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Desorption isotherms of ora-pro-nébis leaves were determined at storage (5 °C, 10 °C, 20 °C, 30 °C, and 40 °C)
and drying (40 °C, 50 °C, 60 °C, 70 °C, and 80 °C) temperatures by the gravimetric static method using saturated
saline solutions to obtain relative humidities ranging from 5.20% to 98.48%. The net isosteric heat of desorption
and thermodynamic properties such as differential enthalpy, differential entropy, and Gibbs free energy were
also estimated. The GAB model presented the best parameters of fitting and the lowest Akaike and Bayesian
information criteria values. The desorption isotherm patterns presented a sigmoid shape and were categorized as
BET Type II sigmoid shape. The monolayer moisture content was estimated in 0.06 kg of water/kg of dry matter
using the GAB model, and it remained constant at all temperatures. The leaves presented an optimal water
activity equal to 0.35 at storage temperatures. The net isosteric heat of desorption decreased with increasing Xeq,
and differential entropy increased with rising equilibrium moisture content (Xeq > 0.07). The enthalpy-entropy
compensation was evaluated, and the desorption process is revealed to be entropy-driven and non-spontaneous.

1. Introduction

Many people believe that a typical cactus is a green succulent plant
with no leaves and many spines, but, Pereskia Miller is a genus consisting
of broad-leaved trees and shrubs found throughout Central and South
America. (Butterworth & Wallace, 2005). The leaves of ora-pro-ndbis
(Pereskia aculeata), also known as Barbados gooseberry, present high
mucilage content, a carbohydrate complex with a high water absorption
capacity that has significant potential for usage as a hydrocolloid in
processed foods (Martin et al., 2017) and pharmaceutical industries due
to its emollient properties (Duarte & Hayashi, 2005). The high amount
of protein in the leaves led to the plant being called "poor’s meat” (Hoff
et al., 2022). Some studies reported some chemical compounds associ-
ated with wound healing, antiulcer (Pinto et al., 2016), and analgesic
properties (Pinto et al., 2015).

The production and consumption of ora-pro-nébis leaves are
extremely important due to their potential as a sustainable source of
nutraceuticals and ingredients, favoring foods to enhance nutritional
quality (Garcia et al., 2019), and being a good ally in guaranteeing food

security once the prevalence of malnutrition remained constant for five
years and increased with the COVID-19 pandemic, indicating that the
problem of food insecurity was not going towards a solution until 2030
(FAO et al., 2021). In this way, providing data concerning the water
desorption isotherms and thermodynamic properties of ora-pro-nébis
leaves is of great importance due to its applicability in shelf-life esti-
mation, storage conditions, and drying process design.

Moisture sorption isotherms are a handy tool for food scientists since
they permit predicting which chemical reactions would reduce stability
at a particular moisture level, enable ingredient selection to adjust the
water activity, improve stability, and estimate moisture gain or loss in a
package with known water vapor permeability (Labuza & Altunakar,
2020). Further investigations into the sorption phenomenon can be
conducted using thermodynamic properties such as differential enthalpy
and entropy, which are variables that provide information about the
material microstructure as well as theoretical interpretations for
matrix-water interactions (Rizvi, 2014). The enthalpy-entropy
compensation theory states that compensation happens when the
behavior of the solvent-solute interaction changes and that there is a
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linear relationship between reaction enthalpy and entropy, with the
associated slope representing the isokinetic temperature, which is the
temperature at which all subsequent reactions proceed at the same rate
(Moreira et al., 2008; Polachini et al., 2016). The evaluation of this
theory also allows the estimation of Gibb’s free energy at isokinetic
temperature. According to Rizvi (2014), Gibbs’s free energy is indicative
of the water-absorbent affinity, providing knowledge on the spontaneity
of the sorption phenomenon.

Thus, this study aimed to (i) determine the water desorption iso-
therms of Pereskia aculeata Miller at storage and drying temperatures,
(ii) estimate the thermodynamic parameters (net isosteric heat of
desorption, differential enthalpy, differential entropy, and Gibbs free
energy), and (iii) evaluate the enthalpy-entropy compensation theory.

2. Material and methods
2.1. Raw material

Ora-pré-nobis leaves were cultivated and harvested at UNESP
(Campus Sao José do Rio Preto) and conducted to the Laboratory of
Physical Measurements of the Department of Engineering and Food
Technology. After 20 min of sanitizing with a chlorinated solution (100
ppm), they were dried with absorbent paper and stored under refriger-
ation (4 & 2 °C). The saturated saline solutions utilized to simulate en-
vironments with relative humidity (RH = 100ea,,) ranging from 7.43%
to 98.48% were prepared with distilled water and salts from Sigma-
Aldrich (St. Louis, MO, USA). Lithium iodide (LiI), ammonium sulfate
((NH4)2S04), sodium bromide (NaBr), lithium bromide (LiBr), sodium
iodide (Nal), magnesium chloride (MgCly), lithium chloride (LiCl), po-
tassium iodide (KI), potassium carbonate (KoCO3), potassium chloride
(KCl), magnesium nitrate (Mg(NO3)2), potassium sulfate (K2SO4), so-
dium chloride (NaCl), and potassium nitrate (KNO3) were used in this
work.

2.2. Proximate composition

Lipid content was determined according to the Ai 3-75 procedure by
the Soxhlet method using petroleum ether (AOCS, 2009). Moisture, ash,
protein, and total fiber contents were determined following the Associ-
ation of Official Analytical Chemistry’s procedures (Horwitz & Latimer,
2007). The moisture content was measured in an oven at 105 °C for 24 h
(method 950.46), and the ash content was measured in a muffle at
550 °C until white or slightly grey ashes were obtained (method
923.03). Micro-Kjeldahl was used to determine total nitrogen, and the
protein amount was converted using 6.25 as the conversion factor
(method 981.10). The total fiber content was determined using the
enzymatic gravimetric approach, which used thermostable a-amylase,
glucoamylase, and protease to break down proteins and starches. The
insoluble and soluble fractions of the fibers were subsequently separated
using a centrifuge (method 991.43). Carbohydrates were calculated by
difference. The water activity (a,) was measured using a digital hy-
grometer (Aqualab Model Series 3, Decagon Devices Inc., Pullman,
USA).

2.3. Determination of the desorption isotherms

Desorption isotherms were assessed at nine temperatures: storage
(5°C, 10 °C, 20 °C, 30 °C, and 40 °C) and drying (40 °C, 50 °C, 60 °C,
70 °C, and 80 °C). The studies were carried out in a chamber-typeBOD
(MA415, Marconi, Piracicaba, Brazil) to obtain storage temperatures,
and the drying temperatures experiments were carried out in an oven
(MA030, Marconi, Piracicaba, Brazil). The static gravimetric method
proposed by Spiess and Wolf (1983) was used to determine the
desorption isotherms of ora-pro-ndbis leaves, which consists of putting
saturated saline solutions into desiccators to keep constant water ac-
tivity (ay) at each sample value while the equilibrium between the
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atmosphere and food sample was reached. The leaves were cut into a
square shape with sides equal to 1 cm and allocated in small containers
inside the desiccators. At the beginning of the experiment, which was
conducted in triplicate, the moisture content and mass of the samples
were determined using an analytical balance (AUW220D, Shimadzu,
Japan), and the samples were weighted until they attained constant
mass. Aiming to avoid microbial spoilage, a beaker containing toluene
was put inside the desiccators where relative humidity was higher than
60% (ay > 0.6). The experiments lasted six weeks and were based on a
weight difference expressed on a dry basis that did not exceed 0.001 g/g
dry solids. The salt solutions used to create atmospheres with different
relative humidities (Table S1) were made according to Labuza (1963)
and Martins et al. (2023).

2.4. Modelling of desorption isotherms

The theoretical (GAB), empirical (Peleg and Oswin), and semi-
empirical (Halsey and Henderson) sorption isotherm models typically
used to describe the water sorption process in foodstuffs are shown in
Table 1. The values of X.q were plotted against a,y using the Origin 2023
program (OriginLab Corporation, Northampton, MA), and nonlinear
regression was performed.

The adjusted coefficient of determination (Rgdj) and residual analysis
of reduced chi-square (xz) and root mean square error (RMSE) were used
to assess the quality of the nonlinear fit of the water desorption models
to the experimental data. Furthermore, using Equations (6) and (7),
Akaike (AIC) and Bayesian (BIC) information criteria were calculated to
identify the optimum model for ora-pro-nébis leaves water desorption
by comparing the fitting results of the five models shown in Table 1
(Akaike, 1974; Stone, 1979). AIC and BIC are composed of a
goodness-of-fit term and a penalty to prevent overfitting and they pro-
vide a standardized method for balancing sensitivity and specificity. The
better the model, the lower the AIC and BIC (Wolfinger, 1993).

AIC= —21log Z(6) + 2p (6)
BIC= —21log £ (0) + p In(n) )

where n is the total number of observations, p is the total number of

estimated parameters, and ](@) is the value of the likelihood function
regarding the parameters of the model.

2.5. Optimal water activity

The experimental desorption points at storage temperatures were
plotted on the same graph. A polynomial equation of the third degree
was used to model the sorption isotherm. This calculating procedure
entails doing a polynomial decomposition of the Xeq based on the a,
allowing us to compute the “inflection point” of the second derivative of

Table 1
- Mathematical models for adjusting the isotherms of ora-pro-ndbis leaves.
Model Equation
GAB X - XmCkay, @™
“ 7 (1 —kay)(1 + (C— 1)kay)
Peleg Xoqg = kiay} + koa? 2
Oswin a \N (©)]
Xeq = M(l - aw)
Halsey 1 [©)]
Xeg = (~h1 In(ay)) 2
Henderson 1 5)
_(_t H,
Xog = ( i1 - aw)>

C, k, ky, ny, ka, ng, M, N, hy, hy H;, and H; are constants of the models, X, rep-
resents the monolayer moisture content (kg of water/kg dry matter), Xq is the
equilibrium moisture content, and a,, is the water activity.
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Xeq (Lahnine et al., 2016).

2.6. Thermodynamic properties

The isosteric heat of sorption informs about the energy required for
drying and the design of drying equipment. It is defined as the smallest
quantity of energy needed for eliminating water in the desorption or
adding water in the adsorption of a hygroscopic material (Jhider &
Bagané, 2019). The net isosteric heat of desorption (qs) was calculated
using the Clausius-Clapeyron equation (Equation (8)) at different Xeq
(Rizvi, 2014).

d(In a,,) _ _Qu—i_ 4« ®

o1/T) |y, R R

in which Qg is the integral heat of sorption, A is the latent heat of
pure water vaporization and R is universal gas constant (8.314 J
mol teK™1). Assuming qg; constant over the temperature range inves-
tigated, linear regression was used to obtain the slope of each isostere of
In ay, versus 1/T, and hence, the net isosteric heat of desorption.

Differential enthalpy (AH) and differential entropy (AS) were
calculated using the same approach as qg but with Equation (9), derived
from the Gibbs-Helmholtz equation (Rizvi, 2014).

AH\ 1 A
Ina,=(—)=— —S 9
R )T R

The enthalpy-entropy mechanism could be verified by plotting q,
which is equal to the negative of enthalpy, against entropy in the
expectation of a linear correlation. Using Equation (10), the figure was
also used to compute Gibbs’ free energy (Gp) and the isokinetic tem-
perature (Tp).

g =Tg(AS) + AGy 10)

Krug’s statistical method was used to validate the enthalpy-entropy
compensation theory (Krug et al., 1976a; Krug et al., 1976b). The pro-
cedure involved comparing the harmonic mean temperature (Equation
(11)) to the isokinetic temperature.

n

in which n is the number of sorption patterns. An interval of confidence
for Tp close to (1-a) 100% was estimated by Equation (12).

Ty = (€8]

Tp=Tg %ty 4/ Var(Ts) 12)
where,
TB:Z(AH— AH)@:?; AS) 13)
3 (AS —AS)
A 2
Var(Ty) = (AH — AGy — TzAS) 14)

(m—2)% (AS—AS)’

in which, AH is the average enthalpy (kJ mol™!), m is the number of data
pairs (AH, AS), AS is the average entropy (kJ/kgeK™1).

3. Results and discussion
3.1. Proximate composition

The proximate composition findings are shown as the media
tstandard deviation of three repetitions. The ora-pro-nébis leaves pre-
sented, in wet basis,: 88.20 + 0.36 g of water/100 g; 4.99 + 0.02 g of
total fibers/100 g; 3.10 + 0.10 g of proteins/100 g; 1.78 + 0.50 g of
carbohydrates/100 g; 1.64 + 0.01 g of ashes/100 g; 0.30 + 0.01g of
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lipids/100 g. Analogous results were found by Takeiti et al. (2009) and
Botrel et al. (2020). The leaves presented a,, = 0.991 + 0.02, suggesting
that ora-pro-nébis leaves are a highly perishable vegetable.

3.2. Desorption isotherms

The desorption isotherms were obtained for a relative humidity
range of 5.80%-98.48% at storage temperatures and 5.20%-96.41%
under drying temperatures (Fig. 1, Table S2). At storage and drying
temperatures, the a,, increased with increasing temperature for a con-
stant Xeq. In contrast, the Xeq diminished with rising temperature at
constant a,, showing that the leaves became less hygroscopic. This
behavior could be attributed to a decrease in the number of active sites
for water binding caused by physical and chemical modifications in the
leaves due to temperature (Hidar et al., 2018). Furthermore, as the
temperature rises, the sorbed water molecules gain a high degree of
freedom and kinetic energy allowing them to escape from the surface of
the sorbent, and the volume of sorbed water reduces (Ojike et al., 2022),
and consequently, the moisture content.

At storage temperatures, when 0.15<a,<0.60 (Fig. 1a), the X¢q in-
creases linearly with increasing a,,. During storage, oxidative and bio-
logical reactions are favored when a,, is greater than 0.6, reducing the
shelf life of food products and influencing the incidence of microor-
ganisms (Pitt & Hocking, 2009). Therefore, leaves must be dried until
0.1058, 0.1032, 0.1003, 0.0960 kg of water/kg of dry matter to achieve
ayw = 0.6 and prevent microbial spoilage when stored at 5 °C, 10 °C,
20 °C, 30 °C and 40 °C, respectively. As stated by
Brunauer-Emmett-Teller classification (Brunauer et al., 1938), the
desorption isotherm patterns presented a typical sigmoidal shape and
hence classified as BET type II, which is typical of a lot of foodstuffs
(Hassini et al., 2015) such as black and green tea (Ocieczek et al., 2023),
leaves and stems of lemon balm (Argyropoulos et al., 2012), papaya
seeds (Rosa et al., 2021), Cucumis melo L. seeds (Mallek-Ayadi et al.,
2020), and tiger nuts (Zhang et al., 2022).

Table 2 presents the estimated constants and fitting parameters of
the evaluated models. Halsey’s model showed the lowest values of co-
efficients of determination (Rgdj) and the highest values of reduced chi-
square (XZ) and square root mean error (RMSE), followed by Oswin and
Henderson models, respectively. In contrast, the GAB and Peleg models
showed Rgdj close to one and low calculated values of 2 and RMSE at all
studied temperatures. Comparing AIC and BIC values (Table 2) for the
GAB and Peleg models, the first presented the lowest values; thus, the
GAB model was selected to describe the desorption patterns of ora-pro-
nobis leaves at all temperatures. Moreover, the three constants of the
GAB model pursue physical meaning (Labuza & Altunakar, 2020).

The monolayer moisture content (Xp) provides information
regarding the volume of water strongly attached to the polar sites of the
food matrix, and it is a relevant value in ensuring food stability during
storage (Kurozawa et al., 2015). The Xy, values were around 0.06 kg of
water/kg dry matter at all the temperatures studied (Table 2). However,
it was observed that there was a discreet increase in the X, values as the
temperature rose, which can be associated with the fitting of the GAB
model to the data. During desorption, the water binding sites at the
monolayer are initially fully satisfied, so an increase in temperature is
expected to have a reduced impact on the sorption surface area
(Yogendrarajah et al., 2015). Above the monolayer, chemical reactions
which require a water phase start, while above and below the region, the
rate of oxidation of lipids increases compromising shelf-life (Labuza &
Altunakar, 2020). In this way, after reducing the moisture content until
Xm, the leaves maintain their stability when stored under 13%-15%
relative humidity (RH = 100eay,) in a temperature range of 5 °C-30 °C.

The constant ‘C’ determines the force of water molecule interaction
with the main binding sites on the product surface (Muzaffar & Kumar,
2016) while the constant K is an estimation of the interactions between
the food matrix and molecules in multilayers (Velazquez-Gutiérrez et al.,
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Fig. 1. Desorption isotherms of ora-pro-nébis leaves at storage (a) and drying (b) temperatures.
Table 2
Constants and fitting parameters of the sorption equations for ora-pro-nébis leaves.
Model Temperature (°C)
5 10 20 30 40 50 60 70 80
GAB Xm 0.057 0.057 0.056 0.061 0.060 0.061 0.062 0.062 0.062
C 147.143 118.313 100.299 100.583 62.535 44.872 37.770 32.389 24.062
k 0.817 0.781 0.715 0.715 0.653 0.619 0.604 0.573 0.558
jo 0.999 0.999 0.998 0.996 0.998 0.998 0.993 0.991 0.992
72 e10° 0.001 0.099 0.001 0.001 0.309 0.248 0.634 0.729 0.692
RSME 0.001 0.001 0.001 0.001 0.002 0.002 0.003 0.001 0.003
AIC —293.008 —184.536 —280.860 —279.649 —155.337 —158.204 —93.370 —105.033 —78.079
BIC —294.897 —186.425 —282.748 —281.537 —158.078 —160.944 —102.581 —114.244 —91.095
Peleg ky 0.107 0.103 0.097 0.094 0.096 0.097 0.101 0.115 0.110
n; 0.278 0.272 0.235 0.234 0.271 0.301 0.342 0.439 0.467
ko 0.196 0.151 0.109 0.105 0.074 0.060 0.052 15.204 770.415
ny 5.025 4.629 3.767 3.742 3.597 3.259 3.670 35.525 47.6563
jo 0.999 0.999 0.999 0.999 0.997 0.997 0.990 0.996 0.993
y2e10° 0.828 0.441 0.084 0.071 0.371 0.307 0.836 0.365 0.599
RSME 0.003 0.002 0.001 0.001 0.002 0.002 0.003 0.002 0.003
AIC —151.039 —159.868 —183.137 —185.383 —148.774 —151.229 —80.515 —87.986 —61.743
BIC —155.344 —-164.173 —187.441 —189.688 —154.520 —156.98 —99.529 —106.999 —91.346
Oswin M 0.106 0.099 0.096 0.092 0.087 0.084 0.083 0.079 0.075
N 0.262 0.243 0.215 0.224 0.207 0.207 0.259 0.261 0.280
jo 0.966 0.970 0.970 0.974 0.972 0.961 0.989 0.971 0.975
y%e10° 19.311 11.186 6.329 4.712 3.725 4.438 0.939 2.448 2113
RSME 0.014 0.011 0.008 0.007 0.006 0.007 0.003 0.005 0.005
AIC —113.489 —121.133 —129.108 —133.237 —126.076 —123.8 —95.647 —87.021 —76.419
BIC —113.972 —121.616 —129.591 —133.720 —127.048 —124.772 —99.855 —91.229 —82.181
Halsey Hye10° 32.206 15.747 5.651 8.343 3.866 3.755 94.678 91.980 114.000
Hy 3.392 3.602 3.966 3.746 3.966 3.918 2.593 2.553 2.43
jo 0.939 0.939 0.932 0.939 0.920 0.895 0.959 0.915 0.928
72 e10° 34.689 22.340 14.168 11.229 10.524 11.944 3.490 7.199 6.095
RSME 0.019 0.015 0.012 0.011 0.010 0.011 0.006 0.009 0.008
AIC —105.289 —111.45 —117.825 —121.080 —112.576 —110.93 —83.8292 —77.3122 —67.9448
BIC —105.772 —111.933 —118.308 —121.563 —113.547 —111.902 —88.0375 —81.5205 —73.7065
Henderson H; 36.048 67.394 203.312 220.339 600.772 799.359 892.730 952.788 610.703
Hy 1.744 1.9870 2.448 2.454 2.823 2.901 2.921 2.894 2.662
RZ]. 0.974 0.975 0.973 0.974 0.987 0.993 0.990 0.991 0.989
12 e10° 15.012 9.335 4.884 4.831 1.726 0.788 0.869 0.731 0.926
RSME 0.012 0.010 0.007 0.007 0.004 0.003 0.003 0.003 0.003
AIC ~117.015 —123.666 —132.736 —132.888 —136.077 —146.271 —96.342 —97.896 —83.018
BIC ~117.498 ~124.149 ~133.219 ~133.371 ~137.049 —147.243 ~100.550 ~102.104 —88.780

2015). In this study, both constants C and k diminished with rising

temperature, indicating a decrease in the binding energies associated

with the dry matter and the monolayer water, related to the constant C,
while a lower value of K implies that the sorbate is in a significantly less
structured state in the layer succeeding the monolayer, which is the

sorbate’s pure liquid state (Ojike et al., 2022).

3.3. Optimal storage conditions

The second derivative of the third-degree polynomial equation
indicated that the optimal water activity for preserving the ora-pro-
nobis leaves is 0.35, corresponding to 0.08 kg of water/kg dry matter

(Fig. 2). Knowledge and determination of the optimal water activity are
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Fig. 2. - Determination of the optimal water activity for preservation of ora-
pro-nébis leaves.

necessary during the drying process because they ensure the best drying
and processing conditions for hygroscopic materials (Manga Bengono
et al., 2023). Peppermint (Machhour et al., 2012) and stevia leaf powder
(Hidar et al., 2018) presented the same optimal ay,.

3.4. Thermodynamic properties

The isosteric heat of desorption is a measure of the energy necessary
to break the intermolecular interactions between the bound water and
the food matrix in the hygroscopic zone. The heat required to remove
water molecules in the hygroscopic domain is the sum of the heat
necessary for the liquid-vapor phase change and the desorption isosteric
heat (Ouertani et al., 2014). The GAB model was used to calculate the
values of ay and hence, the g5 which were plotted against the Xeq, The
qst decreased abruptly from 7059.25 J/mol to 1342.13 J/mol at the
lowest moisture contents (Fig. 3). The highest value of g is the highest
binding energy for water removal, and it is also indicative of the
strongest water-solid interaction once the water occupies the most
active accessible sites (Khiari et al., 2020). Then, qg slightly increased
up to 1782.06 J/mol at 0.13 kg of water/kg of dry matter and thereafter
remained approximately constant. The hydrophilic sites became scarcer
as the moisture content increased, resulting in decreased coverage of

8000
7000 @
6000
5000
4000
3000

2000 o

Net isosteric heat of desorption, (J/mol)

1000

0.06 0.07 0.08 009 010 011 0.12 013 0.14 0.15
Equilibrium moisture content (kg water/ kg dry matter)

Fig. 3. - Calculated net isosteric heat of desorption of ora-pro-ndbis leaves as
function of the equilibrium moisture content.
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active sorption sites and the creation of a multilayer. This may need less
binding energy for water removal and, as a result, less heat (Ojike et al.,
2022). A similar trend was observed in another leaves (Argyropoulos
et al., 2012; Dalgic et al., 2012; Moussaoui et al., 2019).

Similar to qg, the differential enthalpy (AH) of sorption measures the
water binding strength, which is critical for designing efficient dehy-
dration process equipment and understanding qualitatively the status of
water on the food surface (Tagnamas et al., 2021). Generally, differen-
tial enthalpy is a positive quantity when heat is evolved during
adsorption and negative when heat is absorbed during desorption
(Al-Muhtaseb, McMinn, & Magee, 2002). Fig. 4 shows that the AH
increased as the Xeq decreased, indicating the occupation of highly
accessible sites (Velazquez-Gutiérrez et al., 2015); thus, more energy is
required to remove water as the X¢q reduces from 0.15 to 0.06 kg of
water/kg of dry matter once the water binding strength is higher. Dif-
ferential entropy was calculated as the intercept of the line In(aw) vs.
1/T using Equation (9), and it showed a considerable dependence on
moisture content. The change in differential entropy (AS) is propor-
tional to the number of available sorption sites associated with a certain
energy level and is related to the degree of disorder or randomness
(spatial arrangement) in the water-sorbent system (Khiari et al., 2020).
In Fig. 4, it is shown that the AS presented its biggest value, 8.36
J/(moleK), at Xp,. The highest water mobility is shown by the biggest
entropy value, which may be explained by the strongest interactions
between water molecules and the adsorbent surface that has the most
active sorption sites (Mbarek & Mihoubi, 2019). As the moisture content
increased, AS achieved its minimum value of —5.72 J/(moleK), then
increased until 5.18 J/(moleK). This is indicative of some mobility and
vibrational/rotational freedom at low moisture coverage, followed by a
decrease in entropy due to localization as the first layer builds up.
Finally, the entropy of sorbed water increases with the higher mobility
associated with the buildup of layers further removed from the food
surface (Rizvi, 2014). Other vegetables, such as apple (Moraes et al.,
2008), sugar beet (de Oliveira et al., 2017) and tiger nut (Zhang et al.,
2022) presented the same behavior.

The first condition to ensure enthalpy-entropy compensation is a
strong linear correlation between enthalpy and entropy (Sanches et al.,
2023), and the second is concerning the isokinetic temperature (Tp), in
which Tp must be statistically different from the harmonic mean tem-
perature (Thy) (Krug et al., 1976a; Krug et al., 1976b). In Fig. 5, it is
shown the linear relationship (Rﬁdj
confirming the existence of a compensation mechanism. In this study,
Tp =75.72 £+ 6.11 K was significantly (p < 0.05) different from the Ty,
= 311.72 K, corroborating the enthalpy-entropy compensation theory.
Moreover, the desorption process is entropy-driven because Tg < Thpy
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nobis leaves as function of the equilibrium moisture content.
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(Leffler, 1955). When the sorption process is entropy-driven, the barriers
that confine the water molecules inside the microstructure of the food
matrix are more relevant than energy interactions regarding the chem-
ical composition of food (Spada et al., 2013). Gibb’s free energy was
equal to +1540.92 J/mol, thus, the desorption process is
non-spontaneous. A positive value for Gibbs free energy is characteristic
of an endothermic reaction, meaning that the reaction is not sponta-
neous and needs energy from the surroundings to proceed (de Oliveira
et al., 2017).

4. Conclusion

The reduction in temperature and increase in relative humidity
resulted in increase of equilibrium moisture content. The desorption
isotherm patterns present a sigmoid shape, which were classified as BET
Type II, best described by the GAB model due to its good fitting
parameter and lowest AIC and BIC values. Ora-pro-nébis leaves must
contain about 0.1 kg of water/kg dry matter when stored at tempera-
tures between 5 and 40 °C to guarantee microbiological safety (ay <
0.6), in addition, the optimal water activity is 0.35 in the same range of

Appendix A. Supplementary data
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temperature. The Xy, indicated that ora-pro-ndbis leaves maintain their
stability when stored under 13%-15% relative humidity (RH = 100eaw)
in a temperature range of 5 °C-30 °C. The net isosteric heat of desorption
decreased with rising Xeq, and differential entropy increased directly
when Xeq >0.07. The enthalpy-entropy compensation theory was
confirmed, and desorption was entropy-driven (Tg < Thp), endothermic,
and non-spontaneous (AGg > 0).
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Nomenclature

LiBr Lithium bromide
LiCl Lithium chloride
MgCl,  Magnesium chloride
Nal Sodium iodide
K,CO3  Potassium carbonate

Mg(NO3)2 Magnesium nitrate
NaBr Sodium bromide

KI Potassium iodide
NaCl Sodium chloride
(NH4)2SO4 Ammonium sulfate
KCl1 Potassium chloride

KNO3 Potassium nitrate
KSO4  Potassium sulfate

aw Water activity

C Constant of GAB model

GAB uggenheim-Anderson-de Boer
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h; and hy Constants of Halsey model
H; and Hy Constants of Henderson model

k Constant of GAB model

k; and ko Constants of Peleg model

m Number of (AH, AS) data pairs

M and N Constants of Oswin model

n Number of isotherms

n; and np Constants of Peleg model

Cr Isosteric heat of sorption at the first water molecule
B; Constant of Riedel’s model

Qst Integral heat of sorption

Qst Net isosteric heat of sorption

R Universal gas constant (8.314 J/moleK)
Rﬁdj Adjusted coefficient of determination
RMSE Root mean square error

RH Relative humidity

T Temperature

Tp Isokinetic temperature

Thm Harmonic mean temperature

Xeq Equilibrium moisture content

Xm Monolayer moisture content

A Heat vaporization of pure water

AGg Free Gibbs energy at isokinetic temperature
AH Average enthalpy

AH Differential enthalpy of sorption

AS Average entropy

AS Differential entropy of sorption

$2 Reduced chi-square

References

Akaike, H. (1974). A new look at the statistical model identification. IEEE Transactions on
Automatic Control, 19(6), 716-723. https://doi.org/10.1109/TAC.1974.1100705

Al-Muhtaseb, A. H., McMinn, W. A. M., & Magee, T. R. A. (2002). Moisture sorption
isotherm characteristics of food products: A review. Food and Bioproducts Processing:
Transactions of the Institution of of Chemical Engineers, Part C, 80(2), 118-128. htt
ps://doi.org/10.1205/09603080252938753.

Argyropoulos, D., Alex, R., Kohler, R., & Miiller, J. (2012). Moisture sorption isotherms
and isosteric heat of sorption of leaves and stems of lemon balm (Melissa officinalis
L.) established by dynamic vapor sorption. LWT - Food Science and Technology, 47(2),
324-331. https://doi.org/10.1016/j.1wt.2012.01.026

Botrel, N., Freitas, S., de Oliveira Fonseca, M. J., de Castro e Melo, R. A., & Madeira, N.
(2020). Nutritional value of unconventional leafy vegetables grown in the Cerrado
Biome/Brazil. Brazilian Journal of Food Technology, 23, 1-8. https://doi.org/
10.1590/1981-6723.17418

Brunauer, S., Emmett, P. H., & Teller, E. (1938). Adsorption of gases in multimolecular
layers. Journal of the American Chemical Society, 60(2), 309-319. https://doi.org/
10.1021/ja01269a023

Butterworth, C. A., & Wallace, R. S. (2005). Molecular phylogenetics of the leafy cactus
genus Pereskia (cactaceae). Systematic Botany, 30(4), 800-808. https://www.jstor.
org/stable/25064111.

Dalgig, A. C., Pekmez, H., & Belibagli, K. B. (2012). Effect of drying methods on the
moisture sorption isotherms and thermodynamic properties of mint leaves. Journal of
Food Science and Technology, 49(4), 439-449. https://doi.org/10.1007/s13197-011-
0302-7

de Oliveira, G. H. H., Corréa, P. C., de Oliveira, A. P. L. R., Reis, R. C. dos, & Devilla, I. A.
(2017). Application of GAB model for water desorption isotherms and
thermodynamic analysis of sugar beet seeds. Journal of Food Process Engineering, 40
(1). https://doi.org/10.1111/jfpe.12278

Duarte, M. R., & Hayashi, S. S. (2005). Estudo anatomico de folha e caule de Pereskia
aculeata Mill. (Cactaceae). Revista Brasileira de Farmacognosia, 15(2), 103-109.
https://doi.org/10.1590/50102-695x2005000200006

FAO, I. F. A. D., UNICEF, W. F. P., & WHO. (2021). In brief to the state of food security
and nutrition in the world. Transforming food systems for food security, improved
nutrition and affordable healthy diets for all. https://doi.org/10.4060/cb5409en

Garcia, J. A. A., Corréa, R. C. G., Barros, L., Pereira, C., Abreu, R. M. V., Alves, M. J.,
Calhelha, R. C., Bracht, A., Peralta, R. M., & Ferreira, L. C. F. R. (2019).
Phytochemical profile and biological activities of “Ora-pro-nobis” leaves (Pereskia
aculeata Miller), an underexploited superfood from the Brazilian Atlantic Forest.
Food Chemistry, 294(May), 302-308. https://doi.org/10.1016/j.
foodchem.2019.05.074

Hassini, L., Bettaieb, E., Desmorieux, H., Torres, S. S., & Touil, A. (2015). Desorption
isotherms and thermodynamic properties of prickly pear seeds. Industrial Crops and
Products, 67, 457-465. https://doi.org/10.1016/j.indcrop.2015.01.078

LWT 193 (2024) 115749

Hidar, N., Ouhammou, M., Idlimam, A., Jaouad, A., Bouchdoug, M., Lamharrar, A.,
Kouhila, M., & Mahrouz, M. (2018). Investigation of water adsorption and
thermodynamic properties of stevia powder. Journal of Food Measurement and
Characterization, 12(4), 2615-2625. https://doi.org/10.1007/s11694-018-9879-0

Hoff, R., Daguer, H., Deolindo, C. T. P., de Melo, A. P. Z., & Durigon, J. (2022). Phenolic
compounds profile and main nutrients parameters of two underestimated non-
conventional edible plants: Pereskia aculeata Mill. (ora-pro-nébis) and Vitex
megapotamica (Spreng.) Moldenke (taruma) fruits. Food Research International, 162
(PA), Article 112042. https://doi.org/10.1016/j.foodres.2022.112042

Horwitz, W., & Latimer, G. W. (2007). Association of official analytical chemistry, A.
Official methods of analysis (18th ed.). AOAC International.

Jhider, N., & Bagané, M. (2019). Moisture sorption isotherms and isosteric heat of
sorption of Tunisian clay product. Heat and Mass Transfer/Waerme- Und
Stoffuebertragung, 55(2), 571-579. https://doi.org/10.1007/500231-018-2428-x

Khiari, R., Zemni, H., Maury, C., & Mihoubi, D. (2020). Modeling desorption isotherms
and thermodynamic properties of Italia grapes. Journal of Food Processing and
Preservation, 44(10), 1-13. https://doi.org/10.1111/jfpp.14731

Krug, R. R., Hunter, W. G., & Grieger, R. A. (1976a). Enthalpy-entropy compensation. 1.
Some fundamental statistical problems associated with the analysis of van’t hoff and
arrhenius data. Journal of Physical Chemistry, 80(21), 2335-2341. https://doi.org/
10.1021/j100562a006

Krug, R. R., Hunter, W. G., & Grieger, R. A. (1976b). Enthalpy-entropy compensation. 2.
Separation of the chemical from the statistical effect. Journal of Physical Chemistry,
80(21), 2341-2351. https://doi.org/10.1021/j100562a007

Kurozawa, L. E., de Oliveira, R. A., Hubinger, M. D., & Park, K. J. (2015).
Thermodynamic properties of water desorption of papaya. Journal of Food Processing
and Preservation, 39(6), 2412-2420. https://doi.org/10.1111/jfpp.12491

Labuza, T. (1963). Creation of moisture sorption isotherms for hygroscopic materials.
Sorption isotherm methods. In In International symposium on humidity and moisture.
Washington: American Society of Heating, Refrigerating and Air Conditioning
Engineers. May 20-23.

Labuza, T. P., & Altunakar, B. (2020). Water activity prediction and moisture sorption
isotherms. In G. V. BarbosaCanovas, A. J. Fontana, Jr., S. J. Schmidt, & T. P. Labuza
(Eds.), Water activity in foods (2nd ed., pp. 161-205). John Wiley & Sons. https://doi.
0rg/10.1002/9781118765982.ch7.

Lahnine, L., Idlimam, A., Mahrouz, M., Jada, A., Hanine, H., Mouhib, M., Zantar, S., &
Kouhila, M. (2016). Adsorption measurements and modeling of thyme treated with
gamma irradiation and thermal-biochemical treatment. Industrial Crops and Products,
88, 36-43. https://doi.org/10.1016/j.indcrop.2016.02.049

Leffler, J. E. (1955). The enthalpy-entropy relationshipg and its implications for organic
chemistry. Journal of Organic Chemistry, 20, 1202-1231.

Machhour, H., Idlimam, A., Mahrouz, M., El Hadrami, I., & Kouhila, M. (2012). Sorption
isotherms and thermodynamic properties of peppermint tea (Mentha piperita) after
thermal and biochemical treatment. Journal of Materials and Environmental Science, 3
(2), 232-247.


https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1205/09603080252938753
https://doi.org/10.1205/09603080252938753
https://doi.org/10.1016/j.lwt.2012.01.026
https://doi.org/10.1590/1981-6723.17418
https://doi.org/10.1590/1981-6723.17418
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01269a023
https://www.jstor.org/stable/25064111
https://www.jstor.org/stable/25064111
https://doi.org/10.1007/s13197-011-0302-7
https://doi.org/10.1007/s13197-011-0302-7
https://doi.org/10.1111/jfpe.12278
https://doi.org/10.1590/s0102-695x2005000200006
https://doi.org/10.4060/cb5409en
https://doi.org/10.1016/j.foodchem.2019.05.074
https://doi.org/10.1016/j.foodchem.2019.05.074
https://doi.org/10.1016/j.indcrop.2015.01.078
https://doi.org/10.1007/s11694-018-9879-0
https://doi.org/10.1016/j.foodres.2022.112042
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref14
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref14
https://doi.org/10.1007/s00231-018-2428-x
https://doi.org/10.1111/jfpp.14731
https://doi.org/10.1021/j100562a006
https://doi.org/10.1021/j100562a006
https://doi.org/10.1021/j100562a007
https://doi.org/10.1111/jfpp.12491
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref20
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref20
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref20
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref20
https://doi.org/10.1002/9781118765982.ch7
https://doi.org/10.1002/9781118765982.ch7
https://doi.org/10.1016/j.indcrop.2016.02.049
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref23
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref23
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref24
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref24
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref24
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref24

A.L. Borges-Machado et al.

Mallek-Ayadi, S., Bahloul, N., & Kechaou, N. (2020). Mathematical modelling of water
sorption isotherms and thermodynamic properties of Cucumis melo L. seeds. Lwt,
131(June), Article 109727. https://doi.org/10.1016/j.lwt.2020.109727

Manga Bengono, D. M., Tamba, J. G., Zobo Mfomo, J., Fopah-Lele, A., Diboma, B. S.,
Banyuy, F. G., & Biwolé, A. B. (2023). Influence of the anatomical structure on the
moisture sorption and thermodynamic properties of the African tropical woods. Heat
and Mass Transfer/Waerme- Und Stoffuebertragung, 59(1), 113-130. https://doi.org/
10.1007/500231-022-03242-x

Martin, A. A., de Freitas, R. A., Sassaki, G. L., Evangelista, P. H. L., & Sierakowski, M. R.
(2017). Chemical structure and physical-chemical properties of mucilage from the
leaves of Pereskia aculeata. Food Hydrocolloids, 70, 20-28. https://doi.org/10.1016/
j.foodhyd.2017.03.020

Martins, M. J. N., Sanches, M. A. R., Polachini, T. C., Oliveira, E. B., Coimbra, J. S. R., &
Telis-Romero, J. (2023). Solubility of different salts used in the control of the water
activity of foods. Science and Agrotechnology, 47, Article e018722. https://doi.org/
10.1590/1413-7054202347018722

Mbarek, R., & Mihoubi, D. (2019). Thermodynamic properties and water desorption
isotherms of Golden Delicious apples. Heat and Mass Transfer/Waerme- Und
Stoffuebertragung, 55(5), 1405-1418. https://doi.org/10.1007/s00231-018-2527-8

AOCS. (2009). In V. C. Mehlenbacher, & I. L. Urbana (Eds.), Official methods and
recommended practices of the American oil chemists’ society (6th ed.). American oil
chemists’ society.

Moraes, M. A., Rosa, G. S., & Pinto, L. A. A. (2008). Moisture sorption isotherms and
thermodynamic properties of apple Fuji and garlic. International Journal of Food
Science and Technology, 43(10), 1824-1831. https://doi.org/10.1111/j.1365-
2621.2008.01716.x

Moreira, R., Chenlo, F., Torres, M. D., & Vallejo, N. (2008). Thermodynamic analysis of
experimental sorption isotherms of loquat and quince fruits. Journal of Food
Engineering, 88(4), 514-521. https://doi.org/10.1016/j.jfoodeng.2008.03.011

Moussaoui, H., Bahammou, Y., Idlimam, A., Lamharrar, A., & Abdenouri, N. (2019).
Investigation of hygroscopic equilibrium and modeling sorption isotherms of the
argan products: A comparative study of leaves, pulps, and fruits. Food and
Bioproducts Processing, 114, 12-22. https://doi.org/10.1016/].fbp.2018.11.002

Muzaffar, K., & Kumar, P. (2016). Moisture sorption isotherms and storage study of spray
dried tamarind pulp powder. Powder Technology, 291, 322-327. https://doi.org/
10.1016/j.powtec.2015.12.046

Ocieczek, A., Pukszta, T., Zylka, K., & Kirieieva, N. (2023). The influence of storage
conditions on the stability of selected health-promoting properties of tea. LWT,
115029. https://doi.org/10.1016/j.1wt.2023.115029

Ojike, O., Uzodinma, E. O., Ali, E. O., Nweze, B. C., Okoyeuzu, C. F., & Eze, C. R. (2022).
Moisture Adsorption potentials and energy models of Gongronema latifolium leaves
dried in separate environments. Food Science and Nutrition, 10(2), 388-401. https://
doi.org/10.1002/fsn3.2616

Ouertani, S., Azzouz, S., Hassini, L., Koubaa, A., & Belghith, A. (2014). Moisture sorption
isotherms and thermodynamic properties of Jack pine and palm wood: Comparative
study. Industrial Crops and Products, 56, 200-210. https://doi.org/10.1016/j.
indcrop.2014.03.004

Pinto, N. de C. C., Cassini-Vieira, P., Souza-Fagundes, E. M. de, Barcelos, L. S.,
Castanon, M. C. M. N., & Scio, E. (2016). Pereskia aculeata Miller leaves accelerate
excisional wound healing in mice. Journal of Ethnopharmacology, 194, 131-136.
https://doi.org/10.1016/j.jep.2016.09.005

LWT 193 (2024) 115749

Pinto, N. C. C, Duque, A. P. N,, Pacheco, N. R., Mendes, R. F., Motta, E. V. S.,

Bellozi, P. M. Q., Ribeiro, A., Salvador, M. J., & Scio, E. (2015). Pereskia aculeata: A
plant food with antinociceptive activity. Pharmaceutical Biology, 53(12), 1780-1785.
https://doi.org/10.3109/13880209.2015.1008144

Pitt, J. I., & Hocking, A. D. (2009). Fungi and food spoilage (3rd ed.). New York: Springer.

Polachini, T. C., Betiol, L. F. L., Lopes-Filho, J. F., & Telis-Romero, J. (2016). Water
adsorption isotherms and thermodynamic properties of cassava bagasse.
Thermochimica Acta, 632, 79-85. https://doi.org/10.1016/j.tca.2016.03.032

Rizvi, S. S. H. (2014). Thermodynamic properties of foods in dehydration. In M. A. Rao,
S. S. H. Rizvi, & A. K. Datta (Eds.), Engineering properties of foods (4th ed., pp.
359-436). CRC Press.

Rosa, D. P., Evangelista, R. R., Borges Machado, A. L., Sanches, M. A. R., & Telis-
Romero, J. (2021). Water sorption properties of papaya seeds (Carica papaya L.)
formosa variety: An assessment under storage and drying conditions. Lwt, 138.
https://doi.org/10.1016/j.lwt.2020.110458. June 2020.

Sanches, M. A. R., Augusto, P. E. D., Polachini, T. C., & Telis-Romero, J. (2023). Water
sorption properties of brewer’s spent grain: A study aimed at its stabilization for
further conversion into value-added products. Biomass and Bioenergy, 170(December
2022), Article 106718. https://doi.org/10.1016/j.biombioe.2023.106718

Spada, J. C., Norena, C. P. Z., Marczak, L. D. F., & Tessaro, I. C. (2013). Water adsorption
isotherms of microcapsules with hydrolyzed pinhao (Araucaria angustifolia seeds)
starch as wall material. Journal of Food Engineering, 114(1), 64-69. https://doi.org/
10.1016/j.jfoodeng.2012.07.019

Spiess, W. E. L., & Wolf, W. F. (1983). The results of the COST 90 project on water
activity. In R. Jowitt (Ed.), Physical properties of foods (pp. 65-91). Applied Science
Publishers.

Stone, M. (1979). Comments on model selection criteria of Akaike and schwarz. Journal
of the Royal Statistical Society: Series B, 41(2), 276-278. https://www.jstor.org/stabl
e/2985044.

Tagnamas, Z., Bahammou, Y., Moussaoui, H., Kouhila, M., Lamsyehe, H., Idlimam, A., &
Lamharrar, A. (2021). Exploring the sorption and thermodynamic proprieties of
white truffle (Terfezia boudieri). Journal of Food Process Engineering, 44(12), 1-11.
https://doi.org/10.1111/jfpe.13888

Takeiti, C. Y., Antonio, G. C., Motta, E. M. P., Collares-Queiroz, F. P., & Park, K. J. (2009).
Nutritive evaluation of a non-conventional leafy vegetable (Pereskia aculeata
Miller). International Journal of Food Sciences & Nutrition, 60(SUPPL. 1), 148-160.
https://doi.org/10.1080/09637480802534509

Velazquez-Gutiérrez, S. K., Figueira, A. C., Rodriguez-Huezo, M. E., Roman-Guerrero, A.,
Carrillo-Navas, H., & Pérez-Alonso, C. (2015). Sorption isotherms, thermodynamic
properties and glass transition temperature of mucilage extracted from chia seeds
(Salvia hispanica L.). Carbohydrate Polymers, 121, 411-419. https://doi.org/
10.1016/j.carbpol.2014.11.068

Wolfinger, R. (1993). Covariance structure selection in general mixed models.
Communications in Statistics - Simulation and Computation, 22(4), 1079-1106. https://
doi.org/10.1080/03610919308813143

Yogendrarajah, P., Samapundo, S., Devlieghere, F., De Saeger, S., & De Meulenaer, B.
(2015). Moisture sorption isotherms and thermodynamic properties of whole black
peppercorns (Piper nigrum L.). Lwt, 64(1), 177-188. https://doi.org/10.1016/j.
1wt.2015.05.045

Zhang, Z., shan, L., dan, X., Jia, H. jie, & Liu, Y. lan (2022). Moisture sorption isotherms
and thermodynamic properties of tiger nuts: An oil-rich tuber. Lwt, 167(100), Article
113866. https://doi.org/10.1016/j.1wt.2022.113866


https://doi.org/10.1016/j.lwt.2020.109727
https://doi.org/10.1007/s00231-022-03242-x
https://doi.org/10.1007/s00231-022-03242-x
https://doi.org/10.1016/j.foodhyd.2017.03.020
https://doi.org/10.1016/j.foodhyd.2017.03.020
https://doi.org/10.1590/1413-7054202347018722
https://doi.org/10.1590/1413-7054202347018722
https://doi.org/10.1007/s00231-018-2527-8
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref30
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref30
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref30
https://doi.org/10.1111/j.1365-2621.2008.01716.x
https://doi.org/10.1111/j.1365-2621.2008.01716.x
https://doi.org/10.1016/j.jfoodeng.2008.03.011
https://doi.org/10.1016/j.fbp.2018.11.002
https://doi.org/10.1016/j.powtec.2015.12.046
https://doi.org/10.1016/j.powtec.2015.12.046
https://doi.org/10.1016/j.lwt.2023.115029
https://doi.org/10.1002/fsn3.2616
https://doi.org/10.1002/fsn3.2616
https://doi.org/10.1016/j.indcrop.2014.03.004
https://doi.org/10.1016/j.indcrop.2014.03.004
https://doi.org/10.1016/j.jep.2016.09.005
https://doi.org/10.3109/13880209.2015.1008144
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref40
https://doi.org/10.1016/j.tca.2016.03.032
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref42
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref42
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref42
https://doi.org/10.1016/j.lwt.2020.110458
https://doi.org/10.1016/j.biombioe.2023.106718
https://doi.org/10.1016/j.jfoodeng.2012.07.019
https://doi.org/10.1016/j.jfoodeng.2012.07.019
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref46
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref46
http://refhub.elsevier.com/S0023-6438(24)00028-8/sref46
https://www.jstor.org/stable/2985044
https://www.jstor.org/stable/2985044
https://doi.org/10.1111/jfpe.13888
https://doi.org/10.1080/09637480802534509
https://doi.org/10.1016/j.carbpol.2014.11.068
https://doi.org/10.1016/j.carbpol.2014.11.068
https://doi.org/10.1080/03610919308813143
https://doi.org/10.1080/03610919308813143
https://doi.org/10.1016/j.lwt.2015.05.045
https://doi.org/10.1016/j.lwt.2015.05.045
https://doi.org/10.1016/j.lwt.2022.113866

	Water desorption isotherms and thermodynamic properties of Ora-pro-nóbis (Pereskia aculeata Miller)
	1 Introduction
	2 Material and methods
	2.1 Raw material
	2.2 Proximate composition
	2.3 Determination of the desorption isotherms
	2.4 Modelling of desorption isotherms
	2.5 Optimal water activity
	2.6 Thermodynamic properties

	3 Results and discussion
	3.1 Proximate composition
	3.2 Desorption isotherms
	3.3 Optimal storage conditions
	3.4 Thermodynamic properties

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	Nomenclature
	References


