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Correlation effects in diffusion of CH4 and CF4 in MFI zeolite have been investigated with the help of
molecular dynamics (MD) simulations and the Maxwell-Stefan (M-S) formulation. For single-component
diffusion, the correlations are captured by the self-exchange coefficient }ii

corr; in the published literature
this coefficient has been assumed to be equal to the single-component M-S diffusivity, }i. A detailed
analysis of single-component diffusivity data from MD, along with published kinetic Monte Carlo (KMC)
simulations, reveals that }ii

corr/}i is a decreasing function of the molecular loading, depends on the guest-
host combination, and is affected by intermolecular repulsion (attraction) forces. A comparison of published
KMC simulations for diffusion of various molecules in MFI, with those of primitive square and cubic
lattices, shows that the self-exchange coefficient increases with increasing connectivity. Correlations in
CH4/CF4 binary mixtures are described by the binary exchange coefficient }12

corr; this exchange coefficient
has been examined using Onsager transport coefficients computed from MD simulations. Analysis of the
MD data leads to the development of a logarithmic interpolation formula to relate }12

corr with the self-
exchange coefficient }ii

corr of the constituents. The suggested procedure for estimation of }12
corr is validated

by comparison with MD simulations of the Onsager and Fick transport coefficients for a variety of loadings
and compositions. Our studies show that a combination of the M-S formulation and the ideal adsorbed
solution theory allows good predictions of binary mixture transport on the basis of only pure component
diffusion and sorption data.

1. Introduction
Zeolites are widely used as catalysts and adsorbents in

a variety of applications in the process industries.1 For
reliable design of catalytic reactors, adsorbers, and
membrane permeation devices employing zeolites, it is
necessary to estimate the intracrystalline diffusion coef-
ficients. For multicomponent mixtures usually encoun-
tered in practice, the transport or Fick diffusivities are
required; for n-component diffusion, these are defined by
the n-dimensional matrix relation

where Ni is the flux of species i expressed, say, in molecules
per square meter per second, Θi is the loading in molecules
per unit cell; Dik are the Fick diffusivities with the units
square meter per second, and F is the zeolite density
expressed as the number of unit cells per cubic meter.
The Fick diffusivity matrix [D] usually has sizable off-
diagonal elements, and therefore, the individual fluxes
Ni are strongly coupled to one another. The Fick diffu-
sivities are strong functions of the molecular loadings Θi;
these, in turn, are determined by the multicomponent
sorption characteristics. Diffusion and sorption phenom-
ena are inextricably linked to each other.

While there are several studies on measurement of
transport diffusivities of single species within a zeolite,1,2

there are far fewer studies reporting [D] values for

multicomponent, even binary, mixtures.3-5 Other experi-
mental works have reported transient uptake of binary
mixtures in zeolite crystals6,7 but have not extracted values
of the elements of [D]. A few experimental studies have
reported self-diffusivities, Di,self, in binary mixtures;8-10

these diffusivities are insufficient in themselves to provide
information on [D].

In recent years, molecular simulation techniques have
been used with considerable success to study both sorption
and diffusion in zeolites.11-14 Grand canonical Monte Carlo
(GCMC) and configurational-bias Monte Carlo (CBMC)
simulations have been used to calculate sorption isotherms
of single components and mixtures in a variety of
zeolites.15-18 Transition-state theory (TST) has been used
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to calculate the zero-loading diffusivities of single com-
ponents.19,20 Molecular dynamics (MD) and kinetic Monte
Carlo (KMC) simulations have been used to determine
transport and self-diffusivities in single components15,16,21-24

and in binary mixtures,8,25-29 as a function of the molecular
loading. MD simulation studies of [D] in binary mixtures
of CH4/CF4 in Faujasite25,26 and in silicalite-1 (MFI
topology)27 have emphasized the strong variation with
loadings and composition. No attempt was made in this
prior work, however, to relate the elements of [D] to the
single-component transport and sorption.

From a practical equipment design viewpoint, we would
like to have the capability of predicting the elements of
[D] using only information on the single-component
sorption and diffusion. The Maxwell-Stefan (M-S)
formulation for zeolite diffusion30-32 provides a framework
for the development of such a predictive method. In the
M-S formulation, entirely consistent with the theory of
irreversible thermodynamics, the chemical potential
gradients are written as linear functions of the fluxes:
28,30-34

where Θi,sat represents the saturation loading of species
i and n is the total number of diffusing species. The
fractional occupancies θi are defined by

To use eq 2 we have to define two types of M-S
diffusivities: }i and }ij

corr. If we have only a single sorbed
component, then only one }i is needed, and in this case,
it is equivalent to the single-component “corrected”
diffusivity.15 In the case of mixture diffusion, the}i values
depend, in general, on the loading of all sorbed species,
so }i ) }i(Θ1,Θ2,...,Θn). The exchange coefficients }ij

corr

reflect correlation effects in mixture diffusion. Site-to-
site jump leaves behind a vacancy (cf. the pictorial
representation in Figure 1 of jumps in the MFI zeolite
topology), and subsequent jumps are more likely to fill
this vacancy, thus producing “vacancy correlation” ef-
fects.35 Correlation effects of this type can also arise due

to anisotropy of the particular zeolite topology. Correlation
effects in either single-component or mixture diffusion
can also arise due to momentum transfer between sorbed
molecules16 or from concerted motions of clusters of sorbed
molecules.36-39 For a clear discussion on correlation effects
in diffusion, we refer the reader to the recent review by
Kärger et al.19 For mixture diffusion the }ij

corr tends to
slow the more mobile species and speed up the relatively
sluggish ones. A lower value of the exchange coefficient
}ij

corr implies a stronger correlation effect. When }ij
corr f

∞, correlation effects vanish; we shall call this the facile
exchange scenario.

Defining an n-dimensional square matrix [B] with
elements

allows us to recast eq 2 into n-dimensional matrix notation
as

where the matrix of thermodynamic correction factors [Γ],
defined by

can be calculated from knowledge of the multicomponent
sorption isotherms. Comparing eqs 1 and 5, we obtain an
explicit expression for the Fick matrix:
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Figure 1. Pictorial representation of the molecular jumps in
MFI topology. Molecules jump from one site to another site
that is either vacant or recently vacated by another molecule.
Smaller, more mobile, molecules tend to vacate their sites more
frequently, effectively speeding up larger sluggish species. On
the other hand, the larger sluggish molecules are tardy in
vacating a site, thus effectively slowing down the faster species.
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The proper estimation of correlation (exchange) coef-
ficients }ij

corr is a key factor in the prediction of the Fick
matrix [D]. Krishna and Wesselingh30 suggested the
logarithmic interpolation formula

The use of the interpolation formula (eq 8), with the }i
) }i(Θ1,Θ2) estimated from single-component data, has
been shown to provide predictions of [D] in good agree-
ment with kinetic Monte Carlo (KMC) simulations of a
lattice model of binary and ternary mixtures containing
2-methylhexane (2MH) in MFI, wherein all the species
can be located only at the intersections.28,33 In these
simulations the maximum (saturation) loading Θi,sat ) 4
molecules per unit cell for each species and, further-
more, no intermolecular forces are taken into account.
Equation 8 can also be used in the prediction of self-
diffusivities. Previous applications of eq 8 in lattice models
of CH4/CF4 mixtures produce the proper trends with
loading and composition, but there are strong quantitative
deviations in predictions, especially at high loadings.29,40

These deviations were caused in part due to the use of a
flawed formula for self-diffusion in multicomponent
mixtures; a corrected formula has been published sub-
sequently.34

The first major objective of the present communication
is to obtain a deeper insight into correlation effects and
to provide an improved method for estimation of the}ij

corr.
Published data on single-component Fick diffusivities,
M-S diffusivities, and self-diffusivities taken from atomi-
cally detailed simulations15,16 are used to study correlation
effects in the MFI topology. The second major objective is
to test the accuracy of the M-S formulation in predicting
mixture transport, using only single-component diffusivity
and sorption data. Skoulidas et al.27 have recently
presented a detailed study of binary sorption and diffusion
of CH4/CF4 mixtures in silicalite-1 at 298 K using
atomically detailed methods with the aim of describing
transport of this mixture through silicalite-1 membranes.
We make use of these data to provide stringent tests of
the predictive capability of the M-S formulation. We aim
to show in the present communication that the estimation
procedure for describing correlation effects suggested in
earlier publications29,30,32,34 needs to be refined in order to
account for zeolite topology, molecule-molecule repulsions
(attractions), and loadingeffects.Expressions that improve
upon eq 8 for approximating mixture exchange coefficients
are presented.

2. Atomistic Modeling Details
Because the atomistic simulation data of Skoulidas et

al.15,16,27 on adsorption and diffusion underlies our ability
to examine methods for predicting the transport properties
of binary mixtures in MFI from single-component infor-
mation, we review the main features of these data here.
The interactions of CH4 and CF4 with silicalite-1 were
described using Lennard-Jones potentials for adsorbate-
adsorbate and adsorbate-zeolite pairs.15,16,41 Silicalite-1
was assumed to be rigid in its orthorhombic (Pnma) form
using an experimentally determined crystal structure.42

Diffusion insilicalite-1 isanisotropic, and foreachdiffusion
coefficient the x, y, and z components were computed
separately.15,16 Below, however, we only consider orien-
tationally averaged diffusivities in which each component
is averaged equally.15,16 All simulations corresponded to
adsorption and diffusion at 298 K. Simulations were
performed in a simulation volume of at least 2 × 2 × 2
silicalite unit cells. At low adsorbate concentrations,
simulation volumes as large as 10 × 10 × 10 unit cells
were used to ensure a sufficiently large number of particles
for adequate sampling. This atomistic model predicts the
CH4 Henry’s law constant, isosteric heat of adsorption,
and adsorption isotherms in excellent agreement with
experiment.41,43,44 The CH4 self-diffusivities calculated
with this model are in excellent agreement with PFG-
NMR measurements.43 Agreement between this atomistic
model and experimental results for the adsorption iso-
therm and self-diffusivity of CF4 is good for low and
moderate pore loadings, although minor discrepancies
between the model and experiments exist at high load-
ings.8,44 Binary adsorption isotherm predictions agree very
well with experiments,44 as do predictions for the binary
self-diffusivities, with a slight deviation at high loading.8

Single-componentandbinaryadsorption isothermswere
computed using grand canonical Monte Carlo (GCMC)
simulations. The chemical potential of each component in
the bulk gas mixture was related to the partial pressures
by a virial equation of state using the second and third
mixturecoefficientsdeterminedexperimentallybyDoulsin
et al.45 GCMC simulations involved a total of 5 ×106 moves
for equilibration and up to 108 moves for data collection
for each state point.

Adsorbate diffusion coefficients were computed using
equilibrium molecular dynamics (EMD). The time steps,
equilibration, and convergence procedures for these
calculations have been described previously.27 Self-dif-
fusivities in single-component and binary mixtures were
computed by analyzing the mean square displacement of
each adsorbate in the usual manner. In addition to the
self-diffusivities, it is possible to determine the Onsager
coefficients for single-component or binary mixtures from
EMD simulations using methods derived by Theodorou
et al.46 The matrix of Onsager transport coefficients [L],
defined by

where (∇µ) is the column matrix of chemical potential
gradients, was computed from our EMD simulations using
the Einstein form of these methods:

In this expression V is the simulation volume, Ni is the
number of molecules of species i, and rl,i(t) is the position
of molecule l of species i at any time t. An important feature
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of this method is that it requires data to be averaged over
multiple independent EMD trajectories, unlike calcula-
tions of the self-diffusivity which can be performed with
just a single trajectory of sufficient length. Both the
Onsager coefficients and the self-diffusivities for the
mixtures considered here were computed using data from
20 independent EMD trajectories at each state point. The
Onsager reciprocal relations demand that the matrix [L]
be symmetric, that is

3. Single-Component Sorption and Diffusion
Figure 2 shows the MD simulations15,16 for M-S

diffusivities (}), Fick diffusivities (D), and self-diffusivities
(Dself) of (a) CH4 and (b) CF4 adsorbed as single components
in silicalite-1 at 298 K as a function of molecular loading
Θ. For CH4, the M-S diffusivity is practically independent
of loading and the zero-loading diffusivity, }1(0) ) 1.45
× 10-8 m2/s. Therefore, the M-S diffusivity at any loading
can be estimated from

Skoulidas and Sholl16 have found relation 12 to be valid
also for diffusion of Ar in silicalite-1; this scenario is typical
of weakly confined molecules in zeolite hosts. We shall
refer to eq 12 as the weak confinement scenario.

From the single-component (i) version of eq 7, we can
relate the Fick and M-S diffusivities by

with the thermodynamic correction factor Γ

The GCMC simulations15,16 of the single-component sorp-
tion isotherms are represented very well with the dual-
site (DSL) Langmuir isotherm

with the saturation loadings in sites A and B, Θi,sat,A and
Θi,sat,B, as specified in Table 1, along with the parameters

bi,A and bi,B (see Figure 3). The total saturation loading
for the isotherm in eq 15 is Θi,sat ) Θi,sat,A + Θi,sat,B.

Carrying out the differentiation in eq 14, we find

The Fick diffusivity for a single sorbed species can be
determined from MD simulations by directly measuring

Figure 2. MD simulations (symbols) of M-S diffusivities (}i), Fick diffusivities (Di), and self-diffusivities (Di,self) of (a) CH4 and
(b) CF4, in MFI at 298 K as a function of molecular loading Θ. The MD simulation data are from Skoulidas and Sholl.16 The
continuous lines represent the calculations following either eq 12 or eq 17 for }i, eq 13 for Di, and eq 18 for Di,self.

Figure 3. Single-component sorption isotherms for CH4, CF4,
Ar, Xe, and SF6 in silicalite-1 at 298 K from GCMC simulations
(symbols) of Skoulidas and Sholl.16 The smooth lines are
calculated using the dual-site Langmuir (DSL) parameters
listed in Table 1.

Table 1. Dual-Site Langmuir Parameters for
Single-Component Silicalite-1 at 298 K, Fitted with the

Isotherm Data from Skoulidas and Sholl16

dual Langmuir parameters

site A site B

component bi,A/Pa-1

Θi,sat,A/
(molecules

per unit cell) bi,B/Pa-1

Θi,sat,B/
(molecules

per unit cell)

CH4 3.97 × 10-6 12.0 3.64 × 10-7 8.0
CF4 2.18 × 10-5 12.0 6.53 × 10-8 3.4
Ar 4.63 × 10-7 12.0 1.27 × 10-7 9.0
Xe 3.06 × 10-5 12.0 4.86 × 10-6 4.5
SF6 4.89 × 10-3 10.0 3.72 × 10-5 2.0

Γi ) 1
Θi,A

Θi
(1 -

Θi,A

Θi,sat,A
) +

Θi,B

Θi
(1 -

Θi,B

Θi,sat,B
)

(16)

Lij ) Lji; (i * j) (11)

}1 ) }1(0) (12)

Di ) }iΓi (13)

Γi ≡ ∂ ln pi

∂ ln Θi
(14)

Θ°i(P) ≡ Θi,A + Θi,B )
Θi,sat,Abi,AP
1 + bi,AP

+
Θi,sat,Bbi,BP
1 + bi,BP

(15)
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the M-S diffusivity } and then using eq 13 to combine
this diffusivity}with the thermodynamic correction factor
Γ defined by the measured isotherm.15,16 The resulting
Fick diffusivity for CH4 is shown in Figure 2a. Because
eq 12 accurately describes the observed M-S diffusivity,
predicting the Fick diffusivity using eq 12 yields results
in good accord with the data determined directly from the
MD simulations.

In contrast to the case of CH4, the M-S diffusivity for
CF4 shows a strong decrease with increased loading (see
Figure 2b). The loading dependence of }2 for CF4 is seen
to follow the relation

with a zero-loading diffusivity value }2(0) ) 0.467 × 10-8

m2/s. The scenario in eq 17 is typical of strongly confined
molecules in zeolite hosts. We term eq 17, the strong
confinement scenario.

The strong and weak confinement scenarios, depicting
the loading (occupancy) dependence of the M-S diffusivity,
represent idealizations of a variety of dependences that
have been observed in practice. To underline this, Figure
4a compares the normalized M-S diffusivity values for
CH4, CF4, Ar, Xe, and SF6 determined from MD simula-
tions16 as a function of the fractional occupancy using the
saturation values as determined by the DSL fits of the
isotherms (Figure 3) and specified in Table 1. For any
particular molecule, its specific occupancy dependency
needs to be properly examined and modeled. The specific
scenario followed will depend on the degree of confinement
of the guest-host combination and intermolecular repul-
sions, or attractions.47-50 A rough indication of the degree
of confinement for a specific host, say MFI, is obtained
from the saturation capacity, Θi,sat. The lower the satura-
tion capacity, the more strongly confined the molecule,
and the }i/}i(0) dependency on θ varies between eqs 12
and 17. It should be noted from Figure 4a that the size
of the adsorbate provides only an approximate measure
of the degree of confinement in the sense discussed above.
For example, CF4 is observed to be more accurately

described by the strong confinement scenario than SF6,
although the latter is a larger molecule than the former.
Differences in the sorbate-sorbate interactions47-50 are
likely the cause of the differences in the confinement
scenarios for CF4 and SF6.

The sorption isotherm for CF4 shows an inflection at a
loading Θ ) 12 (see Figure 3). Consequently, the ther-
modynamic factor Γ exhibits a maximum at this loading,
and this is again reflected in a maximum in the Fick
diffusivity D2, both in the MD simulations and in calcula-
tions from eq 13 in which eq 17 is used to estimate the
M-S diffusivity (see Figure 2b).

The differences that arise between the M-S }i and the
single-component self-diffusivity, Di,self, are crucially de-
pendent on correlation effects in the diffusing species.
This observation can be used to determine the self-
exchange coefficient, }ii

corr, provided }i and Di,self are
known independently. We will show in section 4 that the
self-exchange coefficient }ii

corr can be very useful in
describing binary diffusion, so we discuss the behavior of
this coefficient for single-component systems here. Es-
sentially, the }ii

corr values provide a measure of vacancy
and geometry correlations19 for the particular guest-host
topology. The lower the value of }ii

corr, the stronger are the
correlation effects. For }ii

corr f ∞, correlation effects
vanish. Krishna and Paschek34 have derived the following
expression relating Di,self to}i by applying eq 2 for a binary
mixture consisting of tagged and untagged species, both
with identical M-S diffusivities }i:

Since we know }i and Di,self from the MD simulations16

of CH4, CF4, Ar, and Xe in MFI, the self-exchange
coefficient }ii

corr, reflecting the correlations in a single-
component system, can be back-calculated. These self-
exchange coefficients are shown in Figure 5a. The self-
exchange coefficients follow the loading dependence(47) Tarasenko, A. A.; Jastrabik, L.; Uebing, C. Langmuir 1999, 15,

5883.
(48) Nieto, F.; Tarasenko, A. A.; Uebing, C. Phys. Chem. Chem. Phys.

2000, 2, 3453.
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(50) Bhide, S. Y.; Yashonath, S. J. Phys. Chem. B 2000, 104,
2607.

Figure 4. (a) MD simulations (symbols) of M-S diffusivities }i (normalized with respect to zero-loading values) of the pure
components CH4, CF4, Ar, Xe, and SF6 in MFI at 298 K as a function of fractional occupancy θ. The MD simulation data of Skoulidas
and Sholl16 have been used in conjunction with the Θi,sat values obtained from DSL fits of the isotherms (see Figure 3) as specified
in Table 1. (b) MD simulations (symbols) of M-S diffusivities }i of CH4 and CF4 in 100-0, 75-25, 50-50, 30-70, and 0-100
mixtures. These values are calculated using eq 22. Open (shaded) symbols show the }i of CH4 (CF4) in each mixture.

}2 ) }2(0)(1 - Θ2/Θ2,sat) ) }2(0)(1 - θ2) (17)

Di,self ) 1
1
}i

+
θi

}ii
corr

(18)
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The fitted values of Ri and âi in this empirical expression
(eq 19) are specified in Table 2 for various molecules. It
is interesting to note from Figure 5a that the }ii

corr/}i
values for CH4 and Ar show an almost identical depen-
dence on occupancy; both these compounds were seen
earlier (cf. Figure 4a) to follow the weak confinement
scenario. The molecules CF4 and Xe, exhibiting the strong
confinement scenario, yield slightly higher values of
}ii

corr/}i. It appears that the degree of repulsion, or
attraction, between molecules dictates }ii

corr/}i, with a
higher repulsion leading to a lower exchange coefficient.
The reader is referred to the papers by Bhide and
Yashonath49,50 and Uebing47,48 for a quantitative treatment
of the influence of intermolecular “interactions” in the
self-diffusivities and correlations.

Topology and connectivity also affect }ii
corr/}i; to dem-

onstrate this, we have reanalyzed the KMC simulations
of Paschek and Krishna23,28,40 for diffusion in primitive
square and cubic lattices, and in MFI. The cubic lattice
with the highest connectivity yields the largest values of
the correlation coefficient; this is followed by the square
lattice (see Figure 5b). The connectivity of MFI is
significantly lower,51 leading to lower exchange coefficients
and, consequently, stronger correlation effects. The maxi-
mum number of sorption sites per unit cell of MFI is also
a consideration. For 2-methylhexane (2MH), with a
saturation loading Θi,sat ) 4, the value of }ii

corr/}i is
approximately unity; it is for this reason that Krishna
and Paschek52 suggested taking the self-exchange coef-
ficient }ii

corr equal to the M-S diffusivity }i. The KMC
simulations40 for pure components CH4 and CF4, with
maximum capacities Θi,sat ) 24, yield much lower }ii

corr/}i
values; in broad agreement with the corresponding results

from MD simulations (compare parts a and b of Figure 5).
There are, however, quantitative differences in }ii

corr/}i
determined by MD and KMC simulations (compare the
fit parameters listed in Table 2). These quantitative
differences are attributable to the fact that intermolecular
repulsions were not accounted for directly in the KMC
simulations; this also explains why the values of }ii

corr/}i
are identical in the KMC simulations of CH4 and CF4.
This is manifested in the fact that the KMC simulations
modeled both CH4 and CF4 as following the strong
confinement scenario.

Inserting eq 19 into eq 18 allows us to estimate the
self-diffusivities Di,self as a function of loading. These
calculations agree very well with the MD simulated values
for CH4 and CF4 (see Figure 2), as indeed they should.
Due to correlation effects, the Di,self values are significantly
lower than the corresponding values of the M-S diffu-
sivities }i. Only when }ii

corr f ∞, that is, vanishing
correlations, will Di,self and }i coincide with each other.

4. Correlation Effects for Diffusion of Binary
Mixtures

For binary mixtures (made up of species 1 and 2),
correlation effects are embodied in the exchange coefficient

(51) Coppens, M. O.; Bell, A. T.; Chakraborty, A. K. Chem. Eng. Sci.
1998, 53, 2053.

(52) Krishna, R.; Paschek, D. Chem. Eng. J. 2002, 85, 7.

Figure 5. (a) Correlation (exchange) coefficients }ii
corr for the single components CH4, CF4, Ar, Xe, and SF6 in MFI at 298 K as

a function of fractional occupancy. Open symbols represent }ii
corr calculated from eq 18 from the values from MD simulation results

for }i and Di,self of Skoulidas and Sholl.16 (b) Correlation coefficients obtained from KMC simulations.23,28,40 The continuous lines
represent calculations following eq 19, along with the constants given in Table 2. In part a only the calculations for CH4 and CF4
are shown.

}ii
corr

}i
) Ri exp(-âiθ) (19)

Table 2. Fitted Constants ri and âi in Eq 19 for Various
Components in Different Topologies

simulation
type topology component

max. no. of
molecules

per unit cell
or site Θi,sat Ri âi

MD16 MFI CH4, 298 K 20 0.52 1.2
MD16 MFI CF4, 298 K 15.4 0.75 1.2
MD16 MFI Ar, 298 K 21 0.55 1.2
MD16 MFI Xe, 298 K 16.5 0.7 1.2
MD16 MFI SF6, 298 K 12 0.95 1.2
KMC28 square arbitrary 1 5 1
KMC28 cube arbitrary 1 2.5 1
KMC23 MFI 2MH, 300 K 4 1.6 0.7
KMC40 MFI CH4, 200 K 24 0.86 1.4
KMC40 MFI CF4, 200 K 24 0.86 1.4
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}12
corr in the M-S formulation (eq 2). In sharp contrast to

the case of single-component diffusion, these correlation
effects play an integral role in the transport diffusivities,
whether viewed in the M-S, Onsager, or Fick form.

To describe the diffusion of CH4/CF4 mixtures observed
in our EMD simulations, we first determined the values
of the elements of a modified Onsager matrix [Λ], that is
linearly related to [L] and defined as follows:

where [Θsat] is a diagonal matrix of saturation capacities
Θi,sat. Recall from eq 10 that the matrix [L] can be
determined directly from EMD simulations for a variety
of loadings and compositions. Note that the definition of
[Λ] in eq 20 is more convenient from the point of view of
comparison with the M-S and Fick diffusivities, because
they possess the same dimensions (m2 s-1). The modified
Onsager matrix [Λ] is nondiagonal, in general, and the
cross-coefficients portray the coupling between species
diffusion.

Combining eqs 20 and 6, we obtain

and by comparing with eq 5, we have the following inter-
relationship:

It is clear from eq 22 that correlations affect all elements
of the matrix [Λ] and not just the off-diagonal ones. The
expression in eq 22 allows us to determine }12

corr and }21
corr

from

For mixtures with different saturation capacities, the
matrix [Λ] loses the symmetry property possessed by [L]
and we obtain the following relationship for the exchange
coefficients

The following limiting values hold for }ij
corr:

The calculations of }12
corr from the MD simulations

using eq 23 for various mixture compositions and a variety
of total loadings Θ ) 4, 6, 8, 10, and 14 molecules/unit cell
are presented in Figure 6a. The }12

corr values are found to
lie between those of pure CH4 and those of pure CF4,
determined earlier from single-component diffusivity data
(cf. Figure 5). The following interpolation formula

is found to describe the composition dependence remark-
ably accurately; this relation supplants the earlier one
(eq 8). To apply eq 26, we estimate }11

corr and }22
corr using

eq 19, with the latter expression generalized to binary
mixtures. Specifically, we replace the fractional occupancy,
θ, in eq 19 with the fractional total occupancy, (θ1 + θ2)
) (Θ1/Θ1,sat + Θ2/Θ2,sat). The M-S diffusivities in eq 19
were assumed to follow eq 12 for CH4 and

Figure 6. Correlation coefficients }12
corr for diffusion in CH4/CF4 determined from MD simulations (symbols) of [L] and eq 23. The

continuous lines in part a correspond to the logarithmic interpolation formula (eq 26), along with eq 19 for }ii
corr, as described in

the text. In part b the MD results are compared with the older formula (eq 8). Note that the limiting value of }12
corr for Θ1/(Θ1 +

Θ2) f 0 is }22
corr({Θ1,sat}/{Θ2,sat}); the symbols on the y-axis represent this limiting value.

(N) ) -F[Θsat][Λ] 1
RT

(∇µ) (20)

(N) ) -F[Λ][1/θ1 0
0 1/θ2 ][Γ](∇Θ) (21)

[Λ11 Λ12
Λ21 Λ22 ] ) [ 1

}1
+

θ2

}12
corr

-
θ1

}12
corr

-
θ2

}21
corr

1
}2

+
θ1

}21
corr ]-1

[θ1 0
0 θ2 ] (22)

}12
corr )

(Λ11Λ22 - Λ12Λ21)
Λ12

; }21
corr )

(Λ11Λ22 - Λ12Λ21)
Λ21

(23)

Θ2,sat}12
corr ) Θ1,sat}21

corr (24)

lim
Θ1

Θ1+Θ2
f1

}12
corr f }11

corr; lim
Θ1

Θ1+Θ2
f1

}21
corr f }11

corr(Θ2,sat

Θ1,sat
)

lim
Θ1

Θ1+Θ2
f 0

}21
corr f }22

corr; lim
Θ1

Θ1+Θ2
f 0

}12
corr f }22

corr(Θ1,sat

Θ2,sat
)

(25)

Θ2,sat}12
corr ) [Θ2,sat}11

corr]Θ1/(Θ1+Θ2)[Θ1,sat}22
corr]Θ2/(Θ1+Θ2)

(26)

}2 ) }2(0)(1 - θ1 - θ2) (27)
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for CF4. The latter assumption is consistent with the
strong confinement scenario described above for single-
component CF4. For comparison purposes, the calcula-
tions of the exchange following eq 8 are shown in Figure
6b. The “older” formula fails to account for the strong
decrease of the binary exchange coefficient with increasing
loading Θ.

For the various mixtures, the M-S diffusivities }1 and
}2, for CH4 and CF4, respectively, can be calculated from
the MD simulated [Λ] using eq 22; these calculations are
presented in Figure 4b. We note that the }i values in the
mixtures are nearly the same as those for the pure
components; this fact underlines the major advantage of
the M-S formulation of multicomponent diffusion in
zeolites over the Onsager formulation for prediction
purposes.

Equations 24 and 26 allow us to estimate the exchange
coefficients }12

corr and }12
corr. These coefficients used in

combination with eqs 12, 27, and 22 allow us to determine
the elements of [Λ] for binary mixtures of CH4 and CF4
in MFI as a function of total loading Θ and composition.
We have examined four different CH4/CF4 mixture com-
positions: 75-25, 50-50, 30-70, and 20-80. To test the
accuracy of this prediction method, we present in Figure
7 a comparison of these calculations with the MD
simulated values. The M-S formulation is able to describe
the variation of the elements Λij for the entire range of
compositions and loadings. The success in predicting the
cross-coefficients Λ12 and Λ21 is particularly noteworthy,
except for high loadings approaching saturation values.

To underline the strong influence of correlation effects
on all the elements Λij of the Onsager matrix, we present

calculations using eq 22, taking }12
corr f ∞. This assump-

tion of facile (infinite) exchange yields

and the corresponding calculations are shown as continu-
ous lines in Figure 8. Also plotted in Figure 8 are the
pure-component Onsager coefficients. The predictions of
Λ11 are hopelessly in error; correlations tend to affect the
more mobile CH4 to a considerable extent and lead to a
significant decrease in the Λ11 values, when compared to
that of the pure-component value. Note also that the facile
exchange scenario anticipates a monotonic increase of Λ11
with loading, whereas for mixtures the Λ11 progresses via
a maximum and reduces to zero. In sharp contrast, the
predictions of eq 28 for Λ22 are very good indeed. Arguably,
these predictions are almost as good as those of the
complete model with finite exchange. Correlation effects
tend to have a significantly smaller effect on the mobility
of the more sluggish species CF4 than on that of the more
mobile CH4. For either CH4 or CF4 the Λii cannot be
identified with the pure-component values; this belies the
assertion made by Sundaram and Yang53 in developing
their prediction method for the Fick matrix [D].

5. Estimation of the Fick Matrix for Binary
Mixtures

Once the binary M-S diffusivities have been deter-
mined, the calculation of the Fick matrix [D] from eq 7

(53) Sundaram, N.; Yang, R. T. Chem. Eng. Sci. 2000, 55, 1747.

Figure 7. MD simulations (symbols) of the Onsager matrix (for 75-25, 50-50, 30-70, and 20-80 mixture compositions of
CH4/CF4) compared with the calculations using eqs 12, 17, 19, and 26. The constants Ri and âi are given in Table 2.

Λ12 ) Λ21 ) 0; Λ11 ) }1(0)θ1;
Λ22 ) }2(0)(1 - θ1 - θ2)θ2 [facile exchange] (28)
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requires the estimation of the thermodynamic correction
factor matrix [Γ]. As above, we wish to examine a means
to reach this goal using only single-component data. For
this purpose we use the ideal adsorbed solution theory
(IAST), developed by Myers and Prausnitz,54 that allows
the estimation of the binary mixture loadings using single-
component isotherm data. We first check the accuracy of
the IAST predictions by comparison with GCMC simula-
tions. A total of 454 GCMC binary mixtures’ simulations
were carried out for a variety of partial pressures of CH4

and CF4, following the grid shown in Figure 9a. Figure 9b
compares the component loadings of CH4 and CF4 from
GCMC simulations with IAST predictions based on the
single-component isotherms defined in eq 15 and Table
1. The RMSDs for CH4 and CF4 are 0.199 and 0.099, and
the agreement is generally very good except in the regions
very close to saturation loadings. This point is also stressed
in Figure 10, in which the component loadings are
compared for (a) 70-30, (b) 50-50, and (c) 30-70 vapor
mixtures as a function of the total system pressure. The

deviations between IAST and GCMC are largest at very
high pressures (i.e. saturation loadings).

Numerical differentiation of the IAST model equations
yields the elements of Γij, and in Figure 11 we compare
the M-S model calculations, with only single-component
data inputs (using eqs 6, 7, 12, 27, 22, 19, and 26), with
the Fick matrix from binary MD simulations, along fits
of binary GCMC simulated isotherms.27 The agreement
is generally good for the entire range of loadings and
compositions. There are however some deviations between
predictions and simulations at conditions approaching
saturation loadings; this is due to poorer predictions of
IAST under these conditions, as has already been noted
above. The predictions of the M-S model assuming facile
exchange (eq 28) are much poorer for D11 and D12 but
reasonably good for D21 and D22 (see Figure 12). These
observations are consonant with those made earlier in
the context of the predictions of [Λ] using the assumption
of facile exchange (cf. Figures 8 and 12).

(54) Myers, A. L.; Prausnitz, J. M. AIChE J. 1965, 11, 121.

Figure 8. MD simulations (symbols) of Onsager matrix elements Λ11 and Λ22 (for the 75-25, 50-50, 30-70, and 20-80 compositions
of CH4/CF4) compared with the calculations for facile exchange taking }12

corr f ∞.

Figure 9. (a) Grid of bulk partial pressure pairs for the CH4/CF4 binary mixtures for which GCMC simulations were performed.
(b) Parity plot between GCMC simulation data and predictions of IAST.
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6. Self-diffusivities in Binary Mixtures

Often, inpractice, self-diffusivitiesaredeterminedeither
in theory or by experiment. Snurr and Kärger8 performed
pulsed field gradient (PFG) NMR measurements and
molecular dynamics (MD) simulations to determine self-
diffusivities in a mixture of CH4 and CF4 in MFI zeolite.
Jost et al.55 performed similar studies for mixtures of CH4
and xenon in MFI. Gergidis et al.9,56 studied the self-
diffusivities in a mixture of CH4 and n-butane in MFI
using MD and quasi-elastic neutron scattering (QENS).
Paschek and Krishna 34,40,57 used KMC simulations to
study self-diffusivities in various mixtures and in different
topologies. Schuring et al.10 have determined the self-
diffusivities in a mixture of n-hexane and 2-methylpentane
in MFI using the tracer exchange positron emission

profiling technique. Krishna and Paschek34 derived the
following expression for the self-diffusivities in a mixture
of 1 and 2:

(55) Jost, S.; Bar, N. K.; Fritzsche, S.; Haberlandt, R.; Karger, J. J.
Phys. Chem. B 1998, 102, 6375.

(56) Gergidis, L. N.; Theodorou, D. N. J. Phys. Chem. B 1999, 103,
3380.

(57) Paschek, D.; Krishna, R. Chem. Phys. Lett. 2001, 333, 278.

Figure 10. Component loadings in a binary mixture showing both GCMC simulations (symbols) and IAST predictions: (a) 70-30
vapor mixture; (b) 50-50 vapor mixture; (c) 30-70 vapor mixture.

Figure 11. MD simulations (symbols) of the Fick matrix (for 75-25, 50-50, and 30-70 compositions of CH4/CF4) compared with
the calculations using eqs 6, 7, 12, 27, 22, 19, and 26.

D1,self ) 1
1
}1

+
θ1

}11
corr

+
θ2

}12
corr

; D2,self ) 1
1
}2

+
θ1

}21
corr

+
θ2

}22
corr

(29)
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These expressions are exact, provided of course that
the M-S diffusivities are known exactly. Self-diffusivities
in zeolites are more strongly influenced by correlation
effects associated with molecular jumps than the Onsager
and Fick coefficients; this is evidenced by the fact that
Di,self is influenced by both self-exchange (}ii

corr) and
binary exchange (}12

corr). With the help of eqs 19 and 26,
along with the parameter fits in Table 2, we are in a
position to estimate the Di,self for binary mixtures.

Consider first the MD simulations of Snurr and Kärger8

for self-diffusivities in a CH4/CF4 mixture in MFI at 200
K; these simulations were carried out at a total mixture
loading of Θ ) Θ1 + Θ2 ) 12, and the CH4 loading is varied
from 0 to 12 molecules per unit cell; their simulation data
are shown as open symbols in Figure 13. The predictions
following eq 29 are reasonably good over the whole range
of compositions. In applying eq 29, the M-S diffusivities
}1 and}2 were taken to have the same loading dependence
as that determined above from simulation data at 298 K.
Simulation data for the M-S diffusivities of pure CF4 or
for CH4/CF4 mixtures are not currently available at 200
K, but a previous study of the temperature dependence
of the M-S diffusivities for pure CH4 and pure CF4 has
indicated that the functional form of the these diffusivities
with respect to loading is only very weakly affected by
temperature.15

The KMC simulation results of Paschek and Krishna40

for self-diffusivities in CH4/CF4 mixtures in MFI at
200 K for various compositions and loadings are com-
pared in Figure 14 with the predictions of eq 29. Over the

whole range of compositions and loading, the agreement
with KMC simulations is very good, and it shows
significant improvement over the predictions in the
originalpublication,40 whereineq8wasused forestimation
of the }12

corr.

Figure 12. MD simulations (symbols) of the Fick matrix (for 75-25, 50-50, and 30-70 compositions of CH4/CF4) compared with
the calculations for facile exchange taking }12

corr f ∞.

Figure 13. Comparison of MD simulations (symbols) of
Snurr and Kärger8 for self-diffusivities in a mixture of CH4
(weakly confined) and CF4 (strongly confined) in MFI at
200 K with calculations using eq 29. The calculations were
performed taking }1(0) ) 59 × 10-10 m2/s and }2(0) ) 22 ×
10-10 m2/s. The saturation loadings are Θ1,sat ) 20 and Θ2,sat )
15.4.
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7. Conclusions
In this investigation we have obtained new insights

into correlation effects during diffusion in single-compo-
nent and binary mixtures in MFI zeolite. In the M-S
formulation of single-component diffusion, the correlations
are captured by the self-exchange coefficient }ii

corr. This
self-exchange coefficient captures the differences that exist
between the M-S and self-diffusivities for single-
component systems. In earlier publications this coefficient
}ii

corr was assumed to be equal to the single-component
M-S diffusivity, }i. A detailed analysis of single-
component diffusivity data from MD and KMC simulations
shows that }ii

corr/}i is a decreasing function of the mo-
lecular loading Θ, depends on the guest-host combination,
and is affected by intermolecular repulsion (attraction)
forces. For different topologies }ii

corr/}i increases with
increasing connectivities. Equation 19, which is an
empirical fit for the self-exchange coefficient, along with
the parameters specified in Table 2, allows estimation of
}ii

corr/}i. For the estimation of the M-S diffusivities }i in
the binary mixture, due attention needs to be paid to the
confinement scenario, describing the loading dependence;
here too the single-component data provide adequate
guidelines.

Correlations in a binary mixture are described by the
binary exchange coefficient, }12

corr. For a particular load-
ing this binary exchange coefficient depends on the
mixture composition, lying intermediate between the
corresponding self-exchange (}ii

corr) values. The loga-

rithmic interpolation formula (eq 26) is one of the major
resultsof this investigation.This formulaprovidesameans
to predict }12

corr from the pure-component self-exchange
coefficients. The use of this interpolation formula in the
M-S formulation, combined with the use of IAST, allows
very good predictions of the Onsager and Fick coefficients
and the self-diffusivities of binary mixtures of CH4 and
CF4 in silicalite-1 using only single-component data inputs
for sorption and diffusion.

The methods we have described offer a useful ap-
proximate approach to the challenging problem of quan-
titatively describing binary transport of sorbed species in
zeolite pores. MD simulations provide an ideal complement
to these approximate approaches, since MD simulations
allow both the binary adsorption isotherms and the matrix
of Onsager transport coefficients to be computed directly.
Further MD simulations of transport in binary mixtures
in zeolite topologies other than the MFI topology examined
here and for adsorbed species more complex than the small,
nonpolar species we have studied will be a great assistance
in exploring the general validity of the approximations
we have introduced.
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Figure 14. Comparison of KMC simulations (symbols) of Paschek and Krishna40 for self-diffusivities in a mixture of CH4 and CF4
in MFI at 200 K with calculations using eq 29. The calculations were performed taking }1(0) ) 69.5 × 10-10 m2/s and }2(0) ) 14.8
× 10-10 m2/s. The saturation loadings are Θ1,sat ) Θ2,sat ) 24. Note that in the KMC simulations each of the single components
follows the strong confinement scenario, and so eq 27 was used for both CH4 and CF4. The constants Ri ) 0.86 and âi ) 1.4, identical
for both species, as indicated in Table 2.
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