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The experimental study of water vapour adsorption phenomenon on a zeolite, by dielectric relaxation measurement, makes it
possible to determine the variations in the exchangeable cation hopping activation energy, on the surface of the solid, in relation
to the number of adsorbed molecules. The present work shows that it is possible to explain the change observed in the energy, by
means of simple assumptions based, on the one hand, on the models used in order to simulate the adsorption process and, on the
other hand, on the distribution of themolecules adsorbed near the exchangeable cations.Thus, the phenomenological interpretation
suggested here, about the change in the exchangeable cation hopping energy, obtained by dielectric relaxationmeasurement, makes
us with a mind to conceive a simple method for explaining the results leading to new information on the organization of the first
adsorbed molecules on the surface of the studied zeolite. Then, it can be verified that these conclusions confirm the assumptions
already developed for interpreting the inferences from previous experiments carried out by means of other techniques.

1. Introduction

The study of gas-solid interfaces has been, for a long time,
of great interest for the physical chemists. Indeed, it raises
fundamental problems that show that the range of our under-
standing of the phenomena associated with the properties
of solids is restricted. Coupled with that, it has potentially
industrial application in various sectors. So understandably
it has been giving rise to interest, since the beginning of the
twentieth century, when microscopic descriptions appeared,
with an aim of explaining the behaviour of themolecules dur-
ing the adsorption process made in isothermal conditions. In
the attempt to explain the phenomenon, the uses of purely
heuristic concepts by the scientists and their expositions have
not always been unquestionable and that prompts us to try
new approaches, based on unprecedented experimental stud-
ies. In that context, every piece of findings, in the knowledge
of the phenomena that happen on the surface of materials,
can contribute significantly to explaining the recurring prob-
lem of the reactivity of the solids [1–3]. Thus, we studied the

variations in the energy relating to the exchangeable cation
hopping between the sites characterizing the zeolite surface.
For the purpose, we tried to think out a method able to
measure the modifications in the behaviour of the surface
of solids, when they are submitted to the adsorption phe-
nomenon. Indeed, previous works [4–8] show that it is possi-
ble to consider the adsorption process as a chemical reaction:

Vapour + Solid⇐⇒ Adsorbed-Phase (1)

To evaluate the evolution of the solid’s surface according
to the amount of adsorbed vapour, we need to determine
experimentally the performance of a characteristic property
of the system, which varies with the course of the reaction.
We opted for dielectric relaxation measurement in a sample
kept in successive equilibrium states. In actual fact, the
method consists in measuring, as accurately as possible, the
variations of a parameter related to the surface structure and
depending on the vapour pressure imposed on the system,
at constant temperature. The work we did previously on
the zeolites [9–12] moved us to examine a Na-mordenite
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submitted to various pressures onwater vapour,while observ-
ing its electric properties.

2. Materials and Methods

2.1. Conditioning of the Sample. To study some hydrated sam-
ples of Na-mordenite, we shaped the zeolite into a solid disc
conveniently sized to fit into the two conducting surfaces of
a measuring capacitor. As it proceeded, we first compressed
a powdered portion of the solid in an adapted mold under
the pressure of 108 Pa for 2 hours. Then the sample is fully
hydrated, by keeping it for 48 hours in the atmosphere
saturated with vapour emitted by a crystallizing dish, filled
with water three times distilled in a silica assembling. The
crystallizing dish is localized at the bottom of a watertight
container wherein we put the sample.The whole set is kept at
the constant temperature (298K). At last, the fully hydrated
sample is placed in the measuring device for dielectric
relaxation measurement. The temperature (TT) of the set is
held constant for 3 hours. At the end, the sample is in a state
of hydration that can be approximately considered as an equi-
librium state, even if it actually corresponds to a stationary
state, where the number of the adsorbed water molecules
can be considered constant. To verify that the number of
the adsorbed water molecules on the solid, in this stationary
state, does not vary, we repeated the experimental procedure
by using the thermogravimetric technique, which, indeed,
makes it possible to determine directly the sample mass. By
the way, the thermogravimetry apparatus consists of an elec-
tronic microbalance whose mobile equipment is essentially
composed of a beam jointed to a torsion ribbon tightened by
two springs. At one end of the beam is fixed the stick bearing
the crucible containing the sample. For the experiments, the
solid is submitted to an adsorption process, and we observe
growth in the mass. If we designate the initial mass of the
sample by 𝑚

𝑖
and its final mass by 𝑚

𝑓
, the relative variation

in the mass (Δ𝑚), expressed as a percentage, is equal to

Δ𝑚 =

𝑚
𝑓
− 𝑚
𝑖

𝑚
𝑖

⋅ 100. (2)

Proceeding as already described, we obtained the results that
enable us to calculate the mass of water molecules adsorbed
onto each Na-mordenite sample (characterized by its Si/Al
ratio) as a function of the equilibrium temperature (TT).
Then, we measured the corresponding dielectric losses.

2.2. Experimental Measurements. Dielectric loss measure-
ments are performed on a sample previously prepared as
described. The parameter in which we are interested in
this type of experiment is the activation energy (Δ𝐸ex) that
characterizes the cation hopping responsible for the dielectric
losses. The relations between the cation hopping and the
dielectric lossmeasurements have been described in detail, in
a previous series of works [9–12]. To determine the activation
energy, first we had to draw the change curve of the imaginary
permittivity (𝜀) of the sample in relation to the frequency
[13–18], at a given measuring temperature (𝑇). In order
to avoid disrupting the equilibrium between the surface of
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Figure 1: Plot of 𝜀 measurements depending on the frequency
and at various temperatures 𝑇, 𝜀 being the imaginary part of the
permittivity of a Na-mordenite characterized by its Si/Al ratio and
previously hydrated and kept at TT = 373K, for 3 hours.

the solid and the adsorbed molecules, we chose a range of
temperatures, such as 𝑇 ≤ TT − 50K. The measurements
of the imaginary part (𝜀) of the dielectric permittivity thus
obtained, according to the frequency of the electric field, are
shown, as an example, in Figure 1.

Referring to Figure 1, the logarithm of the frequency
measuring the maximum abscissa of each curve, character-
ized by a measuring temperature 𝑇, allows us to determine
the most probable time (𝜏

𝑀
) of the polarization relaxation

phenomenon that happens within the sample submitted to
the experimental conditions, previously described. Indeed,
the mathematical function that describes the variation of 𝜀
depending on the frequency has a maximum for

𝜔
𝑀
× 𝜏
𝑀
= 1. (3)

By plotting each value determined from (3), on the curve
characterized by a measuring temperature (𝑇), in relation to
the ratio (1/𝑇), we obtain a straight line whose slope leads to
the energy (Δ𝐸ex,𝑀), by using the following relation:

ln (𝜏
𝑀
) = ln (𝜏

0
) +

Δ𝐸ex,𝑀

𝑘𝑇

. (4)

An example of straight line thus obtained is shown with the
diagram in Figure 2.

Proceeding as described, first we determined the energy
(Δ𝐸ex) values, by assessing them with a margin of error
of 0.01 eV [9–12] according to the equilibrium temperatures
(TT) towhich theNa-mordenite samples previously hydrated
were successively submitted. Then, we were able to deter-
mine the degree of hydration of the Na-mordenite at each
temperature (TT), thanks to the results obtained with the
use of a thermobalance. And we elicited the values of the
energy (Δ𝐸ex) as a function of the number of adsorbed water
molecules, for the considered Na-mordenite characterized by
the Si/Al ratio.

The results are shown in Tables 1, 2, 3, and 4.
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Figure 2: Variation of log(𝑓
𝑀
) depending on (1000/𝑇) (𝑓

𝑀
= 𝜔
𝑀
/

2𝜋 is the corresponding frequency to the peak of the curve of the
permittivity imaginary part (𝜀) measured at various temperatures
(𝑇) and expressed in K).

Table 1: Number of water molecules (𝑛H2O) adsorbed per cation, in
a set of Na-mordenite samples characterized by the Si/Al ratio = 5.5,
at each treatment temperature (TT), and the corresponding values
of Δ𝐸ex.

TT (K) 𝑛H2O adsorbed
per cation

Δ𝐸ex in eV

373 1.425 0.64
393 1.0515 0.68
403 0.917 0.69
413 0.808 0.71
433 0.65 0.74
443 0.579 0.75
453 0.518 0.75
463 0.439 0.75
473 0.361 0.76

Table 2: This table shows the experimental variations of Δ𝐸ex and
the amount of adsorbed water molecules (𝑛H2O) on Na-mordenite
samples characterized by the Si/Al ratio = 7.92, at various treatment
temperatures (TT).

TT (K) 𝑛H2O adsorbed
per cation

Δ𝐸ex in eV

373 1.825 0.61
383 1.35 0.64
393 1.301 0.67
403 1.110 0.68
413 0.967 0.70
423 0.861 0.71
433 0.781 0.71
453 0.632 0.72
473 0.476 0.72

Table 3: Values of experimental variations of Δ𝐸ex in relation to
the number of adsorbed water molecules (𝑛H2O) on Na-mordenite
samples characterized by the Si/Al ratio = 9.71, at various treatment
temperatures (TT).

TT (K) 𝑛H2O adsorbed
per cation Δ𝐸ex in eV

383 1.576 0.66
393 1.330 0.69
403 1.147 0.71
413 1.094 0.74
423 0.893 0.76
433 0.804 0.77
453 0.661 0.77
463 0.58 0.77

Table 4: Adsorption of water molecules (𝑛H2O) on Na-mordenite
samples characterized by the Si/Al ratio = 11.37 and the correspond-
ing experimental variations in 𝑛H2O and Δ𝐸ex as functions of TT.

TT (K) 𝑛H2O adsorbed
per cation Δ𝐸ex in eV

403 0.964 0.70
413 0.809 0.74
423 0.706 0.77
433 0.527 0.78
453 0.46 0.78
433 0.38 0.78

3. Results and Discussion

3.1. Phenomenological Modelling. It has been an accepted fact
for about ten years that the adsorption phenomenon of water
on the aluminosilicate surface proceeds in successive steps
that were largely described [19–21]. In the present work, we
purposely limited our investigations to the domain wherein
the number of adsorbed water molecules is not yet high
enough for the monolayer to be effective. So we can consider
that the solvation phenomenon which leads to the extraction
of some cations from the surface does not happen.

Many authors [22–28] have reported simulations using
some methods of Monte Carlo and of molecular dynamics,
to explain the influence of water molecule adsorption on the
energy of the exchanged sodium cations in the hopping pro-
cess within certain zeolites.Those contributions to the subject
are currently fully accepted by the scientific community. Our
objective, in this work, consists in using the experimental
results of previous work [22–28] to suggest a new empirical
method that gives us the opportunity to make use of the
obtained experimental results, by studying the adsorption
process by means of dielectric relaxation measurement [29–
34]. Then it should be possible to have new knowledge of the
microscopic water molecule adsorption process within the
zeolites.

By listing the models used for the simulations [22–28],
one sees that, in general, an interaction of Lennard-Jones is
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added to a Coulomb interaction to give the resulting inter-
action law between a water molecule referred to by the sub-
script 𝑗 and the cation Na+ referred to by the subscript 𝑘. We
know that the general expression of the Lennard-Jones law
[35–37] is as follows:

Δ𝐸L-J = 4 × Δ𝜀0,𝑘𝑗 [(
𝑟
0,𝑘𝑗

𝑟
𝑘𝑗

)

12

− (

𝑟
0,𝑘𝑗

𝑟
𝑘𝑗

)

6

] , (5)

where 𝑟
𝑘𝑗

is the distance between the two particles (the
adsorbedwatermolecule and the cation) in interaction,Δ𝜀

0,𝑘𝑗

is an energy, and 𝑟
0,𝑘𝑗

is a distance that characterizes the inter-
action of Lennard-Jones. In this context, the value of 𝑟

0,𝑘𝑗
is a

constant, for a given system.
We also know that the expression of the Coulomb inter-

action law is formulated as follows:

Δ𝐸
𝐶
=

𝑞
𝑘
× 𝑞
𝑗

4𝜋𝜀
0
× 𝑟
𝑘𝑗

, (6)

where 𝑟
𝑘𝑗
has the samemeaning as in the previous expression,

𝑞
𝑘
and 𝑞

𝑗
are, respectively, the charges carried by the cation

and the charge carried by the atom of the water molecule that
interacts with the cation, and 𝜀

0
is the vacuum permittivity.

Then we put down

𝑥
𝑘𝑗
=

𝑟
𝑘𝑗

𝑟
0,𝑘𝑗

(7)

that is simply the expression of the distance between a
water molecule 𝑗 absorbed near a cation and this cation 𝑘,
considering 𝑟

0,𝑘𝑗
to be the unit of length. Then we drew the

curve representing the variation of that interaction energy in
relation to the distance 𝑥

𝑘𝑗
and we tried to simulate the curve

by using the empirical function

Δ𝐸ex,emp = −(
𝐶

𝑥
𝑘𝑗

)

𝑚

. (8)

We limited the study to the values of 𝑥
𝑘𝑗
ranging from 1 to

5, expressed in the chosen unit, because this interval cor-
responds to the variations obtained experimentally with the
distances between exchanged sodium and the oxygen of an
adsorbed water molecule, when we studied the adsorption
phenomenon by measuring the dielectric relaxation [38–41].
The obtained result is shown in Figure 3. The fit between
the two curves seemed very satisfactory, taking into account
the uncertainties while determining experimentally the
exchanged cation hopping energy.

Now, we can express the change in the energy of a cat-
ion hopping related to water molecule adsorption, by a rela-
tionship that has the following form:

Δ𝐸ex = −∑
𝑗

(

𝐶

𝑥
𝑘𝑗

)

𝑚

. (9)

This sum of the interaction energies exchanged between a
cation and the adsorbed water molecules gives an evaluation
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Figure 3: Simulation (solid line) by an empirical relation:Δ𝐸ex,emp =

−(𝐶/𝑥
𝑘𝑗
)
𝑚 of an interaction resulting from the sum of two elemental

interactions: a Lennard-Jones interaction on one hand and a
Coulomb interaction on the other hand.

of the modification in the necessary energy to extract the
cation from its host site (adsorption site). Then classifying
the adsorbed water molecules on the basis of their distance
to the considered cation and seeing the summation from this
angle, it can be expressed in terms of terms as given with (10):
the term 𝑥

𝑘,1𝑤
standing for the common distances of the 𝑛

1

water molecules adsorbed in the nearest vicinity of the cation
and 𝑥

𝑘,2𝑤
for the common distances of the 𝑛

2
adsorbed water

molecules in the next vicinity of the same cation and so forth:

Δ𝐸ex = Δ𝐸
𝑜

ex −
[

[

𝑛
1

∑

𝑖=1

(

𝐶

𝑥
𝑘,1𝑤

)

𝑚

+

𝑛
2

∑

𝑖=𝑛
1
+1

(

𝐶

𝑥
𝑘,2𝑤

)

𝑚

+

𝑁H2O,total

∑

𝑖=𝑛
2
+1

(

𝐶

𝑥
𝑘,3𝑤

)

𝑚

]

]

.

(10)

It can be seen that, according to their definition, 𝑥
𝑘𝑗

are
scalars. In this description of the adsorption phenomenon,
𝑥
𝑘,1𝑤

characterizes the adsorbed molecules that belong to
the nearest set to the considered cation; 𝑥

𝑘,2𝑤
characterizes

the adsorbed molecules that belong to the set adjoining the
nearest set to the considered cation. We can write down

𝛽
2
=

𝑥
𝑘,2𝑤

𝑥
𝑘,1𝑤

,

𝛽
𝑖
=

𝑥
𝑘,𝑖𝑤

𝑥
𝑘,1𝑤

.

(11)

Then using

Δ𝜀
𝑢
= (

𝐶

𝑥
𝑘,1𝑤

)

𝑚

(12)
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and substituting it into (10), we obtain

Δ𝐸ex = Δ𝐸
𝑜

ex −
[

[

𝑛
1

∑

𝑖=1

Δ𝜀
𝑢
+

𝑛
2

∑

𝑖=𝑛
1
+1

(

1

𝛽
2

)

𝑚

Δ𝜀
𝑢

+

𝑁H2O,total

∑

𝑖=𝑛
2
+1

(

1

𝛽
3

)

𝑚

Δ𝜀
𝑢
]

]

.

(13)

So the variation of Δ𝐸ex in relation to the number (𝑛H
2
O) of

the adsorbed water molecules at each degree of advancement
can be represented by a curve formed by a series of line
segments whose slopes are always negative, with decreasing
absolute values corresponding to the term (1/𝛽

𝑖
)
𝑚, where 𝛽

𝑖

denote the distances between the cation and the adsorbed
water molecules.

Therefore it can be seen that, by opting for this very
simple modelling, the interpretation of the curves showing
the variations of Δ𝐸ex(𝑛H

2
O) as a function of the number of

adsorbed water molecules gains further credit. Indeed, the
slopes corresponding to the line segments that we can draw,
to split the curves, yield a relative estimate of the respective
distances relative to the cation considered as the origin of
the positions of the adsorbed water molecules. We can also
deduce from it, at every step in the adsorption process, the
influence of the water molecules (that fasten onto the surface
of the Na-mordenite) on the energy of the exchanged cation
hopping. We can compare the information that provides the
new interpretation of the curves showing the variation of
Δ𝐸ex(𝑛H

2
O) as a function of the number of the adsorbedwater

molecules with the assumption we previously made for inter-
preting the experimental results obtained with a series of Na-
mordenites.The information that furnishes this new interpre-
tation supports the hypotheses thatwe previously put forward
[38–41]. It is coherent with the results of the simulations con-
ducted in order to explain the same phenomenon [24–26].

3.2. Interpretation of the Experimental Results

3.2.1. Na-Mordenites 5.5, 7.92, 9.71, and 11.37. All the curves
showing the variations of Δ𝐸ex(𝑛H

2
O), estimated with an

accuracy of 0.01 eV in relation to the number of the absorbed
watermolecules, drawn from the experimental results yielded
by the series of Na-mordenites are shown in Figures 4, 5, 6,
and 7.

It can be seen, in Figures 4, 5, 6, and 7, that the splitting
into successive line segments always leads us to draw two
successive straight lines:

(i) the one corresponding to the first adsorbed water
molecules has the lowest slope;

(ii) the latter one characterizing the water molecules sub-
sequently adsorbed has the highest slope (in absolute
value).

Table 5 reports the slope values in comparison to the
hydration domain of the mordenites. The most dehy-
drated portion is characterized by a single slope equal to
−0.056 eV⋅mol−1⋅cat−1.
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Figure 4: Schematic showing the experimental variations of Δ𝐸ex
as a function of 𝑛H2O during the adsorption process on a sample of
Na-mordenite 5.5.
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Figure 5: Graph of the experimental variation of Δ𝐸ex against 𝑛H2O,
the amount of adsorbed water molecules on Na-mordenite sample
characterized by the Si/Al ratio = 7.92.

3.3. Comparison between the Influence of the Si/Al Ratio and
That of the Water Vapour Adsorption Process on Δ𝐸

𝑒𝑥
. We

first determine the variation ofΔ𝐸ex, as a function of the Si/Al
ratio, in a series of dehydratedNa-mordenite samples of Si/Al
ratios varying from 5 to 15 including those of the Si/Al ratios
studied in the present work (see Figure 8). Thus, the values
of Δ𝐸ex determined by dielectric relaxation measurement in
a series of dehydrated Na-mordenites can be considered as a
parameter that characterizes the Si/Al ratio of each studied
sample.

While considering the results relating to the hydrated
mordenites, we included the values in whichwe are interested
in Table 6 wherein we also included the slopes of the curves
representing Δ𝐸ex (in eV) = 𝑓(𝑛H

2
O) determined while ob-

serving the second step (highest slopes) in the adsorption of
water molecules on the corresponding zeolites.

As illustrated by Figure 8, when we plot these results,
they show without ambiguity that the rise in the Si/Al ratio
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Table 5: Slopes of the line segments that form the curve representing Δ𝐸ex (in eV) = 𝑓(𝑛H2O) and the corresponding domain of the number
of adsorbed water molecules.

Adsorption domain 0.3 < 𝑛H2O < 0.6

On the whole observed Na-mordenites
0.6 < 𝑛H2O < 1.2

Na-mordenite 5.5

Slope −0.056
(common) −0.120

Adsorption domain 0.9 < 𝑛H2O < 1.8

Na-mordenite 7.92
1 < 𝑛H2O < 1.6

Na-mordenite 9.71
0.75 < 𝑛H2O < 1

Na-mordenite 11.37
Slope −0.107 −0.156 −0.275

Table 6: Values of Δ𝐸ex corresponding to the completely dehydrated state, and reminder of the corresponding highest slopes, after hydration
process (Table 5).

Si/Al ratio 5.5 7.92 9.71 11.37
Δ𝐸ex (in eV) 0.67 0.70 0.72 0.74
Slope −0.120 −0.107 −0.156 −0.275
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Figure 6: Variation of the experimental Δ𝐸ex with change in the
number (𝑛H2O) of adsorbed water molecules on a sample of Na-
mordenite 9.71.
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Figure 7: Relation between the experimental variation of Δ𝐸ex and
the number (𝑛H2O) of adsorbed water molecules on Na-mordenite
sample characterized by the Si/Al ratio = 11.37.
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Figure 8: Comparison between the influences of the Si/Al ratio on
Δ𝐸ex and on the modifications of the energy (Δ𝐸ex) by the water
vapour adsorption process.

is accompanied by a concomitant increase in the cation
hopping energy within the dehydrated Na-mordenites. They
also show clearly that, above 7.3, the Si/Al ratio influences
markedly the interaction of the water molecules adsorbed
during the second step in the adsorption (highest slopes),
with the exchangeable cations. Indeed, we see in Figure 8 that,
beyond 7.3, the more the Si/Al ratio increases the quicker and
deeper the cation hopping energy is modified by the water
molecules adsorbed during the second step in the adsorption.
That means that when the Si/Al ratio is high, the adsorbed
water molecules come rapidly and disturb strongly the cation
hopping energy. We can infer that beyond 7.3 the increase in
the Si/Al ratio within the Na-mordenites is the expression of
a higher affinity of the water molecules for the exchangeable
cations.

The information that furnishes this new interpretation
confirms the hypotheses put forward beforehand. And it
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a
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Figure 9: Orthorhombic structure of the mordenite characterized by the presence of pores.

is also coherent with the results of the simulations carried
out for explaining the same phenomenon.The interpretation
that we suggest here enables deducing the influence, on the
exchanged cation hopping energy, of the water molecules
absorbed on the Na-mordenite surface at every step in the
adsorption process.

3.4. Structural Illustration of the Modelling. The physico-
chemical properties of the mordenite that belongs to zeolite
family of minerals are strongly related to the crystal struc-
ture, characterized by a unit cell whose general formula is
(M𝑛+)

𝑥/𝑛
Al
𝑥
Si
48−𝑥

O
96
, 𝑦H
2
O, where M is a compensation

alkaline cation or a compensation alkaline earth cation,
whose valency is worth 𝑛. Thus the mordenite is an alumi-
nosilicate made up of an assembly of [SiO

4

4−
] tetrahedra

and [AlO
4

5−
] tetrahedra sharing the oxygen atoms at their

corners. This organization of tetrahedra displays, within

the created structure, two types of molecular-sized channels
[42–44]:

(i) the principal channels parallel to the axis 𝑐;
(ii) the secondary channels parallel to the axis 𝑏 that

appear on the principal channels and are connected
between them through the lateral cavities.

Figure 9 shows the structure of the mordenite that crys-
tallizes in the orthorhombic system and belongs to the space
group Cmcm or Cmc2. It shows clearly the presence of chan-
nels that constitute it and allow it to develop a high surface-
area accessible to the molecules capable of diffusing through
the pores of the crystal lattice.

On a microscopic level, there are four types of crystal-
lographic sites, occupied by aluminium or silicium atoms.
The cations are located in the specific sites, numbered from
I to VI, followingMortier’s crystallographic site classification
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Figure 10: Representation of the different cationic sites in the mor-
denite labelled according to Mortier’s classification system [45].

system [45], as one goes from the small channel (site I)
towards the big channel (site VI), via the lateral cavities
(sites II, III, and IV). Figure 10 shows a representation of the
mordenite unit cell with the different cationic sites within it.

However, all the cationic sites are not occupied. Their
occupancy depends strongly upon the characteristic of the
considered cation (size, polarizability) but also upon some
structural properties of the host crystal lattice [46–53]. In the
case of the sodium mordenite of Si/Al ratio equal to 5.5, the
occupancy rates [9, 54–57] of sites I, II, III, IV, and VI are,
respectively, 3.1, negligible, negligible, 2.6, and 1.5.

Site I with octahedral coordination is stable and its geom-
etry leaves a tight room for the cation to move about. Its
occupancy brings about a blocking of the lateral cavities and
isolation of the principal channels from each other [58].

Site IV is hexacoordinated and has a planar structure. It
is much less stable than site one and is located at the entry
of the lateral cavities. This position leaves a space to the big
principle channel, thus promoting the mobility of the cation
that occupies it.

As for site VI, it possesses a pyramidal geometry with a
square base. It is located in the big principal channel and has
a very open framework structure.

The change in the ratio Si/Al influences the physical-
chemical properties of the mordenite. A decrease in the
number of the aluminium atoms within the crystal lattice
leads to a higher resistance at high temperature and brings
about a hydrophobic characteristic [59–63].

The structure of the mordenite shows that each atom
belonging to it is sufficiently close to a channel or pore to be
involved in the surface properties of the solid.

The samples we have studied are of Si/Al ratios equal
to 5.5, 7.92, 9.71, and 11.37 corresponding to the number

Site III

a

b

Si
Al
O

Site VI

Site IV

Site I Site II

Figure 11: Structural illustration of the modelling presented in
Section 3.1.

of aluminium atoms per unit cell equal to, respectively, 8,
6, 5, and 4. The smaller the Si/Al ratio is, the more the
sodium mordenite adsorbs hydrophilic molecules. In the
course of the adsorption phenomenon of water by the sodium
mordenite, the first water molecules attach themselves in the
vicinity of sodium ion that can be found in the big channels
where the distance that separates exchangeable cation is
the greatest possible, as is shown in Figure 11 where some
adsorbed water molecules (denoted by a v-shaped set of three
coloured circles adjacent to one another) are represented.

Then we can compare the information that yields the
new interpretation of the curves showing the variations of
Δ𝐸ex(𝑛H

2
O) depending on the number of adsorbed water

molecules with the hypotheses we put forward previously, in
order to interpret other experimental results that we obtained
with the Na-mordenite.

4. Conclusion

In this work, we have shown how the use of the complex
impedance spectroscopy allows characterizing the evolution
of the surface properties of microporous solids according to
the water molecules adsorption process. The studies that we
previously performed on the same materials in a dehydrated
state [9–12] led us to discuss the nature of the energy driving
the exchangeable cation hopping between two adjoining
sites onto the surface of the zeolite. The obtained results by
dielectric relaxation method make it possible to determine
the change in the energy according to the number of adsorbed
water molecules.Then we see that it is possible to account for
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these changes on the one hand by using a relationship called
Polanyi law [5] that describes the successive equilibrium
states that characterize the adsorption process and on the
other hand bymaking a series of assumptions on the distribu-
tion ofwatermolecules adsorbed in the neighbourhood of the
exchangeable cations trapped on the sample surface. These
assumptions were developed from previous experimental
studies, whose aim consisted in observing, by using various
techniques, the same type of sample submitted to the same
phenomenon. Then we were able to compare the respective
adsorption behaviours, according to the number of adsorbed
water molecules, the results that we experimentally obtained,
on the one hand, and some values of the hopping energy
derived from the theoretical expression, deduced from the
previous hypotheses, on the other hand. Then we observe
that the two behaviours are consistent. The resulting fact,
in our opinion, is that this contribution shows which kind
of information the study of the adsorption phenomenon, by
means of dielectric relaxation, can allow us to know. Thus
this method yields essentially a qualitative description of the
distribution of water molecules adsorbed on the surface of a
Na-mordenite sample.
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