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Abstract

Transition-state theory (TST) as implemented by Gusev and Suter was applied to calculate the zero-loading-diffusion co-
efficients of 12 gases (He, Ne, Ar, Xe, Hy, No, Oy, CO,, SFs, CHy4, CF4, and i-C4Hyg) in two different zeolites, silicalite-1
and silica-sodalite. Gusev—Suter (GS) model was and is widely and successfully used for polymeric matrixes. Therefore, the
reliability of this method was studied for gas diffusion in silicalite-1 and silica-sodalite using CVFF_aug and CVFF force fields
and two simulation cells. The results were compared with diffusion coefficients used to reproduce the permeancein asilicalite-1
membrane. Model limits were also tested comparing the H,, He and Ne diffusion in silica-sodalite with previous calculations
of classical and quantum TST. Gusev—Suter method systematically underestimates the average diffusion coefficients of the
considered gases; underestimation was less marked for species larger than methane. The ratio between D, and D, components
in silicalite-1 was found near one differently from the expected result. The diffusion coefficients obtained using Gusev—Suter
approachinsilicalite-1 and silica-sodalite can beimproved with an appropriate average displacements definition, set in thiswork
equal to 0. Concerning the anisotropy diffusionin silicalite-1, thiswork showsthat correlated jumpsin a Gusev—Suter procedure
would also be considered. Gusev—Suter computational time for diffusivity estimation of Xe, CF,, CO, and SFg is much shorter
than the corresponding molecular dynamics (MD) simulation time.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are useful as adsorbents, filters, solid catalysts, and
aso as membranes for gas separation by controlling

Zeolites are microporous solids having alarge vari- gasrelative mobility. The understanding of the dynam-
ety of laboratory and industrial applications [1]. They ics fundamentals of small moleculesinside azeoliteis

relevant for al applications. A certain number of books
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fax: +39-0084-402-103. lar diffusion in zeolite matrices [2,3]. Intra-crystalline
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can be accurately and successfully reproduced by dif-
ferent computational approaches [4-8].

Gusev—Suter (GS) [9] method is essentially based
on the classic transition-state theory (TST) in which
the thermal motion of the host matrix isalso taken into
account. The method is applied to describe the motion
of light gases [10,11] in elastic polymeric matrices.
In GS procedure, the elastic therma motions can be
estimated by means of a MD simulation of the host
matrix [9].

A systematic GS application to gas diffusion in ze-
olites could be interesting to understand the method
timelinessin thisfield, even if GS calculations are dif-
ferent from the more accurate results of MD and ki-
netic Monte Carlo (MC) calculations [7,8,12-14]. At
the moment, the study on the corrected-diffusivity ac-
cording to the quantity of adsorbed molecules is not
the aim of this work since the accuracy of the starting
point, zero-coverage diffusivity, evaluated with GS ap-
proach has before established. Previous methods [15]
use diffusion coefficients from MD and kinetic MC
simulationsin theintegration of the Fick’ slaw through
the membrane. In this work, for mass transport de-
scription, a classic model equation is used with the
diffusion coefficients derived from GS method.

Reliability and limits of the GS method were stud-
ied for the intra-crystalline diffusion of light gasesin
silicalite-1, zeolite aready used also as membrane,
and silica-sodalite. Zero-loading-diffusion coefficients
of 12 gases at different temperatures were calculated
using two force fields, CVFF and CVFF_aug, and a
different structural model for each zeolite. The con-
sidered gases can be divided in three groups, noble
gases (He, Ar, Xe), inorganic molecules (Hz, N2, Oy,
CF4, CO, and SFg) and light hydrocarbons (CHyg,
i-C4H10). These gases are frequently treated as ze-
olitic guestsin modelling studies [15,16] since various
industrial purification processes involve these gases
and not only for their relative simplicity. In addi-
tion, Theodorou [12] treated Xe and SFg molecules
in silicalite-1 through a TST procedure with dynamic
corrections, whereas Vlugt et a. [13] reported i-C4H10
diffusion considering the species as a combination
of connected spheres (i.e. CH, CH3). These selected
gases have low electrostatic moments (except COy)
and relatively low polarisability (except i-C4H10). In
the considered zeolites, the dispersion-repulsion con-
tribution is predominant with respect to the eectro-

static ones due to hydrophobic nature of silicalite-1.
Thus, the guest—framework interaction was described
using a L ennard—Jonnes potential type. A second point
concerns to the shape of the studied gas molecules,
sincethese gases are considered asrigid spheres. Some
remarks about no-exactly spherical molecules, Ha, Na,
02, i-C4H10 and CO,, are necessary and will be given
at the paragraph 2.3.

Comparison with previous accurate theoretical
values from other approaches [7,8,12] and direct
measurements of zero-loading-diffusion coefficients
(PGF-NMR) [17,18] allows understanding the actual
limits and possibilities of the Gusev—Suter approach.
In addition, a comparison with experimental data
of steady-state gas permeation through a silicalite-1
membrane [19] gives some information on the use of
the calculated parameters in non-atomistic (macro-
scopic) models.

Moreover, the zero-loading-diffusion coefficients
for Ho, He and Ne in silica-sodalite were also cal-
culated, since this zeolite has the same chemica
composition of silicalite-1 but a different framework
structure. In fact, this material has not channels but
interconnected sodalite cages.

Computational expense involved in the use of MD
techniquesfor large moleculesis considerable. Kinetic
MC and TST require substantially less computational
effort and in particular GS approach allowstaking into
account in an easy way a so the host matrix vibrations.
In addition, until now GS approach was applied only
for gas diffusion in polymeric matrix.

Furthermore, zeolite thermal elastic description by
means of a smearing vector and its use for any atom
type of the host matrix or for atom clusters opens
various possibilities to the Gusev—Suter method ap-
plication.

2. Model and procedure
2.1. The Gusev—Suter approach

Thermally activated particle escaping from a local
minimum (site) i to an adjacent sitej can be described
by the rate constant R;;:

- kT Qj

ij = FE (l)
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where k is the Boltzmann constant, h the Planck con-
stant, Q; and Q;; are the partition functions of guest
molecule in the minimum i and in the activated state
from site i to site j, respectively. The particle transi-
tion probability wjj from site i to a particular adjacent
sitej is proportional to the rate constant R;;:

wij = T Rj ¥

The normalisation constant z;, the particle mean life
timeresiding in the site |, is

1
> Rij
where the summation is made for al j adjacent sites
having common crest surfaces £2;; with i. These equa-
tions lead to a simple procedure for stochastic tragjec-
tory simulation of the guest molecules in the host ma-
trix.

The quasi-classical approximation was used for
evaluating the partition functions Q; and Q;;. The
partition function of a particle of mass m, localised in
the site i, can be written as

2/3
_ (2nmk7> / —U(X)/deV (4)

where V; is the volume of the site i and U(X) is the
interaction potential energy between a guest molecule
at point X and the host matrix atoms. Following
the quasi-classical approximation, the guest momen-
tum can be integrated separately from the spatial
co-ordinates. The partition function of the activated
transition state between sitesi and sitej is

27mkT %

05 = 5 [ eV KTas ©
h2 I

where dS denotes the element of the crest surface £2;;.

Putting Egs. (4) and (5) in EQ. (1) gives

kT f e UX/KTgg KT Zj

2mm |, e UATqy  V 2mm Z

©)

T =

Rj = (6)
where Z; and Z;; are the configurational parts of the
partition functions. This equation gives the rate con-
stants for site-to-site transitions in the quasi-classical
approximation.

Zeolite elastic motion implies a fluctuation of host
atoms around their equilibrium position x,, Gusev
and Suter introduced the probability density function

W(A1, Ao, ..., Ay), With A, = X, — (x,) for de-
scribing the elastic fluctuation of the host atoms [9].
In this case, the equilibrium probability density p(X)
can be written as

p(X) o / Wi{Aje V- EDAT g 4) @)

where U(X, {x}) is the interaction potential energy at
the position X. The introduction of the equilibrium
density function in Egs. (4) and (5) gives

2/3
—(2”ka> / p(X)dv ®)

2amkT _
0y ="3 / p(X)ds ©)
$2ij

Finaly, the rate constant for a jump between two
adjacent minima can be written as

kT fQij p()-() ds

Rj = >— _
U 2mm fV[ p(X)dv

(10)

Hence, the dastic fluctuations of the matrix atoms
(W) yields p that gives the transition rates R;;. In
the Gusev—Suter model, the isotropic elastic motion
(Débye's approach [20]) is used to approximate the
W(Aq, Ay, ..., Ay) function in conjunction with
the pair approximation to estimate the potential en-
ergy function U(X, x). These coupled approximations
make the treatment of the guest dynamics in solids
remarkably simple and stimulating for several appli-
cations in different solid systems, beyond polymeric
matrices.

The quasi-classical approximation is appropriate
when energy intervals are very small when compared
to kT and the particle is in thermal equilibrium in the
sites when the barrier height between the sitesi and |
is bigger or equal to kT. Thus, the simulation temper-
ature range cannot be freely selected, GS procedure,
as implemented in GSnet and GSdif [21] packages,
gives different possibilities to define the zeolite elas-
tic fluctuations by setting the average displacement of
the matrix atoms. The average displacements can be
defined in different ways: (i) fixing displacements for
al matrix atoms, (ii) by means of a MD calculation
before the TST simulation and (iii) through a self
consistent MD calculation along with TST simulation.
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2.2. Zeolite structures

The MFI-type silicalite crystal considered in this
study isnon-polar and virtually contains no aluminium
atoms. Perfect lattices, no defect, were the assump-
tions for the considered zeolites. The lattice param-
eters reported in the open literature were determined
from X-ray diffraction. Lattice parameters were re-
ported as ¢ = 20.022A, b = 19.899A and ¢ =
13.383A in the Pnma space group (orthorhombic)
[22].

Thesilicalite structure contains two sets of intercon-
nected pores with amean diameter of about 5.5A. The
poresdirected a ong the (01 0) axisfollow alinear path
through the crystal. A second pore set follows azigzag
path with its average along the (1 00) axis. Diffusion
in the (001) direction is also possible through a very

tortuous sequence of successive displacements along
different segments of the interconnected pores. The
simulation uses an atomistically detailed microstruc-
ture produced by superimposed silicalite-1 unit cells
(Fig. 1). The ssimulation box has dimensions of a =
40.044A, b = 39.798A and ¢ = 40.149A, corre-
sponding to 2 x 2 x 3 superimposed cells.

The silica-sodalite structure was taken from X-ray
diffraction analysis [23]. This zeolite has a unit cell
composition of Si12024 and a cubic symmetry with
a lattice constant @ = b = ¢ = 8.83A, as shown
in Fig. 2. In the calculations, 8 unit cells (2 x 2 x
2) were used redlising a simulation box with a =
b = ¢ = 17.66A. Silica-sodalite has no channels,
but apertures connecting directly sodalite cages. The
largest hexagonal window in the sodalite cage is equal
to 6.286 A, whereas the rhombic one is 4.445A. The

”\-J\.; ‘

Fig. 1. Unit cell of silicalite-1 zeolite used in atomistic microstructure for simulation volume (2 x 2 x 3 unit cells) construction. Oxygen

and silicon atoms are reported as black and grey, respectively.
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Fig. 2. Unit cell of silica-sodalite zeolite used in simulation box (2 x 2 x 2 unit cells) construction. Oxygen and silicon atoms are reported

as black and grey, respectively.

elagticity introduced by means of a smearing vector is
fundamental for the diffusion in this zeolite.

A three-dimensional periodic boundary condition
was applied to the simulation cells and all the mi-
crostructures were realised with the “Solid Builder of
Insight II/Discover” packages of Accelrys [23]. No
hydrogen atom was added to the surface of unsatu-
rated oxygen atoms and al the atoms (Si and O) were
explicitly treated in Cartesian co-ordinates.

2.3. Potential and dynamics

In the non-polar siliceous species, a simple
Lennard-Jones 6-12 function is often used to de-
scribe the interaction between the guest particle and

the host atoms:
Uas(?) = —ees [((’75)6 - ((’%‘S)ﬂ (11)

7

where U,s(7) is the interaction potential energy be-
tween the guest particle (s) and the host atom type (o)
at distance r. Parameter values of the Lennard—Jones
6-12 interaction between two same guest molecules,
oss and e, are reported in Table 1. These parame-
ters are commonly used in the study of guest diffusion
in rigid zeolites. The Si and O framework parameters
(0 aas Eae) Weretaken from CVFF and CVFF_aug force
fields[21], which were optimised for zeolitic systems.
Moreover, the Lennard-Jones potentia is truncated
a a distance 2(As/Bss)Y/®, with A = 4ess0l? and
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Table 1

Lennard-Jones potential parameters, bond distance and van der Waals radii

Species oss (A) ess (K) Reference Experimental bond van der Waals oss/dm
distance [24] (A) radii [25] (A)

Ha 2.95 37.0 [40] 0.741 1.200 0.94

He 2.56 10.2 [41] -

Ne 2.82 32.8 [43] -

N2 3.70 95.0 [40] 1.098 1.500 0.90

(07} 3.46 118.0 [41] 1.207 1.400 0.86

Ar 341 120.0 [40] -

CHgy 3.82 148.6 [43] -

Xe 4.05 231.0 [44] -

CFy4 434 167.0 [44] -

CO, 391 225.3 [42] 1.160 (C-0) 1.40 0.76

i-C4H10 5.40 300.0 [44] - - 1.082

SFs 513 222.1 [43] - -

2 dn, corresponds to minimum cross-section diameter.

Bss = 4ess0l.. Interactions between the guest parti-
cle and the host atoms were estimated by geomet-
ric combination rules. All molecules are treated as
the Lennard—Jones single-sphere model (united-atom
model) in order to perform the ssimulation for a rea-
sonably long time and also for large species. How-
ever, as mentioned in the introduction, some obser-
vations on the spherical shape of Hz, N2, Oz, CO2
and i-C4H10 molecules are necessary. Theratio oss/dm
near to one isagood indication of the spherical shape.
Values equal to 0.94, 0.9, 0.86, 0.76 are obtained for
H2, N2, Oz, CO», respectively, using o reported in
Table 1 and dy, calculated as arithmetic mean between
the van der Waals radius [24] and the experimental
inter-nuclear distance[25]. For i-C4H19 avalue of 1.08
was obtained as ratio between o and the minimum
cross-section diameter (dy) (Table 1). These results
indicate a satisfactory spherical approximation except
for CO, molecule. This simple result does not jus-
tify the spherical approximation of these species and
the non-spherical shape could be taken into account
by subsequent corrections, including intra-crystalline
partitioning entropy effects [3]. More reliable calcu-
lations can be performed with Lennard-Jones param-
eter for dumbbell molecules for taking into account
the non-spherical shape. Finally, the calculation of the
U(X, x) potential energy was evaluated at the nodes
of equispaced simulation cells with a grid interval of
0.3A. With this grid interval, some species (e.g. Ho,
He) show anumber of potential energy minimahigher

than the number allowed by the software (600). This
effect is not only a software limit; in fact, the species
presenting too high minima have also low activation
energy. The control on the site number and related en-
ergies appear as an important factor for the calculation
accuracy in a TST calculation for species (Table 1)
with low activation energy. GSnet and GSdif codes
[21], based on the original Gusev—Suter approach,
were used in the calculations. In particular, GSnet
computes the free energy, identifies sites and transi-
tion probabilities, whereas GSdif performs a Monte
Carlo simulation of gasdiffusion by a‘hopping’ mech-
anism using the results supplied by GSnet. Findly,
guest zero-loading-diffusivities were computed from
the trgjectories created by TST-MC simulations from
the Einstein relationship:
2
b @) 12
61

where (r2(t)) is the mean displacement vector at time
t and the average is computed over different guest
trajectories. The mean-square displacement in the
generic co-ordinate at timet is given by

N trajectories

(X2(0)) = Y. Xilto+1 — Xi(10))?

N trgjectories
(13)

where to represents the simulation starting time. Ev-
ery jump is associated with the time increment Ar =
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7; (for 7; see Eq. (3)). Findly, alog ((r2(t))) versus
log(t) plot determines if the limiting slope of 1.0 was
achieved, thusthetrue diffusive behaviour wasreached
inthesimulation. Gusev et a. [26] report other compu-
tational details such as extent sites, the crest surfaces
between them and appropriate values of the surface
element.

3. Results and discussion

Inter-atomic parameters, from the open literature
(Table 1), are the more common used in zeolite cal-
culations. No parameter adjusting was performed in
the present simulations. The average of the mean dis-
placement vector for each species was performed over
2000 different independent trajectories. The simula
tion time was 108 s, although a shorter time interval
could be used.

Zero-loading-diffusivity of 11 gases calculated by
means of GS method using CVFF and CVFF_aug
force fields are shown in Table 2. GS approach sys-
tematically underestimates the diffusion coefficients
with respect to the estimation obtained with more
elaborated MD calculations and the more recent ki-
netic MC [14]. However, this gap is less dramatic
for particles like Xe, CF4 and SFg. For CH4 and Ar
TST (GS approach) values are more distant from
PFG-NMR experimental data [17,18] than the re-
spective MD results. Experimental values refer to
2-4 adsorbed gas particles per unit cell, thus ex-
perimental zero-loading-diffusivity is expected to
be larger than that reported in Table 2. However,
zero-loading-diffusion coefficient estimation in one
order of magnitude aims this work. TST (GS ap-
proach) results, e.g. for CF4 and CO,, were in good
agreement with the experimental data reported in
Table 2, more than one order of magnitude.

MD coefficients obtained with single simulation run
and short dynamics [27] were markedly lower than
MD values calculated with 20 simulation runs and long
dynamics [7]. The MD values reported by Jost et al.
[8] have agood agreement with those of Skoulidasand
Sholl and for Xetheresultsof thiswork agreetoo. Less
positive result concerns with the ratio between Dy, D,
and D, components. Thus, theratio D,/D, isincorrect,
i.e. al molecules reported in Table 2 prefer switching
channel type during the movement through a chan-

nel intersection. An analysis of this result and average
zero-loading-diffusion values (Table 2) requires dif-
ferent considerations about correlated hops, oscillat-
ing framework, dynamical correction, Lennard—Jones
parameters and related activation energies. A qualita-
tive analysis of these possible causes will be given at
the suitable moment.

As suggested by Murphy et al. [28,29], for a corre-
lated random walk of N elementary steps, 8, the mul-
tistate dynamical correction to TST implies that

xz 1+ (cosy)

P=Des1— (cosy) a9

where y isthe angle between the path of two consecu-
tive jumps and Dfg = §*%/6t represents the diffusion
coefficient of GS method. However, this approach re-
quires MD simulation for the correction factor eval-
uation to Dgs for each studied particle; at qualitative
level, the angle between two consecutive segments in
the zigzag channel is equal to 1.966 radiant at the
channel intersection of the silicalite-1. Therefore, the
correction factor ((1 + (cosy))/(1 — (cosy))) equa
to 0.444 reduces the D* components as expected.

Zeolite oscillations do not affect equally the diffu-
sion coefficient components of methane. In particu-
lar, Suffritti and co-workers [30] report (D,, Dy, D;)
equal to (3.59, 14.9, 1.22) x 10~°>cm?/s and (4.93,
9.66, 1.64) x 10~° cm?/sfor an oscillating and arigid
framework, respectively.

For an oscillating framework, D, increases of
5.24 x 10~°cm?/s, while D, decreases of 1.34 x
102 cm?/s with respect to a rigid framework (D,
component remains almost unchanged). Theresultsin
Table 2 were obtained with a completely rigid frame-
work. If the variations are in the direction foresaw by
Suffritti and co-workers [30], calculation performed
with an appropriate smearing vector which takes into
account the lattice vibrations can give better absolute
diffusion coefficients and relative ratio. Concerning
this, it is important to distinguish between the abso-
lute values of the D, D, and D, components and
their relative ratio. In particular, GS average diffusion
coefficients (D) are systematically underestimates
with respect to the more precise MD calculations and
the hierarchy between D, and D, values is not cor-
rect. A separate analysis of the possible corrections
to improve the D,, D, and D, absolute values and
the relative ratio were made. It is possible to use a



Table 2
GS, previous MD, kinetic MC, TST calculated and PFG-NMR experimental zero-loading-diffusivity (10~°cm?/s) for silicalite-1 at 300K

(444

Species GS (CVFF_aug) GS (CVFF) Previous MD Calculations, D Kinetic MC and previous PFG-NMR
TST caculations, D

b, bb D, D D, D, D, D

He a a a a a a a a 658 66.1

H2 a a a a a a a a

0, 142 150 034 326 212 254 054 520

Ny 129 127 083 284 258 270 061 589 16.0, 25.0

Ar 130 127 031 288 200 226 044 470 132 65

CHa 112 110 026 248 257 284 062 604 145 39 100 134 140 150 >10P, 7¢
Xe 013 015 003 031 053 059 013 126 23 10 18 1.86 4d
CFa 008 008 002 018 104 114 022 240 45 3.0 258
CcO, 038 040 009 087 100 112 023 230 95, 7.0 24" 2.89
SFe h h h h 021 022 005 048 05 0.36, 0.26

i-CaH1o h h h h 002 003 000 005

Reference 71 [271  [8 [37] [31,45] [12] [14] [13]

The calculations were made using CVFF_aug and CVFF force fields and for a simulation box (2 x 2 x 3 unit cells) with dimension of 40.044 A x 39.798 A x 40.149A.

2 Too many minima (see text).

b [17].

¢ [18].

d112].

€ [32].

f [38].

9 [39].

' No convergence (convergence condition (dlog(r2)/dlog(t)) = 1).

82¢-STz (¥002) 95 ABojouydal uoneaylnd pue uoperedss/ [e 18 eon ag 'O
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smearing vector different from zero to increase simul-
taneoudly all D,, D, and D, values, and a correction
factor in Eg. (14) to reduce only the D, values with
respect D,. However, an underestimation is still more
evident if the correction factor is not-coupled with a
smearing factor.

A previous caculation made by Theodorou and
co-workers [13] on SFg and Xe shows that the dy-
namic correction on TST values should be taken into
account. In particular, D values of 0.36 and 0.26 with
and without dynamic correction, respectively (Table 2)
were reported for SFg by Theodorou and co-workers
[13]. Eq. (1) is only an approximation and ignores de-
tailed system dynamics. In particular, the average ef-
fect of the “bath” can be imposed through an effec-
tive friction factor. The non-reactive re-crossing of the
transition state isthe dynamics feature missed by TST.
A phenomenological correction to TST can be used,
in which a great deal of dynamical information is in-
cluded into a transmission factor, here assumed equal
to 1.

Finally, to understand the systematic underestima-
tion of the results reported in Table 2 it is necessary
to take into account Lennard—Jones parameters, which
characterise the guest—host interactions and the rel ated
diffusion activation energies. The used potentia takes
explicitly into account silicon atoms, whereas in MD
and MC works these atoms are considered by means
of opportune parameters of the oxygen atoms of the
zeolite. In particular, for methane Goodbody et al. [31]
introduced (CH4—O;) MD parameters obtained by the
experimental Henry constant fitting. This aspect could
contribute furthermore to the underestimation of GS
values.

In the kinetic MC simulation of Paschek and Kr-
ishna [14], the equation defining the mean life time
is similar to Eq. (3) and that defining the probability
of a single particle jump is similar to Eq. (2). They
used an equal-spaced site lattice which can be oc-
cupied by only one particle at the same time, these
|attice sites do not represent exactly the minima of the
adsorbed particles potential energy surface. Periodic
boundary conditions are used in the simulations. The
transition probabilities used by Paschek and Krishna
[14], determined by rate constants (see Eq. (2)), were
defined to match the MD zero-loading-diffusion val-
ues of Goodbody et a. [31] and Snurr and Karger
[32]. Moreover, the methane activation energy of the

rate constant were settled by Paschek and Krishna
to be amost 4.2kJmol (1kcal/mal) for fitting the
temperature dependence of the experimental and MD
simulation diffusivity data of Snurr and Karger [32].
Similarly to Paschek and Krishna [14], this work
could have defined a potential of molecule—zeolite in-
teraction or a smearing factor for reproducing the ac-
tivation energies obtained experimentally or through
MD calculations. However, this work is aimed to es-
tablish the accuracy level of a GS approach in zealitic
systems.

Moreover, H, and He present a number of minima
higher than the limit allowed by the GSNet package
(600). In any case, configurational part of the partition
functions for He and Ha (see Eq. (6)) islessimportant
than the part related with the mean speed (o5 and ess
values are the smallest of those reported in Table 1).
Better results should be expected if the mean speed is
calculated using MD rather than the thermal equilib-
rium as suggested by Murphy et al. [29]. GS approach
seems to represent a starting point for the diffusion
coefficient evaluation even though systematically less
accurate than MD.

Zero-loading-diffusion coefficients fitted by Bakker
et al. [19] using experimental data measured by gas
diffusion in sglicalite-l membrane were used for
comparison with GS results (Table 3). Bakker et al.
[19] proposed two different diffusion regimes for
silicalite-1 membrane depending on the temperature:
at low temperature, surface diffusion takes places,
and at high temperature gas trandation diffusion
occurs. A given temperature and loading, they as-
sumed both diffusion mechanisms contribution to
the overall mass transport through the silicalite-1.
Gas trandation diffusion, eg. a 300K is amost
zero. It is important to underline that the Bakker
et al. [19] model considers only the diffusion in
zeolitic pores (intra-crystalline diffusion). They de-
fined the total permeating flux through the zeolite
membrane as

_ 1 do
Mlar==¢ [("‘“‘Dg@ =0e EDS/RTm) a

)‘/ 8 —EpcT/RT dp
+ (z nMRTe dx (15)

where ¢ is the porosity of metal—support layer, p
the silicalite-1 density, whereas (s is the saturation
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Table 3

GS calculated zero-loading-diffusivity (10~° cm?/s) and experimental (in membrane) diffusion coefficients for silicalite-1 at 300K

Species D Devrr-aug/Dexp Dcvrr/Dexp
CVFF_aug CVFF Bakker et al. [19]

0O, 3.26 5.20 -

N2 2.84 5.89 147 193 4.00

Ar 2.88 4.70 2.72 1.05 1.72

CHgy 248 6.04 1.19, 3.02 2.08, 0.83 5.07, 2.01

Xe 0.31 1.26 0.24 1.29 5.25

CO, 0.87 2.30 0.16 5.43 14.37

CFy 0.18 2.40 -

i-C4H10 - 0.05 0.004

SFg - 0.48 0.01

The calculations were made using CVFF_aug and CVFF force fields and for a simulation box (2 x 2 x 3 unit cells) with dimension of

40.044 A x 39.798 A x 40.149A.
a [46].

capacity and z is a probability factor (for silicalite-1
it is equal to four). The occupancy 6 is a function of

and the permeance results:

the temperature given by the Langmuir isotherm. Permeance = s

Eq. (15) presents four unknown parameters, D(0), AP
Eps, A and Epgr. The equilibrium parameters, nec- _ . [( pgea D20 = O)e—EDS/RTL>
essary to define 6, were obtained from independent s 1-6
measurements of the adsorbed amount versus the tem- b(1— 0)?
perature (isobar at 101kPa). These parameters were 1_20

varied to reproduce the experimental total flux through
silicalite-1 membrane. Rewriting Eq. (15) as

_ 1
Ilae=—¢ [(pqué’(@ = 0)e Fos/RT— )

2
A=07  fh ] 8  koermrr)| 9P
1-20 zV 7MRT dx
(16)
whereb(1 — 0)?/(1 — 20) isthe derivative of the Lang-
muir monosite isotherm 6 = bP/(1 + bP).
Assuming a weak 6 change with pressure, the in-

tegrated form over the whole silicalite-1 membrane
thickness () is

2
x bd - 6)° + A /Le_EDGT/RT AP
1-20 zV zMRT 1)

(17)

1
J)s=—¢ [(meS(e = 0>eEDs/RT1—>

A/ 8 E 1
2 /= e Eper/RT| | = 18
+ <Z aMRT ):| ) (18)

From Eq. (18) it can be noted that the ratio between
experimental diffusivity at zero coverage, DS(6 =
0)e£ps/RT and computed zero-loading-diffusivity is
proportional to the ratio between the experimenta and
theoretical permeation when the gas translation diffu-
sion is negligible.

Table 3 reports the ratio between fitted D36 =
0)e Eps/RT and GS caculated diffusivity. Diffusion
coefficients were divided in three different groups.
In particular, CVFF_aug force field gave the best
agreement with the experimental data on membrane
measurements [19] and CVFF results were relatively
nearer with respect to CVFF_aug to PGF-NMR data
[17,18] and MD simulations [7,8,12] (Table 2). Diffu-
sion coefficients of some species (e.g. CH4) measured
with methods based on membrane (sguare wave)
[33], quasi steady-state single-crystal permeation [34]
and Bakker et a. [19], agree reasonably among them
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but they differ by orders of magnitude from that
measured with microscopic methods [17,18,35,36]
(Table 2). Agreement between membrane permeation,
MD and GS results is satisfactory for Xe, while SFg
agrees well with MD calculations, but not at al with
membrane measurements. These results confirm that
every species should be considered individually and
their trends should be treated with caution. For both
force fields, when o approaches to the pore di-
ameter of silicalite-1 membrane, GS method is less
reliable when compared with Bakker et al. fitting
[19], whereas it gives better results with respect MD
calculations. Molecules with o greater than 5.0A did
not converge using CVFF_aug force field because,
probably, no smearing vector was used. Therefore,
a vector definition with values different from zero
could be interesting, although more detailed studies
should be necessary. From Table 3, a diffusion coeffi-
cient overestimation can be observed, in particular for
COy, SFg and i-C4H1g. There is a difference of one
order of magnitude between microscopic measure-
ments and membrane measurements and GS values
underestimate the microscopic data and overestimate
the membrane ones. Concerning these differences,
Bakker et al. model [19] takes into account only the
intra-crystalline surface and gas transport diffusion
and does not consider any membrane defect.

Table 2 gives a direct comparison between GS re-
sultsand those of other theoretical procedurestogether
with specific measures of the zero-loading-diffusion
coefficients. Table 3 gives a measure of how the TST
approximation on single crystal can be available or
not with respect to a macroscopic membrane model.
As far as this subject is concerned, it is important
to observe the results obtained for the CO,. Equilib-
rium dynamic values for CO, were taken from the re-
cent work of Makarodimitris et al. [37]. The authors
modelled CO, molecule as two consecutive dumb-
bells sharing the central carbon atom, arranged on a
straight line, while N2 was modelled as a single dumb-
bell with a rigid inter-atomic bond. In Table 2, two
values of zero-loading-diffusion coefficients were re-
ported, since Makarodimitris et a. [37] use two differ-
ent models in conjunction with two different zeolite
models for each species (N2 and COy). These zeolite
models differ for the presence or absence of partial
charges on zeolite oxygen and on the Lennard-Jones
parameters (see paragraph 4.4 of [37]). In the case

of Ny the difference between the two models, even
using the same procedure (equilibrium molecular dy-
namics) is of 10 x 10~°cm?/s, whereas for COp, it
is of 2 x 10~°cm?/s. The difference between this
work and Makarodimitris et al. [37] values are from
10 to 20 x 10~5cm?/s, taking into account the ap-
proximation adopted in the GS calculations, the result
is satisfactory. Although the CO, no-perfectly spher-
ical shape, a comparison of the present results with
PFG-NMR [38], frequency response [39] and fitting
on flux in silicalite-1 membranes [19] (Table 3), re-
spectively, shows that the analyses done for the other
species are still valid for CO».

A good theoretical result (MD, TST, kinetic MC)
when compared to an experimental direct measure-
ment of the diffusion coefficients may not be a good
parameter for Eqg. (18). In fact, the comparison be-
tween the DI(9 = 0)e~£os/RT obtained in the present
work and the previous theoretical and experimental re-
sults (Table 2) puts into light some deceptive results.
For some species (Ar, CHg, N») the parameters cal cu-
lated using GS approach for a mono-crystal with pe-
riodic boundary condition are satisfactory when com-
pared with membrane fitting results [19] (Table 3),
but there is a significant discrepancy with direct mea-
surements of zero-loading-diffusivities. As underlined
with the model used by Bakker et al. [19], this dif-
ference depends on the chosen atomistic model and
related non-atomistic equation.

InFig. 3, the mean square displacements of Xecom-
puted with CVFF_aug force fields versus simulation
time are presented. The behaviour of the other studied
gasesissimilar to Xeatom. Finally in Fig. 4, the mean
square displacements of CH4, N2 and Xe versus time
are presented in logarithmic scale. The linearity is al-
ready achieved to 10~11s. In al cases, the simulation
time used is larger than necessary. In any case, avery
short computational time is required by Gusev—Suter
method for 10~ s of simulation. As suggested by Gu-
sev et al. [26], it is important to take care of the ratio
between the simulation box dimensions and simula-
tion times, even when periodic boundary conditions
are present. Other studies on thisratio are in progress.

Table 4 presents D, component of zero-loading-
diffusivity computed in a simulation volume corre-
sponding to 2 x 2 x 3 superimposed silicalite-1 unit
cells and in cubic simulation box with dimension a =
b = ¢ = 20A. Attention has to be paid on this last
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Fig. 3. Mean square displacement of Xe vs. the simulation time
for silicalite-1 zeolite. The computation proceeded up to 10~ 6s
and the averages were performed over 2000 different independent
trajectories. CVFF_aug force field was applied to a simulation box
of 2 x 2 x 3 unit cells.

box, in fact the crystallographic silicalite-1 parameters
used in this work are a = 20.022A, b = 19.899A
and ¢ = 13.383A. Therefore, the perfectly cubic box
results amost one and a half larger of the crystallo-

1x10°
CHas
1x10° N //////
2
Xe
1x10*
1x10°

1x10°

Mean square displacement (A%

1x10*

1X100 Lo onovveooem |
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Fig. 4. Mean sguare displacement for CH4, N2 and Xe vs. the
simulation time for silicalite-1 zeolite. The computation proceeded
up to 10~ s and the averages were performed over 2,000 different
independent trajectories. CVFF_aug force field was applied to a
simulation box of 2 x 2 x 3 unit cells.

Table 4
D, zero-loading-diffusivity computed in 2 x 2 x 3 superimposed
silicalite-1 unit cells and a cubic simulation volume

Species Dy (x1075cm?/s)

2 x 2 x 3 superimposed Cubic simulation

unit cells volume

CVFF_aug CVFF CVFF_aug CVFF
He a a 6.21 15.85
Ha a a 8.35 17.71
N2 127 2.70 1.20 240
Oy 1.50 2.54 143 2.40
Ar 127 2.26 1.26 1.80
CHy4 1.10 2.84 1.10 2.50
Xe 0.15 0.59 0.15 0.50
CFy4 0.08 1.14 0.09 0.90
CO, 0.40 1.12 0.42 0.90
SFe b 0.22 b 0.22
i-CqHip P 0.03 b 0.04

The calculations were made with CVFF_aug and CVFF force fields
at 300K.

@Too many minima (see text).

b No convergence (convergence condition (d log(r2)/d log(t))=1.

graphic unit cell. A silicalite-1 unit cell was arbitrarily
cut in the XY plane, leaving unchanged the Y compo-
nent and applying the periodic boundary conditions. It
is not strange that with this arbitrary cutting the only Y
component must remain constant as shown in Table 4.

Murphy et al. [29] calculated single guest diffusion
for the noble gases through silica-sodalite zeolite us-
ing a classical TST. Full MD calculation and classi-
cal diffusivities for He were compared. Therefore, the
Gusev—Suter method performance is aso tested for
this species in the same zeolite. Table 5 presents dif-
fusion coefficients, at 300K, for Hy, He and Ne with
CVFF force field in the cubic cell of silica-sodalite
described in the previous section 2.2. In this case, a
smearing vector module equal to 1.5 A was necessary
in order to obtain the convergence for al three species.
The smearing vector was fitted to reproduce (the or-
der of magnitude) the Murphy et a. [29] diffusion
coefficient for He atom. This vector was used for the
other guest species. The analysis of Table 4 shows that
the same smearing vector for Ne does not reproduce
the values obtained by Murphy et al. [29]. Contrary
of silicalite-1, for silica-sodalite a smearing factor, at
the same temperature, was necessary for obtaining the
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Table 5

GS zero-loading-diffusion coefficients, TST and MD diffusion coefficients from Murphy et al. [29]

Species Zero-loading-diffusion coefficients (x10~° cm?/s) 76s (ps) 15T (PS)
GS TST MD
D, D, D, D

Hz 0.50 0.52 0.52 1.54 67

He 177 177 1.66 5.20 43 38 19 23

Ne 0.24 0.24 0.23 0.71 71 x 1074 140 14 x 10*

Reference [29] [29]

Cage residency times () for hydrogen and noble gases in silica-sodalite.

result convergence. It is important to emphasise that
this factor is directly correlated with the zeolite elas-
tic motion. The smearing vector used here may mask
the dynamic corrections and other effects previously
discussed. Therefore, further studies are desirable be-
fore its introduction. Gusev—Suter approach indicates
that He is trapped in sodalite cages (at room temper-
ature) for a time of the order of 20ps, result in good
agreement with previous TST and MD calculations.
Explicitly, Ne dynamics simulation (at room temper-
ature) is hence computationally expensive and then
demonstrates the utility of a GS approach in this case.

An appropriate smearing factor is an important pa-
rameter in a GS calculation for silicalite-1. However,
for silica-sodalite this parameter becomes fundamen-
tal to obtain a diffusion coefficient different from
zero with GS approach. Silica-sodalite presents only
sodalite cages connected directly by hexagona and
rhombic windows; thus for a completely rigid struc-
ture, the jJumps between the cages through the window
is extremely unlikely as shown recently by Murphy et
al. [29]. Therefore, GS calculations need a smearing
vector different from zero to calculate the diffusivity
in silica-sodalite, unlike the silicalite-1 system.

4. Conclusions

GS method was applied to evaluate zero-loading-
diffusion coefficients in silicalite-l and in silica
sodalite using CVFF_aug and CVFF force fields.

Diffusion coefficient of 12 gases (He, Ne, Ar, Xe,
H2, N2, Oy, COy, SFG, CHy, CFy4, and i-C4H10) in
silicalite-1, and zero-loading-diffusion coefficients for

Ho, He, Neg, in silica-sodalite, were calculated. A com-
parison with previous TST, MD and also kinetic MC
values was presented.

The results for silicalite-1 can be summarised: (i)
GS values systematically underestimate the accurate
MD resultsand PGF-NMR data, (ii) the ratios between
D, and D, diffusion coefficients are different from the
expected values for the same zeolite.

For silica-sodalite a smearing vector different from
zero is necessary for the simulation convergence.

In the light of these results, some corrections were
suggested and justified. In particular, for silicalite-1
the use of appropriate smearing factor is highly recom-
mendablefor result improving, moreover dynamic cor-
rection and different Lennard—Jones parameters were
also suggested.

GSprocedureisattractive for itssimplicity intaking
into account the zeolitic structure actual distortions at
different temperatures. However, this work represents
a starting point for diffusion coefficient evaluation.

Finally, other force fields, taking into account other
energetic contributes like electrostatic ones, are also
desirable to extend the method to the zeolites contain-
ing cations.
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