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Thermodynamic properties of water desorption in lettuce seeds

Propriedades termodinamicas da dessorcio de agua de sementes de
alface

Juliana Soares Zeymer'; Paulo Cesar Corréa?; Gabriel Henrique Horta de Oliveira®;
Fernanda Machado Baptestini**

Abstract

Knowledge of the movement of water molecules inside material is important for the study of interactions
between water and chemical components of agricultural products. The thermodynamic properties
calculation reports this need, being the source of information to design drying equipment, calculate the
energy required in this process and evaluate the physical phenomena that occur on the food surface.
Given the importance of the subject, the objective of this study was to determine the thermodynamic
properties of the water desorption process in lettuce seeds. Lettuce seeds had an initial moisture content
0f 9.3% (d.b.). The equilibrium moisture content of seeds was determined by static gravimetric method
at different temperatures (10, 20, 30, 40 and 50 = 1 °C) and relative humidity values (between 11
and 96%). Experiments were conducted in triplicate. It was observed that, with increasing equilibrium
moisture content, there was a reduction in the energy required for evaporation of water in lettuce
seeds, with values of integral isosteric heat of desorption in the water content range 2.1 to 21.2% (d.b.)
which varied from ‘4164.89 to 2477.43” kJ kg'. With increasing equilibrium moisture content there
was a decrease in differential entropy, resulting in lower demand for mobility of water molecules. The
Gibbs free energy also decreased with increasing equilibrium moisture content and was positive for all
temperatures studied, showing non-spontaneity of water desorption in the seeds. The enthalpy-entropy
compensation theory was has been satisfactorily applied to the sorption phenomenon and the water
desorption process in lettuce seeds was controlled by enthalpy.

Key words: Differential enthalpy. Differential entropy. Enthalpy-entropy compensation theory.
Equilibrium moisture content. Gibbs free energy. Isosteric heat.

Resumo

O conhecimento da movimentacdo das moléculas de dgua dentro do material ¢ importante para o
correto estudo das interacdes entre a d4gua e os componentes quimicos dos produtos agricolas. O calculo
das propriedades termodindmicas relata essa necessidade, sendo fonte de informagdo para projetar
equipamentos de secagem, calcular a energia requerida nesse processo e avaliar os fendmenos fisicos
que ocorrem na superficie dos alimentos. Diante da importancia do assunto, o objetivo do presente
trabalho foi determinar as propriedades termodinamicas do processo de dessor¢ao de agua em sementes
de alface. As sementes de alface possuiam teor de dgua inicial de 9,3% (b.s.). O teor de agua de
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equilibrio das sementes foi determinado pelo método estatico-gravimétrico para diferentes valores de
temperatura (10, 20, 30, 40 e 50 + 1 °C) e atividade de agua (entre 11 e 96%), em trés repeti¢des. De
acordo com os resultados encontrados, observou-se que com o aumento do teor de dgua de equilibrio,
ocorre redugdo da energia necessaria para a evaporacao da agua nas sementes de alface, sendo que os
valores do calor isostérico integral de dessor¢do, na faixa de teor de dgua de 2,1 a 21,2% (b.s.), variaram
de 4164,89 a 2477,43 kJ kg'. Com a elevagdo do teor de agua de equilibrio, ha um decréscimo da
entropia diferencial, implicando em menor demanda de mobilidade das moléculas de agua. A energia
livre de Gibbs também diminuiu com o incremento do teor de agua de equilibrio, sendo positiva para
todas as temperaturas estudadas, demonstrando a ndo espontaneidade do processo de dessor¢do de agua
nas sementes. A teoria da compensacgao entalpia-entropia foi satisfatoriamente aplicada ao fenémeno de
sor¢do, sendo o processo de dessor¢do de dgua das sementes de alface controlado pela entalpia.
Palavras-chave: Entalpia diferencial. Entropia diferencial. Teoria da compensacgdo entalpia-entropia.
Equilibrio higroscopico. Energia livre de Gibbs. Calor isostérico.

Introduction

Cultivation of lettuce (Lactuca sativa L.) is of
large economic importance in Brazil, occupying
second place in the production area used for leafy
vegetables (ALBUQUERQUE et al., 2010). It is
grown in almost all regions of the world, justifying
the development of research to increase productivity
and, consequently, profit for producers.

The lettuce seed embryo, called the achene,
is surrounded by endosperm which can delay or
prevent seed germination by acting as a physical
barrier to radicle protrusion, especially under
unfavorable conditions, such as high temperatures
(NASCIMENTO; CANTLIFFE, 2002). Due to
this, lettuce seeds require suitable post-harvest
technologies for their optimum preservation.

According to Oliveira et al. (2015), drying is
one of the most well-known and used technologies
in the world for ensuring the quality and stability
of fresh products during shelf-life. Reduction in
the moisture content of material by drying reduces
biological activity and chemical or physical changes
during the post-harvest procedures and until final

consumption.
Knowledge of thermodynamic processes
involved in drying agricultural products is

important for designing drying equipment, studying
the properties of adsorbed water, calculating the
energy required in the process, evaluating the

microstructure of food and studying the physical
phenomena occurring on the food surface (CORREA
et al., 2010). Thys et al. (2010) reported that some
thermodynamic properties are used in the analysis
of sorption behavior and in biological systems,
including the isosteric heat of sorption, entropy
and enthalpy differential and compensation theory
calculated from sorption isotherms.

Enthalpy changes provide a measure of energy
change occurring during the interaction of water
molecules with product constituents during the
sorption processes. Entropy can be associated
with binding of water molecules to or their
repulsion from food components in the system
and is associated with the spatial arrangement of
the water-product relationship. relationship water-
product. Thus, according to Oliveira et al. (2011),
entropy characterizes the degree of order or disorder
existing in the water-product system. Gibbs free
energy is indicative of the product’s affinity with
water, providing a criterion for evaluating water
desorption. Changes in Gibbs free energy during
water exchange between the product and the
surroundings are associated with the energy required
to transfer water molecules from the vapor state to a
solid surface or reciprocally.

Shape and size of seeds are important parameters
that should be determined in order to study different
hygroscopic
Several studies were performed to determine the

processes, such as equilibrium.
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thermodynamic parameters of different seeds,
similar in shape and size to lettuce seeds, such as
grape seed (Vitis sp) (MAJD et al., 2014), turnip seed
(Brassica rapa subsp. rapa) (SOUSA et al., 2015),
cucumber seed (Cucumis sativus L.) (CORREA et
al., 2015) and pepper seed (Capsicum sp) (SILVA
etal., 2016).

Therefore, even though there is a considerable
wealth of literature about thermodynamic properties,
information in the thermodynamic properties of
lettuce seeds is still emerging. Thus, the objective
of this study was to obtain and evaluate the
thermodynamic properties (integral isosteric heat of
sorption, differential entropy, Gibbs free energy and
enthalpy-entropy compensation theory) of lettuce
seeds in different conditions of temperature and
hygroscopic equilibrium moisture content.

Materials and Methods

Lettuce seeds (Lactuca sativa L.) with an initial
moisture content of 9.3% (d.b.) were acquired from
the experimental area at the Fitotecnia Department
of the Federal University of Vigosa - MG, Brazil.
Seeds were then transported to the Laboratory of
Physical Properties and Quality of Agricultural
Products at the Federal University of Vigosa,
Vicosa, MG, Brazil. The seeds were benefited and
packed in polyethylene bags and stored in a camera
type B.O.D. (model 347 CD/brand Fanem) at a
temperature of 5 °C until analysis.

The static gravimetric method was used to
obtain the equilibrium moisture content of lettuce
seeds by the desorption process (BRASIL, 2009) in
different temperatures (10, 20, 30, 40 and 50 £ 1
°C) and relative humidity conditions (between 11
and 96%), until the product reached the equilibrium
moisture content of the specified air condition. The
temperatures used were controlled by a camera
B.O.D. and the relative humidity was provided by
saturated salt solutions. Each sample consisted of
20 g of seed with three replications.

During the process, samples were weighed
periodically on an analytical balance (model AY220/
brand Marte) and hygroscopic equilibrium was
reached when the mass value remained unchanged
for three consecutive weighings. Moisture content of
the product was then determined by the gravimetric
method using an oven with forced air circulation at
105 £ 1 °C for 24 h in triplicate, according to Brasil
(2009). The experimental design was completely
randomized with five levels of temperature (10, 20,
30, 40, and 50 °C), eight levels of relative humidity
(0.1,0.3,0.4,0.5,0.6,0.7, 0.8 and 0.9 decimal d.b.)
and three replicates.

Mathematical models often used to predict
the hygroscopicity of agricultural products were
adjusted to the experimental data of equilibrium
The model
chosen to determine the thermodynamic properties

moisture content of lettuce seeds.

of lettuce seeds was the Modified Oswin model
(IGUAZ; VIRSEDA, 2007) as this showed the best
fit to the experimental data, with a determination
coefficient of 98.88%, magnitude of mean relative
error of 8.02% (d.b.), standard deviation of the
estimate of 0.55% (d.b.) and random distribution of
residue. With this model, water activity values were

obtained using Equation 1:
1

a 3.230984
Xe=(9.579071 **-0.088723 **x T){W}

l-a,

(M

** Significant at 1% using the t-test

In which Xe is equilibrium moisture content
(% d.b), a is water activity (decimal) and T is
temperature (°C).

Thermodynamic parameters, such as entropy
of desorption (AS), differential enthalpy (AH),
Gibbs free energy (AG) and enthalpy-entropy
relationship, were obtained using the methodology
described by Corréa et al. (2012), in which an
approximate (1-a)100% confidence interval for
isokinetic temperature was used. These parameters
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are expressed by Equations 2 to 6, respectively. The
+ and - symbols in Equation 2 and others related
to thermodynamic properties indicate the direction
of heat transfer, which is associated with the
spontaneity of the process studied. Thus, a negative
sign corresponds to the desorption processes in
the present study. Values of AS, AH and AG were
submitted to regression analysis.

AH,, AS
Ina, =4 —L-—

o ( RT Rj (2)
AH =AH, +AH,,,, 3)
AG=+RTna,, (4)
Ty =Ty *t2.0/27Var (T3) ©)
T/’l = nt (6)

In which H is isosteric heat of sorption (kJ kg™),
AHW‘p is latent heat of vaporization of pure water
(kJ kg'), AH_ is net isosteric heat of sorption (kJ
kg™, AS is differential entropy of sorption (kJ kg
K1), AG is Gibbs free energy (kJ kg' ™), T, is
isokinetic temperature (K), T, is harmonic mean
temperature (K), n: number of temperatures utilized
(dimensionless).

Results and Discussion

The water activity data estimated by the Modified
Oswin model (Equation 1) with temperatures of
10, 20, 30, 40 and 50 °C and equilibrium moisture
content between 2.1 and 21.2% (d.b.) are shown
in Table 1. These data were used to determine
the values of enthalpy and entropy differential of
desorption in lettuce seeds. It was observed that,
with increasing equilibrium moisture content, there
was an increase in water activity and the same effect
was observed with increasing temperature.

The values of integral isosteric heat of sorption
integral isosteric heat in lettuce seeds as a function
of equilibrium moisture content varied from

‘4164.89 to 2477.43’ kJ kg for moisture content
range 2.1 to 21.2% (d.b.), as can be seen in Figure
1. Increase in energy released by water sorption in
the product was observed with reduced equilibrium
moisture content; this is explained by differences in
the water binding forces with the sorbent surface of
a given product. According to Al-Muhtaseb et al.
(2004), in early stages of sorption (low moisture
content), polar sorption sites are highly active, of
high energy interaction, in the sorbent surface,
which are covered with water molecules, forming a
monomolecular layer. While water molecules bind
chemically to highly active sorption sites, sorption
occurs in less active sites (high moisture content)
with less interaction energy and, consequently, lower
isosteric heat of sorption (WANG; BRENNAN,
1991).

Similar results to the sorption process in lettuce
seeds were found by Sousa et al. (2015), studying
the thermodynamic properties of water desorption in
turnip seeds. These authors found that the values of
integral isosteric heat of desorption in the moisture
content range 3.33 to 11.30% (d.b.) ranged from
4222.70 to 2870.34” kJ kg'. According to McMinn
and Magee (2003), the magnitude of isosteric heat
of sorption can be explained by biological stability
and physical and chemical features that each species
presents under given storage conditions.

The differential entropy of desorption was
strongly related to the moisture content of lettuce
seeds, with values of ‘4.15 to 0.14 ‘kJ kg' when
equilibrium moisture content was in the range 2.1 to
21.2% (d.b.), as shown in Figure 2. It was observed
that, with the increase in moisture content, there
was a decrease in the differential entropy, showing
a similar tendency to that observed for values of
integral isosteric heat of sorption. This behavior
was related to the mobility of water molecules
present during the desorption process. With high
water activity, there are fewer available places
for connection between the molecules, resulting
in lower demand for mobility of water molecules
(GONELI et al., 2010).
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Table 1. Water activity values (a,_), estimated using the Modified Oswin model, as a function of temperature (°C) and

equilibrium moisture content (Xe) in lettuce seeds.

Water activity (decimal)

Temperature (°C)

Xe (% d.b.)
10 20 30 40 50
2.10 0.0101 0.0142 0.0208 0.0320 0.0525
2.60 0.0199 0.0279 0.0406 0.0619 0.0994
3.50 0.0503 0.0697 0.0996 0.1471 0.2238
4.20 0.0871 0.1190 0.1663 0.2371 0.3420
4.70 0.1206 0.1627 0.2229 0.3089 0.4278
5.20 0.1598 0.2122 0.2845 0.3826 0.5089
5.80 0.2130 0.2771 0.3614 0.4686 0.5959
6.50 0.2811 0.3564 0.4499 0.5603 0.6806
6.60 0.2912 0.3678 0.4621 0.5724 0.6912
7.70 0.4034 0.4891 0.5857 0.6878 0.7865
7.90 0.4234 0.5098 0.6057 0.7053 0.8001
8.20 0.4531 0.5398 0.6340 0.7297 0.8187
9.30 0.5544 0.6379 0.7224 0.8022 0.8715
9.90 0.6036 0.6832 0.7610 0.8323 0.8924
10.00 0.6113 0.6902 0.7669 0.8368 0.8955
11.60 0.7176 0.7825 0.8416 0.8922 0.9326
12.60 0.7685 0.8246 0.8741 0.9154 0.9476
13.70 0.8131 0.8603 0.9010 0.9341 0.9595
14.10 0.8268 0.8711 0.9090 0.9396 0.9630
16.40 0.8861 0.9168 0.9421 0.9620 0.9770
18.30 0.9172 0.9401 0.9586 0.9731 0.9837
21.20 0.9469 0.9619 0.9739 0.9831 0.9898
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Figure 1. Observed and estimated values of integral isosteric heat of desorption (AH) as a function of equilibrium
moisture content (X ). **Significant at 1% using the t-test.
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R? =99.22%

Equilibrium moisture content (% d.b.)

Figure 2. Observed and estimated values of the differential entropy (AS) as a function of equilibrium moisture content
(X,). **Significant at 1% using the t-test.
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Oliveiraetal.(2010),studyingthethermodynamic
properties of two sweet corn cultivars, found a range
of differential entropy values similar to those found
in this study ‘2.49 to 0.73” kJ kg'K™!' and ‘3.01 to
0.55” kJ kg'K-! for sweet corn, BR 402, and super
sweet corn, BR 400, respectively). However, it can
be seen from Figure 2, that the behavior exhibited by
differential entropy of lettuce seeds was nonlinear,
unlike the linearity displayed by corn cultivars. This
discrepancy can be explained by the water activity
range studied in this investigation (0.01 to 0.98), in
contrast to the water activity range studied by other
authors (0.3 to 0.6).

It was observed that Gibbs free energy decreased
with increasing of equilibrium moisture content,
being positive for all temperatures studied and
tending to stabilize at higher levels of equilibrium
moisture content, as shown in Figure 3.

The Gibbs free energy of a product, from a
thermodynamic point of view, is a parameter
indicative of the affinity with food and water, it
provides information about the spontaneity (<0)

or non-spontaneity (>0) of sorption (McMINN
et al., 2005). Furthermore, Nkolo Meze’e et al.
(2008) reported that the Gibbs free energy is
related to the work needed to make sorption sites
available. Positive values of Gibbs free energy are
characteristic of an exogenous reaction, in other
words a reaction that requires an external agent to
provide energy to the environment. These positive
values were expected, once that desorption is not a
spontaneous process, whereas the product is initially
with higher moisture content, and subsequently
subjected to psychrometric conditions of the air,
that do lose water until equilibrium is reached.

As presented in Figure 3, it was also noted
that Gibbs free energy decreases with increasing
temperature due to the higher excitation of
molecules that make up the product, accelerating
gas exchange and, therefore, making the process
faster and spontaneous. However, the influence
of temperature on high values of moisture content
becomes irrelevant since, at these levels, sorption
sites are available (GONELI et al., 2013).

Figure 3. Gibbs free energy as a function of the equilibrium moisture content (X ) in lettuce seeds.
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As shown in Table 2, satisfactory values for
the determination coefficient (R?) were noted,
indicating that there was good correspondence
between observed data and data estimated using the
proposed equations to predict values for Gibbs free

energy. Furthermore, regression parameters were
significant at 1% using the t-test at all temperatures
studied, showing an increase along with temperature
increase.

Table 2. Regression equations fitted to the experimental values of Gibbs free energy in lettuce seeds at different
temperatures, as a function of the equilibrium moisture content (X ), with their respective determination coefficients

(R?).
Temperature (°C) Equation R? (%)
10 AG =1115.3896 **- Exp(~ 0.29174 **. Xe) 99.98
20 AG =1094.4783**. Exp(~0.3163**. Xe) 99.96
30 AG =1092.4140**- Exp(-0.3502 **- Xe) 99.94
40 AG =1121.7518**. Exp(—0.3983 **- Xe) 99.95
50 AG =1206.7587 **- Exp(~ 0.4694 **- Xe) 99.98

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

A strong correlation was observed between
the two thermodynamic properties indicated by
the linearity of the graph with a high coefficient
of determination (98.23%) (Figure 4). The high
R? value
compensation theory is valid. However, only the
difference between the harmonic mean temperature
(T,,) and the isokinetic temperature (T,) may
indicate that such a relationship exists (enthalpy-
entropy compensation theory). The isokinetic
temperature for desorption in lettuce seeds was

indicates that the enthalpy-entropy

389.64 K, whilst the mean harmonic temperature
was 302.50 K, being significantly different from
the isokinetic temperature values reported, thereby
confirming a linear chemically-based compensation
effect. This theory permits verification of whether
there will be a greater molecular interaction due to
the decrease in the number of links or molecules of
the system, generating larger organization or order
(related to the enthalpy) about the disorganization
and, consequently, greater freedom of molecules in
the system (related to the entropy) (SPADA et al.,
2013).
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Figure 4. Relationship between differential enthalpy and differential entropy of sorption. **Significant at 1% using

the t-test.
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As the enthalpy-entropy compensation theory
is valid for the desorption process in lettuce
seeds, this process can be controlled by enthalpy
or entropy. According to Corréa et al. (2012), the
process is controlled by enthalpy if T,> T, and is
controlled by entropy if T,< T, . Thus, moisture
sorption in lettuce seeds is controlled by enthalpy.
Applying the compensation theory implies that
only one reaction mechanism is followed by all
members of the reactive series, and the existence
of a single mechanism suggests that the food
microstructure is stable and does not undergo any
change during moisture sorption (McMINN et al.,
2005). These results are in agreement with several
researchers who have applied the isokinetic theory
to sorption in several products, concluding that the
sorption phenomenon is controlled by enthalpy
(CLADERA-OLIVEIRA et al., 2008; GONELI et
al., 2013, 2016; MARTINEZ-MONTEAGUDO;
SALAIS-FIERRO, 2014; MOREIRA et al., 2008;
NICOLETTI et al., 2015; SILVA et al., 2015; VEGA-
GALVEZ et al., 2014; TUNC; DUMAN, 2007).

Conclusion

Integral isosteric heat of desorption increases
with decreasing equilibrium moisture content,
indicating an increment of energy is required to
remove moisture from the product. Differential
entropy also increases with decreasing equilibrium
whilst  Gibbs
decreases, being positive, indicating that desorption

moisture content, free energy

in lettuce seeds is a non-spontaneous process. The
enthalpy-entropy compensation theory is valid
for the desorption process in lettuce seeds, being
enthalpy controlled.
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