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ABSTRACT 

The knowledge of hygroscopicity is essential for the storage of tamarind seeds, but there 
is a limitation of a judicious statistical parameter to define the best mathematical model 
to adjust the isotherms of plant products. Therefore, this study aimed to determine the 
desorption isotherms of tamarind seeds and test the Akaike information criterion (AIC) 
and Schwarz Bayesian information criterion (BIC) for choosing the best mathematical 
model. Seeds with an initial moisture content of 21.00 ± 0.10% dry basis (db) were dried 
at 45 °C until they reached moisture contents of 17.27 ± 0.10, 15.04 ± 0.16, 14.14 ± 0.06, 
12.41 ± 0.17, and 10.52 ± 0.12% db. The water activity of the product was determined by 
the static-indirect method at temperatures of 10, 20, 30, and 40 °C. Mathematical models 
frequently used to predict the isotherms of plant products were adjusted to the 
experimental data. The Cavalcanti Mata model is recommended to estimate the desorption 
isotherms of tamarind seeds because it presents better adjustments. The AIC and BIC 
criteria contribute to the choice of the model to predict the desorption isotherms of 
tamarind seeds. 

 
 
INTRODUCTION 

Tamarind (Tamarindus indica L.) seeds are rich in 
proteins and can be used to improve the viscosity and 
texture of processed foods (Sone & Sato, 1994) and as an 
active ingredient in several pharmaceutical products. Its 
seeds cannot be used as the main component in recipes due 
to the high tannin content and astringent flavor, which can 
be reduced during processing (Ly et al., 2017). 

The post-harvest knowledge is necessary to 
guarantee the perpetuation of the tamarind species and 
commercial use of seeds in the food and pharmacological 
industry. Seeds are a by-product of the food industry, while 
the pulp is the main product (Muzaffar & Kumar, 2016). 
The seeds show a high moisture content after the process of 
extracting the fruit pulp with water because of reheating, 
requiring a drying process to reduce the moisture content 
and, consequently, the enzymatic activities and growth of 
microorganisms. However, there is no information to 
indicate adequate moisture content for their storage. 

Hygroscopic equilibrium curves contribute to 
estimating moisture contents suitable for the beginning of 
the enzymatic and microorganism activity during storage, 

which are detrimental to the physiological and sanitary 
quality of the product (Hall, 1980). These curves are derived 
from adjustments of mathematical models to experimental 
data, in which several statistical parameters, such as 
coefficient of determination, mean relative error, estimated 
mean error, and chi-square test, are used to choose the best 
model to estimate isotherms under the study conditions. 

There are some limitations regarding the use of these 
parameters because some of them come from analyses of 
model adjustments of other phenomena (Madamba et al., 
1996), requiring the adoption of additional criteria in the 
selection of mathematical models, such as the Akaike 
information criterion (AIC) and the Schwarz Bayesian 
information criterion (BIC). AIC and BIC consist of 
evaluating the models according to the principle of 
parsimony, as the number of coefficients in the models 
varies (Burnham & Anderson, 2004). 

Both criteria come from the same statistical principle 
based on the maximum likelihood function. They consider 
the number of coefficients in the model, as well as the 
reliability of the coefficient values (Akaike, 1974; Schwarz, 
1978). The mathematical models used to adjust the isotherms 
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usually have few coefficients, but they influence the degree 
of adjustment of the different experimental conditions. 
Therefore, more criteria that consider the reliability of 
estimation of these coefficients must be included. 

Although tamarind seeds are important in the food 
and pharmaceutical industry (Sone & Sato, 1994; Ly et al., 
2017), there is limited information in the literature 
regarding their post-harvest processing. Thus, this study 
aimed to determine the desorption isotherms of tamarind 
seeds using the static-indirect method and test AIC and BIC 
for choosing of the best mathematical model. 
 
MATERIAL AND METHODS 

The experiment was developed at the Laboratory of 
Post-Harvest of Plant Products of the Federal Institute of 
Education, Science and Technology Goiano—IF Goiano, 
located in Rio Verde, GO, Brazil. Tamarind seeds with an 
initial moisture content of 21.00 ± 0.10% dry basis (db) 
were used. The fruits were collected manually in the rural 
region of Rio Verde, GO, Brazil (17°51′57″ S and 
50°50′05″ W). 

Subsequently, the seeds were cleaned by separating 
the pulp using an industrial pulper (Tortugan) at the 

Laboratory of Fruits and Vegetables of the IF Goiano, 
Campus Rio Verde. The seeds were submitted to drying in 
a forced-air ventilation oven at a temperature of 45 °C until 
reaching moisture contents of 7.27 ± 0.10, 15.04 ± 0.16, 
14.14 ± 0.06, 12.41 ± 0.17, and 10.52 ± 0.12% db. The 
gravimetric method was used to monitor the drying process, 
in which weighings are carried out until reaching the 
established water levels, considering the initial seed moisture 
content. The moisture contents were verified by the oven-
drying method at 105 ± 1 °C for 24 hours (Brasil, 2009). 

The desorption isotherms of tamarind seeds were 
determined using the static-indirect method, in which the 
water activity (aw) was determined using the HygroPalm 
AW1 equipment. Triplicate samples were used for each 
moisture content, with approximately 35 g of seeds inserted 
inside the equipment. The equipment was conditioned in a 
BOD set at 10, 20, 30, and 40 °C. The moisture content of 
the samples in the oven was determined after reading the 
temperature and water activity in the equipment, following 
the methodology of Brasil (2009). 

Mathematical models frequently used to represent 
the hygroscopicity of plant products were adjusted to the 
experimental data, whose expressions are shown in Table 1. 

 
TABLE 1. Mathematical models used to predict the hygroscopic phenomenon of tamarind (Tamarindus indica L.) seeds. 

Model designation Model  

Xe = ൣln(1 − a୵) ൫a ∙ Tୠ൯⁄ ൧
ଵ

ୡൗ
 Cavalcanti Mata (1)

Xe = a − b ∙ ln[−(T + c) ∙ ln(a୵)] Chung-Pfost (2)

Xe = (a ∙ b ∙ a୵) ∙
ቀ

c
T

ቁ

ቀ1 − b ∙ a୵ + ቀ
c
T

ቁ ∙ b ∙ a୵ቁ ∙ (1 − b ∙ a୵)
 Modified GAB (3)

Xe = [exp(a − b ∙ T) −ln(a୵)⁄ ]
ଵ

ୡൗ  Modified Halsey (4)

Xe = [ln(1 − a୵) −a ∙ (T + 273.15)⁄ ]
ଵ

ୠൗ  Henderson (5)

Xe = [ln(1 − a୵) −a ∙ (T + b)⁄ ]
ଵ

ୡൗ  Modified Henderson (6)

Xe = (a + b ∙ T) [(1 − a୵ a୵⁄ )]
ଵ

ୡൗ⁄  Modified Oswin (7)

Xe = a ∙ ൤a୵ ∙ ൬
b

Tୡ
൰൨ Sabbah (8)

Xe = exp{a − (b ∙ T) + [c ∙ exp(a୵)]} Sigma Copace (9)

Xe is the equilibrium moisture content (% db), aw is the water activity (decimal), T is the temperature (°C), and a, b, and c are coefficients that 
vary according to the product. 
 

The mathematical models were adjusted using the 
nonlinear regression analysis by the Gauss-Newton method. 
It considered the significance of regression coefficients by 
the t-test the 0.01 significance level. The degree of fit of 
each model was compared using the values of the 
coefficient of determination (R2), the estimated mean error 
(SE), the relative mean error (P), and the chi-square test (χ2) 
at the 0.01 significance level and 99% confidence interval 
(P<0.01), in addition to the AIC and BIC values. 

The value of the relative mean error considered 
models with a value below 10%, according to Mohapatra & 
Rao (2005). The differences between the experimental 
values and those estimated by the model, together with the 
degree of freedom and number of observations, are used to 
calculate the values of the estimated mean error (SE), 
relative mean error (P), and chi-square test (χ2), according 
to the following expressions: 

SE = ඨ
∑(Y-Y෡)ଶ

DF
 (10)

 

P = 
100

𝑛
෍

หY-Y෡ห 

𝑌
 (11)

 

𝜒ଶ = ෍
(Y-Y෡)ଶ

DF
 (12)

Where:  

SE is the estimated mean error (decimal); 

P is the relative mean error (%);  

χ2 is the chi-square (decimal);  

Y is the experimental value;  

Ŷ is the value estimated by the model;  
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n is the number of experimental observations, and  

DF is the degree of freedom of the model (number of 
observations minus the number of parameters of the 
model). 

 
Both AIC and BIC were used to choose the best 

mathematical model to predict the phenomenon. These 
indicators were obtained by adjusting the models in the 
software R, using the nls function, in which the log-
likelihood is calculated from the estimates of coefficients of 
the software. 

The AIC allows using the principle of parsimony in 
choosing the best model, i.e., according to this criterion, the 
model with the highest number of coefficients is not always 
the best (Burnham & Anderson, 2004). AIC is used to 
compare non-nested models or three or more models. Lower 
AIC values reflect a better fit (Akaike, 1974): 

AIC = −2 log-like + 2p (13)

Where:  

p is the number of coefficients, and  

 

log-like is the value of the logarithm of the likelihood 
function, considering the coefficient estimates. 

 
The BIC also considers the set of coefficients of the 

model and, similarly, the lower the BIC value, the better the 
model will fit. It is an asymptotic criterion, whose adequacy 
is strongly related to the magnitude of the sample size. The 
penalty applied to the number of coefficients will be more 
stringent than the AIC for small samples (Schwarz, 1978): 

BIC = − 2 log l ike + p ⋅ ln( n) (14)

Where:  

n is the number of observations. 
 
RESULTS AND DISCUSSION 

The experimental values of water activity varied 
according to the increase in temperature (10, 20, 30, and 40 
°C) and equilibrium moisture content (10.52 to 21.10% db), 
being a variable directly proportional to these conditions 
(Table 2). Barbosa et al. (2016) observed similar behavior 
when studying desorption isotherms of Anacardium humile 
St. Hil. achenes by the static-indirect method. 

TABLE 2. Experimental values of water activity (decimal) of tamarind (Tamarindus indica L.) seeds as a function of equilibrium 
moisture content and temperature. 

Xe 
(% db) 

Temperature (°C) 

10 20 30 40 

10.52 0.437 0.472 0.491 – 

10.74 – – – 0.511 

12.39 0.519 0.556 0.572 – 

12.49 – – – 0.591 

14.15 – 0.634 0.653 0.670 

15.04 0.655 – – – 

17.27 – – 0.791 0.812 

20.94 0.857 – – – 

21.10 – 0.892 – – 

The coefficients of adjusted models showed that all 
models were significant at 0.01 by the t-test (Table 3). The 
coefficients of the model selected to describe the 
equilibrium isotherms are specific to the product or material 
under study, and should not be used to represent another 
species or material (Botelho, 2012). 

The values of the coefficient of determination (Table  

3) showed that the adjusted models presented values above 
0.96. According to Madamba et al. (1996), this parameter 
should not be used as the sole evaluation criterion for model 
selection, as it uses means of positive and negative values for 
non-linear models, leading to extreme values. The Cavalcanti 
Mata model presented the highest value for R2 (0.9961). 
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TABLE 3. Coefficients of the models adjusted to the hygroscopic equilibrium moisture content of Tamarind (Tamarindus indica 
L.) seeds with the statistical parameters coefficient of determination (R2, decimal), estimated mean error (SE, decimal), chi-
square (χ2, decimal), and relative mean error (P, %). 

Model Coefficient P (%) SE χ2  R2 

Cavalcanti Mata 
a = −0.0055** 
b = 0.1291** 
c = 1.8318** 

1.422 0.232 0.0540 0.9961 

Chung-Pfost 
a = 37.2820** 
b = 5.7251** 
c = 111.147** 

2.072 0.368 0.1355 0.9901 

Modified GAB 
a = 8.2353** 
b = 0.7056** 
c = 339.156** 

1.818 0.355 0.1262 0.9892 

Modified Halsey 
a = 6.6490** 
b = 0.0063** 
c = 2.8019** 

3.704 0.654 0.4280 0.9687 

Henderson 
a = 0.00003** 
b = 1.81333** 

1.931 0.349 0.1217 0.9904 

Modified Henderson 
a = 0.00005** 

1.505 0.263 0.0691 0.9950 b = 142.897** 

c = 1.8356** 

Modified Oswin 
a = 12.1839** 
b = −0.0290** 
c = 3.2834** 

2.980 0.527 0.2774 0.9797 

Sabbah 
a = 30.2324** 
b = 1.0660** 
c = 0.0884** 

1.116 0.275 0.0758 0.9945 

Sigma Copace 
a = 1.1903** 
b = 0.0031** 
c = 0.7953** 

2.162 0.351 0.1235 0.9910 

**Significant at 0.01; nsnot significant by the t-test. 
 

The modified Halsey model showed the highest 
value (0.654) for the estimated mean error (Table 3) 
compared to the other adjusted models, while the Cavalcanti 
Mata model showed the lowest value (0.232). According to 
Draper & Smith (1998), the ability of a mathematical model 
to represent a physical process is the inversely proportional 
relationship to the value of the estimated mean error, i.e., 
the lower the value for this parameter, the better the 
representation of the model for the studied phenomenon. 

Regarding the calculated chi-square, all models were 
within the 99% confidence interval (tabulated χ2 = 6.571 
and 5.822 for models with 2 and 3 coefficients, 
respectively). The Cavalcanti Mata, modified Henderson, 
and Sabbah models showed lower values for the calculated 
chi-square (0.0540, 0.0691, and 0.0758, respectively). 

The Sabbah model presented the lowest value for the 
relative mean error (Table 3), while the modified Halsey 
model had the highest value compared to the other adjusted 
models. All models can be used to predict the 
hygroscopicity of tamarind seeds when adopting the 
Mohapatra & Rao (2005) methodology, as they have values 
for the relative mean error lower than 10%. However, this 
recommendation was established in research carried out for 
drying kinetics, making it necessary to adjust this limit 
and/or use complementary criteria to select the best model 
to estimate isotherms. 

According to the traditionally evaluated statistical 
parameters for choosing the model that best fits the 

experimental data to represent the hygroscopicity of plant 
products, the Cavalcanti Mata, modified GAB, modified 
Henderson, and Sabbah models fit the selection criteria and, 
therefore, represent satisfactorily the desorption isotherms 
of tamarind seeds. 

Due to the need to include additional objective 
criteria to assist in selecting a single model that estimates 
desorption isotherms, the application of the AIC and BIC 
methodology was suggested in this study to select the best 
model that describes the sorption isotherms. In this case, the 
indication of the best model may be more accurate since 
these criteria consider other factors such as the analysis of 
the set of coefficients, including their degree of estimates 
(Akaike, 1974; Schwarz, 1978). 

Ferreira Junior et al. (2018) studied the desorption 
isotherms of Hymenaea stigonocarpa Mart. seeds and used 
the AIC and BIC criteria in the mathematical modeling of the 
desorption isotherms of the product at different temperatures 
and relative humidity. The authors reported that the criteria 
contributed to the choice of the model for representing the 
phenomenon. These criteria contribute to choosing the model 
to be used in the adjustment in mathematical modeling 
studies of post-harvest processing (Gomes et al., 2018; 
Quequeto et al., 2019; Souza et al., 2019). 

Thus, the Cavalcanti Mata model presented the 
lowest values for AIC and BIC (2.94 and 6.03, respectively) 
(Table 4) considering the use of these criteria to represent 
the desorption isotherms of tamarind seeds. 
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TABLE 4. Values of the Akaike information criteria (AIC) and Schwarz Bayesian information criteria (BIC) for models adjusted 
to the hygroscopicity of tamarind (Tamarindus indica L.) seeds. 

Model AIC BIC Model AIC BIC 
Cavalcanti Mata 02.94 06.03 Modified Henderson 07.14 10.23 

Chung-Pfost 18.06 21.15 Modified Oswin 29.53 32.62 
Modified GAB 19.34 22.43 Sabbah 23.84 26.93 

Modified Halsey 36.49 39.58 Sigma Copace 16.33 19.42 
Henderson 15.51 17.82    

 
The Cavalcanti Mata model also provided a better fit 

for the desorption isotherms of cowpea (Vigna unguiculata 
(L.) Walpers), an evergreen variety, at temperatures of 20, 
30, 40, and 50 °C and water activity from 0.10 and 0.85 
(Oliveira et al., 2004). In addition to tamarind seeds, the 

Cavalcanti Mata model (Figure 3) can be used to represent 
the hygroscopicity of seeds of paddy rice (Oryza sativa L. 
cv. BRS Sertaneja) (Oliveira et al., 2014), aji pepper 
(Capsicum chinense L.) (Silva et al., 2015), and sorghum 
(Sorghum bicolor (L.) Moench) (Ullmann et al., 2016). 

 

 

**Significant at 1% by the t-test. 

FIGURE 1. Desorption isotherms estimated by the Cavalcanti Mata model for tamarind (Tamarindus indica L.) seeds at 
temperatures of 10, 20, 30, and 40 °C. 
 

The desorption isotherm curves estimated by the 
model (Figure 1) showed that, for the same range of 
moisture content, water activity values increase as the 
temperature increases. It is a response found in the 
isotherms of various plant products in the literature, such as 
yellow mombin (Spondias mombin L.) pulp in foam 
(Cavalcante et al., 2018), sunflower seeds (Helianthus 
annuus L.) (Campos et al., 2019), and brazilnuts 
(Bertholletia excelsa H. B. K.) (Botelho et al., 2019). 

The quality and viability of stored seeds are ensured 
by its water activity, which is response dependent on the 
equilibrium moisture content, temperature, and relative 
humidity. The safe limit of water activity to prevent stored 
products from becoming susceptible to attack by 
microorganisms is around 0.7 (decimal); the development 
of pathogenic microorganisms occurs above this water 
activity value (Oliveira et al., 2005). 

The maximum equilibrium moisture content 
predicted by the Cavalcanti Mata model (Figure 3) for 

tamarind seeds to be stored at temperatures of 10, 20, 30, 
and 40 °C was 16.07, 15.30, 14.87, and 14.57% db, 
respectively. These high limits are due to the interactions 
between the water molecules and the chemical constituents 
of seeds, which are of approximately 16.2% proteins, 
75.58% carbohydrates, and 7.06% lipids (Ly et al., 2017). 

The desorption isotherms obtained for tamarind 
seeds had a type II sigmoid shape (IUPAC, 1985), as 
observed for other plant products, such as African mesquite 
(Prosopis africana) seeds (Ade et al., 2016), baru (Dipteryx 
alata Vog.) fruits (Oliveira et al., 2017), castorbean (Ricinus 
communis L.) (Goneli et al., 2016), purple mombin 
(Spondias purpurea L.) powder (Lins et al., 2017), locoto 
(Capsicum baccatum) (Andrade et al., 2017), and lettuce 
(Lactuca sativa) seeds (Zeymer et al., 2017). The type II 
isotherms are caused by synergistic effects of Raoult’s law, 
capillary effects, and interactions of moisture on the 
material surface (Labuza & Altunakar, 2007). 
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CONCLUSIONS 

The Cavalcanti Mata model is recommended to 
estimate the desorption isotherms of tamarind seeds. 

The AIC and BIC criteria contribute to the choice 
of the model to predict the desorption isotherms of 
tamarind seeds. 

The safe moisture content for storing tamarind seeds 
at temperatures of 10, 20, 30, and 40 °C is 16.07, 15.30, 
14.87, and 14.57% db, respectively. 
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