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A B S T R A C T
This study aims to determine the thermodynamic properties of damaged beans. Grains 
with initial moisture content of 53.85% (d.b.) were used. A part of the grains was used to 
obtain the desorption isotherms, while another part was subjected to drying until a moisture 
content of 5.26% (d.b.) was achieved; therefore, it was subjected to the adsorption process. 
To induce damage, a Stein breakage tester was used. To obtain the equilibrium moisture 
content, grains were placed in a climatic chamber whose temperatures were 20, 30, 40, and 
50 ± 1 °C combined with a relative humidity of 30, 40, 50, 70, and 90 ± 3%. Although in the 
desorption process, damaged grains had a lower differential enthalpy compared with the 
control, the reverse behavior was observed in the adsorption process. Mechanical damage 
caused the formation of a greater number of available adsorption sites, resulting in higher 
differential entropy values in adsorption and lower values in desorption compared with the 
control. The mechanical damage had no effect on the Gibbs free energy.

Cinética de sorção de água de grãos de feijão danificado:
Propriedades termodinâmicas
R E S U M O
Objetivou-se determinar as propriedades termodinâmicas de grãos de feijão danificados. 
Foram utilizados grãos com teor de água inicial de 53,85% (b.s.); parte dos grãos foi utilizada 
para se obter as isotermas de dessorção, enquanto que a outra foi submetida a secagem até 
o teor de água de 5,26% (b.s.), para que a mesma fosse submetida ao processo de adsorção. 
Para a indução da danificação foi utilizado um Stein Breakage Tester. Para obter o teor 
de água de equilíbrio, os grãos foram colocados em câmara climática cujas temperaturas 
foram de 20, 30, 40 e 50 ± 1 ºC combinadas com umidades relativas de 30, 40, 50, 70 e 
90 ± 3%. Na dessorção, os grãos danificados apresentaram menor entalpia diferencial 
quando comparados com a testemunha enquanto o inverso foi observado na adsorção. 
A danificação mecânica provocou a formação de um número maior de sítios disponíveis 
de sorção, resultando em maiores valores de entropia diferencial na adsorção e menores 
valores na dessorção quando comparados com a testemunha. A danificação mecânica não 
teve efeito sobre a energia livre de Gibbs.
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Introduction

The Fabaceae are a source of energy and nutrients in the 
human diet, and among the species belonging to this group, the 
genus Phaseolus bean has the greatest economic importance 
(Ron et al., 1999). Besides being of great socio-economic 
importance in Brazil, it is the main source of protein in the 
diet of most Brazilians, followed in importance by beef and 
rice. These three basic foods contribute approximately 70% of 
the protein intake (Machado et al., 2008). In addition, beans 
are extremely important owing to its low cost compared to 
animal products, both source of protein (Mesquita et al., 2007).

The cleaning, separation, and drying are the major post-
harvest operations for the grains (Angelovič et al., 2013). 
Product movement and hence some kind of mechanical 
damage is inherent during handling, which in many cases is 
so severe that it leads to the death of the embryo. In addition, 
impacts, abrasions, cuts, or pressures can sometimes occur, 
resulting in invisible damage.

According to Oliveira et al. (2014), the study of the 
thermodynamics in the drying processes of agricultural 
products is important for projection and equipment sizing 
in several processes of quality preservation. Furthermore, 
thermodynamic properties aid the understanding of moisture 
movement that occur within the product during a post-harvest 
operation such as drying.

Some thermodynamic properties are used to analyze the 
sorption behavior in biological systems, including differential 
enthalpy and entropy and the theory of compensation, which 
are calculated from sorption isotherms (Thys et al., 2010).

There are countless studies that investigated the 
thermodynamic properties of agricultural products (Moreira 
et al., 2008; Oliveira et al., 2011; Goneli et al., 2013; Corrêa et 
al., 2015; Ascheri & Bastos, 2015); however, studies focusing 
on the mechanical damage in beans are scarce. Based on this, 
the objective of this study is to investigate the alterations in 
thermodynamic properties (integral isosteric heat of sorption, 
differential entropy, Gibbs free energy, and enthalpy-entropy 
compensation theory) of drying and sorption processes due 
to controlled damage, which approximates to the practical 
conditions at the production site and industry.

Material and Methods

Beans of the red group (Phaseolus vulgaris L.) from the 
experimental field of Phytotechny Department of the Federal 
University of Viçosa were used. They had an initial moisture 
content of 53.85% (d.b.); then, they were harvested and 
threshed by hand to avoid any mechanical damage to the grains.

A part of these grains was used to obtain the desorption 
isotherms, while another part was subjected to drying at a 
controlled temperature of 40 °C until a moisture content of 
5.26% (d.b.) was achieved after drying for approximately 7 h. 
The samples at 5.26% (d.b.) were subsequently subjected to 
adsorption process.

The product moisture content was determined by the 
gravimetric method in three repetitions at 105 ± 1 °C for 24 
h (Brasil, 2009).

In order to induce mechanical damage, a Stein breakage 
tester Model M-CK2 was used. This device has a steel cylinder 
and a central propeller that spins at a constant speed of 1800 
rpm, thereby promoting impact between grain and cylinder 
wall and between grain and grain.

Part of the samples for adsorption and desorption were 
subjected to mechanical damage for 4 min (damaged sample) 
and the rest were kept intact (control sample).

The level of damage to the product was evaluated indirectly 
by the electrical conductivity of the solution of exudates of 
the beans using a portable Digimed model DM3 conductivity 
meter. For this test, fifty-five subsamples of the grains from 
each treatment (with and without damage) were counted and 
weighed. Samples were placed in plastic cups with 75 mL of 
deionized water and maintained in a temperature-controlled 
chamber at 25 °C for 24 h (Santos et al., 2011). The bean samples 
subjected to induced mechanical damage showed an average 
electrical conductivity of exudates of the grain of 152.38 μS 
cm-1 g-1, while the control sample showed an average of 29.88 
μS cm-1 g-1.

In order to obtain the equilibrium moisture content of the 
dynamic method (Goneli et al., 2010), the beans were placed in 
a climate chamber (brand New Ethics, model 420/CLD-150). 
The temperatures used were 20, 30, 40, and 50 ± 1 °C combined 
with relative moistures of 30, 40, 50, 70, and 90 ± 3%. For each 
environment condition, three replications were carried out.

In a previous study by the same research group (Baptestini 
et al., 2017), it was found that the Guggenheim-Anderson-de 
Boer (GAB) model satisfactorily described the equilibrium 
moisture content of the damaged beans at the same conditions 
used in the present study. Therefore, water activity was 
calculated using the GAB model, which is required to obtain 
the thermodynamic properties as described below.

Thermodynamic properties of damaged beans of water 
sorption and control process were obtained by the method 
described by Corrêa et al. (2012) as expressed by Eqs. 1-5.
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where: 
aw  - water activity in decimal;
R  - universal gas constant equal to 8.314 J mol-1 K-1;
Ta  - absolute temperature in K;
Δhst  - isosteric liquid sorption heat in kJ kg-1;
L  - latent heat of vaporization of free water in kJ kg-1;

(1)

(2)
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(4)

(5)
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Qst  - integral isosteric heat of sorption in kJ kg-1;
ΔS  - entropy differential sorption in kJ kg-1 K-1;
ΔG  - Gibbs free energy in kJ kg-1;
TB  - isokinetic temperature in K;
Thm  - harmonic mean temperature in K;
n  - number of temperatures used; and,
m  - number of enthalpy and entropy data pairs.

Results and Discussion

The dependence of the integral isosteric heat of sorption of 
the damaged beans and evidence of the equilibrium moisture 
content is shown in Figure 1.

The results show a progressive increase in heat sorption 
with reduced equilibrium moisture content in all treatment. 
Bonner & Kenney (2013) stated that this is because in the initial 
phase of sorption, there are highly active polar sites on the 
surface of the product, which are covered by water molecules 
forming the monolayer. This results in stronger water-solid 
interactions.

It can be observed that the values of the integral isosteric 
heat of desorption process of the damaged beans were higher 
than the values of the integral isosteric heat of adsorption of 
the damaged beans; however, the values tend to a common 
equilibrium value at higher moisture contents (Figure 1). 
This trend indicates that desorption process requires lower 
energy in order to occur than adsorption process. These results 
support the findings of Goneli et al. (2010) and Bonner & 
Kenney (2013). 

Moreover, from Figure 1, it can be observed that the control 
(undamaged) beans showed higher values of integral isosteric 
heat of sorption than the damaged beans. The mechanical 
damage made more sites available for water molecules thereby 
providing a higher number of connections and consequently 
reducing the total energy of the phenomenon.

Figure 2 shows the behavior of the differential entropy of 
sorption of the damaged and the control beans as a function 
of the equilibrium moisture content.

The differential entropy of sorption showed the same 
pattern as the integral isosteric heat of sorption. It is known 

that the entropy of a material is proportional to the number 
of sorption sites available at a specific energy level, which 
gives an indication of the state of mobility of water molecules. 
Therefore, the water molecules showed increased mobility in 
the desorption process than in the adsorption process. The 
same result was reported by Goneli et al. (2010). Moreover, 
the differential entropy tends to decrease to a constant value at 
high equilibrium moisture content, indicating that the sorption 
process may be reversible to some value (Madamba et al., 1996).

The mechanical damage made the differential entropy lower 
in both sorption processes compared with the control. This 
trend was expected, as a high number of available sorption 
sites was confirmed (fissures and cracks).

Table 1 lists the equations fitted to the experimental 
data of the isosteric heat and the differential entropy of the 
damaged beans sorption and the control. It can be observed 
that the equations are suitable to predict the phenomenon as 
the determination coefficients are greater than 99% (Table 1).

Figure 3 illustrates the enthalpy-entropy relationship with 
the water sorption process of the damaged and the control 
beans.

It was observed that a strong correlation exists between 
the two thermodynamic properties by the linearity of the 
lines. However, only the difference between the harmonic 
mean temperature (Thm) and the isokinetic temperature (TB) 
may indicate that such relationship exists (enthalpy-entropy 
compensation theory). Thm was 307.59 K and the TB values 

Figure 1. Integral isosteric heat of sorption of the damaged 
and the control beans as a function of equilibrium moisture 
content

Figure 2. Differential entropy values of the damaged and 
the control beans as a function of equilibrium moisture 
content

Identification Adjusted equation
R2

(%)
Adsorption
damaged

Qst = 2436.9777 + 871.4348 * exp( 0.1437 * Ue) 0.9996
ΔS = 0.0045 + 1.9276 * exp (0.1594 * Ue) 0.9996

Adsorption
control

Qst = 2453.1063 + 1165.1188 * exp(0.1653 * Ue) 0.9997
ΔS = 0.0615 + 3.2963 * exp (0.2040 * Ue) 0.9996

Desorption
damaged

Qst = 2374.5345 + 2643.6283 * exp(0.1305 * Ue) 0.9998
ΔS = 0.1728 + 7.2625 * exp (0.1299 * Ue) 0.9998

Desorption
control

Qst = 2384.3569 + 2148.1028 * exp(0.1125 * Ue) 0.9999
ΔS = 0.1342 + 6.0285 * exp (0.1145 * Ue) 0.9999

Table 1. Equations fitted to the experimental data of the 
integral isosteric heat and differential entropy of sorption 
of the damaged and the control beans
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Figure 3. Compensation enthalpy-entropy of the sorption 
process of the damaged and the control beans

Figure 4. Gibbs free energy of (A) damaged beans adsorption, (B) damaged beans desorption (C) control adsorption, 
(D) control desorption

C. D.

A. B.

Table 2. Isokinetic temperature and Gibbs free energy at 
the isokinetic temperature of the damaged beans and the 
control

Parameters
Adsorption Desorption

damaged control damaged control
TB (K) 558.13 538.22 362.00 367.11
ΔGB (kJ kg-1) 3.74 15.52 17.63 11.44
R2 0.9962 0.9993 0.9999 0.9999

are listed in Table 2, thereby confirming the chemically linear 
compensation. Furthermore, as TB values were higher than Thm, 
it can be concluded that the sorption mechanism is controlled 
by the enthalpy (Corrêa et al., 2012). Previous studies also made 
the conclusion that sorption was controlled by the enthalpy 
(Corrêa et al., 2015; Goneli et al., 2013).

Figure 4 shows the Gibbs free energy of the damaged beans 
and the control beans.

The Gibbs free energy is a thermodynamic function that 
represents the maximum amount of energy released in a 
process at constant temperature and pressure, which is available 
to be used. It is the balance between enthalpy and entropy. 
The effect of a change in water sorption in Gibbs free energy 
is generally accompanied by changes in enthalpy and entropy 
(Telis-Romero et al., 2005). Gibbs free energy decreased with 
increase in temperature and equilibrium moisture content, and 
in the latter case, it tends to a constant value. This behavior 
was also observed in previous studies by Sousa et al. (2015), 
Oliveira et al. (2014), and Kaleemullah & Kailappan (2007).

From Figure 4, it can be observed that the Gibbs free 
energy in the desorption process was higher compared to the 
adsorption process at temperatures of 20, 30, and 40 °C, similar 
to results obtained by Kaleemullah & Kailappan (2007). For 
a temperature of 50 ºC, the results obtained for the control 
beans were similar as shown in Figures 4C and 4D. This trend 
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indicates that damage effect plays a higher role in terms of 
energy than temperature for sorption processes below 50 
ºC. Moreover, positive values of Gibbs free energy indicate 
endothermic reactions; in other words, these reactions will 
happen only with energy input (i.e., from the environment).

Conclusions

1. Mechanical damage has considerable effect on the 
thermodynamic properties of bean sorption process.

2. The energy required for desorption, represented by 
isosteric heat, was lower for the damaged grains. For the 
adsorption process, the isosteric heat showed lower demand for 
energy in the damaged grains compared with the control grains.

3. A higher number of available sites of sorption in the 
damaged grains was confirmed, making adsorption difficult 
and desorption easy.

4. Exponential models were fitted to the integral isosteric 
heat data and the differential entropy of sorption as a function 
of the equilibrium moisture. The models showed high values 
of the determination coefficient (R2 > 99.96%).

5. Compensation enthalpy-entropy theory was confirmed 
and it can be concluded that the sorption mechanism for the 
damaged grains and the control grains is controlled by enthalpy.
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