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ABSTRACT

The present research aimed to study the water sorption behavior of quinoa seeds analyzing
the hysteresis phenomenon and determining thermodynamic properties. Static
gravimetric technigue was used to obtain the equilibrium moisture content of quinoa seeds
in different temperature conditions (15, 25, 35 e 50 °C) and relative humidity (between
11 and 96%). Equilibrium moisture content data were adjusted by eight mathematical
models and the Modified Halsey model was the best one to describe the water sorption
phenomena of quinoa seeds. Hygroscopic equilibrium moisture content of quinoa seeds
is directly proportional to the water activity and decreases with increasing temperature.
The hysteresis phenomena were observed throughout the range of water activity, showing
more evident at low temperatures. Integral isosteric heat and differential entropy
decreased with the increase of equilibrium moisture content. Gibbs free energy decreased
with the increase of temperature and equilibrium moisture content. Compensation enthalpy-

o °

entropy theory was confirmed and the sorption mechanism is controlled by enthalpy.

INTRODUCTION

Quinoa (Chenopodium quinoa Willd.) is a
pseudocereal cultivated in the Andean region for more than
7.000 years (Vega-Gélvez et al., 2010) and explored for
food and feed. The protein content of quinoa is higher than
other cereals, ranging from 15 to 17.5% (Stikic et al., 2012).
In particular, its amino acid composition is considered to be
close to ideal, as recommended by Food and Agriculture
Organization of the United Nations - FAO. In addition, the
physical-chemical stability of its starch gives functional
properties (James, 2009) and greater storage potential than
oilseeds.

These seeds have a considerable porosity in the outer
layer, providing moisture loss or gain easily (Spehar, 2007).
Since they are highly hygroscopic, the water content of the
seeds is constantly influenced by the relative humidity of
the air around them, and therefore they are always seeking
hygroscopic equilibrium (Corréa et al., 2005).

The sorption isotherms (adsorption and desorption)
are defined as a relationship between the total moisture
content and the water activity in the food at the constant
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temperature. The knowledge basis of the adsorption and
desorption isotherms is useful to ensure adequate storage
conditions and to understand the phenomenon of hysteresis.
The desorption isotherms have higher equilibrium moisture
values than the adsorption isotherms at a given water
activity. The lag between these two curves is called
hysteresis (Wolf et al., 1972).

Water activity is one of the variables that most affect
the metabolic processes in agricultural products (Souza et
al., 2015). Consequently, the control of this variable during
storage is of vital importance to ensure product stability.
The present research had as main objective to study the
mathematical modeling of water sorption isotherms of
quinoa seeds in different conditions of temperature and
relative  humidity; investigate the alterations in
thermodynamic properties (integral isosteric heat of
sorption, differential entropy, Gibbs free energy, and
enthalpy-entropy compensation theory) of sorption
processes; and analyze the hysteresis phenomenon, aiming
to provide information that allows planning of storage
systems that guarantee the quality of the product stock.
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MATERIAL AND METHODS

The current study was developed in the Laboratory
of Physical Properties and Quality Assessment of
Agricultural Products belonging to the National Training
Center in Storage (CENTREINAR), located at the Federal
University of Vicosa, Vicosa, MG.

Quinoa (Chenopodium quinoa Willd) seeds were
purchased in the local Vigosa/MG market. In order to obtain
the equilibrium moisture content of quinoa seeds by
desorption and adsorption processes, the static-gravimetric
method was employed (Brasil, 2009). Different temperature
conditions (15, 25, 35 and 50 °C) and relative humidity
(between 11 and 96%) were used until the product reached
the equilibrium moisture content with the condition of the
specified air.

Quinoa seeds with 8.13% (d.b.) of moisture content
were used to analyze the desorption process. For the
adsorption processes, part of the seeds was dried in a forced
air circulation oven at 60 °C until reached 2.5% (d.b.) of
moisture content. Moisture content was obtained by
gravimetry using an oven (New Ethics 400-3ND Model) at

TABLE 1. Mathematical models used to predict sorption isotherms
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105 °C for 24 h. For the weighing, an analytical balance
(Marte AY220 Model) with accuracy of 0.001 g and
resolution of 0.0001 g was used.

The relative air humidity was controlled using
saturated aqueous solutions from different salts, in which
they were deposited in sealed glass containers of 2000 mL,
containing samples of the product in strainers, above the
surface of the solution. The samples with approximately 15
g of seeds were placed in chambers (incubator) like B.O.D.
(model 347 CD/brand Fanem) corresponding to each
desired temperature, in three replicates.

The product was weighed in analytical balance
(model AY220/brand Marte) with predetermined time
intervals until hygroscopic equilibrium, where the partial
water vapor pressure of the product is equal to partial vapor
pressure from air ambient where the samples are
conditioned.

Mathematical models frequently used to represent
the hygroscopicity of agricultural products was adjusted to
the experimental data of equilibrium moisture content. The
expressions are shown in Table 1.

Model Equation
U a+bT
Modified Oswin (Oswin, 1946) e [(1—aw) /e 1)
Modified Halsey (Iglesias & Chirife, 1976) U, = [zl He @)
ab (%) a,
Modified GAB (Anderson, 1946) U, = c (3)
[1-ba,l] [1 —ba, + (T) aw]
Copace (Corréa & Almeida, 1999) U, = expla — (bT) + (ca,)] “)
Sigma-Copace (Teixeira et al., 2015) U, = expla — (bT) + (cexp(a,,))] ®)
_ 1/c
Henderson (Resende et al., 2006) U, = in(1 — av) (6)
[—a(T + 273.15)]
_ 1/c
Henderson-Thompson (Thompson et al., 1968) . = M (7
[—a(T + b)]
Smith (Corréa et al., 2006) U,=a— (bT)—cln(1—a,) (8)

In which:
U, — equilibrium water content, % d.b.;

aw— Water activity, decimal,

T — temperature, at °C; a, b, ¢, d — coefficients of the models.
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Thermodynamic properties of quinoa seeds were
obtained by the method described by Corréa et al. (2012) as
expressed by Equations 9 to 13.

ysis

The adjustment of the mathematical models was
performed by non-linear regression by Gauss-Newton
method, using the software Statistica 7.0®. In selecting the

Ahg, AS
In(a,) =+ ( RT, '7) 9) best model to predict the equilibrium moisture content, was
calculated the magnitudes of the standard deviation of the
Qse = Ahse + L (10) estimate (SDE) (Eg. 14), mean relative error (MRE)
AG = +RT, In(a,,) (1) (Eg. 15), determination coefficient (R?) and residual
n distribution. For a good mathematical adjustment, MRE
Tym = 1 must be less than 10% (Costa et al., 2015), R? near unity
=1 (T_) (12) (Kashaninejad et al., 2007), SDE close to zero (Draper &
N Smith, 1998), and residues randomly distributed (Alves et
Tg=Tg £t JVar(T,
BB Y (m-2) (Tz) (13) al., 2013; Corréa et al., 2014).
In which:
n ._A. 2
aw — water activity, decimal; SDE = % (14)
R — universal gas constant, 8.314 J molt K*;
Ta— absolute temperature, K;
. . . 100 ¢ |Yi¥]
Ahg — isosteric liquid sorption heat, kJ kg™ MRE ===Yiz1 —— (15)
L — Latent heat of vaporization of free water, k] kg; .
In which:

Qst — full isosteric heat of sorption, kJ kg;
AS — Entropy differential sorption, kJ kg* K*; Yi - value observed experimentally;
AG — Gibbs free energy, kJ kg?;

T — isokinetic temperature, K;

Yi — value estimated by the model;

n — number of observed data,

Thm — harmonic mean temperature, K; GLR - residual degrees of freedom (number of

observed data minus the number of model
parameters).

n — number of temperatures used,

m — number of enthalpy and entropy data pairs.

RESULTS AND DISCUSSION

The values of the parameters of the different hygroscopic equilibrium models fitted to the experimental data are shown
in Tables 2 and 3.

TABLE 2. Parameters of hygroscopic equilibrium models for the desorption of quinoa seeds, with their respective: determination
coefficients (R?), standard deviation of the estimate (SDE), mean relative error (MRE) and analysis of residual distribution.

Model - Parar;'eters - R? (%) (o;?gi.) MRE (%) Residual Distribution
Oswin Modified  15.06278 -0.1436 3.01422 9875  0.04 10.73 Biased
Halsey Modified 5.6083 -0.0317 2.1514 98.96 0,03 7.98 Random
GAB Modified 6.6989 0.8359 4653184  97.94 1098 13.13 Random
Copace 1.2677 0.0077 25143 96.63  2.52 15.10 Biased
Sigma-Copace 0.3802 0.0080 1.2833 97.34 1.99 9.85 Random
Henderson 0.000075 1.4195 - 97.05 2.36 15.35 Biased
Henderson- 0.00027 56.3612 1.4232 97.69 2.09 13.93 Biased
Thompson
Smith 8.9201 0.1481 9.0100 98.66 1.49 8.45 Biased

Engenharia Agricola, Jaboticabal, v.38, n.6, p.941-950, nov./dec. 2018



Jaime D. Bustos-Vanegas, Paulo C. Corréa, Juliana S. Zeymer, et al.

944

TABLE 3. Parameters of hygroscopic equilibrium models for the adsorption of quinoa seeds, with their respective: determination
coefficients (R?), standard deviation of the estimate (SDE), mean relative error (MRE) and analysis of residual distribution.

Model - Para”;eters —— R2(%) (igi.) MRE (%)  Residual Distribution
Oswin Modified 12.0144 -0.10487 2.81209 97.28 0.05 10.81 Biased
Halsey Modified 4.9313 -0.0275 2.0866  97.98 0.04 8.44 Random
GAB Modified 5.1515 0.8806  723.4795 97.83 1.82 12.15 Random
Copace 0.7423 0.0066 3.0135 96.81 2.44 19.82 Biased
Sigma-Copace 0.1949 0.0068 1.4829 97.85 1.90 11.85 Random
Henderson 0.000172  0.1868 - 97.13 2.31 18.72 Biased
Henderson-Thompson 0.00044  89.6080 11879  97.43 2.19 18.37 Biased
Smith 5,2673 0.1033 9.4625  98.00 1.93 14.03 Biased

Analyzing Tables 2 and 3, it is observed that among
the eight models tested, the Modified Halsey model was the
most suitable to describe the desorption and adsorption
phenomenon of the quinoa seeds, since the statistical
parameters are in agreement with which is advocated by
several researchers (Resende et al., 2014; Chaves et al.,
2015; Sousa et al., 2015), such as, high coefficient of
determination (R?), mean relative error (MRE) until 10%,
standard deviation of the estimate (SDE) reduced and

30 4
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Equilibrium moisture content (% d.b.)
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Water activity (decimal)

Equilibrium moisture content (% d.b.)

aleatory residual distribution. These results are similar to
those found by Goneli et al. (2016), who also recommended
the Modified Halsey model for the representation of the
equilibrium moisture content, by desorption and adsorption,
of castor beans.

The observed equilibrium moisture content data of
quinoa seeds obtained by desorption and adsorptions, as
well as their isotherms determined by the Modified Halsey
model are shown in Figure 1.
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FIGURE 1. Values observed and estimated by the Modified Halsey model of the equilibrium water content of quinoa seeds

obtained by desorption (A) and adsorption (B)

It can be observed that there is correspondence
between the data estimated by the Modified Halsey model
and experimental data. In both process (desorption and
adsorption), the equilibrium moisture content of quinoa
seeds is directly proportional to the water activity and
decreases with increasing temperature, indicating low
hygroscopicity of the material at high temperatures.
Palipane & Driscoll (1992) complement that with the
increase in temperature, the water molecules reach higher
energy levels, becoming thermodynamically less stable,
favoring the breaking of the connection between the water
and the sorption sites, and thus reducing the moisture
content of the product.

The isothermal curves showed a sigmoidal behavior,
characteristic of type 11 curve, according to the classification
of Brunauer et al. (1940). Several authors also observed the
same behavior in yam flour, jatropha seeds, corn beans,

turnip seeds, crambe fruits, mucilage from chia seeds,
orange powder, preckly pear and Lactuta sativa seeds
(Siqueira et al., 2012; Smaniotto et al., 2012; Sousa et al.,
2013; Costa et al., 2013; Hassini et al., 2015; Velazquez-
Gutiérrez et al., 2015; Sormoli & Langrish, 2015; Solomon
& Zewdu, 2016; Zeymer et al., 2017).

Another relevant observation that can be made when
comparing the generated isotherms is that, for all air
conditions used, the values of hygroscopic equilibrium
moisture content obtained by desorption were always higher
than those obtained by adsorption, evidencing the
phenomenon of hysteresis (Figure 2). These results are in
agreement with Goneli et al. (2013) studying sorption of
water from coffee fruits, Souza et al. (2015) studying mango
skin hysteresis and Campos et al. (2016) studying the
hysteresis of bean grains.
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FIGURE 2. Estimation of desorption and adsorption isotherms of quinoa seeds, for all temperatures studied, evidencing the

phenomenon of hysteresis

The phenomenon of hysteresis is explained by
several authors. According to Lahsasni et al. (2004), during
the adsorption, the pore capillary of the grains begins to fill
as a consequence of the increase of the relative humidity.
When the partial pressure of water vapor from the air
becomes higher than the vapor pressure in the capillary, the
water moves into the pore. In desorption the pore is initially
saturated. The diffusion of water from the periphery to the
grain surface occurs only when the partial vapor pressure of
the surrounding air becomes smaller than the vapor pressure
inside the capillary. In addition, the same authors state that
the differences between adsorption and desorption occur
due to the wide variety of capillary diameters in the grain

pore system. In Figure 2 it can be noticed the temperature
dependence on the hysteresis phenomena of quinoa seeds.

Analyzing Figure 2, it can be seen that the hysteresis
(desorption equilibrium moisture content less moisture
content of the adsorption) was more pronounced at lower
temperatures, besides being observed throughout the water
activity range, as verified by several authors (Bejar et al.,
2012; Corréa et al., 2014; Koua et al., 2014; Souza et al.,
2015; Goneli et al., 2016) in orange peel, coffee fruits,
cassava, turnip seeds and castor beans.

The dependence of the integral isosteric heat of
sorption of quinoa seeds on the equilibrium moisture
content is shown in Figure 3.
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FIGURE 3. Integral isosteric heat of sorption (A) and differential entropy sorption (B) of the quinoa seeds a function of

equilibrium moisture content

The results show a progressive increase in heat
sorption at low moisture content. Bonner & Kenney (2013)
stated that this occur because in the initial phase of sorption,
there are high active polar sites on the surface of the
product, which are covered by water molecules forming the
monolayer. It results in stronger water-solid interactions.

It can be observed that the values of the integral
isosteric heat of desorption process of the quinoa seeds were
higher than the values of the integral isosteric heat of
adsorption; however, the values tend to a common
equilibrium value at higher moisture contents (Figure 3A).
This trend indicates that desorption process requires lower
energy in order to occur than adsorption process. These
results support the findings of Bonner & Kenney (2013) and
Corréa et al. (2017).

The differential entropy of sorption (Figure 3B)
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 water molecules mobility. 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) in millet grains. 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).

Table 4 lists the equations adjusted to the
experimental data of the isosteric heat and the differential
entropy of sorption of the quinoa seeds obtained by
desorption and adsorption. It can be noticed that the
equations are suitable to predict the phenomena as the R?
coefficients are greater than 99% and the regression
coefficients shows statistical significance.

TABLE 4. Equations adjusted to the experimental data of the integral isosteric heat and differential entropy of sorption of the

quinoa seeds obtained by desorption and adsorption.

Identification Adjusted equation R? (%)
Q, =2686.6314" +96824.9367 *exp(—1.0296 *U,) 99.87

Adsorption —- . .
AS =0.7110 +265.6857 *exp(-1.0296 *U,) 99.87
Q, =2954.3655 +403298" *exp(—1.1858 *U,) 99.94

Desorption - . .
AS =15105" +1156.2267 *exp(-1.1858 *U,) 99.94

* Significant at 1% probability by t test.
** Significant at 1% probability by t test.
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FIGURE 4. Gibbs free energy of quinoa seeds obtained by desorption (A) and adsorption (B).

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

140000 ~
120000 -
100000 -
80000 -
60000 -

40000 +

Isosteric liquid sorption heat (kJ kg'l)

20000 -

0O T

to a constant value. This behavior was also observed in
previous studies by Kaleemullah & Kailappan (2007),
Oliveira et al. (2014) and Sousa et al. (2015). From Figure
4, it can be observed that Gibbs free energy in the desorption
process was higher compared to the adsorption process at
temperatures of 15, 25, 35 and 40 °C, similar to results
obtained by Kaleemullah & Kailappan (2007).

Figure 5 illustrates the enthalpy-entropy relationship
with the water sorption process of the quinoa seeds.

®  Adsorption
O Desorption

0 100

T T 1

200 300 400

Entropy differential sorption (kJ kg'lK'l)

FIGURE 5. Compensation enthalpy-entropy of the sorption process of the quinoa seeds.

It was observed that a strong correlation exists
between the two thermodynamic properties (enthalpy and
entropy). However, only the difference between the
harmonic mean temperature (Tnm) and the isokinetic
temperature (Tg) may indicate that such relationship exists
(enthalpy-entropy compensation theory). Trm was 303.86 K
and the Tg values are listed in Table 5, thereby confirming
the chemically linear compensation. Furthermore, as Tg
values were higher than Tnm, it can be concluded that the
sorption mechanism is controlled by the enthalpy (Corréa et
al., 2012). Previous studies also made the conclusion that
sorption was controlled by the enthalpy (Goneli et al., 2013;
Corréa et al., 2015, 2017).

TABLE 5. Isokinetic temperature and Gibbs free energy at
the isokinetic temperature of the quinoa seeds obtained by
desorption and adsorption.

Identification Ts (K) AGg (k] kgh) R? (%)

Adsorption 364.43 1.214*10%8 99.99
Desorption 348.81 6.366*1012 99.99

CONCLUSIONS

The hygroscopic equilibrium moisture content of
quinoa seeds is directly proportional to the water activity
and decreases with increasing temperature;

The Modified Halsey model is the best one to
represents desorption and adsorption isotherms of quinoa
seeds when compared to other models tested,;
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The hysteresis phenomenon is observed throughout
the range of water activity, and its magnitude is reduced
with the elevation of temperature;

Exponential models were adjusted to the integral
isosteric heat data and the differential entropy of sorption as
a function of the equilibrium moisture;

Integral isosteric heat and differential entropy
decreased with the increase of equilibrium moisture
content;

Gibbs free energy decreased with the increase of
temperature and equilibrium moisture content;

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