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This paper presents a critical appraisal of current estimation methods for the Onsager coefficients L11,
L22, and L12 for binary mixture diffusion inside nanopores using pure component diffusivity data inputs.
The appraisal is based on extensive sets of molecular dynamics (MD) simulation data on Lij for a variety
of mixtures in zeolites (MFI, AFI, TON, FAU, CHA, DDR, MOR, and LTA), carbon nanotubes (CNTs: armchair
and zig-zag configurations), titanosilicates (ETS-4), and metal--organic frameworks (IRMOF-1, CuBTC).
The success of the Lij predictions is crucially dependent on the estimates of the degree of correlations in
molecular jumps for different guest--host combinations; these correlations are captured in Maxwell--Stefan
approach by the exchange coefficients Hij . Three limiting scenarios for correlation effects have been
distinguished; for each of these scenarios appropriate expressions for the Lij are presented. For CNTs,
correlation effects are dominant and the interaction factor, defined by �12 = L12/

√
L11L22, is close to unity.

For cage-type zeolites such as LTA, CHA, and DDR with narrow windows separating cages, correlation
effects are often, but not always, negligibly small and the assumption of uncoupled diffusion, i.e., �12 = 0,
is a reasonable approximation provided the occupancies are not too high. In other cases such as zeolites
with one-dimensional channel structures (AFI, TON), intersecting channels (MFI), cage-type zeolite with
large windows (FAU), ETS-4, CuBTC, and in IRMOF-1, it is essential to have a reliable estimation of the
Hij; MD simulations underline the wide variety of factors that influence the Hij .
We also highlight two situations where estimations of the Lij fail completely; in both cases the failure is
caused due to segregated adsorption. In adsorption of CO2--bearing mixtures in LTA and DDR zeolites, CO2
is preferentially lodged at the narrow window regions and this hinders the diffusion of partner molecules
between cages. The second situation arises in MOR zeolite that has one-dimensional channels connected
to side pockets. Some molecules such as methane, get preferentially lodged in the side pockets and do
not freely participate in the molecular thoroughfare. Current phenomenological models do not cater for
segregation effects on mixture diffusion.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nanoporous materials such as zeolites (crystalline aluminosil-
icates), carbon nanotubes (CNTs), carbon molecular sieves (CMS),
metal--organic frameworks (MOFs), and titanosilicates (such as ETS-
4, and ETS-10) offer considerable potential for use in separation of
a variety of gaseous mixtures (Arora and Sandler, 2005; Chen and
Sholl, 2004; Chen et al., 1994; Düren and Snurr, 2004; Himeno et al.,
2007; Keskin and Sholl, 2007; Krishna and Paschek, 2000; Krishna
and van Baten, 2006, 2007a; Kuznicki et al., 2001; Li et al., 2007b;
Marathe et al., 2004; Ohta et al., 2007; Snurr et al., 2004; van den
Bergh et al., 2007). For the development and design of such processes
a proper description of mixture diffusion within the nanopores is
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required. The pore dimensions in nanomaterials usually vary in the
range 0.5--1.5nm and there is no "bulk'' fluid phase to speak of. The
molecules inside nanopores are always within the influence of
the force field exerted with the wall and we have to reckon with the
motion of adsorbed molecules; in this respect nanopore diffusion is
distinct from Knudsen diffusion and has similarities with surface
diffusion (Krishna, 1990). The pore size, pore topology, and connec-
tivity are important in determining the nanopore diffusivity. Fig. 1
illustrates the pore (energy) landscapes, along with snapshots of
molecules within eight different zeolites. AFI and TON have one-
dimensional (1D) 12-ring and 10-ring channel structures, respec-
tively. InMOR the 12-ring 1D channels are connectedwith 8-ring side
pockets. In MFI the 10-ring straight channels and zig-zag channels
intersect at junctions. FAU has a cage structure, with large 12-ring
windows separating two cages. LTA, CHA, and DDR also have cage
structures, with narrow 8-ring windows separating the cages. The
walls of CNTs are considerably smoother than for zeolites; witness
the snapshot shown in Fig. 2; this leads to diffusivity values in CNTs

http://www.sciencedirect.com/science/journal/ces
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Fig. 1. Snapshots of molecules within the one-dimensional channel structure of AFI,
TON, and MOR, intersecting channels of MFI, cages separated by large windows of
FAU, and cages separated by narrow windows of LTA, CHA, and DDR. Note that the
zeolites are not all drawn to the same scale.

about two orders of magnitude higher than for zeolites, and in line
with fluid phase diffusion (Chen and Sholl, 2004; Krishna and van
Baten, 2006). There are several MOF structures currently being in-
vestigated (Snurr et al., 2004); Fig. 2 shows the pore landscapes of
IRMOF-1 and CuBTC. ETS-4 has 12-ring main channels that are in-
terconnected with small cages through narrower 8-ring openings
(Kuznicki et al., 2001); see Fig. 2. Diffusion in the 12-ring main chan-
nels has the characteristics of diffusion in the 1D channels of AFI,
whereas the transport of molecules across the 8-ring openings has
features similar to intercage hopping of molecules in DDR, LTA and
ERI; this can be evidenced from the animations created from molec-
ular dynamics (MD) simulations of molecular motions in various
structures (van Baten and Krishna, 2008).

A phenomenological description of diffusion based on the On-
sager theory of irreversible thermodynamics is commonly em-
ployed in practice (Benes and Verweij, 1999; Chempath et al., 2004;
Habgood, 1958; Kärger and Ruthven, 1992; Skoulidas et al., 2003a;
Sundaram and Yang, 2000; Yang et al., 1991). For binary mixtures
the flux of any component is related to the chemical potential
gradients by the 2 × 2 dimensional matrix equation:

(N) = −�
1
RT

[L]d(�)

dx
(1)

where Lij are the Onsager coefficients. The Onsager reciprocal rela-
tions are

L12 = L21 (2)

In contrast to the treatment of diffusion in bulk fluid mix-
tures where the reference frame is often chosen as the mo-
lar average velocity of the mixture (Taylor and Krishna, 1993),
for diffusion inside nanopores the reference velocity frame
chosen in Eq. (1) is with respect to the framework of the
nanoporous material (Krishna and Baur, 2003). The Fick diffu-
sivity matrix [D], required in process design, is related to [L]
by introduction of thermodynamic correction factors (Krishna
and Baur, 2003; Sanborn and Snurr, 2001). The Onsager coefficients
are determined either from experiment, or from molecular simula-
tions (Bell et al., 1997; Chen and Sholl, 2006; Dubbeldam and Snurr,
2007; Jobic and Theodorou, 2006; Kärger and Ruthven, 1992; Kärger
et al., 2003; Keil et al., 2000; Sanborn and Snurr, 2000; Sholl, 2006;
Theodorou et al., 1996). From a practical engineering point of view
it is desirable to have a reliable procedure for estimation of L11, L22,
and L12 using pure component diffusivities as data inputs. In the
related area of adsorption, the ideal adsorbed solution theory (IAST)
(Myers and Prausnitz, 1965) allows estimation of multicomponent
adsorption using pure component isotherm data inputs. Essentially,
we seek an analog of the IAST for mixture diffusion inside nanopores.

In the published literature there are two distinct approaches to
estimating the Lij . In the first approach, Sundaram and Yang (2000)
have suggested that the diagonal elements Lii can be identified with
the pure component Li; the latter is related to the "corrected'' or
Maxwell--Stefan (M--S) diffusivity Hi

Li = qiHi (3)

Furthermore, they quantify the extent of coupling for binary mix-
tures by defining an interaction factor �12

�12 = L12√
L11L22

(4)

For a given guest--host combination, they assume a constant value of
�12 to characterize mixture diffusion, but offer no a priori estimation
procedures. Wang and LeVan (2007) follow the Sundaram--Yang pro-
cedure and interpret their experimental data for diffusion CO2--CH4
mixtures in CMS by taking �12=0.74. MD simulations of diffusion of
equimolar CH4/H2 and N2/O2 mixtures in CNTs yield a unity value
for �12 (Arora and Sandler, 2006; Chen and Sholl, 2004).

The second approach is based on theM--S formulation for mixture
diffusion that yields the following expression for the fluxes (Krishna
et al., 2008; Krishna and van Baten, 2008b)

(N) = −�
1
RT

[�]
[
q1 0
0 q2

]
d(�)

dx
(5)

The Onsagermatrix [L] is related to theM--Smatrix [�], which in turn
is expressed explicitly in terms of the M--S diffusivities Hi and the
binary exchange coefficientsHij , as derived in our earlier publications
(Krishna et al., 2008; Krishna and van Baten, 2008b):

L11 = q1�11 = q1
H1(1 + �1H2/H21)

1 + �1H2
H21

+ �2H1
H12

(6)

L22 = q2�22 = q2

H2

(
1 + �2H1

H12

)
1 + �2H1

H12
+ �1H2

H21

(7)
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Fig. 2. Snapshots of molecules within CNT (10,10), CuBTC, IRMOF-1, and ETS-4.

L12 = q2�12 = q2

H1
�1H2
H21

1 + �1H2
H21

+ �2H1
H12

(8)

L21 = q1�21 = q2�12 = q1

H2
�2H1
H12

1 + �1H2
H21

+ �2H1
H12

(9)

where �i are the fractional occupancies

�i ≡ qi/qi,sat, i = 1,2, . . . , n (10)

and qi,sat represents the saturation capacity of species i. Conformity
with the Onsager reciprocal relations (2) demands that

q2,satH12 = q1,satH21 (11)

and so there are three independent diffusivities H1, H2, and H12
that need to be estimated. The success of the M--S approach hinges

on a good estimation of the degree of correlations between molec-
ular jumps (Kärger et al., 2003); this is embodied in the exchange
coefficients Hij . The Hij can be determined from the self-exchange
coefficients Hii for constituent pure components using an interpola-
tion formula (Chempath et al., 2004; Krishna and van Baten, 2008b;
Skoulidas et al., 2003b)

q2,satH12 = [q2,satH11]q1/(q1+q2)[q1,satH22]q2/(q1+q2)

= q1,satH21 (12)

Eq. (12) has been validated for CH4--CF4 and for alkane mixtures in
MFI and FAU (Chempath et al., 2004; Krishna and van Baten, 2005;
Skoulidas et al., 2003b) but its applicability to other guest--host com-
binations needs to be established.

The objectives of the present communication are to provide in-
sights into the structure of the Onsager matrix [L] and to examine the
accuracy of the two alternative estimation procedures for a variety
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of guest molecules in zeolites, CNTs, ETS-4, CuBTC, and in IRMOF-1.
Specifically, we aim to provide answers to the following questions:

(1) What does �12 reflect? What are the factors that determine
�12? Is it justified to take a constant value of �12 to describe
nanopore diffusion for a particular guest mixture--host combi-
nation? Does �12 depend on the loading within the nanopores?
How do the �12 relate with the Hij? Can we estimate of �12 from
pure component diffusion data?

(2) Is the result �12=1, found inMD simulations for CNTs (Arora and
Sandler, 2006; Chen and Sholl, 2004), of generic significance? If
so, under what conditions?

(3) Under what conditions can the diagonal elements Lii be identi-
fied with the pure component Li?

(4) Is the basic premise made in the literature (Chempath et al.,
2004; Krishna and van Baten, 2008b; Skoulidas et al., 2003b) that
the Hi in the mixture is the same as that for pure components
always valid?

(5) Is the interpolation formula (12) valid for nanostructures other
than zeolites for which it has been checked thus far?

(6) Which is the better route to follow for estimation of mixture
diffusion from pure component diffusion data: Onsager or M--S?

To obtain answers to the above questions we used an extensive
database of MD simulations of diffusion in a variety of mixtures in
eight different all-silica zeolite structures (MFI, AFI, TON, FAU, CHA,
DDR, MOR, and LTA), in CNTs of both zig-zag (20,0) and armchair
(10,10) configurations, in ETS-4, IRMOF-1, and CuBTC. This database
contains some published data for zeolites and CNTs (Krishna and van
Baten, 2005, 2006, 2007b, 2008b, c) and substantially extended in
the current study to include a wider variety of mixtures and nanos-
tructures (ETS-4, IRMOF-1, CuBTC) for more critical testing of current
estimation methods.

In every case the following simulations were conducted: (1)
Monte Carlo simulations in the grand canonical ensemble were
performed to determine the pure component adsorption isotherms;
these simulations yield the saturation capacities, qi,sat. (2) MD sim-
ulations of the pure self-diffusivities Di,self and M--S diffusivities
Hi; combining these yields information on the self-exchange coeffi-
cients Hii. (3) MD simulations for binary mixtures to determine the
elements �ij; this allowed calculation of the Lij and �ij . The entire
database of simulation results is available in the Supplementary
material accompanying this publication; this material includes de-
tails of the MD simulation methodology, description of the force
fields used, simulation data (pure component isotherms; Di,self ; Hi;
qi,sat; Hii; �ij; Lij; �ij), snapshots showing the location of molecules
in the structures, derivations of the inter-relationship between the
Onsager and M--S formulations, derivations of all of the algebraic
formula presented in this paper, along with explicit formulae for
backing out the H1, H2, and H12 from the MD simulated �ij .

2. Onsager coefficients: loading dependencies and correlation
effects

In both approaches for estimating Lij , the first step involves char-
acterization of the pure component Hi and Li. The Hi exhibits a wide
variety of dependencies on the occupancy (Krishna and van Baten,
2008b; Skoulidas and Sholl, 2003); Fig. 3 illustrates this for a variety
of guest molecules in AFI, FAU, MFI, LTA, CHA, and DDR zeolites. The
assumption of a constant, occupancy independent Hi is valid only for
Ne, and for low occupancies of other molecules. For a good estima-
tion of mixture diffusion it is essential to have a proper description
of the occupancy dependence of Hi; in earlier work (Krishna and van
Baten, 2005, 2008b) we had suggested the Reed and Ehrlich model
(Reed and Ehrlich, 1981) for this purpose and the model fits are

shown by the continuous solid lines in Fig. 3. There is growing exper-
imental evidence in the literature that verify the Hi-�i trends seen in
Fig. 3, albeit qualitatively. Recent work has also demonstrated that
a proper Hi-�i description is the key to successful modeling of per-
meation of gases across zeolite membranes (Krishna and van Baten,
2007b, 2008c; Krishna et al., 2007; Li et al., 2007a, b).

The Hi of CH4, Ar, and Ne in ETS-4, and MOFs are also loading
dependent, and are amenable to "empirical'' fitting using the Reed
and Ehrlich model; for MOFs the loading dependence is complex and
deserves further investigation. A further point to note is that the
loading dependence of Hi may also change with temperature. In the
Supplementary material MD data are presented for CH4 diffusion in
LTA at various T in order to illustrate this point; this topic needs
further investigation.

The corresponding Li −qi dependences for Ne, Ar, and CO2 in zeo-
lites are shown in Fig. 4; the straight lines represent calculations fol-
lowing the suggestion of Sundaram and Yang (2000) that the values
of Hi in the limit of zero occupancies can be used in Li estimations,
i.e.,

Li = qiHi(0) (13)

Except for Ne, and for low occupancies of other species, we see
that Eq. (13) is a poor approximation and is not recommended for
description of diffusion in zeolites, titanosilicates and MOFs.

When the isotherm exhibits a strong inflection, the Hi −qi depen-
dence also shows a corresponding inflection (Chmelik et al., 2008;
Jobic et al., 2006) and this behavior is difficult to capture with the
Reed and Ehrlich model.

It is convenient to define �ii as the ratios of the diagonal elements
Lii to the corresponding pure component Li values

�11 = L11
L1

, �22 = L22
L2

(14)

Explicit expressions for �11, �22, and �12 in terms of the Hi and Hij
can be derived:

�11 =
(
1 + �1H2

H21

)
1 + �1H2

H21
+ �2H1

H12

(15)

�22 =
(
1 + �2H1

H12

)
1 + �2H1

H12
+ �1H2

H21

(16)

and

�12 =

√√√√√√
(

�1H2
H21

) (
�2H1
H12

)
(
1 + �1H2

H21

) (
1 + �2H1

H12

) (17)

Even though the H12 and H21 are inter-related (cf. Eq. (11)) we
shall persist with writing equations including both these exchange
coefficients in order to retain the elegant symmetry.

In the M--S approach (Krishna and van Baten, 2008b), the Hi in
Eqs. (6)--(9) are assumed to be equal to the corresponding pure com-
ponent diffusivity, evaluated at the occupancy of the total mixture

� = �1 + �2 = q1
q1,sat

+ q2
q2,sat

(18)

This assumption has been verified in earlier work for CH4--CF4 and
alkane mixtures in MFI and FAU (Chempath et al., 2004; Krishna and
van Baten, 2005; Skoulidas et al., 2003b). We now demonstrate its
validity for other mixtures. Fig. 5a compares the pure component Hi
with the values backed-out from MD simulations of [�] for methane
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Fig. 3. Dependence of the pure component M--S diffusivity Hi on occupancy for a variety of molecules in AFI, FAU, MFI, LTA, CHA, and DDR zeolites. Also shown by the
continuous solid lines are the Reed and Ehrlich model fits of the data using the parameters given in the Supplementary material.

(C1)--Ar, C1--ethane (C2), and C1--CO2 mixtures in FAU. The data sets
agree very well with one another. Similar agreement is found for
most guest--host combinations investigated in this work; however,
some important exceptions in some special cases will be highlighted
later in this paper.

Fig. 5b shows the variation of H12 with occupancy � for Ne--Ar,
C1--Ar, and C1--C2 mixtures in FAU. The symbols represent the H12
values backed-out from MD simulations of [�] for equimolar mix-
tures. Also shown by the continuous solid lines are the calculations

using the interpolation formula (12) using the pure component fits
for Hi and Hii; the agreement is very good. Similar good agreement
holds for all the guest--host combinations considered in this study
and, therefore, we shall consider Eq. (12) as a validated interpolation
formula, albeit with an empirical character.

We now examine the significance of �12 and the factors that
influence it. From Eq. (17) we note that �12 is a function of two di-
mensionless parameters �1H2/H21 and �2H1/H12, that can be inter-
preted to reflect the strength of correlations. Invoking Eq. (12) for
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Fig. 4. Dependence of the pure component Onsager coefficient Li with component loading qi for Ne, Ar, and CO2 in AFI, FAU, MFI, LTA, CHA, and DDR zeolites. The symbols
represent calculations following Eq. (3), and the straight lines are drawn with Eq. (13) as basic assumption.

equimolar (i.e., q1 = q2) mixtures we can show

H12H21 =H11H22 (19)

and a qualitative impression of the significance of correlation effects
is gained by examining the magnitudes of the pure component pa-
rameter �iHi/Hii; Fig. 6a and b present data for Ar in a variety of
nanostructures as a function of �. We note that �iHi/Hii varies by
about three orders of magnitude in different structures. The math-
ematical bounds are 0< �iHi/Hii < ∞ and in all cases the degree
of correlation increases with increasing � as is to be expected in-
tuitively. The highest values of �iHi/Hii are for CNTs; correlation
effects are dominant in this case. Correlation effects are the weakest

for LTA, CHA and DDR that consist of cages separated by narrow win-
dows. For AFI, MFI, FAU, ETS-4, CuBTC, and IRMOF-1, �iHi/Hii >1 for
� >0.4 and strong correlation effects are to be expected, especially at
high occupancies. For ETS-4 we consider diffusion along the 12-ring
channels; and here we note that the correlation effects are practi-
cally the same as for AFI. For CuBTC and IRMOF-1 the data show that
correlations are comparable to that in FAU.

Fig. 7 shows values of �12 for: (a) a variety of mixtures in CNTs
and (b) for Ne--Ar mixture in zeolites, CuBTC, IRMOF-1, and ETS-
4. These �12 were determined from Eq. (4) using MD data on Lij .
The �12 hierarchy follows that dictated by the �iHi/Hii hierarchy, as
was anticipated. For � >0.2 in CNTs, the approximation �12 ≈ 1 is
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a good one. The �12 for ETS-4, CuBTC, IRMOF-1, AFI, MFI, and FAU
are higher than in LTA, CHA and DDR, reflecting the higher degree
of correlations in these structures.

Correlation effects are not exclusively dictated by the host struc-
ture, but are determined by the combination of guest molecules and
host topology. Fig. 8a compares the �iHi/Hii data for Ne, Ar, C1 and Kr
in LTA. Here C1 and Kr are themost tightly constrained at thewindow
and these molecules can only hop one molecule at a time between
the cages; consequently, correlation effects are negligibly small
except at occupancies exceeding about 0.5. For high occupancies
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(b) ETS-4, IRMOF-1, and CuBTC.

intracage motion starts to become rate determining and; conse-
quently, correlation effects become non-negligible. Ne and Ar are
smaller molecules and not so tightly constrained at the window,
and correlations are much more significant than for C1 and Ar. Eq.
(17) anticipates a direct dependence of �12 on �iHj/Hji and to test
this we present MD results for �12 in equimolar Ne--Ar, C1--Ar, and
Kr--Ar mixtures in LTA zeolite; see Fig. 8b. The �12 for C1--Ar and
Kr--Ar mixtures are practically the identical, consistent with the
�iHi/Hii data. The �12 for Ne--Ar is significantly higher, reflecting
the significantly higher correlations for Ne, that is also reflected in
the �iHi/Hii data.
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It is also clear from Eq. (17) that �12 → 0 as � → 0, and so a con-
stant, occupancy independent, value for �12 is not a good assumption
to make.

3. Negligible correlations scenario

In the limiting scenario in which correlation effects are of negli-
gible importance, �iHj/Hji → 0 and we obtain

�11 = 1, �22 = 1, �12 = 0 (20)

In the early work of Habgood (1958), Eq. (20) was used to model
transient uptake of N2/CH4 mixtures in LTA. The scenario (20) will
be a reasonable one for diffusion of mixtures in which molecules are
tightly constrained at the windows of cage-type zeolites; two exam-
ples of this have already been seen in Fig. 8b for C1--Ar and Kr--Ar
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Interaction factor �12, determined in equimolar Ne--Ar, C1--Ar, and Kr--Ar mixtures
in LTA as a function of the mixture occupancy, �.

mixtures provided � <0.4. A further example is shown in Fig. 9a with
data for C1--Ar mixture in CHA; these data show that �ii ≈ 1, and that
the interaction factor �12 <0.05, up to values � <0.5. Indeed, Li et al.
(2007b) and Krishna et al. (2008) were able to model permeation of
CO2/CH4, CO2/N2, CH4/N2, Ar/CH4, and CO2/CH4/N2 mixtures across
a SAPO-34 (an isotype of CHA zeolite) membrane with success us-
ing uncoupled Onsager equations, consistent with Eq. (20). Experi-
ments for CO2/H2 permeation across the SAPO-34, have, however,
shown that correlation effects could not be ignored for this mixture
because of the presence of small H2 molecules (Krishna et al., 2008).
These findings can be rationalized by examination of the data in
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Fig. 9b for �iHi/Hii in CHA. We note that the correlation effects for
H2 are practically the same as for Ne which is equally small in
size; for mixtures containing either of these molecules in CHA, cor-
relation effects will be significant and the simplification given by
Eq. (20) will not hold.

4. Correlations-dominant scenario

It is useful to derive expressions for the limiting scenario in which
correlation effects are dominant, as is the case in CNTs. Imposing the

condition �iHj/Hji?1 we obtain

L11 = q21
q1
H1

+ q2
H2

, L22 = q22
q1
H1

+ q2
H2

, L12 = q1q2
q1
H1

+ q2
H2

(21)

The corresponding �ij ratios are

�11 = 1

1 + q2
q1

H1
H2

, �22 = 1

1 + q1
q2

H2
H1

, �12 = 1 (22)

For the special case in which the component loadings are equimolar,
i.e., q1 = q2, Eq. (21) yields

L11 = L22 = L12 = q1
1
H1

+ 1
H2

= 1
1
L1

+ 1
L2

(23)

Eqs. (21)--(23) are new, yet remarkably simple, results. It is inter-
esting to note that the expressions for the Onsager coefficients do
not contain the hallmark of the M--S formulation: the exchange co-
efficients H12 and H21. Nevertheless, we find it hard to see how the
final result could have been obtained without invoking the M--S for-
malism as a starting point.

The MD data for Lij in equimolar mixtures containing methane
(C1)--ethane (C2), C1--propane (C3), C1--n-butane (nC4), C1--iso-
butane (iC4), C1--hydrogen (H2), and Ar--Ne mixtures in CNTs are
shown in Fig. 10. For all mixtures we note that L11 ≈ L22 ≈ L12.
These results are in agreement with the MD results of Chen and
Sholl (2004; 2006) (for H2--C1 mixtures), and Arora and Sandler
(2006) (for N2--O2 mixtures) in CNT. Also shown in Fig. 10 are the
MD data for pure component Li. For all mixtures both L11 and L22
are lowered in the mixture below the corresponding L1 and L2 val-
ues, respectively. Furthermore, we note that the lowering is more
severe for the more mobile species. The continuous solid lines rep-
resent the calculations using Eq. (23); the agreement with Lij MD
data is good in all cases.

For the C1--H2 mixture at a total loading q1 +q2 =1.92 molecule
nm−1 in CNT (10,10), the MD data for Lij with varying composi-
tions are compared with the estimations using Eq. (21) in Fig. 11a.
The agreement is remarkably good. The good agreement also holds
for C1--C2 mixture at a total loading q1 + q2 = 2.6 moleculenm−1

in CNT (20,0), see Fig. 11b. From the results presented in Figs. 10
and 11 we conclude that for correlation dominated systems such as
CNTs, the diagonal elements Lii are significantly lower than the pure
component Li.

Eqs. (21)--(23) serve as good approximations to describe mixture
diffusion in 1D channel zeolites such as AFI and TON provided the
occupancies are high enough to ensure significant correlations. To
illustrate this we present MD data for Lij for (a) C1--C3 mixture in AFI
and (b) C1--C2 mixture in TON; see Fig. 12. We see that L11 ≈ L22 ≈
L12 for both systems and note that Eq. (23) provides a reasonably
good description.

From a practical point of view 1D nanoporous channels are not
attractive for separation purposes because the high degree of corre-
lations tends to yield low diffusion selectivities.

5. Finite correlations scenario

We now examine the intermediate scenario between the two ex-
tremes considered in the foregoing. It is clear from Eqs. (15) and (16)
that for finite correlations we have �ii <1; the diagonal elements Lii
are both reduced below the pure component values Li. The departure
of �ii from unity values is dictated by the magnitude of �iHj/Hji. Put
another way, if �12 >0, then we must have both �11 and �22 <1; we
shall test this conclusion. Fig. 13 presents �11, �22, and �12 data for
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Fig. 10. MD data for Lij (open symbols) in equimolar mixtures (a) C1--C2, (b) C1--C3, (c) C1--nC4, (d) C1--iC4, (e) C1--H2, and (f) Ar--Ne mixtures in CNTs at 300K as a
function of the component loadings expressed in molecules per nm. Also shown are the pure component Li (solid symbols). The estimations using Eq. (23), with the pure
component diffusivity data fits given in the Supplementary material, are shown by the continuous solid lines.

equimolar Ne(1)--Ar(2) mixtures in six different zeolites, as a func-
tion of occupancy in the mixture, �. The interaction factor �12, in-
creases as � increases in all cases. Correlations also tend to have a
stronger retarding influence on the more mobile species. In all six
zeolites, with increasing � the �11 for the more mobile Ne decreases
in values below unity. The sharper the increase in �12, the sharper
is the corresponding decrease in the �11. There is a less pronounced
reduction in the corresponding �22 of the tardier Ar with �. In LTA,
CHA, and DDR the reduction is negligible and �22 ≈ 1 is a reason-
able approximation. A finite, non-zero value for �12 is inconsistent
with the assumption of unity values for the �11 and �22, except for

limiting scenario given by Eq. (20). The estimation procedure for the
Onsager matrix suggested by Sundaram and Yang (2000) is funda-
mentally flawed in this respect because it prescribes �ii = 1, along
with a finite non-zero �12.

From Eq. (17) we note �12 is influenced by the occupancies �1
and �2 of the two species in separate parameters. This suggests that
at constant total loading, the �12 must vary with the relative pro-
portions of the two species. Fig. 14 presents �ij data for Ne(1)--Ar(2)
mixtures at constant total loading, q1 + q2, as a function of Ar mole
fraction, x2. Indeed, �12 is composition dependent for all zeolites. In
all cases the progressive increase in the composition of the tardier
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Ar has a retarding influence on Ne, and �11 is progressively reduced
with increase in x2. With increasing proportion of the more mobile
Ne, �22 of Ar is also reduced below its pure component value in AFI,
FAU, and MFI. However for LTA, CHA, and DDR we have �22 ≈ 1 irre-
spective of the composition; this is a reflection of weak correlations
in cage type zeolites with narrow windows.

The continuous solid lines in Figs. 13 and 14, represent calcula-
tions using Eqs. (15)--(17) along with the interpolation formula (12);
the step-by-step calculation procedure is available in the Supple-
mentary material. There is reasonably good agreement with MD data
for �11, �22, and �12. This suggests that (a) the use of pure component
Hi is justified for prediction of the Ne-Ar mixture diffusion and (b)
that the interpolation formula (12) is reasonably accurate.
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Fig. 15 presents Lij data for Ne--Ar, and C1--Ar mixtures in CuBTC,
IRMOF-1, and in the 12-ring channels of ETS-4 (see pore landscapes
in Fig. 2). The estimations are in good agreement with MD simula-
tions, suggesting that the procedure developed for zeolites applies
equally to titanosilicates and MOFs as well. Due to the wide vari-
ety of MOF structures that are available, more work will be required
to ascertain whether this conclusion is generic. The diffusion data
for ETS-4 was only determined for transport in the 12-ring channels
using MD. In practice the rate limiting step will be hopping across
the narrow 8-ring windows; the diffusivities for this transport are,
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Fig. 13. MD data for �11, �22, and �12 in equimolar Ne(1)--Ar(2) mixtures in AFI, FAU, MFI, LTA, CHA, and DDR zeolites as a function of the mixture occupancy, �.
Also shown by the continuous solid lines are the estimations using Eqs. (12), (15)--(17) using the pure component diffusivity data fits given in the Supplementary
material.

however, too low to be determined from MD simulations. However,
it is to be expected that the transport characteristics will be akin to
inter-cage hopping between the cages of DDR and LTA. In this case,
therefore, correlation effects will be negligible and mixture diffu-
sion characteristics can be estimated from pure component diffu-
sivity data. Work is currently in progress to seek verification of this
conclusion.

6. Binary mixture of identical species

If the two species in the mixture are nearly identical in respect
of the pure component Hi, there is a temptation to assume the off-
diagonal element L12 vanishes. We investigate this situation and
consider a binary mixture of species 1 and 2 where species 2 is
identical to species 1; for this case q1,sat = q2,sat, the H1 = H2,
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and H12 =H21 =H11. Eqs. (6)--(8) simplify to yield

�11 =
H1

(
1 + �1H1

H11

)
1 + (�1+�2)H1

H11

, �22 =
H1

(
1 + �2H1

H11

)
1 + (�1+�2)H1

H11

,

�12 =

(
�1H2

1
H11

)

1 + (�1+�2)H1
H11

= �21
q1
q2

(24)

The off-diagonal elements �12 and �21 do not vanish. To verify this
conclusion we carried out simulations for FAU in which the two

species are both assigned the force field parameters of Ar, but sam-
pled separately as Ar (1) and Ar (2). The elements �ii are determined
using the formula

�ij = 1
6

lim
�t→∞

1
nj

1
�t

〈⎛⎝ ni∑
l=1

(rl,i(t + �t) − rl,i(t))

⎞
⎠

•
⎛
⎝ nj∑

k=1

(rk,j(t + �t) − rk,j(t))

⎞
⎠〉 (25)

In this expression ni and nj represent the number of molecules of
species Ar (1) and Ar (2), respectively, and rl,i(t) is the position vector
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of molecule l of species i at any time t. The �11, �22, and �12 data are
shown in Fig. 16a, along with the pure component Hi data for Ar. We
see that �12 is finite, and non-zero. Furthermore the �ii values are
significantly lower than the Hi. Eq. (24) provides a good estimation
of the �ij data using pure component Hi fits.

For self-diffusion in a mixture consisting of tagged (1) and un-
tagged (2) species we have a further restriction that the sum of
driving forces vanish, because the total number of molecules is held
constant in such an "experiment''. Also, the sum of the two fluxes
is zero. Applying these constraints allows us to derive the following

expression for the self-diffusion of tagged component 1 (Krishna and
Paschek, 2002):

D1,self = �11 − �12 = 1
1
H1

+ �1+�2
H11

(26)

From MD simulations of Hi and Di,self for unary systems, Eq. (26)
allows us to back out the Hii; this is the procedure we had adopted
to obtain the data presented in Fig. 8.
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For the Ar(1)--Ar(2) equimolar mixture in FAU, the Di,self were
computed by analyzing the mean square displacement of each
species i:

Di,self = 1
6ni

lim
�t→∞

1
�t〈⎛⎝ ni∑

l=1

(rl,i(t + �t) − rl,i(t))
2

⎞
⎠〉 (27)

Fig. 16b compares Di,self data with �11 − �12, determined from Eq.
(25); the agreement between the two independent sets of simulation
results is very good, confirming the validity of Eq. (26). In terms of
the Onsager coefficients the expression for Di,self is

D1,self = L11
q1

− L12
q2

(28)

Eq. (28) was originally derived by Ash and Barrer (1967). Our main
reason to revisit the classic Eqs. (26) and (28) is to address the sixth
question posed in the Introduction. In the Onsager result for self-
diffusion, Eq. (28), the cross-coefficient L12 (=q2�12) is related to
both H1 and the exchange coefficient H11, making it difficult to di-
rectly relate the L12 to correlations in molecular jumps. In the M--S
theory, the H11 uniquely portrays correlations for unary diffusion.
The main coefficient L11 in Eq. (28) is also influenced by correlations,
and L11 does not equal L1 except for the limiting case of vanishing
correlations, H11/H1 → ∞. There is no foundation, therefore, for ex-
pecting L11 = L1 to hold for binary mixtures if this equality does not
even hold for self-diffusion in unary systems. In sharp contrast, the
H1 is uninfluenced by correlations, and this is the reason that the
M--S estimation strategy has been successful in the examples dis-
cussed in the foregoing sections. It is difficult, if not impossible, to
set up estimation procedures for Lij based purely on the Onsager for-
mulation; the exceptions are the two limiting scenarios of dominant
and negligible correlations.

7. Evidence of failure of estimation methods

We now highlight two situations that lead to a complete break-
down of the estimation procedure for the Onsager coefficients. Fig.
17 shows the �11, �22, and �12 data for equimolar Ne(1)--CO2(2)
mixtures in LTA, DDR, FAU, and CHA as a function of the mixture
occupancy, �. For FAU and CHA the estimations from pure component
diffusivity data, shown by continuous solid lines, are good, as we
have become accustomed to expect. The situation with regard to LTA
and DDR is different. For these two zeolites, the predictions are good
only for �22 and �12; �11 is overestimated to a significant extent.
Since �11 portrays the extent to which the L11 is lowered below the
pure component value L1, this implies that the actual situation (i.e.,
portrayed by MD) leads to a more significant lowering of L1 than
anticipated on the basis of correlation effects alone. The deviation
between estimations and MD data cannot be ascribed to inadequate
predictions of correlations using the interpolation formula (12). If
this were to be the case then �12 would also be poorly predicted;
this is not the case. The inescapable conclusion is that the poor
estimations of �11 are most likely caused by the assumption, implicit
in the entire foregoing discussions, that the Hi in the mixture is
the same as the pure component value. We shall seek to verify this
hypothesis.

Fig. 18 shows data on M--S diffusivities Hi of Ne, Ar, N2, and O2
in LTA, and in DDR as a function of the occupancy. In each case the
pure component values are compared with the values backed-out
from MD data on �ij for a variety of equimolar mixtures. Consider,
for example the diffusivity of Ar in LTA. We see from Fig. 18b that the
pure component Hi is in good agreement with the values backed out
for Ar--Ne, and Ar--C1 mixtures. However, for Ar--CO2 mixtures, the
backed-out diffusivity for Ar is lower than the pure component value
by about one order of magnitude at high �. The same story holds
for other molecules Ne, N2, and O2 in both LTA and DDR, i.e., the
pure component Hi are in good agreement with values in mixtures,
provided these do not contain CO2. Fig. 18 also shows that in CO2-
bearing mixtures the Hi are lowered below the pure component
value by increasing extents as the � increases. This reduction is due
to the fact that CO2 gets preferentially, and strongly, adsorbed at the
narrow windows of these zeolites, hindering the diffusion of partner
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molecules; this was shown in an earlier study on self-diffusion in
CO2-bearing mixtures in cage-type zeolites such as LTA, DDR and
ERI (Krishna and van Baten, 2008c). An appreciation of the hindrance
effect exerted by CO2 at the window regions can be gained from
the animations of intercage hopping of molecules (van Baten and
Krishna, 2008).

While CO2 hinders the diffusion of partner molecules in LTA, and
DDR, it is uninfluenced by the presence of its partners and the M--S
diffusivity of CO2 in CO2-bearing mixtures remains the same as for
pure component; this is demonstrated by the data presented for DDR
in Fig. 19a.

The hindrance effect gets increasingly severe as the proportion
of CO2 in the mixtures increases. To demonstrate this we present
results for M--S diffusivities of Ne, Ar, N2, and O2 in DDR in CO2-
bearing mixtures where the total loading, q1 + q2, is held constant;
see Fig. 19b. Since the mixture occupancy � is practically unchanged
in this case, the classical M--S estimation procedure anticipates prac-
tically no reduction in the Hi values of Ne, Ar, N2, and O2; the MD
results, however, show that there is about an order of magnitude
reduction in the Hi when the CO2 mole fraction approaches unity.
Interestingly, for Ar, N2, and O2 the Hi values are lowered to values
below that of the "tardier'' CO2.

Experimental evidence of window blocking can be obtained from
a re-analysis of the published DDR permeation data for CO2--CH4
and CO2--N2 mixtures (van den Bergh et al., 2007, 2008). Fig. 20a
compares the membrane transport coefficients, �Hi/�, for pure CH4
with those of CH4 in mixtures with CO2, and with N2. When com-
pared at the same occupancy �, there is a dramatic reduction in the

transport coefficient due to the presence of CO2, most likely due to
window blocking. Fig. 20b shows a similar strong reduction in the
transport coefficient for N2 in CO2--N2 mixtures. In practical terms
the selectivity for permeation of CO2 across a DDR membrane will
be significantly higher than anticipated on the basis of the model us-
ing the M--S theory (Krishna and van Baten, 2007b, 2008c). In other
words, the window blocking by CO2 is a boon in practice and pre-
dictions based on the M--S theory will be overly conservative.

The second situation we consider is that of diffusion in MOR, in
which the 12-ring 1D channels are connected with 8-ring side pock-
ets; see Fig. 21a. Segregation effects are present during adsorption of
C1--C2 mixtures. By sampling 104 equilibrium positions of molecules
during a Monte Carlo simulation of binary adsorption equilibrium,
we determined the % probability of locating C1 and C2 in the side
pockets; for C1 this probability is 70% whereas for C2, the value is
only 15--20%; see Fig. 21b. The preferential location of C1 in the
side pockets can also be observed qualitatively in the snapshot in
Fig. 21a. There are consequences of this segregation on diffusion. In
Fig. 21c the M--S diffusivity of pure C1 is compared with the value
backed-out from C1 to C2 equimolar mixture simulations. We see
that the HC1 value is lower in the mixture by more than one order
of magnitude. A similar story holds for HC1 in the C1--C3 mixture.
The reason for the lower HC1 in the two mixtures is that the side
pockets are cul-de-sacs in respect of molecular traffic that is along
the 12-ring channels. The only way a C1 molecule located in a side
pocket can contribute to the diffusion process is to hop back into the
main (12-ring) stream, but this motion is about one order of mag-
nitude tardier. Animations of the molecular traffic demonstrate that
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C1 molecules located in side pockets appear to be "locked in'' and
do not participate in the main thoroughfare along the 12-ring chan-
nels (van Baten and Krishna, 2008). In C1--CO2 mixtures it is the CO2
that gets trapped in the side pockets (cf. snapshot in Fig. 1); for this
reason MOR is not a good adsorbent choice for CO2 removal from
natural gas (García-Pérez et al., 2007; Krishna and van Baten, 2007a)
because of its poor diffusivity.

It is interesting to note that when strong segregation effects oc-
cur in adsorption, the IAST theory fails at a quantitative level to
describe multicomponent equilibria (Chen and Sholl, 2007; Krishna
and Paschek, 2001; Krishna and van Baten, 2007b, 2008a, c; Murthi
and Snurr, 2004); this bodes a corresponding failure of the M--S

approach to adequately predict mixture diffusion. The IAST and M--S
suffer failures for analogous reasons. Another interesting point to
note is that when segregation occurs the M--S estimation procedure
fails badly by an order of magnitude; the corresponding failure in
the IAST is less significant (Krishna and van Baten, 2008c). Adjusting
the exchange coefficients Hij will not be successful in capturing the
mixture diffusion characteristics when segregation occurs.

8. Conclusions

By careful examination of a vast data base of MD simulations
for mixture diffusion we have obtained answers to the set of six
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questions posed in the Introduction.

(1) The �12 is a function of two dimensionless factors parameters
reflecting correlations: �1H2/H21 and �2H1/H12; Eq. (17) allows
its estimation from pure component diffusion parameters by
invoking the interpolation formula (12). A constant value of
�12 is never a good assumption for mixture diffusion except
when (a) correlations are negligibly small giving �12 = 0 or (b)
correlations are dominant. For all other cases �12 depends on
occupancy � and on composition of the mixture.
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(2) The result �12 =1 is valid only for systems in which correlation
effects dominate such as in CNTs; in all other cases we have the
bounds 0< �12 <1.

(3) The diagonal elements Lii can be identified with the pure com-
ponent Li only when correlation effects are negligibly small; in
this case Eq. (20) holds and �12 = 0. A non-zero finite value for
�12 necessarily implies Lii < Li.
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(4) The assumption that the M--S diffusivity Hi in the mixture is the
same as that for pure components is violated in cases where we
have strongly segregated adsorption. For CO2-bearing mixtures,
the preponderance of CO2 in the window regions of cage-type
zeolites with narrow windows such as LTA and DDR has the
effect of slowing down the partner molecules far more than
anticipated by the M--S diffusion theory. This hindering effect
cannot be captured by the exchange coefficient Hij . In MOR
zeolite the preferential location of C1 in the side-pockets tends
to lower the HC1 in mixtures with C2 or C3. There is a need
for developing reliable estimation procedures for cases where
segregation effects occur.

(4) For all the guest--host combinations considered in the present
study, the interpolation formula (12) provides good estimates
of the exchange coefficients. Nevertheless, this formula has an
empirical character with no theoretical foundation.

(5) For correlation dominated systems such as CNTs simple expres-
sions are obtained using the Onsager approach: Eqs. (21)--(23).
For systems in which correlation effects are negligible, both
Onsager and M--S approaches are equally potent. For the gen-
eral case with finite correlations, the M--S approach is to be
preferred.

Notation

[D] matrix of Fick diffusivities, m2 s−1

Hi Maxwell--Stefan diffusivity of species i, m2 s−1

Hi(0) zero-loading Maxwell--Stefan diffusivity of species i,
m2 s−1

Hii self-exchange diffusivity of species, m2 s−1

Hij binary exchange diffusivity, m2 s−1

Di,self self-diffusivity, m2 s−1

Li Onsager coefficients of pure species i, mol kg−1

m2 s−1

Lij Onsager coefficients in binary mixture, mol kg−1

m2 s−1

ni number of molecules of species i in simulation box,
dimensionless

Ni molar flux of species i, molm−2 s−1

qi loading of species i, mol kg−1

qi,sat saturation loading of species i, mol kg−1

rl,i(t) position vector for molecule l of species i at any time t,
m

R gas constant, 8.314 Jmol−1 K−1

t time, s
T absolute temperature, K
x spatial distance, m

Greek letters

�ii ratios defined by Eq. (14), dimensionless
�12 interaction factor defined by Eq. (4), dimensionless
� thickness of membrane, m
[�] matrix of Maxwell--Stefan diffusivities, m2 s−1

� total occupancy of mixture, dimensionless
�i fractional occupancy of component i, dimensionless
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�i molar chemical potential, Jmol−1

� framework density, kgm−3

Subscripts

i, j components in mixture
sat referring to saturation conditions

Vector and matrix notation

( ) vector
[ ] square matrix
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Appendix A1: Inter-relationship between Onsager and 

Maxwell-Stefan formulations; Estimations; Backing-out 

of M-S Ði and Ðij 

1. Onsager vs M-S 
The Onsager theory of irreversible thermodynamics provides the fundamental basis for mixture 

diffusion[1-7]; for n-component mixtures, for example, the flux of any component is related to the 

chemical potential gradients by  
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where Lij are the Onsager coefficients. The Onsager reciprocal relations are 
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For unary systems, n = 1, eq (1) simplifies to 
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By introducing the thermodynamic factor Γi 
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we may re-write eq (3) for a unary system as 
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dq

q
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i
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For unary diffusion the Fick diffusivity, Di, and the Maxwell-Stefan (M-S) or “corrected” diffusivity, 

Ði, are defined by 

dx
d

Ð
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ii
ii
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ρρ −=−=  (6) 

and the Onsager coefficient may be related to the Fick and M-S diffusivities 

iiiiii DqÐqL Γ==  (7) 

In the M-S formulation [8] the chemical potential gradients are related to the fluxes in an inverse 

manner 
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where θi are the fractional occupancies 

niqq satiii ,...2,1/ , =≡θ  (9) 

and qi,sat represents the saturation capacity of species i. 

Equation (8) defines two types of M-S diffusivities: Ði and ijÐ .  The binary exchange coefficients ijÐ  

reflect correlation effects in mixture diffusion[6-8]. For mixture diffusion the ijÐ  tends to slow down 

the more mobile species and speed up the relatively sluggish ones.  A lower value of the exchange 

coefficient ijÐ  implies stronger correlation effects.  When ∞→ijÐ , correlation effects vanish; the first 

member on the right of eq (8) is absent.  

Conformity with the Onsager Reciprocal Relations (2) demands that  

jisatiijsatj ÐqÐq ,, =   (10) 

Equation (8) can be cast into n-dimensional matrix notation 
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by defining an n-dimensional square matrix [B] with elements 
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We denote the inverse of [B] as [Δ]: 

[ ]Δ≡−1][B  (13) 

Comparing equations (1), (11), and (13) we find that [Δ] is simply related to the Onsager matrix [L] 
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The elements Δij can be determined from MD simulations in each of the three coordinate directions 

using the formula  

( ) ( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Δ+•⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−Δ+

Δ
=Δ ∑∑

==∞→Δ

ji n

k
jkjk

n

l
ilil

j
tij tttttt

tn 1
,,

1
,, )()()()(11lim

2
1 rrrr  (15) 

In this expression ni and nj represent the number of molecules of species i and j respectively, and rl,i(t) is 

the position of molecule l of species i at any time t.  For unary systems eq (15) yields the M-S 

diffusivity iÐ . The MD simulation strategy is discussed in Appendix A2. 

The Onsager reciprocal relations (2) translate to 

ijijij qq Δ=Δ  (16) 
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For binary mixtures, i.e. n = 2, the relation between the Onsager matrix [L] and the M-S matrix [Δ] is 
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For  n = 2, t the inversion in eq (13) can be carried out explicitly to yield the following expressions 

that were also published in our earlier papers [8, 9] 
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We define the ratios 
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From eqs (18), (19), (20), and (21) we obtain 
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2. Scenario in which correlations are negligible 
 

In the limiting scenario in which correlations effects are of negligible importance: 

negligible nscorrelatio;0→
ji

ji

Ð
Ðθ

 (26) 

we obtain 

negligible nscorrelatio;0; 2112222111 =Δ=Δ=Δ=Δ ÐÐ  (27) 

and 

negligible nscorrelatio;01;1 122211 === ααα  (28) 

3. Scenario in which correlations are dominant 
For the case in which correlation effects are dominant 
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In the denominators in the extreme right members of eqs (30) and (31) we introduce equation (10), i.e. 
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to obtain 
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It is interesting to note that  

The elements of the Onsager matrix [L] can be obtained from the M-S matrix [Δ] using eq. (17): 
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The ratios αii are 
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4. Scenario in which species 1 and 2 are identical 
Let us consider a scenario in which the M-S diffusivities of component 2 is identical to that of 

component 1. 

species identical;12 ÐÐ =  (44) 

From eqs (18), (19), and (20) we obtain 
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The corresponding αii ratios are 

( ) species identical;
1

1

11
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11

11
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⎛
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species identical;
11
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11
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⎛
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Ð
Ð

Ð
Ð

Ð
Ð

Ð
Ð

θθ
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Further simplification arises for equimolar mixtures, q1= q2; θ1= θ2; 

equimolar species, identical;
2

1

1

11

11

11

11

2211

Ð
Ð

Ð
Ð

θ

θ

αα
+

⎟⎟
⎠

⎞
⎜⎜
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⎛
+

==  (51) 

equimolar species, identical;
1

11

11

11

11

12

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

Ð
Ð

Ð
Ð

θ

θ

α  (52) 

5. Estimation of [Δ] from pure component diffusion data 
We summarize below the step-by-step procedure we had developed earlier [8]  for estimation of the 

M-S matrix [Δ] and Onsager matrix [L] from pure component diffusion data. 

Step 1. The dependence of the pure component M-S diffusivities Ði are described using the Reed and 

Ehrlich model: 

( )
( )

( )( )iiii
i

iii
iz

ii

z
i

ii ÐÐ φθθβ
θ

φθβ
ε

φε
ε

/11141;
)1(2
)21(

;
/1

1
)0(

1

−−−=
−
+−

=
+
+

=
−

 (53) 

The values of the coordination number z and fitted expression for φi (fitted to MD simulated data for 

pure component diffusion) are given in Appendix 2, Table 1 for various molecules-zeolites, and in 

Appendix 5, Table 4, for various molecules-CNT.   

Step 2. The self-exchange coefficients Ðii are obtained from MD simulations of pure component 

coefficients Di,self and Ði.  The occupancy dependence of Ðii are fitted using the empirical expression 
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)exp( iii
i

ii ba
Ð
Ð θ−=  (54) 

The fitted values of ai and bi for various guest molecules in a variety of zeolites are given in Table 2 

of Appendix 2 for various guest molecules in different zeolites. 

Step 3. For a binary mixture with component loadings q1 and q2, we estimate the binary exchange 

coefficients Ð12, and Ð21 using the interpolation formula suggested earlier[6, 10] 

[ ] ( ) [ ] ( )
21,122,111,212,2

212211 ÐqÐqÐqÐq sat
qqq

sat
qqq

satsat == ++  (55) 

Though the interpolation formula has been validated for a variety of mixtures in several different 

zeolites [6-8, 10], it must be emphasized that eq (55) is to be regarded “empirical” and is not an integral 

part of the M-S theory. In applying eq (55) it is to be noted that the self-exchange coefficients Ð11, and 

Ð22 are calculated using eq (54) using the occupancy of the total mixture, θ, defined by 

satsat q
q

q
q

,2

2

,1

1
21 +=+= θθθ  (56) 

Step 4. The M-S diffusivities Ði in the mixture are assumed to be the same as the pure component 

diffusivities, estimated from eq (53) evaluated at the occupancy of the total mixture, given by eq. (56).  

Step 5. The elements Δij are calculated from eqs (18), (19), (20) and (21) in the general case.  For the 

limiting case of negligible correlations, eq (27) is used. For the correlation-dominant scenario, eqs (43), 

(41), and (42) are used. 

Step 6. The elements of the Onsager matrix [L] are calculated from eq (17). 

 

6. Backing out Ði and Ðij from simulated [Δ] data 
In order to test the assumption that whether the M-S diffusivity Ði is the same as the value for pure 

component, at occupancy of the total mixture, θ, we derive formulae for extracting Ð1 , Ð2, from 

simulated values of the M-S matrix [Δ]. From eqs (18) and (20) we derive 
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 (57) 

Similarly from eqs (19) and (21) 
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 (58) 

Introducing eqs (57) and (58) into eqs (18) and (19)  and re-arranging we get 
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and 
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The exchange coefficients can then be explicitly determined by combining eqs (57) , (58), (59), and 

(60)  
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Equations (61) and (62) allow us to test the validity of the interpolation formula (55). 

7. Expression for Ð12 Ð21 

In calculation of the interaction factor α12 using eq (25), we encounter the product Ð12 Ð21 in the 

numerator.  We derive a simple expression relating this product to the product of the self-exchange 

diffusivities Ð11 Ð22 that arises by use of the interpolation formula (55). We begin by defining the mole 

fractions xi 

1
21

2
2

21

1
1 1; x

qq
q

x
qq

q
x −=

+
=

+
=  (63) 

Invoking eq (34), (55), and (63) 

[ ] [ ] [ ] [ ] 2121 2
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12
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xxx
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sat ÐÐqqÐÐ
q
q

ÐÐ −−==  (64) 
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For equimolar loadings, x1 = x2 = 0.5,we get the simple result 

22112112 ÐÐÐÐ =  (65) 

which is the product of the self-exchange diffusivities of the individual components. 

8. Expression for the Fick diffusivity matrix 
For completeness, we present relations for the Fick diffusivity matrix [D] defined by 

[ ] ( )
dx

qdDN ρ−=)(   (66) 

We define matrix of thermodynamic correction factors [Γ]    

nji
q
f

f
q

q
f

q
qq

RT
q

j

i

i

i

j

i

j

i
ij

n

j
jiji

i ,..1,;
ln
ln

;
1

==≡Γ∇Γ=∇ ∑
= ∂

∂
∂
∂μ   (67) 

where fi represents the fugacity of component i in the bulk fluid phase.  The Γij can be calculated from 

knowledge of the multicomponent sorption isotherms using say the Ideal Adsorbed Solution Theory.  

Combining eqs (11), (13), and (67) we get 

[ ][ ] ( )
dx

qdN ΓΔ−= ρ)(  (68) 

and so  

[ ] [ ][ ]ΓΔ=D  (69) 

Other definitions of the thermodynamic factors are used in the literature [6, 10, 11].
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9. Notation 
ai  constants describing self-exchange in eq (54), dimensionless 

bi  constants describing self-exchange in eq (54), dimensionless 

[B]  matrix of inverse Maxwell-Stefan coefficients, m-2 s 

Di,self  self-diffusivity, m2 s-1  

Ði  Maxwell-Stefan diffusivity of species i, m2 s-1 

Ði(0)  zero-loading M-S diffusivity of species i, m2 s-1 

Ðii  self-exchange diffusivity, m2 s-1 

Ðij  binary exchange diffusivity, m2 s-1 

fi  fugacity of species i, Pa 

Lij   Onsager coefficients, mol kg-1 m2 s-1 in zeolites; molecule nm-1 m2 s-1 in CNT 

Ni   molar flux of species i, mol m-2 s-1 

ni   number of molecules of species i in simulation box, dimensionless 

n   number of species in mixture, dimensionless 

qi  loading of species i, mol kg-1 in zeolites; molecule nm-1 in CNT 

qi,sat  saturation loading of species i, mol kg-1 in zeolites; molecule nm-1 in CNT 

R  gas constant, 8.314 J mol-1 K-1  

T  absolute temperature, K  

x  spatial distance, m 

z  coordination number, dimensionless  

  

Greek letters 
 

β i  Reed-Ehrlich parameter, dimensionless 

[Γ]  matrix of thermodynamic factors, dimensionless 

Γij  thermodynamic factors, dimensionless 

[Δ]  matrix of Maxwell-Stefan diffusivities, m2 s-1  
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ε i  Reed-Ehrlich parameter, dimensionless 

φ i  Reed-Ehrlich parameter, dimensionless 

θi  fractional occupancy of component i, dimensionless 

μi  molar chemical potential, J mol-1 

ρ  framework density of zeolite, kg m-3 

 

Subscripts 
 

sat  referring to saturation conditions 

i,j  components in mixture 

 

Vector and Matrix Notation 
 

( )  n dimensional column matrix 

[ ]  n×n dimensional square matrix 
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Appendix A2: Molecular Simulation methodology for 

zeolites, ETS-4, IRMOF-1, and CuBTC. Pure 

component diffusivity data fits  

Eight different zeolite structures were investigated.  Table 1 gives the characteristic sizes of channels 

or windows for these eight zeolite structures. The pore landscapes, including snapshots of molecules in 

the pores are presented in Appendix A3. A few simulations were also performed for ETS-4 (pure 

components: C1, Ar, Ne, and mixtures: C1-Ar, and Ne-Ar), IRMOF-1 (pure components: C1, Ar, Ne 

and mixtures: C1-Ar, and Ne-Ar), and CuBTC (pure components: C1, Ar, Ne and mixtures: C1-Ar, and 

Ne-Ar). All simulations were carried out for T = 300 K. For methane (C1) diffusion in LTA, MD 

simulations were carried out for T = 800, 1000, 1200, 1400, 1600, and 1800 K in order to investigate the 

loading dependence as a function of T.  All simulation data in graphical form are presented in Appendix 

A3 (for pure components) and Appendix A4 (for binary mixtures). 

1. MC simulation methodology 
The adsorption isotherms were computed using Monte Carlo (MC) simulations in the grand canonical 

(GC) ensemble. The crystallographic data are available elsewhere.[1] The zeolite lattices are rigid 

during simulations, with static atomic charges that are assigned by choosing qSi = +2.05 and qO = -1.025, 

following the works of Jaramillo and Auerbach [2] and Calero et al. [3]. CH4 molecules are described 

with a united atom model, in which each molecule is treated as a single interaction center.[4] The 

interaction between adsorbed molecules is described with Coulombic and Lennard-Jones terms. The 

Coulombic interactions in the system are calculated by Ewald summation for periodic systems[5]. The 

parameters for CH4 are taken from Dubbeldam et al[6] and Calero et al.[3]. CO2 molecules are taken 
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linear and rigid with bond length C–O of 1.16Å according to the 3LJ3CB.EPM2 model developed by 

Harris and Young [7]. We use the 2LJ3CB.MSKM model for N2 dumbbell molecules with a rigid 

interatomic bond of 1.098Å[8, 9]. The partial charges of N2 and CO2 are distributed around each 

molecule to reproduce experimental quadrupole moment. The interactions between adsorbed molecules 

and the zeolite are dominated by dispersive forces between the pseudo-atoms and the oxygen atoms of 

the zeolite [10, 11] and the interactions of silicon and aluminium are considered through an effective 

potential with only the oxygen atoms. The Lennard-Jones parameters for CH4-zeolite interactions are 

taken from Dubbeldam et al.[6]. The Lennard-Jones parameters for CO2-zeolite and N2-zeolite 

interactions are essentially those of Makrodimitris et al.[9]; see also García-Pérez et al.[12].  The force 

fields for Ne and Ar are taken from the paper by Skoulidas and Sholl[13]. The force field for Kr is from 

Talu and Myers [14]. The force field for O2 is taken from the work of Mellot and Lignieres[15].  The 

force field for H2 corresponds to that given by Kumar et al.[16] In implementing this force field, 

quantum effects for H2 have been ignored because the work of Kumar et al.[16] has shown that quantum 

effects are of negligible importance for temperatures above 200 K; all our simulations were performed 

at 300 K. The force field of Kumar et al.[16] is quite similar to that used by Gallo et al. [17]. 

For simulations with linear and branched alkanes with two or more C atoms, the Configurational-Bias 

Monte Carlo (CBMC) simulation technique was used. The beads in the chain are connected by 

harmonic bonding potentials. A harmonic cosine bending potential models the bond bending between 

three neighboring beads, a Ryckaert-Bellemans potential controls the torsion angle. The beads in a chain 

separated by more than three bonds interact with each other through a Lennard-Jones potential. The 

Lennard-Jones potentials are shifted and cut at 12 Å. The CBMC simulation details, along with the 

force fields have been given in detail in earlier publications[6, 18, 19].   

The number of unit cells in the simulation box was chosen such that the minimum length in each of 

the coordinate directions was larger than 24 Å. Periodic boundary conditions were employed.  
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The CBMC simulations were performed using the BIGMAC code developed by T.J.H. Vlugt[20]  as 

basis.  The code was modified to handle rigid molecular structures and charges.  Detailed validation of 

the force fields used for various molecules is available elsewhere[6, 12, 21-25].   

The pure component isotherm data for all molecule-zeolite combinations relevant to our work are 

summarized in Appendix A3 in graphical form.  The isotherm data was used to estimate the saturation 

capacities required for interpretation of the diffusion data discussed below. The saturation capacity 

values are reported in Table 5.  

Additionally a few GCMC simulations for adsorption of C1, Ar, and Ne were also carried out for 

ETS-4 using the structural data published by Kuznicki et al. [26]. In our simulations the published 

lattice parameters for a structure that was dehydrated at a temperature of 423 K, was used. Just as for 

zeolites, the interactions of molecules with ETS-4 are assumed to be dominated by dispersive forces 

between the pseudo-atoms and the oxygen atoms of the zeolite.  The force fields used was exactly the 

same as for zeolites.  In order to validate this approach, adsorption isotherms of C1 and Ar are 

compared with the experimental data of Marathe et al.[27] and of Pillai et al.[28].  As can be witnessed 

by the data given in Appendix A3, the agreement is good in both cases. 

For IRMOF-1 simulations we used the structural data, and the force field information published by 

Dubbeldam et al. [29, 30].  For CuBTC simulations we used the structural data, and the force field 

information published by Yang and Zhong [31];  the force field information has been supplemented 

with Ar parameters of Vishnyakov et al. [32]. For both MOFs the intermolecular force field for Ne was 

taken from Skoulidas and Sholl[13] and Lorentz-Berthelot mixing rules were applied for calculating σ 

and ε/kB. 

 

2. MD simulation methodology 
Diffusion is simulated using Newton’s equations of motion until the system properties, on average, no 

longer change in time. The Verlet algorithm is used for time integration. A time step of 1 fs was used in 

all simulations. For each simulation, initializing CBMC moves are used to place the molecules in the 
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domain, minimizing the energy. Next, follows an equilibration stage. These are essentially the same as 

the production cycles, only the statistics are not yet taken into account. This removes any initial large 

disturbances in the system do not affect statistics.  After a fixed number of initialization and equilibrium 

steps, the MD simulation production cycles start. For every cycle, the statistics for determining the 

mean square displacements (MSDs) are updated. The MSDs are determined for time intervals ranging 

from 2 fs to 1 ns. In order to do this, an order-N algorithm, as detailed in Chapter 4 of Frenkel and 

Smit[5] is implemented. The Nosé-Hoover thermostat is applied to all the diffusing particles.  

The DLPOLY code[33] was used along with the force field implementation as described in the 

previous section. DL_POLY is a molecular dynamics simulation package written by W. Smith, T.R. 

Forester and I.T. Todorov and has been obtained from CCLRCs Daresbury Laboratory via the 

website.[33] 

The MD simulations were carried out for a variety of molecular loadings. All simulations were carried 

out on the LISA clusters of PCs equipped with Intel Xeon processors running at 3.4 GHz on the Linux 

operating system[34]. Each MD simulation, for a specified loading, was run for 120 h, determined to be 

long enough to obtain reliable statistics for determination of the diffusivities.  In many cases, several 

independent MD simulations were run and the results averaged. 

3. MD simulations for pure components 
The self-diffusivities, Di,self, were computed by analyzing the mean square displacement of each 

species i for each of the coordinate directions: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Δ+

Δ
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In this expression ni represents the number of molecules of species i respectively, and rl,i(t) is the 

position of molecule l of species i at any time t. The expression (1) also defines the self-diffusivity in a 

n-component mixture. 
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For single component diffusion, the Maxwell-Stefan diffusivity was determined for each of the 

coordinate directions from 
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For 1D channel structures of AFI, MOR, TON the reported diffusivities are along the z-direction. For 

ETS-4, only diffusion along the 12-ring channels is considered (z-axis); the diffusivities in the other two 

directions were too low to be determined accurately. For DDR the reported diffusivities are the averages 

in x- and y- directions ( ) 2/yx ÐÐÐ += .  For all other cases (MFI, FAU, LTA, CHA, IRMOF-1, 

CuBTC) the average values calculated according to ( ) 3/zyx ÐÐÐÐ ++=  are presented. In all cases 

reported here, the MSD values were linear in t for t > 10 ps (used in data regression analysis to 

determine the diffusivities) and we found no evidence of single file diffusion characteristics. 

The self-exchange coefficient Ðii were calculated from  

iselfi

i
ii

ÐD

Ð
11

,

−
=

θ
 (3) 

where θi is the fractional occupancy: 

sati

i
i q

q

,

=θ  (4) 

The values of the saturation capacities qi,sat were determined from CBMC simulations of the 

isotherms. For all molecule-zeolite combinations the pure component diffusion data, for Di,self, Ði, and 

iii ÐÐ are presented in Appendix A3 in graphical form. The data on iii ÐÐ  was correlated using 

)exp( iii
i

ii ba
Ð
Ð θ−=  (5) 
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The fitted values of ai and bi for various guest molecules in a variety of zeolites are given in Tables 2 

and 3 for zeolites, and Table 4 for CuBTC, IRMOF-1, and ETS-4.  It should be noted that in many cases 

the fits were performed for occupancies lower than about 0.7. 

4. Pure component diffusivity data fits 

For prediction of the elements of the matrices [Δ] and [L] using pure component diffusion data, it is 

essential to have a reasonable representation of the Ði - θi behavior in various zeolite structures.  The 

most convenient and practical physical model to quantify the Ði - qi relation is that developed by Reed 

and Ehrlich for surface diffusion of adsorbed molecules[35]. In the Reed and Ehrlich model, as applied 

earlier by Krishna and van Baten [36, 37] for zeolites, the intermolecular interactions within a cage is 

assumed to influence the hopping frequencies of molecules between cages, by a factor )exp(
RT
Ei

i
δφ = , 

where iEδ  represents the reduction in the energy barrier for diffusion. The values of iEδ  can be 

estimated from molecular simulations of the free energy profiles [38, 39]. The Reed and Ehrlich model 

leads to the following expression for the M-S diffusivity as a function of the fractional occupancy, θi 

( )
( )z

ii

z
i

ii ÐÐ
φε

ε
/1

1)0(
1

+
+

=
−

 (6) 

where z is the coordination number, representing the maximum number of nearest neighbors within a 

cage. From an engineering point of view the precise choice of the value of z is not crucial, as the 

combination of z and φi prescribes the loading dependence. For FAU, LTA, CHA, DDR, IRMOF-1, and 

CuBTC we choose a value z = 5 for all molecules.  For 1 D structures such as AFI, TON, MOR, and 

ETS-4 (diffusion along 12-ring channels) we use z = 2. For MFI we use  z = 2.5, based on the arguments 

presented in earlier work[40]. The other parameters are defined as follows (see Krishna et al.[36, 40] for 

more detailed discussions and derivations)  

( )( )iiii
i

iii
i φθθβ

θ
φθβε /11141;

)1(2
)21(

−−−=
−
+−

=  (7) 
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The fitted values of φi are reported in Tables 5  and 6 for zeolites, and Table 7 for CuBTC, IRMOF-1, 

and ETS-4.  

For methane (C1) diffusion in LTA, MD simulations were carried out for T = 800, 1000, 1200, 1400, 

1600, and 1800 K in order to investigate the loading dependence as a function of T.  The data are 

presented in Appendix A3.  We note that the Ði - qi behavior changes with T. This implies that the 

activation energy for diffusion is also loading dependent. This subject needs further investigation. 

 

5. Binary mixture diffusion simulations 

For binary mixtures the elements of the matrix [Δ], defined by 

[ ] ( ) [ ][ ] ( )
dx

qd
dx

d
q

q
RT

N ΓΔ−=⎥
⎦

⎤
⎢
⎣

⎡Δ−= ρμρ
2

1

0
0

)(  (8) 

are obtained in each coordinate direction from 

( ) ( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−Δ+•⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−Δ+

Δ
=Δ ∑∑

==∞→Δ

ji n

k
jkjk

n

l
ilil

j
tij tttttt

tn 1
,,

1
,, )()()()(11lim

2
1 rrrr  (9) 

In this expression ni and nj represent the number of molecules of species i and j  respectively, and rl,i(t) 

is the position of molecule l of species i at any time t.  In this context we note a typographical error in eq 

(9) as printed in earlier publications [36, 41, 42] wherein the denominator in the right member had ni 

instead of nj. The simulation results presented in these publications are, however, correct as the proper 

formula given in eq (9) was used in the calculations.   

The matrix of Onsager coefficients [L] are defined by  

( ) [ ] ( )
dx

dL
RT

N μρ 1−=  (10) 
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The units of Lij are m2 s-1 mol kg-1 when component molar loadings qi have the units of mol kg-1. For 

diffusion in carbon nanotubes the component loadings are expressed in molecule nm-1, and the units of 

Lij are m2 s-1 molecule nm-1. The inter-relationship between [Δ] and [L] is 

ijjij Lq =Δ  (11) 

The combination of eqs (9) and (11) allows us to determine the Lij from MD simulations.  

The Onsager Reciprocal Relations jiij LL =  imply 

njiqq ijijij ,....2,1,; =Δ=Δ  (12) 

For all binary mixture-zeolite combinations the data on Di,self and Δij are presented in Appendix A4 in 

graphical form. Also presented in Appendix A4 are the ratios α11 and α22 

2

22
22

1

11
11 ;

ÐÐ
Δ

=
Δ

= αα  (13) 

along with the interaction factor α12  

21
2211

12
12 αα ==

LL
L

 (14) 

In determining these ratios the Reed and Ehrlich model calculations for Ði are carried out at the total 

mixture occupancy calculated from 

satsat q
q

q
q

,2

2

,1

1
21 +=+= θθθ  (15) 

6. Animations 
For visual appreciation of the diffusion phenomena in different zeolites, ETS-4, and IRMOF-1 

animations were created on the basis of the MD simulations; these can be viewed by downloading the 

movies from our website[43]. 
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8. Notation 
 

Same as for Appendix A1, and additionally: 

rl,i(t)   position of molecule l of species i at any time t, m   

t  time, s  
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Table 1. Characteristic sizes of channels or windows for zeolite structures 

 

Zeolite Channel or window size/ Å 

MFI 10-ring intersecting channels of 5.1 – 5.6 Å size  

AFI 12-ring 1D channels of 7.3 Å size 

TON 10-ring 1D channels of 4.6 Å- 5.7 Å size 

FAU 12-ring window of 7.4 Å size 

LTA 8-ring window of 4.1 Å size 

CHA 8-ring window of 3.8 Å size 

DDR 8-ring window of 3.6 Å- 4.4 Å size 

MOR 12-ring 1D channels of 6.5 – 7 Å size, connected 

to 8-ring side pocket of 2.6 Å- 5.7 Å size 
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Table 2. Correlation parameters ai and bi describing self-exchange coefficients Ðii defined by Eq. (3) 

for a variety of molecules in AFI, and MOR zeolites, determined from MD simulations of pure 

component Ði and Di,self . 

Zeolite Molecule ai 

 

bi 

AFI C1 0.04 -4 

AFI CO2 0.15 -1.4 

AFI Ar 0.15 -1.4 

AFI Ne 0.13 -0.9 

MOR C1 1 2.5 

MOR C2 1.6 1.7 

MOR C3 4 3 
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Table 3. Correlation parameters ai and bi describing self-exchange coefficients Ðii defined by Eq. (3) 

for a variety of molecules in FAU, MFI, CHA, DDR zeolites, determined from MD simulations of pure 

component Ði and Di,self . 

Zeolite Molecule ai 

 

bi 

FAU C1 0.5 0.9 

FAU C2 0.9 0.2 

FAU CO2 0.45 0 

FAU Ar 0.38 0.45 

FAU Ne 0.26 1 

MFI C1 0.42 1.3 

MFI CO2 0.8 2 

MFI Ar 0.27 1 

MFI Ne 0.14 0 

LTA C1 20 4 

LTA CO2 2 0 

LTA N2 2.0 2.1 

LTA Ar 2.4 2 

LTA Ne 0.65 1.7 

CHA C1 5 0 

CHA CO2 1.5 1.3 

CHA Ar 2.6 1.6 

CHA Ne 0.7 1.3 

DDR C1 5 0 

DDR Ne 0.9 2.5 

DDR CO2 1.6 1.7 

DDR N2 3.2 4 

DDR O2 4.0 3.5 

DDR Ar 4 3 

The self-exchange coefficients for C1 in CHA and DDR could not be determined accurately from MD, 

and the value of 5 in the Table is an estimate. 
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Table 4. Correlation parameters ai and bi describing self-exchange coefficients Ðii defined by Eq. (3) 

for a variety of molecules in CuBTC, IRMOF-1, and ETS-4 determined from MD simulations of pure 

component Ði and Di,self . 

Zeolite Molecule ai 

 

bi 

CuBTC C1 0.5 0.6 

CuBTC Ar 0.5 1.4 

CuBTC Ne 0.23 1.3 

IRMOF-1 C1 0.5 0.75 

IRMOF-1 Ar 0.27 0 

IRMOF-1 Ne 0.25 0.8 

ETS-4 C1 0.13 0.6 

ETS-4 Ar 0.15 -0.4 

ETS-4 Ne 0.12 0 
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Table 5.   Reed-Ehrlich parameters for a variety of molecules in AFI, TON, MOR zeolites. 
 
Zeolite Molecule Saturation 

capacity, qi,sat / 
mol/kg 

Ði(0) / 

10-8 m2 s-1 

z φi 

AFI C1 4.55 8.27 2 )76.1exp(42.0 iθ−  

AFI C3 1.4 4 2 1.07 

AFI CO2 6 2.16 2 1.32 

AFI Ne 16 9.8 2 0.73 

AFI Ar 6.6 5.1 2 0.56 

TON C1 2.8 3.5 2 )76.2exp(12 iθ−  

TON C2 2.5 2.64 2 )0.1exp(65.4 iθ−  

MOR C1 5.6 5.97 2 0.534 

MOR C2 3.6 11.7 2 0.35 

MOR C3 2.8 6.6 2 )29.3exp(24.2 iθ−  
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Table 6.   Reed-Ehrlich parameters for a variety of molecules in FAU, MFI, CHA, DDR zeolites. 
 
Zeolite Molecule Saturation 

capacity, qi,sat / 
mol/kg 

Ði(0) / 

10-8 m2 s-1 

z φi 

FAU C1 11.5 4 5 )12.0exp(75.0 iθ  

FAU C2 6.24 2.4 5 0.85 

FAU CO2 12 1.85 5 0.92 

FAU Ne 34 4.64 5 1.17 

FAU Ar 15 2.63 5 )06.0exp(98.0 iθ  

MFI C1 4 1.75 2.5 )0.1exp(0.1 iθ  

MFI CO2 5.9 0.44 2.5 )72.0exp(44.1 iθ−  

MFI Ne 20 2.94 2.5 0.68 

MFI Ar 6 1.15 2.5 )54.1exp(36.3 iθ−  

LTA C1 10.2 0.018 5 )64.0exp(9.5 iθ−  

LTA CO2 12 0.4 5 )5.0exp(76.0 iθ−  

LTA N2 12.5 0.8 5 )15.0exp(5.1 iθ−  

LTA Ar 12.5 0.58 5 1.5 

LTA Ne 35 1.83 5 1.22 

CHA C1 8.32 2.1×10-3 5 )98.0exp(55.4 iθ−  

CHA CO2 9.71 0.21 5 1.47 

CHA Ar 9.71 0.285 5 1.64 

CHA Ne 27.7 1.74 5 1.31 

DDR C1 4.2 4.76×10-5 5 )2.0exp(6 iθ−  

DDR Ne 14 1.06 5 )4.0exp(63.1 iθ−  

DDR CO2 4.6 0.113 5 1.2 

DDR N2 5.4 0.16 5 )95.0exp(7.3 iθ−  

DDR O2 5.4 0.19 5 )24.0exp(25.2 iθ−  

DDR Ar 5.4 0.075 5 )74.0exp(5.3 iθ−  
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 Table 7.  Reed-Ehrlich parameters for a variety of molecules in CuBTC, IRMOF-1, and ETS-4. 
 
Zeolite Molecule Saturation 

capacity, qi,sat / 
mol/kg 

Ði(0) / 

10-8 m2 s-1 

z φi 

CuBTC C1 25 1.9 5 )9.0exp(4.2 iθ−  

CuBTC Ar 35 1.9 5 )7.0exp(2.2 iθ−  

CuBTC Ne 80 5.7 5 )45.0exp(6.1 iθ−  

IRMOF-1 C1 41 3.3 5 )2.0exp(5.1 iθ−  

IRMOF-1 Ar 58 2.65 5 )5.0exp(8.1 iθ−  

IRMOF-1 Ne 104 6.95 5 )15.0exp(44.1 iθ−  

ETS-4 C1 4.5 6.83 2 )0.1exp(7.0 iθ  

ETS-4 Ne 16 7.8 2 )4.0exp(7.0 iθ−  

ETS-4 Ar 5 4.5 2 )16.0exp(40.1 iθ−  
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Appendix A3

GCMC and MD simulation results for pure component 
adsorption and diffusion of variety of molecules in 
different zeolites, ETS-4, IRMOF-1, and CuBTC
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FAU, 300 K, CH4
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FAU, 300 K, Ar

Bulk gas phase fugacity, fi /Pa
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FAU, 300 K, Ne
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FAU, 300 K, C2
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MFI, 300 K, CH4
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MFI, 300 K, Ar
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MFI, 300 K, Ne
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LTA, 300 K, Ar

Bulk gas phase fugacity, fi /Pa
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LTA, 300 K, Ne

Bulk gas phase fugacity, fi /Pa
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LTA, 300 K, N2
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LTA, 300 K, KrBulk gas phase fugacity, fi /Pa
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CHA, 300 K, Ar

Bulk gas phase fugacity, fi /Pa
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Bulk gas phase fugacity, fi /Pa
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CHA, 300 K, H2
Bulk gas phase fugacity, fi /Pa
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DDR, 300 K, Ne

Bulk gas phase fugacity, fi /Pa
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Loading, qi / mol kg-1
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MOR, 300 K, pure C1
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MOR, 300 K, pure C2

Bulk gas phase fugacity, fi /Pa
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MOR, 300 K, pure C3
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MOR, 300 K, pure components: location in side pockets
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TON,  300 K, CH4
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TON,  300 K, C2
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12-ring
channel of ETS-4

ETS-4
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ETS-4,  300 K, Ne

Loading, qi / mol kg-1
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CuBTC,
300 K, Ar

Loading, qi / mol kg-1
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CuBTC,
300 K, Ne
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Appendix A4

MD mixture diffusion  
simulations in zeolites, 
ETS-4, IRMOF-1, and 
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Ne-Ar mixtures at 300 K; equimolar mixture
Self diffusivities
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Ne-Ar mixtures at 300 K; equimolar mixture
M-S diffusivities
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Ne-Ar mixtures at 300 K; equimolar mixture
Onsager matrix, ratios
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Ne-Ar mixtures at 300 K; varying x2, const qt
Self diffusivities

mole fraction of Ne in mixture, x1
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Ne-Ar mixtures at 300 K; varying x2, const qt
M-S diffusivities
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Ne-Ar mixtures at 300 K; varying x2, const qt
Onsager matrix, ratios
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Ne-Ar mixtures in ETS-4 300 K; 
equimolar mixture

12-ring 
channels
(diffusion is 
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direction
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Ne-Ar mixtures in IRMOF-1 at 300 K; 
equimolar mixture
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Ne-Ar mixtures in CuBTC at 300 K; 
equimolar mixture
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Ne-CO2 mixtures at 300 K; equimolar mixture
Self diffusivities
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Ne-CO2 mixtures at 300 K; equimolar mixture
M-S diffusivities
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Ne-CO2 mixtures at 300 K; equimolar mixture
Onsager matrix, ratios

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4 0.5 0.6

α 11
, α

22
, α

12

0.0

0.2

0.4

0.6

0.8

1.0

1.2
11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
AFI; 300 K

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4 0.5 0.6

α 11
, α

22
, α

12

0.0

0.2

0.4

0.6

0.8

1.0

1.2

11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
FAU; 300 K

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4 0.5

α 11
, α

22
, α

12

0.0

0.2

0.4

0.6

0.8

1.0

1.2
11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
MFI; 300 K

d

b

c

a

e

f

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4 0.5

α 11
, α

22
, α

12

10-2

10-1

100

11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
LTA; 300 K

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4

α 11
, α

22
, α

12

10-2

10-1

100

11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
CHA; 300 K

Mixture occupancy, θ

0.0 0.1 0.2 0.3 0.4 0.5

α 11
, α

22
, α

12

10-2

10-1

100

11
22
12

Ne(1)-CO2(2);
1:1 mix q1=q2;
DDR; 300 K



Ne-CO2 mixtures at 300 K; varying x2, const qt
Self diffusivities
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Ne-CO2 mixtures at 300 K; varying x2, const qt
M-S diffusivities

mole fraction of CO2 in mixture, x1

0.0 0.2 0.4 0.6 0.8 1.0

D
iff

us
iv

iti
es

, Δ
ii /

 1
0-8

 m
2 

s-1

0.0

0.5

1.0

1.5

2.0
CO2
Ne

mole fraction of CO2 in mixture, x1

0.0 0.2 0.4 0.6 0.8 1.0

D
iff

us
iv

iti
es

, Δ
ii /

 1
0-8

 m
2 

s-1

0.0

0.5

1.0

1.5
CO2
Ne

d

mole fraction of CO2 in mixture, x1

0.0 0.2 0.4 0.6 0.8 1.0
D

iff
us

iv
iti

es
, Δ

ii /
 1

0-8
 m

2 
s-1

0.0

0.5

1.0

1.5

2.0

CO2
Ne

e

f

CHA; 300 K;
q1+q2 = 5.78 mol kg-1

DDR; 300 K;
q1+q2 = 2.77 mol kg-1

LTA; 300 K;
q1+q2 = 5.2 mol kg-1



Ne-CO2 mixtures at 300 K; varying x2, const qt
Onsager matrix, ratios
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CO2-Ar mixtures at 300 K; equimolar mixture
Self diffusivities

Total mixture loading, q / mol kg-1
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CO2-Ar mixtures at 300 K; equimolar mixture
M-S diffusivities

Total mixture loading, q / mol kg-1
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C1-Ar mixtures at 300 K; equimolar mixture
Self-diffusivities
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C1-Ar mixtures at 300 K; equimolar mixture
M-S diffusivities

Total mixture loading, q / mol kg-1
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C1-Ar mixtures at 300 K; equimolar mixture
Onsager matrix, ratios
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C1-Ar mixtures in ETS-4 300 K; 
equimolar mixture

12-ring channels
(diffusion is considered only 
in this direction
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C1-Ar mixtures in IRMOF-1 at 300 K; 
equimolar mixture

Mixture occupancy, θ
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C1-Ar mixtures in CuBTC at 300 K; 
equimolar mixture
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Ar-Kr mixtures in LTA at 300 K;
Self and M-S diffusivities

Total occupancy θ = θ1+θ2
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N2-CH4 mixtures in LTA at 300 K;
Self and M-S diffusivities
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Appendix A5. Simulations of diffusion in CNTs 

MD simulations to study diffusion of both pure components (methane (C1), ethane (C2), propane 

(C3), n-butane (nC4), iso-butane (iC4), hydrogen (H2), argon (Ar), and neon (Ne)) and binary mixtures 

(C1-C2, C1-C3, C1-nC4, C1-iC4, C1-H2, Ar-Ne) for a variety of loadings in CNTs of both zig-zag 

((20,0)) and armchair (10,10) configurations; see Figures 1 and 2. Figure 3 shows some typical 

snapshots of molecules in the armchair CNT. 

Additionally, CBMC simulations were carried out to determine the sorption isotherms for pure 

components; this information is required for determination of saturation capacities and interpretation of 

the diffusion data. 

1. CBMC and MD Simulation methodologies 
Simulations have been carried out for diffusion, and adsorption, of pure components (n = 1) and 

binary (n = 2) mixtures containing C1, C2, C3, nC4, iC4, H2, Ar, and Ne in both zig-zag and armchair 

CNT configurations; the various campaigns are specified in Table 1. We use the united atom model. 

The force field for the alkanes are the same as those reported by Dubbeldam et al.[1]. We consider the 

CHx groups as single, chargeless interaction centers with their own effective potentials. The beads in the 

chain are connected by harmonic bonding potentials. A harmonic cosine bending potential models the 

bond bending between three neighboring beads, a Ryckaert-Bellemans potential controls the torsion 

angle. The beads in a chain separated by more than three bonds interact with each other through a 

Lennard-Jones potential. The force field for the CNT wall, Ar, Ne and H2 are given in Table 2. The 

force field for the C wall is the same as that developed for graphite[2-5]. The force field for H2 is taken 

from the literature[6]. The force field for Ar and Ne correspond to those used by Ackerman et al.[4], 

The force fields for alkanes have been given in detail in an earlier publication[1].  The solid-fluid 

potentials were derived from the Lorentz-Berthelot combining rules jiijjiij εεεσσσ =+= ;2/)( . 
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The Lennard-Jones potentials are shifted and cut at 1.2 nm. We assume that the nanotubes are 

completely rigid, with all carbon atoms fixed in their ideal lattice positions. The recent study of Chen et 

al.[7] has confirmed that the accounting for the flexibility for the CNT tube wall has only a small 

influence on the diffusivities when the pressure is above about 1 bar. 

Pure component adsorption isotherms were determined using Configurational-Bias Monte Carlo 

(CBMC) simulations following the procedure described in earlier publications[1, 8, 9] and a simulation 

box consisting of a single CNT, with the length of 36 unit cells; the unit cell dimensions for the various 

CNTs simulated are specified in Table 3.  

CBMC simulation results for pure component isotherms in various CNT configurations are 

summarized in Figures 4, 5, 6, 7, 8, and 9. From these isotherms we determine the saturation capacities 

qi,sat as listed in Table 4 for each species i in a particular CNT configuration.   

The MD simulation methodology and code was the same as that for zeolites, described in Appendix 

A1. The MD simulations were carried out for a variety of molecular loadings within the CNT. For 1D 

transport of molecules within CNTs of different configurations, it is convenient to express the loadings 

in terms of molecules per tube length, qi.  For zig-zag CNTs a minimum tube length of 36 unit cells, and 

for the armchair configuration a minimum tube length of 72 unit cells were used. To get accurate 

statistics for diffusivity determinations at low loadings, a minimum number of 40 molecules were used, 

resulting in simulation boxes with tube lengths of a few hundred unit cells for low loadings. All 

simulations were carried out on clusters of PCs equipped with Intel Xeon processors running at 3.4 GHz 

on the Linux operating system.   

The elements Δij were determined using 

( ) ( )⎟⎟
⎠

⎞
⎜
⎜
⎝

⎛
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==∞→Δ

ji n

k
jkjk
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l
ililt

j
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1
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2
1 rrrr  (1) 

In this expression, ni and nj represent the number of molecules of species i and j  respectively, and 

rl,i(t) is the position of molecule l of species i at any time t.  In this context we note a typographical error 

in eq (1) as printed in our earlier publication [10] wherein the denominator in the right member had ni 
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instead of nj. The simulation results presented in this publication are, however, correct as the proper 

formula given in eq (1) was used.  From the definition 
V
An

q CNTi
i = , where V is the volume of the 

simulation box and ACNT is the cross-sectional area of CNT tube, we can determine the molecular 

loadings in the units of molecules per length of tube. The Onsager Reciprocal Relations jiij LL =  yields  

ijijij qq Δ=Δ  (2) 

For single component diffusion, n=1, Δ11 can be identified with the M-S, or “corrected” diffusivity Ð1. 

Animations based on the MD simulations showing the motion of molecules can be viewed by 

downloading the movies from our website [11]. 

Figures 4, 5, 6, 7, 8, and 9 contain MD simulated data for pure component diffusivities Ði and the 

elements Δij for the various campaigns specified in Table 1. 

For describing the loading dependence of the M-S diffusivity we use the model due to Reed and 

Ehrlich[12, 13] that has been applied in the case of zeolite diffusion.[13-15], and described in Appendix 

A2. The fitted parameters φI for various molecule-CNT combinations are listed in Table 4.  

The Reed and Ehrlich model fits are shown by continuous solid lines in Figures 4, 5, 6, 7, 8, and 9. 
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2. Notation 

 

ACNT  cross-sectional area of CNT, m2 

qi  molecular loading, molecules per unit length of CNT 

qi,sat  saturation loading, molecules per unit length of CNT   

 

Other symbols as listed in Appendix A1. 
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Table 1.  MD simulation campaigns with various alkanes in various CNT topologies.  Each simulation 

was run for 5 ns and the MSD data were fitted for the 0.5 – 5 ns time range. 

CNT n Components Campaign 

1 C1, C2, C3, nC4, iC4 Pure, varying molecular loadings qi 

2 C1/C2, C1/C3, C1/nC4, C1/iC4 50-50 mixtures, varying (q1 + q2) 

Zig-zag (20,0) 

2 C1/C2 Varying xi, keeping constant 

1 C1, H2, Ar, Ne pure, varying molecular loadings qi 

2 C1/H2, and Ar/Ne 50-50 mixtures, varying (q1 + q2) 

Armchair 
(10,10) 

2 C1/H2 Varying xi, keeping (q1 + q2) constant 
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Table 2.  Lennard-Jones parameters. The units of σ  are in nm, and those of ( )Bk/ε  in K. 

Site σ  ( )Bk/ε  

Ar 0.342 124.07 

Ne 0.2789 35.7 

H2 0.296 34.2 

C(wall) 0.34 28 



 

8

Table 3. Dimensions (in nm) of CNTs used in the simulations.  The diameter represents the center-to-

center distance of C atoms on the CNT wall. 

CNT Diameter Unit Cell Length 

Zig-zag (20,0) 1.5674 
 

0.426 

Armchair (10,10) 1.3579 
 

0.246 
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Table 4.   Pure component saturation capacities and diffusion data. The data on qi,sat are in molecules per 

nm.  The zero-loading diffusivities Ði(0) are in units of 10-8 m2 s-1. 

 

Zeolite Molecule Saturation 
capacity, qi,sat / 
molecules/nm 

Ði(0) / 

10-8 m2 s-1 

z φi 

CNT(20,0) C1 20 7500 2 )3.3exp(04.0 iθ  

CNT(20,0) C2 14 2500 2 )0.3exp(17.0 iθ  

CNT(20,0) C3 9 950 2 )0.2exp(7.0 iθ  

CNT(20,0) nC4 8 720 2 )5.1exp(9.0 iθ  

CNT(20,0) iC4 7 720 2 )5.1exp(9.0 iθ  

CNT(10,10) C1 13 7500 2 )5.2exp(35.0 iθ  

CNT(10,10) H2 40 9200 2 )6.2exp(2.0 iθ  

CNT(10,10) Ar 25 2860 2 )7.0exp(54.0 iθ  

CNT(10,10) Ne 50 1870 2 )06.1exp(34.0 iθ  
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4. Captions for Figures 
 

Figure 1. Zig-zag configuration CNT(20,0)  

 

Figure 2. Armchair configuration CNT (10,10) 

 

Figure 3.  Snapshots of molecules in CNT (10,10). 

 

Figure 4.   Isotherm and diffusion data for C1-C2 mixture in CNT (20,0) 

 

Figure 5.  Isotherm and diffusion data for C1-C3 mixture in CNT (20,0) 

 

Figure 6.  Isotherm and diffusion data for C1-nC4 mixture in CNT (20,0) 

 

Figure 7. Isotherm and diffusion data for C1-iC4 mixture in CNT (20,0) 

 

Figure 8. Isotherm and diffusion data for C1-H2 mixture in CNT (10,10) 

 

Figure 9. Isotherm and diffusion data for Ar-Ne mixture in CNT (10,10) 

 



Figure 1CNT (20,0)



Figure 2CNT (10,10)



Figure 3CNT (10,10)

Snapshot of equimolar Ar-Ne mixture 

Snapshot of Ar

Snapshot of Ne

Snapshot of equimolar C1-C2 mixture 



Figure 4CNT (20,0); C1, C2, and C1-C2 mixture, 300 K
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Figure 6
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Figure 7
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Figure 8
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Figure 9CNT (10,10); Ar, Ne, and Ar-Ne mixture, 300 K
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