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Abstract 
The Brazilian Cerrado is one of the most important ecosystems and due to the extractivism it is necessary to 
recover the degraded areas. The tree of Hymenaea stigonocarpa Mart. is used in this reforestation system, so the 
study of post-harvest management of the seed is necessary for the propagation. The objective of this work was to 
determine the isotherms and the isosteric desorption heat of Hymenaea stigonocarpa Mart. Seeds, and to test the 
methodology of the Akaike’s information criterion (AIC) and Schwarz’s bayesian information criterion (BIC) for 
the choice of the best mathematical model. Different mathematical models were fitted to the experimental data 
and the model that best represents the phenomenon was selected, from the statistical parameters. To obtain the 
equilibrium moisture content was used static method using desiccants in incubators cameras with control of 
relative humidity by salt solution. The Oswin Modified model obtained better results according to analyzed 
parameters, being this model the one selected for prediction of the hygroscopic balance of the Hymenaea 
stigonocarpa Mart. seeds. It was found that the higher the temperature for the same equilibrium moisture content, 
the higher the water activity values. The AIC and BIC methodology contributed to the choice of the best 
mathematical model to predict the hygroscopicity phenomenon. The isosteric heat increased with the decrease in 
the equilibrium moisture content requiring a greater amount of energy to remove water from the seeds. 
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1. Introduction 
The Cerrado has a great biodiversity, being the second largest Brazilian ecosystem. Interest in the propagation of 
Brazilian native species has intensified along with increasing environmental problems due to the expansion of 
agricultural areas and the need to preserve existing plant species. However, the knowledge available for seed 
production, storage and analysis of these species is limited (Sampaio, Couto, C. A. Silva, A. C. A. Silva, & A. A. 
S. Silva, 2015). 

Hymenaea stigonocarpa Mart. is a tree with the capacity to adapt to several Brazilian regions, especially the 
Amazon and the Cerrado, have good characteristics to be implemented in areas of recovery and environmental 
preservation. According to Rizzini (1978) the species is known in Brazil by jatobá, jutaí, jataí, burandá, courbaril, 
farinheira, among others. The Hymenaea stigonocarpa Mart. fruits have a characteristic flavor, and their pulp 
can used as an increase in culinary recipes as a source of fiber (E. P. Sousa, Silva, F. C. Sousa, Ferras, & Façanha, 
2012). This species has high economic potential, because in addition to the fruits, the wood of the tree can be 
destined for the civil construction. The leaves and seeds are used in the pharmaceutical industry (Farias, 
Cavalcanti Mata, Duarte, & Lima, 2006). 

The seeds of this species can also be destined to cooking as supplementation, according to Sousa et al. (2012) 
studied their nutritional characteristics for use in cooking. In order to ensure proper storage of seeds, it is 
necessary to know the hygroscopic behavior of the stored material, so as to enable the use of appropriate 
conditions to maintain product quality (Hong & Ellis, 1996).  

Water sorption isotherms derived by means of mathematical models together with isosteric liquid sorption heat 
are of paramount importance for post-harvest processes of plant products, such as drying and storage. The 
isosteric heat aims to estimate the energy consumed during drying, as well as to predict the behavior of the 
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product during the processing, while the sorption isotherms allow the modeling of variations of water content 
according to temperature and relative humidity (Siripatrawan & Jantawat, 2006; Catelam, Trindade, & Romero, 
2011; Comunian, Monterrey-Quintero, Thomazini, Balieiro, Piccone, Pittia, & Favaro-Trindade, 2011).  

Due to the social and environmental importance of this species, the objective was to determine the isotherms and 
isosteric heat of desorption of Hymenaea stigonocarpa Mart. Seeds, and as to test the Akaike information 
criterion (AIC) and Bayesian Schwarz information (BIC) to choose the best mathematical model. 

2. Material and Methods 
2.1 Harvest of Fruits 

The Hymenaea stigonocarpa Mart. fruits has be collected in the municipality of Santa Helena de Goiás, Goiás, 
Brazil (17º48′ S; 50º35′ W), being manually depleted to obtain seeds without mechanical damage. The seeds 
contained 10.4% dry basis (d.b.) moisture content, determined according to Brasil (2009), in an oven at 105±3 ºC, 
during 24 horas. The experiment was carried out at the Laboratory of Post-Harvest of Vegetal Products of the 
Instituto Federal de Educação, Ciência e Tecnologia Goiano, Campus Rio Verde.  

2.2 Hygroscopicity of Seeds 

The equilibrium moisture content was obtained using the static method, in three replicates for each condition of 
temperature and relative humidity. Each replicate used approximately 12 g of seeds involved in a permeable 
fabric (voile), to allow the passage of air through the product, and then placed in desiccators. The control of the 
relative humidity inside the desiccators was used saturated solutions of different salts (Table 1). The desiccators 
were placed in B.O.D. (Biochemical Oxygen Demand) incubating chambers (Marconi), regulated at the 
temperatures of 20, 25, 30 and 35 ºC, the air temperature and relative humidity were monitored using a data 
logger (NOVUS), placed inside the desiccators.  

 

Table 1. Values of relative humidity (%) established in the air inside the desiccators, obtained experimentally and 
used to determine the hygroscopic equilibrium of Hymenaea stigonocarpa Mart. seeds, by the static method 

Chemical compound 
Temperature (±1 ºC) 

20 25 30 35 
LiCl (Lithium chloride) 0.148 0.137 0.150 0.140 

MgCl2 (Magnesium chloride) 0.378 - - 0.350 

NaCl (Sodium chloride) 0.794 0.770 - - 

KBr (Potassium bromide) - - 0.796 0.750 

CaCl2 (Calcium chloride) - 0.430 0.430 0.440 

 

Obtaining the equilibrium moisture content of the product was performed for different temperature controlled 
conditions (20, 25, 30 and 35 ºC) and water activity between 0.137 and 0.796. The samples were weighed 
periodically until the hygroscopic equilibrium, that is, until when the mass change of the sample remained 
unchanged for three consecutive weighing. After reaching the hygroscopic equilibrium, the moisture content was 
determined in oven at 105±during 24 h (Brasil, 2009).  

2.3 Mathematical Modeling 

The experimental values of equilibrium moisture content of the seeds were adjusted to mathematical models 
used to represent the hygroscopicity of vegetable products, whose expressions are presented in Table 2. 
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Table 2. Mathematical models used to estimate the hygroscopicity of Hymenaea stigonocarpa Mart. seeds 

Equation Model  

Xe*	= ൣln൫1 – aw൯ /൫a·Tb൯ ൧1/c
  Cavalcanti Mata (1) 

Xe*	= a – b·lnൣ-(T	+	c)· lnሺawሻ൧  Chung-Pfost (2) 

Xe* = expൣa – (b·T ) + (c·aw)൧  Copace (3) 

Xe* = (a·b·c·aw)/ൣ(1 – c·aw)·(1 – c·aw + b·c·aw)൧  GAB (4) 

Xe* = ൣexp൫a – b·T ൯ / -lnሺawሻ൧1/c
  Modified Halsey  (5) 

Xe* = ൛exp൫a – b·T ൯ /ൣc – lnሺawሻ൧ൟ1/c
  Harkins (6) 

Xe* = ൣln൫1 – aw൯ /-aሺT + bሻ ൧1/c
  Henderson Modificado (7) 

Xe* = a·ൣaw/൫1 – aw൯൧b  Oswin (8) 

Xe* = (a + b·T)·ൣ(1 – aw )/aw൧1/c
  Modified Oswin  (9) 

Xe* = exp൛a – (b·T ) + ൣc·exp(aw)൧ൟ  Sigma Copace (10) 

Note. Xe* = equilibrium moisture, % b.s.; aw = water activity, decimal; T = temperature, °C; a, b and c = 
coefficients of model.  

 

For the fit f mathematical models, nonlinear regression analysis was performed through the Gauss-Newton 
method using the program Statistica 7.0. The degree of fit of each model was evaluated based on the significance 
of the regression coefficients by t-test, magnitude of the determination coefficient (R²), values of relative mean 
error (P), estimated (SE) and Chi-square test (χ²) at 0.01 significance level and confidence interval of 99%.  

The relative and estimated mean errors and the Chi-square test for each model were obtained according to the 
following expressions, respectively: 

P = 
100

n
∑ หY	–	Y෠ห

Y
                                     (11) 

SE = ට∑൫Y –	Y෠൯2

GLR
                                     (12) 

χ² = ∑ ൫Y –	Y෠൯2

GLR
                                     (13) 

Where, Y = experimental value; Ŷ = estimated value by the model; n =number of experimental observations; e, 
GLR: degree of freedom of the model. 

2.4 Parameters AIC and BIC 

The Hymenaea stigonocarpa Mart. fruits has be collected in the municipality of Santa Helena de Goiás, Goiás, 
Brazil (17º48′ S; 50º35′ W), being manually depleted to obtain seeds without mechanical damage. The seeds 
contained 10,4% dry basis The Akaike information criterion (AIC) and the Schwarz bayesian information 
criterion (BIC) were used as secondary criterion for choosing the best mathematical model to predict the 
phenomenon. The AIC allows us to use the principle of parsimony in choosing the best model, that is, according 
to this criterion, the most parameterized model is not always the best (Bunham & Anderson, 2004). 

AIC is used to compare non-nested models or when three or more models are being compared, lower AIC values 
reflect a better fit (Akaike, 1974). Its expression. Is given by:  

AIC = -2loglike + 2p                                 (14) 

Where, p is the number of parameters, and loglike the value of the logarithm as a function of likelihood 
considering the parameter estimates.  

The BIC also considers the degree of parameterization of the model, and in the same way, the smaller the BIC 
value (Schwarz, 1978), the better model adjustment. It is an asymptotic criterion whose adequacy is strongly 
related to the magnitude of the sample size. In relation to the sanction applied in the quantity of parameters, it 
will be more rigorous than the AIC for small samples. Its expression is given by:  

BIC = -2loglike + p·ln(n)                               (15) 

Where, n: number of observation used to adjust the curve. 
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Then, the isosteric integral desorption heat was determined, according to the methodology described by Chaves, 
Resende, Oliveira, Smaniotto, and Sousa (2015). 

3. Results and Discussion 
All the coefficients of determination (R²) were higher that 0.94 decimal (Table 3), however according to 
Madamba et al. (1996), this coefficient should not be used as the sole evaluation criterion for selection of 
models. 

 

Table 3. Coefficients of the models adjusted to the moisture content of hygroscopic equilibrium for the 
Hymenaea stigonocarpa Mart. seeds, with the statistical parameters analyzed 

Models Coefficients SE*** P (%) χ² AIC BIC R²*** 

1 a = -0.00002ns 

b = 1.03166** 

c = 3.77740** 

0.132 1.490 0.0170 -11.2682 -9.0084 0.9936 

2 a = 11.3037** 

b = 1.70467** 

c = 2.37806ns 

0.124 1.695 0.0153 -12.8512 -10.5914 0.9944 

3 a = 1.63121** 

b = 0.00095** 

c = 0.08963** 

0.167 2.253 0.0279 -5.0159 -2.7562 0.9897 

4 a = 4.67617** 

b = 73.0262ns 

c = 0.53709** 

0.401 5.357 0.1605 17.7059 19.9657 0.9410 

5 a = 7.15343** 

b = 0.03283** 

c = 3.69281** 

0.225 3.174 0.0507 2.7443 5.0041 0.9813 

6 a = 3.04595** 

b = 0.01039** 

0.121 1.698 0.015 -8.8152 -6.5554 0.9923 

c = 1.77472** 

7 a = 0.00002** 

b = -0.75733ns 

c = 3.77679** 

0.132 1.492 0.0170 -11.2586 -8.9988 0.9936 

8 a = 6.15844** 0.377 5.319 0.1420 15.3440 17.0389 0.9426 

b = 0.19579** 

9 a = 7.80346** 

b = -0.0587** 

c = 5.22243** 

0.121 1.685 0.0147 -13.3616 -11.1018 0.9946 

10 a = 1.15971** 

b = 0.00898** 

c = 0.53119** 

0.271 3.932 0.0736 7.5804 9.8402 0.9729 

Note. ** Significant at 0.01 probability level by t-test; ns Not significant; *** Decimal value.  

 

The models of Cavalcanti Mata (1), Chung-Pfost (2), Harkins (6), Modified Henderson (7), and Modified Oswin 
(9) obtained a decimal R above 0.99, especially the Modified Oswin model with determination coefficient of 
0.9946 decimal. However, this isolated parameter is not a reliable one to be used as the only source of analysis to 
select nonlinear models because they use the mean of negative and positive values that can leave the extreme 
values outside the parameters analyzed. 

The models of Harkins (6) and Modified Oswin (9) presented the lowest values for the estimated mean error 
(0.121), while the GAB model (4) had the highest value (0.401). The ability of a mathematical model to 
represent hygroscopicity, being this phenomenon a physical process, is the ratio inversely proportional to the 
estimated mean error value (Draper & Smith, 1981). All the studied models obtained values of the relative error 
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below 10%, which according to Mohapatra and Rao (2005), are adequate to represent the hygroscopicity of 
vegetal products. 

Referring to the Chi-square test (χ²), it can be observed that all models tested are in the 99% confidence interval, 
according to Günhan et al. (2005), the lower the Chi-square (χ²) in the confidence interval, the better fit of the 
model in the representation of the studied phenomenon. Comparing the magnitude of the Chi-square (χ²) test 
values (Table 3), the models of Cavalcanti Mata (1), Chung-Pfost (2), Harkins (6), Modified Henderson (7) and 
Modified Oswin (9) presented the lowest values compared to other models. 

According to the statistical parameters traditionally evaluated for the choice of the best mathematical model to 
represent the hygroscopicity, all the models fit the selection criteria to estimate the desorption isotherms the 
Hymenaea stigonocarpa Mart. seeds.  

Due to the need to include other selection criteria for a model that estimates the desorption isotherms, the Akaike 
information criterion (AIC) and Schwarz bayesian information criterion (BIC) methodology were suggested in 
this paper. The indication of the best model may be more precise, since these criteria consider other factors such 
as the analysis of the degree parametrization of the models compared (Silveira, 2010).  

The Modified Oswin model (9) presented the lowest values for AIC and BIC, when compared to the other 
models, there being a greater difference between the values of these parameters in relation to those used 
traditionally. According to Gomes, Resende, Sousa, Oliveira, and Araújo Neto (2018) working to drying kinetics 
of crushed mass of ‘jambu’, lower AIC and BIC values indicate more adequate models.  

According to the results, the Modified Oswin model (9) best fits the experimental values obtained by the static 
method to determine the hygroscopic equilibrium moisture content the Hymenaea stigonocarpa Mart. seeds. The 
same model was better suited to describe the isotherms of cumari yellow pepper seeds (Capsicum chinense L) 
(Ferreira, Silva, & Rodovalho, 2011), among others (Corrêa, Reis, G. H. H. Oliveira, A. P. L. R. Oliveira, & 
Botelho, 2015; Silva & Rodovalho, 2016). 

The equilibrium moisture content varied according to the changes in temperature and relative humidity (Figure 
1). In order to achieve the same equilibrium moisture content, as the temperature increases, the higher the water 
activity values. These results corroborate with those obtained by other authors, such as: Caetano, Sousa, Resende, 
Sales, and Costa (2012), working with caju-árvore-do-cerrado (Anacardium othonianum Rizz.). 

 

 

Figure 1. Experimental values of water activity and desorption isotherms estimated by the Modified Oswin 
model (9) for the Hymenaea stigonocarpa Mart. seeds and temperatures of 20, 25, 30, and 35 °C 

 

The isotherms obtained for the Hymenaea stigonocarpa Mart. seeds following the trend of most vegetable 
products. It was observed that the increase in temperature causes an increase in water content decreased with 
increasing temperature, according to the literature: crambe (Crambe abyssinica) (Costa, Resende, & Oliveira, 
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2013), pepper (Capsicum chinense L.) (Silva et al., 2015). The desorption isotherms obtained for the Hymenaea 
stigonocarpa Mart. seeds by the Modified Oswin model (9) were presented in the sigmoidal format, as observed 
for most vegetable products such as castor beans (Ricinus communis L.) (Goneli, Corrêa, Oliveira, Resende, & 
Mauad, 2016), beet seeds (Beta vulgaris) (Corrêa, G. H. H. Oliveira, A. P. L. R. Oliveira, Goneli, & Botelho, 
2016).  

The values of equilibrium moisture content varied according to temperature increase (20, 25, 30 and 35 ºC), as 
well as the increase in water activity (0.137 to 0.796), being a variable directly proportional to these conditions 
according to results obtained by Sousa, Resende, and Costa (2013) with forage turnip (Raphanus sativus L.) 
seeds.  

In the post-harvest phase, the stored products become susceptible to attack by pathogens. Considering that the 
development of pathogenic microorganisms begins with the activity of water around 0.7 (Oliveira, Campos, 
Gomes, & Silva, 2005), it is noted that the moisture content adequate to inhibit this action is at almost 7.59; 7.26; 
6.92; 6.59 (% d.b.), for temperatures of 20, 25, 30 and 35 ºC, respectively (Figure 1).  

The experimental values obtained a good correlation with those estimated by the Modified Oswin (9); it can be 
seen in Figure 1. The limitation of the mathematical model in predicting the equilibrium moisture content of the 
Hymenaea stigonocarpa Mart. seeds occurs with decreasing water activity tendentiously to values close to zero, 
the same limitation was observed for the Chung-Pfost model for desorption isotherms of beet seeds (Beta 
vulgaris) (Corrêa et al., 2016).  

The differential enthalpy values (Dhst) (kJ kg-1) for Hymenaea stigonocarpa Mart. seeds were calculated as a 
function of equilibrium moisture content (% d.b.). For the integral isosteric desorption heat (Qst) (kJ kg-1) were 
added to the values of (Dhst) , the value of the latent heat of vaporization of free water (L’), which represents the 
minimum amount of energy required to evaporate the water, calculated for the average temperature of 27.5 ºC. 

For the isosteric integral desorption heat (Qst), as a function of the equilibrium moisture content (% d.b.) (Figure 
2), it is noticed that, with the reduction in the moisture content, there was an increased in the energy required for 
the removal of water from the product. Similar behavior was observed for several vegetable products such as 
baru almonds (Dipteryx alata Vogel) (Furtado, Silva, Porto, & Santos, 2014), cajuzinho-do-cerrado achenes 
(Anacardium humile St. Hil.) (Barbosa et al., 2016), pequi diaspore (Caryocar brasiliense, CAMB.) (Sousa, 
Resende, & Carvalho, 2016). 

 

 

Figure 2. Experimental and estimated values of total isosteric desorption heat (Qst) estimated as a function of the 
equilibrium moisture content of the Hymenaea stigonocarpa Mart. seeds 

Note. ** Significant at 0.01 probability level by t-test. 
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From the analysis of Figure 2, as well as that mentioned by Chaves et al. (2015), it can be seen that as the 
moisture content of the product decreases, more energy must be provided to remove water from the product. 
Oliveira, Resende, Smaniotto, Sousa, Campos (2013), working with corn seeds, obtained the variation of 2506 kJ 
kg-1 a 2734 kJ kg-1 for the water range from 23.3 to 12.8 (% d.b.) results similar to this work, where the isosteric 
heat decreased with increasing moisture content.  

The values of integral isosteric desorption heat for the Hymenaea stigonocarpa Mart. seeds in the range of 
equilibrium moisture content 3.96 to 8.55 (% d.b.) ranged from 4316.22 to 2760.80 kJ kg-1. Sousa, Resende, 
Goneli, Smaniotto, and Oliveira (2015) working at temperatures of 25, 30, 35 and 40 ºC and relative humidity 
between 20 and 80% obtained equilibrium moisture contents ranging from 3.33 and 11.30 (% d.b.) for fodder 
turnip seeds (Raphanus sativus L.), requiring amount of energy from 4222.70 to 2870.34 kJ kg-1 for removal of 
water. Comparing the results noted that the Hymenaea stigonocarpa Mart. seeds is less susceptible to loss of 
water during the drying process when compared to forage turnip seeds (Raphanus sativus L.), this is due to the 
difference in chemical composition and seed structure, and since the coat of Hymenaea stigonocarpa Mart. seed 
is more rigid and less permeable. 

4. Conclusions 
The desorption isotherms of Hymenaea stigonocarpa Mart. seeds can be represented by all models tested 
according to traditional statistical parameters. The Modified Oswin model was chosen to predict the desorption 
isotherms of the Hymenaea stigonocarpa Mart. seeds for presenting better results for the AIC and BIC values, 
differing from the other models. 

The Akaike information criterion (AIC) and Schwarz bayesian information criterion (BIC) contributed and were 
suitable for choosing the best mathematical model to estimate the desorption isotherms of Hymenaea 
stigonocarpa Mart. This methodology can be included in the model selection criterion to estimate the sorption 
isotherms of plant products. 

The isosteric heat increases with the reduction of the equilibrium moisture content and a greater amount of 
energy is required to remove the water from Hymenaea stigonocarpa Mart. seeds, with values varying from 
4316.22 to 2760.80 kJ kg-1, for the moisture content range of 3.96 to 8.55 (% d.b.).  
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