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Abstract A gravimetric technique was used to examine the water activity onto the ‘Ajwa’ dates.

The equilibrium adsorption isotherms of water molecules were carried out at three temperatures

(between 303 K and 323 K). A theoretical method was developed using statistical physics treatment

to describe the experimental data at the ionic scale. The date’s isotherms were analyzed via the infi-

nite multilayer adsorption model (formation of a high number of adsorbed layers) which is estab-

lished based on the ideal gas law (there are no lateral interactions influences on the adsorption

mechanism). The chosen model gave significant interpretation of the adsorption of water on the

Ajwa dates based on the physicochemical model’s parameters (the density of binding sites (Dm),

the number of water molecules per site (n) and the energetic parameters (a1) and (a2)). The physic-

ochemical interpretation of the appropriate model indicated that the adsorption of water on the

Ajwa dates occurred via a multi-anchorage process since the n values are lower than 1 for the three

tested temperatures. The Ajwa dates adsorption was found typical to an exothermic process by the

intermediate of the steric parameter Dm (Dm (303 K) = 0.58 kg/kg˃ Dm (323 K) = 0.33 kg/kg).

Moreover, the energies values |�e1| and |�e2|, which varied from 27.8 KJ/mol to 51.2 KJ/mol, con-

firmed that the ‘Ajwa’ dates adsorption was a chemical process presenting covalent bonds between

the water molecules and the dates’ sites.
� 2021 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dates are considered as basic nutrition to the human body in
many countries around the world, especially in the Gulf

region, including the Kingdom of Saudi Arabia (Bakri et al.,
2020; Zhang et al., 2015). Generally, the dates have important
health benefits, especially the Ajwa dates, known as Ajwa

Almadinah (Adeline et al., 2020). The Kingdom of Saudi Ara-
bia has topped the first place in the production of Ajwa, and is
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accounted for 17% of the global production of dates, with
more than 75 varieties; ranking second around the world.
Al-Ajwa represents a large percentage of the number of date

palms in Al-Madinah Al-Munawwarah region and its gover-
norates. In this region, the number of palm trees is approxi-
mately 4 million, ranking third in the Kingdom. There are

14 dates factories in Al-Madina, which constitutes 9% of the
total production in the Kingdom (Adeline et al., 2020;
Myhara et al., 1998; Farahnaky et al., 2016).

The Ajwa date contains high amount of nutrients compared
to other types of dates (Seerangurayar et al., 2017). In fact, it is
rich in carbohydrates, proteins, minerals, fibers, vitamins, and
fats. It also contains a large group of phytochemicals, such as

flavonoids, glycosides, phytosterols, and polyphenols
(Farahnaky et al., 2016; Seerangurayar et al., 2017). The med-
ical laboratory studies have proven what was mentioned in the

prophetic guidance that it is considered as an excellent natural
laxative which prevents constipation. It strengthens muscles,
treats anemia, strengthens hearing and eyesight, and calms

nerves (Fasina et al., 1999). Ajwa dates contain a high amount
of dietary fiber and minerals necessary for a healthy body, such
as potassium and magnesium.

The estimation of the potential period time and the safety
characterization of the Ajwa dates production is fundamental
in controlling the physical and chemical processes which occur
during food storage (Borchani et al., 2012; Sahari et al., 2008;

Koc et al., 2011). The accurate determination of the potential
period time and safety characterization presents a relevant role
in the field of food industry and the forecast of both physical

and chemical procedures occurring during the drying process.
This can be performed by controlling the humid air that influ-
ences the food product behavior (Koc et al., 2011). In this

paper, the control of the humid air of the ‘Ajwa’ dates product
is carried out through the sorption isotherms data which
describes the relationship between the total moisture content

(Qa) and the water activity (aw) at various sorption tempera-
tures (Alyousef et al., 2020). The parameter (aw) which
describes the partial pressure of water vapor (P) per water
vapor saturation (Pvs) has been used by many researchers to

control the quality of food production by extracting some
physical concepts that contribute to the product preservation
(Sahari et al., 2008; Koc et al., 2011; Alyousef et al., 2020).

Indeed, many authors encourage the description of water
activity data in the domain of food engineering science in order
to explain the water vapor behavior on foods (Pathare et al.,

2013). Thus, in accordance with the literature, many analytical
models were adopted by many authors for the modeling of
water activity isotherms to discuss the water adsorption in
the field of food science (Koc et al., 2011; Alyousef et al.,

2020; Pathare et al., 2013).
Although many experimental techniques were adopted to

obtain the water sorption isotherms (Gal et al., 1981; Wolf

et al., 1985). For example, the manometric technique was suc-
cessfully used to measure the water vapor pressure in the space
vapor surrounding the food at constant temperature (Gal

et al., 1981). The measurement of the equilibrium relative
humidity of air in contact with a food substance at determined
moisture content was also performed by the hygrometric tech-

nique (Gal et al., 1981). However, the gravimetric technique
was found to be the best tool to perform the experimental data
of water sorption on foods including the control of weight
changes (Aouaini et al., 2014; Bahloul et al., 2008). This
method is applied in the current work to measure the experi-
mental sorption data of the Ajwa dates which were derived
from the ‘phoenixdactylifera L’ date fruit (Koc et al., 2011).

Recently, it was found that the water sorption data could
be investigated through physical models determined via the
innovative statistical physics theory (Aouaini et al., 2014;

Knani et al., 2020; Ben et al., 2021) which gave an advanced
description of the water activity on foods at the molecular
level. The equations of the advanced models provided interest-

ing microscopic results of the sorption curves. For example,
the number of water molecules per date sites and the density
of dates sites will be evaluated. The interaction type between
the water molecules and the Ajwa dates can be also described.
2. Experiments

The morphology of the adsorbent presented in Fig. 1 is inves-
tigated by a scanning electron microscopy (SEM). This image
shows the surface of the dates’ pores which adsorbed the water
molecules.

Fig. 2 showed the adopted static-gravimetric technique
(Aouaini et al., 2014) for the determination of water adsorp-
tion isotherms on the Ajwa dates at 303, 313, and 323 K.

First of all, 11 saturated solution of salts (LiCl, NaCl, KCl,
CaCl2, BaCl2 MgCl2, Mg (NO3)2, NaNO3, NaBr, KI, and
K2SO4) were prepared to maintain a constant vapor pressure.

The salts solutions were poured into eleven glass jars which
were filled to one quarter depth, resulting in water activity val-
ues between 0.116 and 0.97 during the experimental
measurements.

Secondly, the prepared salt solutions were placed in an
oven and took at least 24 h in order to reach the working tem-
perature. Then, the Ajwa date sample was put in small cru-

cibles on the tripod placed in each jar.
Thirdly, the Ajwa dates samples were introduced in the her-

metically sealed bottles at the equilibrium temperatures (303–

323 K). Note that Mettler AT 400 balance (Bahloul et al.,
2008; Boudhrioua et al., 2008) was used to measure the dates
weights every three days and that the equilibrium weight was

considered after three nearly equal measurements
(Boudhrioua et al., 2008). The dried weight of the dates sample
was also noted for every measurement.

Finally, the moisture content at the equilibrium Qa (kg

water vapour / kg dry matter) can be measured via the rela-
tionship between the equilibrium measured weight meq (kg)
and the dried measured weight md (kg) through the next for-

mula (Aouaini et al., 2014):

Qa ¼
meq �md

md

ð1Þ

The experimental adsorbed quantities of water vapor mole-

cules on the Ajwa dates are plotted in Fig. 3 at 303–323 K.
According to the literature, the profile of the water sorption

data indicates that a multi-layer process occurred during the

dates sorption. The classical models that can describe this
sorption process are the PELEG model, the GAB model and
the BET model (Brunauer et al., 1940; Dural and Hines,

1993; Peleg, 1993). However, the equations of these models
describe the isotherms curves with empirical manner without
considering the steric aspect or the energetic aspect of the sorp-
tion mechanism. For this reason, the adopted descriptive mod-



Fig. 1 Scanning electronic microscopy (SEM) analyzes of the ‘Ajwa’ dates used as adsorbent in the experiments.

Fig. 2 Experimental setup of the static gravimetric technique devoted for the determination of experimental adsorption isotherms of

water molecules on the ‘Ajwa’ dates.

Fig. 3 Equilibrium adsorption isotherms of water molecules on

the ‘Ajwa’ dates obtained at three adsorption temperatures (303–

323 K).
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els of this investigation are established on the basis of the sta-
tistical physics assumptions.

Observing the experimental data of the three temperatures,

we can observe the following order of adsorption capacity: Qa

(303 K) ˃ Qa (313 K) ˃ Qa (323 K). The adsorbed quantities
decrease with the temperature expansion demonstrating the

exothermic character of the water molecules adsorption. In
the following, the theoretical examination of the experimental
data behavior is performed by the numerical modeling of the
experimental data.

3. Theoretical modeling

3.1. Adsorption models

In order to elaborate an advanced modeling of water sorption

data, we first develop the expressions of the multi-layer models
based on some assumptions of the statistical physics theory.
Next, a numerical adjustment of the measured sorption data

with the fitting models is performed to choose the best descrip-
tive model. Lastly, the steric and energetic investigation of the
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water sorption process on the Ajwa dates are carried out via
the analysis of the selected model’s parameters.

According to the adsorption isotherms of dates in Fig. 3, we

can notice a multi-layer adsorption phenomenon. In this case,
the measured data are interpreted using four physical analyti-
cal models which are divided in to two categories. The first cat-

egory characterizes a finite number of formed adsorbed layers
giving rise to two adsorption models: the expression of the first
FMMPG model is developed via the perfect gas assumption

(Brunauer et al., 1940) and the expression of the second
FMMRG model is obtained based on the real gas assumption
(Knani et al., 2020). The second category reflects the formation
of an infinite number of adsorbed layers involving also two

adsorption models: the IMMPG model (perfect gas) and the
IMMRG model (real gas).

Note that during the models’ development, we consider cer-

tain hypotheses:
At first, the adsorption phenomenon should be described

through the grand-canonical ensemble of Gibbs disclosed in

(Brunauer et al., 1940; Dural and Hines, 1993). Therefore,
the adsorption reaction implicating the free phase (water vapor
molecules) and the tested adsorbent (Ajwa dates) are summa-

rized in Eq. (2) (Brunauer et al., 1940; Dural and Hines, 1993):

n Wð Þ þD¢ Wð Þn �D ð2Þ
where:

W: the water molecule (adsorbate).

D: the date (adsorbent).
(W)n-D: the water- date product.
n: the stoechiometric coefficient of the sorption reaction. It

describes the number of binding molecules per site. Generally,

this parameter identifies the property of the adsorption mech-
anism (n � 1 multi-molecular phenomenon, n � 0.5: multi-
anchorage phenomenon).

The grand-canonical system is characterized by the chemi-
cal potential (l), the sorption energy (�ei) and the temperature
(T) enforcing from the exterior towards the examined system.

The total expression of the partition-function of the grand-
canonical ensemble (zgc) including these variables presents
the departure idea for models development (Brunauer et al.,
1940; Dural and Hines, 1993).

zgc ¼
X
Ni

e�b �ei�lð ÞNi ð3Þ

For the multi-layer process of water sorption, two energies
(�e1) and (�e2) are considered for this mechanism. Note that

the first energy (�e1) characterizes the first layer formation;
and the second energy (�e2) is in relation with the formation
of the supplementary adsorbed layers (Brunauer et al., 1940;

Dural and Hines, 1993). This hypothesis is taken into account
because the first layer is directly interacted with the surface of
adsorbent so it is suggested that it is adsorbed with a particular

energy level which should be greater than the additional layers.
The grand canonical partition function of each system is then
given as:

For the finite multi-layer process:

zgc ¼ 1þ ebðe1þlÞ þ PL
Ni¼2

e�b �e1�ðNi�1Þe2�Nilð Þ

¼ 1þ eb e1þlð Þ þ eb e1þe2þ2lð Þ::::þ eb e1þN2e2þ N2þ1ð Þlð Þ

¼ 1þ eb e1þlð Þ� �þ eb e1þlð Þð Þ eb e2þlð Þð Þ 1� eb e2þlð Þð ÞN2
� �

1�eb e2þlð Þð Þ

ð4Þ
where, N2 is the layers number which are formed with the

energy level (-e2).
For the infinite multi-layer process:

zgc ¼ 1þ ebðe1þlÞ þ P1
Ni¼2

e�b �e1�ðNi�1Þe2�Nilð Þ

¼ 1þ eb e1þlð Þ� �þ eb e1þlð Þð Þ eb e2þlð Þð Þ
1�eb e2þlð Þð Þ

ð5Þ

The following step of this physical modeling requires the
calculation of the average number (N0) of similar dates sites
(Dm) (Ben and Bouazra, 1997; Sellaoui et al., 2018):

N0 ¼ DmkBT
@lnðzgcÞ

@l
ð6Þ

Moreover, the adsorption quantity expression (Qa) of the

analytical models is given by the following formula (Souissi
and Ben, 2021; Ben and Yahia, 2020; Prola et al., 2013;
Marquardt, 1963):

Qa ¼ nDmkBT
@lnðzgcÞ

@l
ð7Þ

Note here that the analytical equation of the moisture con-
tent (Qa) corresponding to the four multi-layer adsorption

models is calculated from the product of the number of water
molecules per adsorbing site n and the average occupation
number N0 of each model (Souissi and Ben, 2021; Ben and

Yahia, 2020; Prola et al., 2013; Marquardt, 1963).
The average number (N0) and the adsorbed amount expres-

sion (Qa) can be determined by inserting the chemical potential

of perfect gas (lp) in the mathematical development of the
FMMPG model and the IMMPG model, using its expression
determined according to the partition-function of translation
per unit of volume (zTr), the number of adsorbates (N), the

partial pressure of the water vapor (P) and the gas volume
(V) (Dural and Hines, 1993; Peleg, 1993; Ben and Bouazra,
1997; Sellaoui et al., 2018; Souissi and Ben, 2021):

lp ¼
1

b
ln

N

zTr

� �
¼ 1

b
ln

bPV
zTr

� �
ð8Þ

The translation partition function per unit of volume zTr is

written versus the vaporization energy of one adsorbed mole of
molecules DEv and the vapor pressure at saturation Pvs

(Aouaini et al., 2014; Yazidi et al., 2020):

zTr ¼ 2pmkBT

h2

� �3
2

¼ 2pmkBT

h2

� �3
2ðkBTÞbe�DEv

RT e
DEv
RT ¼ bPvse

DEv
RT

ð9Þ

Here, we suppose that there are no interactions between the

adsorbed molecules and that only the translation degrees of
freedom are taking into account because the others degrees (vi-
brational, rotational, electronic and nuclear degrees of free-
doms) act only at high temperature (Aouaini et al., 2014).

Using Eqs. (8) and (9) at equilibrium, energies can be
expressed as:

ebðe1þlÞ ¼ ðaw
a1
Þ
n

ð10Þ

ebðe2þlÞ ¼ ðaw
a2
Þ
n

ð11Þ
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The water activity aw is the ratio of P and Pvs and, a1 and a2
include the molar sorption energies (�DE1) and (�DE2):

aw ¼ P

Pvs

ð12Þ

a1 ¼ e�
DE1�DEv

RT

� �
ð13Þ

a2 ¼ e�
DE2�DEv

RT

� �
ð14Þ

Then, we obtain the expression of the moisture content cor-

responding to the FMMPG model and the IMMPG model
established through the ideal gas assumption:

FMMPG model:

QaðFMMPGÞ ¼ nDm

�
ðaw
a1
Þn þ ðaw

a1
Þnðaw

a2
Þn 1� 2ðaw

a2
ÞnN2 � Lðaw

a2
ÞnðN2þ1Þ þ ðawa2 Þ

nð1�ðawa2 Þ
nN2 Þ

1�ðawa2 Þ
n

� �

ð1� ðaw
a1
ÞnÞð1� ðaw

a2
ÞnÞ þ ðaw

a1
Þnðaw

a2
Þnð1� ðaw

a2
ÞnN2 Þ

0
BB@

1
CCA

ð15Þ

IMMPG model:

QaðIMMPGÞ ¼ nDm

�

aw
a1

� �n

þ aw
a1

� �n
aw
a2

� �n

þ
aw
a1

� �n

aw
a2

� �2n

1� aw
a2

� �n

1þ aw
a1

� �n

� aw
a2

� �n

0
BBBBBBB@

1
CCCCCCCA

ð16Þ

The energetic variables a1 and a2 are given by Eqs. (13) and
(14).

The modeling work was also executed using the chemical
potential (µr) of real gas to establish the expressions of the
FMMRG model and the IMMRG model. In this case, the lat-
eral interactions involving the adsorbates at free state are

taken into account by means of the parameters a (the pressure
of cohesion) and b (the co-volume) (Ben and Bouazra, 1997;
Sellaoui et al., 2018):

lr ¼ lp þ kBTln
V

V�Nb
þ kBT

Nb

V�Nb
� 2a

N

V
ð17Þ

Then, the theoretical equations of the moisture content of
the FMMRG model and the IMMRG model are:

FMMRG model:

QaðFMMPGÞ ¼ nDm

�
ðaw
a1
Þn þ ðaw

a1
Þnðaw

a2
Þn 1� 2ðaw

a2
ÞnN2 � Lðaw

a2
ÞnðN2þ1Þ þ ðawa2 Þ

nð1�ðawa2 Þ
nN2 Þ

1�ðawa2 Þ
n

� �

ð1� ðaw
a1
ÞnÞð1� ðaw

a2
ÞnÞ þ ðaw

a1
Þnðaw

a2
Þnð1� ðaw

a2
ÞnN2 Þ

0
BB@

1
CCA

ð18Þ

IMMRG model:

QaðIMMRGÞ ¼ nDm

�

aw
a1

� �n

þ aw
a1

� �n
aw
a2

� �n

þ
aw
a1

� �n

aw
a2

� �2n

1� aw
a2

� �n

1þ aw
a1

� �n

� aw
a2

� �n

0
BBBBBBB@

1
CCCCCCCA

ð19Þ
where a1 and a2 are functions of the energetic variables w1 and

w2:

a1 ¼ w1ð1� bawÞe2baawe�
baw

1�baw ð20Þ

a2 ¼ w2ð1� bawÞe2baawe�
baw

1�baw ð21Þ
with:

w1 ¼ e�
DEa

1
�DEv

RT ð22Þ

w2 ¼ e�
DEa

2
�DEv

RT ð23Þ
In this paper, the four developed multi-layer models are

advanced equations which can be used for the modeling of
multi-layer isotherms curves. The two models established

through the ideal gas law (FMMPG and IMMPG) were devel-
oped and published in previous papers (Alyousef et al., 2020;
Sellaoui et al., 2018). The two models established by taking

account of the lateral interactions between the molecules based
on the real gas approach (FMMRG and IMMRG) were devel-
oped for the first time in this paper and they were not

previously published in our knowledge. Both real gas and ideal
gas are assumptions of the statistical physics theory devoted
for the development of advanced descriptive models’ equations

which are useful for giving new physical investigation of water
sorption isotherms on foods. The difference between the two
assumptions can be seen in the parameters number in the ana-
lytical expression of the model but they include in their expres-

sions parameters that have physical meaning, contrary to the
empirical forms (Brunauer et al., 1940; Dural and Hines,
1993; Peleg, 1993), whose parameters usually have no physical

presentation.

3.2. Selection of the descriptive model

The four multi-layer models were adjusted with the water sorp-
tion isotherms using a numerical fitting program (Sellaoui
et al., 2018; Ben and Yahia, 2020). The criterions to adopt a

descriptive model are the RMSE (Marquardt, 1963; Hadi
et al., 2010; Rêgo et al., 2013; Kapoor and Yang, 1989) error
coefficient, the well-known AIC (Sellaoui et al., 2018; Ben and
Yahia, 2020) coefficient and the determination coefficient R2

(Prola et al., 2013; Marquardt, 1963).
The Numerical adjustment of the isotherms indicated the

best fitting multi-layer model showing the highest values of

R2 which should be close to the unit and the lowest values
of AIC and RMSE comparing to the other models (Sellaoui
et al., 2018). These conditions are necessary to adopt a descrip-

tive model because they indicate that the gap between the mea-
sured isotherms and the estimated values of the theoretical
model is minimized to a confidence level of 95% (Prola
et al., 2013; Marquardt, 1963). Thus, the fitted values of

parameters given by the appropriate multi-layer model are pre-
sented with scattering (error interval). So, any value of the
parameters outside the error interval depreciate the accuracy

of the fit. Consequently, the model (by different other param-
eters) cannot approximate the experimental data with good
values of errors coefficients (AIC, RMSE and R2).

Table 1 shows the fitting coefficients values.
From Table 1, the experimental isotherms of the Ajwa

dates were analyzed by the infinite multi-layer model (ideal
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gas theory) since the adsorption isotherms present the best
adjustment coefficients with the IMMPG model. This shows
that an infinite number of water molecules layers are adsorbed

onto the Ajwa dates and that the adsorption mechanism is per-
formed without lateral interaction impacts (the lateral interac-
tions at free state are only considered in the real gas models

(FMMRG and IMMRG) where the analytical expressions of
the models include the parameters a and b).

It should be pointed out that the IMMPG adsorption

model (Eq. (16)) contains four physicochemical parameters,
Dm and n (steric aspect) and a1 and a2 (energetic aspect), which
can be used for the microscopic analysis of the adsorbate-
adsorbent system.

In the following part, the adjusted values of these parame-
ters are discussed and analyzed versus temperature to interpret
the sorption reaction at the molecular degree.

4. Physicochemical explanation of the adsorption process

In Table 2, the adjustment values of the energetic and steric

parameters affecting the adsorption of water on dates at the
three temperatures is summarized:

4.1. Steric study

The steric aspect of the water sorption process can be under-
stood from the behaviors of the variables n and Dm

(Marquardt, 1963; Hadi et al., 2010). The first variable
describes the number of water molecule per date site and the
second one characterizes the amount of occupied dates sites.
Table 1 Values of the correlation coefficient R2, the residual roo

criterion AIC deduced from the numerical adjustment of experiment

Fitting model Adjustment coefficient Isotherm temperature: 303

FMMPG model R2 0.91

RMSE 6.1

AIC 20.3

FMMRG model R2 0.92

RMSE 4.2

AIC 18.4

IMMPG model R2 0.98

RMSE 1.12

AIC 14.5

IMMRG model R
2 0.97

RMSE 2.14

AIC 16.4

Table 2 Fitting values of the steric parameters (n and Dm) and the e

vapor molecules on the ‘Ajwa’ dates at three temperatures.

Fitting model Model

parameters

Isotherm t

303 K

Infinite multi-layer model (perfect gas):

IMMPG

n 0.89 (±0.

Dm 0.58 (±0.

a1 0.21 (±0.

a2 0.83 (±0.
According to Table 2, all n values of the water molecules
adsorption are inferior to 1 for the three sorption temperatures
which demonstrates that the water molecules adopt a multi-

anchorage process during the Ajwa dates adsorption (Rêgo
et al., 2013; Kapoor and Yang, 1989; Almogait et al., 2020;
Yahia et al., 2019; Yazidi et al., 2020).

According to the IMMPG model, the fitting values of n
were found to be between 0.62 and 0.89. The fact that n never
exceeds the value of 1, indicates that no aggregation occurs

prior to the sorption phenomenon. As a fundamental defini-
tion, an n value superior to 1 depicts the number of particles
per site, while an n value inferior to 1 depicts the fractions
of particles per site (Rêgo et al., 2013; Kapoor and Yang,

1989; Almogait et al., 2020; Yahia et al., 2019; Yazidi et al.,
2020). Depending on this hypothesis, n’=1/n depicts the
anchorage numbers of one particle on various receptor sites.

In fact, the adsorbed water molecule has numerous ways to
be bonded on the receptor date site depending on its angle
of incidence and its geometry with the date surface but if we

simplify this multitude, it can be supposed that the adsorbed
water molecule has only two kinds of anchorages.

For instance, the n value is equal to 0.71 at 313 K. This

value is specified as the weighted average between 1/2 and 1,
presenting an anchorage number n’ ranging from 1 to 2. The
value of n is given as an average between two ensembles of
water molecules presenting one anchorage (n0

1 = 1) and two

anchorages (n0
2 = 2). x is indicated as the percentage of parti-

cles with a single anchorage, the percentage of water molecules
presenting two anchorages is then (1 � x). Consequently, it

can be written as 0.71 = x � 1 + (1 � x) � 0.5, which rules
out that 42% of water molecules are adsorbed with a single
t mean square coefficient RMSE and the Akaike information

al isotherms with the four statistical physics models.

K Isotherm temperature: 313 K Isotherm temperature: 323 K

0.89 0.91

6.7 6.2

21.1 20.9

0.92 0.91

4.5 5.1

19.2 19.1

0.99 0.98

1.4 0.33

15.4 16.3

0.96 0.96

2.5 2.6

17.3 17.2

nergetic parameters (a1 and a2) affecting the adsorption of water

emperature: Isotherm temperature:

313 K

Isotherm temperature:

323 K

018) 0.71 (±0.019) 0.62 (±0.016)

012) 0.41 (±0.011) 0.33 (±0.012)

009) 0.25 (±0.007) 0.24 (±0.008)

021) 0.86 (±0.019) 0.82 (±0.02)



Fig. 4 Variations of the adjusted values of the steric parameters

number of molecules per site ‘n’ and density of receptor sites ‘Dm’

as a function of temperature.
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anchorage and 56% of water molecules are anchored with two
dates sites.

In addition, it is noted from Fig. 3 that once the tempera-
ture rises, the adsorption amounts decrease. This is proved
from Fig. 4 which indicates that the values of the coefficients
Dm and n decrease with the rise of the temperature from

303 K to 323 K. It can be concluded that the thermal agitation
effect disfavors the adsorption dynamics which was an
exothermic process (Elqahtani et al., 2021; Ben et al., 2016;

Aouaini et al., 2017).

4.2. Energetic study

The molar adsorption energies (�DE1) and (�DE2) (kJ.mol�1)
can be calculated by means of the next formula including the
saturation vapor energy (�DEv) (kJ.mol�1) and the energetic

coefficients a1 and a2, which are determined from numerical
simulation of the IMMPG model with the experimental data
(Aouaini et al., 2017):

�DE1 ¼ �DEv þ RTln a1ð Þ ð24Þ

�DE2 ¼ �DEv þ RTln a2ð Þ ð25Þ
According to Table 3, it is clearly observed that the deter-

mined values of |�DE1| which defines the water-date interac-
tion are higher than those of |�DE2| (interaction between the
formed layers (Bouzid et al., 2018).
Table 3 Values of the molar sorption energies |-DE1| and

|-DE2| given in modulus values at 303, 313 and 323 K.

Adsorption temperature

(K)

303 K 313 K 323 K

|�DE1| (kJ/mol) 51.2

(±0.6)

48.6

(±0.7)

42.3

(±0.7)

|�DE2| (kJ/mol) 32.1

(±0.7)

30.4

(±0.6)

27.8

(±0.5)
We observe also that |�DE2| are below 40 kJ.mol�1 which
characterizes physical bindings between the adsorbed layers
(Wjihi et al., 2021; Sun and Wang, 2010). This leads to con-

clude that the interaction between the adsorbed layers of water
molecules is weak and can be cut leading to a reversible phe-
nomenon (desorption). Thus, these water molecules layers

can be easily removed from the adsorbing surface of dates.
Whereas, the adsorption energies |�DE1| are above 40 kJ/mol.
For this system, chemical process of adsorption is carried out

through covalent bonds between the water and the dates
(Peleg, 1993). One can conclude that the interaction between
the first layer of water molecules and the dates surface is strong
because the chemical process is an irreversible phenomenon

and the chemical bonds involve the change in the structures
of the adsorbate and the adsorbent (Wjihi et al., 2021; Yon
et al., 1991). Then, the first layer of water molecule cannot

be easily removed from the Ajwa dates surface contrary to
the other adsorbed layers.

A final deduction from Fig. 5: It can be observed that all

the calculated energies decline with the growth of the temper-
ature from 303 K to 323 K. It can be noticed that the Ajwa
dates adopt an exothermic adsorption mechanism of water

vapor molecules (Kapoor and Yang, 1989).

5. Conclusion

The goal of this paper is to interpret the water-Ajwa date inter-
action through the gravimetric technique which is used to mea-
sure the experimental adsorption isotherms of water activity
on dates. Based on statistical physics modeling, it was discov-

ered that an infinite multi-layer model (perfect gas) is utilized
for the theoretical presentation of date’s adsorption showing
that there is no lateral interactions effect on the system.

Theoretically speaking, the steric study demonstrated the
multi-anchorage aspect of the water adsorption on dates since
the number of bonded molecules per site n was found between

0.62 and 0.89. Thus, 42% of water molecules were anchored
with a single date site and 56% of water molecules were
anchored with two dates sites. The number of occupied dates

sites was the highest at 303 K, leading to conclude the exother-
Fig. 5 Evolution of the molar sorption energies|-DE1| and |-

DE2| as a function of adsorption temperature.
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mic criterion of the adsorption mechanism. The values of the
energy |-DE1| which ranged between 42.3 KJ/mol and 51.2
KJ/mol showed that the interaction water-date can be an ionic

or covalent bonds (chemical process) while the adsorption of
the others layers in the multilayer region occurred through a
physisorption process since the values of the energy |-DE2|

were found between 27.8 KJ/mol and 32.1 KJ/mol. This indi-
cates that all the adsorbed layers of water molecules can be
removed from the dates surface expect the first layer which is

chemically bonded to the dates pores surface.
The results of the present investigation can be improved in

future papers by some characterization of the surface morphol-
ogy of the dates surface after the water adsorption like scan-

ning force microscopy (SFM) and scanning electron
microscopy (SEM). The Ajwa dates sorption can be also inves-
tigated using the density functional theory (DFT) method in

which the electron localization function (ELF) and electron
densities plots are provided and analyzed in detail. The
advanced multilayer model can be also performed to study

the sorption energy distribution (AED) and the pore size dis-
tribution (PSD).
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