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1. Introduction

ABSTRACT

This paper presents a critical appraisal of current estimation methods for the Onsager coefficients L1,
Ly, and Ly, 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 L; 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 L; 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 b;. Three limiting scenarios for correlation effects have been
distinguished; for each of these scenarios appropriate expressions for the L; are presented. For CNTs,
correlation effects are dominant and the interaction factor, defined by o5 =L12/+/L11Ly2, 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., 215 =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
bjj; MD simulations underline the wide variety of factors that influence the bjj.
We also highlight two situations where estimations of the L; fail completely; in both cases the failure is
caused due to segregated adsorption. In adsorption of CO,—bearing mixtures in LTA and DDR zeolites, CO,
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.

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

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; Diiren 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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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. In MOR the 12-ring 1D channels are connected with 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
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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; Karger 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 x 2 dimensional matrix equation:

d(w

1
(N)Z—PE[L]W (1)

where Lj; are the Onsager coefficients. The Onsager reciprocal rela-
tions are

L1z =1y (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; Kadrger and Ruthven, 1992; Karger
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 L1, Lyy,
and Ly, 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 L;;. In the first approach, Sundaram and Yang (2000)
have suggested that the diagonal elements L;; can be identified with
the pure component L;; the latter is related to the "corrected” or
Maxwell-Stefan (M-S) diffusivity ;

L;=q;b; (3)

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

L
2y = 2 (4)

NIERLEY)

For a given guest—host combination, they assume a constant value of
a1y 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 COy—CHy
mixtures in CMS by taking «q5 =0.74. MD simulations of diffusion of
equimolar CHy/H, and N5/O, mixtures in CNTs yield a unity value
for a7 (Arora and Sandler, 2006; Chen and Sholl, 2004).

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

1 g 07dw
_pﬁ[A][O qz]ﬂ (5)

Ny =
The Onsager matrix [L] is related to the M—S matrix [A], which in turn
is expressed explicitly in terms of the M-S diffusivities b; and the
binary exchange coefficients by;, as derived in our earlier publications
(Krishna et al., 2008; Krishna and van Baten, 2008b):

D1(1+01Dy/Dy1)

()1 by + ()251
b1 D12

Liin=q1A11=q0 (6)

02D4
L22 =q2A22 =qzw (7)
14 %281 | 01Dy

D12 Dy
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Fig. 2. Snapshots of molecules within CNT (10,10), CuBTC, IRMOF-1, and ETS-4.
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where 0; are the fractional occupancies

eiE‘h‘/qi,sat’ i=1,2,...,n (10)

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

42,satP12 =41 satP21 (11)

and so there are three independent diffusivities B¢, Py, and DPq;
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 (Kdrger et al., 2003); this is embodied in the exchange
coefficients bj;. The bj; can be determined from the self-exchange
coefficients B;; for constituent pure components using an interpola-
tion formula (Chempath et al., 2004; Krishna and van Baten, 2008b;
Skoulidas et al., 2003b)

(2.5atP12 = [G2,5atP111T/ D192 [y (Do 192/(@1742)
=(q1,satP21 (12)

Eq. (12) has been validated for CH4—CF,4 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 oq, reflect? What are the factors that determine
oq2? Is it justified to take a constant value of a5 to describe
nanopore diffusion for a particular guest mixture—host combi-
nation? Does «1, depend on the loading within the nanopores?
How do the oy, relate with the b;;? Can we estimate of «1; from
pure component diffusion data?

(2) Istheresult «y=1, found in MD 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 L;; be identi-
fied with the pure component L;?

(4) Is the basic premise made in the literature (Chempath et al,,
2004; Krishna and van Baten, 2008b; Skoulidas et al., 2003b) that
the b; 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, g; s4- (2) MD sim-
ulations of the pure self-diffusivities D; ;ojf and M-S diffusivities
b;; combining these yields information on the self-exchange coeffi-
cients Dj;. (3) MD simulations for binary mixtures to determine the
elements Ay this allowed calculation of the Ly and %jj. 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; D; sef; B;;
Gisat; Piis Ajjs Liji o), 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 b1, by, and Pq; from the MD simulated A;;.

2. Onsager coefficients: loading dependencies and correlation
effects

In both approaches for estimating Lij, the first step involves char-
acterization of the pure component b; and L;. The b; 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 b; 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 b;; 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 b;-6; trends seen in
Fig. 3, albeit qualitatively. Recent work has also demonstrated that
a proper b;-0; 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., 20074, b).

The B; of CHy, 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 b; may also change with temperature. In the
Supplementary material MD data are presented for CHy diffusion in
LTA at various T in order to illustrate this point; this topic needs
further investigation.

The corresponding L; —q; dependences for Ne, Ar, and CO, 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 b; in the limit of zero occupancies can be used in L; estimations,
ie.,

Li = 4;P;(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 b; —q; 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 «;; as the ratios of the diagonal elements
L;; to the corresponding pure component L; values

L L
C{-H:LL:, 0(222%22 (]4)

Explicit expressions for aq1, a7, and «qy in terms of the b; and ;;
can be derived:

01D
(1 + 52'12) (15)
o =
1 1 (‘)]Dz 9291
by b2
02D1
o (1 * 2 ) (16)
22 14 02P1 | 019y
D12 + by
and
01D 0,D
oty = ( é212) ( {-%121) (17)
N 01D 02D1
<1+ Dy )<l+ Dlz)

Even though the Py, and b, 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 b; in
Eqgs. (6)—(9) are assumed to be equal to the corresponding pure com-
ponent diffusivity, evaluated at the occupancy of the total mixture

a1 + q2 (]8)

0= 91 + (‘)2 =
q1,sat 92 sat

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 b;
with the values backed-out from MD simulations of [A] for methane
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Fig. 3. Dependence of the pure component M-S diffusivity B; 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, Cl1—ethane (C2), and C1-CO, 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 Py, with occupancy 6 for Ne—Ar,
C1-Ar, and C1-C2 mixtures in FAU. The symbols represent the D1,
values backed-out from MD simulations of [A] 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 b; and bj;; 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 o4, and the factors that
influence it. From Eq. (17) we note that «;5 is a function of two di-
mensionless parameters 61D, /P51 and 0, D1 /D15, that can be inter-
preted to reflect the strength of correlations. Invoking Eq. (12) for
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equimolar (i.e., g; = ) mixtures we can show

D1y =Dq1Dyy (19)

and a qualitative impression of the significance of correlation effects
is gained by examining the magnitudes of the pure component pa-
rameter 0;P;/D;;; Fig. 6a and b present data for Ar in a variety of
nanostructures as a function of 0. We note that 0;b;/D;; varies by
about three orders of magnitude in different structures. The math-
ematical bounds are 0 < 0;D;/Dj; <oco and in all cases the degree
of correlation increases with increasing 6 as is to be expected in-
tuitively. The highest values of 0;b;/b;; 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, MF], FAU, ETS-4, CuBTC, and IRMOF-1, 0;D;/D;; > 1 for
0 > 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 «1, for: (a) a variety of mixtures in CNTs
and (b) for Ne—Ar mixture in zeolites, CuBTC, IRMOF-1, and ETS-
4. These o1y were determined from Eq. (4) using MD data on L.
The a1, hierarchy follows that dictated by the 6;P;/P;; hierarchy, as
was anticipated. For 6> 0.2 in CNTs, the approximation a15 ~ 1 is
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a good one. The «q; 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 0;D;/Db;; data for Ne, Ar, C1 and Kr
in LTA. Here C1 and Kr are the most tightly constrained at the window
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

a
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Fig. 6. Variation of 0;D;/D;; with occupancy, 0 for Ar in (a) CNT and zeolites; and
(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 «q; on 0;P;/Pj; and to test
this we present MD results for o7 in equimolar Ne—Ar, C1-Ar, and
Kr—Ar mixtures in LTA zeolite; see Fig. 8b. The aq; for C1-Ar and
Kr—Ar mixtures are practically the identical, consistent with the
0;P;/b;; data. The a1, for Ne—Ar is significantly higher, reflecting
the significantly higher correlations for Ne, that is also reflected in
the 0;D;/bjj data.
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It is also clear from Eq. (17) that ;5 — 0 as 6 — 0, and so a con-
stant, occupancy independent, value for o1 is not a good assumption
to make.

3. Negligible correlations scenario

In the limiting scenario in which correlation effects are of negli-
gible importance, 0;P;/P;; — 0 and we obtain

012 = 0 (20)

In the early work of Habgood (1958), Eq. (20) was used to model
transient uptake of N, /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

=1, oy =1,
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Fig. 8. (a) Variation of 0;D;/Dj; with occupancy, 0 for Ne, Ar, C1, and Kr in LTA. (b)
Interaction factor o, determined in equimolar Ne—Ar, C1-Ar, and Kr-Ar mixtures
in LTA as a function of the mixture occupancy, 0.

mixtures provided 0 < 0.4. A further example is shown in Fig. 9a with
data for C1-Ar mixture in CHA; these data show that «j; ~ 1, and that
the interaction factor oq5 < 0.05, up to values 6 < 0.5. Indeed, Li et al.
(2007b) and Krishna et al. (2008) were able to model permeation of
C0,/CHg, CO5 /Ny, CH4 /Ny, Ar/CHy, and CO,/CH4 /N, 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 CO,/H, permeation across the SAPO-34, have, however,
shown that correlation effects could not be ignored for this mixture
because of the presence of small Hy molecules (Krishna et al., 2008).
These findings can be rationalized by examination of the data in
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Fig. 9b for 0;D;/b;; in CHA. We note that the correlation effects for
H, 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 0;P;/Pj;>1 we obtain

2 2
9 ) 0192
Ll]_q7]+q72a L22_q7]+q72a L12_q71+q72 (21)
1 D2 1 D2 by " b
The corresponding aj ratios are
1 1
=, = , =1 22
Mg e 2T e 2 (22)
q1 by 42 By

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

q1 1
Lin=lp=hy=—~ = i (23)

1 1
e, I T

Egs. (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 D1, and D,;. 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 Lj in equimolar mixtures containing methane
(C1)—ethane (C2), Cl1—propane (C3), Cl1-n-butane (nC4), Cl-iso-
butane (iC4), C1-hydrogen (H,), and Ar—Ne mixtures in CNTs are
shown in Fig. 10. For all mixtures we note that L1 ~ Lyy ~ Lqj.
These results are in agreement with the MD results of Chen and
Sholl (2004; 2006) (for Hy—C1 mixtures), and Arora and Sandler
(2006) (for Ny—0O, mixtures) in CNT. Also shown in Fig. 10 are the
MD data for pure component L;. For all mixtures both L1 and Ly,
are lowered in the mixture below the corresponding L and L, 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 L; MD
data is good in all cases.

For the C1-H, mixture at a total loading q1 + g3 = 1.92 molecule
nm~! in CNT (10,10), the MD data for L;; 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 q; + g5 = 2.6 molecule nm~!
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 L;; are significantly lower than the pure
component L;.

Egs. (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 L;; for (a) C1-C3 mixture in AFI
and (b) C1-C2 mixture in TON; see Fig. 12. We see that L11 ~ Lyy ~
Ly, 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 o;; < 1; the diagonal elements L;;
are both reduced below the pure component values L;. The departure
of aj; from unity values is dictated by the magnitude of 0;D;/Dj;. Put
another way, if «15 > 0, then we must have both «171 and «y5 <1; we
shall test this conclusion. Fig. 13 presents «q1, xy3, and o1, data for
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equimolar Ne(1)-Ar(2) mixtures in six different zeolites, as a func-
tion of occupancy in the mixture, 0. The interaction factor «q;, in-
creases as 0 increases in all cases. Correlations also tend to have a
stronger retarding influence on the more mobile species. In all six
zeolites, with increasing 0 the o1 for the more mobile Ne decreases
in values below unity. The sharper the increase in oy, the sharper
is the corresponding decrease in the oqq. There is a less pronounced
reduction in the corresponding ay; of the tardier Ar with 6. In LTA,
CHA, and DDR the reduction is negligible and a3, ~ 1 is a reason-
able approximation. A finite, non-zero value for «q is inconsistent
with the assumption of unity values for the «q7 and ay5, 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 «;; = 1, along
with a finite non-zero «q;.

From Eq. (17) we note oy is influenced by the occupancies 60
and 6, of the two species in separate parameters. This suggests that
at constant total loading, the oq5 must vary with the relative pro-
portions of the two species. Fig. 14 presents o;; data for Ne(1)-Ar(2)
mixtures at constant total loading, g1 + g3, as a function of Ar mole
fraction, x,. Indeed, «;; is composition dependent for all zeolites. In
all cases the progressive increase in the composition of the tardier
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Fig. 11. MD data for L (solid symbols) in (a) C1-H, and (b) C1-C2 mixtures at
constant total loading, q; + g2, in CNTs as a function of mixture composition. The
estimations using Eq. (21), with the pure component diffusivity data fits given in
the Supplementary material, are shown by the continuous solid lines.

Ar has a retarding influence on Ne, and o1 is progressively reduced
with increase in x5. With increasing proportion of the more mobile
Ne, o, of Ar is also reduced below its pure component value in AF,
FAU, and MFI. However for LTA, CHA, and DDR we have oy ~ 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 Eqgs. (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 a4, 07, and «q5. This suggests that (a) the use of pure component
b; 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. 12. MD data for L; (open symbols) in equimolar (a) C1-C3 mixture in AFI; and
(b) C1-C2 mixture in TON as a function of the occupancy in the total mixture. Also
shown are the pure component L; (solid symbols). The estimations using Eq. (23)
are shown by the continuous solid line.

Fig. 15 presents L;; 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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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 b;, there is a temptation to assume the off-
diagonal element L, 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 qq st = G2.sar» the Py = Dy,
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and Py) = Dy = bqq. Eqs. (6)—(8) simplify to yield

01D 0D
b1 (] + én]) b1 (] + *%111)
14 by 7227 T 0 405)Py

b1y by

919%

o1 q
L Ay AL
1+ m q2

b1

A=

App = (24)

The off-diagonal elements A1y and Ay 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 A;; are determined
using the formula

1 11 /(d

1
. (Z(rk,j(t + AL — rk,j(t») >

k=1
In this expression n; and n; represent the number of molecules of
species Ar (1) and Ar (2), respectively, and ry ;(t) is the position vector

(25)
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Fig. 15. MD data for L; (symbols) for (a)-(c) Ne(1)-Ar(2), and (d)—(f) C1(1)-Ar(2) mixtures in CuBTC, IRMOF-1, and ETS-4 at 300K as a function of the mixture occupancy,
0. Also shown by the continuous solid lines are the estimations using Eqs. (6)—(8) and (12) using the pure component diffusivity data fits given in the Supplementary
material. Diffusion in ETS-4 is only considered along the 12-ring channels. Animations can be downloaded from our website (van Baten and Krishna, 2008).

of molecule [ of species i at any time t. The A{1, Ayy, and Ay, data are
shown in Fig. 16a, along with the pure component b; data for Ar. We
see that Aq; is finite, and non-zero. Furthermore the A;; values are
significantly lower than the b;. Eq. (24) provides a good estimation
of the Ayj data using pure component b; 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):

Diseif =411 = A2 =5~ (26)
p; T by

From MD simulations of b; and D; se¢ for unary systems, Eq. (26)
allows us to back out the Dj;; this is the procedure we had adopted
to obtain the data presented in Fig. 8.
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Fig. 16. (a) MD data for A;q, Ay, and A;; in equimolar Ar(1)-Ar(2) mixtures in FAU
as a function of the total mixture occupancy. Also shown are the pure component D;.
The continuous solid line represents the calculations following Eq. (24), using pure
component data fits given in the Supplementary material. (b) The self-diffusivities
in the mixture, D;gor, are compared with A;; — Ay,. The continuous solid line is
based on Eq. (26).

For the Ar(1)-Ar(2) equimolar mixture in FAU, the D; ;o were
computed by analyzing the mean square displacement of each
species i:

1
; =— lim —
i,self 61 At—oo0 AL

1j
<(Z(rl,i(t + At — rl,i<t>)2)> (27)

=1

D

Fig. 16b compares D; s.jr data with A7y — Aqy, 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 D; sqf is

D],self = % - % (28)
Eq. (28) was originally derived by Ash and Barrer (1967). Our main
reason to revisit the classic Eqgs. (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 L15 (=qA1y) is related to
both b; and the exchange coefficient b7, making it difficult to di-
rectly relate the L5 to correlations in molecular jumps. In the M-S
theory, the Py uniquely portrays correlations for unary diffusion.
The main coefficient L1; in Eq. (28) is also influenced by correlations,
and Ly; does not equal L; except for the limiting case of vanishing
correlations, b11/Pq — oc. There is no foundation, therefore, for ex-
pecting L1 =L to hold for binary mixtures if this equality does not
even hold for self-diffusion in unary systems. In sharp contrast, the
b4 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 L;; 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 oq1, #yy, and a1, data for equimolar Ne(1)-CO,(2)
mixtures in LTA, DDR, FAU, and CHA as a function of the mixture
occupancy, 0. 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 ayy and aqy; 17 is overestimated to a significant extent.
Since «q1 portrays the extent to which the Lq; is lowered below the
pure component value Ly, this implies that the actual situation (i.e.,
portrayed by MD) leads to a more significant lowering of L; 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 o5 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 b; 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 ; of Ne, Ar, Ny, and O,
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 A;; for a variety of equimolar mixtures. Consider,
for example the diffusivity of Ar in LTA. We see from Fig. 18b that the
pure component b; is in good agreement with the values backed out
for Ar—Ne, and Ar—C1 mixtures. However, for Ar—CO, mixtures, the
backed-out diffusivity for Ar is lower than the pure component value
by about one order of magnitude at high 0. The same story holds
for other molecules Ne, N5, and O, in both LTA and DDR, i.e., the
pure component b; are in good agreement with values in mixtures,
provided these do not contain CO,. Fig. 18 also shows that in CO,-
bearing mixtures the b; are lowered below the pure component
value by increasing extents as the 60 increases. This reduction is due
to the fact that CO, gets preferentially, and strongly, adsorbed at the
narrow windows of these zeolites, hindering the diffusion of partner
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Fig. 17. MD data for o1, 0, and o in equimolar Ne(1)-CO,(2) mixtures in (a) LTA, (b) DDR, (c) FAU, and (d) CHA as a function of the mixture occupancy, 0. 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.

molecules; this was shown in an earlier study on self-diffusion in
CO,-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 CO, at the window regions can be gained from
the animations of intercage hopping of molecules (van Baten and
Krishna, 2008).

While CO, 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 CO, in CO,-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 CO, in the mixtures increases. To demonstrate this we present
results for M-S diffusivities of Ne, Ar, N5, and O, in DDR in CO,-
bearing mixtures where the total loading, q; + g3, is held constant;
see Fig. 19b. Since the mixture occupancy 0 is practically unchanged
in this case, the classical M-S estimation procedure anticipates prac-
tically no reduction in the b; values of Ne, Ar, Ny, and O,; the MD
results, however, show that there is about an order of magnitude
reduction in the b; when the CO, mole fraction approaches unity.
Interestingly, for Ar, N5, and O, the b; values are lowered to values
below that of the "tardier” CO,.

Experimental evidence of window blocking can be obtained from
a re-analysis of the published DDR permeation data for CO5—CHy
and CO,-N, mixtures (van den Bergh et al., 2007, 2008). Fig. 20a
compares the membrane transport coefficients, pb;/J, for pure CHy
with those of CH,4 in mixtures with CO,, and with N,. When com-
pared at the same occupancy 0, there is a dramatic reduction in the

transport coefficient due to the presence of CO,, most likely due to
window blocking. Fig. 20b shows a similar strong reduction in the
transport coefficient for Ny in CO,—N, mixtures. In practical terms
the selectivity for permeation of CO, 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 CO, 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 10% 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 B¢y value is lower in the mixture by more than one order
of magnitude. A similar story holds for B¢ in the C1-C3 mixture.
The reason for the lower DBy 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-CO, mixtures it is the CO,
that gets trapped in the side pockets (cf. snapshot in Fig. 1); for this
reason MOR is not a good adsorbent choice for CO, removal from
natural gas (Garcia-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 b;; 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 «qy is a function of two dimensionless factors parameters
reflecting correlations: 61D, /DPy7 and 6,D1/P13; Eq. (17) allows
its estimation from pure component diffusion parameters by
invoking the interpolation formula (12). A constant value of
oq is never a good assumption for mixture diffusion except
when (a) correlations are negligibly small giving «;5 =0 or (b)
correlations are dominant. For all other cases «;, depends on
occupancy 0 and on composition of the mixture.
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Fig. 20. Comparison of transport coefficients, pD;/0, for (a) CHs and (b) N,
backed-out from unary and binary mixture permeation data across DDR membrane
(van den Bergh et al., 2007, 2008). The data for N, is backed out from CO,-air
mixture permeation; we consider N, and O, to have equal diffusivities. The back-
ing-out is done with the pure component adsorption and diffusion data presented
in earlier work (Krishna and van Baten, 2008c), using the procedure described ear-
lier (Krishna and van Baten, 2008b). The data at different temperatures have been
normalized to 300K, by using the diffusion activation energy.

(2) The result 095 =1 is valid only for systems in which correlation
effects dominate such as in CNTs; in all other cases we have the
bounds 0 <oqy < 1.

(3) The diagonal elements L;; can be identified with the pure com-
ponent L; only when correlation effects are negligibly small; in
this case Eq. (20) holds and «75 = 0. A non-zero finite value for
a1 necessarily implies Lj; < L;.
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(4)

The assumption that the M-S diffusivity b; in the mixture is the
same as that for pure components is violated in cases where we
have strongly segregated adsorption. For CO,-bearing mixtures,
the preponderance of CO, 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 by. In MOR
zeolite the preferential location of C1 in the side-pockets tends
to lower the B¢y in mixtures with C2 or C3. There is a need
for developing reliable estimation procedures for cases where
segregation effects occur.

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.

For correlation dominated systems such as CNTs simple expres-
sions are obtained using the Onsager approach: Egs. (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]
b;

matrix of Fick diffusivities, m? s
Maxwell-Stefan diffusivity of species i, m2 s~

b;(0)

i sat
l'l,i(f)

x =94 X

zero-loading Maxwell-Stefan diffusivity of species i,
m?s~1

self-exchange diffusivity of species, m2 s~1
binary exchange diffusivity, m2 s—!
self-diffusivity, m2 s—1

Onsager coefficients of pure species i, mol kg_1
m2s~1

Onsager coefficients in binary mixture, molkg™
m2s~1

number of molecules of species i in simulation box,
dimensionless

molar flux of species i, molm—2s~!
loading of species i, mol kg’1
saturation loading of species i, mol kg™
position vector for molecule ! of species i at any time ¢,
m

gas constant, 8.314Jmol~ 1 K~!

time, s

absolute temperature, K

spatial distance, m

1

1

Greek letters

ratios defined by Eq. (14), dimensionless
interaction factor defined by Eq. (4), dimensionless
thickness of membrane, m

matrix of Maxwell-Stefan diffusivities, m2 s~!

total occupancy of mixture, dimensionless
fractional occupancy of component i, dimensionless
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Ui molar chemical potential, ] mol !
p framework density, kg m—3
Subscripts

ij components in mixture

sat referring to saturation conditions

Vector and matrix notation

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

Maxwell-Stefan formulations; Estimations; Backing-out

of M-S Bi and Bij

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

1 & du,
N=-p—>SL —L: i=12.n 1
' pRTJZ::‘ Y dx )

where L;; are the Onsager coefficients. The Onsager reciprocal relations are

L =L, )

y Jt

For unary systems, n = 1, eq (1) simplifies to

1 du,

N, =-pL, — 3
i =Pl 3)
By introducing the thermodynamic factor I';
- du, dq, dln f, - df.
4 4 _ I, i; I = nf, 4 7. ; unary system 4)
RT dx dx ding, f, &,
we may re-write eq (3) for a unary system as
dq.
Ni:_pLii 1i )
dx

i



For unary diffusion the Fick diffusivity, D;, and the Maxwell-Stefan (M-S) or “corrected” diffusivity,

D, are defined by

dq, q, du,
N =—pD i _p1i p 250 6
and the Onsager coefficient may be related to the Fick and M-S diffusivities
L, =¢q,D, :qiDi/ri (7)

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

manner

- p— L= - 4 L i=12,.n (8)
Zl qi,satqj,satBlj qi,satDi

where @ are the fractional occupancies
ei = Qi /qi,sat i= 1,2,...” (9)
and g; st represents the saturation capacity of species i.
Equation (8) defines two types of M-S diffusivities: D; and D, . The binary exchange coefficients D,

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

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

coefficient D, implies stronger correlation effects. When D, — o, correlation effects vanish; the first

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

Conformity with the Onsager Reciprocal Relations (2) demands that
qj,satDij = qi,satBji (10)

Equation (8) can be cast into n-dimensional matrix notation



g 0 0 0
0 g, 0 0
1 d(u)
—pl0 0 o o|— 24 [N 1
p | .~ =[BIN) (11)
0 0 0 - 0
0 0 0 0 gq,

by defining an n-dimensional square matrix [B] with elements

1 " 6. q: . 6.
B =—+Y—"; B =-"T0 7. ji=12.n 12
ii B ;B] ) ] ( )

9 jsa Y

We denote the inverse of [B] as [A]:
(8" =[al (13)

Comparing equations (1), (11), and (13) we find that [A] is simply related to the Onsager matrix [L]

g, 0 0 0 0
0 gb 0 0 0

Allo o - 0 o |=][L] (14)
0 0 0 . 0
0 0 0 0 gq,|

The elements A;j can be determined from MD simulations in each of the three coordinate directions

using the formula

Ay = . lim i%<(i (rl,i (t+At)—r, (l‘))J '( " (rk,j (t+AH)-r, (t))]> (15)

=1 k=1

In this expression #r; and n; represent the number of molecules of species i and j respectively, and r1;(?) is
the position of molecule / of species i at any time ¢. For unary systems eq (15) yields the M-S

diffusivity D,. The MD simulation strategy is discussed in Appendix A2.

The Onsager reciprocal relations (2) translate to

Bya, =4, (16)

i



For binary mixtures, i.e. n = 2, the relation between the Onsager matrix [L] and the M-S matrix [A] is
|:L11 le}:[An‘h Alz‘h} 17)
Ly, Ly Ayg, Ang,

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]

6D
5 Dl(H;D 2)
A, = ! = 2l (18)
92D1 1+91B2+92B1
1+ BIZ 21 12
1 elDZ
21
5 Bz(l+9291j
A 2 2 (19)
2 elDZ 1+92D1+QIDZ
1+ DZI DIZ 21
1+ %D,
BlZ
D QIDZ
1
b
A, = 21 (20)
N 1+@+%
BZ] BIZ
B 02B1
2
q, D,
A, =22A = (21)
. q9, “ 1+01B2 +HZBI
21 DIZ
We define the ratios
an:i:i; azzzi:ﬁ; a, = aE - & alt (22)

Ll Bl L2 BZ \/L11L22 g '\/AIIAZZ

From eqgs (18), (19), (20), and (21) we obtain



91D2
[+ 122
DZl
(23)

_1+01D2 +02D1
BZI D]2
1+%
o Pua (24)
” 1+ % + @
12 21
(91192 J(HZBI J
D b
a, = 21 12 (25)
(1+91B2J(1+9291J
DZI DIZ
2. Scenario in which correlations are negligible
In the limiting scenario in which correlations effects are of negligible importance:
‘91')9/ . ..
——0; correlations negligible (26)
ji
we obtain
A,=D; A,=D, A,=A, =0; correlationsnegligible (27)
and
o, =1 a,=1 a,=0; correlations negligible (28)

3. Scenario in which correlations are dominant

For the case in which correlation effects are dominant



6.D.

—. >>1; correlations dominant (29)
Ji
we get
b D b ) .
A, 1 — L= 1 ; correlations dominant
0,D, 0,D, 1+&ﬂ b, (30)
1+ D, 1+ D, 6 D, D,
1+ elBZ elBZ
21 D,,
b b b
A, = 2 - L= 2 ; correlations dominant (31)
01B2 elDZ 91 BZ DIZ
1+ 022
1+ DZ] 1+ DZ] 2 Bl BZ]
1+ 0231 92D1
12 DIZ
6D 6D
Dl 12 Dl 12
A, = D ) = D, =A,,; correlations dominant (32)
. 1+91192 +92191 6,D, +92191 1+izﬂ 21 v
DZI DIZ DZI DIZ 9 D
0231
6,b, 6,b P D,
A, =1+ - 2= =A,,; correlations dominant (33)
D b b, 6,b 0, D,
2 12 e T L B e )
b, B, 6, b, D

In the denominators in the extreme right members of eqs (30) and (31) we introduce equation (10), i.e.

921 q2 sat Dlz QIsat
9250 P2 =91 P15 =— =— (34)
t t b, 9\ sar b,, 95 5

along with
9] — ql , 92 — q2 (35)
ql,sat q2,sat
to obtain



A, =A,,; correlations dominant (36)
1+ qiz i
9, D,
D, ) .
A,, =————=A,,; correlations dominant (37)
1+ ﬂ &
q, D,

It is interesting to note that

The elements of the Onsager matrix [L] can be obtained from the M-S matrix [A] using eq. (17):

2
L,=Aq = q—l; correlations dominant (38)
s
Dl BZ
q 2
L, =A,q,=—">—; correlations dominant (39)
s
Bl BZ
L _ A _ qlqz . : .
» =A,q, =————; correlations dominant (40)
4 92
Dl BZ
The ratios ¢; are
1 . .
o, =— ; correlations dominant (41)
1 qZ Dl
+ - -
9, b,
1 . .
o,, =——  ; correlations dominant (42)
1+ ﬂ &
9, B,

a,, =1; correlations dominant (43)



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.
D, =D,; identical species (44)

From eqgs (18), (19), and (20) we obtain

6,.D
b, (1+;DIJ
A, = & ; 1dentical species 45
N A )
|42
Bll
6,D
DI(H 129 ‘j
A, = (91 +921;BI ; 1dentical species (46)
4220
Dll
A, = O ;A=A 92, identical species (47)
1+(91+92)Dl q,
Bll

The corresponding ¢; ratios are

Bll

a, = @565, ; identical species (48)
I+-—
11
)
oy, = . (191+61’12)Bl ; 1dentical species (49)

Dll



01B1 02D1
Bll Bll

(Héwl j(Hé’zBlj
Bll Dll

Further simplification arises for equimolar mixtures, q;= q2; &= 6;

1+—9'B1
by, .

1,265,
Bll

o, = identical species (50)

o, =0, = identical species, equimolar (51

6,D,

b
o, =—————; identical species, equimolar (52)

1+@
Dll

5. Estimation of [A] 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 [A] and Onsager matrix [L] from pure component diffusion data.

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

Ehrlich model:

l+g,)” —1+26,)¢,
(1(+18})¢ oo (ﬂlz(ltaﬂm P Bi=1-46,1-6,)1-1/¢)) (53)

D, =D,(0)

The values of the coordination number z and fitted expression for ¢ (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 P; are obtained from MD simulations of pure component

coefficients D;ir and B;. The occupancy dependence of B;; are fitted using the empirical expression



b,
— =a.exp(-b.0. 54
5 % p(-b,6)) (54)

The fitted values of a; and b; 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 ¢; and ¢», we estimate the binary exchange

coefficients Dj,, and P, using the interpolation formula suggested earlier[6, 10]
%,mDU = [92,saan]ql/(ql+q2) [91,sazDzz]q2/(ql+q2): %,wf)zl (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 D;;, and

D»; are calculated using eq (54) using the occupancy of the total mixture, 6, defined by

0=0+0, =14 92 (56)
ql,sat q2,sat

Step 4. The M-S diffusivities D; 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 A;j 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 D; and D;; from simulated [A] data

In order to test the assumption that whether the M-S diffusivity D; is the same as the value for pure
component, at occupancy of the total mixture, €, we derive formulae for extracting P; , P,, from

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

10



Ay Dy ). Dy —[A”—IJ (57)

Similarly from eqs (19) and (21)

A, _ D, . D, :[Azz _IJ (58)
A, 0,0, 0,D, A,
D,

Introducing eqs (57) and (58) into eqs (18) and (19) and re-arranging we get

Al 1+ ! + !
Au_l] (Aj
A A
Dl — 12 21 (59)
1+ L
[A”_IJ
AIZ
and
Al 1+ ! + I
(A] (A—]
A A
B2 12 21 (60)
1+ !

The exchange coefficients can then be explicitly determined by combining eqs (57) , (58), (59), and

(60)
11



Ayl 1+ +
A“—lj (Azz_ ]
A A A
B12 :92(A22 —1] 2 2 (61)
21
1+ !
(A“_I]
A12
A1+ ! + !
22
(A“—lj (Aﬂ_lj
A A A
D21 zel[All _lj 12 21 (62)
12
1+ !

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

7. Expression for D, D,;
In calculation of the interaction factor ¢4, using eq (25), we encounter the product Pi, D,; in the
numerator. We derive a simple expression relating this product to the product of the self-exchange

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

fractions x;
o= o = gy (63)
q, %4, q, %4,
Invoking eq (34), (55), and (63)
q ,5a X = Xy)— X X2
D,D,, :#19121912 = [qZ,sat]z : [%,sat]z I[Bll]z [Dzz ]2 (64)

1,sat

12



For equimolar loadings, x; = x, = 0.5,we get the simple result
b,bD, =D, D, (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

dlq)

(N)=-p|D] -

(66)

We define matrix of thermodynamic correction factors [I']

. 2 - JdIn f. o,
Iy =3 Vg 1= Dy, (67)
RT =1 ‘ q;, dIng; f, A,

where f; represents the fugacity of component i in the bulk fluid phase. The I'j; 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

d(g)

(N)=—plA] [r]g (68)
and so
[D]=[A]lr] (69)

Other definitions of the thermodynamic factors are used in the literature [6, 10, 11].

13



E

Greek letters

Bi
[T]
T
[A]

9. Notation

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

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

matrix of inverse Maxwell-Stefan coefficients, m?s

self-diffusivity, m* s

Maxwell-Stefan diffusivity of species i, m* s

zero-loading M-S diffusivity of species i, m” s

self-exchange diffusivity, m” s

binary exchange diffusivity, m* s™

fugacity of species i, Pa

Onsager coefficients, mol kg m? s in zeolites; molecule nm™ m”s™ in CNT
molar flux of species i, mol m™ s™

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

loading of species i, mol kg™ in zeolites; molecule nm™ in CNT
saturation loading of species i, mol kg™' in zeolites; molecule nm™ in CNT
gas constant, 8.314 J mol”' K!

absolute temperature, K

spatial distance, m

coordination number, dimensionless

Reed-Ehrlich parameter, dimensionless
matrix of thermodynamic factors, dimensionless
thermodynamic factors, dimensionless

matrix of Maxwell-Stefan diffusivities, m? s!

14



Ei

?;

Hi

Subscripts

sat

Reed-Ehrlich parameter, dimensionless
Reed-Ehrlich parameter, dimensionless

fractional occupancy of component i, dimensionless
molar chemical potential, J mol’

framework density of zeolite, kg m™

referring to saturation conditions

components in mixture

Vector and Matrix Notation

0)
[]

n dimensional column matrix

nxn dimensional square matrix

15
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Appendix A2: Molecular Stmulation 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 7 = 300 K. For methane (C1) diffusion in LTA, MD
simulations were carried out for 7= 800, 1000, 1200, 1400, 1600, and 1800 K in order to investigate the
loading dependence as a function of 7. 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 gsi = +2.05 and go=-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 CHy are taken from Dubbeldam et al[6] and Calero et al.[3]. CO, molecules are taken



linear and rigid with bond length C—O of 1.16A according to the 3LJ3CB.EPM2 model developed by
Harris and Young [7]. We use the 2LJ3CB.MSKM model for N, dumbbell molecules with a rigid
interatomic bond of 1.098A[8, 9]. The partial charges of N, and CO, 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 CHy-zeolite interactions are
taken from Dubbeldam et al.[6]. The Lennard-Jones parameters for CO,-zeolite and Nj-zeolite
interactions are essentially those of Makrodimitris et al.[9]; see also Garcia-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 O, is taken from the work of Mellot and Lignieres[15]. The
force field for H, corresponds to that given by Kumar et al.[16] In implementing this force field,
quantum effects for H, 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 A. 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 A. Periodic boundary conditions were employed.



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 Cl1 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 o

and &kg.

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
3



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, D;ger, were computed by analyzing the mean square displacement of each

species i for each of the coordinate directions:

I=1

Diaself = L lim L<[§: (rl,i (t+Ar)— r, (t))z j> )

In this expression n; represents the number of molecules of species i respectively, and r;;(¢) is the
position of molecule / of species i at any time ¢. The expression (1) also defines the self-diffusivity in a

n-component mixture.



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

coordinate directions from

=1

1. 11 /(& ’
2 _EAI}Eln_lE<[Z(rl,i(t+At)_rl,i(t))j > 2)

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 P = (Bx +D, )/2. For all other cases (MFI, FAU, LTA, CHA, IRMOF-1,
CuBTC) the average values calculated according to D = (Bx +D, +BZ)/ 3 are presented. In all cases

reported here, the MSD values were linear in ¢ for # > 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 D;; were calculated from

p=— _ (3)

where @ is the fractional occupancy:

0. = 4 (4)

1

Qi,sat

The values of the saturation capacities gise were determined from CBMC simulations of the
isotherms. For all molecule-zeolite combinations the pure component diffusion data, for D; s, B, and

b, /D, are presented in Appendix A3 in graphical form. The data on B, /B, was correlated using

D.
i — g -b.6. 5
Di a, eXp( i z) ( )



The fitted values of a; and b; 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 [A] and [L] using pure component diffusion data, it is
essential to have a reasonable representation of the P; - & behavior in various zeolite structures. The
most convenient and practical physical model to quantify the D; - ¢; 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(R—Yi) ,

where OF, represents the reduction in the energy barrier for diffusion. The values of OE, 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, &

(1+e )"

DO e gy

(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 @, 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)

_B142006, 4 oA
f§=te) B, =1-46,1-6,)1-1/¢) (7)



The fitted values of @ 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 7= 800, 1000, 1200, 1400,
1600, and 1800 K in order to investigate the loading dependence as a function of 7. The data are
presented in Appendix A3. We note that the D; - ¢i behavior changes with 7. 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 [A], defined by

RT| 0 gq,| dx dx

(N>=—pﬁ{ql | }d—(“)}p[A][r]M (®)

are obtained in each coordinate direction from

=1 k=1

Ay = %}}E}o%i<(i (rl,i (t+At) -1, (t))J * ( 3 (rk,j (t+A)-r, (t))j> 9)

In this expression #n; and n; represent the number of molecules of species i and j respectively, and ry;(¢)
is the position of molecule / of species 7 at any time z. 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 #;
instead of »;. 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

(V)=-p-L [1]4W)

10
RT dx (19)



The units of L; are m” s mol kg when component molar loadings ¢; have the units of mol kg™. For
diffusion in carbon nanotubes the component loadings are expressed in molecule nm™, and the units of

Lijare m” s” molecule nm™. The inter-relationship between [A] and [L] is
Aq. :L:. (11)

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

The Onsager Reciprocal Relations L, = L, imply
Ayq;=A,q; i,j=12,..n (12)

For all binary mixture-zeolite combinations the data on D; ir and Aj; are presented in Appendix A4 in

graphical form. Also presented in Appendix A4 are the ratios &, and o,

all :—’ 6{22 = (13)

=0y (14)

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

mixture occupancy calculated from

6-6+6,- N 4 @ (15)

ql,sal QZ,sat

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:

I‘Li(t)

t

position of molecule / of species 7 at any time ¢, m

time, s

10



Table 1. Characteristic sizes of channels or windows for zeolite structures

Zeolite Channel or window size/ A

MFI 10-ring intersecting channels of 5.1 — 5.6 A size
AFI 12-ring 1D channels of 7.3 A size

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

FAU 12-ring window of 7.4 A size

LTA 8-ring window of 4.1 A size

CHA 8-ring window of 3.8 A size

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

MOR 12-ring 1D channels of 6.5 — 7 A size, connected

to 8-ring side pocket of 2.6 A- 5.7 A size

11




Table 2. Correlation parameters a; and b; describing self-exchange coefficients P;; defined by Eq. (3)

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

component P; and D; g .

Zeolite Molecule | g; b;
AFI Cl 0.04 -4
AFI co2 0.15 14
AFI Ar 0.15 -1.4
AFI Ne 0.13 0.9
MOR Cl1 1 2.5
MOR C2 16 1.7
MOR C3 4 3

12



Table 3. Correlation parameters a; and b; describing self-exchange coefficients P;; defined by Eq. (3)

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

component P; and D; g .

Zeolite Molecule | g; b;
FAU Cl 0.5 0.9
FAU C2 0.9 0.2
FAU o, 045 0
FAU Ar 038 0.45
FAU Ne 026 I
MFI Cl 0.42 13
MFI CO, 0.8 2
MFI Ar 027 1
MFI Ne 0.14 0
LTA Cl 20 1
LTA CO, 2 0
LTA N, 2.0 21
LTA Ar 2.4 2
LTA Ne 0.65 1.7
CHA Cl 5 0
CHA CO, 15 13
CHA Ar 2.6 1.6
CHA Ne 0.7 13
DDR Cl 5 0
DDR Ne 0.9 2.5
DDR CO, 1.6 1.7
DDR N, 32 4
DDR 0, 40 35
DDR Ar g 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.

13



Table 4. Correlation parameters a; and b; describing self-exchange coefficients P;; defined by Eq. (3)

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

component P; and D; g .

Zeolite Molecule | g; b;
CuBTC Cl 0.5 0.6
CuBTC Ar 05 14
CuBTC Ne 023 13
IRMOF-1 Cl 0.5 0.75
IRMOF-1 Ar 0.27 0
IRMOF-1 Ne 025 0.8
ETS-4 Cl1 0.13 0.6
ETS-4 Ar 0.15 04
ETS-4 Ne 0.12 0

14



Table 5. Reed-Ehrlich parameters for a variety of molecules in AFI, TON, MOR zeolites.

Zeolite Molecule | Saturation bi(0)/ z &
capacity, ¢isat/ s 2
mol/kg 10" m"s
AFI Cl 4.55 8.27 2 042 exp(—l 7601 )
AFI C3 14 4 2 1.07
AFI o, 6 2.16 2 132
AFI Ne 16 9.8 2 0.73
AFI Ar 6.6 5.1 2 0.56
TON Cl 2.8 3.5 2 12 exp(—2.76t9i)
TON C2 2.5 2.64 2 4.65 eXp(—l.Oé’l.)
MOR Cl 5.6 5.97 2 0.534
MOR C2 3.6 11.7 2 035
MOR C3 28 6.6 2

2.24 exp(—3.296,)
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Table 6. Reed-Ehrlich parameters for a variety of molecules in FAU, MFI, CHA, DDR zeolites.

Zeolite Molecule | Saturation Di(0)/ z &

capacity, ¢isat/ P

mol/kg 107 m”s
FAU Ci s z 3 0.75exp(0.126))
FAU ) 6.24 24 5 0.85
FAU 02 2 185 5 0.92
FAU Ne 34 4.64 5 17
FAU Ar E 263 5 0.98exp(0.066,)
MFI Cl 4 175 23 1.0exp(1.06,)
ViFT co2 59 044 25 144 exp(—0.726))
MFI Ne 20 2.94 25 0.68
M At 6 EE 25 3.36exp(~1.540,)
LTA Cl 102 0.018 5 5.9exp(—0.646,)
LTA CO; 12 0.4 > 0.76 exp(—0.56,)
LTA N, 125 08 5 1.5exp(-0.156,)
LTA Ar 125 0.58 5 15
LTA Ne 35 183 5 122
CHA Cl 832 2.1x10° 5 4.55exp(-0.986,)
CHA Co, 971 021 5 147
CHA Ar 971 0.285 5 1.64
CHA Ne 277 174 5 131
DDR Cl 42 4.76x10” 5 6exp(—0.26,)
DDR Ne 14 1.06 3 1.63exp(—0.46,)
DDR Co, 46 0.113 5 )
DDR N, 54 0.16 3 3.7exp(—0.956,)
DDR 0, 54 0.19 5 2.25exp(-0.246,)
DDR Ar 54 0.075 5

3.5exp(—0.746.)
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Table 7. Reed-Ehrlich parameters for a variety of molecules in CuBTC, IRMOF-1, and ETS-4.

Zeolite Molecule | Saturation Di(0)/ z ]

fggﬁigy, Gisal |5 2
CuBTC ci 25 L9 3 2.4exp(—0.96)
CuBTC Ar 35 L9 5 2.2exp(-0.76))
CuBTC Ne 80 5.7 5 1.6exp(-0.450,)
IRMOF-1 Cl 41 33 5 1.5exp(-0.26,)
IRMOF-1 Ar 58 2.65 5 1.8exp(—0.56,)
IRMOF-1 Ne 104 6.95 5 1.44 exp(=0.156,)
ETS-4 1 45 6.83 2 0.7 exp(1.06,)
ETS-4 Ne 16 7.8 2 0.7 exp(—0.46,)
ETS-4 Ar 5 4.5 2

1.40exp(—0.168,)

17



[1]

[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]
[12]

[13]
[14]
[15]
[16]

[17]

[18]

[19]
[20]

[21]

9. References

C. Baerlocher, L.B. McCusker, Database of Zeolite Structures, International Zeolite Association,
http://www.iza-structure.org/databases/, 26 June 2001.

E. Jaramillo, S.M. Auerbach, New force field for Na cations in faujasite-type zeolites, J. Phys.
Chem. B 103 (1999) 9589-9594.

S. Calero, D. Dubbeldam, R. Krishna, B. Smit, T.J.H. Vlugt, J.F.M. Denayer, J.A. Martens,
T.L.M. Maesen, Understanding the role of sodium during adsorption. A force field for alkanes in
sodium exchanged faujasites, J. Am. Chem. Soc. 126 (2004) 11377-11386.

J.P. Ryckaert, A. Bellemans, Molecular dynamics of liquid alkanes, Faraday Discuss. Chem.
Soc. 66 (1978) 95-106.

D. Frenkel, B. Smit, Understanding molecular simulations: from algorithms to applications,
Academic Press, 2nd Edition, San Diego, 2002.

D. Dubbeldam, S. Calero, T.J.H. Vlugt, R. Krishna, T.L.M. Maesen, B. Smit, United Atom
Forcefield for Alkanes in Nanoporous Materials, J. Phys. Chem. B 108 (2004) 12301-12313.
J.G. Harris, K.H. Yung, Carbon Dioxide's Liquid-Vapor Coexistence Curve And Critical
Properties as Predicted by a Simple Molecular Model, J. Phys. Chem. 99 (1995) 12021-12024.
C.S. Murthy, K. Singer, M.L. Klein, [.LR. McDonald, Pairwise additive effective potentials for
nitrogen, Mol. Phys. 41 (1980) 1387-1399.

K. Makrodimitris, G.K. Papadopoulos, D.N. Theodorou, Prediction of permeation properties of
CO; and N through silicalite via molecular simulations, J. Phys. Chem. B 105 (2001) 777-788.
A.G. Bezus, A.V. Kiselev, A.A. Lopatkin, P.Q. Du, Molecular statistical calculation of the
thermodynamic adsorption characteristics of zeolites using the atom-atom approximation. Part 1.
Adsorption of methane by zeolite sodium-X, J.Chem.Soc., Faraday Trans. I1 74 (1978) 367-379.
A.V. Kiselev, A.A. Lopatkin, A.A. Shul'ga, Molecular statistical calculation of gas adsorption
by silicalite, Zeolites 5 (1985) 261-267.

E. Garcia-Pérez, J.B. Parra, C.O. Ania, A. Garcia-Sanchez, .M. Van Baten, R. Krishna, D.
Dubbeldam, S. Calero, A computational study of CO,, N, and CH4 adsorption in zeolites,
Adsorption 13 (2007) 469-476.

AL Skoulidas, D.S. Sholl, Transport diffusivities of CH4, CF4, He, Ne, Ar, Xe, and SF in
silicalite from atomistic simulations, J. Phys. Chem. B 106 (2002) 5058-5067.

O. Talu, A.L. Myers, Reference potentials for adsorption of helium, argon, methane and krypton
in high-silica zeolites, Colloids Surf., A 187-188 (2001) 83-93.

C. Mellot, J. Lignieres, Monte Carlo SImulations of N, and O, adsorption in silicalites and
CaLSX zeolites, Mol. Simulation 18 (1997) 349-365.

A.V.A. Kumar, H. Jobic, S.K. Bhatia, Quantum effects on adsorption and diffusion of hydrogen
and deuterium in microporous materials, J. Phys. Chem. B 110 (2006) 16666-16671.

M. Gallo, T.M. Nenoff, M.C. Mitchell, Selectivities for binary mixtures of hydrogen/methane
and hydrogen/carbon dioxide in silicalite and ETS-10 by Grand Canonical Monte Carlo
techniques, Fluid Phase Equilib. 247 (2006) 135-142.

D. Dubbeldam, S. Calero, T.J.H. Vlugt, R. Krishna, T.L.M. Maesen, E. Beerdsen, B. Smit, Force
Field Parametrization through Fitting on Inflection Points in Isotherms, Phys. Rev. Lett. 93
(2004) 088302.

T.J.H. Vlugt, R. Krishna, B. Smit, Molecular simulations of adsorption isotherms for linear and
branched alkanes and their mixtures in silicalite, J. Phys. Chem. B 103 (1999) 1102-1118.
T.J.H. Vlugt, BIGMAC, University of Amsterdam, http://molsim.chem.uva.nl/bigmac/, 1
November 2000.

R. Krishna, J.M. van Baten, Using molecular simulations for screening of zeolites for separation
of CO,/CH4 mixtures, Chem. Eng. J. 133 (2007) 121-131.

18



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]

R. Krishna, J.M. van Baten, Influence of segregated adsorption on mixture diffusion in DDR
zeolite, Chem. Phys. Lett. 446 (2007) 344-349.

R. Krishna, J.M. van Baten, Insights into diffusion of gases in zeolites gained from molecular
dynamics simulations, Microporous Mesoporous Mater. (2007)
DOI:10.1016/j.micromeso.2007.04.036

R. Krishna, J.M. van Baten, Segregation effects in adsorption of CO, containing mixtures and
their consequences for separation selectivities in cage-type zeolites, Sep. Purif. Technol. (2008)
http://dx.doi.org/10.1016/j.seppur.2007.12.003

R. Krishna, J.M. van Baten, Diffusion of hydrocarbon mixtures in MFI zeolite: Influence of
intersection blocking, Chem. Eng. J. (2008) http://dx.doi.org/10.1016/j.cej.2007.11.026

S.M. Kuznicki, V.A. Bell, S. Nair, H.-W. Hillhouse, R.M. Jacubinas, C.M. Braunbarth, B.H.
Toby, M. Tsapatsis, A titanosilicate molecular sieve with adjustable pores for size-selective
adsorption of molecules, Nature 412 (2001) 720-724.

R.P. Marathe, K. Mantri, M.P. Srinivasan, S. Farooq, Effect of Ion Exchange and Dehydration
Temperature on the Adsorption and Diffusion of Gases in ETS-4, Ind. Eng. Chem. Res. 43
(2004) 5281-5290.

R.S. Pillai, S.A. Peter, R.V. Jasra, Adsorption of Carbon dioxide, Methane, Nitrogen, Oxygen
and Argon in NaETS-4, Microporous Mesoporous Mater. (2008)
http://dx.doi.org/10.1016/j.micromes0.2007.11.042

D. Dubbeldam, K.S. Walton, D.E. Ellis, R.Q. Snurr, Exceptional Negative Thermal Expansion
in Isoreticular Metal-Organic Frameworks, Angew. Chem. Int. Ed. 46 (2007) 4496-4499.

D. Dubbeldam, H. Frost, K.S. Walton, R.Q. Snurr, Molecular simulation of adsorption sites of
light gases in the metal-organic framework IRMOF-1, Fluid Phase Equilib. 261 (2007) 152-161.
Q. Yang, C. Zhong, Electrostatic-Field-Induced Enhancement of Gas MixtureSeparation in
Metal-OrganicFrameworks: A Computational Study, ChemPhysChem 7 (2006) 1417-1421.

A. Vishnyakov, P.I. Ravikovitch, A.V. Neimark, M. Biilow, Q.M. Wang, Nanopore Structure
and Sorption Properties of Cu-BTC Metal-Organic Framework, Nano Lett. 3 (2003) 713-718.
W. Smith, T.R. Forester, I.T. Todorov, The DL_POLY Molecular Simulation Package,
Warrington, England, http://www.cse.clrc.ac.uk/msi/software/DL._POL Y/index.shtml, March
2006.

SARA, Computing & Networking Services, Amsterdam,
https://subtrac.sara.nl/userdoc/wiki/lisa/description, 16 January 2008.

D.A. Reed, G. Ehrlich, Surface diffusion, atomic jump rates and thermodynamics, Surf. Sci. 102
(1981) 588-609.

R. Krishna, J.M. van Baten, Diffusion of alkane mixtures in zeolites. Validating the Maxwell-
Stefan formulation using MD simulations, J. Phys. Chem. B 109 (2005) 6386-6396.

R. Krishna, J.M. van Baten, Insights into diffusion of gases in zeolites gained from molecular
dynamics simulations, Microporous Mesoporous Mater. 109 (2008) 91-108.

E. Beerdsen, D. Dubbeldam, B. Smit, Molecular Understanding of Diffusion in Confinment,
Phys. Rev. Lett. 95 (2005) 164505.

E. Beerdsen, D. Dubbeldam, B. Smit, Understanding Diffusion in Nanoporous Materials, Phys.
Rev. Lett. 96 (2006) 044501.

R. Krishna, D. Paschek, R. Baur, Modelling the occupancy dependence of diffusivities in
zeolites, Microporous Mesoporous Mater. 76 (2004) 233-246.

J.M. van Baten, R. Krishna, Entropy effects in adsorption and diffusion of alkane isomers in
mordenite: An investigation using CBMC and MD simulations, Microporous Mesoporous
Mater. 84 (2005) 179-191.

R. Krishna, J.M. van Baten, Describing binary mixture diffusion in carbon nanotubes with the
Maxwell-Stefan equations. An investigation using molecular dynamics simulations, Ind. Eng.
Chem. Res. 45 (2006) 2084-2093.

J.M. van Baten, R. Krishna, MD animations of diffusion in nanoporous materials, University of
Amsterdam, Amsterdam, http://www.science.uva.nl/research/cr/animateMD/, 3 February 2008.

19




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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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
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Ne-Ar mixtures at 300 K; varying x2, const qt
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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;
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Ne-Ar mixtures in IRMOF-1 at 300 K;
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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
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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
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Ne-CO2 mixtures at 300 K; varying x2, const qt
Onsager matrix, ratios
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CO2-Ar mixture
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CO2-Ar mixtures at 300 K; equimolar mixture
Self diffusivities
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CO2-Ar mixtures at 300 K; equimolar mixture
M-S diffusivities
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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
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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
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C1-Ar mixtures in IRMOF-1 at 300 K;
equimolar mixture
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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
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N2-CH4 mixtures in LTA at 300 K;
Self and M-S diffusivities
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C02-02 mixtures in DDR at 300 K;

Self and M-S diffusivities
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C0O2-N2 mixtures in DDR at 300 K;
Self and M-S diffusivities
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N2-02 mixtures in DDR at 300 K;
Self and M-S diffusivities
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C1-C3 mixtures in AFIl at 300 K;
Self and M-S diffusivities
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C1-C2 mixtures in FAU at 300 K;
Self and M-S diffusivities
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C1-C2 mixtures in MOR at 300 K;
Self and M-S diffusivities
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C1-C3 mixtures in MOR at 300 K;
Self and M-S diffusivities
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Appendix AS. 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
CHy 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 H; 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 H; 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 o, =(0,+0,)/2; ¢, =,/¢g¢; .
1



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
gisat 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
Al. 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, ¢;. 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 A;; were determined using

<

S NI RS >
A, _IAI}E}OA_t<[Z (rl’i (t+Af)-r,, (t))JO( (rk,j (t+A) -1, (l‘))j> (1)

I=1 k=1

In this expression, n; and n; represent the number of molecules of species i and j respectively, and
r1i(?) is the position of molecule / of species i at any time #. 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 #;
2



instead of n;. The simulation results presented in this publication are, however, correct as the proper

n, Aoy

formula given in eq (1) was used. From the definition ¢, = , Where V is the volume of the

simulation box and Acnt 1S 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 L, = L yields
Aijqj :Ajiqz' (2)

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

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 P; and the
elements A; 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 ¢ 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.



2. Notation

Acent cross-sectional area of CNT, m’
qgi molecular loading, molecules per unit length of CNT
Gisat saturation loading, molecules per unit length of CNT

Other symbols as listed in Appendix Al.
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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

Components

Campaign

Zig-zag (20,0)

C1,C2, C3,nC4,iC4

Pure, varying molecular loadings ¢;

Cl1/C2, C1/C3, C1/nC4, C1/iC4

50-50 mixtures, varying (¢, + ¢2)

c1/c2

Varying x;, keeping constant

Armchair
(10,10)

Cl, H2, Ar, Ne

pure, varying molecular loadings ¢;

C1/H2, and Ar/Ne

50-50 mixtures, varying (¢ + q2)

C1/H2

Varying x;, keeping (¢, + ¢») constant




Table 2. Lennard-Jones parameters. The units of ¢ are in nm, and those of (£/k,) in K.

Site o (€/ky)
Ar 0342 124.07
Ne 0.2789 357
H2 0.296 342
C(wall) 034 28




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




Table 4. Pure component saturation capacities and diffusion data. The data on g s are in molecules per

nm. The zero-loading diffusivities P;(0) are in units of 108 m? s

Zeolite Molecule | Saturation Di(0)/ z ¢

CNT(20,0) Cl 20 7500 2 0.04 exp(3.36,)
CNT(20.0) o9} 14 2500 2 0.17 exp(3.06.)
CNT(20,0) C3 9 950 2 0.7 exp(2.06,)
CNT(20,0) nCa 8 720 2 0.9exp(1.56,)
CNT(20,0) iC4 7 720 2 0.9exp(1.56,)
CNT(10.10) | CI 13 7500 2 0.35exp(2.56,)
CNT(10,10) | H2 40 9200 2 0.2exp(2.66,)
CNT(10,10) | Ar 25 2860 2 0.54exp(0.76,)
CNT(10,10) | Ne 50 1870 2 0.34exp(1.060,)




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-i1C4 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)
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CNT (20,0); C1, C2, and C1-C2 mixture, 300 K
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CNT (20,0); C1, C3, and C1-C3 mixture, 300 K Figure 5
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CNT (20,0); C1, nC4, and C1-nC4 mixture, 300 K Figure 6
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CNT (20,0); C1,i1C4, and C1-iC4 mixture, 300 K Figure 7
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CNT (10,10); C1, H2, and C1-H2 mixture, 300 K
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