains constant during 

the air heating process.  

Thus, there is an increase in the intensity of water movement from inside the product to its 

surface, making faster the drying process. This behavior is associated with the effective diffusion 

coefficient (Table 5). 
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 With the increase in the drying air temperature and in the partial water vapor pressure inside 

the seed, the free water vaporization decreases, leading to a reduction in the enthalpy of water 

diffusion inside the product during drying. According to Oliveira et al. (2010), a lower enthalpy 

value corresponds to a lower amount of energy required to remove the water from the product. 

Entropy may be associated with the attraction or repulsion of water molecules to the product 

components in the system and is associated with the spatial arrangement of the water-product 

relationship (Oliveira et al., 2015). Therefore, according to Oliveira et al. (2011), entropy 

characterizes or defines the level of organization or disorganization that exists in the water-product 

system. 

The specific entropy of niger seeds decreased as the drying air temperature increased (Table 

6). This pattern was similar to that observed for enthalpy, for which the observed values decreased 

as the temperature increased. 

Corrêa et al. (2010) considered expected this behavior, as the decrease in temperature causes a 

decrease in the excitation of water molecules, resulting in increased organization of the water-

product system.  

Cortés et al. (2012) reported that the Gibbs free energy is attributed to the spontaneity of the 

thermodynamic process. The Gibbs free energy of the niger seeds presented positive values that 

increased as the drying air temperature increased (Table 6). A positive Gibbs free energy is 

characteristic of an endergonic reaction that requires energy from the product’s environment for the 

reaction development (Corrêa et al., 2010).  

 

CONCLUSIONS 

1. The Page, diffusion approximation, and two-term models are appropriate to represent the 

drying process of niger seeds. The Page model was selected to represent the niger seed drying 

curves. 

2. The effective diffusion coefficient increased as the niger seed drying air temperature 

increased, with values ranging from 2.3273 to 15.6915 x 10-11m2 s-1. 

3. The drying air temperature increase caused a reduction in the specific enthalpy and entropy 

values. The Gibbs free energy values displayed the opposite pattern.  

4. The relationship between the effective diffusion coefficient and the drying air temperature 

can be described using the Arrhenius equation. This equation yielded  diffusion activation energy of 

46.834kJ mol-1 during the drying process of niger seeds.   
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