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Cation redistribution upon dehydration of NasgY faujasite zeolite:

a joint neutron diffraction and molecular simulation study

Abstract

Using neutron scattering and Monte Carlo simulation, we investigate the
distribution of cations in NasgY faujasite upon (de)hydration. We introduce a new
method for the assignment of cations to specific sites in molecular simulations
from their local environment. This allows us to bypass the need of the
coordinates of crystallographic sites, which vary as water adsorption induces
changes in the zeolite framework structure. While the agreement between
experiments and simulation is excellent at high temperature, some differences are
observed below 150°C. We show that these differences are due to the presence of
water and that temperature itself as well as adsorption-induced deformation of the
framework play a less important role. We demonstrate the migration of sodium to

sites III upon water adsorption, not observed for other Si:Al ratios.

Keywords: Faujasite, cation localization, hydration, Monte Carlo, Neutron

diffraction

Introduction

Faujasite-type zeolites have been extensively studied, among other crystalline
aluminosilicates, due to their industrial importance in gas adsorption and separation.
The location of cations outside the zeolite framework has attracted much attention due
its pivotal role in adsorption properties. The precise determination of cation location has
thus been the subject of many works, both experimental and theoretical [1]. Extra-
framework cations are located in well-defined crystallographic sites [2] but their

distribution among these sites is still a subject of fundamental studies. One of the



reasons for the discrepancy between cation location results is the strong sensitivity of
cation distribution to experimental conditions (temperature, dehydration conditions,
nature and quantity of sorbed molecules ...) [1,3]. The presence of water has been
shown to drastically modify the cation location in zeolites and in particular in faujasite
zeolite [4,5,6,7,8]. The experimental determination of cation location in hydrated
sample is complicated because of partial occupancies affecting low symmetry sites.
From the simulation point of view, such a determination suffers from convergence and
force field issues. Water adsorption has been previously studied by Monte-Carlo
simulation in several sodium faujasites with Si:Al ratio of 1.53, 2.69 and 3 with a

unique rigid zeolitic framework and cation redistribution have been evidenced [6].

More recently, a joint experimental and simulation study of cobalt-exchanged
X faujasite revealed that the aluminosilicate framework, which exhibits structural
deformation upon water adsorption and subsequently cation redistribution, can also
affect the cation location [9]. In the present work, we thus undertake a new series of
neutron diffraction experiments and molecular simulations to study the cation
distribution in a sodium Y faujasite with a Si:Al ratio of 2.3 at various water contents by
heating the sample under vacuum. Thanks to the 'H incoherent signal in the neutron
powder diffraction patterns, the precise water content can be determined together with
the cation location and framework structure. We also perform Monte-Carlo simulation
to access the cation location under the same conditions as in the experiments, and to
study the effects of water loading, temperature and framework structure separately.
Section 1 summarizes the experimental and simulation methods. In section 2, we
introduce a new methodology to localize cations from their local environment instead of
the crystallographic coordinates of the sites. Finally, we present and discuss in Section 3

the agreement between experimental and simulation results.



1. Materials and methods

Experiments

The NaY sample, hereafter named NasgY, is a Linde SK-40 zeolite from Union Carbide
Corporation. Its unit cell composition, NasgAlsgSijz4 (Si/Al ratio = 2.3), is determined
from elemental analysis by wavelength dispersive X-ray fluorescence spectroscopy
using a PHILIPS MagiX apparatus.

Neutron powder diffraction experiments are conducted on the two-axis powder
diffractometer G4-1 of the LLB-Orphée facility at CEA/Saclay. G4-1 is equipped with a
vertically focusing 200 pyrolytic graphite monochromator and a 800-cell multi-detector
covering a 80° range in 20 (AB=0.1° between 2 cells), with a nominal wavelength of
2.4226 A. The evolution of the sample dehydration is followed from room temperature
to 400 °C in a furnace under vacuum (P~10" mbar) using an open Vanadium sample
holder. The powder neutron diffraction patterns are systematically recorded (8-88°, 15
minutes per scan) all along the treatment. At each step, pressure stabilization is ensured
before further temperature increase.

The Rietveld refinements are performed with the GSAS package [10] on the

complete pattern via the EXPGUI interface [11].

Monte Carlo simulations

For a better understanding of the microscopic structure of NasgY and its evolution with
temperature and water content, we also carry out a series of MC simulations aiming at
localizing Na" cations and water molecules in different situations corresponding to the

experiments described above. Several issues must be addressed. Firstly, the



experimental structure of the zeolite framework, including the lattice parameter, evolves
as a function of T and water content. Since MC simulations using standard force fields
consider the framework as rigid, it is not possible to simply use a single model
simulated under different conditions. Due to this lack of transferability, we rather
perform, for each target experimental conditions, simulations using the structure
deduced from the experiments (see below). Then, the experimental water content from
the diffraction patterns is used to account for experiments at a given temperature. In
parallel, we also conduct a set of systematic studies for several experimental structures
(labelled in the following by the temperature at which the experiments are performed),
as a function of water content. Finally, the convergence of the MC simulations must be
carefully monitored, and special care is taken to ensure that the simulations are not
trapped in metastable states, as explained below.

All interactions between framework atoms, cations and water molecules are
described by pairwise additive potentials of the Coulomb (electrostatic interactions) and
Lennard-Jones (repulsion and dispersion) forms. The parameters are taken from
Jaramillo et al. [12] for the zeolite framework (in particular, Si and Al atoms are
described as "T atoms" carrying identical charges) and from Dang et al. [13] for Na"
cations, together with the TIP4P water model of water [14]. This force field was
successfully used in previous studies of water adsorption in Y and X zeolites
[4,5,6,15,16]. Periodic boundary conditions are used, electrostatic interactions are
computed using Ewald summation and a cut-off equal to half the box length is used to
compute Lennard-Jones interactions.

For each system, a random initial configuration is generated for the cations.
Water is then inserted by Grand Canonical Monte Carlo (GCMC) simulation, while

keeping the ions fixed, until the target water content is reached. Subsequent simulations



are performed in the canonical ensemble for 6.10° MC steps. The sampling of
configuration space is enhanced by using "jump moves", i.e. large amplitude trial
displacements for the cations, and by simulating the system at 700 K. While this does
not correspond to the target temperature, we observed that it provides in the cases under
consideration the same results as parallel tempering [5,17] at a much lower
computational cost (only one temperature is used, instead of the 14 replicas for our
parallel tempering simulations). In particular, we have checked that this procedure
allows us to obtain reproducible results starting from uncorrelated initial conditions, and
to overcome possible free energy barriers separating metastable cation distributions,

which may result in hysteresis in the hydration/dehydration processes.

2. A new method for cation localization in molecular simulation

From crystallographic sites

Cations in zeolites are usually localized on specific sites, which depend on the
aluminosilicate framework. The standard definition of these sites follows from
their coordinates in the crystal unit cell, which have to be determined
experimentally. Figure 1 shows a schematic representation of the faujasite
structure with the location of the four types of cationic sites widely documented in
the literature [1]. For the specific case of Faujasite, sites I, I’ and II lie along the
[1,1,1]-axis, situated respectively at the centre of the hexagonal prism (site 1),
inside the sodalite cage (site I’), and inside the supercages facing the 6-membered
ring window of the sodalite cage (site II). Sites III are located inside the
supercages facing 4-membered rings of the aluminosilicate framework, between

two other 4-membered rings. In some cases, an additional fifth site type (II') is



defined: It corresponds to a shift of site II within the sodalite cage. The total
numbers of sites I, I', II, II' and III are 16, 32, 32, 32 and 48 per unit cell,
respectively.

The standard method for assigning a cation to a specific site is then based
on its distance to all possible crystallographic sites in the unit cell. More
specifically, this is achieved by testing whether the distance to all sites of one type
is smaller than a prescribed cut-off, and if no such site is found the process is
continued with the next type of site. In practice, sites are tested in the order I, I',
II, IT' and III, and the following cut-offs are used accordingly: 1.09, 2.8, 2.0, 2.0

and 2.5 A. Figure 2 illustrates the regions corresponding to each site type.

From the local environment
The standard method requires the knowledge of the coordinates of the
crystallographic sites, which change as the system evolves with temperature or
water content. In addition, for a flexible framework the instantaneous
configuration differs from the average one, so that the definition of
crystallographic sites may become problematic. Here we introduce a new
localization method for the analysis of molecular simulations, based on the local
environment of the cations for each configuration.

Our approach follows from the observation that four different oxygen
types may be distinguished in the zeolite framework, as illustrated in Figure 3,
and that cations localized in different crystallographic sites are coordinated by
different numbers of each oxygen type. We introduce a set of criteria to assign

each cation to a given type of crystallographic site, according to the coordination



numbers by each oxygen type, from O1 to O4 (see Figure 3). More specifically,
O1 bridging Si or Al atoms form the edges of the lateral faces of hexagonal
prisms. The edges of the other two faces of these hexagonal prisms, which
connect them to the neighbouring cub-octahedral sodalite cages, are occupied
alternatively by O3 and O4. O3 also belong to the square faces of the sodalite
cages, while O4 also belong to the hexagonal window between the sodalite and
supercages. Finally, O2 are located on the shared edges between the square faces
and sodalite-supercage hexagonal windows.

The coordination numbers are computed for a common value of cut-off

radius Rey = 3.7 A, which was set in accordance with the following criteria:

Site I: Presence of O1, absence of O2, and total coordination number (by O1,
02, O3 and 04) smaller than or equal to 6,

e Site I': Absence of O1 and O2,

e Site II: Absence of O1 and O4,

* Site II': Absence of O1, presence of O2 and more O4 than O3,

e Site III: Absence of O3,

where the absence of a given oxygen type is defined with a tolerance of 1 atom (i.e. 0 or
1 atom of this type). This set of simple rules and the corresponding cut-off distance was
designed by trial and error, so as to obtain identical assignment of the sites for each
cation (and not only the average distribution among sites) as with the standard
definition, for random cation configurations, including some that are not relevant to the
present case (as shown below, some sites are absent for NasgY). It is worth mentioning

that the cation distribution resulting from these criteria is not sensitive to the precise



value of the cut-off in the range 3.4 — 3.7 A and that, as with the standard method, some
cations may in some cases not be assigned to any type of site.

As an illustration of the validity of the method, Table 1 compares the average
distribution of cations obtained with both localization methods for the specific case of
the structure at 20°C and 15 water molecules per unit cell. The agreement between both
approaches is excellent and results reported below correspond to the new method
introduced in the present work. Only a few exceptions are observed, in general with
cations at the boundaries of regions defined by the standard method. This new method is
versatile and will be useful for the analysis of simulations with flexible frameworks, as
required in particular in the presence of multivalent cations. As a first step in this
direction, we have tested it for configurations from a molecular dynamics simulation of
a flexible NaY and found that it provides for each cation a localization that is consistent
with visual inspection (not shown). While the present strategy based on the local
environment is very general, we note as a caveat that the criteria (and corresponding
cut-off) listed above are appropriate for Faujasite-type zeolites but should be adapted

for other zeolite frameworks.

3. Results: cation localization vs water content and temperature

Experimental results

The evolution of the neutron powder patterns of NasgY during heating to increasing
temperatures under vacuum is shown on Figure 4. All patterns are characteristic of a
highly crystalline FAU structure. As illustrated in the inset of the figure, the position of

the 111 diffraction line slightly shifts toward smaller angles with increasing



temperature. This change is due to the lattice expansion upon heating [18], with lattice
parameters ranging from 24.679(1) A at 20°C to 24.834(1) A at 400°C (see Table 2).

More interestingly, the background signal, due to incoherent scattering by
hydrogen atoms from water molecules present in the sample, decreases in intensity upon
dehydration. Its variation is quantitatively illustrated in Figure 5 where each point is the
mean value of the 30 data points collected at each temperature for 20 between 12 and
15°, a region of the powder patterns free of diffraction peaks. Thus, it is possible to
follow in real time the dehydration process and to evaluate at each temperature the
remaining amount of water in the sample. The water contents in the various samples
obtained by neutron diffraction are summarized in Table 2. At the start of the
experiment (i.e. after pumping at room temperature), the initial water content was found
to be 8 wt. %, or ~63 water molecules per unit cell, i.e. on average approximately 1
molecule per cation. Next, the data suggest that the zeolite dehydration in vacuum takes
place regularly during heating between RT and 150°C and is almost complete at 200°C.
The residual amount of water at 150°C is 0.8 wt. %, i.e. about 5 water molecules per
unit cell.

Using Rietveld refinements, we evaluate the structural evolutions with
dehydration, especially the changes in the cation distribution. In agreement with
literature data referred to in the experimental methods section, four distinct
crystallographic extra framework cationic sites are found and their positions are
consistent with published studies on faujasite with similar Si/Al ratios [1]. Figure 6
presents the evolution of site occupancies as a function of temperature. After evacuation
at room temperature, sites III are predominantly occupied. During the successive
heating steps from RT until 150°C, a continuous migration of sodium cations from

predominantly sites III toward sites II occurs. At this temperature, i.e. after an almost
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complete removal of the water molecules, the site distribution stabilizes with a full
occupancy of site II. Thereafter, only a slight variation of the interatomic distances is
observed upon further heating.

This distribution in the dry samples is essentially controlled by inter-ionic
repulsion. Sites II are all occupied, all sites II' are empty and only a few cations are
observed in sites III. The remaining cations are distributed between I and I' sites: since
there are only 16 I sites per unit cell, the addition of the ~10 remaining cations
(neglecting the ones in III sites) displaces cations from I to I' resulting in pairs of I' sites
(see Figure 2). Consequently the number of cations in sites I decreases to ~6 and that of
I' increases to ~18.

The structure analysis of the initial sample after evacuation at room temperature
allows us to localize the main part of the water molecules in this partially hydrated
faujasite. At this stage, about 8 wt. % of water remains in the pores, as already indicated
above. This corresponds to ~63 H,O molecules per unit cell. From Rietveld analysis,
about 50 of these can be located and are found to be distributed over 3 different
crystallographic sites, as illustrated in Figure 7. Molecules Ow1 are positioned inside
the sodalite cage and are coordinated to cations Nal’, while Ow2 and Ow3 sit in the
supercages, with Ow2 coordinating both Nall and Nalll, and Ow3 being only connected
to Nalll. The observed inter atomic distances between oxygen atoms and cations lie
between 2.42 and 2.83 A in agreement with former crystallographic studies [1].

Changes in the cation distribution at lower temperatures are mainly due to water
adsorption. Temperature-induced deformation (as will be discussed below) as well as
temperature itself at fixed water content play a less important role. The observed

migration of Na' cations from sites II to III upon decreasing the temperature had not
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been reported previously for NasgY faujasite, but is consistent with the result of

Kirschhock et al. for a different Si/Al ratio at low relative humidity [19,20].

Simulation results

Figure 8 reports the cation distribution in NasgY as a function of water content. The
simulations are performed using rigid frameworks with the experimental structure
obtained at each temperature and water contents in the range 0-200 molecules per unit
cell. We first note that the effect of the framework structure is rather limited for the
range of experimental deformations observed in the present case. In addition, the cation
distribution for the dry NasgsY (Nywawer=0) is in good agreement with the experimental
result. As the water content increases, sites II' remain empty and sites II remain
practically all occupied. We also observe an increase in the number of sites III, even
though much less pronounced than in the experiments. In the range of experimental
water contents, i.e. less than ~65 water molecules per unit cell, the population of sites I'
decreases while that of sites I increases, and opposite trends are observed for larger
water contents. The overall balance between sites suggested by simulation is thus a
displacement from sites I and I' to sites Il as the water content increases in the

experimental range.

With molecular simulations, we can further examine how these changes in the
cation distribution correlate with the water localization. Water adsorption essentially
takes place in two distinct environments: sodalite cages and supercages. The fraction of
molecules in sodalite cages decreases from ~25% at very low water content to ~9% for
~65 water molecules and beyond. This initial preferential adsorption in sodalite cages is

associated with the displacement of cations from sites I' (sodalite cages) to sites |
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(hexagonal prisms) and III (supercages). Upon further water adsorption, beyond the
experimental range, crowding of the sodalite cages by water molecules is likely at the
origin of the reverse migration from I' to I sites.

Simulations using the same force field have been reported for other Si:Al ratios
[6], corresponding to unit cells with 48, 52 and 76 cations. In dehydrated NasgY, sites I
and II are present; upon hydration the migration from sites I to I' correlates with the
adsorption of water in sodalite cages. At maximal water loading one reaches 16 sites I'
and 32 water molecules in sodalite cages. With Nas,Y, some sites I' are observed even
in the dry state and migration from sites I to I' upon adsorption results in the same final
occupancy of I' and water in sodalite cages. Finally, in dehydrated NassX all sites I' are
occupied, while all sites I are empty; upon hydration one observes the migration from I'
to I. Therefore, the present case of NasgY displays an unusual behaviour, with the
migration from I' not only to I but also to sites III. Such sites were not observed for

larger Si:Al ratios, and are always occupied for smaller Si:Al ratios.

Discussion

Compared to the systematic simulation results as a function of water content of the
previous section, the experimental results as a function of temperature suggest a more
pronounced population of sites III and, more importantly, that these sites are populated
at the expense of sites II instead of sites I and I'. Here we push the comparison further
by performing simulations more directly comparable to the experiments. For each
temperature, we perform simulations with the experimental structure, using the

experimental water content (see Table 2).

Results are summarized in Figure 9. The agreement between simulation and
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experiments is excellent for temperatures above 150°C at which the water content is
very low. For temperatures below 100°C, the main difference is the origin of the cations
in sites III (and their number): sites I/I' in simulations instead of sites I in experiments.
One possible source of discrepancy may be the high temperature used for the
simulations in these cases to ensure convergence of the results. However, as mentioned
above, we have checked for a number of comparable systems that the same results are

obtained using the computationally more expensive parallel tempering method.

Another possible source of discrepancy is the force field used to describe the
microscopic interactions. In particular, it is essential to correctly capture the competition
between ion-solvent and ion-framework interactions [21,22]. As a crude test of the force
field used in the present study, we artificially increase the ion-water interaction by
multiplying the corresponding Lennard-Jones interaction strength by a factor of 100.
Simulations are performed in the 20°C experimental structure for two water contents,
namely 63 and 123 water molecules per unit cell, at a temperature of 700K to ensure
good convergence. Results are summarized in Table 3. One observes a better agreement
with experiments, including a large increase in the number of sites III and a pronounced
depopulation of sites II, as well as the virtual absence of sites I. Some differences still
remain, such as the too large number of sites I' (and II'), or the too small number of sites
III. While this ad hoc modification of the model is not able to reproduce the
experimental results quantitatively, it clearly suggests that changing the balance
between ion-water and ion-framework interactions is a promising perspective for the

design of more reliable force fields.

Finally, the use of T atoms to model without distinguishing Si and Al atoms may
also contribute to the differences observed with experiments. As such a distinction is

not possible experimentally (the Al location has no long range order), simulations with
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distinct Si and Al atoms would require an averaging of all properties over several
distribution of these species inside the crystalline framework. The cation localization
should depend on the specific position of Si and Al. In the case of Faujasite zeolites, we
have shown that subsequent averaging over their microscopic distribution results in
sodium cation distributions in good agreement with the one predicted with T atoms

[23].

Conclusion

Using an innovative neutron scattering approach, we have described in detail the
distribution of cations in NasgY faujasite upon (de)hydration and demonstrated in
particular the migration of sodium from sites II to III upon water adsorption. In order to
investigate this migration from a molecular perspective, we also performed Monte Carlo
simulations. To that end, we used a force field from the literature and the structure
determined by neutron diffraction for each experimental condition. We introduced a
new localization procedure, allowing for the assignment of each cation to a specific type
of site from its local environment (characterized by different types of framework
oxygen atoms). This new procedure does not require the knowledge of the
crystallographic coordinates of the sites and is particularly well suited to account for

flexible frameworks (or as in the present case, several rigid frameworks).

While in quantitative agreement with experiments for high temperatures, when
the water content is low, some important differences are observed for temperatures
lower than 100°C, in the presence of adsorbed water. In particular the simulations
conclude to a migration from sites I' to III. Simulations using a modified force field with

increased cation-water interactions provide results in better agreement with the
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experiments. Overall, the present study suggests that the development of more accurate
force fields, better accounting for the balance between ion-water and ion-framework

interactions as well as for framework flexibility, is highly desirable.
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Table 1 Comparison of the cation distribution determined in NasgY from the
coordinates of the crystallographic sites (standard method) and from the cation local
environment (new method), for the experimental structure at 20°C with 15 water

molecules per unit cell. Cations that cannot be assigned to any site are labelled NL (not

localized).
Method I I 11 1 111 NL
Coordinates 8.840.4 | 14.2+0.5 | 31.8+0.3 0 3.1£0.4 0
Environment 8.8+04 | 14.4+0.4 | 31.7+£0.4 0 2.840.5 0.4+0.5
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Table 2 Experimental lattice parameter a (£0.001 A) and water content Ny, (number of
molecules per unit cell, +1.5) as a function of temperature. The fixed number of

molecules used in simulations for comparison with experiments is also indicated.

Temperature | 20°C | 80°C | 100°C | 150°C | 200°C | 250°C | 300°C | 400°C
a(A) 24.679 | 24.690 | 24.745 | 24.804 | 24.832 | 24.839 | 24.837 | 24.834
Ny (exp) 61.6 | 348 | 190 | 58 | 1.5 0 0 0
Ny (sim) 63 35 19 6 1 0 0 0
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Table 3 Cation distribution in NasgY with a modified force field with Lennard-Jones

interactions between cations and water increased by a factor of 100. Simulations are

performed for the experimental structure at 20°C.

Water / u.c. I I' 1T ' I NL
63 0.0+£0.1 | 25.7£0.5 | 9.6+0.5 | 2.3£0.6 | 18.0+£0.5 | 2.4+0.5
123 0.0+£0.1 | 18.4+0.7 | 10.9£1.5 | 4.9£0.5 | 21.7+1.5 | 2.1£1.2

21



Figure 1 Schematic representation of cationic sites I, I’, II, IT' and III in the pores of the

faujasite structure.
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Figure 2 Definition of the cationic sites from crystallographic coordinates. The radius
of the sphere indicates the cut-off distance used to assign each cation to a specific site.
Five site types are defined: I (dark blue), I' (cyan), II (purple), II' (brown) and III
(green). Framework atoms are indicated in red (O) and yellow (Si and Al). Only a few

sites are shown for clarity.
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Figure 3 Definition of the different types of oxygen used to characterize the local
environment of each cation and assign them to crystallographic sites: Ol (red), 02

(blue), O3 (orange) and O4 (black). Si and Al atoms are shown in yellow.
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Figure 4 Powder neutron diffraction patterns of NasgY as collected on the G4-1
diffractometer at LLB, for temperatures between 20 and 400°C. The inset shows the

profile evolution of the 111 diffraction line.
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Figure 5 Evolution of the incoherent signal intensity as a function of temperature.

Standard deviations are smaller than the symbols.
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Figure 6 Number of cations per unit cell in each type of crystallographic site (I, I', II, II'
and III) as a function of temperature, as obtained from neutron diffraction. The total

numbers of sites per unit cell are 16, 32, 32, 32 and 48 per unit cell, respectively.
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Figure 7 Perspective view of partially hydrated NasgY structure showing the sodium
coordination to framework oxygen atoms and water molecules. Only one cation per

crystallographic site is shown for clarity.
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Figure 8 Number of cations per unit cell in each type of crystallographic site (I, I', II, II'
and III) as a function of the water content (number of water molecules per unit cell), as
obtained from Monte Carlo simulation. The total numbers of sites per unit cell are 16,
32, 32, 32 and 48 per unit cell, respectively. Temperatures refer to the experimentally

determined structure used in the simulations with rigid frameworks (see text for details).
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Figure 9 Number of cations per unit cell in each type of crystallographic site (I, I', II, II'
and III) as a function of temperature. Experimental data (same as Figure 6) are
compared to Monte Carlo simulations with the experimental structure and the
experimental water content (see Table 2). The total numbers of sites per unit cell are 16,

32,32, 32 and 48 per unit cell, respectively.
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