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Adsorption isotherms of methane and nitrogen in porous titanium silicate ETS-4 (Engelhard
titanium silicate) are calculated using grand canonical Monte Carlo (GCMC) simulations.
Self-diffusion coefficients are determined using molecular dynamics (MD) simulations. Prop-
erties for pure gases were determined for two of the ideal ETS-4 polymorphs (ABAB-AA and
ABAB-AC) dehydrated at different temperatures (423 and 573 K), taking into account only
the framework atoms of the structure and ignoring the non-framework cations and water
molecules. It was observed that equilibrium properties are slightly dependent on the struc-
ture selected for idealized polymorphs. However, it is not sufficient to explain the differ-
ences in adsorption capacity observed experimentally, which can only be explained with the
combination of two polymorphs. In polymorphs with straight channels, self-diffusion in the
direction of the main channel is two orders of magnitude larger than through the small
rings that connect the main channels with some small cages. The trends observed in the
self-diffusion coefficient with loading confirmed that crossing an eight-membered ring is an
activated process.

Keywords: Adsorption isotherms; ETS-4; Grand canonical Monte Carlo; Molecular dynamics;
Self diffusion.

The development of separation systems that are robust and economical, as
well as finding suitable sorbents for carbon dioxide-methane and nitrogen-
methane separations has been identified as one of the issues to be ad-
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dressed for separations research in the 21st century'. Nitrogen-methane
separations are important to increase the methane content in streams ob-
tained from reservoirs that contain high levels of naturally occurring nitro-
gen, those obtained from nitrogen injection through enhanced gas
recovery? or from landfill gases®.

Even when the nitrogen content in natural gas or landfill gases is consid-
erably lower than the CO, content, it is estimated that the cost of separat-
ing nitrogen from methane is five times larger than the cost of separating
carbon dioxide from methane. Upgrading the methane content in such
streams is only economically viable when natural gas prices are high
enough®. Therefore, understanding the fundamentals of nitrogen-methane
separations may provide some direction for the development of adsorbents
or processes to reduce the cost of this type of separation.

Separation of carbon dioxide from methane can be achieved through dif-
ferent adsorption-based technologies, such as pressure swing adsorption
(PSA) or temperature swing adsorption (TSA)2. Carbon dioxide is adsorbed
preferentially to methane in zeolites with a high content of non-framework
cations, due to the interactions between non-framework cations and the
CO, quadrupole moment. Therefore it can be assumed that large quadru-
pole moment of carbon dioxide is the driving force for this separation. The
quadrupole moment of nitrogen is considerably smaller than that of carbon
dioxide, and insufficient to drive the separation from methane in the same
type of zeolites.

Probably the difficulty faced in nitrogen-methane separation is the simi-
lar overall behavior of both gases in most zeolites, even though their behav-
ior is a consequence of different phenomena: methane has higher polariz-
ability than nitrogen, and its first non-zero polar moment is the octupole
moment, while nitrogen has a non-zero quadrupole moment and smaller
polarizability. In general, methane adsorption is more favorable than nitro-
gen adsorption, but it is assumed that adsorbent heterogeneity or the pres-
ence of electric field gradients may favor the adsorption of nitrogen.

Recently, it has been shown that it is possible to tune the pore size of
strontium-exchanged titanium silicates with a precision of 0.1 A5, and that
such materials can be successfully used for nitrogen-methane separations®.
Other materials that have been proposed for nitrogen-methane separations
are ion-exchanged clinoptilolites’. It has been suggested that the principle
of operation of both adsorbents is similar. Depending on the ion-exchange
and/or dehydration temperature, the porous network blocks or significantly
reduced the entrance of methane, while nitrogen, that has a smaller size, is
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able to travel through the porous network. The dehydration temperature re-
fers to the temperature at which the material is “dried” after the synthesis.

In this work, we study adsorption and diffusion of pure nitrogen and
methane on different models for ETS-4 in order to understand the molecu-
lar mechanisms that allow the preferential adsorption of one gas over the
other. In particular, we are interested in showing that the separation can be
achieved even in the hypothetical absence of non-framework cations. The
separation is mainly driven by the structure of the ETS-4 framework. In
general, we observed that nitrogen was better adsorbed in the structures
studied. We show that the modification in the structure of ETS-4 upon de-
hydration does not prevent methane to enter the straight pores in ETS-4,
but that it reduces or eliminates the diffusion through the eight-membered
ring.

METHODOLOGY

Fluid Model

Methane was considered as a single Lennard-Jones sphere, while nitrogen
was modeled as a two-center Lennard-Jones fluid. The interaction parame-
ters for pure methane reproduce well the second virial coefficient!?, and the
interaction parameters for nitrogen correctly describe the vapor-liquid
equilibrium properties!'!. Despite the fact that the model for nitrogen devel-
oped by Vrabec et al.!! takes into account quadrupole interactions (not
taken into account in this work), the potential was not modified because
we consider that quadrupole contributions are less important than in bulk
nitrogen. We are not considering any explicit charge in the framework at-
oms or non-framework cations, and the number of nearest neighbors is de-
creased in confinement compared with the bulk. Interaction parameters for
these fluids are summarized in Table I. Mixed interaction parameters were
calculated using the Lorentz-Berthelot combining rules.

Solid Model

ETS-4 is a mixed oxide microporous material, essentially a synthetic ana-
logue of the mineral zorite!>13, It consists of -O-Ti-O- chains in the [010]
direction, whic are connected by silica tetrahedra in the [001] direction and
by titanosilicate bridging units in the [100] direction. The bridging unit
consists of a five-coordinated titanium atom!4, which is bonded to four sili-
cate tetrahedra and to an apical oxygen atom.
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Both ETS-4 and zorite are disordered crystalline materials faulted in the
[100] and [001] directions. Their structure can be described as a superposi-
tion of four pure polymorphs. In the [100] direction, the bridging units can
be stacked in either ABAB- or ABCD-type sequence, whereas in the [001] di-
rection they may be stacked in either an AA- or AC-type arrangement. The
faulting in either direction does not block the eight-membered ring pores
in the b direction, but the faulting in the c¢ direction blocks the twelve-
membered ring pores!>.

In this work, we constructed different model structures for ETS-4, summa-
rized in Table II. Only the set of polymorphs that are obtained by changing
the arrangement of bridging units in the ¢ direction from AA- to AC-type
arrangement were considered, as this type of faulting yields structures with
blocked twelve-membered ring pores. The ABCD-AA and ABCD-AC struc-
tures!> were not considered, as it is assumed that the adsorption properties
will be practically the same because the main difference is relative to the lo-
cation of the twelve-membered ring pores.

TABLE I
Fluid—fluid and fluid-solid interaction parameters

Fluid o, A eglky, K I A Oy A er/ky K

CH, 3.73 147.95 3.502 104.5

N (from N,) 3.3211 34.897 1.0464 3.014 85.0
TaBLE II

Solid structures used in this work

Dehydratation

Model name Polymorph temperature, K Apical TiO
ABAB-AA-4230 ABAB-AA 423 non-blocking
ABAB-AA-5730 ABAB-AA 573 non-blocking
ABAB-AC-4230 ABAB-AC 423 non-blocking
ABAB-AC-5730 ABAB-AC 573 non-blocking
ABAB-AA-423B ABAB-AA 423 blocking
ABAB-AA-573B ABAB-AA 573 blocking
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All the frameworks used in this work have the same composition because
non-framework cations were not taken into account. It is important to
point out that the occupancy is less than unity for some framework atoms
in the unit cell. In order to construct the smallest simulation cell that con-
tains any idealized polymorph, it is necessary to use four unit cells, one in
the a direction and two in the b and c directions. The framework composi-
tion of the simulation cell was Ti;Siy50:5,(T10),. Images of an ABAB-AA
structure shown in Fig. 1 correspond to those reported by Kuzinski et al.>.
The composition of the simulation unit cell is four times the framework
composition of a NaSr-ETS-4 structure reported by Nair et al.'4.

It is important to note that in the structure shown in Fig. 1, the apical
TiO unit blocks the eight-membered rings preventing diffusion to take
place in the b direction. Considering that several positions are reported for
the apical TiO unit, adsorption equilibrium and diffusion were calculated
mainly in model structures where the apical TiO was not the eight-
membered ring. We denote with an “O” the structures where the eight-
member ring is not blocked by the apical TiO, and with a “B” when it is
blocked. Figure 2 shows a modified framework structure with the same cell
composition, where TiO units block only the eight-membered rings in the
lower part of the box, leaving open for diffusion the rings in the upper part
of the box.

For all the sample materials, a grid containing information on the solid-
fluid interaction potential at each grid node was pretabulated over one
simulation unit cell (four unit cells: one in the a direction, and two in the

Fic. 1
ETS-4 structures showing: a the straight pores that run along the c-direction and b the
eight-membered rings that connect the straight pores in the b-direction, partially blocked by
an apical TiO
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b and c directions). Hereafter, this box will be referred to simulation unit
cell, and the unit cell as one quarter of the simulation unit cell. The frame-
work atoms in the simulation unit cell were selected to reproduce the ab
and ac faults using the information on fractional occupancy of the atoms'®.

The frameworks were assumed to be rigid in the course of the simulation.
It is known that the framework flexibility can be important in the determi-
nation of transport properties of molecules through such tight passages!’.
In this work we neglect the framework flexibility, assuming that diffusion
through some rings may be possible even when it is not observed in a rigid
framework.

Fluid-Solid Interactions

Only dispersion-repulsion interactions were taken into account in this work;
ion—-quadrupole, or ion induction interactions were not considered. It has
been recently pointed out that the interaction of non-framework cations
with adsorbed non-polar molecules is important for correct description of
the behavior of adsorbed molecules and that, depending on the case, cation
mobility can play an important role in the shape of the adsorption iso-
therm!®-20, Assuming that the framework structure is the most important
factor for the ETS-4 sieving properties in nitrogen-methane separations, it
is considered that the description of the volume accessible to the adsorbates
is more important than the details of the interactions.

Lennard-Jones-type interactions between framework oxygen atoms and
fluid molecules were considered:

FiG. 2
Modified ETS-4 structures showing: a the straight pores that run along the c-direction, b the
bottom eight-membered rings blocked by apical TiO units and the top eight-membered rings
open and able to connect the straight pores in the b-direction
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s 12 s 6
u, = 4e ij d -1 =L (1)
Ti/ r,,].

where r;; is the distance between the Lennard-Jones center of an adsorbed
molecule i and a solid atom j, g; and oy are, respectively, the well-depth
and collision diameter of the Lennard—Jones potential between an adsorbed
molecule i and a solid atom j.

Interactions between the adsorbed molecules and the Si and Ti atoms
were not considered. It is customary to use effective interactions for oxygen
atoms in zeolites that will also account for the interactions with the silicon
atoms because it is considered that silicon atoms are not accessible to ad-
sorbed molecules. We use the same assumption even when it is possible for
some titanium atoms to be accessible to adsorbed molecules.

It has been shown that several combinations of € and ¢ can reproduce
the adsorption isotherm of simple gases in silicalite within experimental
error’!. The parameters used in this work are summarized in Table [; differ-
ent sets of parameters available in the literature were also tested*?-2%. In
general, the parameters used and most parameters available in the litera-
ture??23, give practically the same results, but significant deviations are ob-
served when using the methane-oxygen interaction parameters proposed
by Goodbody?®, in which the collision diameter for methane-oxygen is
smaller than in the other models.

The methane-oxygen and nitrogen—-oxygen interaction parameters se-
lected for this work reproduce well the experimental adsorption isotherm of
these gases in silicate?®. Considering that adsorption of methane in
silicalite is more favorable than adsorption of nitrogen, these interaction
parameters are useful for testing the influence of the framework structure
on the adsorption selectivity.

We do not use the interaction parameters for methane-titanium silicates
available in the literature?” because they strongly overestimate the fluid-
solid interactions, yielding heats of adsorption approximately three times
larger than those observed experimentally?®2°, We also did not consider
the interaction parameters used in simulations of other porous titano-
silicates3? as they were developed for the determination of the location of
non-framework cations and adsorbed water molecules where the most im-
portant interactions are Coulombic.

The solid—-fluid interaction potential in grand canonical Monte Carlo
(GCMC) simulations, and the force in molecular dynamics (MD) simula-
tions, were pretabulated in a grid prior to the simulations. The spacing be-
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tween grid points was approximately 0.1 A. During the simulations, the
potential energy or the force of any adsorbed molecule was mapped to the
simulation unit cell where pretabulated data was available. A linear interpo-
lation between grid points was performed to determine the potential en-
ergy at any point in the box.

Adsorption Isotherms

Adsorption isotherms and heats of adsorption were determined using
GCMC simulations following standard procedures®!, where insertion, dele-
tion, translation and rotation in the case of N, molecules were considered.
For these simulations, it was necessary to add four dummy atoms to the
simulation unit cell to block some regions where insertions could be suc-
cessful, but consist of blocked regions not accessible to molecules diffusing
in the main network. These regions correspond to small cages between
eight-membered rings that are blocked by an apical TiO unit. In order to
identify these regions, a potential energy map was generated, and uncon-
nected regions were identified.

Typical simulations were carried out over 8 simulation unit cells (2x2x2),
which correspond to 32 unit cells. Simulations consisted in 200,000 moves
for equilibration, and up to 400 x 10°® moves for collecting properties. At a
given chemical potential (or bulk pressure) we calculated the total number
of adsorbed molecules as well as the differential enthalpy of adsorption.

In the course of the simulation, several maps were created to identify the
regions where adsorbed molecules are most likely to be found. We identi-
fied two main adsorption regions: (i) straight channels and (ii) cavities be-
tween two eight-membered rings that connect two adjacent straight channels.

Self-Diffusion

We employed a standard constant-temperature constant-volume (NVT) MD
method3!32 to simulate particle movements through time space. The equa-
tions of motion in the NVT MD method were solved using the leap-frog
algorithm?3? and by implementing the damped force method of Brown and
Clark3?3* along with the Berendsen thermostat®® to maintain constant
temperature T. A time step of At = 2.5 fs and a coupling time constant t; =
0.01 ps in the Berendsen thermostat were used for a total simulation time
of 10 ns following an equilibration period.
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In the course of the NVT MD simulation, we evaluated mean-square dis-
placements in x-, y- and z-directions, denoted as MSD_, where o = (x, y, z).
MSD,, values were used to calculate self-diffusion coefficients in one dimen-
sion, D,, by means of the Einstein equation®?, where

D, =lim MSD, 2)
e 2t
and
MSD,, = (A(x(t))=<;i|ai(t)_ai(o)|z>. )

In Egs (2) and (3), t is the time, o, is a component of the unfolded position
of a molecule j (not subject to periodic boundary conditions) and () means

the appropriate ensemble average.

RESULTS AND DISCUSSION

When calculating the potential grid over the simulation unit cell, it is pos-
sible to map the accessible sites for an adsorbed molecule. A series of maps
for the ABAB-AA-4230 and ABAB-AA-5730, in planes that correspond to
a constant value in the x-direction (half of the simulation unit cell), are
shown in Fig. 3. The color code is generated using a scale between zero and
unity, which corresponds to the minimum between unity and exp (-BU)
at any point in the plane. Therefore, values of zero correspond to non-
accessible sites, while values of unity correspond to favorable adsorption
sites.

Maps obtained for methane show a clear straight pore, and small cages
which appear to be isolated from the straight pore. These small cages are lo-
cated between two eight-membered rings. For methane to access these
cages, a possibility of crossing the eight-membered rings must be assumed,
even though the barrier seems high enough to forbid this to happen. It is
possible that if one considers lattice vibrations, the barrier to crossing the
eight-membered ring should be lower than in the case of rigid frameworks.
In this work we assumed that methane could cross the eight-membered
rings in the ABAB-AA-4230 frameworks, although two scenarios were
used to calculate the adsorption isotherm in the ABAB-AA-5730 structure:
(i) considering that methane could cross the eight-membered rings, and
(ii) considering that the small cages are not accessible to methane. In the
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latter case, dummy molecules were placed in the cages to avoid insertion of
molecules during the GCMC simulations. This is equivalent to the “B”
blocked structures.

The maps obtained for a single Lennard-Jones sphere with the properties
of nitrogen in Table I show that diffusion in the y-direction is possible for
nitrogen in ABAB-AA-4230 structure. The map obtained for the ABAB-AA-5730
structure is similar to those obtained for methane. In the case of nitrogen,
it was always assumed that the molecules could cross the eight-membered
rings and that all favorable adsorption sites were accessible.

In the cases where all eight-membered rings are partially blocked by one
TiO unit, there is no possibility of diffusion in the y-direction, as every pore
in the z-direction is completely isolated from other pores, as shown in

FiG. 3
Accessible sites in a plane x = 1.151 nm for pore model ABAB-AA-4230 (a, b) and
ABAB-AA-5730 (c, d): a and c correspond to methane, and b and d are obtained using a single
Lennard-Jones sphere of the nitrogen model in Table I
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Fig. 4, and the small cages observed previously are blocked by the apical
TiO unit. Only adsorption equilibrium properties were calculated in
blocked structures for comparison with open structures, but no MD simula-
tions were performed. Even when molecules cannot pass through the
eight-membered rings, the difference in shape of the pores and the larger
accessible volume are sufficient to allow nitrogen to be favorably adsorbed.
Finally, a set of potential energy maps for methane and nitrogen in
ABAB-AC-4230 structures are shown in Fig. 5. For clarity, two simulation
cells are shown in the z-direction. In the ABAB-AC structures, bridging
units block the channels that run in the z-direction and only small sections
of such channels are accessible to adsorbed molecules. For methane, the ac-
cessible regions are unconnected, as shown in Fig. 5a, while clear connec-

FiG. 4
Accessible sites in a plane x = 1.151 nm for pore model ABAB-AA-423B: a using the methane-
oxygen interaction parameters and b using a single Lennard-Jones sphere of the nitrogen
model in Table I

0e
08

FiG. 5
Accessible sites in a plane x = 1.151 nm for pore model ABAB-AC-4230: a using the methane—
oxygen interaction parameters and b using a single Lennard-Jones sphere of the nitrogen
model in Table I
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tions between the channels in the z-directions are observed for nitrogen.
Maps for methane and nitrogen in the ABAB-AC-5730 structure are similar
to those for methane in ABAB-AC-4230 (not shown). An assumption that
the gases cannot pass through the eight-membered rings would yield the
same results as the rings blocked with the apical TiO.

Figures 6 and 7 show equilibrium adsorption isotherms for methane and
nitrogen in different structures. In these figures, the amount adsorbed is
shown as molecules per unit cell, which corresponds to 1/32th of the actual
number of molecules in the simulation box.

For all the structures studied, adsorption of nitrogen is stronger than ad-
sorption of methane. For these simulations we observed consistently lower
loadings in the ABAB-AC polymorphs for both gases, which can be due to
a different shape of the accessible volume. In general, if we assumed that
the small cages between the eight-membered rings are accessible, we ob-
serve in structures dehydrated at higher temperatures, higher loadings at
low pressures, but a small reduction in the total accessible volume is ob-
served at high pressures, when compared to structures dehydrated at low
temperature. This phenomenon is not observed experimentally, where a re-
duction in loading is found at all pressures upon increasing dehydration
temperature. From a theoretical point of view, obtaining higher loadings at
low pressures in ABAB-AA-5730 structures can be easily explained by the
reduction in the pore size of the material, allowing stronger interactions of
the adsorbed molecule with the framework. Only a decrease of the whole
isotherm in structures dehydrated at high temperatures can be obtained if it
is assumed that molecules are not able to cross the eight-membered rings
(like in structure ABAB-AA-573B). The amount adsorbed in the small cages
amounts up to 30% of the total amount adsorbed.

Figure 8 shows a comparison of the calculated adsorption isotherms with
those reported experimentally by Farooq?®2° The calculated isotherms us-
ing very simplified models for the fluid and solid structure, without adjust-
ing any interaction parameter, fall within the correct order of magnitude of
the measured adsorption isotherms. Nevertheless, the experimentally mea-
sured adsorption isotherms for a sample dehydrated at a low temperature
have higher loadings than the isotherms obtained in our simulations for
an equivalent material. These differences may be reduced if we take into ac-
count the presence of the non-framework cations, as the dispersion forces
would be larger and confinement could be stronger. Experimental differen-
tial enthalpies of adsorption in all cases were close to 20 kJ/mol %8, and in
most cases a slight increase with coverage was observed due to adsorbate—
adsorbate interactions. However, for nitrogen in ABAB-AA-4230 and
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0 500 1000 1500 2000

Amount Adsorbed, molecules/unit cell

Pressure, kPa

FiG. 6
Methane on ABAB-AA (full symbols) and ABAB-AC (open symbols) polymorphs. Circles, dehy-
drated at 423 K; triangles, dehydrated at 573 K; squares, ABAB-AA-573B

0.0 T T T
0 500 1000 1500 2000

Amount Adsorbed, molecules/unit cell

Pressure, kPa

FiG. 7
Nitrogen on ABAB-AA (full symbols) and ABAB-AC (open symbols) polymorphs. Circles, dehy-
drated at 423 K; triangles, dehydrated at 573 K; squares, ABAB-AA-573B

Collect. Czech. Chem. Commun. 2010, Vol. 75, No. 2, pp. 145-164



158 Siperstein, Lisal, Brennan:

ABAB-AA-5730, a u-shape curve is observed, with a minimum at approxi-
mately 1 molecule per unit cell, which indicates that these materials are
heterogeneous for nitrogen adsorption.

The decrease in the amount adsorbed, considered only as the decrease
in accessible volume of the small cages between the eight-membered rings,
is smaller than that observed experimentally. Kuznicki et al.> reported even
a larger reduction in adsorption capacity with increasing dehydration tem-
peratures. These phenomena cannot be explained using a single polymorph
to describe ETS-4, but can be easily understood if the material is described
as a combination of polymorphs, where significant regions of the pore net-
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FiG. 8
Comparison of measured adsorption isotherms (symbols) and simulation results (lines)
for methane (a) and nitrogen (b). Sr-ETS-4 dehydrated at 463 K (O), Sr-ETS-4 dehydrated at
593 K (@), Na-ETS-4 dehydrated at 593 K (O); simulation on ABAB-AA4230 (—), simulation
on ABAB-AAS73B (- - -), where the volume between two eight-membered rings is not accessible
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work are accessible only through the eight-membered rings. This is sche-
matically illustrated in Fig. 9, where the accessible regions for adsorbed
molecules are shown in gray and the bridging units as white circles. The
cages between two eight-membered rings, are shown as gray circles. The
first scheme represents a polymorph of the type ABAB-AA, while the latter
represents a mixture of ABAB-AA and ABAB-AC polymorphs. In the
ABAB-AA polymorphs, there are no diffusion barriers that limit the access
to any straight channel, but in the mixed polymorph material, the region
shown with gray lines is accessible only through eight-member rings. The
decrease in the amount adsorbed may indicate the total volume occupied
by the regions that are accessible only through eight-membered rings.

Of GCMC simulations, we interpret the difference in the reduction of the
adsorbed amount reported in the literature>?82° as related to different com-
binations of the polymorphic structures and difficulty crossing the eight-
membered rings for the molecules to access some of the regions of the pore
network. In the rest of this paper we analyze MD simulations results for
both gases in different structures. Unfortunately, with the selected model
for methane, no diffusion was observed through the eight-membered rings
for any of the structures studied.

MD simulations show that only diffusion in the y-direction is observed
for nitrogen adsorbed in the ABAB-AA-4230 and ABAB-AC-4230 structures

FiG. 9
Schematic representation of a pure polymorph of the type ABAB-AA (a) and a mixed
polymorph (b), where the faults create regions of the pore network that are accessible only
through the eight-membered rings. In both diagrams, accessible regions are in gray, bridging
units are white circles. For the mixed polymorph, the region accessible only through eight-
membered rings is shown with dashed lines
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(Fig. 10). In order to observe diffusion of methane in the y-direction, a flexi-
ble framework would be needed, or a different description of methane.

In the ABAB-AA-4230 structure (Fig. 10a), which has unblocked straight
pores in the z-direction, D, for nitrogen decreases with loading as expected,
but D, increases with loading. D, is two orders of magnitude smaller than
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Fic. 10
Self-diffusion coefficients in the y- and z-directions for nitrogen (& and A, respectively)

and methane (@) for different structures: ABAB-AA-4230 (a), ABAB-AC-4230 (b) and
ABAB-AA-5730 (c)
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D,, and the increase in D, with loading can be interpreted as the signature
of an activated process, where it is more likely to observe a jump in the
y-direction when the loading in the pore network is higher. At even higher
loadings, one would expect D, to decrease. In the ABAB-AA-5730 structure
(Fig. 10c), only diffusion in the z-direction is observed, which decreases
with loading, is observed for both gases.

In the ABAB-AC-4230 structure, only diffusion of nitrogen was observed
(Fig. 10b). Judging from the maps shown in Fig. 5, no diffusion is expected
for methane in the rigid-framework model. It is not only interesting that
both D, and D, increase with loading, thus indicating the presence of an ac-
tivated process in both direction, but it must be pointed out that D, is an
order of magnitude larger than D,. The interpretation of this result is easy
to understand when inspecting the adsorption density maps in Fig. 11,

ABAB-AA-423 ABAB-AC-423

14 1.4
Methane Hg[‘ Methane E &r‘
12 12

£ 0.8
S -
> 0.6
0.4 0.4
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o A o ﬂ
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 12

Nitrogen Nitrogen

£ 08 08 t=—
o =
> 06 06
04 04
a
0.2 ﬁ 0.2
0.0 ﬁ 0.0
00 02 04 06 08 10 12 00 02 04 06 08 10 12
z, nm z, nm
FiG. 11

Density distribution maps in a single pore, obtained by GCMC simulations for methane and
nitrogen at 2000 kPa and 300 K. Dark colors indicate regions, where it is more likely to find an
adsorbed molecule
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where the presence of adsorption sites and transition states can be easily
identified. For nitrogen, in the ABAB-AC-4230 structure, adsorption sites
form practically a straight line in the y-direction, bring separated by transi-
tion states with lower energy than those in the z-direction.

CONCLUSIONS

Simple models represent the ETS-4 capture of most of the features of ad-
sorption of nitrogen and methane. To reproduce properties measured ex-
perimentally, it is necessary to describe the material as a combination of
at least two polymorphs, where important regions of the pore network are
accessible only through eight-membered rings. An increase loading in the
self-diffusion coefficients in the y-direction confirms that crossing the
eight-membered rings is an activated process. Therefore, we suggest that
the high selectivity for nitrogen over methane in ETS-4 is mostly due to its
framework structure and not to the nature of the non-framework cations.
Nevertheless, the presence of non-framework cations can be significant as
they may block some of the adsorption sites observed during the GCMC
simulations.

It is expected that pores of the size observed in ETS-4, taking into account
framework vibrations, should have an important effect on the calculated
properties, especially for methane, for which no diffusion in the y-direction
was observed using the selected models.
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