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Adsorption of water in zeolite sodium-faujasite
A molecular simulation study
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Abstract

We report a molecular simulation study of water adsorption in model NaY and NaX faujasite. Despite the rather simple
model used for the water–adsorbent interaction, a fair agreement was found with the available experimental data. In the method
used in this work the nonframework cations are allowed to move from place to place in the sample, and are not fixed anymore in
their crystallographic sites, as in most of the previous adsorption simulations reported in the literature. We have indeed observed
a cation redistribution upon water adsorption in a low cation content faujasite (Na48Y), but no such cation redistribution was
observed in the higher cation content Na76X faujasite. The water adsorption process can thus be very different, depending on the
Si/Al ratio of the aluminosilicate faujasite. To cite this article: C. Beauvais et al., C.R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous avons effectué une étude par simulation moléculaire de l’adsorption d’eau dans deux zéolithes faujasites NaY et NaX.
La méthode est fondée sur des modèles relativement simples, et notamment sur un potentiel d’interaction effectif entre les
molécules d’eau et la charpente zéolithique qui a simplement été tiré de la littérature sur l’eau liquide, sans autre réajustement.
L’accord entre les simulations et les expériences disponibles est toutefois suffisamment bon pour permettre une interprétation
qualitative des phénomènes observés. Une amélioration des modèles est en cours, afin de mieux reproduire les faits expérimen-
taux. La partie la plus originale de la méthode utilisée réside dans la possibilité, pour les cations de compensation extracharpente
de la zéolithe, de pouvoir se déplacer au cours de la simulation, par exemple sous l’effet de l’adsorption d’eau. La plupart des
simulations moléculaires de la littérature considèrent ces cations comme fixés dans le site cristallographique déterminé expéri-
mentalement pour la zéolithe anhydre. Il se trouve, en effet, que nous avons observé une redistribution spontanée des cations
sodium dans le cas de Na48Y, au cours de l’adsorption d’eau. La distribution initiale (zéolithe vide) est telle qu’aucun cation ne
se trouve dans les sites I′, dans les cages sodalites. L’eau s’adsorbe donc d’abord dans les supercages, en solvatant les cations en
site II. Une fois que ces 32 cations par maille élémentaire sont solvatés par une première « couche » d’eau (environ 1,5 molécule
par cation dans ce cas), nous observons un phénomène concerté de déplacement des cations en site I (site inaccessible stérique-
ment pour l’eau) vers les sites I′, et de l’adsorption simultanée d’eau dans les cages sodalites. Ce phénomène d’adsorption en
deux étapes est clairement mis en évidence par les simulations d’isotherme d’adsorption. Dans le cas de la faujasite Na76X, une
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telle redistribution n’est pas observée. En effet, la distribution initiale des cations dans la zéolithe anhydre est telle que 24 cations
occupent déjà les sites I′. Seuls 16 cations suffiraient à solvater les 25 molécules d’eau que les cages sodalites peuvent accom-
moder à forte charge (l’expérience prévoit quatre molécules d’eau par cage sodalite, notre modèle plutôt trois). Nous concluons
donc de cette étude que le processus d’adsorption d’eau dans les faujasites peut se dérouler de façon très différente selon la
valeur précise du rapport Si/Al. Enfin, à saturation d’eau, nous n’avons pas observé de mouvement de grande amplitude des
cations. Ceci est en contradiction apparente avec des interprétations d’expériences selon lesquelles les cations finiraient par se
dissoudre entièrement dans l’eau liquide, à forte charge. La question reste pour l’instant ouverte de savoir dans quelle mesure ces
désaccords sont imputables à la simplicité excessive des modèles utilisés dans cette étude. Pour citer cet article : C. Beauvais
et al., C.R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The interest in the properties of water confined in
the nanometer-scale channels and pores of zeolites and
other inorganic open framework materials dates back
to the pioneer work of Barrer and Bratt [1]. From a
practical point of view, water plays a key role in many
applications such as ion-exchange and separation. It has
been observed for some time that the (often unwanted)
presence of pre-adsorbed water in the nano-porous solid
affects the adsorption selectivity with respect to the
hydrocarbon mixture that one wants to separate [2]. The
mechanism producing these effects is poorly under-
stood. Being able to understand and predict the effect
of water on fluid (such as hydrocarbons) adsorption is
considered as a key challenge in the adsorption com-
munity today [3]. From the fundamental point of view,
water in zeolite represents a model system for a wide
range of experimental as well as theoretical investiga-
tions, aimed at understanding the effect of confine-
ment on the structure [4], dynamics [5,6] and thermo-
dynamics [7,8] of molecular fluids.

Adsorption properties in zeolites are closely related
to the location of nonframework cations and to their
accessibility to adsorbed molecules. The partition of
these cations among the different sites does not usually
change during the course of the (non polar) hydrocar-
bon adsorption process. On the other hand, cation redis-
tribution is suspected to occur upon adsorption of polar
molecules. Mellot-Draznieks and Cheetham et al. [9]
have carried out a neutron scattering study of CFCl3
adsorption in NaY and observed cation redistribution
together with a new and previously unknown cation

location. Recently, a change in the cation location upon
water adsorption has also been predicted in zeolite
sodium-mordenite by molecular dynamics simulation
[10].

We report here a molecular simulation study of water
adsorption in zeolite sodium-faujasite NaY and NaX.
These two zeolites only differ by their Si/Al ratio, i.e.
by the number of nonframework cations. We use a
recently developed Monte Carlo simulation method that
enables the nonframework cation distribution to change
upon water adsorption [11]. Until now, most of the theo-
retical adsorption studies were using fixed cation dis-
tributions [12,13].

2. Models and methods

Faujasite is known to be a very stable zeolite, and
hydration has very little impact on its overall structure,
unlike some other open framework solids (clinoptilo-
lite, aluminophosphates) [14,15]. We thus used a simple
rigid framework system, as in our previous studies
[11,16,17]. Molecular simulations were performed in
the classical limit (no bond breaking take place, for
instance). This justified by the fact that no hydrolysis is
observed upon water adsorption [7], due to the weak
bonding of water with the faujasite framework. We used
the simple TIP4P effective potential model for water
[18]. The polarization effects are not explicitly taken
into account in this forcefield. The cation force field
has been adapted from the work of Jaramillo and Auer-
bach [19] in the way described in Ref. [11]. The cation-
framework potential consists of an exp-6 repulsion-
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dispersion term that acts between the cation and the
oxygen atoms of the faujasite and a coulombic term
that acts between the cation and both the oxygen and T
atoms of the framework (the Al and Si atoms were not
differentiated in this work). Sodium cations interact
with each other through a single coulombic term. The
water-framework interaction is calculated using Len-
nard–Jones type potential with faujasite oxygen atoms
(rwater–O = 3.31 Å and ewater–O = 70.05 K) and sodium
cations (rwater–Na = 2.87 Å and ewater–Na = 78.32 K).
Ewald sums were used to calculate the long-range cou-
lombic terms.

The cation distribution in faujasite is usually de-
scribed as follows (see Fig. 1). Na+ can occupy sites I,
located in the hexagonal prisms which connect the
so-called sodalite cages. Sites I′ are inside the sodalite
cages facing sites I. Sites II are in front of the six-rings
inside the supercages. Sites III are also in the super-
cages, near the four-rings of the sodalite cages. Site I
has a multiplicity of 16 per unit cell, sites I′ and II have
a multiplicity of 32, and site III has a multiplicity of
48 per unit cell. Site III is believed to be of higher poten-
tial energy than sites I, I′, and II. At low occupancy
(Si/Al > 2), cations are known to occupy sites I, I′, and
II only [21].

Adsorption simulations have been performed in two
test cases. The first one is NaY faujasite (Si/Al = 3;
48 cations per unit cell, a unit cell being made of eight
supercages), and the second one is NaX (Si/Al = 1.53;
76 cations per unit cell). As shown in Fig. 2, the cation
distribution in a dry Na48Y sample corresponds to a
full occupancy of site I (16 cations) and site II (32 cat-

ions), while all sites I′ and III are empty. The cation
distribution in dry Na76X corresponds to a partial occu-
pancy of site I (six cations), I′ (24), and III (14) and a
full occupancy of site II (32).

We performed Grand Canonical Monte Carlo
(GCMC) simulations to compute the average number
of adsorbed water molecules for several values of the
chemical potential of the (fictitious) vapor reservoir at
298 K. To relate the chemical potential to the water
vapor pressure we used tabulated fugacity data. During
the course of the adsorption process, at each value of
the water vapor pressure, canonical Monte Carlo moves
were performed for the nonframework cations, enabling
a spontaneous change in their partition among the avail-
able sites. In the case of Na48Y, which is known to dis-
play several metastable cation distributions [26], we
complemented the computations with replica-exchange
canonical simulations recently developed in our group
in order to improve the sampling of the configuration
space and thus the convergence of the Monte Carlo
algorithm [11].

3. Results

The computed adsorption isotherm of water in Na48Y
at 298 K is shown in Fig. 3 (blue curve). The starting
cation distribution for the empty zeolite is the follow-
ing: 16 cations in site I, none in site I′, 32 in site II and

Fig. 1. Schematic view of a faujasite supercage with the site I, I′, II,
and III locations.

Fig. 2. Sodium cation occupancy in dry faujasite, as a function of the
cation number (CN) or silicon to aluminum ratio (Si/Al). Full lines:
computed occupancies from replica-exchange Monte Carlo simula-
tions [11]. Filled circles: experiments [20–25].
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none in site III. This we call a (16,0,32,0) distribution.
It corresponds to the dry Na48Y faujasite case described
in the preceding section. Upon water adsorption, a spon-
taneous cation redistribution takes place. For low water
content, we observed a solvation of the site II cations
in the supercages. Above ~50 molecules per unit cell
(i.e. roughly 1.5 water molecules per site II cation), a
redistribution of site I and I′ cations takes place (Fig. 4).
Sodium cations progressively move from site I to neigh-
boring sites I′ in the sodalite cage. This is accompanied
by a progressive occupancy of the sodalite cages by
water molecules. The cation distribution observed at
full loading, i.e. 208 water molecules per unit cell, is
(4,12,32,0). Also shown in Fig. 3 are the two isotherms
computed with fixed cation distributions (16,0,32,0) and
(4,12,32,0), corresponding to the red and black curves
respectively. It is clear from the Fig. 3 that cation redis-

tribution upon water adsorption, whenever it occurs,
can have a large effect on the computed thermody-
namic quantities. More details on the Na48Y simula-
tions can be found elsewhere [27].

The second part of the work deals with a faujasite
model that contains a larger amount of cations, namely
Na76X. In this case, the initial equilibrium cation dis-
tribution for the dry zeolite (6,24,32,14) is such that
water can start adsorbing in the sodalite cages at very
low pressure, because of the large amount of sodium
cations in site I′. In contrast with the former Na48Y we
found no I–I′ cation redistribution here. This is presum-
ably due to the fact that a full occupancy of a sodalite
cage corresponds to roughly three water molecules.
Since each cation in site I′ solvates ~1.5 water mol-
ecules, there is no need to displace more cations from
site I to site I′ to completely fill the sodalite cages. We
have found essentially the same result for a Na56Y sys-
tem. The initial (8,16,32,0) configuration displays the
minimum number (16) of cations in site I′ necessary to
solvate 24–25 water molecules per unit cell at full load-
ing. Indeed, no cation redistribution took place in the
Na56Y case either, thus confirming our hypothesis. It
should be stressed that previous NMR [28] and calori-
metric experiments [7] have found value of four mol-
ecules per sodalite cage, which is somewhat larger than
the three molecules found here. However, our interpre-
tation holds if we consider a solvation of each cation
by two water molecules instead of 1.5 in the present
simulations. This difference may well be due to the
oversimplification of the water model used here.

Na76X is also of great interest to this work because
thermodynamic data are available for this system,
enabling us to test the validity of the model. In Fig. 5,
we report the computed and experimental isosteric heat
of adsorption. The agreement between simulation and
experimental values is surprisingly good, given the sim-
plicity of our model. The GCMC method enables to
compute separately the water-framework and water–
water contribution to the heat of adsorption. These are
shown in Fig. 5. It is interesting to note an almost con-
stant total heat of adsorption in the range 30–200 water
molecules. This does not mean that the water mol-
ecules ‘feel’ a uniform external field during the course
of adsorption, but it simply results from a simulta-
neous decrease of the water–zeolite and increase of the
water–water contributions.

The adsorption isotherm (not shown here), is also
rather well reproduced in the low pressure regime, but

Fig. 3. Computed adsorption isotherms of water in Na48Y faujasite.
Red curve: fixed cations in the (16,0,32,0) distribution. Black curve:
fixed cations in the (4,12,32,0) distribution. Blue curve: free cations.

Fig. 4. Computed sodium cation distributions in Na48Y for different
water content.
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the simulations underestimate the water content at full
loading by some 17%. The maximum loading obtained
by simulation is 215 water molecules per unit cell. Work
is in progress to develop more sophisticated models for
the water-framework interaction potential, by incorpo-
rating explicit polarization term, in order to reach a bet-
ter agreement with experiments.

Boddenberg et al. [7], as well as Moïse et al. [8]
have suggested that, at full loading, water forms a liq-
uid with “dissolved cations”. We have found no evi-
dence of this in our simulations. Only does, from time-
to-time, one or another site III cation move from one
site to another. Whether or not this discrepancy can be
attributed to the oversimplification of the model used
in this work remains an open question.

4. Conclusion

We have performed Monte Carlo simulations of
water adsorption in model NaY and NaX faujasite,
using a rather simple model (this is especially true for
the effective TIP4P model used for water), and found a
fair agreement with the available experimental data. In
the method used in this work the nonframework cat-
ions are allowed to move from place to place in the
sample, and are not fixed anymore in their crystallo-
graphic sites, as in most of the previous adsorption
simulations reported in the literature. This is the most
original part of the method used in this work. One of
the interest of this method lies in the fact that it can, in
principle, be extended to any type of adsorbent–
adsorbate system.

We have indeed observed a cation redistribution upon
water adsorption in a low cation content faujasite
(Na48Y).Although these data were obtained using equi-
librium Monte Carlo simulations (i.e. we have no direct
information on the cation and water dynamics), it seems
clear that we are faced with a concerted cation–water
motion. To begin with, water molecules are preferen-
tially adsorbed in sites II. By the time each site II cat-
ion is solvated by roughly 1.5 water molecules, it
becomes energetically interesting for water molecules
to solvate site I cations. As the hexagonal prism con-
necting two sodalite cages is too small to accommo-
date a water molecule, cations in site I will progres-
sively move to sites I′, enabling water molecules to
adsorb in sodalite cages.

No such cation redistribution was observed in the
higher cation content Na76X faujasite. This we explain
by the fact that the site I′ occupation is large enough in
this case to enable a full water solvation in the sodalite
cages (three molecules per cage in this work, four in
the experiments). It turns out, from the above findings,
that the water adsorption process can be very different,
depending on the Si/Al ratio of the aluminosilicate fau-
jasite.

Work is now in progress to develop more reliable
models for the water-framework interaction, which is
presumably the weakest part of the reported simula-
tions.
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