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ABSTRACT: Studies related to water sorption in seeds are essential for the design and optimization of storage 
systems. The objective of this research was to determine and model the adsorption isotherms and calculate 
the latent heat of water vaporization, differential enthalpy and entropy, the isokinetic theory and Gibbs free 
energy for ‘Cumari-do-Pará’ pepper seeds. The equilibrium moisture contents were obtained by the static 
gravimetric method at temperatures of 30, 35 and 40 °C and water activities between 0.290 and 0.900 (decimal). 
The Chen-Clayton model is the one that best represents the water adsorption isotherms in ‘Cumari-do-Pará’ 
pepper seeds under the studied conditions, with 9.94% mean relative error, 0.40 mean estimated error and 
random distribution of residuals. The latent heat of vaporization ranged from 2,555.669 to 3,162.180 kJ kg-1. 
The enthalpy, entropy and Gibbs free energy increase with the reduction in the equilibrium moisture content 
of the seeds. The isokinetic theory is valid for the adsorption process.
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Isotermas e propriedades termodinâmicas de adsorção
de água em sementes de pimenta Cumari-do-Pará

RESUMO: Estudos relacionados com a sorção de água em sementes são essenciais para o dimensionamento e 
otimização de sistemas de armazenagem. Assim, objetivou-se determinar e modelar as isotermas de adsorção 
e calcular o calor latente de vaporização da água, a entalpia e entropia diferencial, a teoria isocinética e a 
energia livre de Gibbs para as sementes de pimenta Cumari-do-Pará. Os teores de água de equilíbrio foram 
obtidos pelo método estático gravimétrico nas temperaturas de 30, 35 e 40 °C e atividades de água entre 
0,290 a 0,900 (decimal). O modelo de Chen-Clayton é o que melhor representa as isotermas de adsorção de 
água em sementes de pimenta Cumari-do-Pará nas condições estudadas, apresentando 9,94% de erro médio 
relativo, 0,40 de erro médio estimado e distribuição aleatória dos resíduos. O calor latente de vaporização 
variou de 2.555,669 a 3.162,180 kJ kg-1. A entalpia, a entropia e a energia livre de Gibbs aumentam com a 
redução do teor de água de equilíbrio das sementes. A teoria isocinética é válida para o processo de adsorção.
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Introduction

Capsicum chinense L. peppers are the most cultivated and 
consumed in Brazil. This species is part of the Brazilian popular 
culture and has the Amazon Basin as its center of domestication 
(Carvalho et al., 2014; Baba et al., 2015).

For being widely cultivated in Brazil, adequate drying and 
storage procedures are necessary for conserving the quality 
of pepper seeds, considering that they are extracted with high 
moisture contents (Silva et al., 2015b; Silva et al., 2016). For 
these operations to be carried out properly, it is necessary 
to know the relationship between the equilibrium moisture 
content and relative air humidity at a specific temperature 
(Corrêa et al., 2015). This relationship is known as sorption 
isotherms and can be represented by mathematical equations 
(Goneli et al., 2016b).

Sorption isotherms are used to define product dehydration 
limits, estimate changes in moisture content, and avoid the 
activity of microorganisms during storage (Corrêa et al., 
2015; Silva et al., 2015b). In addition, sorption isotherms 
provide information on water sorption mechanisms with the 
constituents of the product (Corrêa et al., 2015).

From the isotherms it is possible to determine the latent heat 
of vaporization, enthalpy, entropy, isokinetic theory and Gibbs 
free energy (Ferreira et al., 2011; Sousa et al., 2015; Goneli et 
al., 2016a; Silva & Rodovalho, 2016). These thermodynamic 
parameters provide information that enables the calculation 
of energy in heating and mass transfer in biological systems, 
thus enabling greater understanding of the properties of water 
molecules (Goneli et al., 2016a).

In view of the above, the objective of this study was 
to determine and model the isotherms and calculate the 
thermodynamic properties of water adsorption in ‘Cumari-
do-Pará’ pepper seeds.

Material and Methods

The experiment was conducted at the Laboratório de 
Alimentos of the Instituto Federal Goiano - Campus of Ceres, 
GO, Brazil. Pepper fruits of the ‘Cumari-do-Pará’ variety 
were harvested at full maturity and the seeds were extracted 
manually and dried in a drying oven at 70 °C for 48 h until 
reaching moisture content of 3% (d.b.) (Goneli et al., 2010).

The equilibrium moisture contents were determined 
at temperatures of 30, 35 and 40 °C and water activity (aw) 
within the range from 0.290 to 0.900 (decimal) by the static 
gravimetric method. In this method, the seeds are placed in 
airtight glass containers, containing three replicates for each 
water activity (aw), according to the methodology described 
by Silva & Rodovalho (2016).

Mathematical models frequently used to represent 
isotherms of different seeds were fitted to the experimental 
data (Corrêa et al., 2015; 2016; Silva et al., 2015b; Zeymer et 
al., 2017), whose expressions are presented in Table 1.

The mathematical models were fitted by nonlinear 
regression analysis using the Gauss-Newton method. The 
degree of fit was verified by the magnitude of the coefficient of 
determination (R²), mean relative error (P), mean estimated 

error (SE) and trend of residual distribution (Rodovalho et al., 
2015; Corrêa et al., 2016; Goneli et al., 2016b). P and SE were 
calculated using the following expressions:

Table 1. Mathematical models used to represent the sorption 
isotherms

Xe - Equilibrium moisture content, % d.b.; T - Temperature, °C; aw - Water activity, decimal; 
a, b, c, d - Model parameters that depend on the product, dimensionless
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where:
Y 	 - experimental value;
Ŷ 	 -  value estimated by model;
n 	 - number of experimental observations; and,
DF 	 - degrees of freedom of the residual.

The Clausius-Clapeyron equation (Eq. 8) was used to 
calculate the L L’-1 ratio, whose data were fitted with the 
Rodrigues-Arias equation (Eq. 9), and then the latent heat 
of vaporization of the water in the seeds (Eq. 10) for each 
temperature and moisture content studied (Corrêa et al., 1998).
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where:
Pv 	 - vapor pressure of free water, for a certain equilibrium 

temperature T, kPa;
Pvs 	 - saturation vapor pressure of free water, for a certain 

equilibrium temperature (T), kPa;
L 	 - latent heat of vaporization of the water in the product, 

kJ kg-1;
L’ 	 - latent heat of vaporization of free water, at the 

equilibrium temperature, kJ kg-1;
C 	 - integration constant; and,
a, b, m - coefficients that depend on the product.

Differential enthalpy, differential entropy, isokinetic theory 
and Gibbs free energy of adsorption were calculated using the 
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methodology described by Corrêa et al. (2012), according to 
the following expressions:

that among the models studied, only Chen-Clayton had P less 
than 10% (Table 2). This model also showed the lowest mean 
estimated error (SE = 0.4045) and random distribution of 
residuals, thus showing the best fit to the experimental data.

The Chen-Clayton model was perfected from the 
Henderson model by adding a new parameter to the equation, 
which was derived from the potential theory associated with 
the simplified equations of the thermodynamic states. After 
the addition of a new parameter, the Chen-Clayton model was 
widely used to describe the hygroscopic behavior of various 
agricultural products, such as seeds and grains (Henderson, 
1952; Thompson et al., 1968; Chen & Clayton, 1971; Ribeiro 
et al., 2005).

For showing the best statistical indices, the Chen-Clayton 
model was selected to represent the adsorption isotherms of 
‘Cumari-do-Pará’ pepper for temperatures of 30, 35 and 40 
°C and water activity within the range from 0.290 to 0.900 
(decimal) (Figure 1). This model also showed adequate fit 
to the data of ‘Cabacinha’ (C. chinense L.) pepper seeds for 
temperatures of 10, 20, 30 and 40 °C and water activity between 
0.213 and 0.975 (decimal) (Silva et al., 2015b).

The adsorption isotherms of ‘Cumari-do-Pará’ pepper 
seeds estimated by the Chen-Clayton model have a sigmoidal 
shape, characteristic of type II curves (Brunauer et al., 1938), 
considered standard for most agricultural products, such as 
seeds of cucumber (Corrêa et al., 2015), beetroot (Corrêa et 
al., 2016) and pepper (Capsicum sp.) (Ferreira et al., 2011; 
Rodovalho et al., 2015; Silva et al., 2015b; Silva & Rodovalho, 
2016).

( ) st
w

h Sln a
RT R
∆ ∆

= −

st

a

h G
S

T
∆ −∆

∆ =

( )st B Bh T S G∆ = ∆ + ∆

( )a wG R T ln a∆ =

hm
nT

1
T

=
 
 
 ∑

( )BB B m 2, /2 Var T
ˆT T t

− α
= ±

where:
aw 	 - water activity, decimal;
Δhst 	 - differential enthalpy of sorption, kJ kg-1;
ΔS 	 - differential entropy of sorption, kJ kg-1 K-1;
R 	 - universal gas constant (8.314 kJ kmol-1 K-1), equal 

to 0.4619 kJ kg-1 K-1 for water vapor;
Ta 	 - absolute temperature (K);
ΔG 	 - Gibbs free energy, kJ kg-1;
TB 	 - isokinetic temperature, K;
ΔGB 	- Gibbs free energy at isokinetic temperature, kJ kg-1;
Thm 	 - harmonic mean temperature, K;
n 	 - number of temperatures used; and,
m 	 - number of enthalpy-entropy data pairs.

Results and Discussion

The models fitted to the hygroscopic equilibrium moisture 
contents of ‘Cumari-do-Pará’ seeds had coefficients of 
determination above 0.96 (Table 2). The single use of this 
parameter is not sufficient to characterize adequate fit of 
nonlinear models (Corrêa et al., 2015), so it is necessary to 
perform an improved analysis with other statistical indices 
(Zeymer et al., 2017).

The fitting of mathematical models to a physical process 
is inversely proportional to the mean relative error (Draper & 
Smith, 1998), whose values must be less than 10% (Ferreira 
et al., 2011; Rodovalho et al., 2015). Thus, it can be observed 

RN - Random distribution

Table 2. Coefficients of determination (R2), mean relative error (P), mean estimated error (SE), residual distribution (RD) and 
parameters for models fitted to adsorption isotherms of ‘Cumari-do-Pará’ pepper seeds

Figure 1. Experimental values of equilibrium moisture content 
and adsorption isotherms estimated by the Chen-Clayton 
model for ‘Cumari-do-Pará’ pepper seeds
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For the same water activity, the increase in temperature 
reduced the equilibrium moisture content of ‘Cumari-do-Pará’ 
pepper seeds, and this same behavior is observed with the 
reduction of water activity for the same temperature (Figure 
1). It is known that this behavior occurs due to the difference in 
water vapor pressure between the product and the surrounding 
air (Silva et al., 2015b). Thus, the increase in temperature 
reduces the water vapor pressure in the air at a same water 
activity and, consequently, the equilibrium moisture content 
of ‘Cumari-do-Pará’ pepper seeds.

The L L’-1 ratio showed values greater than 1 for the entire 
range of equilibrium moisture content studied (Figure 2A), 
evidencing that the energy released by the seeds during the 
adsorption process is always greater than the latent heat of 
vaporization of free water (L’ = 2,418.550 kJ kg-1).

For temperatures of 30, 35 and 40 °C and equilibrium 
moisture content within the range from 8.46 to 19.41% 
(d.b.), the latent heat of vaporization ranged from 3,162.180 
to 2,555.669 kJ kg-1 (Figure 2B). It can be noted that this 
thermodynamic variable increased with the reduction in the 
equilibrium moisture content of ‘Cumari-do-Pará’ pepper 
seeds and with the increase in temperature. Lower values of 
latent heat of vaporization for the highest moisture contents 
characterize the existence of free water molecules (Silva & 
Rodovalho, 2016), that is, it indicates the presence of water 
in the condition of solvent, which forms weak intermolecular 
bonds when compared to water from chemisorption at reduced 

moisture contents. Thus, water as a solvent needs less energy 
to be removed when compared to water from chemisorption 
(Rockland & Stewart, 1981).

The differential enthalpy (Figure 3A) and differential 
entropy (Figure 3B) of adsorption increased with the reduction 
in the equilibrium moisture content of ‘Cumari-do-Pará’ 
pepper seeds. For the equilibrium moisture content range from 
8.46 to 19.41% (d.b.), these thermodynamic variables ranged 
from 726.745 to 152.841 kJ kg-1 and from 1.966 to 0.461 kJ kg-1 
K-1, respectively.

Enthalpy has been related to the bonding force between 
water molecules and the adsorbent surface of the product 
(Goneli et al., 2016a). On the other hand, entropy is related 
to the number of active sorption sites available at a specific 

Figure 2. L L’-1 ratio (A) and latent heat of vaporization of 
adsorption (B) as a function of the equilibrium moisture 
content of ‘Cumari-do-Pará’ pepper seeds

Figure 3. Enthalpy (A), entropy (B) and Gibbs free energy (C) 
of adsorption as a function of the equilibrium moisture content 
in ‘Cumari-do-Pará’ pepper seeds
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energy level (Silva et al., 2015a). Thus, the high values of 
differential enthalpy and entropy for the lower equilibrium 
moisture contents show greater bonding force of water 
molecules with the sorption sites of ‘Cumari-do-Pará’ pepper 
seeds, as well as a greater number of active sites available 
for sorption (Figure 3). This trend has also been observed 
for seeds of cucumber (Corrêa et al., 2015) and ‘Cabacinha’ 
pepper (Silva et al., 2016).

The relationship between the values of differential enthalpy 
and entropy showed a high coefficient of determination 
(R2 = 0.9991), indicating the existence of isokinetic theory for 
the adsorption process in ‘Cumari-do-Pará’ pepper seeds. To 
validate the existence of this phenomenon, Krug et al. (1976a,b) 
established that the isokinetic temperature (TB) should be 
different from the harmonic mean temperature (Thm). Thus, 
the isokinetic temperature obtained was 375.581 ± 17.676 K, 
being higher than the harmonic mean temperature (307.671 
K), hence confirming the phenomenon of isokinetic theory 
for the adsorption process.

Isokinetic temperature has been used to characterize the 
temperature at which the product is in equilibrium (Goneli 
et al., 2016a). According to Leffler (1955), if TB > Thm the 
sorption process is controlled by enthalpy; otherwise, if 
TB < Thm, the process is controlled by entropy. Thus, the process 
of adsorption of ‘Cumari-do-Pará’ pepper seeds is controlled 
by enthalpy, following the same behavior as those observed in 
various agricultural products (Corrêa et al., 2015; Sousa et al., 
2015; Goneli et al., 2016a; Silva et al., 2016).

Gibbs free energy increases with the reduction in moisture 
content and decreases with the increase in temperature (Figure 
3C). It is known that this thermodynamic variable is related to 
the work necessary to make the sorption sites available (Corrêa 
et al., 2015). Positive values for Gibbs free energy characterize 
an endothermal reaction (Goneli et al., 2016a; Silva et al., 2016), 
i.e., the one which requires energy for water sorption to occur 
(Sousa et al., 2015). Therefore, the reduction in the equilibrium 
moisture content of ‘Cumari-do-Pará’ pepper seeds increased 
the need for energy for adsorption to occur, so this is a non-
spontaneous process.

The regression equations fitted to the L L’-1 ratio, differential 
enthalpy, differential entropy and Gibbs free energy of 
adsorption showed high degree of fit to the experimental 
data (R2 > 0.99) (Table 3). Therefore, these equations can 
be used to estimate these thermodynamic variables for the 
adsorption process of ‘Cumari-do-Pará’ pepper seeds for the 
equilibrium moisture content range from 8.46 to 19.41% (d.b.) 
and temperatures of 30, 35 and 40 °C.

Conclusions

1. The Chen-Clayton model is the one that best represents 
the adsorption isotherms of ‘Cumari-do-Pará’ pepper seeds at 
temperatures of 30, 35 and 40 °C and water activity within the 
range from 0.290 to 0.900 (decimal). 

2. The latent heat of vaporization, differential enthalpy, 
differential entropy and Gibbs free energy increase with the 
reduction in the equilibrium moisture content of ‘Cumari-do-
Pará’ pepper seeds.

3. The enthalpy-entropy compensation phenomenon is 
valid for the process of adsorption of ‘Cumari-do-Pará’ pepper 
seeds, which is controlled by enthalpy.
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