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A Molecular Dynamic Investigation
of the Diffusion of Methane-Ethane and
Methane-Propane Mixtures in Zeolites

Molecular Dynamic (MD) simulations were carried out to determine the Max-
well-Stefan (M-S) diffusivities, �i, and self-diffusivities, Di,self, of methane (C1),
ethane (C2), and propane (C3) for a variety of molecular loadings, qi, in three
classes of zeolite topologies: (1) intersecting channels (MFI, ISV, BEA), (2) one-
dimensional (1D) channels (AFI, TON, FER, MOR, LTL), and (3) cages separated
by windows (FAU, LTA, ERI, CHA, DDR). The �i are strongly dependent on
loading, decreasing to zero at saturation loading in all cases. For 1D channels, the
decrease of �i with qi is severe. For cages separated by narrow windows (LTA,
ERI, DDR, CHA), the �i increase sharply with qi before eventually reducing to
zero at saturation loading. Correlation effects are reflected in the ratio of the self-
to M-S diffusivity, Di,self/�i; this ratio is seen to be strongly dependent on the
topology. Correlation effects are negligibly small in zeolite structures with cages
separated by narrow windows. For binary C1–C2 and C1–C3 mixtures in both
intersecting channel structures and 1D channels, the Di,self of the more mobile
species, C1, is reduced significantly due to the presence of the more tardy C2 or
C3. The mobility of the tardy species is enhanced due to the presence of the
mobile C1. For cages separated by narrow windows, the inter-cage hops are
practically independent and there is no accelerating or decelerating effects during
mixture diffusion.
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1 Introduction

In many process applications, it is important to estimate the
rates of diffusion of mixtures within zeolites. For this purpose,
the Maxwell-Stefan equations [1, 2] are commonly used to re-
late the flux of a species to its chemical potential gradient:

�q
qi
RT

�li ¼
Xn

j¼1
j „ i

qjNi � qiNj

qj;sat�ij
þ Ni

�i
; i ¼ 1; ::: n (1)

In Eq. (1), �i is the Maxwell-Stefan diffusivity of species i, qi
is the molar loading, qi,sat is the saturation capacity of species
i, and �ij are the binary exchange coefficients. The saturation

capacities, qi,sat, can be obtained from the pure component
sorption isotherms, provided that these are available up to sat-
uration limits. The gradient of the chemical potentials can be
related to the gradients in the loadings by defining a matrix of
thermodynamic factors [C]:

qi
RT

�li ¼
Xn

j¼1

C ij�qj

C ij ”
qi
fi

¶fi
¶qj

i; j ¼ 1; ::: n

(2)

Estimation of the various diffusivities in Eq. (1) is not an
easy task. There are about 180 different zeolite structures with
varying pore geometry, topology, and connectivity [3]. These
structures can be divided into three broad classes, following
the classification suggested by Beerdsen et al. [4]. Zeolites such
as MFI, ISV, and BEA are made up of nano-sized channels that
intersect one another in a regular pattern (see Fig. 1). Zeolites
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such AFI, MTW, TON, and LTL consist of one-dimensional
(1D) channels (see Fig. 2). MOR and FER are also 1D channels
but they are connected to side-pockets. The third category of
zeolites consists of cage structures. The windows connecting
the cages can be either wide, as in the case of FAU, or narrow
as for LTA, CHA, DDR, and ERI (see Fig. 3).
The main objective of this paper is to compare the diffusion

characteristics of the three classes of zeolite structures using
Molecular Dynamic (MD) simulations. The MD simulation
methodology, along with the force fields used, are described in
earlier publications [1, 2, 5–11]; those details are not repeated
here. We used methane (C1), ethane (C2), and propane (C3)
as molecular probes, along with C1–C2 and C1–C3 equimolar
mixtures.

2 Simulation Results and Discussion

In zeolites, the molecules are first adsorbed within the pores
and motion within the zeolite is due to the adsorbed species
which moves from one sorption site to another. Diffusion is
closely inter-twined with the sorption behavior and it is neces-
sary to first understand and describe mixture sorption. The
adsorption isotherms can be calculated, most conveniently, by
using Configurational-Bias Monte Carlo (CBMC) simulations
as described in earlier studies [5]. For C1, C2, and C3, the ad-
sorption strength of the pure component increases with the
chain length, as shown for in Figs. 4a), 5a), and 6a) for MFI,
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Figure 1. Zeolites with intersecting channel structures: MFI, ISV,
and BEA.
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Figure 2. Zeolites with one-dimensional channel structures: AFI,
MOR, MTW, TON, FER, and LTL.
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Figure 3. Zeolites structures consisting of cages separated by
large windows (FAU) or narrow windows (LTA, CHA, DDR, ERI).
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ISV, and AFI, respectively. In a mixture, the component with
the higher adsorption strength has a higher loading; this can
be seen for both C1–C2 and C1–C3 mixtures in Figs. 4b), 4c),
5b), and 6b). The smaller the alkane, the higher the saturation
capacity, qi,sat. Mixture sorption is governed by both adsorp-
tion strength and saturation capacity. For mixture adsorption
as the occupancy increases, the smaller molecule finds it easier
to locate within the vacant sites of the zeolites. As a result,
there is a selectivity reversal as the total pressure is increased;
this “size entropy” effect is demonstrated for both C1–C2 and
C1–C3 mixtures in Figs. 4b), 4c), 5b), and 6b). For accurate
prediction of mixture sorption from pure component iso-
therm data, we must use the Ideal Adsorbed Solution Theory
(IAST) of Myers and Prausnitz [12]. The IAST predictions ob-
tained from pure component sorption data are in reasonably
good agreement with the CBMC simulation results for loading
in mixture.
For flux calculations, we also need to determine the thermo-

dynamic factors defined in Eq. (2). For single component dif-
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Figure 4. CBMC simulations of the sorption isotherms for (a)
pure C1, C2, and C3, (b) C1–C2 mixture, and (c) C1–C3 mixture
in MFI at 300 K. The continuous solid lines in (b) and (c) repre-
sent calculations with IAST [12] using 3-site Langmuir fits of
pure component isotherms.
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Figure 5. CBMC simulations of the sorption isotherms for (a)
pure C1 and C2, and (b) C1–C2 mixture in ISV at 300 K. The con-
tinuous solid lines in (b) represents calculations with IAST [12]
using 3-site Langmuir fits of pure component isotherms.
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fusion, the Ci can be determined from CBMC simulations
using the fluctuation formula of Reed and Ehrlich [8, 13, 14]:

C i ”
¶ lnfi
¶ lnqi

¼ nh i
n2h i � nh i2

(3)

To illustrate this, we present in Fig. 7a) CBMC simulations
of Ci for C1, C2, and C3, respectively, in MFI at 300 K. Also
indicated by the continuous solid lines in Fig. 7a), are the
calculations by the analytic differentiation of the isotherm fits;
the agreement is very good. The fluctuation formula of Reed
and Ehrlich [13] can be extended to a binary mixture to obtain
the following expression for the inverse matrix of the thermo-
dynamic factors, [G]:

Gji ”
fi
qi

¶qj
¶fi

¼
ninj
� �

� nih i nj
� �

nih i (4)

The desired elements of the matrix of the thermodynamic
factors [C] are obtained by matrix inversion:

C½ � ¼ G½ ��1 (5)

CBMC simulations of [C] for C1–C3 mixtures in MFI at
300 K are shown in Fig. 7b), where Eq. (5) has been used. The
continuous solid lines represent calculations of [C] with IAST
[12]. One concludes that the IAST is of reasonable accuracy
when applied to process design calculations.
We turn to the estimation of diffusivities. The Maxwell-Ste-

fan diffusivity, �i, or “corrected” diffusivity [15] of both C1
and C2 in the three classes of zeolites, are shown in Figs. 8 and
9. For every zeolite structure, �i is seen to be a strong function
of the molar loading qi. Without exception, the �i reduce to
zero at saturation loading qi,sat. This was verified in every case
by CBMC simulations of the pure component sorption iso-
therms up to saturation limits.
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Figure 6. CBMC simulations of the sorption isotherms for (a)
pure C1, C2, and C3, and (b) C1–C3 mixture in AFI at 300 K. The
continuous solid lines in (b) represents calculations with IAST
[12] using 3-site Langmuir fits of pure component isotherms.
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Figure 7. (a) Thermodynamic factor, C, determined from CBMC
simulations of C1, C2, and C3 adsorption in MFI at 300 K, using
the Reed and Ehrlich fluctuation formula, Eq. (3). (b) CBMC simu-
lations using [C] from Eq. (5) for C1–C3mixtures in MFI at 300 K.
The continuous solid lines represent calculations of [C] with IAST
[12] using 3-site Langmuir fits of pure component isotherms.
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Figure 8. Loading dependence of the M-S diffusivity, �i, of C1 in
zeolites of three different topologies: (a) intersecting channel
structures, (b) one-dimensional channels, and (c) cages con-
nected by windows. The simulation results are for 300 K with the
exception of LTA (750 K) and ERI (600 K).
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Figure 9. Loading dependence of the M-S diffusivity, �i, of C2 in
zeolites of three different topologies: (a) intersecting channel
structures, (b) one-dimensional channels, and (c) cages con-
nected by windows. The simulation results are for 300 K with the
exception of LTA (750 K) and ERI (600 K).
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For 1D channel structures, the �i–qi dependence can be re-
lated to the loading dependence of the inverse of the thermo-
dynamic correction factor Ci. As discussed in an earlier publi-
cation [8], for 1D channel structures as an approximation, the
�i–qi dependence is proportional to that of 1/Ci–qi. In FAU,
that has cages separated by wide windows, the �i decrease al-
most linearly with (1–hi), where

hi = qi/qi,sat i = 1, 2, ... n (6)

is the fractional occupancy of species i [1, 16]. For cage struc-
tures separated by narrow windows (LTA, ERI, CHA, DDR),
there is a sharp initial increase in �i, followed by an inevitable
decline to zero as saturation loading is approached. The in-
crease in the �i with qi is due to the reduction in the free ener-
gy barrier for inter-cage hopping of molecules caused by the
increased free energy within a cage [4].
The M-S diffusivity �i reflects the collective motion of mol-

ecules, whereas the self-diffusivity, Di,self, monitors the individ-
ual motions. A molecule can hop to a position that it had va-
cated earlier, and therefore, the jumps monitored are
correlated. Due to correlation effects, the self-diffusivity is al-
ways smaller than the M-S diffusivity, i.e., Di,self < �i. The ra-
tio Di,self/�i is a measure of the strength of the correlations;
the smaller the ratio, the greater the degree of correlation.
Fig. 10 compares Di,self/�i for C1 diffusion in different zeo-
lites. We note that in general, the ratio Di,self/�i decreases with
increasing loading, or equivalently, the occupancy within the
zeolite. As the occupancy increases, the probability that a mol-
ecule has to jump back to a position that it had vacated re-
cently, increases due to the decreasing number of vacant sites.
In zeolites with either intersecting or 1D channels, and in FAU
that has cages separated by large windows, correlation effects
are strong and Di,self/�i reduces to values as low as 0.1.
For zeolites with cages separated by narrow windows (LTA,

CHA, ERI, DDR), the ratio Di,self/�i is close to unity, suggest-
ing that the inter-cage jumps of molecules are practically inde-
pendent of one another. An important consequence of this is
that the diffusivity of a species, whether it is present on its own
or in the presence of another species, remains unchanged. This
is illustrated for LTA in Fig. 11, which compares the values of
Di,self for pure C1, C2, and C3 with those in C1–C2 and C1–
C3 mixtures, respectively. The comparison is made on the ba-
sis of the occupancy, which is defined for mixtures as:

h ¼
Xn

i¼1

qi
�
qi;sat (7)

A good approximation for diffusion in LTA, CHA, ERI, and
DDR is to use the uncoupled flux relations

Ni ¼ �q�i
qi
RT

�li; i ¼ 1; ::: n (8)

for mixture diffusion. Indeed, Eq. (8) which is a special case of
Eq. (1), was used by Habgood [17] to describe mixture diffu-
sion in LTA-4A. Our earlier re-analysis of the Habgood experi-
mental data [18] has indeed yielded a good match with a mod-
el using Eq. (8) to describe mixture uptake.
For all zeolites other than those with cages and narrow win-

dows, correlation effects tend to influence diffusion in mix-
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Figure 10. Ratio of the self-diffusivity to M-S diffusivity, Di,self/�i,
of C1 in zeolites of three different topologies: (a) intersecting
channel structures, (b) one-dimensional channels, and (c) cages
connected by windows.
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tures. Generally speaking, the more mobile species is slowed
down and the tardy species is accelerated. We shall illustrate
this by means of several examples. Fig. 12 compares Di,self of
both pure C1 and C2 with that in a 50–50 C1–C2 mixture for
the intersecting channel structures of (a) MFI, (b) ISV, and (c)
BEA. Fig. 13 compares Di,self of pure C1 and C2 with that in a
50–50 C1–C2 mixture in (a) the 1D channels of FER and (b)
FAU, which has cages separated by large windows. In all five
cases, the Di,self of C1 is significantly lowered in the mixture;
concomitantly C2 is accelerated. In the 1D channels of FER,
the self-diffusivity of C1 and C2 in the mixture are closer to-
gether than in the other structures; this is due to the stronger
correlation effects as witnessed from the data in Fig. 10.
The self-diffusion data for C1–C3 mixtures in MFI, AFI, and

FAU are compared with the pure component values in Fig. 14;
similar conclusions as that derived for C1–C2 can be drawn
here. We note that in AFI, the diffusivities of C1 and C3 are
close to one another. As an approximation, we may assume
that the diffusivity of individual species in 1D channels such as
AFI, FER, TON, and MTWare the same. This result also holds
for diffusion in carbon nanotubes [2].
The stronger the correlation effect, the more pronounced is

the deceleration and acceleration process in mixtures. In order
to demonstrate this, we carried out simulations of the self-dif-
fusivity in (a) C1–C2 and (b) C1–C3 mixtures in FAU, MFI,
and BEA, keeping the total loading constant. These results are
shown in Fig. 15, where the diffusivities in the mixture are
normalized with respect to the pure component, Di,self, at the
same total loading. In the C1–C2 mixture, the C1 diffusivity
decreases as the proportion of the more tardy C2 increases.
Conversely, the diffusivity of C2 increases upon adding ever in-
creasing amounts of the more mobile C1. The acceleration of
C2 and deceleration of C1 are dependent on the zeolite topol-
ogy, and is lower in BEA than in FAU and MFI. This is due to
the weaker correlation effects. This can be verified by noting
that the ratio Di,self/�i is lower for BEA than for MFI; see
Fig. 10a).
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For the C1–C3 mixtures, the acceleration and deceleration
effects are more severe than for the C1–C2 mixtures. This can
be deduced from the steeper slopes of the corresponding
curves in Figs. 15a) and 15b).

3 Conclusions

The following conclusions can be drawn from the results pre-
sented in this paper:
– The M-S diffusivity, �i, of C1 in zeolite structures is gener-
ally a strong function of loading and decreases to zero at sat-
uration loading, qi,sat. In zeolite structures consisting of
cages separated by narrow windows (CHA, DDR, ERI, LTA),
�i increases sharply with loading before decreasing to zero
at qi,sat. This increase in the diffusivity is due to the reduc-
tion in the free energy barrier for inter-cage hopping of mol-
ecules.
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Figure 13. Comparison of Di,self of pure components, C1 and C2,
with that in a 50–50 C1–C2 mixture in (a) FER and (b) FAU at
300 K.
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Figure 14. Comparison of Di,self of pure components, C1 and C3,
with that in a 50–50 C1–C2 mixture in (a) MFI, (b) AFI, and (c)
FAU at 300 K.
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– For zeolites with cages separated by narrow windows such as
LTA, CHA, ERI, and DDR, the inter-cage hopping of mole-
cules occur independent of one another. This implies that
correlation effects are negligible and the diffusivity in a mix-
ture is the same as that for pure components provided the
comparison is made at the same total occupancy.

– For diffusion of mixtures within intersecting channels, with-
in 1D channels, and in FAU, the more mobile species is slo-
wed down and the tardy species is accelerated. The decelera-
tion and acceleration is caused by correlation effects that
increase with the occupancy within the zeolite.

– Correlation effects are particularly strong in 1D channel
structures. Consequently, individual components in a mix-
ture diffuse at roughly the same rate.

– The acceleration and deceleration are more severe for C1–
C3 mixtures than for C1–C2 mixtures.
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Figure 15. The self-diffusivity in mixture, normalized with re-
spect to the value of the pure component at the same total load-
ing, plotted versus the mole fraction in the mixture for (a) C1–
C2 and (b) C1–C3.
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