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ABSTRACT

Baru almonds and their byproducts have gained popularity in the population diet because
of their high nutritional values. Despite this, there is limited information on how to store
their flours properly, particularly their whole and partially defatted flours. Thus, this study
aimed to use the Guggenheim—Anderson—de Boer (GAB) model to determine the
thermodynamic properties of enthalpy, entropy, and Gibbs’s free energy variation, as well
as the spreading pressure, all of which are inherent to the moisture adsorption process in
baru flours. The oil content, ash content, moisture content, pH, and wettability of the baru
flour samples were characterized. The adsorption isotherms were determined using the
static gravimetric method at temperatures of 298.15, 303.15, and 308.15 K and adjusted
to the GAB model. The differential enthalpy variation was positive and decreased as the
moisture content in the flours increased, whereas the differential entropy variation
exhibited an opposite trend. The isokinetic theory was validated, as the process was driven

by entropy. The spreading pressure increased as water activity increased.

INTRODUCTION

Baru (Dipteryx alata Vogel) is a plant that grows in
the Brazilian Savannah (Cerrado). It is arboreal and
produces fruits that are 5 cm long. Each fruit has a single
ellipsoid-shaped seed with high protein and lipid contents,
making it very popular in the national market. Almonds are
consumed roasted and are used in traditional Brazilian
sweets, cakes, and liqueurs. They also have a high potential
for oil extraction, which produces partially defatted flour as
a byproduct (Resende & Franca, 2019).

Baru flours are a viable alternative for celiacs
because of the possibility of substituting wheat flour in
many recipes. Furthermore, their use has increased in the
Brazilian diet, as they have been incorporated into school
meal menus and have increased the income sources of
agroextractive producers. Many studies have been
conducted in recent years to evaluate the nutritional and
sensory properties of baru products, particularly their flour
(Pineli et al., 2015a; Pineli et al., 2015b; Siqueira et al.,
2012; Guimardes et al., 2010; Cruz et al., 2011).

Although we have data on baru flour, there is limited
information on its storage, processing, and drying, all of
which are essential in the production chain of any product.
Moisture adsorption isotherms and the thermodynamic
properties of adsorbed water are important sources of
information for postharvest technologies (Cervenka et al.,
2015).

Numerous mathematical models have been proposed
in the literature to represent moisture adsorption curves or
isotherms (Rodriguez-Bernal et al., 2015). Among these
models, the model proposed by Guggenheim—Anderson—de
Boer (GAB) has explained the hygroscopic behavior of
many products (Ahmed et al., 2018; Alamri et al., 2018;
Cervenka et al., 2015; Rodriguez-Bernal et al., 2015;
Yogendrarajah et al., 2015; Abebe & Ronda, 2015).

The thermodynamic properties of adsorbed water
have been determined using the equilibrium water contents
estimated by these models. These properties include
differential enthalpy and entropy, Gibbs free energy
variation (AQG), and spreading pressure. These properties are
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crucial for understanding food microstructure, drying
processes, and physical phenomena on the food surface in
order to determine the amount of energy required for
removing water from foods and to recommend more
suitable packaging for storage (Mahanti & Chakraborty,
2019; Paul & Das, 2019; Moussaoui et al., 2019; Santos &
Martins, 2016).

Thus, based on the above, this study aimed to
investigate the thermodynamic properties of moisture
adsorption in whole baru flour (WBF) and partially defatted
baru flour (PDBF). Furthermore, the GAB model was used
to analyze the use of the estimated hygroscopic equilibrium
moisture data in determining the enthalpy and differential
entropy, enthalpy—entropy compensation theory, AG, and
spreading pressure.

MATERIAL AND METHODS
Raw Material

Almonds were acquired from a native vegetation
fragment of the Cerrado and processed in the Agricultural
Products Postharvest Laboratory of the Federal University
of Mato Grosso, Campus de Rondonépolis. During the
processing, the almond integument was removed by heating
for 2 min at 100°C and by friction between the grains.
Afterward, it was crushed in a domestic blender at a speed
of 19,000 rpm. The resulting material was manually
homogenized in a domestic sieve (200 mm mesh) to
produce the WBF.

Partial oil extraction was used to prepare PDBF. The
oil was extracted chemically in an oil and grease extractor
by immersion. For this experiment, 50 g of WBF was
measured and immersed in hexane at 373.15 K for 1 h and
30 min.

Thereafter, the oil content, ash content, pH,
wettability, and moisture content of the obtained flours were
determined using the methodology established by Adolfo
Lutz Institute (IAL, 2008), with four replications. The results
were subjected to analysis of variance with a completely
randomized design, as well as Tukey’s test at 5%
significance, using the R software (R Core Team, 2019).

Moisture Adsorption Isotherms

The static gravimetric method was used to determine
the WBF and PDBF moisture adsorption isotherms were
determined at temperatures of 298.15, 303.15, and 308.15
K, with water activity ranging from 0.070 to 0.975.
Hygroscopic equilibrium moisture (M) experimental data
were adjusted to the GAB (Equation 1) models using the
SigmaPlot 14.0 software, and the determination coefficient
(R?), relative mean error (P) (Equation 2), and estimated
mean error (SE) (Equation 3) were considered satisfactory.

Xm c-k-ay)

Me=(l-k~aw)~(1—k~aw+c~k~aw)’ (1)

Where:
ay represents the water activity, dimensionless;

¢ and k are the adjustment parameters,
dimensionless, and

Xm represents the moisture in the molecular
monolayer, g g”! dry basis.

100 M -M
= 10 g (M), @)

Meexp

2
2?:1 (Meexp - Meétheo)

SE = GLR >

3)
Where:
Me., is the experimental equilibrium moisture, % d.b.;
Meieo is the predicted equilibrium moisture, % d.b.;
GLR is the degree of freedom of the model residue, and

n is the number of observed data.

Thermodynamic Properties

Differential enthalpy variation (AH) was determined
using the derivative of the Clausius—Clapeyron equation
(Equation 4) that was established by Rizvi (2005). A pure
water system was in the calculations, with constant water
content and constant vaporization heat of pure water and
AH.

Oln(ay) _ AH
oT RT?

Where:

“

T is the temperature, K;
AH is the differential enthalpy variation, J mol™', and

R is the universal gas constant, 8,314 J mol ' K™!.

Equation 5 is the integral solution of [eq. (4)],
considering that the differential enthalpy is independent of
the temperature:

AH 1
In (ay) =-—5+C, Q)

where: C is a model constant. Although it is assumed
that AH does not vary with temperature, the use of this
equation necessitates the measurement of adsorption
isotherms at more than two temperatures (Santos & Martins,
2016).

Thus, we wused the obtained mathematical
expressions to determine the a, values by adjusting the
moisture adsorption isotherms of WBF and PDBF to the
GAB model. An In (ay) versus 1/T graph was constructed
using the water activity values and the evaluated
temperatures, and linear regression models were adjusted.
The angular coefficient, which is equivalent to AH/R, was
used to determine the enthalpy variation in the
corresponding water activity since the universal gas
constant is known. Thus, the AH versus M. curve was
constructed using the relationship between ay and M.

Differential entropy (AS, J mol™' K™') and enthalpy
are linked by the Gibbs—Helmholtz equation (Equation 6)
(Rivzi, 2005):

AG = AH - TAS, (6)
Where:

AG is the Gibbs free energy variation (J mol™),
which can also be measured using the following equation:

AG = —RT In (ay). @)

Engenharia Agricola, Jaboticabal, v.42, n.2, e20200141, 2022



Thermodynamic properties of the water adsorption process in baru flours

The linear model can be written as follows by
applying [eq. (7)] to [eq. (6)] and reordering its terms:

AH 1 AS
In(ay)=-—3+ —. ®)

It can be seen from eqs (5) and (8) that the constant
C is equal to AS/R. Thus, the differential entropy is
equivalent to the linear coefficient of the line equation in the
In(aw) versus 1/T graph.

The data obtained from the enthalpy and differential
entropy were fitted with a better equation to represent their
change as a function of equilibrium moisture, taking R? and
SE into account.

According to Santos & Martins (2016), the
enthalpy—entropy compensation theory, or isokinetic
theory, suggests a linear relationship between these
properties (Equation 9), wherein the isokinetic temperature
(Ts) and AG can be calculated (Fakhfakh et al., 2018) using
a 95% security level for R2.

AH = AG + Tg AS. )

Krug et al. (1976) confirmed the validity of the
enthalpy—entropy compensation theory by comparing Ts
to the harmonic mean of the studied temperatures
(Equation 10).

Thm ST (10)
Where:

Thm is the harmonic mean temperature, K;

n is the number of temperatures used in the study.

If T differs from Thm, the compensation theory is
validated for the process (Lago & Norefia, 2015). If Tg >
Thm, the process is driven by enthalpy; otherwise, if Tg <
Thm, adsorption is controlled by entropy (Simon et al.,
2016).

The spreading pressure (@, J m2) was calculated
using [eq. (11)]:

Kg'T ray 6
(p::;mfo —0ay, (11)

Where:
Kg is the Stefan—Boltzmann constant, 1.38 x 1073 J
K
An is the surface area of the water molecule, 1.06 x

107 m?, and

0 is the ratio between the water and moisture
contents in the molecular monolayer.

The expression below (Equation 12) was obtained by
substituting the GAB model in ay in [eq. (11)] and solving
it, and it was used to determine the spreading pressure (¢)
for WBF and PDBF.

9=t [t ] (12)

Where:

C and k are the parameters estimated by the GAB
model for each temperature condition and flour type.

RESULTS AND DISCUSSION
Flour Characterization

Seeds, grains, and almonds can have a wide range of
properties based on the seasons and the climatic conditions
to which the mother plants are exposed. Nevertheless, the
ash content, oil content, pH, and moisture values are
consistent with those available in the literature (Pineli et al.,
2015a; Siqueira et al., 2015; Cruz et al., 2011), as shown in
Table 1, which lists the characterization results of the
analyzed properties of the respective flours.

TABLE 1. Values for the WBF and PDBF characterization
properties.

Properties WBF PDBF
Ash content (%, w. b.) 3.04+£0.14b 396+0.02a
Oil content (% d. b.) 45.60+0.83a 30.16+0.23b
Wettability (g s ™) 0.362+0.074a 0.021 £0.003 b
pH 6.53+0.05a 6.40+0.02b
Moisture (% d. b.) 4.09+022a 3.19+£025b

Means followed by the same letters on the lines are not statistically
different from each other based on Tukey’s test at a 5%
significance level.

According to the statistical analysis, all the analyzed
properties of the WBF and PDBF differed significantly. The
PDBF had a higher ash content than the WBF because of a
decrease in the oil content, which increased the components
that make up the ash content, such as proteins and minerals.
The 0.9% variation in water levels can be explained by the
different processes that the flours were subjected to. In
terms of pH, the PDBF was slightly more acidic. Thus, the
WBF had a higher wettability than the PDBF. There is still
no information about this property for baru flours; however,
the relatively high degree obtained for the integral can be
explained by the relatively small amount of interaction sites
with water in its content, which shortens the time it takes for
complete wetting to be achieved and increases the
magnitude of the variable.

Moisture Adsorption Isotherms

Figure 1 shows the curves that were adjusted from
the hygroscopic equilibrium moisture experimental data
found for WBF and PDBF at the temperatures evaluated in
this study using the GAB model.
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FIGURE 1. Moisture adsorption isotherms of the WBF and PDBF adjusted to the GAB model at different temperatures.

WBF had an equilibrium humidity range of 0.0047—
0.1939 g ¢! on a dry basis, while PDBF had an equilibrium
humidity range of 0.0079-0.2540 g ¢! on a dry basis. The
hygroscopic equilibrium water content increased as the
water activity of the products (WBF and PDBF) increased.
It can also be observed that PDBF had a higher equilibrium
humidity than WBF for the same water and temperature
activity, which is explained by its lower oil content. Since
fatty acids are hydrophobic substances, WBF is expected to
interact less with water by balancing with the environment
at a lower M, than PDBF. Despite their differences, both
isotherms can be classified as Type III or Flory—Huggins
isotherms (Sing et al., 1985). This type of isotherms is

characterized by low M. values of up to 0.70 aw because the
binding energy of the first adsorption layer is less than the
energy between the water molecules (Al-Muhtaseb et al.,
2002). This characteristic is common in hydrophobic foods
such as flour. Pear seeds (Hassini et al., 2015), black
peppercorns (Yogendrarajah et al., 2015), palmyra palm
jaggery granules (Jagannadha et al., 2017), and dehydrated
yacon bagasse (Lago & Norefia, 2015) are examples of
products that exhibit this isotherm behavior.

The GAB model was well adjusted, with adequate
R?, SE, and P values. Table 2 shows the statistical criteria
and the adjustment parameters.

TABLE 2. GAB model adjustment parameters based on the WBF and PDBF hygroscopic equilibrium data.

Parameters of the GAB model for WBF

Temperature (K)

Xm C K R? (%) SE P (%)
298.15 0.0404 1.6815 0.8096 99.86 0.0028 1.6392
303.15 0.0401 1.8789 0.8412 99.99 0.0010 2.3010
308.15 0.0385 2.4713 0.8521 99.81 0.0039 9.0557

Parameters of the GAB model for PDBF
Temperature (K)

Xm C K R? (%) SE P (%)
298.15 0.0358 3.6215 0.8571 99.98 0.0021 9.6785
303.15 0.0660 1.5906 0.7780 99.95 0.0027 7.6884
308.15 0.0540 1.9158 0.8444 99.79 0.0036 4.8236

The PDBF had a higher water content in the first
layer than the WBF at the same temperature conditions. The
C constant values were higher than the k constant values at
all temperatures and for both flours. This fact may indicate
that the energy required for single-layer adsorption is higher
than that required for multilayer adsorption (Yogendrarajah
etal., 2015).

The GAB model has been frequently used to
describe the sorption phenomenon of various products in the
literature, as well as different types of isotherms, and it

is known for its high adjustability and versatility. The GAB
model has been used to estimate the equilibrium moisture
content of products such as yerba mate (Cervenka et al.,
2015), black peppercorns (Yogendrarajah et al., 2015),
coffee fruits, green and pulped coffee (Goneli et al., 2013),
prickly pear seeds (Hassini et al., 2015), potato flakes and
sweet potato (Lago et al., 2013), wheat flour (Syamaladevi
et al., 2016), and cassava bagasse (Polachini et al., 2016).

Thermodynamic Properties

Engenharia Agricola, Jaboticabal, v.42, n.2, e20200141, 2022
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Differential Enthalpy

Equation 4 was used to calculate the differential
enthalpy of adsorption for WBF and PDBF, which is also

30000

known as liquid isosteric heat, using the equilibrium
humidity estimated by the GAB model. Figure 2 shows
AH as a function of the water content in the flours.

? ® WBF
©  PDBF
25000 - —— Predicted
< —— Latent heat of water vaporization at 298.15 K
=)
Z 20000
g
E
= 15000 A
=
g 10000
ﬁ
=)
5000 -
@
0 T T T T |
0.00 0.05 0.10 0.15 0.20 0.25

Moisture Content (g g" d.b.)

FIGURE 2. Differential enthalpy for the baru flours as a function of water content.

The differential enthalpy values for both flours were
high with low water contents. This phenomenon could be
explained by the saturation of active binding sites, which
decreases the binding forces of water with the hydrophilic
constituents of the product. Based on this finding, it can also
be related to the fact that low water contents require more
energy for their removal. Thus, differential enthalpy is an
important factor to consider when managing drying
processes. Positive AH values were also observed,
indicating that water molecule adsorption in the flours was
an endothermic process.

The WBF behaved as expected, remaining above the
usual latent heat of water vaporization in agricultural
products (Lago & Norefia, 2015, Goneli et al., 2013,
Solomon & Zewdu, 2016). However, the PDBF produced
an unexpected curve, with values below the latent heat of
water vaporization and a rapid increase. This feature has
been reported in recent studies, such as the study on swamp
lily rhizomes (Ascheri et al., 2009), but further studies are
required to verify the effect of lipid substances on this

property. The effect of graded oil contents (measured by the
Soxhlet test) on this property is another option.

Generally, the behavior of the differential enthalpy
curve is a specific property for each product, with the
assumption of the additional sigmoid, polynomial, or
exponential aspects. Herein, exponential equations are
proposed to predict the variation of the net isosteric heat of
adsorption for WBF (Equation 13), which had R? and SE
values of 99.98% and 0.0984, respectively, and for PDBF
(Equation 14), which had R? and SE values of 99.87% and
0.2784, respectively.

AH =[26,559.80 - exp (-36.96 - M.)] +3,819.54,  (13)

AH = [49,598.39 - exp (—41.45 - My)] + (64,627.31 - M.)-5,941.53.
(14
Differential Entropy

The differential entropy for baru flour was calculated
using [eq. (8)]. Figure 3 shows the AS as a function of the
equilibrium moisture contents of WBF and PDBF.
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FIGURE 3. Differential entropy of the baru flours as a function of water content.

Both flours had negative AS values, and the higher
the water content, the higher the differential entropy values.
Iglesias et al. (1976) explained this behavior as being
indicative of the existence of chemical adsorption or
structural changes in the material. The restriction of the
mobility of water molecules is another factor that supports
the negative differential entropy values. In the
thermodynamic system, entropy is related to the
arrangement of water molecules, that is, their degree of
order or disorder. As moisture content increases and
sorption sites fill, multiple layers emerge, each with its own
spatial arrangement that allows water molecules to move
around freely (Benado & Rizvi, 1985). Some products, such
as ground roasted coffee (Collazos-Escobar et al., 2019),
manioc flour (Ayala-Aponte, 2016), powdered starch (Al-
Muhtaseb et al, 2004), quince pulp, seeds, pulp loquat
(Moreira et al., 2004), and mushroom powder (Pascual-
Pineda et al, 2020), have been identified to exhibit this type
of entropy behavior.

The WBF exhibited similar behavior to these
products in that it stabilized near the zero scales for Me..

a) 30000 -
AH = 239,5442A8 + 6238928
R’ =99 .92%
25000 -
; 20000
;g:
£ 15000 -
&=
=
g 10000 -
]
3
5000
0 : : : . . :
0 20 40 60 80 100

Dillerential Entropy (-J mol' K™

120

Differential Lnthalpy () mol'])

However, the PDBF tended to increase in entropy until an
approximate humidity of 0.085 g g (dry basis) and then
decreased in AS values. Similar trends have been found in
products such as jatropha seeds (Santos & Martins, 2016),
millet grain flours (Sharma et al., 2017), and chia seeds
(Velazques-Gutiérrez et al., 2015). The exponential models
were fitted to the AS data. The R? and SE values obtained
from [eq. (15)] for WBF were 99.96% and 0.5780,
respectively, while those obtained from [eq. (16)] for PDBF
were 99.92% and 0.8310, respectively.

AS = [~111.6975 - exp (37.9082 - M.)]-13.6366, (15)

AS = [~180.4990 - exp (42.5063 - M)] + (—192.5477 - M.)-14.9254.
(16)

Enthalpy—Entropy Compensation Theory

Figures 4a and 4b show the relationship between
enthalpy and differential entropy using the enthalpy—
entropy compensation theory.

35000 1 A11- 251 503748 + 564331
R* - 98.78%
30000 A
25000
20000
15000
10000
5000 |
0 T T T T T T 1
0 20 40 60 80 100 120 140

Diflerential Entropy (-J mol” K’l)

FIGURE 4. Relationship between differential enthalpy and differential entropy for the moisture adsorption process for (a) WBF

and (b) PDBF.
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The angular coefficient is equivalent to the isokinetic
temperature in the equation of the lines observed in the AH
versus AS graph, and the linear coefficient is equivalent to
Gibbs free energy. Both flours had R? values above 95%,
which was within the established safety limit. WBF had a
Ts of 239.54 K, while PDBF had a Tg of 251.50 K.
According to Equation 10, the harmonic mean of the studied
temperatures was 303.10 K. The isokinetic theory could be
applied to both WBF and PDBF since T differed from Thm.
Since the Tg for both flours was smaller than the Thm, the
adsorption process for baru flours is controlled by entropy.
According to Velazques-Gutiérrez et al. (2015), the entropy
adsorption process for chia seeds is justified by the fact that
adoption occurs predominantly in micropores.

The enthalpy—entropy compensation theory is an
important tool for investigating the sorption phenomenon. It
can be used to evaluate the molecular interaction and the
spatial organization of molecules (Velazques-Gutiérrez et
al., 2015). This theory is studied using the AH versus AS
graph. Generally, research on the compensation theory in
sorption phenomena in food and agricultural products has
discovered a linear relationship between enthalpy and

a) 0.4 q

—8— WBF 29815 K
—O— WBF 303.15 K

012 4| —— WBF308.15K

0.10

0.08

0.06 ~

0.04 4

Spreading Pressure (J m?)

0.02 4

0.00 T T T T

0.0 0.2 0.4 0.6 08

Water Activity

1.0

Spreading Pressure (J m‘jj

entropy, which was also observed for the baru flours in this
study (Velazques-Gutiérrez et al., 2015).

The AG is used as an indicator of product affinity for
water, as well as an indicator of whether or not a water
adsorption process is spontaneous, allowing for the
quantification of useful or available energy in the process
(Santos & Martins, 2016, Cladera-Oliveira et al., 2011).
Negative AG values indicate that the process is
spontaneous, while positive AG values indicate that it is not
spontaneous. WBF and PDBF had AG values of 623.89 and
56.43 J mol™!, respectively, implying that their adsorption
processes did not occur spontaneously. Additionally, the
adsorption process for stevia powder (Hidar et al., 2018),
mate (Cervenka et al., 2015), and jatropha flour (Cladera-
Oliveira et al., 2011) is not spontaneous. The sharp decrease
in the AG values of WBF and PDBF may be related to the
decrease in oil content, making it possible to assume that the
adsorption process for baru flour tends to be spontaneous at
low lipid levels.

Spreading Pressure

Figure 5 shows the spreading pressure variation (¢)
for WBF and PDBF.

0.14 A

—8— PDBF 298.15 K
—C— PDBF303.15K
—¥— PDBF308.15K

0.12 A

0.10

0.08

0.06

0.04

0.02

0.00 T T T T 1
0.0 0.2 0.4 0.6

Water Activity

FIGURE 5. Spreading pressure as a function of water activity for (a) WBF and (b) PDBF.

Figure 5 shows the spreading pressure variation (¢)
for WBF and PDBF. WBF had the highest ¢ values at
relatively high temperatures and high water activities,
whereas PDBF had the highest ¢ values at relatively high
ay contents and low temperatures.

Spreading pressure is a thermodynamic parameter
that provides excess free energy on the adsorbent surface. It
is used to estimate the increase in surface tension at
available sorption sites as water molecules are adsorbed.
This property can be used to determine the hydrostatic
pressure required to avoid volume increase as relative
humidity increases (Fasina et al., 1999; Willems, 2014).

Based on the spreading pressure data, it can be
inferred that high magnitudes of ¢ indicate a high affinity
of the water molecules with the adsorption sites of the
adsorbent material in terms of a product’s hygroscopicity
(Torres et al., 2012). The hydrophobicity of lipid materials
can be validated by comparing the two investigated flours.
Therefore, the PDBF (with lower oil content) had higher
spreading pressure values than the WBF (with higher oil
content) at relatively low temperatures. In contrast to the

results obtained for dehydrated yacon bagasse (a product with
high carbohydrate content and a low oil content) (Lago &
Norefia, 2015), the present results show that WBF and PDBF

reached relatively high spreading pressure values.

CONCLUSIONS

Considering the statistical criteria used, the
hygroscopic equilibrium moisture values calculated by the
GAB model provided a satisfactory safety level in the
determination of the thermodynamic properties of WBF and
PDBF.

The differential enthalpy for WBF decreased as
equilibrium humidity increased, whereas that for PDBF was
lower than the latent heat of water vaporization. WBF and
PDBF had negative differential entropy variations, which
increased as humidity increased. The exponential models
were well adjusted to the differential enthalpy and
differential entropy data for WBF and PDBF.

The enthalpy—entropy compensation theory was
validated linearly, indicating that the moisture adsorption
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process was controlled by entropy. WBF had a relatively
high AG.

The spreading pressure for the WBF and PDBF
tended to increase with water activity, but PDBF had
higher values.
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