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Abstract: 
Considering that drying is one of the oldest unit operations, and widely used in the preservation of biological 
products, the present study evaluated the drying kinetics of the cake obtained from linseed oil extraction. The 
samples were submitted to forced air circulation drying oven under temperatures of 40, 50, 60, 70 and 80 ± 1 °C. 
Simplified mathematical models were adjusted (Verna, Page, Newton, Henderson and Pabis, Two terms and 
Modified Page) to describe the drying kinetics of the by-product. It was observed that the drying time was 
dependent on both temperature and relative humidity of the drying air. The ‘Two Terms’ model was the best fit to 
the experimental temperature data measured, with highest range of coefficient of determination (0.97-0.99) and 
smaller range of root-mean-square error (between 1.96x10-4  and 5.69x10-4). The standard error of prediction 
ranged from 1.86x10-2 to 7.94x10-2 and the average of relative standard deviation was the lowest observed 
(14.97). Thus, from the experimental data and adjusted parameters from the ‘Two Terms’ model, it is possible to 
predict the drying behavior in the temperature range studied. 
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1. Introduction 

Linseed (Linum usitatissimum L.) is one of the 
most important cultivated plants concerning its 
linen and oil [1] and it is a rich source of linoleic 
acid (c18: 2n-6), linolenic acid (c18: 3n-3) and 
polyunsaturated fatty acids (n-6 e n-3). The cake 
from linseed oil extraction contains 
approximately 30% protein, a high content (23.59 
g kg-1) of polyunsaturated fatty acids (PUFA) and 
linoleic acid (c18: 2n-6) (5.52 g kg-1) [2]. The 
linseed crop is commonly cultivated (468.0 
thousand ha) in India, with a productivity of 349 
kg/ha per year [3]. Linseed has attracted 
attention due to its antioxidant activity and 
estrogenic and antiestrogenic properties [4].  
Estrela et al., [5] showed that agro-industrial 
residues are efficient adsorbents in the process 
of removal of pesticides containing carbofuran as 
the main active. 

For the oil extraction, firstly the linseed seeds 
must go through the drying process, in order to 
prevent the chemical and biological 
decomposition of the raw material. Therefore, 
different drying methods influence differently, but 
significantly, the quality of oil extracted [6, 7]. 
The drying method is very important for linseed 
oil yield and its qualities. Zangh et al., [8] 
demonstrated that the linseed oils extracted from 
dried samples under different temperatures and 
drying methods contained more total phenolic 
and sterols content, but less chlorophyll and 
carotenoid pigment. Nevertheless, the effects of 
drying methods on the quality of the cake from 
linseed oil extraction have not yet been 
evaluated in the technical literature. 

Thus, a simulation of the behavior of each 
material during the drying process is important 
for the development and improvement of 
equipment and processes, wherefore the 
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mathematical models are used to represent 
satisfactorily the drying kinetics [9]. Besides the 
descriptive function, the modeling has a 
comparative function. It is possible to analyze, 
comparing two models, the difference of 
behavior of the respective systems without 
previous experimental tests [10]. 

Mathematical modeling enables, through 
empirical and phenomenological models, to 
predict and simulate the behavior of determined 
parameters and processes. Although empirical 
models generally do not have theoretical basis, 
they are commonly simple and easy to apply due 
to these models are not based on experimental 
data, dimensional and statistical analyzes. On 
the other hand, phenomenological models are 
based on theories and laws. They are more 
complex and involve parameters that show the 
physical nature of the system [11]. 

Considering the importance of the study of 
the drying process of agricultural products, as 
well as their residues, the present work has the 
objective to experimentally investigate the drying 
kinetics of linseed cake and to adjust 

mathematical models in its description. 

 

2. Results and Discussion 

Figure 1 shows the drying kinetics behavior of 
the experimental data at 40, 50, 60, 70 and 80 
°C. 

 The initial moisture values were 0.0761; 
0.0707; 0.0689; 0.0751 and 0.0701 (d.b.) and the 
equilibrium moisture values were 0.0689; 0.0581; 
0.0457; 0.0407 and 0.0236 (d.b.), respectively 
for the temperatures of 40, 50, 60, 70 and 80 °C. 
The moisture content decreases with increasing 
temperature, so the higher the temperature, the 
greater the amount of water removed. The 
gradient between the temperature at 40 °C and 
the ambient temperature is small promoting 
lower motive power, reaching the equilibrium 
faster. However, for higher temperatures, this 
gradient is higher, causing greater driving force 
and, consequently, greater removal of water from 
the material. 

 

 
 

 
Figure 1. Drying curves. 

 

Table 3 shows the coefficient of determination 
(R²), standard error of prediction (%SEP), root 
mean square error (RMSE) and relative standard 
deviation (RSD) for each of the mathematical 
models used for different drying temperatures. 
Table 3 shows that the model that best adjusted 

to the kinetics of drying data at 40 °C and 50 °C 
was the Verna model and for drying at 60, 70 
and 80 °C the Two Terms model presented 
better results. However, mathematical modeling 
aims to predict and simulate the behavior of 
determined parameters and processes through a 
single model at different tested temperatures. 
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Table 1. Statistical evaluation of adjustments of simplified models to drying kinetics. 
Model T (°C) R² SEP (%) RSD (%) RMSE 

Verna 

40 0.9919 0.2863 3.27 2.03 x10-4 
50 0.9959 0.3321 6.00 2.35 x10-4 
60 0.9983 0.5538 13.80 2.71 x10-4 
70 0.9984 0.7375 16.01 3.50 x10-4 
80 0.9968 1.8543 42.56 6.00 x10-4 

Two Terms 

40 0.9790 0.4595 6.74 3.26 x10-4 
50 0.9943 0.3931 7.18 2.78 x10-4 
60 0.9990 0.4001 8.46 1.96 x10-4 
70 0.9983 0.7539 16.52 3.58 x10-4 
80 0.9971 1.7578 35.95 5.69 x10-4 

Page Modified 

40 0.9790 0.4596 6.75 3.26 x10-4 
50 0.9943 0.3931 7.18 2.39 x10-4 
60 0.9983 0.5298 13.22 2.59 x10-4 
70 0.9983 0.7539 16.52 3.58 x10-4 
80 0.9964 1.9576 42.62 6.33 x10-4 

Page 

40 0.9853 0.5637 8.15 4.00 x10-4 
50 0.9944 0.3970 7.08 2.81 x10-4 
60 0.9983 0.5538 13.80 2.71 x10-4 
70 0.9985 0.7877 15.95 3.74 x10-4 
80 0.9965 2.0720 42.92 6.70 x10-4 

Henderson 

40 0.9790 0.4595 6.74 3.26 x10-4 
50 0.9943 0.3931 7.18 2.78 x10-4 
60 0.9983 0.5298 13.22 2.59 x10-4 
70 0.9983 0.7539 16.52 3.58 x10-4 
80 0.9964 1.9576 42.62 6.33 x10-4 

 

Among the models evaluated, according to 
the data from Table 1, it was observed that the 
best statistical results were obtained for the Two 
Terms model in the studied temperatures, with 
the range of coefficient of determination (R²) 
between 0.97 and 0.99. Moreover, the root mean 
square error (RSME) was the lowest value for 
most temperatures (between 1.96x10-4 and 
5.69x10-4), the standard prediction error (%SEP) 
ranged from 0.4595 to 1.7578 and the average of 
relative standard deviation was the lowest 
observed (14.97). 

The behaviors of simplified models, for the 
drying kinetics, are shown in Figure 2 for the 
temperatures of 40, 50, 60, 70 and 80 °C. 

Figure 2 illustrates that the Verna model 
showed the best fit for temperatures of 40 and 50 
°C and the Two Terms model presented the best 
fit for higher experimental temperatures. 

Ghazanfari studied the Two Terms model for 
different drying temperatures of flax fiber (30, 50, 
70 and 100 °C) and concluded that this model 
showed better results at temperatures from 70 to 
100 ° C [12]. Corrêa et al., observed that in the 
drying of the berry coffee, the Verna model 
presented better results in the description of the 
experimental data at temperatures of 40, 50 and 
60 °C [13]. 

 

3. Material and Methods 
Approximately five kilograms of the cake from 

linseed oil extraction were donated by Pazze 
Industrial de Alimentos Ltda, located in Panambi 
city in the state of Rio Grande do Sul - Brazil. 
The samples was separated into 0.5 kg portions, 
packed in plastic bags and then stored at room 
temperature. 
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The drying kinetics experiments were carried 
in a forced circulation oven (Model SL-102/64) at 
40, 50, 60, 70 and 80 ± 1 ° C. The mass of each 
sample was determined using an analytical 
balance (Even Ion Lab - precision: 0.0001 g), at 
every five minutes, until three consecutive 
weighing provided constant mass values.  

Dry basis moisture content was determined 
by the ratio of weight of water (𝑤𝑤𝑎𝑎) to the weight 
of the dry matter (𝑤𝑤𝑑𝑑), as shown is equation 1: 

  𝑈𝑈∗ = 𝑚𝑚𝑎𝑎
𝑚𝑚𝑑𝑑

 (1)  

The dimensionless moisture ratio of linseed 
cake during the drying, under the different 
temperature conditions, was determined using 
the equation 2: 

𝑅𝑅𝑈𝑈 = 𝑈𝑈∗−𝑈𝑈𝑒𝑒∗

𝑈𝑈𝑖𝑖
∗−𝑈𝑈𝑒𝑒∗

     (2)  

where: 

RU – moisture ratio (dimensionless); 

𝑈𝑈∗ – moisture at the time t (d.b.); 

𝑈𝑈𝑒𝑒∗  – equilibrium moisture of the product 
(d.b.); 

𝑈𝑈𝑖𝑖∗ – initial moisture of the product (d.b.). 

Different models proposed in the literature 
were used to predict the drying kinetics of 
linseed cake. The mathematical models Verna 
[14], Page [15], Newton [16], Henderson and 
Pabis [17] Two terms [18] and Modified Page 
[19] (Table 1) were fitted to the experimental data 
through the Gauss Newton method in the 
software Statistica 7.0.  

The best model was evaluated based on the 
statistical parameters: coefficient of 
determination (R²), root mean square error 
(RMSE) standard error of prediction (%SEP) and 
relative standard deviation (RSD), as shown in 
Table 2. 

The coefficient of determination (R²) shows 
the variation explained by linear regression, 
showing that the closer to the unit the more 
adjusted is the model. The root mean square 
error (RMSE), standard error prediction (%SEP) 
and relative standard deviation (RSD) represent 
a better adjustment of the models to the 
experimental data when their values approach 
zero [20]. 

Table 2. Mathematical models Verna, Page, Henderson and Pabis, Two Terms e Modified Page. 
Model Equation 
Verna 𝑅𝑅𝑈𝑈 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(−𝑘𝑘𝑘𝑘) + (1 − 𝑎𝑎)exp (−𝑘𝑘1𝑘𝑘) 
Page 𝑅𝑅𝑈𝑈 = exp (−𝑘𝑘𝑘𝑘𝑛𝑛) 

Newton 𝑅𝑅𝑈𝑈 = exp (−𝑘𝑘𝑘𝑘) 
Henderson and Pabis 𝑅𝑅𝑈𝑈 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(−𝑘𝑘𝑘𝑘) 

Two Terms 𝑅𝑅𝑈𝑈 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(−𝑘𝑘𝑜𝑜𝑘𝑘) + 𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(−𝑘𝑘1𝑘𝑘) 
Modified Page 𝑅𝑅𝑈𝑈 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(−𝑘𝑘𝑘𝑘)𝑛𝑛 

Where a, 𝑘𝑘𝑜𝑜 and 𝑘𝑘1 are parameters of the models (dimensionless), k is the drying constant ( 𝑚𝑚𝑚𝑚𝑚𝑚−1) and t is the 
time (s). 
 

Table 3. Statistical parameters for evaluation. 
Parameter Equation 

Coefficient of Determination 𝑅𝑅2 =
(∑(𝑎𝑎𝑖𝑖 − �̅�𝑎)(𝑦𝑦𝑖𝑖 − 𝑦𝑦�))²
∑(𝑎𝑎𝑖𝑖 − �̅�𝑎)²∑(𝑦𝑦𝑖𝑖 − 𝑦𝑦�)²

 

Root Mean Square Error 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑(𝑜𝑜𝑏𝑏𝑜𝑜 − 𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝)²
𝑚𝑚

 

Standard Error of Prediction %𝑅𝑅𝑅𝑅𝑆𝑆 =
100

𝑚𝑚é𝑝𝑝𝑚𝑚𝑎𝑎 𝑜𝑜𝑏𝑏𝑜𝑜
�∑(𝑜𝑜𝑏𝑏𝑜𝑜 − 𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝)²

𝑚𝑚  

Relative Standard Deviation 𝑅𝑅𝑅𝑅𝑅𝑅 = �
(𝑎𝑎𝑝𝑝𝑎𝑎𝑝𝑝 − 𝑜𝑜𝑏𝑏𝑜𝑜)

𝑜𝑜𝑏𝑏𝑜𝑜 𝑎𝑎100% 
Where pre is the value predicted by the model and obs is the value observed by the experiment. 
 
 

4. Conclusions 
From the drying kinetics conducted in a 

forced circulation oven (Model SL-102/64) at 

temperatures of 40, 50, 60, 70 and 80 ± 1 ° C, it 
was observed that equilibrium moisture was 
dependent on both temperature and relative 
humidity of the drying air. The equilibrium 
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moisture values decreased with increasing 
temperature. This means that for higher 
temperatures, the removal of water from the 
material was more efficient. Through the 
adjustments of mathematical models to the 

experimental data, it was noticed that the Two 
Terms model (1974) showed the best fit to 
describe the drying process of the linseed cake 
for the temperatures studied. 

 
 

 
 

  

 

Figure 2. Adjustments of simplified models in the temperatures of 40 °C (a), 50°C (b), 60 °C (c), 70 °C 
(d) e 80 °C (e). 
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