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Diffusivity of CH4 In Model Silica Nanopores: Molecular
Dynamics and Quasichemical Mean Field Theory

GEORGE K. PAPADOPOULOS*

School of Chemical Engineering, National Technical University of Athens, GR 15780 Zografou Campus, Athens, Greece

(Received September 2004; In final form September 2004)

Equilibrium molecular dynamics and dual control
volume grand canonical molecular dynamics experi-
ments were carried out aiming at the investigation of the
dependence of transport diffusivity upon the adsorbent
pore size and sorbate concentration of CH4 in cylindrical
silica nanopores at 298 K, calibrated with respect to
experimental data of zeolite VPI 5; the results of
simulation were elaborated on the basis of the
quasichemical mean field approximation via a theoretical
model for surface diffusion. Our mapping procedure
between simulation and quasichemical theory reveals
that sorbate–sorbate energetics emerge as the physical
reason for the variation of corrected (Darken) and hence
transport diffusivity with respect to pore size and sorbed
phase fractional occupancy.

Keywords: Molecular dynamics; Dual control volume grand
canonical molecular dynamics; Nanopores; Transport diffusivity;
Corrected diffusivity; Quasichemical mean field approximation

INTRODUCTION

In the literature one finds considerable amount of
work concerning experimental and theoretical
studies of confined fluids (sorbates) in nanoporous
materials. Recently, computer simulation studies of
such systems in a molecular level, given a model for
the interaction energetic for all the molecular species
present, have contributed significantly to a better
understanding of many aspects of the equilibrium
and kinetics of the sorbed phase.

Previous simulation studies have predicted suc-
cessfully the sorption and diffusion of several gases
in microporous amorphous substrates by modeling a
part of their pore structure (e.g. single pores of

various geometries) [1,2], and in zeolites by atomistic
representation of their crystal unit [3–7]. More
sophisticated functions for the potential energy
including many body interactions have also been
used [7]. The modeling of the interactions with the
solid surface, has been done by exploiting either
pairwise additive or analytical expressions for the
potential energy exerted by the atoms of the surface
on an adsorbate molecule [8,9]; an alternative
strategy adopted in this work is the suitable
calibration of the model surface with respect to
experimental data such as the energy of adsorption
of a given fluid under similar conditions with the
simulation experiment [10,21].

The main simulation methods dealing with
transport studies under nonequilibrium conditions,
inside the linear response regime of the system after
an external perturbation, can be classified in two
categories. The first deals with flow driven by an
external force field, acting in one direction on the
adsorbate molecules resembling this way to the
gravitational one [4,5,14,33,38,39]. The other category
followed in this paper employs concentration
gradient as a driving force, modeling in a more
realistic form a real permeation experiment
[11,12,15 – 20,32,33]. Other nonequilibrium MD
schemes, based on creation of density gradients not
across a single pore model but across a whole
medium have also been considered. MacElroy’s MD
method [17] examined the diffusion of hard spheres
through a model overlapping spheres micropore
membrane, and showed that in very fine pores slip
flow rather viscous shear is the predominant
mechanism governing the permeation. Pohl et al.
[18], used such a method over a model silicalite
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membrane system in order to study the molecular

sieving nature of zeolite and compared their results

with permeation experiments.

The method employed in the present paper is

based in the dual control volume grand canonical

molecular dynamics (DCV GCMD) originally

developed by Cracknell et al. [11], applied in

studies of transport of methane through single

slit-shaped pores. Later applications of the

method include studies of mixtures in graphite

slits [19] and carbon nanopores [20]. In addition

to the calculation of the transport diffusion

coefficient via DCV GCMD, we have also

computed the collective diffusion coefficient D0

via EMD by tracking the temporal evolution of

the center of mass of the fluid. Suh and

Nicholson [23], found a strong influence of the

wall potential on D0 of a Lennard-Jones fluid in

model slit pores.

Atomistic computer simulation of transport

belongs to the category of “microscopic” techniques.

Consequently, its results can be compared directly to

those from pulsed field gradient-nuclear magnetic

resonance (PFG-NMR) and quasielastic neutron

scattering (QENS) measurements. Comparison

between molecular dynamics simulation and PFG-

NMR or QENS experiments are usually conducted at

the level of the self-diffusivity, Ds [4,5]. In practical

separations and catalytic applications, however, it is

the transport diffusivity, Dt, which is of greater

importance. Our recent molecular dynamics study

along with coherent QENS measurements, regarding

the occupancy dependence of Dt, and the corrected

diffusivity, D0, of CO2 and N2 in silicalite, showed

that their diffusivities are explainable on the basis of

different pair interaction energy of the two sorbates

[13].

Scope of this work is to show that sorbate pair

interaction energy and diffusivity in nanostructures

are also affected by the potential field of the

individual pore space for the same sorbate. For this

purpose, (i) equilibrium and DCV GC molecular

dynamics experiments were carried out for the

prediction of self -, corrected and transport diffusivity

of methane in three sizes of cylindrical silica model

nanopores, (ii) the quasichemical mean field

approximation [34,35] was adapted in the sorbed

phase in order to introduce sorbate–sorbate inter-

actions to the sorption thermodynamics of the system,

and (iii) the model of Reed and Ehrlich [36] for surface

diffusion on a 3D lattice, in combination with the

results of (ii), was employed towards a comparison

with the simulation results of (i).

THEORY

Macroscopic Transport

A general expression for the isothermal steady-state
single component sorbate flow in the absence of
external force fields can be written in Fickian form as
follows

J ¼ 2DtðrÞ7r ð1Þ

Vector J, is the mass flux, i.e. the number of
molecules flowing per unit area of the nanoporous
material due to a concentration (number density r)
gradient, and Dt is the transport (Fickian) diffusion
coefficient, which in general can be a function of
concentration.

Under the irreversible thermodynamics formal-
ism, wherein the gradient of chemical potential over
thermal energy acts as the driving force for diffusion
of the sorbate species, Eq. (1) can be equivalently
written as follows

J ¼ 2brD0ðrÞ7m ð2Þ

where b ¼ 1=kBT; kB ¼ R=NL is the Boltzmann
constant, and NL is Avogadro’s number. The
chemical potential gradient can be expressed as

7m ¼
1

bf
7f ð3Þ

with f being the fugacity of the sorbed fluid at the
considered position.

After manipulation and combination with Eq. (3),
Eq. (2) reads

J ¼ 2DtðrÞbr
›ln r

›ln f
7m ð4Þ

Comparison of Eqs. (2) and (4) leads to the
following relation

DtðrÞ ¼ D0ðrÞ
›ln f

›ln r
ð5Þ

Equation (5), with D0(r) replaced by Ds is known
as the Darken approximation.

Statistical Mechanics

The self diffusion coefficient is essentially the one
that would be measured by a tracer, or by
experiments such as PFG-NMR or QENS, and is
related to the correlation of the velocity of a molecule
vi(t) at time t, with the velocity of the same molecule
at some earlier time vi(0) according to Green-Kubo
expression:

Ds ¼
1

do

ð1
0

dtkviðtÞ·við0Þl ð6Þ

where do is a dimensionality factor (3 for a bulk
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system, 2 for slit pores and 1 for cylinders). An
alternative to the Eq. (6) is the Einstein formula,
where the mean squared displacement of all the
molecules in the system is averaged, i.g.

Ds ¼
1

2do t!1
lim

d

dt
k½rið0Þ2 riðtÞ�

2l ð7Þ

The collective diffusivity is related to fluc-
tuations in velocity of the center of mass of
the fluid in analogy to the set of the above
equations as follows:

D0 ¼
N

do

ð1
0

dtkuðtÞ·uð0Þl ð8Þ

D0 ¼
N

2do t!1
lim

d

dt
k½Rð0Þ2 RðtÞ�2l ð9Þ

where u(t) is the center-of-mass velocity of the
swarm of N molecules, which can be identified
with the macroscopic streaming velocity of the
system, i.e.

uðtÞ ¼
1

N

XN

i¼1

viðtÞ

Clearly, uðtÞ ¼ _RðtÞ with R being the center-of-
mass of the swarm of N molecules.

As sorbate loading tends to infinite dilution,
obviously cross-correlation functions between velo-
cities of different molecules approach zero and the
autocorrelation terms (self-diffusivity) predominate.
Also, the sorption isotherm approaches the linear
(Henry’s law) regime. In this limit,

r!0
limD0ðrÞ ¼

r!0
limDtðrÞ ¼

r!0
limDsðrÞ

In the present work, along with a direct estimation
of an overall transport diffusion coefficient, through
DCV GCMD, we have also utilized the Eqs. (8) and
(9) in order to calculate directly D0 and hence a
conjugate Dt from Eq. (5).

SIMULATION METHODOLOGY

Representation of Potentials

Methane was modeled as a 12–6 Lennard-Jones
molecule with the potential parameters 1=kB ¼ 148K
and s ¼ 0:3812 nm [21] and the intermolecular
interactions were calculated by the following
effective pair potential

U LJðrijÞ ¼ 41ij

sij

rij

� �12

2
sij

rij

� �6
" #

For the modeling of cylindrical pores we started
from an atomistic scale employing a model of
“pseudo atoms” [10,21]. It uses an array of

interaction centers (sites) laying on planes which
are used to build simple geometries. The chemical
character of the pseudo atoms is specified by the
12–6 Lennard-Jones parameters 1ss and sss. The
potential energy due to adsorbate-pore wall
interaction was calculated by placing a probe species
over one of the atoms in the array and summing over
all interactions. Any probe at the same distance from
the surface is given the same potential, regardless of
its lateral position over the atoms. The parameters 1ss

and sss were found by calibrating the model against
a real material using heat of adsorption at zero
adsorbate concentration.

In this work, the pore model is a cylinder of
silicalitic nature whose potential parameters were
determined using experimental data for Ar in the
zeolite VPI 5. The chemical radius R0 of the VPI 5
pore was taken to be 0.605 nm [26] giving a physical
radius R ¼ 0:727 nm according to the relation:

R ¼ R0 þ z0 2
sAr–Ar

2

where z0 ¼ 0:8506sAr–O is the distance at which the
Ar–O wall potential obtains its minimum value, and
sAr–Ar ¼ 0:3405 nm:

The isosteric heat of adsorption at zero coverage
was calculated via the expression

qstðr! 0Þ ¼ kBT 2

Ð
V dr uðrÞexpð2buðrÞÞÐ

V dr expð2buðrÞÞ
ð10Þ

where u(r) is the average potential energy of an
isolated methane molecule over a large number of
positions denoted by the vector r in the configura-
tional space of pore volume V.

The measured experimental isosteric heat for Ar at
77K in VPI 5 is qstðr! 0Þ ¼ 15:99 kBT [22,26].
Evaluation of the integrals of Eq. (10) via Monte
Carlo numerical integration, under the same con-
ditions with the experiment, for a model cylinder
consisting of one layer of oxide atoms [27] and using
the reasonable value of sss ¼ 0:270 nm; gave the
calculated qstðr! 0Þ ¼ 15:96 kBT when R ¼ 0:729 nm;
and 1ss=kB ¼ 395K:

Grand Canonical Monte Carlo

Grand canonical Monte Carlo simulations were run
at constant m, V, T. The technique involves move,
creation and destruction trials according to Metro-
polis scheme [28,29]; to ensure good statistics, the
box size was altered so that an average number of not
less than 500 molecules to be kept during the runs.

Adsorption isotherms are presented as plots of the
fractional occupancy u ¼ r=rs; (with the number
density rs being the maximum capacity of the pore
of given radius to methane molecules), versus
fugacity. Singled density distribution functions

DIFFUSIVITY OF CH4 IN NANOPORES 59

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



were collected by counting molecules into 100
concentric annulus of the same thickness inside the
cylindrical pore model.

Equilibrium Molecular Dynamics

Transport properties were found from equilibrium
molecular dynamics simulations carried out in both
isolated (constant N, V, E) and isothermal systems
(constant N, V, T) using a configuration obtained
from a GCMC run as a starting point. In the case of
(N, V, T), the system was thermostated by means of a
Gaussian constrain kinetics [28,29].

From the EMD runs the self-diffusion coefficient
Ds was calculated by employing Eqs. (6) and (7) after
the master program having run for at least 2 £ 104

time steps, and averages were collected over about
8 £ 103 steps.

The corrected diffusion coefficient D0 was calcu-
lated after the master EMD program having run for
4 £ 105 time steps in order to allow statistically
sufficient collection of averages (up to 1.5 £ 105 time
steps) via Eqs. (8) and (9). In cylindrical pores the
components of the diffusion vector normal to the
wall must be zero, so only the component in the flow
direction (z-coordinate) was used in all calculations
involved in the above Eqs..

In order to overcome the lack of a corrugated
potential field a set of artificial boundary conditions
were imposed. Therefore, the adsorbate molecule-
wall collisions was modeled by using the diffuse
boundary conditions method [21], namely rando-
mizing the momentum of particles that have collided
with the wall subject to the constrains: (i) the
magnitude jvj

2 of the velocity vector v remains
unchanged and (ii) living the magnitude of the
component of the velocity normal to the wall jvrj

2

constant. Vectors vr and vt (tangential at the point of
collision), arise after the orthogonal transformation
ðvx; vy; vzÞ! ðvr; vt; vzÞ over angle f; then follows
randomization according to the relations

jvtj ¼ jvtzjcos 2pj

jvzj ¼ jvtzjsin 2pj

where jvtzj
2
¼ jvj

2
2 jvrj

2 and j a normalized
random number in the interval (0,1). Afterwards,
vectors vr, vt and vz are retransformed to the original
coordination system (vx, vy, vz) in order to proceed
with the next dynamics step.

Further analytical studies about the nature of the
flow and collisions near the wall in nanotubes can be
found in [38–40].

Time steps t varied from 1023 to 5 £ 1023 in
reduced units, according to relation t * ¼ tð1=ms2Þ1=2;
in all cases. Diffusivities were also expressed in
reduced units according to D * ¼ Dm 1=2121=2s21:

Dual Control Volume Grand Canonical Molecular
Dynamics

The transport diffusion coefficient Dt, was found
using a nonequilibrium molecular dynamics
method. The simulation box was divided into
three equal sections in the flow direction, and
constant chemical potential were maintained in the
two end sections by Metropolis Monte Carlo
creation and destruction trials; molecular dynamics
time steps were performed in all the molecules in
the system in a way so that the ratio of stochastic
trials to dynamics steps was fairly large (about 30
to 60), resulting in a concentration gradient
between the two end sections of constant density
at steady state.

Two methods were followed in order to handling
molecules that passed through the end sections of
the box in the flow direction during a dynamic step:
(a) The molecules outside the box were removed
from the simulation; (b) the component of the
velocity vector in the direction of flow was reversed
at the next time step for those molecules that had
passed through these boundaries. Since for the
cylindrical simulation box of this work condition (a)
enabled lower level of noise in the region close to
boundaries at both local volumes, it was preferred in
the runs presented in this paper.

By counting the total number of particles lost N2

and gained Nþ in each end section and after
applying mass balance condition, the molecular
flux was obtained by the form:

J ¼
1

Ac

dðNþ 2 N2Þ

dt
ð11Þ

where Ac is the cross sectional area of the pore. Flux
was calculated through Eq. (11) by plotting Nþ–N2

against time.
The flux at any cross section is related to the ra

component of the velocity of the local center of mass
ua(ra) (local streaming velocity) by

J ¼ rðraÞuaðraÞ ð12Þ

Since flux is constant in steady state flow, ua(ra) can
be found from Eq. (12). Each molecule at ra possesses
this extra streaming velocity component. After a
suitable settling time, the calculated streaming
velocities in the end sections were added to newly
created particles to ensure that creations are
compatible with molecular transport. Subsequently,
the streaming velocity was updated every 3–5
dynamic steps. Similarly the local streaming velocity
was subtracted from the apparent total velocity of
each molecule before applying a Gaussian constraint
to correct temperature.

An effective (transport) diffusion coefficient Dt at
steady state was then calculated from the equation
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ðx¼l

x¼0

J dx ¼ Jl ¼

ðx¼l

x¼0

Ddr ¼ Dtðrx¼l 2 rx¼0Þ ð13Þ

where l is the length over which the density gradient
is created. Thus, from Eq. (13) is seen that transport
diffusivity represents an integral coefficient Dt rather
than a differential coefficient as the pure Fickian
coefficient D.

Most of the runs of this work carried out on a
Beowulf linux cluster (12 Athlon-MP CPUs). The run
time performance on this machine for a number of
molecules up to 500 was about 1.7 days for 5 £ 108

time steps.

RESULTS AND DISCUSSION

Molecular Dynamics

In Fig. 1, the simulated isotherms obtained via
GCMC are shown for the three sizes of the sorbent
model. The above sizes have been chosen, in order
three cases of density distribution to be studied as
can be seen in Fig. 3; namely, in the pore with the
radius of 0.585 nm, molecules are highly localized
close to the wall; for the radius of 0.681 nm filling
of central section commences, and for the radius
of 0.780 nm formation of a second molecular
layer localized in the pore center is henceforth
favored.

In Fig. 2, the MD results for the model pores
employed are presented. It is seen that the self-

diffusivity Ds decreases with the increase of
adsorbate loading as expected due to increase of
the intermolecular collisions. The transport diffu-
sion coefficient Dt, rises steeply a little before the
completion of the monolayer as can be seen from
Fig. 1, following the same trend with the transport
diffusivity calculated from D0. This finding, being
in agreement with earlier observation in graphitic

FIGURE 2 Results of self- (circles), corrected (filled triangles),
DCV GCMD transport (squares) and EMD transport
(open triangles) diffusivities of CH4 in cylindrical silica pores.

FIGURE 1 GCMC isotherms of CH4 at 298 K in cylindrical silica
pores of various sizes (points); isotherms according to
Quasichemical theory (lines).
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slit pores [11,24,25,30,31], may be attributed to
flow cooperative effects. The flux distribution
along the pore diameter shown in Fig. 3, especially
in the larger sizes, supports this evidence. It must
be noted that in all cases flux values appear
negative as a result of the original convention
made up in the programming code where the
direction of flow was always toward the negative
direction of z-axis. An extensive discussion about the
hydrodynamic origin and viscous effects of transport
in nanoporous structures are found in [33,37].

No significant discrepancy between the transport
diffusivities calculated from Darken relation through
the corrected diffusivity D0, from equilibrium MD
and the ones calculated directly from DCV GCMD, is
observed. The noise in all graphs of Fig. 2, may be
due to poor statistics involved in the calculation of

the collective property D0 along with the compu-
tational difficulties in executing molecular dynamics
in so highly constricted pores [21]. The agreement of
the two methods EMD and DCV GCMD in
predicting transport diffusivity has also been
verified in the works of Maginn and co-workers
[32] and Bhatia and Nicholson [33].

The transport diffusivity Dt, in the pores of 0.585
and 0.681 nm appears a slight maximum at high
densities well after the monolayer completion
indicating higher viscous contribution. In the smaller
size, it is not clear whether this is meaningful or just a
result of the intrinsic statistical noise at high densities
of the DCV GCMD method. In the wider pore of
0.780 nm, such a trend is not observed at number
densities up to 0.45. In that size, as density increases
application of DCV GCMD becomes problematic

FIGURE 3 Results of single density distribution function (left column) and flux distribution from DCV GCMD (right column), along the
pore radius for the models used, at various adsorbate number densities.
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due to enhanced difficulties in achieving a devoid of
noise density profile across the pore ends.

Quasichemical Approach to Adsorption

The simulation results were compared against the
predictions of the quasichemical theory (QC),
which is a mean field approximation due to
Guggenheim for the study of the thermodynamics
of non-ideal solutions [34]. In this work, we have
adapted the QC theory in order to analyze a
“solution” of NA adsorbate molecules distributed
among a total of Ns adsorption sites arranged on a
simple lattice of coordination number z. Each
lattice site is capable of accommodating at most
one molecule. Each sorbate molecule interacts with
its nearest neighbours. The total number of nearest
neighbour pairs is denoted by NAA; the contri-
bution from each pair of nearest neighbour sorbed
molecules to the overall potential energy is wAA.
In the following, we will use the quantity w ¼

zwAA=2 for convenience. With these definitions, the
potential energy UAA of sorbate–sorbate inter-
actions reads

UAA ¼ NAA
2w

z
ð14aÞ

For a given number of sorbate molecules, NA, on
the Ns sites, there are

Ns

NA

 !
¼

Ns!

NA!ðNs 2 NAÞ!

arrangements on the lattice. The value of NAA, and
hence the energy UAA, may vary among these
configurations. We now introduce a mean field
approximation, where all configurations of NA

molecules are assigned the same energy,

kUAAl ¼
2wkNAAl

z
ð14bÞ

Furthermore, we consider the system in the grand
canonical ensemble at temperature T, at equilibrium
with a bulk fluid phase where the chemical potential
of the sorbate is m. The grand partition function
J(m,V,T) of the adsorbed molecules in the lattice can
be written as follows

Jðm;V;TÞ ¼
XNs

NA¼0

expð2bkUAAlÞ

	
Ns

NA

 !
expðNAbmÞ½q

sðTÞ�NA ð15Þ

where q s(T) is the partition function over the
internal degrees of freedom of an adsorbed
molecule on the lattice, referred to the lowest-

energy internal state of the molecule in the gas
phase at infinite separation. The mathematical
method for estimating the mean pair energy kUAAl
from Eq. (15) is due to Bethe [35], resulting
eventually in the relation

kUAAl ¼ wNA 1 2
2 2 2u

zþ 1

� �
where z is defined by the expression

z ¼ {1 2 4uð1 2 uÞ½1 2 expð22bw=zÞ�}1=2 ð16Þ

Through the grand partition function, using
elementary statistical mechanics, and equating the
chemical potentials of the bulk and sorbed phase, the
isotherm of the system can be derived, resulting in
the following relations

bL3q sðTÞ

q
f ¼ bf ¼

u

1 2 u

2 2 2u

zþ 1 2 2u

� �z

ð17Þ

where q is the partition function over the internal
degrees of freedom in the ideal gas, L is the thermal
wavelength and the parameter b is related to the
Henry’s constant KH for sorption through the
expression

b ¼
f!0
lim

u

f
¼

1

rm f!0
lim

r

f
¼

1

rm
KH

Consequently, the thermodynamic factor in Eq. (5)
becomes

dln f

dln u
¼ 1 þ

uð1 2 zÞ

1 2 u

2
2uz

zþ 1 2 2u

1 2 expð22bw=zÞ

z
2 1


 �

Obviously, for no sorbate–sorbate interactions
(w ¼ 0) the QC isotherm degenerates into the simpler
Langmuir isotherm:

bf ¼
u

1 2 u
ð18Þ

In Fig. 1, three theoretical QC isotherm curves are
shown for the reasonable b values of 0.003, 0.011 and
0.019, estimated at infinite adsorbate dilution for the
pore radii of 0.585, 0.681 and 0.780 nm, respectively,
corresponding to the dimensionless values of 20.10,
0.54 and 0.80 for the energy w. These curves, act as an
ideal reference for each of the aforementioned
capillaries, indicating a more attractive intermole-
cular energy ðw , 0Þ for the narrower spaces which
becomes much weaker ðw . 0Þ as pore size increases.
Thus, the energy w as deduced from the derivation of
Eqs. (14b) and (15), expresses indirectly the nature of
the potential field of the confined phase inside a
nanopore, namely it reflects the energetic topology of
the pore lattice.

A sorbent lattice characterized by a uniform
coordination number z, is obviously far from the

DIFFUSIVITY OF CH4 IN NANOPORES 63

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



real situation as can be seen clearly in Fig. 3 from the
calculated methane density distribution functions
inside the pores; the deviation of simulation points
from the theoretical curves in high occupancies, in
Fig. 1 supports this argument too. However, the QC
approximation even under the oversimplification
regarding the sorbent lattice, can be utilized in order
to introduce an additional parameter for the pair
interactions in the simple thermodynamics of
Langmuir type (see Eq. (18)), obtaining Eq. (17),
which in turn can be furthermore exploited in order
to give an interpretation of the loading dependence
of diffusivity (see next section).

Occupancy Dependence of Corrected Diffusivity

A first attempt to relate sorbate–sorbate energetics in
the adsorbed phase to the occupancy dependence of
D0 has been made by Reed and Ehrlich [36]. Their
model has originally been developed for surface
diffusion on a regular lattice of sites, where the
overall effective jump rate G(u) of the adsorbed
molecules on a simple lattice is written as a function
of G(i), the individual jump rate of a molecule
surrounded by i adsorbate molecules at nearest
neighbour sites, and of the probability P (i) that such a
molecule is surrounded by i neighbours. The latter
quantity is estimated by invoking the QC approxi-
mation, giving

P ðiÞ ¼
z

i

 !
z2 1 þ 2u
� 
i

2 2 2u½ �z2i zþ 1
� 
2z

ð19Þ

In expressing G(i), it is assumed that any attempt to
jump into an already occupied site is unsuccessful.
The overall effective jump rate emerges as

GðuÞ ¼ Gð0Þ

	
zþ 1

2 2 2u


 �2z

1 þ
z2 1 þ 2u

2 2 2u
expð2bw=zÞ


 �z21

ð20Þ

where G(0), the jump rate on an empty lattice, is the
limiting value of Eq. (20) as u approaches zero.

Calculating the flux vector of the adsorbed
molecules executing jumps of constant length l on
the lattice, with the chemical potential gradient
acting as a driving force, and comparing with Eq. (4),
the following relation for the transport diffusivity is
derived

DtðuÞ ¼ GðuÞl2 ›ln f

›ln u
ð21Þ

In the limit of very low loadings, by combining
Eqs. (5), (20) and (21), one obtains the relations

Dtð0Þ ¼ D0ð0Þ ¼ Gð0Þl2 ð22Þ

Combination of Eqs. (5), (20)–(22) leads to the
following expression for the occupancy dependence
of the corrected diffusivity on a lattice of coordi-
nation number z,

D0ðuÞ ¼ D0ð0Þ

	
zþ 1

2 2 2u


 �2z

1 þ
z2 1 þ 2u

2 2 2u
expð2bw=zÞ


 �z21

ð23Þ

For w ¼ 0 (no sorbate–sorbate interaction apart
from the requirement of no multiple occupancy of
sites), Eq. (23) takes the simple form

D0ðuÞ ¼ D0ð0Þð1 2 uÞ ð24Þ

Our simulation estimates for the diffusivities D0(u)
for CH4 in the three models, normalized by the
corresponding D0(0) values extracted from Fig. 2, are
presented in Fig. 4. The theoretical D0(u)/D0(0)
curves obtained from Eq. (23), after inserting the
values of w found in the previous section, are shown
to be very close to the corresponding simulation
points depicted in the same figure, providing a
plausible explanation of the D0 behaviour on the
basis of the strength of sorbate–sorbate interactions.

An analogous finding of Krishna and co-workers
regarding CH4/CF4 mixtures diffusivity in MFI
zeolite, based on molecular dynamics and the
Maxwell–Stefan formulation can be found in [41].
Also, a recent experimental and simulation study of

FIGURE 4 Normalized corrected diffusivities from EMD (points)
and QC theoretical curves obtained from the R–E model (see text)
for the pair interaction energy values extracted from the procedure
of figure 1, as a function of fractional occupancy.
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the CF4 diffusivity loading dependence in silicalite of
Jobic et al. is reported in [42].

CONCLUSIONS

The dependence of self-, transport and corrected
diffusivity of methane in three cylindrical silica
models, calibrated with respect to zeolite VPI 5, upon
the sorbate concentration was studied using stan-
dard equilibrium molecular dynamics and dual
control volume grand canonical molecular
dynamics. The two methods showed no significant
difference in predicting transport diffusivities.

Mapping the predicted grand canonical Monte
Carlo thermodynamics onto the quasichemical
model, which assumes adsorption on a lattice of
discrete sites and invokes a mean field approxi-
mation to estimate the number of nearest-neighbour
pairs, led to the conclusion that sorbate–sorbate
interactions are considerably stronger (more attrac-
tive, w tends to negative values) as the pore width
decreases.

While the self-diffusivity variation with sorbate
loading and pore size is directly explainable in terms
of the frequency of intermolecular collisions which
increases as concentration (pore width) increases
(decreases), causing degrease to Ds, the transport
diffusivity trend needs a more extensive elaboration
since it comprises a thermodynamic and a kinetic
part (see Eq. (5)). Thus, a more precise thermodyn-
amic factor dln f /dln u introduced in this work,
which includes sorbate–sorbate interactions, was
inserted to Eq. (5) reflecting the quasichemical
sorption thermodynamics contribution to Dt.

To understand the physical origin of the loading
dependence of the kinetic part of Eq. (5), D0, the
model of Reed and Ehrlich [36] was adapted with the
parameters obtained from the procedure shown in
Fig. 1. The conclusion is that, in the narrower pores
the sorbent lattice causes attractive pair interaction
energy to sorbate molecules (w strength negative in
the model), leading to clearly decreasing D0(u),
whereas in the wider pores where the attraction is
weaker (w strength positive in the model) an almost
constant D0(u) is obtained (see Fig. 4).

Although the model is but a crude representation
of actual transport in nanopores, with the mapping
procedure adapted in this work it captures the
different simulated diffusivity dependencies satis-
factorily, providing a simple qualitative explanation
of the corrected diffusivity trend, and pointing out
that differences in sorbate – sorbate energetics
emerge as the physical reason for the different
occupancy and pore width dependence of the
corrected and transport diffusivity. Indeed, the
development of a model involving multiple coordi-
nation numbers as well as interaction energy

parameters depending on the local environment of
a nanoporous medium, which was out of the scope of
the present paper, is a strong incentive for further
work in this field.
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