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Abstract NVT Monte Carlo simulations are first used to
describe the distribution of Na cations in Faujasite for sev-
eral Si/Al ratios. These calculations were performed by
combining two different sets of potential parameters com-
bined with both T-atoms and explicit Si,Al models. Grand
Canonical Monte Carlo simulations are then employed to
investigate the influence of water adsorption on the distri-
bution of cations in the case of a Faujasite sample with 56
cations (NaY56). These simulations data are compared to
available experimental data and the influence of the choice
of the forcefield for describing the cation/zeolite interaction
on these results is discussed.
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1 Introduction

Zeolites are microporous materials with pores having a
width of a few angstroms (Baerlocher et al. 2001). These
systems attract a great deal of attention because of their use
in industry for catalysis, phase separation, ionic exchange,
... (Corma 1997; Soler-Illia et al. 2002). The significant
impact of zeolites results from the large surface area, the
nanoscopic size of the pores, and the large variety of chem-
ical compositions of these materials. From a fundamental
point of view, zeolites are model systems that can be used to
investigate the effect of nanoconfinement on the thermody-
namic and dynamic properties of fluids (Karger et al. 2003;
Demontis and Suffritti 1997). Among this class of mate-
rials, significant effort has been devoted to deeper under-
standing the properties of Faujasite zeolites, due to their
importance for applications in catalysis and phase separa-
tion (alkylation, transalkylation, isomerization of m-xylene
into p-xylene, cracking catalysis, etc.). The substitution of
Si by Al atoms in aluminosilicate zeolites such as Faujasite
introduces charge defects that are compensated by extra-
framework cations (Li*, Na™, K*, ...). Many experimen-
tal and theoretical studies have shown that the location of
these cations plays a crucial role on the thermodynamics, dy-
namics, and catalysis of adsorbed molecules (Meunier 2001;
Devautour et al. 2001; Moise et al. 2001; Maurin et al.
2004, 2005; Plant et al. 2006).

Many cation/zeolite interatomic potentials have been im-
plemented in molecular simulations to predict the distrib-
ution of cations in zeolite in presence or not of adsorbed
molecules (Kramer et al. 1991; Jaramillo and Auerbach
1999; Di Lella et al. 2006; Ramsahye and Bell 2005). These
pairwise potential functions include both short-range repul-
sion and dispersion terms combined with a coulombic con-
tribution between the cation and each atom of the zeolite
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framework (Si, O, Al). Molecular simulations used to vali-
date such potentials were performed either for rigid or flex-
ible zeolite framework. In addition, the sets of charges car-
ried by each atom of the system were selected to be con-
sistent with the models used for deriving the parameters of
the interatomic potentials. As a result, it makes it difficult to
obtain a complete understanding of the validity and transfer-
ability of these interatomic potentials required for investigat-
ing the behavior of the extra-framework cations in zeolites.
The situation is even more puzzling as different models were
considered in the previous works mentioned above; some
authors used models in which the chemical disorder of the
zeolite is treated by introducing Si and Al atoms with dif-
ferent charges (Kramer et al. 1991; Jaramillo and Auerbach
1999), while others considered T-atom models in which the
Si and Al atoms are not distinguished (Blake et al. 1998;
Buttefey et al. 2001; Beauvais et al. 2004, 2005). The use
of T-atoms allows avoiding the tedious task of averaging the
results over a large number of (Si, Al) configurations. How-
ever, using such an average model cannot capture all the de-
tails of the cation/zeolite interaction. Consequently, the T-
atom model is rather appropriate when one aims at simu-
lating/predicting macroscopic properties such as the adsorp-
tion isotherm and enthalpy of adsorption (Smit and Krishna
2003). On the other hand, an explicit model is usually re-
quired to deeper understanding the microscopic mechanisms
involved upon adsorption.

The aim of the present paper is to compare the distribu-
tion of cations in dehydrated and hydrated Faujasite when
the T-atom and the explicit Si/Al models are used. To do
that, we selected two cation/zeolite interatomic potentials
and we investigated the location of sodium cations in anhy-
drous Faujasite zeolite with several Si/Al ratios. This work
has been motivated by the fact that very few studies have
been done to understand the effect of the use of such mod-
els (Jaramillo and Auerbach 1999; Mellot-Draznieks et al.
2001). We first report for the T-atom model the distribu-
tion of cations among the different crystallographic sites for
the whole range of Si/Al ratios. We then investigate for the
explicit Si/Al model samples with 56 and 96 cations per
unit cell; they correspond to Si/Al ratios of 2.4 (Faujasite
NaY56) and 1.0 (Faujasite NaX96), respectively. In the sec-
ond part of this work, we focus on the Faujasite NaY56 and
address the effect of water adsorption on the distribution of
cations. Comparison with experimental data is used to dis-
cuss the ability of the different interatomic potentials for de-
scribing the distribution of cations in Faujasite.

2 Computational details
2.1 Faujasite zeolite

Faujasite is an aluminosilicate zeolite of general chemical
formula My, Aly, Sijg92.x, O3gs, where M is a cation

@ Springer

Fig. 1 Molecular graphic representing the Faujasite type zeolites
structure with three sodalite cages connected by two hexagonal prisms
and describing the main crystallographic sites (SI, SI’, SII and SIII)
for the extra-framework cations

of charge +m (Meier and Olson 1978). The number x of
cations in the unit cell can vary from 0O up to 96, depending
on the Si/Al ratio. The crystalline structure of Faujasite as
well as the position of the extra-framework cation can be ex-
tracted from X-ray or Neutron diffraction (Fitch et al. 1986;
Vitale et al. 1997; Mellot 1993). The Faujasite structure be-
longs to the Fd3m space group of symmetry with a unit cell
of 24.8536 A that contains 192 TOj tetrahedra (with T = Si
or Al). The extra-framework cations in Faujasite are located
in different crystallographic sites that are usually labelled
using roman numbers (Fig. 1). The sites I are located in the
centre of the hexagonal prism, while sites I’ are present in
the sodalite cage towards the hexagonal prism. Sites II and
Sites III" are located in the 6-ring and 12-ring windows of
the supercage respectively. The position of the sites IV and
V (not shown here) are in the centre of the supercage and of
the 12-member rings, respectively.

In this work, we decided to consider a rigid framework.
As far as thermodynamic properties are concerned, it can be
reasonably assumed that the flexibility of zeolite is impor-
tant only when the size of the adsorbate is similar to those of
the windows (Demontis and Suffritti 1997). In our case, wa-
ter molecules are small enough to pass through the 6-rings
to reach both the sodalites and the supercages of Faujasite
without considering the flexibility of the framework. As a
consequence, calculations of the adsorption properties tak-
ing into account only the mobility of the extra-framework
cations is reasonable, as attested by several papers in this
field (Calero et al. 2004; Beauvais et al. 2004, 2005) which
reproduce reasonably experimental data.

2.2 Interatomic potentials

Two pairwise potentials were considered in this work to
model the interaction between the sodium cations and the
zeolite framework: the potential reported by Di Lella et al.
(2006) and the potential developed by Kramer et al. (1991).
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In what follows, these two potentials will be referred to as
potential 1 and potential 2, respectively. Both interaction po-
tentials consist of a Buckingham potential and a coulombic
contribution:

CNa0, | 9Naqo,
UNa0, = ANa0, eXp(—BNa0,Na0,) — 6—a + =2 (D
rNaOZ 'NaO,

Where Ana0,, BNao,, and Cnao, correspond to the Bucking-
ham potential parameters for the interaction between the Na
cation and the oxygen atom of the zeolite O,. gna and go,
are the charges carried by Na and O,. The cations/cations
(Na/Na, Na/Si, and Na/Al) interactions are treated only as a
coulombic contribution. For each potential, two models for
describing the framework are considered: a “T-atom” ver-
sion that attributes the same charge for Si and Al and an “ex-
plicit” version that distinguishes the Al and Si atoms. For the
explicit model, the simulations were performed for a number
of different (Si,Al) configurations large enough to get results
that are independent of any particular realization of the ze-
olite framework. In this way, at least 5 configurations were
built by randomly distributing the x Al atoms among the
192 possible T-sites and obeying to the Lowenstein’s rule,
which states that two Al atoms cannot be connected to the
same O, atom (Loewenstein 1954). Furthemore, in order to
evaluate the effect of the partition of the aluminium atoms
on the distribution of cations, we prepared a “pathological”
configuration in which all the Al atoms are located on the
left side of the x-axis of the Faujasite unit cell.

Potential by Di Lella et al. (potential 1) This forcefield
was previously introduced by Di Lella et al. for modeling
the distribution of cations in Faujasite (NaY52 and NaX76)
(Di Lella et al. 20006). It corresponds to a Buckingham po-
tential with the parameters proposed by Jaramillo and Auer-
bach (1999). The charges used for this potential are interpo-
lated from the charges calculated by Uytterhoeven et al. us-
ing the Electronegativity Equalization Method for Faujasite
with 48 and 96 Al atoms (Uytterhoeven et al. 1992). In the
initial T-atom version of this potential, the charge g7 on the
T-atom model was determined for a Faujasite sample with x
Al atoms from the following electroneutrality condition:

192q7 + 38440, (x) + xqna =0 2)

Using this parameterization, the charges on the O and T
atoms are —0.8273 and 1.363 respectively for the NaY56
and —0.85 and 1.2 respectively for the NaX96. In the case
of the explicit model, we used the same method with the
charges for the Si, Al, and O atoms from the paper by Uyt-
terhoeven et al. This ensures that the same charge is used for
the O atoms between the T-atom and explicit models.

Potential by Kramer et al. (potential 2) These authors de-
rived a force field for silicas, aluminophosphates, and zeo-
lites by combining ab-initio calculations and fit on exper-
imental data for the structure of w-quartz (Kramer et al.
1991). This interatomic potential is the sum of a Bucking-
ham potential and the coulombic contribution. The charge
of go,,gsi, and gaj in the case of the explicit model are
—1.2e7, 2.4e7, and 1.4e™ respectively. In contrast, when
using this interatomic potential with the T-atom model, the
charge of the oxygen atoms remains the same and those
of the T atom, which depends on the number of cations
(gna = 1.0e7), is fixed at a value that ensures the elec-
troneutrality of the zeolite sample.

In order to study water adsorption in Faujasite, the TIPAP
model for the water molecules (Jorgensen et al. 1983). This
model is based on a description of the water molecule us-
ing 4 sites; 3 electrostatic centres (the 2 H atoms with a
charge of ¢ =0.52e™ and 1 “pseudo-atom” with a charge of
q = —1.04e7), and one repulsion-dispersion centre located
on the O atom. The interaction of the water molecules with
the zeolite framework is described as the sum of a coulom-
bic contribution and a Lennard-Jones interaction between
the oxygen atom O,, of the water molecule and the oxygen
atom O, of the zeolite. The sodium cation—water LJ inter-
action parameters were borrowed from the work of Dang
(1995).

2.3 Monte Carlo techniques

Canonical Monte Carlo (NVT). The distribution of sodium
cations in all of the Faujasites were simulated at 7 = 300 K
using NVT Monte Carlo (MC) simulations. The simulations
were carried out using both the GIBBS code developed by
the Institut Frangais du Pétrole and Centre National de la
Recherche Scientifique (Orsay) and a “home-made” code
developed in Montpellier. Following the work by Di Lella et
al. (2006), random translations were attempted with a maxi-
mum displacement of 0.3 A in order to obtain an acceptance
probability of 40-50%. We also used MC steps that con-
sist of simultaneous deletion/insertion of a particle as orig-
inally proposed by the same authors (Di Lella et al. 2006).
This motion can be seen as a super-displacement of a ran-
domly selected particle through the entire simulation box,
which significantly improves the sampling of phase space.
The acceptance probability for such moves in the frame of
the Metropolis sampling algorithm is equal to that of classi-
cal displacements as the number of cations is kept constant.
The simultaneous deletion/insertion of particles has proven
to be very efficient in simulating the effect of water adsorp-
tion on the distribution of cations in zeolites (Di Lella et al.
2006). Starting with a random initial configuration of the x
cations, the system is allowed to equilibrate for 80 x 10°
MC Steps (a MC step being either a cation displacement or
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a simultaneous cation deletion/insertion). Then the data “at
equilibrium” were averaged for another 80 x 10% MC Steps.
Ewald sums were used to calculate the coulombic terms. The
parameters for the Ewald sum were o = 2.5 and kpax = 10.

Grand Canonical Monte Carlo (uVT). The adsorption of
water in Faujasite was simulated at 7 = 300 K using Grand
Canonical Monte Carlo simulations (GCMC). The GCMC
technique is a stochastic method that simulates a system
having a constant volume V (the pore with the adsorbed
phase), in equilibrium with an infinite reservoir of parti-
cles imposing its chemical potential p and temperature T
(Nicholson and Parsonage 1982; Allen and Tildesley 1987;
Frenkel and Smit 2002). The absolute adsorption isotherm
is given by the ensemble average of the number of adsorbed
molecules as a function of the pressure of the gas reservoir
P (the latter is obtained from the chemical potential w ac-
cording to the bulk equation of state for an ideal gas). The
isosteric heat adsorption is given from fluctuations over the
energy and number of adsorbed molecules (Nicholson and
Parsonage 1982). As for the simulations without adsorbed
water molecules, Ewald sums were used to calculate the
coulombic term and periodic boundary conditions were used
along the 3 directions x, y, and z. The parameters for the
Ewald sums were the same as those used for the dehydrated
zeolites.

3 Results and discussion
3.1 Dehydrated Faujasite
3.1.1 Potential by Di Lella et al. (potential 1)

T-atom model Figure 2 reports the distribution of the extra-
framework cations in the 4 different sites (I, I’, II, III') of
the dehydrated Faujasite as a function of the number x of
cations. For x = 48 (NaY48), the distribution of cations is
16 cations in site I, O cations in site I’, 32 cations in site II,
and O in site III'. We summarize this result using the con-
densed form (16, 0, 32, 0). All of the sites I and II are occu-
pied for this Faujasite sample NaY48. The number of cations
in site II remains constant as the total number of cations in-
creases from x = 48 up to x = 96. This result shows that
site II corresponds to the most stable site, in agreement with
previous molecular simulation results (Di Lella et al. 2006).
In addition, the higher stability of cations in site II is con-
sistent with recent dielectric relaxation spectroscopy (DRS)
measurements for NaY56 (Nicolas et al. 2008a, 2008b); the
energy barrier required to de-trap the cations was found to
be higher for site II than for sites I and I’, which means that
the stability sequence for these cations sites are the follow-
ing: E(Il)>E)>E(’). This trend can be explained by geo-
metric considerations based on the interatomic distances be-
tween cation in each site and its surrounding oxygen atoms
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Fig. 2 Distribution of sodium cations in the 4 sites of the dehydrated
Faujasite as a function of the number of cation per unit cell: (squares)
site I, (diamonds) site ', (triangles) site 11, (circles) site III'. These
results were obtained using the potential 1 for the T-atom model.
Simulation data correspond to the filled symbols connected by solid
lines, while experimental data correspond to the empty symbols (Jirak
et al. 1980; Olson 1995; Vitale et al. 1997; Zhu and Seff 1999;
Porcher et al. 1999)

of the zeolite framework. As the total number of cations in-
creases from 48 to 64, the cations in site I leave this site to
occupy site I'. This inversion between sites I and I’ can be
explained as follows. For x = 48, all of the sites I are occu-
pied by cations. When x increases, the cations start filling
sites I. The short distance between sites I and I, i.e. 2.18
A, leads to a strong coulombic repulsion between cations in
these two sites. Consequently, it is preferable to decrease the
number of cations in site I and favor the occupation of the
sites I'. When all of the sites I are filled (x = 64), the cations
start filling the sites III'. As can be observed in Fig. 2, these
results reproduce the experimental trend reported in the lit-
erature (Jirak et al. 1980; Olson 1995; Vitale et al. 1997,
Zhu and Seff 1999; Porcher et al. 1999).

Explicit model (Si,Al) Table 1 reports the distribution of
cations among the 4 sites in the sample NaY56 for 5 differ-
ent (Si,Al) configurations of the framework. We also com-
pare the mean distribution of cations for these 5 configu-
rations with those obtained for the pathological configura-
tion (see Sect. 2.2). There is no obvious difference between
the distribution of cations for the pathological model and
that obtained by averaging over the 5 (Si,Al) configurations.
This result shows that the distribution of cations for this par-
ticular Faujasite with 56 cations is not very sensitive to the
degree of homogeneity of the location of the Al atoms in
the zeolite framework. We also report in Table 1 the results
obtained above for the T-atom model. There is no drastic dif-
ference between the results for the T-atom model and those
for the (Si,Al) model as the data fall within the error bar.
This result is due to the fact that the charge difference be-
tween the Si and Al atoms is rather small (Ag ~ 0.2e7).
As a result, the use of a T-atom model for this potential is a
reasonable approximation as the Si and Al atoms have sim-
ilar properties. We corroborated this result by performing
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Table 1 Distribution of sodium cations in the 4 sites of Faujasite
NaY56 for 5 different (Si,Al) configurations of the framework. The
data reported in bold are the average distribution out of the 5 configu-
rations. These results were obtained using the potential 1 coupled with
the explicit model. The data in italic are those obtained for the patho-
logical configuration (see text). The results obtained for the T-atom
model with the potential 1 are also provided

Configuration Site T Site I’ Site IT Site T
1 8.06 15.94 32.00 0.00
2 9.99 12.01 32.00 2.00
3 10.00 12.00 32.00 2.00
4 11.00 10.00 32.00 3.00
5 12.00 8.00 32.00 4.00
Explicit (Si,Al) 10.21 12.59 32.00 2.20
Pathological (Si,Al) 10.02 11.98 32.00 2.00
T-atom 8.00 16.00 32.00 0.00

Table 2 Distribution of sodium cations in the 4 sites of Faujasite
NaX96. These results were obtained using the potential 1 for both the
T-atom and explicit models

Site I Site I’ Site II Site I’
Explicit (Si,Al) 0.10 31.90 32.00 32.00
T-atom 2.57 30.62 32.00 30.81

calculations (results not reported here) for the same poten-
tial with larger charge differences between the Si and Al
atoms; we found that when the charge difference becomes
larger (Ag = 1.0e™), the distribution of cations for the ex-
plicit model significantly differs from that obtained for the
T-atom model.

Table 2 compares the distribution of cations among the 4
sites in NaX96 for the explicit model and the T-atom model.
For this Faujasite sample, there is only one possible partition
of the Al atoms (given that the configuration must obey the
Lowenstein’s rule). As for the Faujasite NaY56, we found
that the difference between the distribution of cations for the
T-atom model and that for the explicit model is not signifi-
cant. Again, this result is due to the small charge difference
between the Si and Al atoms using this potential. In addi-
tion, for this system in which one over two T-atoms is an
Al atom, the Al configuration provides an average picture
of the Faujasite zeolite close to that corresponding to the
T-atom model.

3.1.2 Potential by Kramer et al. (potential 2)

T-atom model Figure 3 shows the distribution of cations
in the 4 sites (I, I, II, II') of the dehydrated Faujasite as
a function of the number of cations for the T-atom model.
For x = 48, the distribution of cations is (0, 16, 32, 0). Each
site IT and half of the sites I are occupied by a cation for

Number of occupied sites

48 52 56 60 64 68 72 76 80 84 88 92 96
Cation number per unit cell

Fig. 3 Distribution of sodium cations in the 4 sites of the dehydrated
Faujasite as a function of the cation number per unit cell: (squares) site
1, (diamonds) site I', (triangles) site 11, (circles) site III'. These results
were obtained using the potential 2 for the T-atom model. Simulation
data correspond to the filled symbols connected by solid lines, while
experimental data correspond to the empty symbols (Jirak et al. 1980;
Olson 1995; Vitale et al. 1997; Zhu and Seff 1999; Porcher et al. 1999)

this particular Faujasite. The number of cations in site II re-
mains constant as the total number of cations increases. As
found for potential 1, this result suggests that site II corre-
sponds to the most stable site. As x increases from 48 up to
64, a non monotonous behavior for the population of site I
and I is observed. From x = 48 to 52, the population of site
1’ decreases while that of site I increases. In contrast, from
x = 52 to 64, the cations move from site I to site I'. When
every site I’ is filled (x = 64), the cations start filling the sites
IIT'. The main difference between the distributions obtained
with potentials 1 and 2 is observed for the sample NaY48;
potential 1 predicts that all of the sites I are filled while po-
tential 2 leads to the occupation of sites I'. To understand
the origin of this difference, we calculated the energy pro-
file for one cation along the axis (111) (results not reported).
The crystallographic positions of the sites I, I, and II are lo-
cated on this axis. We included in these calculations both
the repulsion-dispersion and electrostatic contributions. Site
II is found to be the most stable site for both potentials 1
and 2, which is consistent with our simulation data reported
above. For both potentials 1 and 2, it is also found that site I’
is more favorable than site I. This result explains why sites I’
are filled prior to sites I when potential 2 is used. In contrast,
this result does not explain why site I are filled prior to sites
I’ when potential 1 is used. This is probably due to the fact
that energy profile calculations are performed for a single
cation, which does not include cation/cation repulsion. The
latter contribution, which is known to be significant, may in-
vert the relative stability of sites I and I’ when several cations
are present in the system.

We also report in Fig. 3 the experimental distribution of
cations reported in the literature (Jirak et al. 1980; Olson
1995; Vitale et al. 1997; Zhu and Seff 1999; Porcher et al.
1999). As for the results obtained with potential 1, the data
for potential 2 are found to reproduce in a reasonable way
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Table 3 Distribution of sodium cations in the 4 sites of Faujasite
NaY56 for 5 different (Si,Al) configurations of the framework. The
data in bold are the average distribution out of the 5 configurations.
These results were obtained using the potential 2 for the explicit model.
The data in italic are those obtained for the pathological configuration
(see text). The results obtained for the T-atom model with the poten-
tial 2 are also provided

Configuration Site T Site I’ Site 1T Site 1II’
1 223 19.73 24.70 9.35
2 1.01 20.99 24.48 9.53
3 2.13 17.96 29.06 6.85
4 3.46 20.54 25.04 6.96
5 2.06 18.94 28.41 6.59
Explicit (Si,Al) 2.18 19.63 26.34 7.86
Pathological (Si,Al) 0.00 18.00 23.00 15.00
T-atom 5.40 18.60 32.00 0.00

the experimental trend. Given the dispersion of the exper-
imental results, we cannot conclude on which interatomic
potential is the most suitable to describe the distribution of
cations in zeolites. Even the large difference between the
simulated data for potentials 1 and 2 in the case of NaY48
and NaY52 cannot be used to decide on the validity of these
potentials, due to the lack of experiments for such samples.

Explicit model (Si,Al) Table 3 shows the distribution of
cations in the 4 different sites in Faujasite NaY56 for 5
(Si,Al) configurations of the zeolite framework. The average
distribution over the 5 configurations is compared with those
obtained for both the pathological configuration and the T-
atom model. A significant deviation is observed between the
data for the averaged explicit model and those for the T-atom
model. This difference between the two models is more pro-
nounced than that previously reported for potential 1. This
result is due to the large charge difference (Ag = 1.0e™)
between the Si and Al atoms for potential 2. The significant
difference (in particular for the sites III) is also observed be-
tween the data for the pathological configuration and those
for the average distribution. This result shows that the distri-
bution of cations for potential 2 is sensitive to the degree of
homogeneity of the partition of the Al atoms in the zeolite
framework, due to the large charge difference for this po-
tential. Table 4 compares the distribution of cations in the 4
sites of Faujasite NaX96 for both the explicit and the T-atom
models. For this particular sample, the simulations for the T-
atom model give the same results as those obtained with the
explicit model. As mentioned above, this result is due to the
fact that there is only one possible configuration for the Al
atoms in the zeolite framework for this sample.
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Table 4 Distribution of sodium cations in the 4 sites of Faujasite
NaX96. These results were obtained using the potential 2 for both the
T-atom and explicit models

Site I Site I Site 1T Site 11T’
Explicit (Si,Al) 0.00 32.00 32.00 32.00
T-atom 0.00 32.00 32.00 32.00

3.2 Hydrated Faujasite

In this section, we investigate the effect of water adsorption
on the distribution of cations in the Faujasite NaY56 using
the interatomic potentials 1 and 2. In this preliminary work,
each potential is used within the frame of the model (T-atom
versus explicit) for which it was derived. For instance, po-
tential 1 is used with the T-atom model (as treated in the
recent study by Di Lella et al. 2006) while potential 2 is im-
plemented with its original explicit (Si,Al) model (Kramer
et al. 1991). Figure 4a shows the water adsorption isotherm
at 300 K in Faujasite NaY56 obtained using the two inter-
atomic potentials. These simulated data are also compared
to the experimental measurements obtained by both Bod-
denberg et al. for the Faujasite NaY56 (Boddenberg et al.
2002) and Paulin and Bellat for the Faujasite NaY52 (Paulin
and Bellat 2008). We also report the data for the NaY52 as
they are very close to the data for the NaY56. At low pres-
sure, the adsorbed amount sharply increases with pressure
for both potentials. The slope of the adsorption isotherm for
potential 2 is larger than that for potential 1. In addition, po-
tential 2 leads to a saturation capacity (~ 290 water mole-
cules) which is larger than that for potential 1 (~ 250 water
molecules). The data for potential 1 are in better agreement
with the experiments than those for potential 2. This result
suggests that the largest saturation capacity and slope of the
adsorption isotherm with potential 2 is due to a too large
H,O/zeolite affinity for this potential.

Figure 4b shows the isosteric heat of adsorption (Qst)
as a function of the water loading. We also report the ex-
perimental data by Boddenberg et al. (2002). As expected
for a system with a heterogeneous surface, Qst first de-
creases with increasing the number of adsorbed water mole-
cules, and then remains constant. The large fluctuations in
the Qst curve at high loadings are due to poor statistics in
this range (the error being large when the fluctuations over
the number of water molecules are small). However, it can
be seen that Qst is always larger at high loading than the
heat of liquefaction of water (~ 44 kJ -mol~!), which indi-
cates that the water molecules always feel the electric field
of the zeolite surface even at large adsorbed amounts. The
Qst obtained with potential 1 decreases from 80 kJ-mol~!
down to 60 kJ-mol~! when the loading increases from 0 up
to ~ 60 H,O/u.c., while it decreases for potential 2 from
100 to 65 kJ-mol~! when the loading increases from 0 up
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Fig. 4 (a) Absolute isotherms for water and (b) Isosteric heat adsorp-
tion (Qst) as a function of loading for NaY56 at 300 K. These results
were obtained using the potential 1 with T-atom model (grey solid line),
and potential 2 with the explicit model (Si,Al) (black solid line). The
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Fig. 5 Distribution of sodium cations in the 4 sites of the hydrated
Faujasite NaY56 as a function of the number of adsorbed water mole-
cules per unit cell: (squares) site 1, (diamonds) site I, (triangles) site 11,

to ~ 120 H>O/u.c. The largest Qst for potential 2 is consis-
tent with the highest slope of the adsorption isotherm at low
loading observed when this potential is employed (Fig. 4a).
On the other hand, the experimental Qst value decreases
from 75 kJ-mol~! at zero loading down to 65 kJ-mol~!
when 32 water molecules are adsorbed and then remain
almost constant whatever the loading. Boddenberg et al.
(2002) proposed that the range of loading [0,32 H,O/u.c.]
corresponds to the filling of the sodalite cages, prior to that
of the supercages at higher loadings. The loading where a
change in the slope of the Qst curve is observed corresponds
to ~ 50 and 120 H,O/u.c. for potentials 1 and 2, respec-
tively. These values overestimate the experimental loading
where such a change is observed (~ 32 H,O/u.c.). We note
that potential 1 leads to a better agreement with the experi-
mental values, which is consistent with our previous conclu-
sion.
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empty black symbols are the experimental data by Boddenberg et al.
for NaY56 while the empty grey symbols are the experimental data pro-
vided by Paulin and Bellat for NaY52. Inset in (a): same data plotted
using a logarithmic scale in the low range pressure [0—1000 Pa]
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(circles) site TII'. These results were obtained (a) using the poten-
tial 1 with T-atom model and (b) using potential 2 with the explicit
model (Si,Al)

Figure 5a shows the distribution of cations obtained us-
ing potential 1 for NaY56 as a function of the number of ad-
sorbed water molecules. Even when water molecules are ad-
sorbed, the cations remain close to the framework (sites I, I,
II, and I1I") so that sites IV and V (located at the centre of the
supercage and the 12-membered rings, respectively) remain
unoccupied. The distribution of cations is close to that ob-
tained for the dehydrated sample (12, 8, 32, 0) in the whole
range of loadings. This result significantly differs from those
reported in a previous work (Di Lella et al. 2006), in which
the distribution of sodium cations for NaY52 and NaX76
was found to be significantly affected by water adsorption.
These authors found that: (1) cations in site I are displaced
to site I’ for NaY52 while (2) cations in sites I’ are displaced
to sites I for NaX76. In both cases, the population in site I’
tends to converge towards a value between 16 (NaY52) and
26 (NaX76). Our results suggest that NaY56 corresponds to
an intermediate situation in which the number of cations in
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Fig. 6 Pair correlation function g(r) in NaY56 for Oy-Na* located
in (a) site I, (b) site I, (c) site II: (grey dashed line) 20 molecules
adsorbed, (grey solid line) 32 molecules adsorbed, (black dotted line)
50 molecules adsorbed, (black dashed line) 100 molecules adsorbed
and (black solid line) 250 molecules adsorbed. These results were ob-
tained using the potential 1 with T-atom model

site I’ (~ 16) has already converged. As a result, the distrib-
ution of cations for this particular sample is not affected by
water adsorption.

Figure 5b shows the distribution of cations obtained us-
ing potential 2 for NaY56 as a function of the number of
adsorbed water molecules. This distribution corresponds to
the average results over 5 Si/Al configurations. In contrast to
the results obtained for potential 1, the distribution of cations
is affected by water adsorption for potential 2. As the water
loading increases up to 150 water molecules per unit cell,
the occupancy of site II decreases whereas that of site III'
increases. This result suggests that the water molecules in-
teract with cations in site II and tend to displace them in the
neighbouring sites III'. On the other hand, at high loading,

@ Springer

such an effect is reverted; cations in sites ITI" are de-trapped
to occupy their former position in site II. It has to be em-
phasized that the number of cations in sites I and T’ is less
affected by water adsorption than sites I and III'. These re-
sults for potential 2 (Fig. 5b) are in better agreement with ex-
perimental data recently obtained with DRS measurements
(Nicolas et al. 2008a, 2008b), which showed a significant
redistribution of cations upon water adsorption.

To provide a possible microscopic mechanism for water
adsorption in the Faujasite NaY56, we report in Fig. 6 the
(Ow-Na) pair correlation function obtained when potential 1
is used. We show the contributions for cations located in the
different sites I, I', II. The peak at ~ 2.5 A for the sites T’
and II corresponds to the typical distance between the oxy-
gen of water molecules and sodium cations. This peak for
cations in sites I’ and II is already present when 20 water
molecules are adsorbed, which means that the first adsorbed
water molecules interact with both sites. We note that the lo-
cation of such a peak is very similar to that obtained for bare
sodium cations in water (Tufion et al. 1995). In contrast to
cations in site I" and II, the pair correlation function for Oy-
Na in site I does not exhibit such a peak, which indicates that
the water molecules do not enter the hexagonal prism due to
steric hindrance effects.

Figure 7 shows the pair correlation function for Oy-Na
located in the different sites as obtained using potential 2.
Very similar results are obtained when compared with those
extracted by potential 1. For instance, no correlation peak at
~2.5 A is observed between the cations in site I and water.
The correlation peak at ~ 2.5 A for the cations in sites I
and II appear at loading of 26 and 34, respectively. This re-
sult is in full agreement with various experimental findings
including microcalorimetry (Boddenberg et al. 2002) and
both 2> Na and Xe NMR spectroscopy (Hu and Hwang 1998;
Gedeon et al. 1988), which clearly demonstrate that the 32
first water molecules are only interacting with the cations in
the sodalite cages.

Typical molecular configurations of water adsorbed in
NaY56 are provided in Fig. 8 for illustrating the results pre-
sented in Fig. 7. We selected these molecular configurations
for potential 2 as they show the first water molecules pen-
etrating the sodalite cages, in agreement with experimental
data by Boddenberg et al. (2002). The snapshot reported in
Fig. 8a shows a typical configuration at low and intermedi-
ate loading where the first water molecules significantly dis-
place the cation in site I’ from its original position towards
the sodalite cage. Figure 8b shows a configuration which
illustrates the hydration process in the supercage above 34
H,O/u.c. It can be seen that the cation initially in site II
can be either slightly displaced from its original crystallo-
graphic position (cation represented in green) or moved to
a neighbouring sites Il (cation represented in light blue).
This molecular configuration also shows that for this given
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Fig. 7 Pair correlation function g(r) in NaY56 for Oy-Nat located
in (a) site I, (b) site I, (c) site II: (grey dashed line) 26 molecules
adsorbed, (grey solid line) 34 molecules adsorbed, (black dotted line)
51 molecules adsorbed, (black dashed line) 68 molecules adsorbed and
(black solid line) 247 molecules adsorbed. These results were obtained
using the potential 2 with the explicit model (Si,Al)

loading, a cation located in a site III can be solvated by up
to 2 water molecules.

Figure 9 shows the pair correlation function between (a)
the hydrogen and oxygen of water (Hy-Oy) and (b) the hy-
drogen of water and oxygen of zeolite (Hy,-O,) calculated
using the potential 1. Both pair correlation functions exhibit
a characteristic peak around 1.9 A whatever the loading.
As expected, such hydrogen bonding becomes more pro-
nounced as the loading increases due to the increase in the
density of adsorbed water molecules. It is also observed that
these peaks are only slightly shifted from those for bulk lig-
uid water (Jorgensen and Jenson 1998), which indicates that
the zeolite framework does not affect too much the hydrogen
bonding between water molecules.

Figure 10 shows the pair correlation function for Hy,-Oy,
(a) and Hy-O,, (b) obtained when potential 2 is used. Again,

(b)

Fig. 8 (Color online) Snapshot of the Faujasite NaY56 obtained using
the potential 2. It represents (a) hydration of the cation in the sodalite
cage for 51 water molecules adsorbed, (b) the hydration of cations in
sites II in the supercage for 34 water molecules adsorbed. The green
cation corresponds to a cation which located in a site I, while the light
blue corresponds to a cation located in a site ITI'. The rigid framework
is represented by colors yellow (Si), pink (Al) and red (O)

both pair correlation functions exhibit a peak around 1.9 A,
which shows the formation of hydrogen bonding between
the adsorbed water molecules. Such a peak is observed for
all loadings, which suggests that hydrogen bonding occurs
even when very few water molecules are adsorbed. Simi-
larly, as for potential 1, the hydrogen bonding Hy,-O, with
the zeolite framework is also observed as the number of ad-
sorbed water molecules increases.

A typical configuration of the arrangement of 247 wa-
ter molecules adsorbed in the Faujasite NaY56 is shown in
Fig. 11. Two types of molecular organisation can be ob-
served: a) formation of cycles consisting of 4 or 5 wa-
ter molecules centred around a cation in site II or III" and
b) nearly linear chains of water molecules (a chain of 7
molecules is seen in Fig. 11). Such arrangements are sim-
ilar to those observed in the bulk liquid phase, in which the
molecules tend to form rings and/or chains with an average
of 3.6 hydrogen bonds per molecule (Jorgensen and Jenson
1998). Our results show that the water molecules are orga-
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Fig. 9 Pair correlation function g(r) in NaY56 for (a) Hy-Oy and
(b) Hy-Oy: (grey dashed line) 20 molecules adsorbed, (grey solid line)
32 molecules adsorbed, (black dotted line) 50 molecules adsorbed,
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Fig. 10 Pair correlation function g(r) in NaY56 for (a) Hy,-Oy, and
(b) Hy-Oy: (grey dashed line) 26 molecules adsorbed, (grey solid
line) 34 molecules adsorbed, (black dotted line) 51 molecules ad-

nized in a bulk-like fashion in the zeolite cavities, although
they are in a confined environment.

4 Conclusion

This work reports Monte Carlo simulations on the distribu-
tion of sodium cations in Faujasite. Two different types of
interatomic potentials are used to describe the interactions
between the cations and the zeolite framework: (i) a T-atom
model in which the Si and Al atoms are not distinguished
and (ii) an explicit model which accounts for the charge dif-
ference between the Si and Al atoms. We also address the
effect of water adsorption on the distribution of cations and
discuss the adsorption mechanisms by calculating pair cor-
relation functions.

Our results for dehydrated Faujasites show that the dis-
tribution of cations upon the different crystallographic sites
strongly depends on the Si/Al ratio of the Faujasite system.
Both results obtained with the potential by Di Lella et al.
(2006) and those with the potential by Kramer et al. (1991)
are found to reproduce in a reasonable way the trend ob-
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(black dashed line) 100 molecules adsorbed and (black solid line)
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sorbed, (black dashed line) 68 molecules adsorbed and (black solid
line) 247 molecules adsorbed. These results were obtained using the
potential 2

Fig. 11 (Color online) Snapshot of the Faujasite NaY56 loaded by 247
water molecules obtained using the potential 2. This figure depicts the
arrangement of the water molecules within the supercage of the Fauja-
site with (1) characteristic rings or (2) quasi-linear chains. The atoms of
the rigid framework are represented using the following colors: yellow
(Si), pink (Al) and red (O)

served in the experimental data. As a result, we cannot con-
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clude on which interatomic potential is the most suitable to
describe the distribution of cations in dehydrated zeolites.
Our study on water adsorption in Faujasite NaY56 shows
that the choice of the model to describe the zeolite frame-
work (explicit or T-atom) must be guided by the properties
under investigation (adsorption isotherm, isosteric heat of
adsorption, and distribution of cations). In fact, both models
predict similar qualitative results when it comes to thermo-
dynamic data. In contrast, these two models give different
results as far as microscopic data are concerned (location
of the cations and their redistribution upon water adsorp-
tion). Our results for the explicit model suggest that the wa-
ter molecules are first adsorbed in the sodalite cages and then
in the supercages, in qualitative agreement with the experi-
ments by Boddenberg et al. (2002). In contrast, the T-atom
model predicts that the water molecules are adsorbed in both
cages at low loading. It should be noted that only a poten-
tial used with an explicit model (such as potential 2 in the
present work) can capture all the details of the microscopic
adsorption mechanisms, which can be used to interpret the
experimental data collected by different techniques (DRS,
NMR spectroscopy). Finally, these results show that two po-
tentials which lead to similar predictions for thermodynamic
data do not always predict similar microscopic mechanisms.
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