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Abstract

Thermodynamic adsorption properties (differential enthalpy and entropy, spreading pressure and net integral enthalpy and entropy) of
cassava flour were determined at 25, 30 and 35°C to provide information about the water and energy requirements for the sorption process.
The Guggenheim—Anderson—de Boer (GAB), Peleg and Halsey models were found to adequately describe the sorption characteristics,
however the Peleg model provided the best fit. The enthalpy and entropy differentials decreased with increased equilibrium moisture
content. The spreading pressure increased with increased water activity but decreased with increased temperature. The net integral enthalpy
decreased with increased moisture content, with an asymptotic tendency to 0.2920 kJ/mol for a moisture content of 33.4% (d.m). In contrast,
the net integral entropy values were negative and increased up to 0.1687 kJ/mol for a moisture content of 29.2% (d.m).

Keywords: adsorption isotherms; mathematical sorption models; thermodynamic sorption properties.

Propiedades termodinamicas de humedad de sorcion en harina de yuca

Resumen

Se determinaron propiedades termodinamicas de adsorcion (entalpia y entropia diferencial, presion de superficie, entalpia y entropia
integral neta) en harina de yuca a 25, 30 y 35°C, para proporcionar informacion sobre requerimientos de agua y de energia en el proceso
de sorcion. Los modelos de GAB, Peleg y Halsey fueron los que mejor describieron las caracteristicas de sorcion, siendo el de Peleg el de
mejor ajuste. Los diferenciales de entalpia y entropia disminuyeron con el incremento del contenido de humedad de equilibrio. La presion
de superficie se incrementd con el aumento de la actividad de agua pero disminuy6 con el incremento de temperatura. La entalpia integral
neta decreci6 con el aumento de la humedad con una tendencia asintética hasta 0.2920 kJ/mol para una humedad de 33.4 % (b.s); mientras
que los valores de la entropia integral neta fueron negativos y se incrementaron hasta 0.1687 kJ/mol para una humedad de 29.2 % (b.s).

Palabras clave: isotermas de adsorcion; modelos matematicos de sorcion; propiedades termodinamicas de sorcion.

1. Introduction

Cassava (Manihot esculenta, Crantz) is a root rich in
carbohydrates that is frequently consumed in tropical
countries. It is processed in many ways for consumption by
humans or animals [1]. In its fresh state, it is composed of
approximately 35% carbohydrates, 62% water, 1-2% protein,
0.3% fat, 1-2% fiber and 1% minerals [2]. Due to its high
water content, it is a perishable vegetable that requires
preservation processes. Drying processes, which are widely
applied to food to extend its storage stability, can be used as
alternatives to preservation [3, 4]. As a preservation and
processing alternative, cassava is transformed into flour after
drying; however, to prevent the physicochemical and

microbial degradation of the flour, it should be stored under
suitable conditions of temperature and relative humidity [1].
Hence, it is important to understand the relationship between
aw and the equilibrium moisture content (EMC) of cassava
flour (sorption isotherms) and of food in general in order to
predict the changes to their physical, chemical and
microbiological properties that occur during storage and
processing [4]. The sorption isotherm is applicable to the
analysis and design of food drying, mixing and packaging,
and can be used to determine optimal storage conditions,
product shelf-life and proper packaging material [1].
Furthermore, the determination of sorption isotherms at
various temperatures provides information about the
thermodynamic sorption properties of the food-water vapor
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system that affects the process, such as the differential
enthalpy (isosteric heat of sorption), differential entropy, net
integral enthalpy, spreading pressure and net integral
entropy. These properties are useful to understand the
behavior of water during the food-drying process and to
optimize and quantify the energy requirements during mass
and heat transfer [2]. They are also useful for providing
information about the microstructure, water-sorption kinetics
and interpretation of the physicochemical phenomena that
occur at the water-solid interface [5]. According to Al-
Muhtaseb et al. [6], the thermodynamic properties are also
useful for determining the final dehydration point needed to
achieve a stable food with the least amount of energy applied.

The differential enthalpy of sorption is useful to estimate
the energy requirements for drying, as well as to provide
information on the water state in food products. The
differential entropy of sorption is proportional to the number
of active sorption sites available at a specific energy level [7].
The spreading pressure is associated with the excess of free
energy at the surface of the food solid, which means the
increase of surface tension in the sorption active sites of water
molecules [8,9]. The net integral enthalpy and entropy are
used to explain the modes of moisture sorption in food
products. The integral enthalpy provides information on the
bond strength between water molecules and the solid [9], and
the integral entropy describes the degree of disorder or
randomness of the movement of water molecules [10]. These
thermodynamic properties have been widely studied in many
foods, such as potato [8], rice [7], mango powder [11], and
starch [12], among others. However, the available literature
is scarce for cassava flour. Notable research has been
undertaken by Koua et al. [13] and Aviara et al. [2]; these
studies were performed at different temperatures and with
different varieties than those used in this study. Therefore,
the purpose of this study was to determine the
thermodynamic sorption properties (differential enthalpy,
differential entropy, spreading pressure, net integral enthalpy
and net integral entropy) in cassava starch at 25, 30 and 35°C.

2. Materials and methods
2.1. Preparation of the raw material

Cassava (Manihot esculenta, Crantz) roots were used,
which were washed with potable water, manually peeled with
steel knives, chopped and dried in an oven (MLW, Germany)
with forced-air circulation at 65°C until constant weight. The
dry parts were ground in a ball mill on a laboratory scale. The
flour samples were packaged in polyethylene bags and stored
in desiccators containing P»Os.

2.2. Determination of the adsorption isotherms

The adsorption isotherms were determined using a
temperature controlled cabinet (Hot Pack, US), with an
accuracy of =1 °C at the selected temperatures of 25, 30 and
35°C using the gravimetric method, according to the COST
90 project [14]. This method consists of applying saturated
saline solutions to maintain a given constant value of a, of
the flour samples, when equilibrium is achieved between the

atmosphere and the food.

Eight saturated saline solutions (LiCl, CHCOOK, MgCl,,
K,COs3, NaBr, SrCl,, KCI and BaCl,) were used, which were
enclosed in hermetic containers and had a,, values that varied
between 0.1117 and 0.9017 at various temperatures [15].
Petri boxes with 2.500 + 0.002 g of cassava flour were
introduced into each hermetic container with the
corresponding saline solution. Tymol was placed into the
containers with saline solutions that had a,, values higher than
0.65 to prevent microbial growth. The samples were
periodically weighed every three days until a constant weight
was achieved, to ensure equilibrium between the samples and
the saline solutions. The samples were removed from the
containers between the 19" and 25" day. The duration of the
periodical weighing of the samples was less than 1 min to
avoid any effect on the results. The EMC of the samples was
determined using the oven method by AOAC [16]. The
adsorption experiments for each temperature were performed
in triplicate. The effect of temperature on the equilibrium
moisture content was evaluated using analysis of variance
(ANOVA) at a significance level of 95%, using the statistical
software SPSS 11.

2.3. Modeling of the sorption isotherms

The Guggenheim, Anderson and Boer (GAB) (Eq. 1),
Peleg (Eq. 2) and Halsey (Eq. 3) sorption models were used
to fit the experimental EMC values.

x0CKa,,

(1= kay Y1+ (e~ 1ka,. e

EMC=

X,: moisture content of the monolayer

C: Guggenheim constant, a characteristic of the product
and related to the heat of adsorption of the monolayer

K: constant related to the heat of adsorption of the
multilayer

EMC=y(a,)" +ky(ay, ' (2)
ki k2 nl, n2: model constants
(7]
EMC ={m} r (3)

a and r: model constants

These models are widely used in the literature on food[8,
13, 17, 18]. The model parameters were determined by
nonlinear regression using the program MATLAB v7.0. The
mean relative error percentage (MRE, %) (Eq. 4) and the
coefficient of correlation (r?) were used as criteria to
determine the best fit for the experimental sorption values. A
model is considered acceptable if values for MRE are below
10% [19] and 1% approaches 1.

N
. J100 NP [Xe - X
(%) MRE = = Z{ -
X.i: moisture content (g water/g d.m)
X.i: calculated moisture content (g water/g d.m)

“)
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N: number of samples
2.4. Determination of the Thermodynamic Properties
2.4.1. Differential enthalpy of sorption

The differential enthalpy of sorption is also called the
isosteric heat of sorption (Qs) and is determined from
experimental values using the Clausius-Clapeyron equation

(Eq. 5):

©)

aln(”w) _ _

o)
r EMC

>

_ Ou—A_ 4a

where g is the net isosteric heat of sorption, R is the
universal gas constant, and A is the latent heat of
vaporization of pure water, calculated for the fixed
temperature of 30°C (A = 46.011 kJ/mol), corresponding to
the average of 25, 30 and 35°C.

By plotting In(ay) versus 1/T for various EMC values
(between 5 and 35 kg water/kg d.m), linear relationships were
obtained, with slopes equal to (—(Q«—A/R), from which Qs
was calculated.

2.4.2. Sorption entropy

The differential entropy of adsorption (Sq) was calculated
by the Gibbs-Helmholtz equation (Eq. 6):

Sa= (0" = G)/T, (6)
Where G is the Gibbs free energy, calculated using Eq. 7:

G=RTInay (7

By substituting equation (7) into (6), Eq. 8 is obtained:

_ O« Sa (8)

,ln(aw) |EMC RT z’

By plotting In (ay) versus 1/T for a constant water content,
the S, value is calculated from the intercept (Si/R).

2.4.3. Net integral enthalpy of sorption

The value of the net integral enthalpy (Qi) (Eq. 9) is
analogous to the differential enthalpy of sorption, but it is
calculated at a constant diffusion pressure. The value Q;, can
be obtained from the slope of the plot of /n (ay,) vs. 1/T:

omn(ay) | _ O )
ﬁ[ 1 ) TR
of L
Ty

2.4.4. Spreading pressure

The spreading pressure (&) represents the free surface
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energy for sorption and can be considered to be the difference
in surface tension between the active adsorption sites in the
solid and the water molecules [8, 9]. Its units are (J/m?). The
value @ is not experimentally determined, but it can be
obtained through an analytical procedure related to Eq. 10

[9].

aw
KT 1
p=—o | —d(ay)

Ay J ay,

(10)

Where 8 = EMC/X (Xo: the moisture in the monolayer).

To avoid undefined values of @ for ay, = 0, the lower limit
of ay, = 0.05 was taken in Eq. 10. The calculated spreading
pressure values were fitted, adding the corresponding value
to the range of ay between 0 and 0.05, which was calculated
assuming a linear relation (Henry's law) between EMC and
aw [9, 20]. Hence, by using an analytical procedure and the
Halsey equation (Eq. 3) to describe the empirical relation
between EMC and ay,, @ was calculated (Eq. 11). For this, the
Halsey equation was substituted into Eq. 10 [2, 8, 20]:

ay

(11)

1

(L-1)e

KT
_ I

’

m

0.05

Where r and a correspond to the Halsey equation
constants (Eq. 3), and ¢ was determined at the three study
temperatures (25, 30 and 35°C).

2.4.5. Net integral entropy of sorption

The net integral entropy (Si») describes the degree of
disorder and randomness of the movement of water
molecules [10]. It also quantifies the mobility of water
molecules adsorbed during sorption [9]. The S;, of a system
can be calculated with equation 12 [10], considering that the
geometrical mean of activity (ay)* is used, obtained at a
constant spreading pressure at various temperatures:

Sin = _Rin —Rln(aw)*

(12)

3. Results
3.1. Adsorption isotherms of water

The experimental adsorption isotherms of water from
cassava flour at various temperatures are presented in Fig. 1.
The samples presented an initial moisture content of 2.621 +
0.011 g water /g dry matter. The standard deviation of the
average EMC values in the adsorption isotherms at the three
temperatures varied from 0.02 to 0.08. The isotherms
presented a sigmoid shape (inflection point at low ay values),
classified as type II according to Brunauer, Deming and
Troller, as reported by Iguedjtal [21].
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Figure 1. Adsorption isotherms of cassava flour: experimental and modeled
using the Peleg model at 25, 30 and 35°C.
Source: The author

ANOVA indicated significant influence (p<0.05) of the
temperature on the EMC, indicating a decrease in EMC with
increased temperature in the entire range of a,.. This means that
cassava flour has lower water retention at higher temperature.
In turn, with increased temperature for the same moisture level,
ay increases, which may increase the product deterioration rate
[22]. Similar results have been observed in the water-adsorption
isotherms in certain cassava products [17,23,24]. This influence
of temperature on water retention has been attributed to the
reduction or loss of active sites where water molecules interact
with the surface of the food [25].

3.2. Modeling of the sorption isotherms

Table 1 presents the adsorption parameters, including the
MRE and 12 value for the GAB, Halsey and Peleg sorption
models for the three temperatures. The three models
presented good fits, with MRE values lower than 10% and
high r? values. However, the Peleg model was best because it
presented the lowest MRE and MRES values and highest 12
values.

Table 1.
Values of constants and statistical criteria for the fitting of experimental
values of adsorption in cassava flour at various temperatures.

Temperature (°C)

Model Constants
25 30 35
GAB Xo 0.0731 0.0728 0.0632
C 34.9600 15.550 30.390
K 0.8919 0.8329 0.8677
R? 0.9929 0.9970 0.9957
MRE % 5.1541 5.8874 3.1647
Halsey a 0.0181 0.0161 0.0122
r 1.7412 1.7640 1.8022
R? 0.9857 0.9879 0.9915
MRE % 3.3289 3.2156 4.1335
Peleg k; 0.1246 0.0905 0.1152
n 0.3082 0.1758 0.3698
k, 0.2922 0.2789 0.2581
n, 3.8320 2.9840 3.8616
R? 0.9994 0.9992 0.9962
MRE % 1.5137 1.7251 2.5199

Source: The author
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Figure 2. Variation in the differential enthalpy of sorption with equilibrium

moisture content in cassava flour.
Source: The author

A comparison of the EMC experimental values for
cassava flour and those predicted with the Peleg model is
presented in Fig. 1. It indicates the good fit of this model
along the entire range of ay,.

The GAB model has the advantage of providing
information about the moisture content at the monomolecular
layer or monolayer (X,) (Table 2). The x, value indicates the
amount of water that is strongly adsorbed in the active sites
of the food, and it is considered to be the value at which the
food is most stable during storage [1].

3.3. Thermodynamic properties
3.3.1. Differential enthalpy of sorption (isosteric heat)

Fig. 2 shows the change in Qg with EMC. Notice that when
EMC decreases, Qg increases, ranging from 47.10 to 88.49
kJ/mol for moisture values between 30 and 5.8 g water/g dry
matter, respectively. This indicates the strong retention of water
molecules in the active sites on the solid phase of the food.
According to some researchers [26], the energy interaction level
between water and the solid phase at low EMC is higher than the
interaction between water molecules at high EMC. Similar
behavior was observed in sorption isotherms in various cassava
products [17,23,24] and in other foods, such as corn [27], yellow
pitahaya [28], plantain pulp [29] and orange powder [18].

In the entire EMC range, Qs is higher than the heat of
vaporization of pure water (A3o°c) = 46.011 kJ/mol, and it has
similar values at high EMC. This indicates that the energy of
interaction between the water molecules at the adsorption
sites (active points) at the surface of the food is higher than
the energy at which the molecules of pure water exist in the
liquid phase. In the adsorption processes during storage, Qs
provides information on the water-solid interaction and the
chemical, physical and microbiological state of the food [8].

3.3.2. Differential entropy of sorption

Fig. 3 indicates the strong dependence of the differential
entropy (AS) on the EMC, with a maximum of 129.0 J/mol-K
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at an EMC of 0.058 g water/g d.m, past which the value
decreases with increasing moisture. This result has been
observed in many products, such as potato flakes [30]1, potato
[81, prickly pear [31] and potato starch [12]. The AS value is
proportional to the number of active sorption sites at a
determined energy level [7]. This means that the number of
available sorption sites decreases with increased moisture
because these active sites become covered with water
molecules, decreasing their mobility. According to certain
researchers [32,33], the decrease in the differential entropy
with increased moisture is associated with the restriction of
the molecular movement of water. According to other
researchers [34], the differential entropy can be used to
understand the moisture adsorption process associated with
dilution and crystallization. Rotstein [35] argues that AS can
be used in an energy balance, providing information on the
energy use in food processing.

3.3.3. Spreading surface

The evolution of spreading pressure (@) with temperature
is presented in Fig.4. The value @ increases with increased
water activity, and at a certain aw value, it decreases with
rising temperature, although this is not very notable between
25 and 30°C.
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Figure 3. Changes in the differential entropy of sorption with EMC in
cassava flour.
Source: The author
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Figure 4. Evolution of the spreading pressure with increased a,, at various
temperatures.
Source: The author
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Figure 5. Net integral enthalpy of cassava flour as a function of EMC.
Source: The author

This behavior has been presented in sorption studies of
water in cassava [2] and starch [12]. The value @ represents
the excess free energy at the surface, indicating an increase
in the surface tension at the sorption sites, caused by the
adsorbed molecules [9].

3.3.4. Net integral enthalpy of sorption

The changes in the net integral enthalpy (Q;) with
equilibrium moisture content are shown in Fig. 5.

This integral was determined the same way as the differential
enthalpy of sorption, but at a constant spreading pressure. The
value O, decreases with increased EMC, varying from 15.86
kJ/mol for an EMC of 0.004 g water/g d.m. to 0.334 kJ/mol for
0.2920 g water/g d.m. This thermodynamic behavior can be
attributed to the saturation of the active sorption points
(monolayer moisture) [9], as the water is more easily adsorbed in
the active sites of the external surface of cassava flour at low
moisture contents, reaching the maximum value of O;,. This
maximum value is an indication of the greater water-cassava
flour interaction, which means that the sorption bond sites are
stronger [26]. With the increase in the equilibrium moisture, the
decrease in the net integral enthalpy is evident, which is attributed
to the lower favorability of the active sorption sites because they
are covered with water, forming multilayers [9]. According to
these results, the variation in the net integral enthalpy with EMC
indicates that the level of the solid-water interaction is higher than
the interaction between water molecules. According to Rizvi and
Benado [36], the magnitude of the enthalpy with high moisture
content reflects the presence of free water. Similar interaction
between Qin and EMC has been reported in various foods, such
as potato [8], potato starch [12] and macaroni [37]. The
determination of integral enthalpy is useful in quantifying the
energy required for drying, from an initial moisture content to a
final moisture content of the food [26]. It also provides
information on the microstructure of the food and the theoretical
interpretation of the physical phenomena that occur at the water—
food interface [38].

3.3.5. Net integral entropy of sorption

Fig. 6 presents the net entropy of sorption (S;) as a
function of the moisture content. All S;, values were negative,
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Figure 6. Variation of the net integral entropy of cassava flour with EMC.
Source: The author

which might indicate the existence of chemical adsorption or
structural modification of the adsorbent or the external
surface of the solid [20]. Si, increased with increased
equilibrium moisture content, varying from a minimum value
of —25.50 J/mol-K for an EMC value of 0.044 g water/g d.m.
to —0.1618 J/mol-K for 0.2920 g water/g d.m. This result may
be associated with the greater mobility of water molecules,
promoting the formation of multilayers. Thus, the net integral
entropy tends to approach that of free liquid water [39].
Similar behavior was observed in the sorption of water in
mango [11] and cassava [2] powder. The minimum net
integral entropy value can be considered the maximum point
of stability for food during storage [11]. As the water
molecules are strongly bonded with the adsorbent at this
zone, they are more ordered and less available to participate
in deterioration reactions [40]. Therefore, this minimum S;,
value is found at an EMC of 4.4% (dry matter), a value
relatively close to the moisture of the monomolecular layer
(Xo) predicted with the GAB model (Table 1), which varied
between 6.3 and 7.3% (dry matter).

4. Conclusions

The adsorption isotherms of cassava flour determined at
25, 30 and 35°C demonstrated lower water retention capacity
at higher temperature. The GAB, Halsey and Peleg models
are appropriate for the prediction of EMC in cassava starch
between 25 and 35°C, where the Peleg model provides the
best prediction. All thermodynamic properties presented a
correlation with the equilibrium moisture content. The
differential enthalpy, differential entropy and net integral
enthalpy decreased with increased moisture. The net integral
entropy increased with increased moisture, and the spreading
pressure decreased with temperature and increased with ay,.
According to the monolayer moisture and the minimum net
integral entropy value, cassava flour presents maximum
stability at an EMC between 4.4 and 7.3% (dry matter). These
adsorption findings in cassava flour are of interest in the
determination of the optimal storage conditions, the
prediction of shelf life and the optimization and

quantification of energy requirements during the transfer of
mass and heat during drying.
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