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Understanding sorption isotherms is crucial in food science for optimizing the drying processes, enhancing the shelf-life of food,
and maintaining food quality during storage. *is study investigated the isotherms of sweet cherry powder (SCP) using the static
gravimetric method. *e experimental water sorption curves of lyophilized sweet cherry powder were determined at 30°C, 40°C,
and 50°C.*e curves were then fitted to six isothermmodels: Modified GAB, Halsey, Smith, Oswin, Caurie, and Kühn models. To
define the energy associated with the sorption process, the isosteric sorption heat, differential entropy, and spreading pressure
were derived from the isotherms. Among the six models, the Smith model is the most reliable in predicting the sorption of the
cherry powder with a determination coefficient (R2) of 0.9978 and a mean relative error (MRE) ≤1.61. *e values of the net
isosteric heat and differential entropy for the cherry increased exponentially as the moisture content decreased. *e net isosteric
heat values varied from 10.63 to 90.97 kJmol−1, while the differential entropy values varied from 27.94 to 273.39 J.mol−1K−1.
Overall, the enthalpy-entropy compensation theory showed that enthalpy-controlled mechanisms could be used to regulate water
adsorption in cherry powders.

1. Introduction

Sweet cherries (Prunus avium L.) are highly perishable fruits
due to their high moisture content and respiration rate,
which results in a rapid deterioration of the fruit within a few
days. However, this fruit can be preserved through proper
drying while maintaining its quality. *e purpose of drying
is to inhibit the proliferation of microorganisms. By limiting
both the enzymatic and nonenzymatic browning reactions
in the material matrix, the sensorial characteristics and the
nutritional value of the food product are maintained [1].
Dried cherry powders have numerous uses in the food

industry, such as additives, in the beverage industry [2].
Additionally, cherry powders can be used as high fiber
fortifiers and are often incorporated as ingredients in instant
noodles, dried soups, and other food recipes [3–6]. In the
nutraceutical industry, cherry powders are added to various
food products to help consumers build immunity [3, 7].

However, improper food storage conditions can result in
a significant decrease in the quality of cherry powders over
time. *is explains why water sorption isotherms are useful
thermodynamic tools for predicting the interaction between
water and food components. Moreover, sorption isotherms
can be used to explore the structural features of cherry
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powders, such as specific surface area, pore volume, pore size
distribution, and crystallinity [8–10]. Such data are key el-
ements for optimizing storage conditions and packaging,
and they can be used in the food industry to improve the
aroma retention, color, texture, nutrients [11], and biological
stability of food products [12].

Furthermore, the moisture sorption isotherms of foods
provide valuable information for developing new food
products and predicting the food shelf-life [13]. *is sci-
entific tool can also be utilized for preserving and storing
seasonal fruits to make food available to consumers year-
round [14]. In the food industry, sorption isotherms data are
advantageous in monitoring drying processes, determining
the optimum residual moisture content of the final product
[15], and calculating the drying time of hygroscopic sub-
stances [16]. Furthermore, sorption isotherms can be used to
compute the enthalpy, entropy, and free-energy values re-
quired for food preservation [17, 18]. *e moisture sorption
data can also provide insights into the surface area and the
number of surface binding sites of materials [19].

Sorption isotherms can be determined experimentally.
First, food samples are equilibrated at constant temperatures
in the atmosphere with different values of relative humidity.
After equilibration, the water (moisture) content of the
samples is analyzed. Each pair of the equilibrium relative
humidity (ERH) moisture content data provides one point
on the isotherm. Nonetheless, the experimental methods for
determining sorption isotherms are categorized into two
groups: static and dynamic procedures [20]. *e static
gravimetric method usually involves the placement of the
fruit samples in desiccator jars with different saturated salt
solutions. *e samples are then left for some time to
equilibrate at a constant temperature. At a constant tem-
perature, the concentration of the saturated solutions and
their water vapor pressure is kept constant. Unlike the static
methods, in the dynamic methods, the samples are equili-
brated with a gas stream, and the relative humidity of the
samples is changed continuously. *e quantity of the
moisture adsorbed or desorbed is determined by recording
the change in the sample weight. However, numerous at-
tempts have beenmade to developmathematical models that
can predict sorption isotherms [21]. Current prediction
models are limited by metrics based on physical theories of
adsorption or curve-fitting techniques.

*is study was undertaken to determine the sorption
isotherms for the sweet cherry powder at three temperatures
(30°C, 40°C, and 50°C) using the static gravimetric method.
In addition, analytical models were selected to adjust the
experimental data, and the thermodynamic properties
(differential enthalpy, differential entropy, Gibbs free en-
ergy, and spreading pressure) for predicting isotherms as
well as the microstructural changes were investigated.

2. Materials and Methods

2.1. Raw Material. Sweet cherries (Prunus avium L.) of
Burlat variety were harvested in June 2019 in the Meknes
region in Morocco.*e fruits were pitted and freeze-dried at
−55°C under vacuum (4.5 Pa) for 96 h using a Freeze Dryer

(ALPHA 1–4 LDplus/ALPHA 2–4 LDplus). *e dried
product was later crushed and sifted with a vibratory sieve
shaker (Cisa/BA200N) to obtain a fine powder with particle
diameters between 50 and 125 μm. *e fruit powder was
then kept in a sealed glass flask at 4°C.

2.2. Characterization Techniques. *e microstructure of the
lyophilized cherry was examined with a scanning electron
microscopy electron microscope (SEM) (TESCAN VEGA 3)
operating at 20 kV. Samples were carbon-sputtered and
photographed at different magnifications. *ermal gravi-
metric-differential thermal analysis (TG-DTA) was used to
study the thermal properties of lyophilized cherry (DTA,
Labsys Evo 1600, SETARAM). *e process consists of
heating ∼50mg of sample in a platinum crucible from
ambient temperature to 800°C at a heating rate of
10°Cmin−1.

2.3. Sorption Isotherms Experiments. *e adsorption iso-
therm was determined by the static gravimetric method.*e
salt water activity (aw) ranged from 0.074 to 0.898, 0.063 to
0.891, and 0.057 to 0.882 at 30°C, 40°C, and 50°C, respec-
tively. Powder samples (2 g) were first placed inside 1 L
sealed glass jars containing saturated salt solutions. *e
water activities values of each salt solution as a function of
temperature were described by Bizot and Multon [22]. *e
glass jars were kept in evacuated desiccators at the corre-
sponding temperature (±1°C) and then weighed periodically
until equilibrium was reached. After reaching equilibrium
(when three consecutive measures were the same), the
samples are weighed (Mh) and placed in a drying oven at
105°C for 24 h to measure the dry mass (Ms). All the
moisture adsorption measurements were replicated three
times.*e percentage difference in the equilibriummoisture
contents between triplicate samples was, on average, less
than 1% of the mean of the three values.

*e equilibrium moisture content (EMC) of the product
at hygroscopic equilibrium is obtained by applying

EMC � Xeq �
Mh − Ms

Ms

. (1)

2.4. Modeling Equations. *e moisture sorption isotherms
of lyophilized sweet cherries powder were analyzed using six
mathematical equations: Modified GAB (Guggen-
heim–Anderson–Boer), Halsey, Smith, Oswin, Caurie, and
Kühnmodels (Table 1).*e equations were selected to fit the
experimental sorption. All calculations were performed
using Curve Expert Professional 2.3.

*e Curve Expert Professional 2.3. was used to deter-
mine the model parameters and calculate the 95% confi-
dence intervals of the parameters. Apart from the adjusted
determination coefficient (R2 adj), the goodness of the fitting
model was tested using the root mean square error (RMSE),
and the mean relative percentage deviation (P%) was used to
determine the quality of the fit between predicted and ex-
perimental values.
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*ese parameters were calculated using equations
(2)–(4), respectively.
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where Xeqi, exp
is the experimental moisture content (% d.b.),

Xeqi,pre d
is the predicted moisture content (% d.b.), N is the

number of data points, and d.b. is the dry weight basis.
It is generally assumed that a good fit is obtained with

high values of R2 adj ≥0.9 and low values of RMSE and P
(lower than 10% d.b.).

2.5. 5ermodynamic Properties. *e differential enthalpy,
commonly referred to as the net isosteric heat of sorption qst,
describes the state of the absorbed water by the solid ma-
terial. At a constant moisture content, the net isosteric heat,
qst (kJ mol−1), was calculated using the equation derived
from the Clausius–Clapeyron equation:

qst � −R
d ln aw( 

d(1/θ)
 Xeq, (5)

where aw is the water activity (dimensionless), θ is the
absolute temperature (K), and R is the universal gas constant
(J/(mol K)).

By assuming that qst, is invariable with the temperature
for a given EMC, the integration of equation (5) gives [23]

ln aw �
−qst

R

1
T

+
ΔS
R

, (6)

where ΔS is the differential entropy of sorption (J/kmol).
*e plot of ln(aw) versus 1/T gives a straight line with a

slope of qst/R and an intercept of ΔS/R, which are used to
estimate the isosteric sorption heat qst and the differential
entropy ΔS, respectively.

*e Gibbs free energy is calculated using the following
equation [24]:

ΔG � RT ln aw( . (7)

According to the compensation theory [25], the linear
relation between enthalpy and entropy for a specific reaction
is computed with the following equation:

qst � TβΔS + ΔGβ. (8)

*e isokinetic temperature (Tβ) represents the tem-
perature at which all reactions in the series proceed at the
same rate. *e Gibbs free-energy (ΔGβ) values at Tβ can be
used to indicate the spontaneity of the sorption process.
More specifically, the Gibbs free energy is considered
spontaneous if the value of ΔGβ was negative and non-
spontaneous if the value of ΔGβ was positive. *e validation
of the compensation theory is tested by comparing the
isokinetic temperature with the harmonic mean temperature
(Thm). Mathematically, Thm is represented as follows:

Thm �
n


n
1 (1/T)

. (9)

*e enthalpy-entropy compensation theory can be ap-
plied only if Tβ ≠ Thm. *e thermodynamic properties are
evaluated at a constant spreading pressure, which equals the
force applied on the plane of the surface to prevent the
surface from diffusion [26]. *is parameter is the surface
energy and is defined as the increase in surface tension of
bare sorption sites due to absorbed or adsorbed molecules
[27]. *is key parameter is dependent on both moisture
content and water activity and calculated as

π �
KBT

Am


aw

0

θ
aw

daw, (10)

where kB is Boltzmann constant (1.380×10−23 JK−1), Am is
the area of a water molecule (1.06×10−19m2), and the
moisture ratio θ is given by θ�Xeq/Xm, T (K) temperature.

*e spreading pressure is defined as the force applied in
the surface plane perpendicular to each unit length of the
edge to retain the surface from spreading. It is calculated
using the GAB model equation and defined as

π �
KBT

Am

ln
1 − Baw

+ Caw

1 − Baw

 , (11)

where B and C are the constants of the GAB model.
*e determination of the integral thermodynamic

properties (enthalpy and entropy) and the water activi-
ty–temperature conditions where the freeze-dried mucilage
minimum integral entropy occurred, considered as the point
of maximum storage stability, was established as indicated

Table 1: Moisture sorption isotherm models used to analyze data for SCP.

Models Mathematical expression References
Modified GAB Xeq � A.B.(C/T).(aw/(1 − B.aw).(1 − B.aw + B.(C/T).aw)) [54]
Halsey Xeq � b1.b2.(aw/(1 − aw)(1 − aw + b2.aw)) [55]
Smith Xeq � b1 − b2. ln(1 − aw) [56]
Oswin Xeq � b1.(aw/(1 − aw))b2 [57]
Caurie Xeq � e(b1+b2 .aw) [58]
Kühn Xeq � (b1/ln aw) + b2 [59]
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by Pérez-Alonso et al. [28]. *ese authors have provided a
thorough description of the followed procedure and equa-
tions used for this purpose.

*e integral enthalpy was calculated using the Clau-
sius–Clapeyron equation at a constant pressure of diffusion
or surface potential (π) [29, 30].

z ln aw

z(1/T)
 

π
�

Hs − Hl

R
�
ΔHint( T

R
, (12)

where Hs is the integral molar enthalpy of water adsorbed of
the mucilage (kJ mol−1), Hl is the partial molar enthalpy of
adsorbed water at constant temperature and pressure (kJ
mol−1), R is the universal gas constant
(8.314×10−3 kJmol−1 K−1), and (ΔHint)T is the integral
enthalpy at a constant temperature (kJ mol−1). A plot in the
form ln aw vs. 1/T, for a specific constant pressure of dif-
fusion (ΔHint)T , is determined from the slope (ΔHint)T/R.

*e integral enthalpy was needed to determine the in-
tegral entropy associated with the sorption process. It was
calculated using the following equation:

ΔSint( T � Ss − Sl �
ΔHint( T

T
− R ln aw, (13)

where Ss � S/N1 is the integral entropy of water adsorbed in
the mucilage, Sl is the partial molar entropy of adsorbed
water at constant temperature and pressure (kJ mol−1), and
(ΔSint)T is the integral entropy at a constant temperature.

Using equation (14), the water surface area (S0), is de-
fined as follows:

S0 � Mm ×
1

PMH2O
× N0 × AH2O � 3.5 × 103 × Mm, (14)

where Mm is the monolayer moisture content, N0 is the
Avogadro constant (6×1023 molecules per mole), and
PMH2O and AH2O are the molecular weight of water
(18 gmol−1) and the area of the water molecule
(10.6×10−20m2), respectively.

3. Results and Discussion

3.1. Scanning ElectronMicroscopy Analysis. *e effect of the
freeze-drying process on the powder microstructure was
observed under a scanning electron microscope (Figure 1).
All powder samples looked similar. When freeze-dried, the
particles were not spherical and agglomerated together; they
adhered under the freeze-drying and ice development often
bonded the cells together, therefore making the distinction
between separate cells difficult. *e grinding of freeze-dried
cherries into powder form resulted in more irregularly
shaped particles; similar results were reported by Caparino
et al. on freeze-dried mango powder [31]. Freeze-dried
powders exhibited high porosity and stretched pore shape,
while porous structures are easy to rehydrate than compact
ones, and the freeze-dried powder structure could include
closed pores, which can be an obstacle for mass transfer
during rehydration [32].*e freeze-drying process of TPC at
−55°C may have impacted the microstructure. Lin [33]
demonstrated that freeze-drying algal powders between

−30°C and −60°C resulted in the formation of large ice
crystals that grow in the intercellular spaces causing me-
chanical damage to the cells. Such mechanical damage was
reduced significantly when the cells were rapidly frozen at
−196°C. Similar observations were reported by Voda et al.
[34], who found that freeze-drying carrots at a very low
temperature (−196°C) had a significant impact on the mi-
crostructure of carrot as compared to a lower temperature
(−28°C).

3.2. 5ermal Behavior. *e thermal curve generated from
the differential thermal analysis data is represented in
Figure 2. *ree distinct regions of weight loss (120–215°C;
215–323°C; 323–800°C) are observed. *e first region (120°C
to 215°C) showed a mass loss of 5%, mainly due to the
removal of the physically adsorbed water and other volatile
substances [35]. *e second region (215°C to 323°C)
recorded a significant drop in mass (34.92%). *is obser-
vation is likely attributed to more profound and complex
volatilization of matter such as decarboxylation of the
powder rich-polysaccharides like pectin [35, 36]. *e third
region (323°C–800°C) accounts for 52.23% of mass drop and
is likely the residue left after incineration (82.92%) at 800°C.
Similar trends were reported in tropical fruit powders
[36, 37]. *e TGA allowed us to identify the mass losses as a
function of temperature, and the DTA analysis confirmed
the results of the TGA by assigning each loss a peak (exo-
thermic or endothermic) which validates the losses obtained.
TGA and DTA also showed mass losses with an increase in
temperature and heating rate [38].

3.3. Sorption Isotherms. *e experimental data of the
equilibrium water content versus water activity of tested salt
solutions at different temperatures are shown in Table 2 and
Figure 3. *e increase in temperature resulted in a decrease
in the Xeq of the powder samples. As the temperature in-
creased, the water molecules became excited, thereby
weakening the attraction forces between them and de-
creasing the equilibrium moisture content [39]. Figure 3
shows the experiment values and the estimates obtained with
the Smith model at 30°C, 40°C, and 50°C. It displays the
isotherms represented by the sigmoidal form and corre-
sponds to Type II isotherms according to the classification of
IUPAC (International Union of Pure and Applied Chem-
istry). Type II isotherms are typical for food products with
high sugar content, such as polysaccharides and proteins
[40]. *e hygroscopic equilibrium of sweet cherry powder
was reached in 10 days.

3.4. Optimal Storage Conditions. *e moisture sorption
isotherm defines the relationship between the equilibrium of
the moisture content and the water activity at a constant
temperature of a given food product. It is a critical factor in
designing and optimizing drying equipment, designing food
packages, forecasting moisture changes during storage, and
predicting food quality, stability, and shelf-life [41]. Here, we
determined the optimum equilibrium relative humidity for
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the storage of cherry powder. *e sorption isotherm can be
modeled under a 3rd-degree function, and the central part or
“plate” corresponds to the zone of better stability of the
products. *is calculation process consists of making a
polynomial decomposition of the equilibriumwater content.
By doing this, it is possible to calculate the value for which
the derivative second is canceled (no inflection) and sub-
sequently determine the optimal relative humidity of the
conservation.

*e value of the optimal water activity for SCP con-
servation was 0.39 (Figure 4). *is result aligns with the
optimal water activities reported in the literature (0.2–0.4)
[16, 42]. A polynomial equation of the equilibrium moisture
content based on the water activity of SCP is as follows:

Xeq � 310.58a
3
w − 393.31a

2
w + 175.73aw. (15)

To reinforce this method, the integral entropy that
provides information on the maximum stability of water
molecules in the food matrix was calculated. Figure 5 shows
the integral entropy as a function of moisture content at
30°C, 40°C, and 50°C. *e integral entropy of adsorption
increased with the increase in the equilibrium moisture
content. *is increase translates to the increase in the de-
grees of freedom of the water in the product, which in-
creased with the equilibrium moisture content; therefore, a
less structured system is described. *e minimum integral
entropy is considered as that of maximum stability because it
is where water molecules achieve a more ordered

Table 2: Equilibrium water content Xeq (d.b.).

Temperature (°C) KOH (MgCl2, 6H2O) K2CO3 NaNO3 KCl (BaCl2, 2H2O)
30 0.1875± 0.0093 0.2751± 0.0137 0.3245± 0.0162 0.4569± 0.0228 0.5745± 0.0287 0.6964± 0.0348
40 0.1476± 0.0074 0.2364± 0.0118 0.2724± 0.0136 0.3902± 0.0195 0.4846± 0.0242 0.6345± 0.0317
50 0.1113± 0.0055 0.1913± 0.0095 0.2286± 0.0114 0.3556± 0.0177 0.4452± 0.0222 0.5762± 0.0288

Figure 1: Scanning electron microscopy (SEM) images of SCP.
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arrangement within the solid and strong bonds between the
adsorbate and the adsorbent; thus, water is less available to
participate in spoilage reactions [43]. *us, with the results
seen in Figure 5, the optimal water activity for maximum
stability of SCP was 0.39.

3.5. Modeling of the Sorption Isotherms. To describe the
moisture sorption isotherms, the data sorption curves of the
cherry powder were fitted to six models. *e adjustment
results for the sorption models considering the effect of

temperature on the isotherms of adsorption were repre-
sented in Table 3, including the adjusted determination
coefficient R2

adj, root mean square error (RMSE), and percent
average relative deviation (P). Statistical processing indicates
the acceptability of considered models for the prediction of
the equilibrium moisture content of the sweet cherry
powder. *e best fit was attributed to the model which
possesses a higher value of “R2

adj” and lower values of RMSE
and P [44].

*e sorption isotherm analysis showed that the Smith
model fits the equilibrium data well because it has the
highest R2

adj (0.997) and the lowest RMSE (0.017) and P
(1.7003%) values. In addition, the confidence intervals
showed that all parameters of the model were statistically
significant at a confidence level of 95%, indicating a good fit
for practical purposes [45]. *is model was found to be
suitable with different foods: pistachio [46], banana flour
[47], and extruded snacks [48]. *e analysis of the residuals
values versus the predicted EMC values of sorption is in
agreement with the previous results.

*e monolayer moisture content (Xo) measures the
number of sorption sites and is regarded as the optimum
value for food stability [49]. Below this value, the rates of
deteriorative reactions are at their minimal values [50]. It
was found that the monolayer moisture content obtained
from the GAB model (Table 3) decreased as the temperature
increased. *is was attributed to the weakening of hydrogen
bonds as the temperature of the water molecules increased.
*e estimated values for Xo were within the range of values
for agrofood products [49]. Furthermore, the K constant
increased as the temperature increased. *e physical mea-
suring ofK is related to the adsorption heat of the multilayer.
Similar findings were reported by Aksil et al. [51], who used
the GAB model to explore the sorption isotherm of ly-
ophilized Arbutus unedo L. powder. *e parameter C was
not dependent on temperature dependence, and it was
within the range of 5.67 and∞, as indicated by Ruiz-López
and Herman-Lara [44].

3.6. 5ermodynamic Properties

3.6.1. Sorption Heat and Differential Entropy. *e evolution
of the net isosteric heat and differential entropy as a
function of water content is shown in Figure 6(a). *e net
isosteric sorption heat was significantly dependent on the
moisture content. More specifically, the net isosteric
sorption heat decreased rapidly from 90.97 to
10.03 kJ mol−1 as the equilibrium moisture content in-
creased. *e observed increase in the net isosteric heat at
low moisture content could be traced to the abundance of
active binding sites on the surface of the materials. Once
the binding sites were covered with monolayer water
molecules, they became less active and thus generated
lower heat of sorption [52]. At low moisture content, qst
decreased gradually while approaching zero. *is means
that the isosteric heat was equal to the water condensation
heat. *e corresponding moisture content could be
considered as the limit of “bound” water [24].
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Estimated by Smith model (30°C)
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Estimated by Smith model (50°C)
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Figure 3: Adsorption isotherms of SCP at different temperatures.
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*e differential entropy of isotherms (ΔS) was calculated
using equation (6). *e determination of the differential en-
tropy variation provides information about the thermal energy
losses (T ΔS) in the system and the irreversibility of this
physical phenomena, especially during thermal exchanges.
Differential sorption enthalpies of the sampled cherry powder
at temperatures ranging between 30°C and 50°C are indicated
in Figure 6(b). As for qst, the differential entropy decreased
from 273.39 to 27.94 Jmol−1K−1 with the increase in the
equilibrium moisture content. *is shows that high water
molecules coverage reduced the mobility of the latter.

3.6.2. Enthalpy-Entropy Compensation. *e compensation
theory for cherry powder is illustrated in Figure 7. According
to this theory, for a specific reaction, enthalpy has a linear

relationship with entropy. *e Gibbs free energy (ΔG) and
isokinetic temperature were calculated using equation (8).
*e enthalpy-entropy relationship for the cherry powder is
mathematically represented as follows:

qst � 328.59ΔS + 1176.58. (16)

*e free-energy value for cherry powder was positive,
meaning that the isotherms of the powder are an endergonic
nonspontaneous reaction, which requires an input of energy
from the surrounding environment of the product.

With regard to the compensation enthalpy-entropy
theory, the isokinetic temperature (Tβ) and the harmonic
temperature (Thm) are significantly different from each
other. *e calculated harmonic temperature (Thm) was
312.94 K while the observed isokinetic temperature value

Table 3: Estimated parameters of models for SCP at different temperatures of adsorption curves.

Models Parameters Confidence intervals 95% R2
adj RMSE P (%)

Modified GAB
A� 0.2003% d,b [0.0018, −0.3818] 0.9912 0.0419 9.6201

B� 0.8287 [0.5571, −1.022]
C� 0.9806K−1 [−0.3075, −2.2573]

Halsey
b1 � 0.0822K−1 [0.069, 0.0954] 0.9128 0.1129 6.1873
b2 �1.126K−1 [−1.655, 1.655]
b1.2 � 9.3113 [0.0501, −0.1119]

Smith
b1 � 0.1418K−1 [0.103, 0.1828] 0.9988 0.039 1.3209
b2 � 0.2176K−1 [0.1805, 0.2426]
b2.1 � 1.067 [0.0818, 0.1317]

Oswin
b1 � 0.3062K−1 [0.3293, 0.3768] 0.9763 0.039 1.7015
b2 � 0.3376K−1 [0.263, 0.3428]
b2.1 � 0.3415 [0.2717, 0.3347] 0.9875 0.0222 2.2262

Caurie
b1 � −2.071K−1 [−2.1613, −1.521] 0.9889 0.0328 3.2818
b2 �1.7483 [1.1709, 1.9909]
b2.2 � 2.538 [0.9819, 0.0378]

Kühn
b1 � −5.399K−1 [−5.709, 5.692] 0.9653 0.0132 5.2741
b2 � 2.348K−1 [−1.363, 1.3593]
b1.2 � −5.458 [−0.2184, 0.2184]
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Figure 5: Integral entropy of SCP at temperatures of 30°C, 40°C, and 50°C.
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was close to the Thm value. *is difference supports the
enthalpy-entropy compensation theory. Our data showed
that (Tβ) is higher than (Thm). *erefore, the adsorption
process is enthalpy-driven. *is reveals that the micro-
structure of the powder is quite stable and did not face any
changes during water adsorption within the temperature
range of 30 to 50°C.

3.6.3. Spreading Pressure. *e spreading pressure of the
powder samples at different temperatures was determined
using equations (10) and (11) and shown in Figure 8. *e
spreading pressure values increased as the water activity
increased. *e sinusoidal behavior of the isotherm was
expected to disappear at a given temperature. *erefore,
spreading pressure might have a linear dependence versus
aw. *e observed high spreading pressure values at a lower

temperature indicated a high affinity of water molecules to
active sites, in part because of the structure and the chemical
composition of the cherry. In their research, Al-Muhtaseb
et al. [53] found the same behavior in starch powders.

3.6.4. Surface Area. Specific surface provides insight into the
water-binding properties of a given material and is calcu-
lated using equation (14). *e monolayer moisture values
generated by the GAB model were 63.21, 52.08, and 44.98
(m2 g−1 dry solids) for the corresponding equilibrium
temperatures of 30°C, 40°C, and 50°C, respectively. A de-
crease in moisture was observed as the temperature in-
creased.*is relationship has been linked to a decrease in the
number of active sites as a response to chemical and physical
changes driven by higher temperatures.
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Figure 7: Enthalpy-entropy compensation theory for the water adsorption processes in SCP.
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Figure 6: Relationships between equilibrium moisture content and (a) isosteric heat and (b) differential entropy.
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4. Conclusion

*is study suggested that the sweet cherry powder pres-
ervation strategy is optimized by monitoring its moisture
content. Findings revealed that the moisture sorption
isotherms exhibited a Type II shape. An inverse rela-
tionship between temperature and equilibrium moisture
content of the fruit powder was observed. Moreover, our
results indicated that the experimental data fitted the
Smith model best compared to GAB, Halsey, Oswin,
Caurie, and Kühn models. *e net isosteric sorption heat
and the differential entropy were found to decrease as the
equilibrium moisture content increased. Overall, the
enthalpy-entropy compensation or the isokinetic theory
indicated that enthalpy-controlled mechanisms could be
used to regulate water adsorption in fruit powder and in
turn optimizing storage condition and packaging, and
they can be used in the food industry to improve aroma
retention, color, nutrients, and biological stability of the
food products. *e SCP properties indicate the different
bioactive compounds can be microencapsulated using
spray drying, which will protect them against deleterious
environmental factors and extend their shelf-life, when
stored under proper conditions (the optimal temperature
and water activity determined in this study).
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*e data that support the findings of this study are
available from the corresponding author upon reasonable
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[39] J. V. Garcı́a-Pérez, J. A. Cárcel, G. Clemente, and A. Mulet,
“Water sorption isotherms for lemon peel at different tem-
peratures and isosteric heats,” Lebensmittel-Wissenschaft und
-Technologie- Food Science and Technology, vol. 41, pp. 18–25,
2008.

[40] H. R. Gazor and H. Chaji, “Equilibrium moisture content and
heat of desorption of saffron,” International Journal of Food
Science and Technology, vol. 45, no. 8, pp. 1703–1709, 2010.

[41] H. Machhour, A. Idlimam, M. Mahrouz, I. El Hadrami, and
M. Kouhila, “Sorption isotherms and thermodynamic
properties of peppermint tea (Mentha piperita) after thermal
and biochemical treatment,” Journal of Materials and Envi-
ronmental Science, vol. 3, pp. 232–247, 2012.

[42] H. Moussaoui, Y. Bahammou, A. Idlimam, A. Lamharrar, and
N. Abdenouri, “Investigation of hygroscopic equilibrium and
modeling sorption isotherms of the argan products: a com-
parative study of leaves, pulps, and fruits,” Food and Bio-
products Processing, vol. 114, pp. 12–22, 2019.

[43] R. Moreira, F. Chenlo, J. Sineiro, S. Arufe, and S. Sexto,
“Water sorption isotherms and air drying kinetics of fucus
vesiculosus Brown seaweed,” Journal of Food Processing and
Preservation, vol. 41, 2017.
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