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Food Science and Technology

Kinetic, thermodynamic properties, and optimization of barley hydration
Flavia Daiana MONTANUCI', Luiz Mario de Matos JORGE?, Regina Maria Matos JORGE"™

Abstract

The hydration kinetics of five barley cultivars was studied at six different temperatures ranging from 10 to 35 °C for 32 hours
applying the Peleg model. Response Surface was used to describe dynamic of the process and identify the hydration time for
each cultivar. The activation energy (E ), enthalpy (AH*), entropy (AS*), and Gibbs free energy (AG*) were estimated from the
adjusted parameters and Arrhenius equation. Temperature had significant effect on the hydration of the five cultivars. At low
temperatures, the stabilization time for hydration was faster. Peleg constants K, and K, decreased with increasing temperature.
The cultivar BRS BRAU showed the lowest value of initial absorption rate (R, = 0.149 kg.h™) at 10 °C, while the cultivar BRS
BOREMA had the highest value of R (0.367 kg.h™" at 35 °C). The equilibrium moisture content (M) increased with increasing
temperature. The cultivars BRS CAUE and BRS BRAU showed the lowest values of E , AH*, AS* showed negative values, and
AG* increased with increasing temperature, confirming the effect of temperature on hydration.

Keywords: transport phenomena; hydration isotherm; thermodynamic properties; absorption; kinetics; barley.

1 Introduction

Barley (Hordeumvulgare L.) is a cereal belonging to the grass
family and the genus Hordeum (FOOD..., 2007). It is considered
a functional grain as it is a source of B-glucan, complex B
vitamins, tocopherols, and tocotrienols, which are known to
reduce serum LDL cholesterol by their antioxidant activity
(BAIK; ULLRICH, 2008; SHARMA; GUJRAL; ROSELL, 2011).

One of the steps in the production of malt is barley
hydration. In the steeping process, the grain is soaked in water
for 24 to 36 hours in order to increase its moisture to 42-44%
(wet basis). Water uptake by the grain may be influenced by
factors such as barley composition, grain structure, water
temperature during steeping, and steeping method. After
steeping, the grains are removed from water for the germination
step under controlled temperature and moisture for several
days. The next step is grain drying (BARREIRO; FERNANDEZ;
SANDOVAL, 2003; MAYOLLE et al., 2012).

Steeping or hydration plays a crucial role in the determination
of the final malt quality and, accordingly, detailed knowledge of
water uptake in barley kernels is important in order to optimize
the malting process (GRUWEL et al., 2001). Hydration of cereals
and leguminous plants is important in the preparation of such
products because it improves palatability, denatures proteins,
and at some temperatures it causes previous gelatinization of
starch, besides facilitating the cooking or germination steps.
From the point of view of process engineering, it is important
to understand the dynamics of water absorption, or sorption,
and to identify the influence of process variables on the product.
Thus, quantitative measurements of the effect of hydration are
necessary for practical applications aimed at the design and

optimization of industrial processes (HSU, 1983a, b; SOPADE;
AJISEGIRI; BADAU, 1992; MASKAN, 2001, 2002).

Kinetic models of grain hydration have been developed
with the purpose of estimating the time required to obtain
desired moisture content at a given temperature or to predict
the dynamic behavior of the soaking process, or as a design
tool for equipment sizing. The models developed to represent
the dynamic behavior of the hydration or soaking process
are basically of two types: empirical and phenolmenological
(PELEG, 1988; SOPADE; OBEKPA, 1990; ABU-GHANNAM,;
MCKENNA, 1997; MASKAN, 2002; RESIO; AGUERRE;
SUAREZ, 2006; OMOTO et al., 2009; COUTINHO et al., 2005,
2007; OULAHNA et al.,, 2012). Peleg model (PELEG, 1988)
has been the most widely used empirical model in recent years
to model the behavior of different grains and food products
during hydration.

Sorption isotherms and isosteric heat of sorption of cereal
based products are also essential for the design, modelling, and
optimization of many processes. Applying thermodynamic
functions is possible to provide information about the affinity
between water and the cereal product including the binding
forces, the water molecules, their spatial arrangement, and the
spontaneity of the sorption process (OULAHNA et al., 2012).

The objective of this study was to evaluate the kinetic
hydration process of five different barley cultivars, find the
optimal hydration period of time for each cultivar, and apply
the Peleg model to estimate the following thermodynamic
properties: activation energy (E,), enthalpy (AH*), entropy
(AS*), and Gibbs free energy (AG*).
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2 Materials and methods

2.1 Material

Five barley cultivars grown in southern Brazil (2011
harvest), were used to study barley hydration. BRS BRAU,
BRS CAUE, BRS BOREMA, BRS 195, and BRS GRETA, are
cultivars registered by EMBRAPA (Brazilian Agricultural
Research Corporation) and were donated by the Agroindustrial
Cooperative from Parana state and Embrapa Wheat from
Rio Grande do Sul in Brazil. All samples were stored under
refrigeration at 5 °C.

2.2 Chemical composition of barley grains

The chemical composition of barley grains was determined
according to the of the Association of Official Analytical
Chemists official method (ASSOCIATION..., 1995). Moisture
was determined by drying the sample in oven at 105 °C. Protein
was determined using the Kjeldahl method with conversion
factor of 6.25, lipids by the Soxhlet extraction method; ash
content by incineration at 550 °C in muffle furnace, starch by
acid hydrolysis and polarimeter reading (Polax WXG-4), and
dietary fiber by the enzymatic method. Statistical analysis was
performed using ANOVA followed by the Tukey test for pairwise
comparisons of means, at significance level of 5%.

2.3 Hydration process

Assays were performed in a Dubnoff shaker water bath with
controlled temperature (Q226M2 Quimis). In each experiment,
250 g of barley grains were immersed in distilled water. The
experiments were performed in duplicate for each hydration
temperature, collecting samples in duplicate so that four samples
were obtained at each sampling time.

The temperatures (°C) for the tests were: 10, 15, 20, 25, 30,
and 35, with total hydration time of 32 hours. Grain samples
were taken after the following times (hours): 0, 0.08, 0.5, 1, 1.5,
2,2.5,3,3.5,4,5,6,7,8,10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30,
and 32. Excess surface water was removed from the sampled
grains with paper towels.

The dry basis moisture content was evaluated using
Equation 1, where M = moisture (% dry basis) is expressed by
the ratio between the mass of water present in the sample (M, ),
calculated after drying at 105 °C for 24 h, and the mass of dry
sample (M,) (ASSOCIATION..., 1995).

M =M, /M, x 100 (1)

The values of moisture (dry basis) were used to fit a
polynomial equation that can be presented in a graphical form
of Response Surface for moisture estimate of each cultivar,
as a function of temperature and time. From the polynomial
equation obtained for each cultivar, the period of time that
provides the maximum moisture on a dry basis was estimated.
Results were statistically analyzed by ANOVA at the significance
level of 5%.
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The Peleg model was fitted to the experimental results,
which is represented by Equation 2, where M(t) = moisture as
afunction of time (t) (% dry basis); M = initial moisture (% dry
basis); t = soaking time (h), K, = Peleg rate constant (h%'); and
K, _Peleg capacity constant (%'). K is related to the rate of water
absorption and K| to the equilibrium moisture (PELEG, 1988).

M() =M, £ t/(K, + (K, x ) 2)

In Equation 2, ‘t’ becomes ‘+’ if the process is absorption
or adsorption and *-’ if the process is drying or desorption. The
rate of sorption (R) can be obtained by the first derivate of Peleg
equation, Equation 3:

R=dM(®/dt=+K /K, +K,x1) 3

The Peleg rate constant K is inversely related to initial
water rate sorption rate at the very beginning (R ), i.e. Rat t=t
(Equation 4).

R, = dM/dt| = =1/K, “)

The Peleg capacity constant K, relates to maximum (or
minimum) attainable moisture content. As t —oo, Equation 2
gives the relation between equilibrium moisture content (M)
(% dry basis) and K, (Equation 5):

Mlt, =M, =M, + UK, 5)

Linearization of Equation 2 yields Equation 6.

MO -M) =K, + Kt ()

A plot of t/(M(t)-M,) against time, t, gives a straight line
with K| as the ordinate intercept and K, as the gradient of the
line.

Sopade, Ajisegiri and Badau, 1992 reported that K, could be
likened to a diffusion coefficient and Arrhenius equation could
be used to describe the influence of temperature on constant
K, (Equation 7).

/K, =K ;exp[(-E/R) x (/T - I/T )] (7)

ref”

The linearization of Equation 7 yields Equation 8, from
which activation energy value can be calculated (Equation 8).

Ln(1/K)) = [Ln K + (-E/R)(-1/T ) + (-E/R)(1/T)] (8)

ref

In these equations, K , refers to the hydration constant
at a reference temperature T , E_is the activation energy, R is
the universal gas constant, and T is the hydration temperature.
According to Gowen et al. (2007) and Jideani and Mpotokwana
(2009), the reference temperature is the average of the
temperatures used for hydration. In the present study, T , is
22.5°C.

When In(1/K ) is plotted against (1/T), a straight line with
slope (-E /R) is obtained, from which the activation energy can
be calculated and sensitivity of the constant to the temperature
can be assessed.
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2.4 Solids loss (%)

The content of soluble solids released from barley was
estimated as the amount of solids present in the water drained,
expressed as the percentage reduction of barley dry weight
compared to the initial percentage (MASKAN, 2001).

2.5 Thermodynamic considerations

The values of E_ allow the determination of different
thermodynamic parameters such as enthalpy (AH*), entropy
(AS*), and Gibbs free energy (AG*) according to Equations 9,
10, and 11 initially proposed by Sdnchez et al. (1992) and applied
by Jideani et al. (2002) and Jideani and Mpotokwana (2009).

AH* =E -RT ©)
AS* = R(InK,; ~ In (K /h ) — InT) (10)
AG* = AH* — TAS* (11)

In these equations, R is the universal gas constant, InK__is
the ordinate intersection of the line obtained by linear regression
to calculate Ea, K, is Boltzmann's constant (1.38 x 10> J.K™),
hP is PlancK’s constant (6.626 x 107% J.s), and T is the absolute
temperature. Results were statistically analyzed by ANOVA at
the significance level of 5%.

3 Results and discussion

3.1 Chemical composition of the barley cultivars

Table 1 shows the chemical composition of the barley
cultivars. The average values of lipids and starch content were
2.32% and 57.35%, respectively, with no significant difference
between the cultivars (p > 0.05). The initial moisture content
ranged from 11.96 to 13.49%. BRS 195 and BRS BRAU with
the highest moisture contents and the lowest value was that of
BRS CAUE. Protein content ranged from 9.55 to 10.56%; BRS
195 and BRS BOREMA showed the highest values. As for ash
content, the results ranged from 1.73 to 2.47%; BRS 195 and
BRS GRETA showed the highest levels, differing significantly
(p £0.05) from the other cultivars. Values from 17.00 to 19.61%
were found in the dietary fiber analysis, and BRS 195 and BRS
GRETA showed the highest values. BRS CAUE showed an
intermediate value, while the lowest levels were found for BRS
BRAU and BRS BOREMA.

Studies by Aman and Newman (1987), Oscarsson et al.
(1996), and Andersson et al. (1999), which are available in the

literature, reported that barley grains are composed of 53-67%
starch, 14-25% fiber, 9-14% protein, 3-4% lipids, 2-3% ash, 1-7%
low molecular weight carbohydrates, 4-11% arabinoxylans, 3-7%
B-glucan, and small amounts of cellulose and lignin. On the
other hand, Izydorczyk et al. (2000) and Quinde, Ullrich and
Baik (2004) found higher starch content in barley grains, ranging
from 65 to 68% and 10-17% protein, 11-34% fiber, and 4-9%
B-glucan. The results obtained are consistent with the average
values in the literature, taking into account that the chemical
composition is influenced by the climate and soil of the region
where the cultivars were grown.

3.2 Hydration

Figure 1 shows the evolution of hydration isotherms at
different temperatures for the studied cultivars. The comparison
of experimental means by statistical analysis applying the Tukey
test indicated that the behaviour of hydration kinetics of the
five cultivars was similar (p > 0.05). It can be observed that at
all temperatures, water uptake was faster in the initial stages,
especially in the first four hours, and gradually slowed down as
the moisture content approached saturation. According to Hsu
(1983a), it had been demonstrated that diffusion in the solid
endosperm is the main mechanism that controls the rate of
absorption in seeds regardless of the process conditions. There
was a significant effect of temperature on the grain moisture (p
<0.05), mainly on the dynamic of hydration isotherms and also
on the equilibrium moisture of the five cultivars.

It was observed that the higher the temperature, the
greater the rate of water absorption in the hydration process,
in accordance with Geankoplis (1983), who states that the
rate of hydration increases with increasing temperature. This
increase is due to changes in resistance to grain diffusion.
Higher temperatures are known to expand and soften grains
(KASHANINEJAD et al., 2007). Several studies have shown
that increasing the temperature of the soaking medium is an
excellent way to accelerate the water absorption of various
seeds, reducing the soaking time (QUAST; DA SILVA, 1977;
KON, 1979; SOPADE; OBEKPA, 1990; ABU-GHANNAM;
MCKENNA, 1997; TANG; SOKHANSANT]J; SOSULSKI, 1994;
HUNG etal., 1993; SEYHAN-GURTAS; AK; EVRANUZ, 2001;
HSU, 1983a; MASKAN, 2002). The moisture content of the
grains during hydration can be directly related to two variables:
time and temperature. As the hydration time is increased,
the amount of water absorbed increases (WANG et al., 1979;
SOPADE; OBEKPA, 1990).

Table 1. Chemical composition of barley cultivars (Mean + standard deviation).

Cultivar Moisture content (%) Lipids (%) Protein (%) Starch (%) Ash (%) Dietary fiber (%)
BRS CAUE 11.96°+0.54 2.19°+0.06 9.64°+0.06 58.24°+0.61 1.73°4£0.01 18.90°+0.00
BRS BRAU 13.49°+0.21 2.18*+0.05 9.62+0.15 56.58°+0.61 1.86°£0.04 17.00°+0.01

BRS BOREMA 12.38>+0.07 2.49°+0.32 10.23°+0.40 56.77°+0.61 2.14+0.09 17.94°+0.00

BRS 195 13.02%°+0.02 2.51*+0.19 10.56°+0.19 56.95°+0.60 2.43*+0.04 19.61°+0.01

BRS GRETA 12.70°+0.12 2.39°+0.28 9.55%+0.09 57.50°+0.78 2.47°+0.08 19.25°+0.01

Values followed by the same symbol in each column do not differ significantly (p < 0.05).
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Figure 1. Experimental data and prediction of Peleg model for the hydration of the five barley cultivars at different temperatures between 10 and
35°C, (A) BRS CAUE, (B) BRS BRAU, (C) BRS BOREMA, (D) BRS 195, and (E) BRS GRETA.

The kinetics of hydration determined the time required
for stabilization of the moisture in the interior of the grain. It
was observed that the higher the temperature, the longer the
stabilization time required thus reaching 6 hours difference on
average when comparing the temperature results obtained in
the range of 10 to 35 °C.

Table 2 shows the equations generated for the Response
Surface of moisture for each cultivar, and Table 3 shows the time

Food Sci. Technol, Campinas, 33(4): 690-698, Oct.-Dec. 2013

in hours required for the grain to reach moisture equilibrium.
This time was obtained identifying the time value that maximizes
each one of the equations shown in Table 2. In order to identify
this value, the two partial differential equations resulting from
the differentiation of each function were obtained. The system
of these two algebraic equations was solved, considering each
derivate equal to zero. Therefore, the value of the time was
estimated for each temperature.
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Table 2. Equations of the Response Surface of moisture for each cultivar.

Cultivar Equations
BRS CAUE M=21.7858+2.9101*x+0.7511*y-0.0657*x*+0.0296*x*y-0.0106*y*
BRS BRAU M=27.4584+2.7514*x+0.3270*y-0.0644*x?+0.0341*x*y-0.0025*y*
BRS BOREMA M=17.2365+3.2859*x+1.8778*y-0.0733*x?+0.0223*x*y-0.0358*y*
BRS 195 M=23.6867+2.9076*x+0.9230%y-0.0646*x*+0.0376*x*y-0.0148*y*
BRS 225 M=20.3655+2.8244*x+1.0880*y-0.0659*x?+0.0358*x*y-0.0167*y*

M = Moisture (dry basis), x = time (hours), y = temperature (°C).

Table 3. Optimization of hydration time calculated from the equations of the Response Surface.

Cultivar Hydration Time for moisture equilibrium (h)

Temperature 35°C 30°C 25°C 20 °C 15°C 10 °C
BRS CAUE 30.03 30.03 27.78 26.65 25.53 24.40
BRS BRAU 30.63 29.30 27.98 26.65 25.33 24.00

BRS BOREMA 27.74 26.98 26.22 25.46 24.70 23.93
BRS 195 32.69 31.23 29.78 28.32 26.83 25.41
BRS 225 30.94 29.58 28.22 26.86 25.50 24.15
Average 30.41 29.42 28.00 26.79 25.58 24.38

Two important aspects observed are related to the time
consumed and the equilibrium moisture attained during
hydration. For example, in Table 3, the grains take an average of
30.41 hours to stabilize the value of moisture of 94.38% at 35 °C,
while at 10 °C, it takes 24.38 hours to reach moisture content of
75.43%. It is also observed that the moisture level reached also
increases with increasing temperature, registering an average
increase of approximately 19% moisture content on a dry basis
by comparing the values obtained at 10 and 35 °C.

The Peleg model, with parameters K, and K, was used in
the present study. These parameters were obtained from the
linearization of the model provided by Equation 2, and their
values are shown in Table 4. Figure 1 shows the experimental
data and the prediction of the models for all temperatures tested.
The coefficients of determination (r?) shown in Table 4 indicate
the quality of fit of the model to experimental data. The values
of r? ranged from 0.955 to 0.994, confirming the suitability
of the equation for describing the kinetics of water uptake by
barley grains when the influence of temperature variation is
investigated. The Peleg model was found to be adequate to
describe the kinetics of hydration of barley cultivars in the
present study. Cozzolino, Roumeliotis and Eglinton (2013)
stated that the Peleg equation was applied to the curvilinear
segment of the water absorption data. The data showed that
differences in water result from the different barley cultivars
used.

Studies by Sopade and Obekpa (1990) and Sopade, Ajisegiri
and Badau (1992) showed that K, is a function of temperature
and could be likened to a diffusion coefficient, and K, is a
characteristic sorption parameter of the material studied, with
no significant temperature dependence. The Peleg constant K|
was found to be inversely proportional to temperature, showing
a decreasing trend with increasing temperature. Several author
reported decreasing K, values, namely Peleg (1988), Sopade,
Ajisegiri and Badau (1992); Abu-Ghannam and McKenna
(1997), Maskan (2002), Pan and Tangratanavalee (2003), and
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Resio, Aguerre and Suarez (2006) for milk powder and rice;
maize, millet and sorghum; red kidney beans; wheat; soybeans,
and amaranth grain, respectively.

K, also showed a decreasing behaviour with increasing
temperature. This trend was also found in studies by Resio,
Aguerre and Suarez (2006), who studied the kinetics of
hydration of amaranth grain, and Pan and Tangratanavalee
(2003) and evaluated the hydration of soybeans. According
to these authors, when the equilibrium moisture content does
not change with temperature, K, is a temperature-independent
variable; but when there is loss of solids and variation in the
equilibrium moisture content during the hydration process,
K, becomes temperature-dependent and its values begin to
decrease with increasing temperature.

Table 4 also shows the solid loss for each cultivar at different
temperatures. The lowest average loss was 28.60% at 10 °C.
The loss of solid material to the liquid phase was also found
to increase with increasing temperature. For the temperatures
from 10 °C to 35 °C, an increasing average of 6.86% was
observed in all cultivars. This difference represents an increase
in solid loss by 25.32% related to the value recorded at 10 °C. In
these experiments, K, decreased with increasing temperature,
probably due to loss of solids, which increased resistance to
water transfer.

According to Sayar, Turhan and Gunasekaran (2001),
the rate of water sorption can be explained by the diffusion
phenomenon. In the hydration process, water content increases
in the direction of the driving force. With the decrease of the
driving force, the soluble solids offer resistance to water transfer.
Water absorption capacity depends on the cell wall structure,
grain composition and compactness of the seed cells.

The values of the initial absorption rate (R ) are showed in
Table 4. The value of K| decreased with increasing temperature
between 10 and 35 °C. Water absorption rate was found to
increase with increasing temperature. Cultivar BRS BRAU

Food Sci. Technol, Campinas, 33(4): 690-698, Oct.-Dec. 2013
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Table 4. Parameters of Peleg’s equation for the five barley cultivars.

Cultivars Temperature Kp? KP R,¢ M, ¢ r? Solid loss (%)
10°C 6.03 1.88 0.166 69.9 0.975 28.36
15°C 5.16 1.63 0.194 76.6 0.980 29.07
20°C 5.28 1.30 0.189 92.8 0.964 32.95
BRS CAUE
25°C 5.08 1.20 0.197 97.6 0.963 35.93
30°C 4.76 1.11 0.210 104.3 0.964 35.24
35°C 4.45 1.09 0.225 106.3 0.964 34.55
Average 0.197
10°C 6.70 1.93 0.149 69.4 0.965 26.54
20°C 5.75 1.47 0.174 86.0 0.959 31.49
BRS BRAU 25°C 5.17 1.38 0.194 90.3 0.973 32.92
30°C 4.97 1.26 0.201 97.5 0.975 33.63
35°C 4.80 1.16 0.209 102.9 0.974 34.33
Average 0.185
10°C 4.71 1.61 0.212 78.7 0.975 30.06
15°C 4.02 1.49 0.249 83.0 0.967 31.64
20°C 3.47 1.26 0.288 96.7 0.984 33.26
BRS BOREMA
25°C 3.65 1.19 0.274 99.5 0.981 36.50
30°C 3.00 1.20 0.333 97.9 0.990 36.27
35°C 2.73 1.19 0.367 97.2 0.994 36.03
Average 0.287
10°C 5.59 1.61 0.179 78.3 0.965 29.47
15°C 5.05 1.54 0.198 84.2 0.970 29.68
20°C 4.88 1.29 0.205 94.6 0.974 31.93
BRS 195
25°C 491 1.08 0.204 108.2 0.955 38.43
30°C 4.07 1.10 0.246 106.3 0.972 37.57
35°C 3.63 1.07 0.275 108.5 0.982 36.72
Average 0.218
15°C 6.20 1.68 0.161 79.1 0.989 28.20
20°C 5.08 1.37 0.197 89.1 0.988 29.32
BRS GRETA 25°C 4.60 1.21 0.218 100.2 0.990 32.10
30°C 4.06 1.16 0.246 102.0 0.993 35.30
35°C 3.66 1.12 0.273 103.9 0.994 35.32
Average 0.219

*K, h%", K, %" Initial water absorption rate (kg.h™!); ¢ Equilibrium moisture content (% dry basis).
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Figure 2. Hydration isotherm of five cultivars at temperature 30 °C.
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showed the lowest value of R (0.149 kg.h™'at 10 °C), and BRS
BOREMA had the highest value of R (0.367 kg.h™'at 35 °C).
Cultivar BRS BOREMA exhibited the highest average water
absorption rate (0.287 kg.h™'), and BRS BRAU showed the lowest
value (0.196 kg.h™).

The final equilibrium moisture (M,) showed in Table 4 is
different for each temperature. It can also be observed that the
higher the hydration temperature, the greater the equilibrium
moisture. Cultivar BRS BRAU had the lowest value of M : 69.4%
(dry basis) at 10 °C, and BRS 195 showed the highest value:
108.5% (dry basis) at 35 °C. Resio, Aguerre and Suarez (2006)
also observed that M increased with increasing temperature
during the hydration of amaranth grain. Arrhenius equation was
used for the evaluation of the temperature dependence of K. The
activation energy is related to the slope of the straight line and
therefore represents the influence of temperature on K|. Table 5
shows the activation energy obtained by linear regression, the
hydration rate constant at the reference temperature (K_), and
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Table 5. Parameters of Arrhenius equation for water absorption during barley hydration* and thermodynamic parameters of the hydration of

barley cultivars.
Cultivar Temperature (°C) Ea (kcal/ mol) K r’ AH* (kcal/mol) AS* (kcal/mol K) AG* (kcal/mol)

10 -556.26 -61.24 16805.23
15 -566.19 -61.27 17111.51
20 -576.13 -61.31 17417.97

BRS CAUE 123.9 0.244 0.856
25 -586.06 -61.34 17724.60
30 -596.00 -61.38 18031.39
35 -605.93 -61.41 18338.35
10 -553.61 -61.37 16823.07
20 -573.48 -61.44 17437.11
BRS BRAU 25 158.1 0.228 0.938 -583.41 -61.47 17744.39
30 -593.35 -61.50 18051.83
35 -603.28 -61.54 18359.43
10 -549.69 -60.26 16514.77
15 -559.62 -60.30 16816.18
20 -569.56 -60.33 17117.76

BRS BOREMA 238.8 0.398 0.864
25 -579.49 -60.37 17419.51
30 -589.43 -60.40 17721.43
35 -599.37 -60.43 18023.51
10 -553.50 -60.99 16737.97
15 -563.43 -61.03 17043.02
20 -573.37 -61.06 17348.25

BRS 195 172.2 0.276 0.698
25 -583.30 -61.10 17653.64
30 -593.24 -61.13 17959.20
35 -603.17 -61.16 18264.92
15 -557.12 -60.70 16954.60
20 -567.05 -60.73 17258.18
BRS GRETA 25 282.6 0.326 0.950 -576.99 -60.77 17561.94
30 -586.92 -60.80 17865.85
35 -596.86 -60.83 18169.93

*T . = reference temperature (295.75 K); Ea = activation energy; K = hydration rate constant at the reference temperature; r’= coefficient of determination.

the coefficient of determination r’. The values of E_obtained
for the cultivars BRS CAUE and BRS BRAU, (respectively
123.9 kcal/mol, and 158.1 kcal/mol) were significantly lower
than those of the cultivars BRS GRETA, BRS BOREMA and
BRS 195 (282.6 kcal/mol, 238.8 kcal/mol and 172.2 kcal/
mol, respectively). The lower value of Ea and the negatives
values of entropy indicate that the seeds were more thermally
stable and hydration changes was less influenced by temperature
(JIDEANL; MPOTOKWANA, 2009). This result suggests that
the rate of water absorption of the cultivars BRS CAUE and BRS
BRAU are higher than that of the other cultivars and also that
these cultivars get the equilibrium faster than the others, what
can be observed in Figure 2. The higher values of Ea indicate
that the seeds experience a large change and hydration was
more influenced by temperature. According to Hsu (1983b), the
activation energy is lower at high water contents, indicating that
diffusion tends to be more temperature sensitive at low moisture
contents (at the beginning of absorption) than it is at high water
contents (toward the end of absorption).

The activation energy is a function of the grain composition;
furthermore, it should be expected the occurrence of some
effects of temperature and water content on diffusivity.
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3.3 Thermodynamic considerations

Enthalpy is the heat released by hydration at constant
pressure. It refers to the binding energy, intermolecular forces
developed between the solvent, and the adsorbent surface
and between the solvent and adsorbed molecules. The nature,
homogeneity, and heterogeneity of the adsorbent surface can
be characterized by the plot of the “heat curves” representing
the evolution of isosteric heat of sorption versus solvent ratio.
Enthalpy change provides a measure of the energy variations
occurring on mixing water molecules with sorbent during
the hydration process (OULAHNA et al., 2012). The values
of enthalpy (AH*) in Table 5 were negative for all cultivars,
indicating that barley hydration is associated with exothermic
(energetically favorable) transformations. The values of enthalpy
differed between themselves (p < 0.05). Jideani and Mpotokwana
(2009) also verified negative values of enthalpy in the hydration
of Bambara seeds.

Entropy (AS) defines the degree of order of the water-sorbent
system and helps to understand processes such as dissolution,
crystallization, and swelling (MCMINN; AL-MUHTASSIB;
MAGEE, 2003). Entropy is related to degrees of freedom of the
adsorbent; it is a measurement of the disorder of the system.
In accordance with the second law of thermodynamics, the
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phenomena are reversible if the entropy variation equals zero.
In this study, entropy values were negative and were similar for
all cultivars, with no significant difference (p > 0.05).

Gibbs free energy is the driving force at constant temperature
and pressure. Changes in free energy are generally coupled
with enthalpy and entropy changes. The sign of AG informs
about the spontaneity of the reaction. If AG < 0, the reaction is
spontaneous (OULAHNA et al., 2012). In this study, positive
values of AG were obtained, showing that the process was not
spontaneous. A significant difference (p < 0.05) was found for
the cultivars at different temperatures. The AG* increased with
increasing temperature was observed, indicating that hydration
was influenced by temperature. However, the low values of E_
and the negative values of entropy found for the cultivars BRS
CAUE and BRS BRAU indicate that these cultivars are more
thermally stable and for the changes during hydration are less
temperature dependent.

4 Conclusions

Hydration temperature and time had significant influence
(p < 0.05) on the hydration kinetics of barley cultivars. The
kinetics of hydration determined the time in hours required for
the stabilization of the moisture into the grain; it was observed
that the higher temperature, the longer the stabilization time
required. Peleg model was adequate to describe the hydration
of these cultivars at temperatures of 10 to 35 °C. Coefficients
of determination indicated a good fit of Peleg model to the
experimental data. The parameters K, and K, decreased
with increasing temperature. The initial absorption rate (R )
increased, and the amount of absorbed water increased with
increasing temperature. Equilibrium moisture content (M)
increased with increasing temperature. Activation energy was
lower for the cultivars BRS CAUE and BRS BRAU, indicating
that the rate of water absorption of these cultivars is faster
compared with that of the other cultivars with higher activation
energy. Enthalpy and entropy values were negative, and Gibbs
free energy was positive for all cultivars, with a significant effect
(p £ 0.05) of the time/temperature combination.

Nomenclature

M moisture content (% dry basis)

M, mass of water present in the grain (kg)
M, mass of dry sample in the grain (kg)
M, initial moisture content (% dry basis)

t soaking time (h)

K Peleg rate constant (h%"')

K, Peleg capacity constant (%)

R rate of sorption (kg.h')

R, initial water sorption rate (kg.h")

M, equilibrium moisture content (% dry basis)
K_, refers to the hydration constant (kg.h™)
T, reference temperature (K)

r? coefficient of determination

E, activation energy ((kcal/ mol)

R universal gas constant (J mol” K™)

AH* enthalpy ((kcal/mol))
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AS* entropy (kcal/molK)

AG* Gibbs free energy (kcal/mol)
k, Boltzmann’s constant (J.K™)

hp Planck’s constant (J.s)

T absolute temperature (K)
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