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Abstract

The accurate reconstruction of zeolite frameworks at the atomic scale is of critical
importance for the study of the sorption and separation properties of these materials.
In this work, the atomistic description of NaX FAU crystals is accomplished using
lattice reconstruction and simulated annealing techniques. The effect of temperature
on the NaX framework structure and on the precise positioning of the extra-
framework cations have been thoroughly investigated using annealing cycles at
several temperatures. The effects of the framework details including the cation
positions on the sorption of CO, and N, in these structures are studied using
molecular simulations. Comparison of simulated adsorption isotherms in non-
annealed structures to experimental data reveals that the agreement is a strong
function of the cation positions in the framework. More consistent results are obtained
when annealing is performed, in which case the deviation in the energy calculations is
reduced by almost two orders of magnitude. Cation tracking during several annealing
cycles is also implemented that reveals the existence of strongly preferred positions
for cations close to the Al atoms within the super cage. Comparison of the calculated
and experimental values for the heat of adsorption obtained in this work reveals
satisfactory agreement in both CO, and N, sorption cases for structures that have

undergone simulated annealing.

" Corresponding author. E-mail: vbur@iceht.forth.gr

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

2/25

Introduction

Nowadays, zeolites are involved in an increasingly expanding portion of science and
technology, including catalytic and separation processes [1, 2, 3], gas storage [4], and
ion exchange [5]. In particular, the performance of a zeolite crystal in separations
(sorbents, membranes) can be described by the interplay of the mixture adsorption
equilibrium and the mixture diffusion. The prediction of the sorption and separation
capacity of a given zeolite membrane should be, in principle, possible on the basis of
separately measured single component adsorption and diffusion data. Thus, much
experimental and theoretical research effort was focused recently on zeolitic
materials. This is driven not only by their technological importance but also by the
fact that they provide an inherent representation of model porous systems. Zeolites are
well-ordered crystalline nanoporous materials. More than 150 framework types have
been identified so far making them ideal systems for the investigation of their
adsorption properties against parameters such as size and shape of the pores, chemical
composition of the framework (Si/Al ratio, isomorphously substituted Si by other
metals, i.e., B, Fe, etc), and nature of the extra-framework cations. In the past few
years, a limited number of theoretical studies have investigated the influence of either
the nature or the distribution of these cations on the sorption properties of zeolite
systems. Systematic studies have focused on the adsorption properties of X- and Y-
faujasite systems containing various monovalent or divalent cations [5,6], with respect
to different adsorbates, such as carbon dioxide, ammonia, nitrogen, argon, ethane,
ethene, and water vapor [7,8]. Such processes are based on specific interactions of the
adsorbates with the electrostatic field induced by the cations. These investigations led
to empirical relationships showing, for instance, that the heat of adsorption usually
increases with increasing charge density of the cations, or with decreasing cation size.
It was clearly established that the extra-framework cations play a fundamental role in

the adsorption phenomena in such microporous materials.

The modeling process of the separation behavior of a zeolite membrane is still at early
stages of development. Recently, the Maxwell-Stefan model has been successfully
employed for the description of the single component permeation [9] and the

prediction of binary mixture permeation [10] in MFI membranes. Two transport
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mechanisms are assumed to overlap: surface diffusion and activated gas diffusion.
Based on Molecular Dynamics and Molecular Orbital calculations it has been
attempted to describe and forecast molecular permeation by computer simulation. A
more detailed classification of the two-component permeation through zeolitic
membranes considers (i) adsorption on the external surface, (ii) selective adsorption in

the zeolite pores and (iii) size dependent diffusivities in the zeolite pores.

Zeolite membranes can separate a mixture via a molecular sieving process or due to
large differences between the individual molecular mobilities, large differences
between the adsorption potentials for each compound, or a combination of mobility
and adsorption potential differences. In the case of differences in adsorption, the
selectively adsorbed compound excludes the other one from entering the zeolite pores,

and as a result it blocks its transmission through the membrane.

In the past, atomistic simulations of the structure of several inorganic porous materials
(S10,, zeolites) [11-17] have been realized using Molecular Dynamics and Monte
Carlo simulations. The reconstruction of inorganic structures at the atomic scale
usually includes the following conceptual steps. Initially, the atoms of the membrane
material are positioned at reference bulk lattice sites using literature data. The
interatomic potential energy of the configuration is dynamically calculated using a
pre-selected force field description, the parameters of which have been calculated
using either experimental or ab-initio data. Depending on the available data and the
accuracy needed, simple energy descriptions, like the ones found in Universal Force
Field (UFF) [18] (as well as in UFF variations),adapted to zeolite simulations [19,20]
can be utilized for this purpose [21,22]. Boundary conditions are then set, either
periodic or of the free surface type. The final step is the total potential energy
minimization of the system, using Steepest Descent, Conjugate Gradient and Newton-
Raphson techniques, and addition of cation or other bulk/surface defects (where
appropriate) in an iterative scheme. Using a force field of this kind, very useful
quantities can be computed, such as momenta, interaction energies, conformational
energy barriers, free energies, etc. The atomistic structure is the basis for MD and MC
calculations to probe the locations, conformations, and motions of sorbate molecules,
such as CO,, and N, in order to draw useful conclusions concerning the actual supply

of sorbates to the active sites of various types of FAU structures (DAY and NaX).
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In the present work the adsorption of CO;, and N, in atomistic reconstructions of the
Na-form of the aluminosilicate faujasite (FAU) is studied. The interest in the
particular zeolite stems from promising experimental data on their separation
efficiency in the form of polycrystalline membranes [23,24]. This goal is achieved
through the following procedure: An initial structure of the FAU crystal is
reconstructed at the atomic level using data from the literature. However, the existing
data are usually available only at room temperature, and they do not provide
information about the exact position of the extra-framework cations that are present in
the structure. To address these issues, a general methodology using simulated
annealing is developed and used for the atomistic description of NaX FAU crystals.
Adsorption isotherms are then calculated and compared with experimental results, and
along with heats of adsorption, they are used for the validation of the simulation
methodology proposed here. Simulated annealing is found to lower significantly the

uncertainties in the prediction of sorption and separation properties of FAU.
Computational methodology

The faujasite unit cell having a stoichiometry close to that of experimentally
investigated samples has been reconstructed using the XRD-based structural data
from the work of Zhu and Seff [25]. The unit cell of NaX has cubic symmetry (Fd3m
symmetry group) and its lattice constant at room temperature is 25.077 A. The
composition of the unit cell is O334Si100AlgpNag,. Previous studies, like the one of
Buttefey et al [26], assumed that both Si and Al can be represented using a unique T
atom that had the average properties of the two atoms. This assumption was
introduced to sidestep the complication that would arise by the large number of
possible configurations of the same crystal if Si/Al is not equal to one. If a unique T
atom is not introduced, then a reliable computation of a property would require a large
number of simulations in order to average over the different arrangements of Al atoms
in the simulated unit cell. This number can be extremely high in the case of zeolites
with high Si/Al ratio (case of NaY). On the other hand, Jaramillo and Auerbach have
developed a forcefield for modeling cation motion in faujasite that explicitly

distinguishes between the Si and Al atoms [27]. The minimum energy configuration
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of several faujasite crystals having different Si/Al ratio was obtained using a cation
annealing procedure. The T-atom methodology was not used in the present work, for
two reasons. First, we studied a NaX crystal of the aforementioned composition (Si/Al
=1.16), in which only four Al framework atoms have to be arranged (four degrees of
freedom), thus keeping the uncertainty of the resultant configuration rather limited.
Second, given that one of the goals of this study was to simulate the adsorption in
NaX crystals, the clear distinction between Si and Al atoms is needed to provide a
detailed simulation of the sorption process. Thus, the first step in the reconstruction is
the proper placement of the Si, Al and O framework atoms, which form eight sodalite
cages in FAU. Sodalite cages are interconnected with oxygen bridges forming a pore
system with access window having diameter ca. 7.4 A. The Si and Al atom
distribution follows the Lowenstein’s Al-O-Al avoidance rule [28]. The placement of
the cations at specific sites is very significant also [29,30]. A view of the
reconstructed unit cell of NaX, obtained with the help of Materials Studio, is shown in
Figure 1, where the red balls represent the oxygen atoms, whereas the purple and
yellow balls represent the aluminum and silicon atoms, respectively. The blue balls

represent the Na cations.

FIGURE 1. Unit cell of NaX faujasite.

The possible positions of Na™ in the unit cell are the following: sites I located in the
center of the double six member ring connecting the sodalite cages; sites I' located in

the sodalite cage in front of the double six member ring; sites Il in front of the single
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6-ring window of sodalite cage; and sites III' and III", which are congener positions
located in front of the 4-ring windows of the sodalite cages with small variations and
called here sites I11. Figure 2 shows a schematic representation of the Na' positions in

the various sites, using as point of reference a sodalite cage.

FIGURE 2. The possible locations of Na" in faujasite using the sodalite cage as a
point of a reference.

The distribution of Na" among the different sites involved 32 Na" at sites I’, 32 Na" at
sites II, and 28 Na" at sites III. In the case of NaX, full occupancy of sites I’ and II
was assumed (32 Na'/site). This is not the case for sites III, where only 28 of the 196
symmetrical positions are occupied. This means that several alternative configurations
with the Na' at different locations can be generated. Two possible methods were
followed in order to reproduce an energy favoring structure. The first method is the
one suggested in the work of Seff [25], and the second one places the Na" cations
randomly, excluding positions that are too close to each other and, consequently,

would produce unrealistic, repulsive interactions.

http://mc.manuscriptcentral.com/tandf/jenmol

Page 6 of 25



Page 7 of 25

7/25
1
2
3
4 . :
5 I nteraction potential
6
7 We separate the forces that act on the zeolite atoms in the presence of gas molecules
g into intermolecular and intramolecular ones. The intermolecular (non-bonded)
ig interaction energy, V,, is due to interactions among atoms of different molecules.
12 Interactions between atoms of the same molecule or between bonded atoms are called
13
14 intramolecular interactions (bonded) and correspond to the interaction energy Vy,. The
15 . ; . .
16 overall interaction energy is the sum of these two contributions:
17
18
19
20 V=V, +V (1)
22
gi | ntermolecular interactions
gg Intermolecular interactions are described with a Lennard — Jones potential for the Van
27 der Waals interactions and a term for the electrostatic interactions. The general form
28
29 of the relation giving the intermolecular interactions is given below:
30
2 o\ (o)
: el (2] (7]
34
32 V, =V _;+Vyoe Where (2)

1

37 v 4% _ HAg !l
38 NS Amer _4me 1’
39 — T =
40 Charge-charge Charge-dipole  Dipole-dipole, charge-quadrupole,etc,..
41
42 . . . .
43 The interaction of the gas molecules (CO, and N,) with each other and with the
j’é zeolite atoms has been described using the point charge model. In this approach every
jg atom interacts independently of the others, and a specific charge is assigned to every
48 atom in each gas in order to reproduce the quadruples of CO, and N, Figure 3 shows
49
50 quadruples of CO, and N,. An alternative approach is the united atom method, where
51 . . . .
50 every molecule is represented as an interaction center, assigned a Van der Waals term
gj and a term giving its electrostatic moment. Clearly, the former model gives a detailed
55 and, thus, more realistic description of the way the molecules interact with each other
56
57 and with the lattice atoms, provided that sufficient forcefield data for each interaction
58 . L . . .
59 are available, which is the present case. The form of the relation for the interactions
60
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now looks simpler, since the charges of the atoms are only needed for the description

of the electrostatic interactions:

V. = 43{(5) —(3) }rﬂ 3)
r r drer

The molecules studied here are linear quadruples, so they were represented as three-
point models, i.e. three points on the same line, the central atom having a specific
charge and the outer ones having half the charge of the central one. Figure 3 shows
the quadruples for the CO, and N, molecule. In the case of Ny, which is a diatomic
molecule, the central point is a pseudoatom which does not interact via the Van der
Waals force. It serves only as a position with a specific charge that is generated in the
center of the bond between the two atoms and is responsible for the quadruple

character of the molecule.

(b)

FIGURE 3. Representation of quadruple molecules of (a) CO; and (b) N».

The values for the charges and the distances between the point charges forming the
quadruples as well as the values for the terms of the Lennard—Jones potential used in
the simulations can be found in Tables I and II, respectively. The CO, charges were
derived with the use of ab initio calculations, while the Lennard—Jones parameters
were obtained by fitting with experimental adsorption enthalpies [31]. The charges
and the diagonal Lennard—Jones parameters for the N, molecule are the product of a
fitting procedure using experimental data of properties of the crystal structure of
nitrogen at zero temperature [32]. Further details for the structure charges and

potential parameters can be found in the literature [33], [34].
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Table L. Charges and interatomic distances used in the simulations

Atom Charge Interatomic distance (gas

©CoO~NOUTA,WNPE

molecules) / A

Si (framework) 2.4

13 Al (framework) 1.7

16 O (framework) -1.2

18 C (in CO,) 0.72

21 O (in CO») -0.36 1.150 (C-0)

24 N (in Np) -0.483 1.098 (N—pseudo atom)

pseudo-atom #1 (in Ny) 0.966

31 The electrostatic interactions were calculated using the Ewald summation method,
33 and the Van der Waals terms were calculated from an atom-based summation with 12

A cut-off distance.

37 Table II. Van der Waals constants for the interaction of N, with the framework

39 atoms and within the CO, molecule

42 N, [32] N 0y Na®

en(eV) 0.00314 | 0.0197 | 0.00434

47 on(A) 3318 | 2708 | 1.746

50 CO,[31] O-O C-C O0-C C-0, |00, | C-Na |O-Na

52 en(eV) 0.00659 | 0.00402 | 0.00158 | 0.00363 | 0.00601 | 0.00759 | 0.0027

55 on(A) 3.36 3.83 3.31 3.90 3.48 3.35 2.95

http://mc.manuscriptcentral.com/tandf/jenmol
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| ntramol ecular/bond interactions

The motion of the Na cations in faujasite has been modeled in the past. However, in
the previous studies [26,35] the movement of the framework atoms was usually
ignored. Our goal was to develop a technique that can predict at different
temperatures not only the cation arrangement but also the exact framework atom
positioning. For this reason, a full potential model, containing interactions between

both framework atoms and cation atoms was adopted.

Bonded terms in the potential expression adopted stand for forces that are generated
between bonded atoms and describe the pertinent atomic motions, like oscillations
and vibrations of the atoms around the equilibrium positions. These movements were
used in the annealing process, where the motion of the framework as well as the

vibrations of the gas molecules must be taken into account.

A theta harmonic potential was used, which describes the oscillations of the angle of
the bond between Al and O atoms as well as between Si and O atoms. The theta

harmonic potential has the form:

E=1/2K,(8-6,) 4)
The Buckingham potential provides updated Van der Waals force terms for zeolitic

atoms. The Buckingham potential is of the form

V(r)= Aexp(-r/ p)—Cr= (5)

where p is a characteristic distance between the atoms (see below). While the
aforementioned equation is the most commonly used, a different yet equivalent form
of it was used in our calculations (Materials Studio; FORCITE, Soprtion modules):

R

We found the equivalent parameters for the Materials Studio description by matching
the field values description of equations (5) & (6) and solving the corresponding
algebraic system (7),
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Do( ¢ )exp(y)=A
y—6
r_1 7
R p @)
Y Rt
D°(7—6JR° ¢

where Dy is the bond strength or well depth of the potential in kcal/mol, Ry is the bond
length in A, and v is a scaling factor. The Buckingham potential does not represent a
bonded potential but can be used for describing interactions between atoms belonging

to a single body (zeolite).

The parameter values for these detailed potentials have been taken from the literature
[20]. Coarser descriptions, like the Rigid Unit Model (RUM) [35], which provide
interactions between rigid groups of atoms (tetrahedra and octahedra) linked by
vibrating oxygen bridges, have been used in the past for the investigation of the
zeolite structure deformation, like temperature dependence of the zeolite pore

dimension, and negative thermal expansion coefficients.

Absolute adsorption isotherms were computed using a Grand Canonical Monte Carlo
calculation algorithm, which allows displacements (translations and rotations),
creation, and destruction, as implemented in the Sorption module of the Materials
Studio software suite. These simulations consisted in evaluating the average number
of adsorbate molecules whose chemical potential equals that of the bulk phase for a
given fugacity (pressure) and temperature. In order to compare simulations with
experimental data, the fugacity (f) and pressure (p) were related through = cp , where
¢ corresponds to the fugacity coefficient. This coefficient is known to vary with
pressure and in the present work it was evaluated through an experimentally derived
equation of state that accounts for gas compressibility. In fact, the gas compressibility
was calculated with the aid of tables that correlate this quantity with the critical
pressure and critical temperature of each sorbate. Further information on the relation
among these quantities and on the origin and content of the aforementioned tables can

be found in the literature [36].

All simulations were performed at 293-333 K using one unit cell of faujasite, typically

allowing 3x10° to 5x10° Metropolis Monte Carlo (MC) steps (for further information

http://mc.manuscriptcentral.com/tandf/jenmol
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about the MC algorithm, the reader is referred to the related textbook of Frenkel and
Smit [37]). The evolution of the total energy over the MC steps was plotted in order to
control the equilibrium conditions. The zeolite structure was assumed to be rigid
during the sorption process. This is a convenient yet rather reasonable assumption for
the sorption process, as the heat of adsorption is primarily a function of the sorbate-
framework interactions, provided that the framework is near equilibrium. However,
during minimization and simulated annealing, this assumption is removed thanks to
the large flexibility in the degrees of freedom that is allowed in these cases. Cell
angles and bond lengths were kept rigid at their minimum-energy locations as

pinpointed by the forcefield description.

The Ewald summation was used for the calculation of the electrostatic interactions,
while the short-range interactions were calculated using a cutoff distance of 12 A.
Furthermore, in order to take into consideration the steric effects that prohibit the
access of N, and CO; atoms into the sodalite cages, dummy atoms with appropriate
van der Waals radii were mounted into these cages. As a result, the selection of a
location in the sodalite cages as an adsorption site by the MC algorithm became
practically impossible. The calculations of the differential enthalpies of adsorption at
zero coverage, Aagshg, can be performed through the fluctuations of the number of
particles in the system and through the fluctuations of the internal energy U, (i) with
the consideration of very low pressures and (ii) by switching off the adsorbate-

adsorbate interactions.

(UNy — (UXN)

A, i =RT — - e
<A ) - <<4V>> (8)

Simulated annealing

The annealing process consists of simulation steps that include two main parts, the
first of which employs conjugate gradient techniques for the energy minimization of
the structure at hand using a forcefield description of the interactions between atoms
[38]. This part is followed by a NVT molecular dynamics part. At sequential steps,
the temperature value is gradually increased from the initial one up to a predefined
temperature limit (increasing ramp). This procedure is followed by a similar one, with

gradually lower MD temperatures (decreasing ramp), down to the initial temperature.
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This increasing-decreasing ramp cycle is usually followed by several sequential ones
to optimize results. The idea behind the simulated annealing technique is to use the
MD steps and the temperature ramp to overcome local energy minima of the structure
and, thus, achieve a structure configuration with a total energy minimum [38]. This

would not be possible if a simple minimization technique was used.
Results and Discussion

As the starting point of the annealing process, the most appropriate set of numerical
parameter values, including those of the number of cycles, ramps, and dynamic steps,
was investigated. Initial attempts were conducted with 5 cycles and 5 ramps per
annealing cycle, and the structure was allowed to move for 40000 dynamic steps (of 1
fs) within each ramp, leading to a total of 10° steps. The numbers of steps and ramps
were kept fixed within a simulation, the maximum temperature was set at 533K and
the initial (target) temperature was 293K. This temperature corresponds to room
conditions and is quite close to the one at which literature X-ray data were taken and
used for the reconstruction of the initial structure [25]. Table III summarizes the
results of this procedure. For 5000 dynamic steps, a structure of similar energy was
generated. The number of dynamic steps was gradually reduced to a number that can
reproduce the equilibrium velocity distribution in the NVT ensemble at the desired
temperature. A number of 50 to 100 dynamic steps turned out to be sufficient for the
system to reach equilibrium. Thus, a number of 50 dynamic steps per ramp were used,
while the number of cycles was set at 15 and the number of ramps at 10, thereby
lowering the total steps to 7500. Using these optimal parameters, a crystal of the same
level of energy, and of practically the same volume, was obtained, saving valuable

computational time.

Table III. Parameters and results (final volume and energy of structure) for each

annealing process.

Cycles T Ramps ~ Dynam. Steps/ Volume Energy
Ramp A’ (kcal/mol*107)

http://mc.manuscriptcentral.com/tandf/jenmol
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Initial | - - - - 15769.8 -1.98075

1 5 533 5 40000 15142.2 -2.011194
2 5 533 5 10000 151498 -2.011126
3 5 533 5 5000 15141.35 -2.011158
4 15 533 10 50 15143.22 -2.011199

For validation purposes, an investigation was performed, in order to seek whether the
results could indeed converge to the same structure (of minimum total energy),
independently of the precise selection of the initial structure configuration. To this
end, several different structures were reconstructed, using data from the work of Seff
[25]. The initial structures were divided into two groups. The first one involved unit
cells in which the Na" cations at sites III' and I1I" were distributed using the procedure
reported in [25]. In the second group, the III'/III" site cations of the unit cell were
distributed following a fully random process. The results are shown in Table IV. The
number of steps that was ultimately chosen (7500) was the one which could reproduce
energetically acceptable cells in the minimum simulation time without compromising
noticeably the accuracy (in both geometric and energy terms) of the results. Once
again, the target temperature was set at 293K. All unit cells had an initial volume of
15769.8 A’. The different distributions of Na' led to an energy deviation between the
structures of ca 340kcal/mol. On the other hand, the simulated annealing procedure,
as performed on these structures, resulted in structures of lower volume by about 4%,
as compared to the initial structures, and limited drastically the energy deviation down
to ca 8 kcal/mol despite the large deviations that were noted among the initial

structures.

Table IV. Energy and structure deviations of the various reconstructed cases (before

and after simulated annealing)

Initial Initial Energy Final Final Energy Energy

Volume Energy Deviation Volume (kcal/mol) Deviation

http://mc.manuscriptcentral.com/tandf/jenmol
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A4) (kcal/mol) (kcal/mol) A (kcal/mol)
Random 1 T198074.52 1514322 | 201120
Random 2 719795924 1513645 | 201103
Random 3 | 15769.8 | -198007.68 |  339.421 15139.04 | -201100 7.855
Seff 1 7198638.10 1514153 | -201102
Seff2 ~198619.64 1514049 | -201106

The new positions of Na" at III/III" sites were also checked through radial distribution
functions. Indeed, while Na III' remained close to Al atoms, Na III" atoms moved
away from Si atoms and repositioned themselves in the vicinity of Al atoms. This
appears to be a naturally preferable position for Na', since Al atoms are assigned
smaller positive charge. In general, during the annealing process the only considerable
transfer took place between Na™ of III’ and III”’ sites, while Na" at I’ and 1I sites
remained close to their initial positions. This behavior was also evident in the radial
distribution function of NaX structures that were annealed subsequently at elevated

temperatures, as described in the following section.

In order to validate further the proposed modeling methodology, the sorption capacity
of the reconstructing crystals was calculated and compared to experimental data both
at room temperature and at higher temperatures. The simulated annealing process was
expanded to higher temperatures up to 325 K. Table V shows the main features of the
annealed unit cells at four different temperatures. The structure at each temperature
was used as initial geometry in order to generate a structure at the next temperature in
sequence. The reason is that it is preferable to use as initial guess a structure that
corresponds to the closest possible temperature to the desirable one. Theoretically, it
would be ideal to be able to allow infinitesimally small temperature steps but this

would be extremely time consuming.
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Table V. Variation of the cell volume and the potential energy on the simulated

annealing temperature

Annealing Temp. Cell Volume Energy
(K) (A% (kcal/mol)
293 15142.09 -200440
302 15143.32 -201081
311 15142.42 -201114
325 15140.59 -201099

The significant decrease of the minimum energy uncertainty that is offered by the
simulated annealing procedure renders the method very attractive for further
applications, including adsorption and diffusion. However, care must be taken to
allow sufficient time for equilibration at the different intermediate stages to ensure not
only energy minimization but also settling of the Na III' and Na III" atoms at their
equilibrium positions. This can be done by studying the radial distribution of the Na
III' and Na III" positions next to the Al and Si atoms. Figure4 4 shows the Na"
positions after annealing procedure at different temperatures. White-filled bars show
Na cations that are initially next to Si atoms (sites III") and black-colored show the
ones that are initially next to Al atoms (sites III'). It appears that the positions next to
the Al atoms (III') are most preferred by the Na cations thanks to their weaker
electrostatic repulsion by the Al atoms compared to that by the Si atoms. Jaramillo
and Auerbach [27] have also predicted two distinct cation positions in the NageX and
the NagX faujasites. However, our work reveals that at elevated annealing stages, a
number of cation positions equidistant to Si and Al atoms (sites III, hatches) are
increasingly occupied by Na atoms. The existence of such sites has also been reposted
by Olson [39] who determined the faujasite structure from X-ray diffraction data.
Thus, the simulated annealing technique facilitated the overcome of energy barriers
during minimization. In fact, it is expected that the precise positioning of the Na
cations will affect eventual gas loading, as will be discussed below. At this point we
have to stress the fact that the proposed methodology provides a clear distinction

between three particular positions belonging to the III site family, while Buttefey et al
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[26] only mention two. This differentiation is originated from the fact that Buttefey et
al used a single atom (T) to describe both Al and Si atom 4444positions and, thus, a

differentiation between III' and III" positions was not feasible.

Radial Distributions of various NaX samples
30
25
20 O Site I
H Site Il
15 +—
Site Il
10
5 4 |
0
Initial NaX Sim. Annealed from Sim. Annealed from Sim.Annealed from
initial struct. to 302K 302K to 311K 311K to 325K

FIGURE 4. Occupation of sites III’, III” and III with Na atoms positioned nearby Si
and Al framework atoms (taken from radial distribution functions) in various NaX
samples at 302K: Initial NaX structure (non-annealed); NaX structure annealed at
302K (starting from the initial structure); NaX structure annealed up to 311K (starting
from the 302K-annealed structure); and NaX structure annealed to 325K (starting

from the 311K-annealed structure).

Sorption results

The sorption of CO, and N, molecules was simulated at different temperatures in the
initial unit cell, as well as following annealing at several temperatures. The synthesis
of NaX crystals and the experimental procedure for measuring the adsorption
isotherms for CO, and N, has been described in previous publications [40-43].
Calculated adsorption isotherms were compared with experimental ones. Figure 5
shows that the adsorption isotherms for non-annealed reconstructed unit cells compare

satisfactorily with the experimental ones that were obtained in this work but exhibit
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large variations among each other especially at the elevated temperature (325 K). In
fact, a small deviation between experimental and theoretical isotherms is inevitable
mainly due to the large number of choices between possible cation positions
(occupancies) but also due to the structural differences that are expected between the
temperature of the XRD refinement and the temperature used in the calculations.
Among the objectives of the annealing method is to reconstruct framework
geometries that will reproduce experimental data (adsorption isotherms) with limited
deviation among realizations. In this work, annealing turns out to be very efficient in
reproducing satisfactory structures that lead to adsorption isotherms with notably
smaller deviations, compared to those of the isotherms of structures prior to
annealing. However, the deviation from experimental data increases at increased
temperature. Nevertheless, this deviation is clearly smaller than the typical deviation
among different sets of experimental data for the same process and the same
temperature, as shown by a literature survey [44,45,46]. Structure annealing appears
to improve the estimation of the heat of adsorption (Figure 6). A Langmuir fit to the
relevant experimental data for sorption rendered a value of 6.8 kcal/mol, while the
calculated values for heat of CO, sorption for non-annealed and annealed structures

were 10.7 and 8.7 kcal/mol, respectively.

In the case of N, sorption, the annealed structures provided adsorption isotherms
(Figure 7) that are in very good agreement with the experimental ones and at the same
time with much smaller deviation compared to that of non-annealed structures. The
heat of adsorption (Figure 8) is also predicted with satisfactory accuracy considering
again all factors that may have introduced some ambiguity in the precise

reconstruction of the framework, as discussed above.
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FIGURE 5. CO; adsorption isotherms in various NaX samples at (a) 302K and (b)

325K: Crosses represent experimental observations. Open and filled symbols
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FIGURE 6. Heat of CO, adsorption. Initial NaX (non-annealed) structure for 302K
and 325K. Open and filled symbols correspond to non-annealed and annealed

structures, respectively.
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FIGURE 7. N, adsorption isotherms at 302K and 325K. Experimental observations
[+] and [%] at 302 and 325 K, respectively. Open and filled symbols correspond to

non-annealed and annealed structures, respectively.
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Conclusions

The atomistic reconstruction of NaX FAU crystals that was accomplished in this work
revealed several interesting issues that have to be addressed in the study of adsorption
in aluminosilicate zeolites. The positions of the framework atoms and of the non-
framework cations have been determined at different temperatures using simulated
annealing and their effect on CO, and N, sorption has been studied. More specifically,
monitoring of tagged Na~ during various annealing cycles showed that the positions
close to the framework Si atoms are not favorable for Na*, which relocate themselves
to positions close to Al atoms. The present work makes a clear distinction among the
three particular positions in the FAU cell belonging to the site III family, as dictated
by recent findings, whereas simpler models in the literature only predict up to two site

III variations.

Adsorption isotherms were simulated and compared to experimental data for the same
conditions. It was found that the use of non-annealed and annealed structures leads to
satisfactory or even excellent agreement with experiments, depending on the degree
of annealing. In any case, the deviation is smaller than the deviation between different

sets of experiments for the same system under the same conditions, as reported in the
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literature. The main benefit from the simulated annealing is that the statistical
deviation in the energy calculations is reduced by almost two orders of magnitude
compared to that in calculations that employed the non-annealed structure. Similar
conclusions can be drawn with respect to the calculated heat of adsorption for CO,
and N, in the same structures. The calculated heats of adsorption were very close to
the experimental ones. It was also interesting to note a satisfactory agreement between

the heats of adsorption for annealed and non-annealed structures.

In addition to Monte Carlo simulation of the adsorption isotherms, molecular
dynamics can be used as well with the additional advantage that they can reveal
accessibility effects on the loading calculation at different pressure levels, which are
possibly overlooked in the standard sorption simulation. This is the subject of current

work by the authors.
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