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ABSTRACT

Studies about the thermodynamic properties of ryegrass seeds are necessary to improve post-harvest processes, relating the factors
that affect product quality with the interaction between water and its chemical components. Given the importance of recognizing and
understanding the intrinsic behavior of water in ryegrass seeds and providing data for the improvement of industrial drying equipment,
this work aimed to calculate and evaluate the thermodynamic properties of moisture desorption of ryegrass seeds as a function of the
equilibrium moisture content. Ryegrass seeds with initial moisture content of 10.4 (% d.b.) was used. The equilibrium moisture content of
seeds was determined by static-gravimetric method at different temperatures (10, 20, 30, 40, and 50 °C) and water activity values (between
0.10 and 0.90), in three repetitions. The Chung Pfost model presented the best fit to the experimental data. It was observed that the
integral isosteric desorption heat increased as the equilibrium moisture content decreased, ranged from 2499.95 to 4241.96 k] kg™ in the
moisture content range 2.80 to 22.10 (% d.b.). Differential entropy also increased with decreasing equilibrium moisture content, as did
Gibbs free energy, being positive for all temperature studied, indicating that ryegrass seeds desorption is a non-spontaneous process.
The enthalpy-entropy compensation theory was satisfactorily applied to the sorption phenomenon, being controlled by enthalpy.

Index terms: Gibbs free energy; entropy; enthalpy; water activity; Chung Pfost.

RESUMO

Estudos sobre as propriedades termodinamicas de sementes de azevém sdo necessarios para melhorar os processos pés-colheita,
relacionando os fatores que afetam a qualidade do produto com a interacdo entre a 4gua e seus componentes quimicos. Dada a
importancia de reconhecer e entender o comportamento intrinseco da d4gua em sementes de azevém e fornecer dados para a melhoria de
equipamentos de secagem industriais, este trabalho teve como objetivo calcular e avaliar as propriedades termodindmicas da dessorcdo
de 4gua de sementes de azevém em funcdo do teor de dgua de equilibrio. Utilizou-se sementes de azevém com teor de dgua inicial de
10,4 (% b.s.). O teor de dgua de equilibrio das sementes foi determinado pelo método estatico-gravimétrico, para diferentes valores de
temperatura (10, 20, 30, 40 e 50 °C) e atividade de dgua (entre 0,10 e 0,90), em trés repeti¢des. O modelo Chung Pfost foi o que apresentou
o melhor ajuste aos dados experimentais. Observou-se que o calor isostérico integral de dessor¢do aumentou a medida que o teor de
agua de equilibrio diminuiu, variando de 2499,95 a 4241,96 k] kg' na faixa de teor de 4gua entre 2,80 a 22,10 (% b.s.). A entropia diferencial
também aumentou com a diminuicdo do teor de d4gua em equilibrio, assim como a energia livre de Gibbs, sendo positiva para todas as
temperaturas estudadas, indicando que a dessor¢do de sementes de azevém é um processo ndo espontaneo. A teoria da compensagdo
entalpia-entropia foi satisfatoriamente aplicada ao fendmeno de sorcdo de 4gua, sendo controlado pela entalpia.

Termos para indexacdo: Energia livre de Gibbs; entropia; entalpia; atividade de dgua; Chung Pfost.

INTRODUCTION of management (Pellegrini et al., 2010). However, for the

The ryegrass (Lolium multiflorum L.) is a species
of the Poacea family, widespread in southern Brazil. The
spread of this crop is primarily due to its ability to adapt
to different soil and climate conditions, as well as its ease
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crop to demonstrate its potentialities, the importance of
using good quality seeds is highlighted (Nobre et al., 2014;
Savage; Bassel, 2016). Thus, studies on the thermodynamic
properties of ryegrass seeds are necessary to improve post-
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harvest processes, relating the factors that affect product
quality with the interaction between water and its chemical
components.

Thermodynamic properties can be calculated by
sorption isotherms (Noshad et al., 2012; Hassini et al.,
2015), allowing a greater understanding of the properties
of water molecules and assisting in the calculation of
energy in relation to heat transfer and heat transfer mass
of biological systems (Goneli et al., 2016). In addition,
determining these properties is critical to predicting the
drying threshold in order to obtain a product that can be
stored for long periods, consuming a minimum amount of
energy to reduce moisture content at safe storage levels
(Resende et al., 2017).

The knowledge of thermodynamic parameters
provides essential information for studies on water surface
properties of food (Hassini et al., 2015), such as specific
surface area, pore radius and crystallinity (Spada et al.,
2013). Enthalpy variations provide the energy variation
related to the interaction between water molecules and
the solvent. Entropy is related to the binding or repulsion
of forces in the system (McMinn; Al-Muhtaseb; Magee,
2005). The application of the Clausius-Clapeyron equation
to sorption isotherms is used to calculate the isosteric heat
of sorption of food products (Madamba; Driscoll; Buckle,
1996; Gabas; Telis-Romeor; Menegalli, 1999). Enthalpy-
entropy compensation is a promising theory that has
been widely considered in investigations of physical and
chemical phenomena, such as desorption reactions under
different conditions (Madamba; Driscoll; Buckle, 1996).

Recently, thermodynamic parameters such as
enthalpy, entropy, Gibbs free energy and isosteric heat,
among others, have been investigated for different
types of grains and seeds, such as Opuntia ficus indica
seeds (Hassini et al., 2015), Salvia hispanica L. seeds
(Velazquez-Gutiérrez et al., 2015), Piper nigrum L.
seeds (Yogendrarajah et al., 2015), Tamarindus indica
L. seeds (Alpizar-Reys et al., 2017), Beta vulgaris L.
seeds (Oliveira et al., 2017), Phaseolus vulgaris L. grains
(Miano; Sabadoti; Augusto, 2018), Lactuca sativa L. seeds
(Zeymer et al., 2018a), Oryza sativa L. grains (Zeymer et
al., 2018b), Helianthus annuus L. seeds (Campos et al.,
2019), Triticum vulgare L. grains (Mattioda; Jorge; Jorge,
2019). However, studies involving the thermodynamic
properties of moisture sorption of ryegrass seeds have not
yet been performed.

Given the importance of recognizing and
understanding the intrinsic behavior of water in ryegrass
seeds and providing data for the improvement of industrial
drying equipment, this work aimed to calculate and evaluate
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the thermodynamic properties of moisture desorption of
ryegrass seeds as a function of the equilibrium moisture
content.

MATERIAL AND METHODS

Lolium multiflorum L. seeds with initial moisture
content of 10.4% (d.b.) were purchased from the local
market of Vicosa-MG and transported to the Laboratory of
Physical Properties and Quality Assessment of Agricultural
Products at the Federal University of Vicosa, Vicosa, MG.
Then, the seeds were packed in low density polyethylene
bags and stored in a B.O.D. (model 347 CD/Fanem brand)
at 5 °C until the beginning of the experiment.

The static-gravimetric method was used to obtain
the equilibrium moisture content of ryegrass seeds
by desorption process (Brasil, 2009), under different
temperature conditions (10, 20, 30, 40 and 50 £ 1 °C)
and water activity (between 0.10 and 0.90) until the
product reaches the equilibrium moisture content with the
specified air conditions. These conditions were adopted
due to the large climatic amplitude found in the ryegrass
seeds producing regions; in addition, the storage of this
product occurs at different seasons of the year and therefore
has a wide range of psychometric air conditions. The
temperatures used were controlled by a B.O.D. and water
activity was provided by saturated saline solutions. Each
sample consisted of 30 g of seeds in three repetitions.

During the process, the samples were periodically
weighed on a digital analytical balance (model AY220/
Mars brand) and the hygroscopic equilibrium was reached
when the mass variation was less than 0.01 g during three
consecutive weighings. Then, the moisture content of the
product was determined by the gravimetric method using
a forced circulation oven at 105 £ 1 °C for 24 hours in
triplicate, according to Brasil (2009). The experimental
design was completely randomized with five temperature
levels (10, 20, 30, 40 and 50 °C), eight water activity levels
(0.1,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9) and three repetitions.
For the ryegrass seeds equilibrium moisture content
experimental data, 10 mathematical models frequently
used to predict hygroscopicity of agricultural products
were adjusted: Copace, Sigma-Copace, Henderson,
Modified Henderson, Modified Halsey, Chung Pfost,
Oswin Modified, Smith, Modified GAB and Harkins. This
study aims to identify the thermodynamic properties of
moisture sorption in ryegrass seeds; thus, it will not present
data regarding the analysis of the above mentioned models.

The model chosen to determine the thermodynamic
properties of ryegrass seeds was the Chung Pfost (Chung;
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Pfost, 1967), as it showed the best fit to the experimental
data, with a determination coefficient of 99.34%; relative
average error of 5.67%; standard deviation from the
estimate of 0.66; and random distribution of waste.
Through this model, the water activity values were
obtained through Equation 1:

X, =31.98376" -5.90103" In[~(T +22.81437 ") Ina,] (1)

** Significant at 5% probability by “t” test.
Where:

X, — equilibrium moisture content (%, d.b.);
a — water activity (decimal);

T — temperature (°C).

The thermodynamic properties entropy (AS),
enthalpy (AH), Gibbs free energy (AG) and enthalpy-
entropy ratio were obtained according to the methodology
previously described by Corréa, Oliveira and Santos
(2012). The equations for calculating these properties are
presented in Equations 2, 3,4, 5 and 6.

Ina, =+—= _AS )
RT R
AH =AH,-AH,, 3)
AG=+*RTIna, “)
TB :j\wBitmfZ.ot/Z\]Var(TB) (5)
T, =—t— (©)
w1
Zi:l ?
Where:

a_ - water activity (decimal);

AH - isosteric heat of sorption or enthalpy (kJ kg!);
R - universal gas constant, 0.462 (kJ kg! K1);

AH, - latent heat of pure water vaporization (kJ kg');
AH_ - integral isosteric heat of sorption (kJ kg™);
AS - differential sorption entropy (kJ kg K);

AG - Gibbs free energy (kJ kg mol);

T,- isokinetic temperature (K);

m - number of enthalpy and entropy data pairs;
T, - average harmonic temperature (K); e.

n, - number of temperatures used.

RESULTS AND DISCUSSION

Table 1 reports the water activity values predicted
by Equation 1 as a function of temperature and equilibrium
moisture content of ryegrass seeds.

For the same temperature, with increasing
equilibrium moisture content, there is an increase in water
activity. Previous research with different agricultural
products also reported this behavior (Oliveira et al.,
2011; Costa et al., 2015; Zeymer et al., 2018b; Campos
et al., 2019). Water activity reports the amount of water
molecules available for different reactions in the product,
as well as the development of microorganisms; therefore,
by increasing the equilibrium moisture content, a greater
amount of moisture is available for these reactions,
resulting in an increase in water activity (a).

Figure 1 shows the integral isosteric desorption heat
(Q,) values for ryegrass seeds as a function of equilibrium
moisture content. (% d.b.).

It is observed that reducing the equilibrium
moisture content increases the energy required to
evaporate the water bound to the biological structure
of the product, represented by the values of the integral
isosteric desorption heat (Figure 1), as observed for
several products (Oliveira et al., 2011; Costa et al., 2015;
Teixeira; Andrade; Devilla, 2018; Granella et al., 2019).
This fact is related to the increase of the water retention
capacity of the product in the lower values of equilibrium
moisture content, due to the increase of the concentration
of fats, proteins and salts of sodium chloride (Hubinger
et al., 2009). According to Hubinger et al. (2009), the
monomolecular layer is more strongly linked to the
polar groups of these substances, due to the increased
hydrogen bonds of water molecules that progressively
form orderly and rigid structures, requiring more energy
to break them to release a water molecule in the form of
steam. Finally, at higher water activity values, fewer sites
are available for the bonds between molecules, implying
a need for movement of water molecules (Goneli et al.,
2013; Oliveira et al., 2014; Resende et al., 2017).

The integral isosteric desorption heat values for
ryegrass seeds in the equilibrium moisture content range
from 2.8 t0 22.1 (% d.b.) ranged from 4241.96 to 2499.95
kJ kg!. Granella et al. (2019) found desorption integral
isosteric heat values for Triticum vulgare L. seeds, with
equilibrium moisture content of 9.42 and 17.92 (% d.b.),
between 4280.60 to 2602.85 kJ kg'!'. The isosteric heat
required for Guizotia abyssinica (L. f.) Cass. grain water
removal for the equilibrium moisture content of 2.4 to 12.2
(% d.b.) ranged from 3081.48 to 2539.62 kJ kg (Siqueira
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etal., 2018). For Phaseolus vulgaris L. seeds, Cavalcanti,
Rosa and Duarte (2018) reported values from 55.75 to
1184.87 kJ kg! for the equilibrium moisture content range
between 5.0 and 30.0 (% d.b.). These variations found
between Qst values can be explained by the different
chemical composition of the products, as well as by
possible errors in obtaining the water activity values for
each equilibrium moisture content, since the values were
obtained from mathematical models (Ferreira; Pena, 2003).

It is observed that differential entropy is directly
related to the ryegrass seeds equilibrium moisture content,
where with the increase in the equilibrium moisture
content, there is a decrease in the differential entropy
(AS) (Figure 2). The results demonstrate that differential
entropy behaves similarly to integral isosteric desorption
heat with equilibrium moisture content. This behavior is
expected, since entropy generation is controlled by heat
transfer between the two properties, and its magnitude

is always proportional to the heat transferred at a given
temperature (Oliveira et al., 2017).

Differential entropy values of ryegrass seeds ranged
from 0.03 to 4.45 kJ kg K-'. Goneli et al. (2010), studying
the thermodynamic properties of Abelmoschus esculentus
L. seeds, verified the same behavior of the present work
(0.10t0 10.84 kI kg' K1), as well as Zeymer et al. (2018a)
working with Lactuca sativa L. seeds (0.14 to 4.15 kJ
kg! K!). This behavior is related to the mobility of water
molecules during the desorption process, where at higher
water activity values, there are fewer sites available for the
bonds between the molecules, resulting in less movement
of water molecules (Goneli et al., 2010).

Figure 3 reports Gibbs free energy (AG) values
as a function of equilibrium moisture content and
temperature.

It was noted that Gibbs free energy increased
with decreasing moisture content, being positive for all

Table 1: Water activity values (decimal) estimated by Chung Pfost model as a function of temperature (°C) and

equilibrium moisture content (%, d.b.) of ryegrass seeds.

X Temperature (°C)

(%, d.b.) 10 20 30 40 50
2.80 0.0035 0.0375 0.0699 0.1067 0.1451
3.20 0.0138 0.0465 0.0832 0.1236 0.1647
4.20 0.0341 0.0751 0.1226 0.1712 0.2182
5.50 0.0665 0.1253 0.1856 0.2427 0.2948
6.00 0.0829 0.1483 0.2128 0.2723 0.3255
6.90 0.1179 0.1942 0.2649 0.3273 0.3816
8.00 0.1696 0.2567 0.3321 0.3958 0.4495
8.40 0.1905 0.2806 0.3569 0.4205 0.4737
9.50 0.2526 0.3483 0.4253 0.4873 0.5379

10.00 0.2824 0.3795 0.4559 0.5166 0.5656
10.60 0.3191 0.4167 0.4918 0.5507 0.5977
12.00 0.4062 0.5013 0.5714 0.6246 0.6663
12.20 0.4186 0.5130 0.5821 0.6345 0.6754
13.00 0.4675 0.5583 0.6235 0.6722 0.7098
1430 0.5433 0.6265 0.6845 0.7271 0.7596
15.50 0.6078 0.6828 0.7340 0.7710 0.7990
15.70 0.6180 0.6915 0.7416 0.7777 0.8050
17.50 0.7014 0.7620 0.8022 0.8308 0.8523
20.20 0.7989 0.8419 0.8698 0.8893 0.9038
22.10 0.8499 0.8828 0.9039 0.9185 0.9293

Where: X, - equilibrium moisture content (% d.b.).

Ciéncia e Agrotecnologia, 44:e027619, 2020
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Figure 1: Observed and estimated values of the
integral isosteric desorption heat (Qst) of ryegrass
seeds as a function of equilibrium moisture content.

** significant at 1% probability by the “t” test.

Figure 2: Observed and estimated values of
differential ryegrass desorption entropy as a function
of equilibrium moisture content.

** significant at 1% probability by the “t” test.

temperatures studied, tending to stabilize at higher levels
of equilibrium moisture content (Figure 3). This trend was
also observed by Oliveira et al. (2010) and by Campos et
al. (2019), studying Zea mays L. and Helianthus annuus L.
seeds, respectively.

It is also noted that the Gibbs free energy decreases
with increasing temperature. This is due to the higher level
of excitation of molecules present in seeds, accelerating
gas exchange, making the process faster (Zeymer et al.,
2018a). The influence of temperature decreases with

increasing equilibrium moisture content, since at high
values of equilibrium moisture content sorption sites are
available (Goneli et al., 2013).

Figure 3: Gibbs free energy as a function of ryegrass
seeds equilibrium moisture content.

Nkolo Meze’e, Noah Ngamveng and Bardet
(2008) report that Gibbs free energy is related to
the work needed to make sorption sites available.
Positive Gibbs free energy values are characteristic
of an exogenous reaction, that is, one that needs an
external agent supplying energy to the environment.
These positive values were already expected, since
desorption is a non-spontancous process, which means
that requires the insertion of external energy for the
process to occur.

Table 2 shows the Gibbs free energy regression
equations as a function of temperature.

It can be noticed that the coefficients of the
equations show behavior as a function of temperature.
In that way, linear regression analysis was performed,
in which all parameters presented a coefficient of
determination of 1.0 with temperature, thus reaching
Equation 7. This equation is the general Gibbs free energy
equation as a function of temperature in °C:

AG = (-6.5989T +880.72) +[(0.8833T ~117.89)X.1+  (7)
+[(~0.0442T +5.8980).X ]+ [(0.0008T —0.1050).X,*]

Where:

AG — Gibbs free energy (kJ kg™);

X, — equilibrium moisture content (%, d.b.);
T — temperature (°C).

Ciéncia e Agrotecnologia, 44:e027619, 2020
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Table 2: Regression equations adjusted to experimental values of Gibbs free energy (AG) of ryegrass seeds, at
different temperatures (°C), as a function of equilibrium moisture content (X,).

Temperature (°C) Equation R? (%)
10 AG=814.7277+(-109.0524X )+(5.4560X _2)+(-0.0971X 3) 99.98
20 AG=748.7389+(-100.2194X )+(5.0141X 2)+(-0.0893X ) 99.96
30 AG=682.7500+(-91.3863X )+(4.5721X 2)+(-0.0814X ?) 99.98
40 AG=616.7612+(-82.5533X )+(4.1302X 2)+(-0.0735X ?) 99.99
50 AG=550.7724+(-73.7203X )+(3.6882X 2)+(-0.0657X ?) 99.97

Figure 4: Linear relationship between enthalpy and
entropy for moisture desorption of ryegrass seeds.

** significant at 1% probability by the “t” test.

The relationship between enthalpy (H) and entropy
(S) of the desorption process for ryegrass seeds was
evaluated according to a linear regression, presenting a
high coefficient of determination (99.99%) (Figure 4).

With the linearity between the differential enthalpy
relation and the differential sorption entropy, the isokinetic
theory, or enthalpy-entropy compensation theory, can be
considered valid for the moisture desorption phenomenon.
Other studies have also reported this same behavior
(Oliveira et al., 2010; Goneli et al. 2010; Hassini et al.,
2015; Zeymer et al., 2018a; Campos et al., 2019).

To test the validity of the enthalpy-entropy
compensation theory, the isokinetic temperature was
compared with the harmonic mean (T, ) of the studied
temperature range used to determine the desorption
process in ryegrass seeds. In enthalpy-entropy linear
compensation, it was found that if T, > T, , the process is
controlled by enthalpy, otherwise (T, > T, ), the process
is controlled by entropy (Gabas; Telis-Romeor; Menegalli,
1999).

Ciéncia e Agrotecnologia, 44:e027619, 2020

The isokinetic temperature was 405.87 K, while the
harmonic mean was 302.50 K, being significantly different
from the isokinetic temperature values, confirming the
phenomenon of enthalpy-entropy compensation for
the ryegrass seeds desorption process. The isokinetic
temperature was higher than the harmonic average
temperature, showing that the process is controlled by
enthalpy. These results are in line with what has been
observed by several researchers who have applied the
isokinetic theory of sorption of different agricultural
products (Oliveira et al., 2010; Goneli et al. 2010; Hassini
et al., 2015; Zeymer et al., 2018a, Campos et al., 2019).

CONCLUSIONS

Integral isosteric desorption heat increased as the
equilibrium moisture content decreased, indicating an
increase in energy required to remove moisture from the
product. The integral isosteric desorption heat values ranged
from 2499.95 to 4241.96 kJ kg' under the desorption
conditions of the present work. Differential entropy also
increased with decreasing equilibrium moisture content, as
did Gibbs free energy, which is always positive, indicating
that ryegrass seeds desorption is a non-spontaneous process.
Differential entropy values for ryegrass seeds ranged from
0.03 kJ kg' K! to 4.45 kJ kg' K and Gibbs free energy
values between 21.11 and 552.87 kJ kg'. The enthalpy-
entropy compensation theory is valid for the ryegrass seeds
desorption process and is controlled by enthalpy.
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