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Abstract

Molecular Dynamics (MD) simulations have been carried out to determine the Maxwell-Stefan (M-S) diffusivities D; for linear
alkanes with 5, 6, 7 and 8 carbon atoms in MFI zeolite at 433 K for a range of molecular loadings ®. The dependence of the MS
diffusivities D; on the loading ® was found to exhibit strong inflection behaviour; this is caused by the inflection in the corresponding
sorption isotherm. The D; — @ dependence follows the trend suggested by Krishna et al. [R. Krishna, J.M. van Baten, D. Dubbel-
dam, J. Phys. Chem. B 108 (2004) 14820]. The inflection behaviour also extends to diffusivities in binary mixtures.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Zeolites are widely used as catalysts and adsorbents
in a variety of applications in the chemical and petro-
chemical industries [1] and it is generally accepted that
the Maxwell-Stefan (M-S) diffusion formulation pro-
vides a convenient and general framework that can be
used in practice [2-4]. For single component diffusion
of species i, the M-S formulation

1 0;
N; = _p@igiﬁvfp,u[ = _p@i,satpiﬁvﬂp,u[ (1)

relates the flux N; to the chemical potential gradient
Vipui. In Eq. (1), @; is molecular loading expressed
say in molecules per unit cell, @, is the saturation
loading, 0,= ©/0), 4, is the fractional occupancy, p is
the zeolite framework density expressed as the number
of unit cells per m®, R is the gas constant, T is the tem-
perature, and D; is the M-S diffusivity. For solving prac-
tical problems involving single component diffusion it is
necessary to have information on the variation of the
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M-S diffusivity D, with the fractional occupancy 0,. Sev-
eral publications in recent years have used molecular
dynamics (MD) simulations to determine M-S diffusiv-
ities of pure components and mixtures in a variety of
zeolite topologies [4-11]; these data are in reasonably
good agreement with experimental data [12-14] in a
few cases. Often, the D; is observed to decrease linearly
with occupancy

D, = B,(0)(1 - 0,). 2)

More generally, molecule-molecule interactions, zeolite
topology and connectivity cause a variety of more com-
plex dependences to be observed [15,16]. Interestingly,
for diffusion of CF, and ethane in MFI zeolite, MD sim-
ulations show an inflection in the loading dependence of
D, [12,14], caused by an inflection in the sorption iso-
therm [17,18].

In our earlier study using configurational-bias Monte
Carlo (CBMC) simulations, we had shown that the
sorption isotherms for linear alkanes with 6, 7 and 8 car-
bon atoms in MFI zeolite exhibit inflection behaviour,
due a variety of reasons [19]. It may therefore be
expected that the M-S diffusivity H; would also show
inflection behaviour. The first major objective of the
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present communication is to investigate, with the aid of
MD simulations, the loading dependence of the M-S
diffusivities of nC5 (n-pentane), nC6 (9-hexane), nC7
(n-heptane) and nC8 (n-octane) in MFI zeolite and to
test the validity of the model developed earlier [17].
The second major objective is to examine to what extent
the isotherm inflection behaviour will influence the diffu-
sion in binary mixtures. For this purpose we performed
MD simulations with nC5/nC6 and nC7/nC8 mixtures
for a variety of loadings.

2. CBMC and MD simulations

CBMC and MD Simulations have been carried out
for nC5, nC6, nC7 and nC8 alkanes in MFI (all silica sil-
icalite-1, topology shown in Fig. 1a) at 433 K; the crys-
tallographic data are available elsewhere [20,21]. For
both adsorption and diffusion simulations we use the
united atom model. The zeolite framework is considered
to be rigid. We consider the CH, groups as single,
chargeless interaction centers with their own effective
potentials. The beads in the chain are connected by har-
monic bonding potentials. A harmonic cosine bending
potential models the bond bending between three neigh-
boring beads, a Ryckaert-Bellemans potential controls
the torsion angle. The beads in a chain separated by
more than three bonds interact with each other through
a Lennard-Jones potential. The Lennard-Jones poten-
tials are shifted and cut at 12 A. Pure component
adsorption isotherms for alkanes were determined using
CBMC simulations. The CBMC simulation details,
along with the force fields have been given in detail in
other publications [22]. The simulation box consists of
2x2x2 unit cells and periodic boundary conditions
were employed. It was verified that the size of the simu-
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lation box was large enough to yield reliable data on
adsorption and diffusion.

Diffusion in a system of N molecules is simulated
using Newton’s equations of motion until the system
properties, on average, no longer change in time. The
Verlet algorithm is used for time integration. The energy
drift of the entire system is monitored to ensure that the
time steps taken were not too large. A time step of 1 fs
was used in all simulations. For each simulation, initial-
izing CBMC moves are used to place the molecules in
the domain, minimizing the energy. Next, a fixed num-
ber of MD initialization cycles are performed, at which
velocities are scaled each cycle to the temperature. This
is followed by a fixed number of equilibrium MD cycles.
During the equilibrium cycles, statistics are not updated,
and the velocities are no longer scaled at each cycle.
After a fixed number of initialization and equilibrium
steps, the MD simulation production cycles start. For
every cycle, the statistics for determining the mean
square displacements (MSDs) are updated. The MSDs
are determined for time intervals ranging from 2 fs to
I ns. In order to do this, an order-N algorithm, as de-
tailed in Chapter 4 of Frenkel and Smit [23] is imple-
mented. The details on how diffusivities are determined
from the MSDs are also to be found in Frenkel and Smit
[23] and elsewhere [11,21]. The Nosé-Hoover thermostat
is used to main constant temperature conditions.

In the earlier publications of Sanborn and Snurr [10]
and Skoulidas et al. [7], the Onsager matrix [L], defined
by (N)=—[L] (Vu) were determined from the MSDs
using linear response theory. From the view point of
determination of the M-S diffusivities, we find it much

more convenient to define a matrix [4]
p n .
N[ = 7]{]37@,21:1AUV,U], 1= 1,2}’1 (3)

and determine the elements of this matrix from
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Fig. 1. (a) Schematic of the MFI topology. (b) CBMC simulations (open symbols) of the sorption isotherms for nC5, nC6, nC7 and nC8 in MFI at
433 K. The continuous solid lines represent the dual-site Langmuir fits of the isotherms with the parameter values specified in Table 1. (c) The inverse
of the thermodynamic factor, 1/I', as function of the molecular loading, using calculations following Eq. (13).



R. Krishna, J.M. van Baten | Chemical Physics Letters 407 (2005) 159-165 161

=1

. (2(”’]0 + At) — rkJ(t))> > (4)

k=1

111 -
a4y =5 fim &= < <Z(r,}i(t + A1) — r,A,-(t)))

In this expression N; and N; represent the number of
molecules of species i and j, respectively, and r; () is
the position of molecule / of species i at any time 7. From
the definition ©; = N,;/pV, where V is the volume of the
simulation box, we see that p@;4;,= L kgT and there-

fore the Onsager reciprocal relations L; = L;; lead to
0:4;; = 0,4;,. (5)
For single component diffusion, n=1, 4;; can be

identified with the M-S, or ‘corrected’ diffusivity D;.
Eq. (3) can be re-written as

(N) = —pl4][I(VO). (6)

The matrix of thermodynamic correction factors [I] is
defined by

O;

@, dlnp,
L =12,
kT i

5/611'1617 L] )

V=Y TyVO; Iyj=
1

(7)
where p; represents the partial pressure (or, more
strictly, the fugacity) of component i in the bulk fluid
phase. The I'; can be calculated from knowledge of
the multicomponent sorption isotherms [3,4].

The self-diffusivities, D; ¢r Were computed by analyz-
ing the mean square displacement of each component in
the usual manner

1 Al 2
D i+ At) — (¢ .
self = 6N AHOO At<<,1 l‘/ + I ()) >>

(8)

3. Simulation results
The CBMC simulations for the adsorption isotherms

are shown in Fig. 1b. The isotherms conform very clo-
sely to the dual-site Langmuir isotherm

Table 1

@sat AbAp @sat Bbe

O(p) = On + O; Oy = —AAT — =BT

(») A ? AT T4 bap 1+ bgp
9)

with fitted DSL model parameters as specified in Table
1. In Eq. (9) ba and bg represent the DSL model param-
eters expressed in Pa~! and the subscripts A and B refer
to two sorption sites within the MFTI structure, with dif-
ferent sorption capacities and sorption strengths. The
Oara and O, g represent the saturation capacities of
sites A and B, respectively. We can rewrite Eq. (9) as a
quadratic expression in terms of the pressure:

(@sat.A + @sat,B - @)bAbez + ((@sat,A -
+ (@sat,B — @)bB)p -0 =0.

O)bp
(10)
The pressure for a given total loading @ within the zeo-

lite can be obtained from the physically feasible solution
to Eq. (9)

1 (/B +420 -

1
pP=3 " =5 (VB +406 — (11)
where
&= (@sat,A + @sat‘,B - @)bAbB”
ﬁ = (@saLA - @)bA + (@sat,B — @)bB (12)

Krishna et al. [17,18] have shown that for many mole-
cule-zeolite topologies the loading dependence of the
M-S diffusivity D, is dictated by the inverse of the ther-
modynamic factor defined by Eq. (7). Using Eq. (7), we
can obtain the inverse of the thermodynamic factor I in
the convenient form

1 (2]
F:xA(l—OA)+xB(1_0B); XA :WA;
O Ox Oy
=2 fp= ;O = 13
XB o) ) A @A,saty B @B_]sat’ ( )

where x5 and xg are the fractions of the total loading
® present in sites A and B. Egs. (11) and (12) allow
1/I" to be calculated explicitly as a function of the
total loading ©. Fig. 1c shows that the inflection behav-
iour of 1/I' increases in strength as the chain length
increases.

Dual-site Langmuir parameters, and zero-loading diffusivities for n-alkanes in MFI at 433 K

Dual-site Langmuir parameters

Zero-loading diffusivities

bA @sul,A bB @sm‘B D(O) By(O)
nC5s 233x107* 4.0 1.36x 1073 45 0.63 1.4
nCé6 8.35x 107% 4.0 1.35% 1073 4.0 0.5 1.2
nC7 3.41%x 1073 4 3.1x 1077 3 0.55 1.3
nC8 1.28x 1072 4 236x 1078 1 0.55 1.3

The saturatlon capacity O, has the units of molecules per unit cell. The Langmuir parameters b; have the units of Pa

units of 1073 m?s .

~!. The diffusivities have the
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Fig. 2. MD Simulation results of the loading dependence of the M-S diffusivities D; for n-alkanes in MFI at 433 K. In the top row the MD simulated
values of D; (denoted by open symbols) are compared with the calculations following Eq. (14), shown by continuous solid lines. In the bottom row
the M-S diffusivities in the x-, y-, and z-directions are shown as a function of loading.

The MD simulation results for D; are shown in the
top row in Fig. 2. For all n-alkanes we observe an
inflection in the D; at a loading ® =4 molecules per
unit cell, corresponding to the number of intersections
in one unit cell (see Fig. 1a). For nC7 and nC8 the D;
reduces to virtually zero at @ =4 before increasing
when the loading exceeds 4. The bottom row in Fig.
2 gives data on the M-S diffusivities in x-, y- and z-
directions (as indicated in Fig. la). For all n-alkanes
we note that the inflection behaviour is predominantly
in the y-direction, i.e., for diffusion along the straight
channels; the M-S diffusivities in the x- and z-direc-
tions decrease almost monotonously with increased
loading. Assuming that beyond the point of inflection,
the molecular traffic is only along the straight
channels, Krishna et al. [17] derived the following
expression:

D =D(0)xa(1 — On/Ouia) +D,(0)xp(l — Op/Ou ),
(14)

where D(0) is the zero-loading orientation averaged
M-S diffusivity, and D, (0) is the zero-loading diffusivity
for transport along the straight channels; the values of
these diffusivities are listed in Table 1. The calculations
following Eq. (14) are shown by the continuous solid
lines in Figs. 2a,c.e,g. We see that Eq. (14) provides

a reasonably good description of the loading depen-
dence of the M-S diffusivities for all four n-alkanes
investigated.

Another interesting point to note in the data pre-
sented in Fig. 2 is that nC7 and nC8 appear to diffuse
equally fast in MFI.

Let us now turn to diffusion in binary n-alkane
mixtures. We performed simulations for 75-25, 50-50,
and 25-75 binary mixtures of nC5 and nC6 at various
loadings; the data on 4;; and the self-diffusivities D geir
are shown in Fig. 3. In Fig. 3 the pure component
data are also included for comparison with mixture
diffusion data. We note first that both A; and D,
show an inflection in the loading dependence at
® =4, The 4;; decreases significantly when the propor-
tion of nC6 in the mixture increases, suggesting that
the more mobile species is retarded significantly in
the presence of the slower moving species. On the other
hand the 45, is hardly influenced by the mixture
composition, suggesting that the less mobile nC6 is
almost uninfluenced by the presence of the more
mobile nC5.

For a loading of ® = 3.75, MD simulations were car-
ried out for a variety of nC5/nC6 mixture compositions;
the results are shown in Figs. 4a,b. Increasing the pro-
portion of nC5 in the mixture has the effect of increasing
both 4;; and D; s an expected result.
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Fig. 3. MD Simulation data for (a,b,c) 4; and (d,e) D; sr in binary mixtures (pure nC5, 75-25, 50-50, 25-75, pure nC6) of nC5/nC6 in MFI at 433 K
at various loadings.
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Fig. 4. Influence of mixture composition on (a) 4;; and (b) D; ¢ in binary mixtures of nC5/nC6 in MFI at 433 K at a loading ® = 3.75 molecules per
unit cell.

The MD simulation results for nC7/nC8 mixtures are the mixture have nearly the same values as for the cor-
shown in Fig. 5. Since the pure component mobilities are responding pure components, and a strong infection in
nearly the same (see Fig. 2), the 4;; and D, ¢ values in the diffusivities is observed at a loading of @ =4.
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Fig. 5. MD Simulation data for (a,b,c) 4; and (d,e) D; ¢ in binary mixtures (pure nC7, 50-50, pure nC8) of nC7/nC8 in MFI at 433 K at various

loadings.

4. Conclusions

The loading dependence of the M-S diffusivity D; of
n-alkanes with 5, 6, 7 and 8 carbon atoms in MFI was
investigated with the aid of MD simulations. In all cases
the D, exhibits inflection behaviour at a loading of
® =4, corresponding to the isotherm inflection. The
loading dependence of D; is reasonably well described
by the model of Krishna et al. [17], Eq. (14), in which
it is assumed that for loading in excess of that at the
inflection point, the molecular traffic is predominantly
along the straight channels of MFI.

The inflection characteristics are also reflected in mix-
ture diffusion.

It is necessary to obtain experimental verification of
the inflection behaviour as evidenced in our theoretical
investigation.
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