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Abstract 

Drying is one of the most important steps of the post-harvest of pepper seeds and must be performed carefully so 

as not to impair the quality of seeds. The study of thermodynamic properties provides information about the 

behavior of water in agriculture products and the energy requirement for removal thereof during the drying pro-

cess. Based on the above, this study aimed to determine and evaluate the thermodynamic properties for different 

equilibrium moisture contents in pepper seeds of the variety ‘Cabacinha’. Seeds with an initial moisture content of 

22.7% on dry basis (d.b.) were subjected to drying at 40 °C, until reaching moisture content of 3.9% (d.b.). Based 

on the obtained results, it is concluded that the integral isosteric heat of desorption, the Gibbs free energy, the 

differential enthalpy and entropy increase with the reduction of the moisture content of pepper seeds. The Gibbs 

free energy showed positive values, indicating that the process of desorption is not spontaneous. The theory of 

the enthalpy-entropy compensation can be applied to the desorption process, since this is controlled by enthalpy. 

 

Additional keywords: Capsicum chinense L.; isokinetic temperature; isosteric heat; moisture content. 

 

Resumo 

A secagem é uma das etapas mais importantes da pós-colheita de sementes de pimenta, devendo ser reali-

zada cuidadosamente para não prejudicar a qualidade das sementes. O estudo das propriedades termodinâ-

micas fornece informações sobre o comportamento da água em produtos agrícolas e o requerimento de ener-

gia para a remoção da mesma durante o processo de secagem. Com base no exposto, objetivou-se, com o 

presente trabalho, determinar e avaliar as propriedades termodinâmicas, para diferentes teores de água de 

equilíbrio, em sementes de pimenta da variedade Cabacinha. As sementes, com teor de água inicial de 22,7% 

(b.s.), foram submetidas à secagem, à temperatura de 40 °C, até atingir teor de água de 3,9% (b.s.). Com 

base nos resultados obtidos, conclui-se que o calor isostérico integral de dessorção, a energia livre de Gibbs, a 

entalpia e a entropia diferencial aumentam com a redução do teor de água das sementes de pimenta. A ener-

gia livre de Gibbs apresentou valores positivos, indicando que o processo de dessorção não é espontâneo. A 

teoria da compensação entalpia-entropia pode ser aplicada ao processo de dessorção, visto que este é 

controlado pela entalpia. 

 

Palavras-chave adicionais: calor isostérico; Capsicum chinense L.; temperatura isocinética; teor de água. 

 

Introduction 

 

Among the production steps of pepper seeds 

of the genus Capsicum, reducing the moisture 

content, by drying, comprises one of the most 

important factors in preserving the germination and 

vigor of seeds during storage. Thus, it is necessary to 

have prior knowledge of the water sorption charac-

teristics of the product, to establish, then, the most 

suitable conditions (drying time, initial and final mois-

ture content, drying temperature and air velocity) for 

drying the seeds. 

Knowledge on the hygroscopic behavior of 

agricultural products is a key factor in the projects and 

studies of drying, handling, storage, packaging and 

transport systems and in modeling longevity of seeds, 

grains and other agricultural products (Araújo et al., 

2001). 
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In this sense, the hygroscopic behavior of 

agricultural products may be analyzed by means of 

isothermal curves or hygroscopic equilibrium curves, 

which is the relation between the moisture content of 

a certain product and the equilibrium water activity to 

a specific temperature (Resende et al., 2006). 
From the sorption isotherms is possible to 

calculate the thermodynamic properties of a product, 
which provide information on energy demand and 
prediction of kinetic parameters in sorption processes 
(Kaya & Kahyaoglu, 2006). Furthermore, the thermo-
dynamic properties that include the integral isosteric 
heat of sorption, the differential enthalpy and entropy of 
sorption and the theory of compensation can also be 
used to analyze and understand the state of water 
equilibrium with the vicinity according to the temperature 
and water activity (Fasina, 2006; Thys et al., 2010). 

The isosteric heat of sorption is used as an 
indicator of the intermolecular forces of attraction 
between the product sorption sites and the water va-
por (Al-Muhtaseb et al., 2004; Moreira et al., 2008), 
and, the lower the moisture content of the product, 
the greater will be the energy needed for its removal 
(Costa et al., 2013; Oliveira et al., 2011). 

The changes in enthalpy values may provide a 
measure of changes in energy occurring by mixing water 
molecules with the constituents of the product during the 
sorption processes (Telis-Romero et al., 2005). Entropy 
changes may also be associated with the system 
binding/repulsion forces and the spatial arrangement 
of the product-water ratio (McMinn et al., 2005). 
Hence, the entropy of a material is proportional to the 
number of adsorption sites available at a particular 
level of energy (Madamba et al., 1996). 

The theory of the enthalpy-entropy compen-
sation, or isokinetic theory, is used to evaluate the 
physical and chemical phenomena, such as the sorp-
tion reactions. The theory proposes that the nature of 
the interaction between the solute and the solvent 
causes the sorption reaction, and that the relation 
between the enthalpy and entropy for a particular 
reaction is linear (Fasina, 2006). 

The Gibbs free energy evaluates the affinity 
between the product and the water, which may indi-
cate whether the product water output, during the 
drying process, is spontaneous or not. If the value of 
this property is positive, the process is not spontane-
ous; if negative, the process occurs spontaneously 
(Telis et al., 2000). 

Given that the thermodynamic properties of 
agricultural products provide important information 
about the behavior of water and the energy need for 
its removal in organic products, it becomes imperative 
to know the behavior of the thermodynamic properties 
of pepper seeds, once in literature there is limitation 
of information for this type of product. 

Based on the above, the aim of this study 
was to determine and evaluate the thermodynamic 
properties depending on different moisture contents 
of pepper seeds of the variety ‘Cabacinha’. 

Material and methods 

 

The experiment was conducted at the Labor-

atory of Post-harvest of Plant Products of the Federal 

Institute of Education, Science and Technology of 

Goiás - Rio Verde Campus (IF Goiano - Rio Verde 

Campus), located in the city of Rio Verde, GO. 

It was used a batch of pepper seeds of the 

variety ‘Cabacinha’ (Capsicum chinense L.) produced 

at the Federal Institute of Goiás - Ceres Campus, GO. 

After mechanical extraction, it was carried out pre-

drying of the seeds in natural laboratory conditions at 

24.6 ± 1.2 °C and 73.1 ± 6.5% relative air humidity for 

24 hours. Then the seeds were sent to the Laboratory 

of Post-harvest of Plant Products of the Federal 

Institute of Education, Science and Technology of 

Goiás - Rio Verde Campus (IF Goiano - Rio Verde 

Campus), where the experiment was conducted. 

In order to obtain different moisture contents, 

the seeds were dried in an oven with forced ventilation 

at 40 °C, until reaching the moisture contents of 22.7; 

17.8; 14.8; 11.4; 8.5; 5.6 and 3.9% on dry basis (d. b.). 

The moisture contents were determined by 

the method of oven at 105 ± 3 °C, for 24 hours, in two 

replications (Brasil, 2009), and converted to percent-

age on dry basis (% d. b.). 

For the determination of the isotherms of 

desorption of seeds, it was used the indirect static 

method, being the water activity (aw) determined by 

the equipment Hygropalm Model Aw 1. Samples of 

each moisture content were placed in the recipient of 

the equipment and subsequently placed in tempera-

ture controlled environment, after stabilization of the 

temperature and water activity, reading was per-

formed. To control the temperature, it was used Bio-

chemical Oxygen Demand (BOD), set at 10, 20, 30 

and 40 °C in three replications. 

To the experimental data of water activity 

were adjusted the mathematical models often used to 

represent the hygroscopicity of plant products. To 

determine the thermodynamic properties of pepper 

seeds of the variety ‘Cabacinha’, it was used the 

model of Chung-Pfost (Silva et al., 2015), which ade-

quately represents the experimental data, whose 

coefficient of determination was 99.66%. Using the 

model, the water activity values were obtained by 

means of the following equation: 

 

Xe = 30.9217
** − 5.0005

**
∙ ln (−(T+127.7755

**) ∙ ln(aw))  (1) 

** Significant at 1% probability by t test. 

wherein, Xe: equilibrium moisture content, % d.b.;  

aw: water activity (decimal), and T: temperature (°C). 

 

The net isosteric heat of sorption (or differen-

tial enthalpy) was calculated for each equilibrium 

moisture content from the Clausius-Clapeyron equa-

tion (Equation 2) (Iglesias & Chirife, 1976). 
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wherein, aw: water activity (decimal); Ta: absolute 
temperature (K); Δhst: differential enthalpy (kJ kg-1), 
and R: universal gas constant (8.314 kJ kmol-1 K-1), 
being, to water vapor, 0.4619 kJ kg-1 K-1. 

 
Integrating Equation 2 and assuming that 

the net sorption isosteric heat is independent of 
temperature, the net sorption isosteric heat for each 
equilibrium moisture content was obtained according 
to Equation 3 (Wang & Brennan, 1991; Goneli et al., 
2010a): 

C

aT

1
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st
Δh

)wln(a  







                                   (3) 

wherein, C: coeficiente of the model. 
 

The integral isosteric heat of sorption was 
obtained by adding the values of the net sorption 
isosteric heat to the latent heat of vaporization of 
free water, according to Equation 4 (Al-Muhtaseb et 
al., 2004; Oliveira et al., 2011): 

 

LXe)bexp(aLstΔhstQ                       (4) 

wherein, Qst: integral isosteric heat of sorption      

(kJ kg-1); L: latent heat of vaporization of free water 
(kJ kg-1), and a, b: model coefficients. 

 
The latent heat of vaporization of free water 

(L), in kJ kg-1, was obtained using the average tem-
perature (T) in the studied range (25 °C), by means 
of the following equation (Resende et al., 2006; 
Costa et al., 2013): 

 

T2.392502.2L                                                (5) 

The differential entropy of desorption (∆S), 
in kJ kg-1 K-1, was quantified as the difference be-
tween the differential enthalpy of desorption and the 
change of free energy of Gibbs (∆G) of the sorbed 
water, divided by the absolute temperature (Ta) 
(Kaya & Kahyaoglu, 2006; Oliveira et al., 2013): 

 

aT

ΔG
st

Δh
ΔS


                                                    (6) 

wherein, ΔS: differential entropy of sorption           
(kJ kg-1 K-1), and ΔG: free energy of Gibbs (kJ kg-1). 
 

To quantify the Gibbs energy (∆G), it was 
used the Equation 7 (Madamba et al., 1996; Telis et 
al., 2005): 

)wln(aTRΔG                                                   (7) 

According to Goneli et al. (2010b), the 
effects of changes in water sorption on free energy 

are usually accompanied by changes in enthalpy 
and entropy values. Thus, substituting Equation 7 
into Equation 6, there is: 

 

R

ΔS

RT

st
Δh

)wln(a                                               (8) 

Calculated differential enthalpy (Δhst) and 
entropy (ΔS) of sorption were correlated by Equation 
9 (Beristain et al., 1996): 

 

 
B

ΔGΔS
B

TstΔh                                            (9) 

wherein, TB: isokinetic temperature (K), and        
ΔGB: Gibbs free energy at isokinetic temperature  
(kJ kg-1). 

To validate the existence of the compensa-
tion theory that relates the values of differential 
enthalpy and entropy of desorption, it was applied 
the Krung test, which compares the isokinetic tem-
perature with the harmonic mean temperature (Thm), 
according to the following expression (Krug et al., 
1976a; 1976b): 

 














T

1

n
Thm                                                        (10) 

wherein, Thm: harmonic mean temperature (K), and 
n: number of temperatures used. 

According to Krug et al. (1976a; 1976b), the 
chemical linear compensation, or compensation the-
ory, exists only if the isokinetic temperature (TB) is 
different from the harmonic mean temperature (Thm). 
An approximate confidence interval (1-α; 100%), for 
isokinetic temperature, was calculated by Equation 11: 

 

 TBVar2α2,m
t

B
T

B
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 ˆ                                 (11) 

wherein, 
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                 (13) 

where, m: number of enthalpy and entropy data 

pairs; stΔh : average enthalpy (kJ kg-1), and        

ΔS  = average entropy (kJ kg-1). 

If the harmonic mean temperature (Thm) is 
within the calculated range for isokinetic temperature 
(TB), the relation between the values of differential 
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enthalpy and entropy of sorption reflects only 
experimental errors and not the existence of chemi-
cal and physical factors that respond to the compen-
sation theory (Beristain et al., 1996). It was adopted, 
for TB, a 99% confidence interval, across the range 
of experimental data. 

 
Results and discussions 

The water activity (aw) values estimated by 
the Chung-Pfost model (Equation 1) to the equilib-

rium moisture content in the range of 3.3 to 23.9% 
(d.b.) and temperatures of 10, 20, 30 and 40 °C 
varied from 0.163 to 0.976 (Table 1). The increase in 
the equilibrium moisture content and in the 
temperature caused increases in the water activity 
values of pepper seeds. This behavior was also 
observed for corn kernels with a moisture content in 
the range of 12.8 to 23.3% (d.b.) and temperatures 
of 10, 20, 30 and 40 °C (Oliveira et al., 2013). 

 

 

Table 1 - Water activity values (decimal) estimated by the Chung-Pfost model as a function of the tempera-

ture and the hygroscopic equilibrium moisture content of pepper seeds of the variety ‘Cabacinha’. 

Xe 
(% d.b.) 

Temperature (°C) Xe 
(% d.b.) 

Temperature (°C) 

10 20 30 40  10 20  30  40  

3.3 0.163 0.184 0.205 0.225 11.8 0.718 0.734 0.749 0.762 

3.5 0.172 0.194 0.215 0.236 14.4 0.819 0.831 0.840 0.849 

3.9 0.199 0.222 0.245 0.266 14.6 0.826 0.837 0.846 0.855 

4.1 0.210 0.233 0.256 0.277 14.8 0.832 0.843 0.852 0.860 

4.2 0.220 0.244 0.267 0.289 14.9 0.837 0.847 0.856 0.864 

5.1 0.282 0.307 0.331 0.354 15.0 0.838 0.848 0.857 0.865 

5.3 0.293 0.318 0.342 0.365 15.1 0.842 0.852 0.860 0.868 

5.4 0.305 0.330 0.354 0.377 17.1 0.890 0.898 0.904 0.909 

5.6 0.317 0.343 0.367 0.389 17.4 0.897 0.904 0.910 0.915 

5.7 0.327 0.353 0.377 0.400 17.5 0.899 0.905 0.911 0.916 

5.8 0.329 0.354 0.378 0.401 17.6 0.901 0.908 0.913 0.918 

5.9 0.340 0.366 0.390 0.412 17.8 0.904 0.910 0.916 0.921 

8.2 0.503 0.527 0.549 0.569 18.0 0.909 0.915 0.920 0.925 

8.3 0.511 0.535 0.556 0.576 18.4 0.915 0.920 0.925 0.929 

8.4 0.516 0.540 0.561 0.581 21.8 0.956 0.959 0.961 0.964 

8.5 0.523 0.546 0.568 0.587 22.2 0.959 0.962 0.964 0.966 

8.6 0.533 0.556 0.577 0.597 22.6 0.962 0.965 0.967 0.969 

8.8 0.545 0.568 0.589 0.607 22.7 0.963 0.965 0.967 0.969 

9.0 0.558 0.580 0.601 0.619 23.1 0.966 0.968 0.970 0.972 

11.1 0.681 0.699 0.715 0.729 23.2 0.966 0.969 0.971 0.972 

11.2 0.688 0.706 0.722 0.736 23.3 0.967 0.969 0.971 0.973 

11.3 0.692 0.710 0.725 0.739 23.5 0.969 0.971 0.973 0.974 

11.4 0.697 0.714 0.729 0.743 23.9 0.971 0.973 0.974 0.976 

11.5 0.700 0.717 0.733 0.746      

 

The microorganisms, fungi, yeasts and 

bacteria have minimum threshold value of water 

activity to perform the metabolic activities of 0.7; 0.8 

and 0.9 (decimal), respectively (Oliveira et al., 2005). 

Thus, to inhibit the growth of these microorganisms 

during storage, the moisture content of pepper seeds 

should not exceed values of 11.4; 11.1; 9.0 and 9.0% 

(d.b.) to temperatures of 10, 20, 30 and 40 °C, 

respectively (Table 1). 

The integral isosteric heat of desorption (Qst), 

obtained by adding the net isosteric heat of desorption 

(hst) to the different hygroscopic equilibrium moisture 

contents and the latent heat of vaporization of free 

water (L=2418.55 kJ kg-1), increased with the reduction 

in the equilibrium moisture content of ‘Cabacinha’ 

pepper seeds (Figure 1), demonstrating the increased 

resistance of pepper seeds in evaporating the water 

attached to their biological structures. This behavior is 

due basically to the different speeds of migration of the 

water molecules from the inside to the periphery of the 

product and of evaporation of the surface water 

molecules (Corrêa et al., 2010). 
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**Significant at 1% probability by t test. 

 
Figure 1 - Integral isosteric heat of desorption for pepper seeds of the variety ‘Cabacinha’. 

 

The inverse proportionality of Qst compared 

to Xe (Figure 1) follows the same trend of other agri-

cultural products such as melon seeds (Aviara & 

Ajibola, 2002), sesame seeds (Kaya & Kahyaoglu, 

2006), beans (Resende et al., 2006), okra seeds 

(Goneli et al., 2010a), millet grains (Goneli et al., 

2010b), corn grains (Oliveira et al., 2010; Oliveira et 

al., 2013) and crambe fruits (Costa et al., 2013). 

The values of integral isosteric heat of 

desorption for pepper seeds in the moisture content 

range of 23.9 to 3.3% (d.b.) varied from 2449.7 to 

2885.4 kJ kg-1 (Figure 1). In corn grains with mois-

ture content in the range from 23.3 to 12.8% (d.b.), 

the integral isosteric heat of desorption varied from 

2506 to 2734 kJ kg-1 (Oliveira et al., 2013). On the 

other hand, the integral isosteric heat of desorption 

for millet grains with moisture content ranging from 

35.2 to 11.0% (d.b.) was between 2457 and 

3550 kJ kg-1 (Goneli et al., 2010b). 

Possible diferences found between the val-

ues of integral isosteric heat of desorption for differ-

ent products can be justified by the inherent factors 

of each product (Resende et al., 2006), with the 

differences in the composition and structure of prod-

ucts being assigned to the data of equilibrium mois-

ture content and the method of its determination 

(Aviara & Ajibola, 2002) and to the mistakes in 

obtaining the water activity values, since these 

values are determined from the mathematical 

models (Ferreira & Pena, 2003). 

The enthalpy and entropy presented, 

respectively, values of 7.279 to 442.933 kJ kg-1 K-1 and 

0.012 to 0.728 kJ kg-1 K-1 for the equilibrium moisture 

content in the range of 23.9 to 3.3% (d.b.) (Figure 2). 

The values of these two variables increase with the 

reduction of the moisture content of the seeds, 

agreeing with the results for various agricultural 

products (Madamba et al., 1996; Aviara & Ajibola, 

2002; Al-Muhtaseb et al., 2004; Kaya & Kahyaoglu, 

2006; Goneli et al., 2010a; Goneli et al., 2010b; 

Oliveira et al., 2011; Goneli et al., 2013). 

The regression equations fitted to the 

experimental data of enthalpy and entropy of pepper 

seeds have high coefficients of determination        

(R2=99.99%) and significant parameters to 1% 

significance by t test, showing the adequacy of the 

equations to the experimental data (Table 2). 

The relationship between the differential 

enthalpy and entropy involved in the desorption pro-

cess showed a linear behavior with a high coefficient 

of determination (R2 = 99.99%), validating the isoki-

netic theory, or theory of enthalpy-entropy compen-

sation (Figure 3). 

To test the validity of the theory of the 

enthalpy-entropy compensation, the isokinetic 

temperature was compared with the harmonic mean 

(Thm) of the temperature range used to determine 

the desorption process in pepper seeds. According 

to Krug et al. (1976a; 1976b), the chemical linear 

compensation only exists if the isokinetic tempera-

ture TB is different from the harmonic mean temper-

ature Thm. Thus, as obtained in the present work, the 

isokinetic temperature of pepper seeds 

(608.4334 ± 0.00010) is significantly different from 

the calculated harmonic mean (292.35 K), confirming 

the enthalpy-entropy compensation phenomenon. 
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Figure 2 - Experimental and estimated values of differential enthalpy and entropy of desorption of the pep-
per seeds from the variety 'Cabacinha'. 
 
Table 2 - Equations and determination coefficients of differential enthalpy (Δhst) and entropy (ΔS) of desorp-
tion of pepper seeds from the variety ‘Cabacinha’. 

Thermodynamic Properties Equations R2 (%) 

Differential Enthalpy Δhst = 0.0002** + 859.1159**. exp (-0.2000** . Xe) 99.99 

Differential Entropy ΔS = 5.3501x10-6** + 1.412**. exp (-0.2000** . Xe) 99.99 

**Significant at 1% probability by t test. 

 

 
**Significant at 1% probability by t test. ns Non-significant by t test. 

 
Figure 3 - Enthalpy-entropy relationship for the process of desorption of water from pepper seeds of the 
variety ‘Cabacinha’. 
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In the linear enthalpy-entropy compensation, 
the process is controlled by enthalpy when TB > Thm, 
otherwise (TB < Thm), the process is controlled by 
entropy (Telis-Romero et al., 2005). From this crite-
rion and the results obtained in this work, the isoki-
netic temperature was higher than the harmonic 
mean temperature, the process being controlled by 
enthalpy. These results corroborate those reported 
by several researchers (Telis et al., 2000; McMinn et 
al., 2005; Goneli et al., 2010b; Thys et al., 2010; 
Goneli et al., 2013; Oliveira et al., 2013), in studies 
of various agricultural products. 

The Gibbs free energy presented positive 
values (Figure 4), showing that the desorption of 
water in pepper seeds is not a spontaneous process 
(Telis et al., 2000). The values of Gibbs free energy 
in the four temperatures increased by reducing the 
moisture content of pepper seeds, tending to 
stabilize at higher levels of moisture content, for 
seeds present a greater number of sorption active 
sites (Goneli et al., 2013). Similar behaviors were 
observed for coffee beans (Corrêa et al., 2010), okra 
seeds (Goneli et al., 2010a) and corn kernels 
(Oliveira et al., 2013). 

 

 
Figure 4 - Gibbs free energy as a function of the moisture content of pepper seeds of the variety 
‘Cabacinha’. 

 
The influence of temperature on the Gibbs 

free energy is higher for lower moisture contents, 
and the increase in temperature reduces the Gibbs 
energy (Figure 4). According to Goneli et al. (2013), 
this trend can be correlated to the vibration or 
movement of water molecules in the interior of the 
product, presenting at high temperatures a greater 
vibration; this leads to a lower need for labor for the 
layers of the product to be available for sorption. 

Nkolo Meze'e et al. (2008) report that the 
Gibbs free energy is attributed to the work needed to 

make the sorption sites available. The positive Gibbs 
free energy values are characteristic of an exoge-
nous reaction, ie, one that requires an external 
agent supplying energy to the environment. 

The equations fitted to the data of the Gibbs 
free energy showed high coefficients of determina-
tion (R2 = 99.99%) and significant parameters to 1% 
significance by t test (Table 3), demonstrating the 
satisfactory adjustment of the equations to the 
experimental data. 

 
Table 3 - Equations and determination coefficients of Gibbs free energy of pepper seeds of the variety 
‘Cabacinha’. 

Temperature (°C) Equations R2 (%) 

10 ∆G = 460.1926**  exp (-0.2000**  Xe) 99.99 

20 ∆G = 444.2040**  exp (-0.2000**  Xe) 99.99 

30 ∆G = 430.2422**  exp (-0.2000**  Xe) 99.99 

40 ∆G = 417.9448**  exp (-0.2000**  Xe) 99.99 

**Significant at 1% probability by t test. 
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Conclusions 
 

The integral isosteric heat of desorption, the 
differential entropy and enthalpy and the Gibbs energy 
increased by reducing the moisture content of pepper 
seeds of the variety ‘Cabacinha’, reflecting a higher 
energy requirement for water removal of the product. 

The enthalpy-entropy compensation is valid for 
the desorption of water in the seeds, this process being 
controlled by enthalpy. 

Gibbs energy showed positive values for the 
temperatures studied, showing that the process is not 
spontaneous. 
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