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bstract

For separation of CO2 from gaseous mixtures with CH4, N2, or Ar, cage-type zeolites such as DDR, CHA, LTA, and ERI are of practical
nterest. These zeolites consist of cages separated by narrow windows and the selectivity of separation of CO2 is dictated by both adsorption and
iffusion characteristics. For adsorption of CO2/CH4 mixtures, Grand Canonical Monte Carlo (GCMC) simulations show that the window regions
f cage-type zeolites have a significantly higher proportion of CO2 than within the cages. Due to the segregated nature of mixture adsorption, the
deal adsorbed solution theory is unable to predict the mixture loadings accurately. For adsorption of CO2/N2, CO2/Ar, and N2/CH4 segregation
ffects are also present but their impact is far less severe than for CO2/CH4 mixtures.

For CO2-bearing mixtures, the preponderance of CO2 in the window regions has important consequences for mixture diffusion. Molecular
ynamics (MD) simulations for self-diffusion in binary mixtures demonstrate that the CO2 slows down the partner molecules far more than

nticipated by the Maxwell–Stefan diffusion theory using pure component data inputs.

The GCMC and MD simulation results also lead to the conclusion that DDR and CHA yield the highest permeation selectivities for membrane-
ased separation of CO2/CH4, CO2/N2, and CO2/Ar mixtures. For N2/CH4 separation, DDR and ERI are the best choices.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There is considerable interest in the use of zeolite membranes
or separation of variety of mixtures such as CO2/CH4, N2/CH4,
nd CO2/N2 [1–6]. The permeation selectivity is dictated by both
dsorption and diffusion characteristics of the components. For
O2/N2 separation, Ohta et al. [7] used a dynamic Monte Carlo
ombinatorial approach to conclude that the highest separation
actors were obtained with zeolite structures that consist of cages
eparated by window openings smaller than about 4.2 Å. DDR,
HA, ERI and LTA cage-type zeolites fall into this category;

ee the window dimensions pictured in Fig. 1.
In the modeling of mixture permeation across zeolite mem-

ranes, a common practice is to use the ideal adsorbed solution

heory (IAST) of Myers and Prausnitz [8] for estimating the
omponent loadings in the mixture from information of pure
omponent isotherm fits [1–3]. A key assumption of the IAST is
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hat the composition of the adsorbed phase is spatially uniform
ithin the zeolite. The first objective of the present com-
unication is to demonstrate, using GCMC simulations, that

or adsorption of binary mixtures containing CO2, segregation
ffects are present in DDR, CHA, ERI and LTA zeolites. For
hese cage-type zeolites the window regions are richer in CO2
hen compared to the composition within the entire pore space.
e show that segregation effects, in some cases, cause the fail-

re of IAST to provide a good quantitative representation of
omponent loadings. The second objective is to show, on the
asis of MD simulations, that segregation effects also influ-
nce mixture diffusion in cage-type zeolites. We show that the
axwell–Stefan (M–S) diffusion equations, commonly used to

redict mixture diffusion on the basis of information on pure
omponent diffusivity data, fails due to segregation effects. The
eason for this failure can be traced to the preponderance of
O2 in the window regions, hindering the inter-cage hopping

f partner molecules in the mixture. The third objective is to
ompare the selectivities for separation of CO2/CH4, CO2/N2,
O2/Ar, and N2/CH4 mixtures using DDR, CHA, ERI and LTA
embranes.
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F pshots of the equilibrium locations of CH4 and CO2; these snapshots were obtained
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ig. 1. Window dimensions of DDR, CHA, ERI, and LTA. Also shown are sna
rom NVT GCMC mixture simulatons.

The work reported here is an extension of our preliminary
ommunication on segregation effects in DDR zeolite [9] and
nderlines the generic nature of segregation effects in cage-type
eolites. The GCMC and MD simulation methodologies, includ-
ng information on the force fields used, along with detailed
imulation results for pure component and mixture isotherms,
egregation statistics, self-diffusivities in pure components and
inary mixtures are given in Supplementary material accom-
anying this publication. A selection of this data is discussed
elow in order to draw a range of generic conclusions that are
f practical importance.

. Segregation effects in adsorption

Adsorption equilibria in DDR, CHA, ERI and LTA zeo-
ites were computed using Monte Carlo (MC) simulations in
he grand canonical (GC) ensemble. The crystallographic data
re available elsewhere [10]. The zeolite lattices are assumed
o be rigid in the simulations, with static atomic charges that
re assigned by choosing qSi = +2.05 and qO = −1.025, follow-
ng the works of Jaramillo and Auerbach [11] and Calero et al.
12]. CH4 molecules are described with a united atom model, in
hich each molecule is treated as a single interaction center [13].
he interaction between adsorbed molecules is described with
oulombic and Lennard–Jones terms. The Coulombic inter-
ctions in the system are calculated by Ewald summation for
eriodic systems [14]. The parameters for CH4 are taken from
ubbeldam et al. [15] and Calero et al. [12]. CO2 molecules

re taken linear and rigid with bond length C–O of 1.16 Å
ccording to the 3LJ3CB.EPM2 model developed by Harris and
oung [16]. We use the 2LJ3CB.MSKM model for N2 dumb-
ell molecules with a rigid interatomic bond of 1.098 Å [17,18].

he partial charges of N2 and CO2 are distributed around each
olecule to reproduce experimental quadrupole moment. The

nteractions between adsorbed molecules and the zeolite are
ominated by dispersive forces between the pseudo-atoms and

Fig. 2. Framework structures of: (a) DDR and (b) LTA. The blue spheres of 3 Å
(for DDR) and 4 Å (for LTA) diameter are taken to indicate the window region.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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ig. 3. Probability % for adsorption of component in the window region of: (a)
r, N2, CO2, Ne, and Kr.

he oxygen atoms of the zeolite [19,20] and the interactions of sil-
con and aluminium are considered through an effective potential
ith only the oxygen atoms. The Lennard–Jones parameters for
H4–zeolite interactions are taken from Dubbeldam et al. [15].
he Lennard–Jones parameters for CO2–zeolite and N2–zeolite

nteractions are essentially those of Makrodimitris et al. [18];
ee also Garcı́a-Pérez et al. [21]. The force fields for Ne and Ar
re taken from the paper by Skoulidas and Sholl [22]. The force
eld for Kr is from Talu and Myers [23].

Let us first consider adsorption of pure CH4, Ar, N2, CO2, Ne,
nd Kr. GCMC simulations were run to determine the adsorption
quilibrium at 300 K and 1 MPa. Each GCMC simulation was
un for 107 cycles. The centers of the molecules were captured
very 1000 cycles, starting at cycle 1000. Statistics of 104 sam-
les of the equilibrium positions within the DDR, CHA, ERI and
TA frameworks were collected for each molecule. The window
egions for each of the four zeolites were defined by drawing
sphere of diameter equal to either 3 Å (DDR and CHA) or
Å (ERI and LTA). As example, the framework structures of
DR and LTA are shown in Fig. 2; the spheres with a diame-
er of 3 Å (for DDR) and 4 Å (for LTA) encompass the window
egion. From the collected statistics the % probability of locat-
ng a molecule within the window region can be determined; the
ata are summarized in Fig. 3a–d. Probability density plots that

i
a
d
n

, (b) CHA, (c) ERI, and (d) LTA as function of the molecular diameter of CH4,

rovide a visual reinforcement of the data in Fig. 3 are available
n Supplementary material. For all zeolites CO2 has the highest
robability, about 30–40%, of locating at the window regions.
ith increasing molecular diameter (Ar, N2, Kr, CH4), proba-

ility of locating at the window region decreases. For Kr and
H4 the window regions are practically unpopulated because
f the high degree of constraint experienced by these molecules
t the window region. Ne has a smaller diameter than CO2 but
as a lower probability of locating at the window region; one
ossible explanation for this is that the molecular length of CO2
s such that this molecule can nestle comfortably at the window
f all four zeolites.

GCMC simulations were also carried out for adsorption of
O2/CH4 binary mixtures, with partial fugacities f1 = f2 = 1 MPa
nd T = 300 K. From 104 collected equilibrium samples, the
dsorption selectivity, i.e. the ratio of the number of molecules
f CO2 to that of CH4, could be determined separately for the
ntire pore space and within the cages; these data are summa-
ized in Table 1. For all four zeolites, the adsorption selectivity
ithin the cages is lower than that for the entire pores space. This
s due to the higher proportion of CO2 in the window regions,
s compared to CH4; the snapshots in Fig. 1 provide a visual
emonstration of this. There are consequences of this segregated
ature of mixture adsorption.
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total mixture loading, q1 + q2, are in good agreement with the
GCMC simulation results in all cases; this is illustrated in see
Fig. 5b.

Table 1
Adsorption selectivity in mixtures, determined from the statistics on location of
molecules within cages only, and within the entire pore structure of DDR, CHA,
ERI, and LTA

Zeolite Selectivity within cages Selectivity in total pore structure

DDR 2.9 5
CHA 13.3 19.3
ig. 4. GCMC simulations for the component loadings in equilibrium with equi
he continuous solid lines represent calculations of the IAST [8] using three-si

n Supplementary material accompanying this publication.

GCMC simulations for the component loadings in equilib-
ium with equimolar CO2/CH4 gas mixtures for a range of
artial fugacities fi are shown in Fig. 4. We note that for all
our zeolites, the IAST under-predicts the loading of the more
eakly adsorbed CH4 in the CO2/CH4 mixture at high gas phase

ugacities. The conventional IAST calculation assumes that CH4
olecules compete with all of the CO2, making no allowance for

egregation. Due to segregation effects the competition faced by
H4 molecules within the cages, where they almost exclusively

eside, is smaller than that in the entire pore space, as witnessed
y the data in Table 1 for partial fugacities f1 = f2 = 1 MPa. The
AST anticipates a stiffer competition between CO2 and CH4 as
t assumes a uniform distribution of composition; consequently
he separation selectivity is overestimated.

A further point to note from Fig. 4 is that the predictions of
AST are poorer for DDR and ERI than for CHA and LTA. The
eason for this is to be found in the capacity within the cages.
oth CHA and LTA have significantly higher cage capacities

han DDR and ERI. Consequently, segregation effects are of
esser significance.
From Fig. 4 we also note that the predictions of the IAST
ecome progressively worse with increasing fugacities fi. For
ll four zeolites, segregation effects are negligibly small for
artial fugacities fi < 100 kPa. Simulations with varying tem-

E
L

T
f

CO2/CH4, gas mixtures in: (a) DDR, (b) CHA, (c) ERI, and (d) LTA at 300 K.
ngmuir fits of pure component isotherms with fitted parameter values as given

eratures and isobaric conditions were also carried out. For
O2/CH4 mixture adsorption in DDR with partial fugacities

1 = f2 = 500 kPa we note that the predictions of IAST become
rogressively worse when the temperature is decreased; see
ig. 5a. Generally speaking, the consequences of segregation
ffects in the modeling of zeolite membrane permeation are
ore severe at high loadings within the zeolites, as we shall

emonstrate later in this paper. The IAST predictions of the
RI 3.5 5.4
TA 2.9 4.8

he data obtained for equimolar binary CO2/CH4 mixtures at 300 K and partial
ugacities of 1 MPa.
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Fig. 5. GCMC simulations for the: (a) component loadings and (b) total mix-
ture loading in equilibrium with equimolar CO2/CH4, gas mixtures in DDR
with partial gas phase fugacities f1 = f2 = 500 kPa, and varying temperatures.
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he continuous solid lines represent calculations of the IAST [8] using three-
ite Langmuir fits of pure component isotherms with fitted parameter values as
iven in Supplementary material accompanying this publication.

Segregation effects were also investigated for CO2/N2,
O2/Ar, and N2/CH4 mixtures in the four cage-type zeolites;
etails are available in Supplementary material. In all cases the
mpact of segregation were considerably less significant; depar-
ures of IAST predictions from GCMC mixture simulations were
ignificantly smaller than for CO2/CH4 mixtures.

The failure of the IAST to provide a good quantitative
escription of mixture adsorption when segregation effects occur
ue to preferential location of branched and cyclic hydrocar-
ons at the intersections of MFI zeolite have been stressed
arlier by Murthi and Snurr [24] and Krishna and van Baten
25].
.1. Segregation effects in mixture diffusion

The Maxwell–Stefan (M–S) diffusion equations are widely
sed in practice [26,27] to model mixture diffusion. For binary

n
s
F
a
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ixtures, the M–S equations are

ρ
θi

RT

dμi

dx
=

2∑

j = 1
j �=i

qjNi − qiNj

qi,satqj,satÐij

+ Ni

qi,satÐi

; i = 1, 2 (1)

here Ni is the molar flux, ρ the zeolite framework density,
i the molar loading, qi,sat the saturation capacity, dμi/dx the
hemical potential gradient, R the gas constant, T is the abso-
ute temperature, Ði the M–S diffusivity of species i and Ðij

re the binary exchange coefficients. Within the framework of
he M–S formulation correlation effects are embodied in the
xchange coefficients Ðij that quantify the extent of slowing-
own of the more mobile species and speeding-up of the tardier
pecies [26,27]. Conformity with the Onsager reciprocal rela-
ions demands that

j,satÐij = qi,satÐji (2)

n Eq. (1) the fractional occupancies θi are defined by

i ≡ qi/qi,sat i = 1, 2 (3)

q. (1) offer the possibility of predicting the diffusion charac-
eristics in a binary mixture from pure component diffusion data
y making the following two assumptions. First, we assume that
he Ði in the mixture is the same as that of pure component i,
nd estimate this diffusivity at the same occupancy as that of the
otal mixture, θ1 + θ2; this procedure has been explained ear-
ier [3,26]. Second, we estimate the Ðij using the interpolation
ormula, suggested earlier [28,29]

2,satÐ12 = [q2,satÐ11]q1/(q1+q2)[q1,satÐ22]q2/(q1+q2) (4)

he self-exchange coefficients Ð11 and Ð22 quantify the correla-
ion effects of pure components 1 and 2; these can be determined
rom information of self- (Di,self) and M–S-diffusivities of pure
omponents. The pure component M–S diffusivities Ði and the
xchange coefficients Ðii are all strong functions of the loading
or all guest-zeolite combinations considered in this work. The
oading dependence of Ði is best described using the Reed and
hrlich model described in an earlier publication [26] and this
ata is also available in Supplementary material, along with the
orrelations for the exchange coefficients.

The M–S equations lead to the following expression for the
elf-diffusivities in the mixture [29]:

D1,self = 1

(1/Ð1) + (q1/q1,satÐ11) + (q2/q2,satÐ12)
;

D2,self = 1

(1/Ð2 + (q2/q2,satÐ22) + (q1/q1,satÐ21)
(5)

q. (5) has been verified to be of good accuracy for a wide variety
f alkane mixtures in different zeolites [29,30].

We now test the predictions of Eq. (5), using pure compo-

ent diffusion data inputs, against MD simulation results of
elf-diffusivities in CO2-bearing mixtures in cage-type zeolites.
ig. 6 shows the data on self-diffusivities in CO2/Ar mixtures,
t a fixed value of total loading in the mixture, q1 + q2, for
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ig. 6. Self-diffusivities in CO2/Ar mixtures in: (a) DDR, (b) CHA, (c) ERI, an
he continuous solid lines are calculations using Eq. (5).

he four cage-type zeolites. For all four zeolites the total load-
ng was chosen to be large enough so that segregation effects
ould be significant. In all four zeolites, Ar is the more mobile

pecies and CO2 is the tardier species. Correlation effects tend
o slow down self-diffusion of Ar, while speeding-up that of
O2. For CHA, Eq. (5) are in reasonably good agreement with
D simulations of Di,self of either species. For DDR and ERI,
hile the predictions of CO2 are good, Eq. (5) severely over-

stimates the Di,self of Ar. It appears the CO2 suppresses the
iffusion of Ar much more than anticipated by the M–S for-
ulation. The same conclusions also hold for LTA zeolite, for
hich the predictions of self-diffusion of CO2 are also not very
ood.

A similar situation emerges for CO2/N2 mixtures; in DDR,
RI, and LTA the overwhelming presence of CO2 in the
indow regions retards the diffusion of N2 much more than

nticipated by the M–S equations; see Fig. 7. For CHA, the
redictions of the M–S equations are reasonably good for either
pecies. Indeed the experimental data for permeation of CO2/N2
ixtures across a SAPO-34 (an isotype of CHA) membrane
ould be modeled adequately by use of the M–S formulation
1].

Fig. 8 compares MD simulations of Di,self in CO2/CH4 mix-
ures with the predictions of Eq. (5). For CHA, the predictions

[
a
i
b

LTA at 300 K obtained keeping total mixture loading constant for each zeolite.

f the M–S equations are very good for either species, explain-
ng the good match between experimental data permeation data
cross a SAPO-34 membrane and the M–S formulation [1].
or DDR, ERI, and LTA zeolites the MD simulations for CH4
how a considerably stronger reduction in Di,self with increasing
resence of CO2 than anticipated by the M–S predictions. For
DR and ERI, the reduction in the self-diffusivity of CH4 with

ncreasing proportion of CO2, as witnessed in MD simulations,
s remarkable because CH4 is the tardier species.

A visual appreciation of the hindrance effect exerted by CO2
s obtained by observing the animations of MD simulations of

ixture diffusion in DDR, CHA, ERI, and LTA [31].
From a practical point of view of separation of CO2 for mix-

ures with Ar, N2 or CH4 the hindrance by CO2 for inter-cage
opping of partner molecules in DDR, ERI, and LTA is wel-
ome because this will improve the permeation selectivity in
embrane separation processes. We should also expect the pre-

ictions of the separation selectivity using the M–S formulation
o be overly conservative. In order to verify this conclusion we
ave re-analysed the experimental data of van den Bergh et al.

2] for permeation of CO2/CH4 and N2/CH4 mixtures across
DDR membrane; the details of the re-analysis are presented

n Supplementary material and the salient results are discussed
elow.
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Fig. 7. Self-diffusivities in CO2/N2 mixtures in: (a) DDR, (b) CHA, (c) ERI, and (d) LTA at 300 K obtained keeping total mixture loading constant for each zeolite.
The continuous solid lines are calculations using Eq. (5).

Fig. 8. Self-diffusivities in CO2/CH4 mixtures in: (a) DDR, (b) CHA, (c) ERI, and (d) LTA at 300 K obtained keeping total mixture loading constant for each zeolite.
The continuous solid lines are calculations using Eq. (5).
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Fig. 9. Component fluxes for: (a) CO2/CH4 and (b) N2/CH4 binary mixture
permeation across DDR membrane, for upstream pressures of 101 kPa. The
experimental data of van den Bergh et al. [2] are denoted by filled symbols.
The continuous solid lines represent the calculations using the Maxwell–Stefan
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LTA membranes. For CO2/CH4 separation DDR, ERI and CHA
offer αperm values in excess of 100, that could be commercially
attractive. The precise choice of the zeolite will be dictated by
the anticipated operating pressure and loadings within the zeo-
iffusion model with parameter inputs as specified in Supplementary material
ccompanying this publication. The IAST is used for calculation of adsorption
quilibrium in the mixture.

In Fig. 9a, the experimental fluxes for CO2/CH4 mixture
ermeation are compared with the model predictions based on
AST and the M–S equations. In the campaign shown the total
pstream pressure is held constant at 101 kPa and the tempera-
ures are varied; a reduction in temperature leads to a higher total
oading of the mixture. At low values of the total mixture load-
ngs, the predictions of the fluxes are in good agreement with
xperimental values. However, with increased total loadings, the
redictions get progressively worse. In particular, we note that
he model predictions of CH4 fluxes are significantly higher than

hose obtained experimentally. This deviation cannot be ascribed
o the failure of the IAST, as witnessed in Figs. 4a and 5a for
DR, because segregation effects will tend to have the effect of

ncreasing the loading of CH4 even further, causing even worse

l
a
o
l
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redictions. The inescapable conclusion is that the failures of
he model predictions are due to the hindrance effect of CO2 at
he window regions. A similar conclusion was reached earlier
9] by analysis of the permeation experiments of Himeno et al.
32] across a DDR membrane.

In Fig. 9b, the experimental fluxes for N2/CH4 mixture per-
eation are compared with the model predictions based on IAST

nd the M–S equations. For this mixture segregation effects are
f relatively minor importance and, consequently, the model
redictions are in very good agreement with the experimental
esults over the entire range of loadings.

.2. Comparison of permeation selectivities

From the GCMC and MD simulation data discussed in the
oregoing, we can screen the four cage-type zeolites on the selec-
ivity for permeation across zeolite membranes for (a) CO2/CH4,
b) CO2/N2, (c) CO2/Ar, and (d) N2/CH4 mixtures. The perme-
tion selectivity is defined by

perm = N1/N2

f1/f2
(6)

or screening purposes we consider an equimolar gas mixture
n the upstream compartment, i.e. f1 = f2, take the downstream
oadings to be vanishingly small and approximate Eq. (6) by

perm = D1,self

D2,self

q1

q2
= αdiffαsorp (7)

here the sorption selectivity αsorp is defined as the ratio of the
olar loadings qi of species 1 and 2 at the upstream face of the
embrane

sorp = q1

q2
(8)

he diffusion selectivity αdiff is the ratio of the self-diffusivities
f components 1 and 2, i.e.

diff = D1,self

D2,self
(9)

D simulations of the self-diffusivities for equimolar mixtures,
1 = q2, are reported in Supplementary material.

A combination of the GCMC and MD mixture simulations
llows us to estimate αperm values for each zeolite as a function of
he total mixture loading. Fig. 10 summarizes the data on perme-
tion selectivity for separation of: (a) CO2/CH4, (b) CO2/N2, (c)
O2/Ar, and (d) N2/CH4 mixtures across DDR, CHA, ERI, and
ite. For CO2/N2 and CO2/Ar separations, DDR and CHA are
gain the best choices. For N2/CH4 separation, DDR and ERI
ffer the highest αperm values. For all four zeolites, LTA has the
east αperm value.
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ig. 10. Permeation selectivity for separation of: (a) CO2/CH4, (b) CO2/N2, (c

. Conclusions

GCMC simulations reveal the segregated nature of adsorption
f CO2/CH4, CO2/Ar, and CO2/N2, mixtures in cage-type zeo-
ites. The window regions of these zeolites has a preponderance
f CO2 molecules. The IAST does not adequately describe the
omponent loadings for CO2/CH4 mixture adsorption at high gas
hase fugacities. Another important consequence of segregation
s that the adsorbed CO2 molecules at the window regions hinder
he inter-cage transport of partner molecules such as CH4, Ar,
nd N2. This hindrance effect is particularly strong for DDR, ERI
nd LTA zeolites and relatively unimportant for CHA zeolite.
uch hindrance effect is not catered for by the Maxwell–Stefan
iffusion formulation. This hindrance effect exerted by CO2
nhances the separation selectivity, making cage-type zeolites
articularly attractive for technological use.

From a combination of the GCMC and MD simulation
esults, DDR and CHA are found to yield the highest perme-
tion selectivities for membrane-based separation of CO2/CH4,
O2/N2, and CO2/Ar mixtures.

cknowledgements
RK and JMvB acknowledge the grant of a TOP subsidy from
he Netherlands Foundation for Fundamental Research (NWO-
W) for intensification of reactors.
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ppendix A. Supplementary data

Supplementary material associated with this article can
e found, in the online version, at doi:10.1016/j.seppur.2007.
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1. GCMC simulation methodology 

Adsorption equilibriua in DDR, CHA, ERI and LTA zeolites were computed using Monte Carlo (MC) 

simulations in the grand canonical (GC) ensemble. The crystallographic data are available elsewhere.[1] 

The zeolite lattices are rigid during simulations, with static atomic charges that are assigned by 

choosing qSi = +2.05 and qO = -1.025, following the works of Jaramillo and Auerbach [2] and Calero et 

al.[3]. CH4 molecules are described with a united atom model, in which each molecule is treated as a 

single interaction center.[4] CO2 molecules are taken linear and rigid, with bond length C-O of 1.16Å 

and partial charges distributed around each molecule to reproduce experimental quadrupole moment. 

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

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

The parameters for CH4 are taken from Dubbeldam et al[6] and Calero et al.[3]. CO2 molecules are 

taken linear and rigid with bond length C–O of 1.16Å according to the 3LJ3CB.EPM2 model developed 

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

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

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

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

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

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

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

interactions are essentially those of Makrodimitris et al.[9]. The force fields for Ne and Ar are taken 

from the paper by Skoulidas and Sholl[12]. The force field for Kr is from Talu and Myers [13]. Table 1  

summarizes the information on the force fields for all gases. 

 The Lennard-Jones potentials are shifted and cut at 12 Å. The number of unit cells in the simulation 

box was chosen such that the minimum length in each of the coordinate directions was larger than 24 Å. 

Periodic boundary conditions were employed. Further GCMC simulation details are available in earlier 

publications[3, 6, 14].  
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The GCMC simulations were performed using the BIGMAC code developed by T.J.H. Vlugt[15]  as 

basis.  The code was modified to handle rigid molecular structures and charges.  S. Calero is gratefully 

acknowledged for her technical inputs in this regard. Detailed validation of the force fields used for 

CH4, CO2, and N2 is available elsewhere[6, 16].   

2. Pure component isotherms fits, probability density plots and 
segregation data for DDR 

The GCMC simulated data for pure component isotherms for CO2, CH4, and N2 in DDR at 220 K, 252 

K, 273 K, 300 K, 348 K, and 373 K are presented in Figures 1 and 2. Also shown in Figure 2 are the 

equilibrium data obtained at constant gas phase fugacities of 101 kPa, 1000 kPa, and 1500 kPa and 

varying T. The isotherm for Ar at 300 K is also presented in Figure 2. The GCMC simulation results, 

shown by the filled symbols in Figure 1 are in good agreement with the experimental data (open 

symbols) for CO2, and CH4, of Himeno et al. [17, 18], indicated by the open symbols in Figure 1. The 

continuous solid lines in Figure 1 are 3-site Langmuir fits of the isotherms 
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It was found impossible to fit any of the component isotherms with either a 2-site or single site 

Langmuir model. The 3-site Langmuir fits are “empirical” and the individual sites cannot be identified 

with specific locations within DDR. In eq. (1) q is the molar loading expressed in mol kg-1, qsat,A is the 

saturation loading of site A, and f is the fugacity of the bulk gas phase. The values of the fitted T-

dependent parameters b and qsat are specified in Table 2. These isotherm fits will be used to re-analyse 

the experimental permeation data of Van den Bergh et al. [19]. 

DDR consists of cages separated by narrow elliptical shaped windows of 3.6 – 4.4 Å size; for the 

purposes of quantifying segregation effects we have defined the window region to be a sphere with a 

diameter of 3 Å, as indicated by the blue spheres in Figure 9.  
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 The GCMC simulations were run for 107 cycles. The centers of the molecules were captured every 

1000 cycles (starting at cycle 1000). Each cycle performs a number of trial moves that is determined by 

MAX(20, number of molecules). For low pressures this means 20 moves per cycle, for higher pressures 

this means the number of trial moves per cycle equals the number of molecules. If the centre of the 

molecule falls within the blue spheres it is taken as belong to the window region. The total number of 

molecules within the simulation box was also determined. The percentage of molecules in the windows 

was calculated by determining the percentage of molecule centers that were within a distance of 1.5 Å 

from a window center with respect to the total number of captured molecule centers. The remainder of 

the molecules is taken as belong to the cage region. 

The probability density plots for CH4, Ar, N2, and CO2 in DDR at 1 MPa and 273 K are shown in 

Figures 4, 5, 6 , and 7 respectively. 

By summing over the all the 104 samples, reliable statistics were obtained for the % probability of 

adsorbing a molecule within the window region. These % probabilities were determined at both 273 K 

and 300 K; see the data in Figure 8 for CH4, Ar, N2, CO2, Ne, and Kr. The data appear to correlate with 

the molecular diameter with a maximum for CO2.  The molecular dimensions are shown in Figure 9. 

For adsorption of CO2/CH4 and CH4/N2 mixtures, with partial fugacities f1= f2= 1 MPa  and T = 273 

K,  in DDR the probability density snapshots in Figures 10 and 11 indicate that segregation effects are 

also present in the mixtures.  The mixture segregation data for DDR were obtained a variety of 

temperatures in the range 223 K- 300K.  From these data the sorption selectivities, i.e. the ratio of the 

loadings of the components in equimolar CO2/CH4, N2/CH4, CO2/N2, and CO2/Ar mixtures could be 

determined both within the cages and in the entire pore structure; the data are summarized in Table 4. 

GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4, N2/CH4, and 

CO2/N2, and CO2/Ar gas mixtures were determined for a variety of T and partial gas phase fugacities; 

the simulation data are presented in Figures 12, 13, 14, 15, 16, 17, 18. The continuous solid lines in 

these Figures represent calculations of the IAST[20] using 3-site Langmuir fits of pure component 

isotherms with T-dependent parameters b and qsat as specified in Table 2.  For CO2/CH4 for all 
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conditions, the IAST underestimates the CH4 loadings; this is a consequence of segregation effects. For 

CH4/N2 and CO2/N2 mixtures, the IAST underestimates the N2 to a small extent.  The reason for this 

that the degree of segregation of CH4/N2, CO2/N2 and CO2/Ar mixtures is much less significant; see data 

in Table 4.  It is to be noted that the IAST predictions of the total mixture loading are in excellent 

agreement with the GCMC mixture simulation results in all cases; this is illustrated in Figure 13. 

 

3. Pure component isotherms fits, probability density plots and 
segregation data for CHA 

The GCMC simulated data for pure component isotherms for CO2, CH4, and N2 in CHA at 273 K and 

300 K are presented in Figure 19. The continuous solid lines in Figure 19 are 3-site Langmuir fits of the 

isotherms. The values of the fitted parameters b and qsat are specified in Table 3. 

CHA consists of cages separated by windows of 3.8 Å size; see the framework structure in Figure 20. 

The probability density plots were also constructed for adsorption of CO2, CH4, Ar, and N2 in CHA at 1 

MPa and 300 K; these are shown in Figures 21, 22, 23, and 24. The picture is analogous to that for 

DDR: we note that no CH4 molecules are to be detected in the vicinity of the windows, and for Ar, N2, 

and CO2, the window region shows increasing population of molecules. For the purposes of quantifying 

segregation effects we have defined the window region to be a sphere with a diameter of 3 Å, as 

indicated by the blue spheres in Figure 20. If the centre of the molecule falls within the blue spheres it is 

taken as belong to the window region.  The remainder of the molecules is taken as belong to the cage 

region. By summing over the all the 104 samples, reliable statistics were obtained for the % probability 

of adsorbing a molecule within the window region. These % probabilities appear to correlate with the 

molecular diameter; see Figure 25. The observed trend is similar to that for DDR, with CO2 displaying 

the maximum probability for location at the window regions. 

One important consequence of non-homogeneous distribution of molecules in CHA is that the IAST 

will be less successful in predicting the component loadings in the mixture using pure component 

isotherm fits. For CO2/CH4 gas mixtures at 273 K and 300 K mixture the GCMC simulations for the 
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component loadings in equilibrium are compared the IAST predictions in Figure 26. We note that the 

IAST under-predicts the loading of the more weakly adsorbed CH4 in the CO2/CH4 mixture. The 

conventional IAST calculation assumes that CH4 molecules compete with all of the CO2, making now 

allowance for segregation. For example, at f = 1 MPa and 300 K, the ratio of the number of molecules of 

CO2 to that of CH4 within the entire CHA pore space is 19.3, whereas within the cage this ratio is 13.3. 

Put another way, segregation effects reduces the competition faced by CH4. We also note that the 

predictions of the IAST become progressively worse with increasing gas phase fugacities.   

For CH4/N2, CO2/N2 and CO2/Ar mixtures, segregation effects are considerably less significant and 

the IAST provides a good prediction of the component loadings; see Figures 27, 28, and 29.  

 

4. Pure component isotherms fits and segregation data for ERI 

The GCMC simulated data for pure component isotherms for CO2, CH4, N2, and Ar in ERI at 273 K 

and 300 K are presented in Figure 30. The continuous solid lines in Figure 30 are 3-site Langmuir fits of 

the isotherms. The values of the fitted parameters b and qsat are specified in Table 3. 

ERI consists of cages separated by windows of 3.6 – 5.1 Å size; see the framework structure in Figure 

31. For the purposes of quantifying segregation effects we have defined the window region to be a 

sphere with a diameter of 4 Å, as indicated by the blue spheres in Figure 31. The diameter of the blue 

spheres is chosen to be slightly higher than that earlier chosen for CHA and DDR because the 

ellipsoidal window of ERI has a larger major diameter than either CHA or DDR. The % probabilities 

for locating at the window regions are plotted in Figure 32. The observed trends are similar to that for 

DDR and CHA. Once again, CO2 has the maximum probability for location at the window regions. 

One important consequence of non-homogeneous distribution of molecules in ERI is that the IAST 

will be less successful in predicting the component loadings in the mixture using pure component 

isotherm fits. For CO2/CH4 gas mixtures at 273 K and 300 K mixture the GCMC simulations for the 

component loadings in equilibrium are compared the IAST predictions in Figure 33. We note that the 

IAST under-predicts the loading of the more weakly adsorbed CH4 in the CO2/CH4 mixture. The 
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conventional IAST calculation assumes that CH4 molecules compete with all of the CO2, making now 

allowance for segregation. For example, at f = 1 MPa and 300 K, the ratio of the number of molecules of 

CO2 to that of CH4 within the entire ERI pore space is 5.4, whereas within the cage this ratio is 3.5. Put 

another way, segregation effects reduces the competition faced by CH4. We also note that the 

predictions of the IAST become progressively worse with increasing gas phase fugacities.   

For CH4/N2, CO2/N2 and CO2/Ar mixtures, segregation effects are considerably less significant and 

the IAST provides a good prediction of the component loadings; see Figures 34, 35, and 36.  

Generally speaking, segregation effects in ERI appear to be intermediate to those experienced in DDR 

and CHA. 

 

5. Pure component isotherms fits and segregation data for LTA 

The GCMC simulated data for pure component isotherms for CO2, CH4, N2, and Ar in LTA at 300 K 

are presented in Figure 37. The continuous solid lines in Figure 37 are 3-site Langmuir fits of the 

isotherms. The values of the fitted parameters b and qsat are specified in Table 3. 

LTA consists of cages separated by windows of 4.1 Å size; see the framework structure in Figure 38. 

For the purposes of quantifying segregation effects we have defined the window region to be a sphere 

with a diameter of 4 Å, as indicated by the blue spheres in Figure 38. The diameter of the blue spheres 

is chosen to be slightly higher than that earlier chosen for CHA and DDR. The % probabilities are 

plotted in Figure 39. The observed trends are similar to that for DDR, CHA, and ERI with CO2 

exhibiting a maximum probability for location at the window regions. 

One important consequence of non-homogeneous distribution of molecules in LTA is that the IAST 

will be less successful in predicting the component loadings in the mixture using pure component 

isotherm fits. For CO2/CH4 gas mixtures at 300 K mixture the GCMC simulations for the component 

loadings in equilibrium are compared the IAST predictions in Figure 40. We note that the IAST under-

predicts the loading of the more weakly adsorbed CH4 in the CO2/CH4 mixture. The conventional IAST 

calculation assumes that CH4 molecules compete with all of the CO2, making now allowance for 
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segregation. For example, at f = 1 MPa and 300 K, the ratio of the number of molecules of CO2 to that 

of CH4 within the entire LTA pore space is 4.8, whereas within the cage this ratio is 2.9. Put another 

way, segregation effects reduces the competition faced by CH4. We also note that the predictions of the 

IAST become progressively worse with increasing gas phase fugacities.   

For CH4/N2, CO2/N2 and CO2/Ar mixtures, segregation effects are considerably less significant and 

the IAST provides a good prediction of the component loadings; see Figures 41, 42, and 43. 

 

6. 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 GCMC moves are used to place the molecules in the 

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[21] 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.[21] 

MD simulations were carried out to determine the diffusivities of both pure components and binary 

mixtures for a variety of molecular 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. Each MD 

simulation, for a specified loading, was run for 120 h, determined to be long enough to obtain reliable 
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statistics for determination of the diffusivities.  Several independent MD simulations were run and the 

results averaged. 

The self-diffusivities, Di,self, were computed by analyzing the mean square displacement of each 

species i for each of the coordinate directions: 
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In this expression ni represents the number of molecules of species i respectively, and rl,i(t) is the 

position of molecule l of species i at any time t. The expression (2) 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 
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For DDR and ERI the reported diffusivities are the averages in x- and y- directions ( ) 2/yx ÐÐÐ += .  

For CHA and LTA the average values calculated according to ( ) 3/zyx ÐÐÐÐ ++=  are presented. In 

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

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

The pure component M-S diffusivities are loading dependent, and we used the Reed and Ehrlich 

model to quantify this loading dependence [22, 23]. The Reed-Ehrlich parameters are specified in Table 

5. The choice of the values for the saturation capacities qi,sat were guided by GCMC simulations of the 

pure component isotherms.  

The self-exchange coefficient Ðii were calculated from  

iselfi

i
ii

ÐD

Ð
11

,

−
= θ  (4) 
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where θi is the fractional occupancy: 

sati

i
i q
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The self-exchange coefficients for each molecule-zeolite combination was correlated in the form 

)exp( iii
i

ii ba
Ð
Ð

θ−=  (6) 

The values of ai, and bi, are summarized in Table 6. 

Using the Maxwell-Stefan diffusion theory, the self-diffusivities in the mixture can be calculated from 

pure component Ði using [23, 24]: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
++=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
++=

21,1

1

22,2

2

2
,2

12,2

2

11,1

1

1
,1

11;11
Ðq

q
Ðq

q
Ð

D
Ðq

q
Ðq

q
Ð

D
satsat

self
satsat

self  (7) 

The continuous solid lines in Figures 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, and 55 are obtained 

from eq. (7). These predictions are compared with the MD simulated values of the self-diffusivities in 

CO2/CH4, CO2/N2, CO2/Ar, N2/CH4, CO2/Ne, and (d) Ar/CH4 mixtures in these Figures.  

A visual indication of the hindrance effect exerted by CO2 is obtained from animations of MD 

simulations of mixtures in DDR, CHA, ERI, and LTA[25].  

 

7. Re-analysis of Van den Bergh [19] data for CO2/CH4 and N2/CH4 
permeation across DDR membrane 

Van den Bergh et al. [19] have published data for unary permeation of CO2, CH4, and N2 across a 

DDR membrane for a set of temperatures and pressures.  Also presented are data on permeation of 

binary CO2/CH4 and N2/CH4 mixtures with equal partial pressures at the upstream face.  We re-analyse 

their experimental data in order to draw some important conclusions regarding the influence of 

segregation effects on mixture permeation. Our re-analysis of the experimental data makes use of the 

pure component isotherm 3-site Langmuir fits for CO2, CH4, and N2 in DDR as listed in Table 2. Van 
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den Bergh et al. [19] have used single-site Langmuir fits of experimental data. Their experimental 

isotherm data is however restricted to pressures below 120 kPa and saturation was not reached in any 

set of data.  Consequently, they have fitted their isotherms with saturation capacities of 3.4, 1.7, and 

1.45 mol kg-1 for CO2, CH4, and N2 respectively.  These saturation capacities values are too low and, 

furthermore, they do not have the proper hierarchy.  The saturation capacities should follow the trends 

dictated by the molar volume of the liquid phase, as emphasized by Golden and Sircar[26].  The proper 

hierarchy is and N2 > CO2 > CH4.   The low saturation capacities chosen by Van den Bergh et al. [19], 

coupled with the wrong hierarchy make their modeling of mixture permeation subject to significant 

errors.  Our re-analysis, outlined below, does not suffer from the afore-mentioned limitations. 

We begin by developing a model to describe their unary permeation data.  For this purpose we use the 

approach developed in our earlier publication [22]. A brief summary of the approach is given below. 

The Reed-Ehrlich model is used to describe the M-S diffusivity as a function of the fractional 

occupancy, θi and temperature, T: 

( )
( )z

ii

z
iidiff

ii RT
E

ÐTÐ
φε

ε
/1

1)exp()0()(
1

,

+
+

−=
−

 (8) 

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

cage. The parameter Ediff,i is the activation energy for diffusion of species i. The value of z is chosen to 

be 5, as this represents the maximum number of CO2 molecules within a cage. The choice of this 

parameter is not crucial because the key parameterφi is to be fitted empirically in any event. The other 

parameters are defined as 

( )( )iiii
i

iii
i φθθβ

θ
φθβε /11141;

)1(2
)21( −−−=

−
+−=  (9) 

Using the Reed-Ehrlich loading dependence, and a 3-site Langmuir fit for the pure component 

isotherms we define a modified driving force MDFi  
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ε
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The unary permeation flux at any given T is 

i
idiffi

i MDF
RT

EÐ
TN )exp(

)0(
)( ,−=

δ
ρ

 (11) 

It is to be noted that eq (11) assumes each permeation experiment is carried out under isothermal 

conditions and there is no temperature gradient across the membrane.  From the unary permeation data, 

δρ /)0(iÐ , Ediff,i and φi can be backed out.  The backed-out data are summarized in Table 7.  Figure 56 

shows the unary permeation data of Van den Bergh et al. [19], along with the calculations following eq 

(11).  

For zeolites that consist of cages, separated by narrow windows, it has been argued that inter-cage 

hopping of molecules occur practically independent of one another[27].  The Maxwell-Stefan (M-S) 

diffusion equations simplify to yield a set of uncoupled equations 

ni
dx
d

RT
q

ÐN ii
ii ,...2,1; =−=

μρ  (12) 

In the early work of Habgood [28], eq (12) was used to describe N2/CH4 mixture diffusion in LTA 

zeolite and for this reason we shall refer to this simplified variant of the M-S equations as the Habgood 

model.  

For binary mixture permeation across a zeolite membrane of thickness δ, we may integrate eq (12) to 

obtain 

2,1;)()(
1

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ= ∫ ∑

=

idx
dx

dq
TÐTN

downstream

upstream

n

j

j
ijii δ

ρ  (13) 

The details of the numerical procedures for calculation of the fluxes are described in earlier work[29, 

30]. In carrying out the integration the loading dependence of Ði needs to be properly accounted for 

using the Reed and Ehrlich approach described in the foregoing. 
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Let us first consider the prediction of permeation of N2/CH4 mixture permeation across the DDR 

membrane following eq. (13). The experimental data of Van den Bergh et al. [19] obtained at upstream 

total pressures of 101 kPa, 500 kPa, and 1000 kPa are compared with the calculations following eq. (13) 

in Figure 57. In these calculations the IAST was used for calculations of the component loadings in the 

mixture.  We note that there is reasonably good agreement for the fluxes of both N2 and CH4 with 

experimental data. This fair agreement is to be ascribed to two factors.  First, the IAST provides a good 

estimate of the component loadings in the mixture, because segregation effects have a relatively minor 

influence.  Secondly, the Habgood approximation of the M-S equations wherein the inter-cage hops are 

taken to occur independently on one another is also a reasonable one.  As discussed earlier, segregation 

effects are not strong for N2/CH4 mixtures in DDR and so both IAST and the M-S diffusion theory work 

satisfactorily. 

An alternative method of plotting the same set of data of Figure 57 is shown in Figure 58, wherein the 

total mixture loadings at the upstream face, qup, are plotted on the x-axis.  The IAST calculations of the 

total mixture loadings are in excellent agreement with the GCMC mixture calculations (cf. Figure 15) 

and therefore there is no ambiguity in the plots presented in Figure 58.  

We now consider the prediction of binary CO2/CH4 mixture permeation across the DDR membrane 

following eq. (13). The experimental data of Van den Bergh et al. [19] obtained at upstream total 

pressures of 101 kPa, 500 kPa, and 1000 kPa are compared with the calculations following eq. (13) in 

Figure 59, using the total mixture loading at the upstream face, qup, as x-axis. While the model 

calculations of CO2 fluxes are in reasonably good agreement with the experimental data, there are 

significant deviations of the predictions of the CH4 from experiment. Let us analyse the reasons behind 

these deviations.  The first candidate for consideration is the use of the IAST.  As shown in Figures 12 

and 13, the IAST underpredicts the loading of CH4 when compared to GCMC simulations. Use of the 

proper values of the equilibrium loadings for CH4 using GCMC mixture simulations will only serve to 

increase the deviations of the model calculations from experimental data. The inescapable conclusion is 

therefore that the assumption that the diffusivity Ði for CH4 in the mixture is the same as that for pure 
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component (calculated at the same total occupancy, of course) is open to question and debate.  The 

presence of strongly adsorbed CO2 at the window regions hinder the inter-cage transport of CH4. 

8. Comparison of permeation selectivities of zeolites 

From the GCMC and MD simulation data discussed in the foregoing, we can screen the four cage-

type zeolites on the selectivity for permeation across zeolite membranes for CO2/CH4, N2/CH4, CO2/N2, 

and CO2/Ar mixtures.  The permeation selectivity is defined by 

21

21

ff
NN

perm =α  (14) 

For screening purposes we consider an equimolar gas mixture in the upstream compartment, i.e. 

21 ff = , take the downstream loadings to be vanishingly small, and approximate eq (14) by 

sorpdiff
self

self
perm q

q
D
D

ααα ==
2

1

,2

,1  (15) 

Where the sorption selectivity sorpα  is defined as the ratio of the molar loadings qi of species 1 and 2 at 

the upstream face of the membrane 

2

1

q
q

sorp =α  (16) 

The diffusion selectivity diffα  is the ratio of the self-diffusivities of components 1 and 2, i.e. 

self

self
diff D

D

,2

,1=α   (17) 

MD simulations of the self-diffusivities for equimolar mixtures, q1= q2, reported in Figures  44, 45, 46, 

47, 48, 49, 50, 51, 52, 53, 54, and 55 are used for this purpose.  
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Figure 60 summarizes the data on sorption selectivity, diffusion selectivity, and permeation selectivity 

for separation of CO2/CH4, N2/CH4, CO2/N2, and CO2/Ar mixtures across DDR, CHA, ERI, and LTA 

membranes. 
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Table 1. Summary of force field used in GCMC and MD simulations 

The interaction between adsorbates was calculated using Lennard-Jones potentials and electrostatic 
interactions using an Ewald summation method. For adsorbate-adsorbate interactions, Lorentz-Berthelot 
mixing rules were applied for σ and ε/kB. Leonard-Jones interaction with the zeolite was only taken σ 
and ε/kB and epsilon for the adsorbates and for the interaction with the adsorbates and with the zeolites. 
The charges are also shown for the pseudo atoms. 

(pseudo-) atom Atom-
atom 

σ / Å 

Atom-
atom 

ε/kB / K 

Atom - O in 
zeolite 

σ / Å 

Atom - O in 
zeolite 

ε/kB / K 

charge 

CH4 3.72 158.5 3.47 115 0 

C (CO2) 2.757 28.129 2.7815 50.2 0.6512 

O (CO2) 3.033 80.507 2.9195 84.93 -0.3256 

N (N2) 3.32 36.4 3.06 58.25 -0.40484 

Ar 3.42 124.07 3.17 95.61 0 

Ne 2.789 35.7 2.798 56.87 0 

Kr 3.636 166.4 3.45 109.6 0 

Ar 3.42 124.07 3.17 95.61 0 

 

The molecule geometries were fixed. The bond angle for CO2 is 180°. For N2, a point charge is located 
in the middle between the two atoms, that is twice the magnitude of the charges on N, and opposite in 
sign, so that the total molecule charge is zero. The following table shows the bond lengths that were 
used: 

bond bond length / Å 

N-N (N2) 1.098 

C-O (CO2) 1.16 

 

The zeolite atoms are considered immobile. The following table shows the charges used for the zeolite 
atoms: 

atom charge 

OZeolite -1.025 

SiZeolite 2.05 
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Table 2. Temperature dependent 3-site Langmuir parameters for DDR  
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Table 3. Three-site Langmuir parameters for pure component isotherms in CHA , ERI, and LTA. The 
saturation capacity, qsat, has the units of mol kg-1. The Langmuir parameters, b, have the units of 
Pa-1. 

 
Three-Site Langmuir parameters Zeolite 

 

Molecule 

 

Temperature, 
T/K bA qsat,A bB qsat,B bC qsat,C 

CHA CO2 273 1.61×10-5 7 1.81×10-7 1.9 5.11×10-9 1.3 
CHA CH4 273 2.89×10-6 2.9 1.32×10-8 4.3 2.21×10-7 1.12 
CHA N2 273 3.06×10-7 4.6 1.1×10-8 3.5 7.57×10-12 2.1 
CHA CO2 300 5.2×10-6 7 4.64×10-8 1.9 1.48×10-9 1.3 
CHA CH4 300 1.6×10-6 2.9 2.24×10-8 4.3 5.58×10-10 1.12 
CHA N2 300 2.06×10-7 4.6 5.54×10-9 3.5 9.3×10-12 2.1 
CHA Ar 300 1.89×10-7 3.5 4.65×10-8 3.5 8.81×10-10 3.2 
ERI CO2 273 9.34×10-6 5.4 4.71×10-8 1.7 3.73×10-10 1.2 
ERI CH4 273 4.42×10-6 2.7 2.05×10-8 2.7 5.3×10-11 1.5 
ERI N2 273 7.27×10-7 3.5 4.56×10-9 3.2 4.81×10-12 1.7 
ERI CO2 300 3.46×10-6 5.4 1.47×10-8 1.7 9.19×10-11 1.2 
ERI CH4 300 1.97×10-6 2.7 1.12×10-8 2.7 4×10-11 1.5 
ERI N2 300 4.31×10-7 3.5 2.67×10-9 3.2 3.49×10-12 1.7 
ERI Ar 300 1.62×10-7 5 4.05×10-9 2 1.26×10-10 2 
LTA CO2 300 1.08×10-6 8 6.58×10-10 2.3 - - 
LTA CH4 300 4.09×10-7 5.4 6.98×10-9 3 1.85×10-10 1.8 
LTA N2 300 1.36×10-7 4.5 8.27×10-9 4.5 2.78×10-11 2 
LTA Ar 300 7.32×10-8 8.8 4.4×10-10 3.7 - - 
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Table 4. Selectivity in mixtures, determined from the statistics on location of molecules within cages 

only, and within the entire pore structure of DDR, CHA, ERI, and LTA. The data obtained for 

equimolar binary mixtures at partial fugacities of 1 MPa. 

 
Zeolite Temperature/K Mixture Selectivity within 

cages 
Selectivity in total 
pore structure 

DDR 223 CO2/CH4 18.6 27.7 
DDR 273 CO2/CH4 4.3 7.2 
DDR 300 CO2/CH4 2.9 5 
DDR 223 CH4/N2 9.1 6.1 
DDR 273 CH4/N2 7.6 6.5 
DDR 300 CH4/N2 6.6 5.9 
DDR 300 CO2/N2 23.2 36.1 
DDR 300 CO2/Ar 18.8 29.3 
CHA 300 CO2/CH4 13.3 19.3 
CHA 300 CH4/N2 4.7 4.2 
CHA 300 CO2/N2 62 74 
CHA 300 CO2/Ar 51 59 
ERI 300 CO2/CH4 3.5 5.4 
ERI 300 CH4/N2 3.9 3.7 
ERI 300 CO2/N2 14.9 21.5 
ERI 300 CO2/Ar 16.5 22 
LTA 300 CO2/CH4 2.9 4.8 
LTA 300 CH4/N2 3.9 3.5 
LTA 300 CO2/N2 14.5 21.5 
LTA 300 CO2/Ar 11.4 17 
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Table 5.   Reed-Ehrlich parameters for a variety of molecules in DDR, CHA, ERI, and LTA zeolites. 

 

Zeolite Molecule Saturation 
capacity, qi,sat / 
mol/kg 

Ði(0) / 

10-8 m2 s-1 

z φi 

CHA CO2 9.71 0.21 5 1.47 

CHA N2 9.71 0.35 5 )34.0exp(11.2 iθ−  

CHA Ar 9.71 0.285 5 1.64 

CHA Ne 27.7 1.74 5 1.31 

CHA CH4 8.32 2.1×10-3 5 )98.0exp(55.4 iθ−  

DDR Ne 14 1.1 5 )2.0exp(46.1 iθ−  

DDR CO2 4.6 0.113 5 1.2 

DDR N2 5.4 0.16 5 )95.0exp(7.3 iθ−  

DDR Ar 5.4 0.075 5 )74.0exp(5.3 iθ−  

DDR CH4 4.2 4.76×10-5 5 )2.0exp(6 iθ−  

ERI CO2 8 0.14 5 )07.0exp(75.1 iθ−  

ERI N2 9 0.19 5 )7.0exp(4.3 iθ−  

ERI Ar 5.5 0.14 5 )4.0exp(7.2 iθ−  

ERI Ne 22 1.4 5 )18.0exp(43.1 iθ−  

ERI CH4 4.16 1.25×10-4 5 )53.0exp(8.8 iθ−  

LTA CO2 12 0.4 5 )5.0exp(75.0 iθ−  

LTA N2 12.5 0.8 5 )15.0exp(5.1 iθ−  

LTA Ar 12.5 0.58 5 1.5 

LTA Ne 35 1.83 5 1.22 

LTA CH4 4.16 0.018 5 )64.0exp(9.5 iθ−  
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Table 6. Correlation parameters ai and bi describing self-exchange coefficients Ðii defined by Eq. (4) 

for a variety of molecules in DDR, CHA, ERI, and LTA zeolites, determined from MD simulations of 

pure component Ði and Di,self . 

Zeolite Molecule ai 

 

bi 

CHA CO2 1.5 1.3 

CHA N2 3.2 2.7 

CHA Ar 2.6 1.6 

CHA Ne 0.7 1.3 

CHA CH4 5 0 

DDR Ne 1 2.5 

DDR CO2 1.6 1.7 

DDR N2 3.2 4 

DDR Ar 4 3 

DDR CH4 5 0 

ERI CO2 1 1.4 

ERI N2 1.5 1.5 

ERI Ar 4.5 3 

ERI Ne 0.65 0 

ERI CH4 5 0 

LTA CO2 2 0 

LTA N2 2 2.1 

LTA Ar 2.4 2 

LTA Ne 0.65 1.7 

LTA CH4 20 4 
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Table 7. Unary permeation parameters for DDR membrane backed out from the data of Van den Bergh 
et al.[22]. 
 
Molecule δρ )0(iÐ  

10-3 kg m-2 s-1 
Ediff,i 
kJ mol-1 

φi z 

CO2 933 13.63 )4.0exp(5.1 iθ  5 
CH4 50 19.54 )25.0exp(6 iθ  5 
N2 123 8.06 )6.0exp(7.1 iθ  5 
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10. Captions for Figures 

 

 

Figure 1. Pure component isotherm data for CO2, CH4 and N2 in DDR at 220 K, 252 K, 273 K, 300 K, 

and 348 K. The filled symbols are GCMC simulation results. The open symbols are experimental data 

of Himeno et al.[17, 18]. The continuous solid lines are 3-site Langmuir fits with T-dependent 

parameters b and qsat as specified in Table 2. 

 

Figure 2. Pure component isotherm data for CO2, CH4 and N2 in DDR at 373 K. Also shown is 

equilibrium data for pure  Ar at 300 K,  and for pure  CO2, CH4 and N2 at constant gas phase fugacities 

of 101 kPa, 1000 kPa, and 1500 kPa, and varying T. The filled symbols are GCMC simulation results. 

The open symbols are experimental data of Himeno et al.[17, 18]. The continuous solid lines are 3-site 

Langmuir fits with T-dependent parameters b and qsat as specified in Table 2. 

 

Figure 3. Framework structure of DDR, top and side views. The blue spheres of 3 Å diameter are taken 

to indicate the window region. 

 

Figure 4. Probability density plots for locations of CH4 in DDR at bulk gas pressure of 1 MPa and T = 

273 K.  
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Figure 5. Probability density plots for locations of Ar in DDR at bulk gas pressure of 1 MPa and T = 273 

K. 

 

Figure 6. Probability density plots for locations of N2 in DDR at bulk gas pressure of 1 MPa and T = 273 

K.  

 

Figure 7. Probability density plots for locations of CO2 in DDR at bulk gas pressure of 1 MPa and T = 

273 K.  

 

Figure 8. %Probability for adsorption of component in the window region of DDR as function of the 

molecular diameter for CH4, Ar, N2, CO2, Ne, and Kr at 273 K and 300 K. 

 

Figure 9. Cartoon showing the approximate molecular dimensions of Ne, Ar, Kr, N2, CO2, and CH4. The 

molecular diameters are estimated on the basis of the Lennard-Jones size parameters σ for molecule-

molecule interactions. The molecular lengths are estimated on the basis of the bond lengths.  

 

Figure 10. Probability density plots for CO2/CH4 mixtures in DDR obtained with partial fugacities f1= 

f2= 1 MPa  and T = 273 K.  

 

Figure 11. Probability density plots for N2/CH4 mixtures in DDR obtained with partial fugacities f1= f2= 

1 MPa  and T = 273 K.  
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Figure 12.  GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4 gas 

mixtures in DDR at 223 K, 273 K, 300 K, and 373 K. The continuous solid lines represent calculations 

of the IAST[20] using 3-site Langmuir fits of pure component isotherms with T-dependent parameters b 

and qsat as specified in Table 2. 

 

Figure 13. GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4 gas 

mixtures in DDR at partial gas phase fugacities of 50.5 kPa, 250 kPa, and 500 kPa and varying T. The 

continuous solid lines represent calculations of the IAST[20] using 3-site Langmuir fits of pure 

component isotherms with T-dependent parameters b and qsat as specified in Table 2. 

 

Figure 14. GCMC simulations for the component loadings in equilibrium with equimolar N2/CH4 gas 

mixtures in DDR at 223 K, 273 K, and 300 K. The continuous solid lines represent calculations of the 

IAST[20] using 3-site Langmuir fits of pure component isotherms with T-dependent parameters b and 

qsat as specified in Table 2. 

 

Figure 15. GCMC simulations for the component loadings in equilibrium with equimolar N2/CH4 gas 

mixtures in DDR at partial gas phase fugacities of 50.5 kPa, 250 kPa, and 500 kPa and varying T. The 

continuous solid lines represent calculations of the IAST[20] using 3-site Langmuir fits of pure 

component isotherms with T-dependent parameters b and qsat as specified in Table 2. 

 

Figure 16. GCMC simulations for the component loadings in equilibrium with equimolar CO2/N2 gas 

mixtures in DDR at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with T-dependent parameters b and qsat as specified in 

Table 2. 
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Figure 17. GCMC simulations for the component loadings in equilibrium with equimolar CO2/N2 gas 

mixtures in DDR at partial gas phase fugacities of 50.5 kPa, 250 kPa, and 500 kPa and varying T. The 

continuous solid lines represent calculations of the IAST[20] using 3-site Langmuir fits of pure 

component isotherms with T-dependent parameters b and qsat as specified in Table 2. 

Figure 18. GCMC simulations for the component loadings in equilibrium with equimolar CO2/Ar gas 

mixtures in DDR at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with T-dependent parameters b and qsat as specified in 

Table 2. 

 

Figure 19. Pure component isotherm data for CO2, CH4 and N2 in CHA at 273 K and 300 K. The filled 

symbols are GCMC simulation results. The continuous solid lines are 3-site Langmuir fits with 

parameters specified in Table 3. 

 

Figure 20. Framework structure of CHA, top and side views. The blue spheres of 3 Å diameter are taken 

to indicate the window region. 

 

Figure 21. Probability density plots for locations of CH4 in CHA at total bulk gas pressure of 1 MPa and 

T = 300 K.  

 

Figure 22. Probability density plots for locations of Ar in CHA at total bulk gas pressure of 1 MPa and 

T = 300 K.  

 

Figure 23. Probability density plots for locations of N2 in CHA at total bulk gas pressure of 1 MPa and T 

= 300 K.  
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Figure 24. Probability density plots for locations of CO2 in CHA at total bulk gas pressure of 1 MPa and 

T = 300 K.  

 

Figure 25. %Probability for adsorption of component in the window region of CHA as function of the 

molecular diameter of CH4, Ar, N2, CO2, Ne, and Kr. 

 

Figure 26. GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4, gas 

mixtures in CHA at 273 K and 300 K. The continuous solid lines represent calculations of the IAST[20] 

using 3-site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

 

Figure 27. GCMC simulations for the component loadings in equilibrium with equimolar N2/CH4 gas 

mixtures in CHA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 28. GCMC simulations for the component loadings in equilibrium with equimolar CO2/N2 gas 

mixtures in CHA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 29. GCMC simulations for the component loadings in equilibrium with equimolar CO2/Ar gas 

mixtures in CHA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 30. Pure component isotherm data for CO2, CH4, Ar, and N2 in ERI at 273 K, and 300 K. The 

filled symbols are GCMC simulation results. The continuous solid lines are 3-site Langmuir fits with 

parameters specified in Table 3. 
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Figure 31. Framework structure of ERI. The blue spheres of 4 Å diameter are taken to indicate the 

window region. 

 

Figure 32. %Probability for adsorption of component in the window region of ERI as function of the 

molecular diameter of CH4, Ar, N2, CO2, Ne, and Kr. 

 

Figure 33. GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4, gas 

mixtures in ERI at 273 K and 300 K. The continuous solid lines represent calculations of the IAST[20] 

using 3-site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 34. GCMC simulations for the component loadings in equilibrium with equimolar N2/CH4 gas 

mixtures in ERI at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-site 

Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

 

Figure 35. GCMC simulations for the component loadings in equilibrium with equimolar CO2/N2 gas 

mixtures in ERI at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-site 

Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 36. GCMC simulations for the component loadings in equilibrium with equimolar CO2/Ar gas 

mixtures in ERI at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-site 

Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 
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Figure 37. Pure component isotherm data for CO2, CH4, Ar, and N2 in LTA at 300 K. The filled symbols 

are GCMC simulation results. The continuous solid lines are 3-site Langmuir fits with parameters 

specified in Table 3. 

 

Figure 38. Framework structure of LTA. The blue spheres of 4 Å diameter are taken to indicate the 

window region. 

 

Figure 39. %Probability for adsorption of component in the window region of LTA as function of the 

molecular diameter of CH4, Ar, N2, CO2, Ne, and Kr. 

 

Figure 40. GCMC simulations for the component loadings in equilibrium with equimolar CO2/CH4, gas 

mixtures in LTA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 41. GCMC simulations for the component loadings in equilibrium with equimolar N2/CH4 gas 

mixtures in LTA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

 

Figure 42. GCMC simulations for the component loadings in equilibrium with equimolar CO2/N2 gas 

mixtures in LTA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 
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Figure 43. GCMC simulations for the component loadings in equilibrium with equimolar CO2/Ar gas 

mixtures in LTA at 300 K. The continuous solid lines represent calculations of the IAST[20] using 3-

site Langmuir fits of pure component isotherms with fitted parameter values as given in Table 3. 

 

Figure 44. MD simulations of self-diffusivities in CO2/CH4 and CO2/N2 gas mixtures in DDR at 300 K. 

 

Figure 45. MD simulations of self-diffusivities in CO2/Ar and CH4/N2 gas mixtures in DDR at 300 K. 

 

Figure 46. MD simulations of self-diffusivities in CO2/Ne and CH4/Ar gas mixtures in DDR at 300 K. 

 

Figure 47. MD simulations of self-diffusivities in CO2/CH4 and CO2/N2 gas mixtures in CHA at 300 K. 

 

Figure 48. MD simulations of self-diffusivities in CO2/Ar and CH4/N2  gas mixtures in CHA at 300 K. 

 

Figure 49. MD simulations of self-diffusivities in CO2/Ne and CH4/Ar mixtures in CHA at 300 K. 

 

Figure 50. MD simulations of self-diffusivities in CO2/CH4 and CO2/N2 gas mixtures in ERI at 300 K. 

 

Figure 51. MD simulations of self-diffusivities in CO2/Ar and CH4/N2  gas mixtures in ERI at 300 K. 
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Figure 52. MD simulations of self-diffusivities in CO2/Ne and CH4/Ar mixtures in ERI at 300 K. 

 

Figure 53. MD simulations of self-diffusivities in CO2/CH4 and CO2/N2 gas mixtures in LTA at 300 K. 

 

Figure 54. MD simulations of self-diffusivities in CO2/Ar and CH4/N2 gas mixtures in LTA at 300 K. 

 

Figure 55. MD simulations of self-diffusivities in CO2/Ne and CH4/Ar mixtures in LTA at 300 K. 

 

Figure 56. Unary permeation fluxes of CO2, CH4, and N2 across a DDR membrane at specified upstream 

pressures and varying T. The experimental data of Van den Bergh et al. [19] are denoted by filled 

symbols. The continuous solid lines represent the model calculations using eq. (11). Further data inputs 

are as given in Table 2 and Table 7.   

 

Figure 57. Component fluxes for binary N2/CH4 mixture permeation across DDR membrane, for 

upstream pressures of 101 kPa, 500 kPa, and 1000 kPa. The experimental data of  Van den Bergh et al. 

[19] are denoted by filled symbols. The continuous solid lines represent the model calculations using eq. 

(13). Further data inputs are as given in Table 2 and Table 7.  The IAST is used for calculation of 

adsorption equilibrium in the mixture. 

 

Figure 58. This contains the same information as in Figure 57 with the total mixture loading plotted on 

the x-axes.   
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Figure 59. Component fluxes for binary CO2/CH4 mixture permeation across DDR membrane, for 

upstream pressures of 101 kPa, 500 kPa, and 1000 kPa. The experimental data of  Van den Bergh et al. 

[19] are denoted by filled symbols. The continuous solid lines represent the model calculations using eq. 

(13). Further data inputs are as given in Table 2 and Table 7.  The IAST is used for calculation of 

adsorption equilibrium in the mixture. 

 

Figure 60. Sorption selectivity, diffusion selectivity, and permeation selectivity for separation of 

CO2/CH4, N2/CH4, CO2/N2, and CO2/Ar mixtures across DDR, CHA, ERI, and LTA membranes. 
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Figure 3
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Figure 4

Probability density plot
of CH4 in DDR
f = 1 MPa, T = 273 K



Figure 5

Probability density plot
of Ar in DDR
f = 1 MPa, T = 273 K



Figure 6

Probability density plot
of N2 in DDR
f = 1 MPa, T = 273 K



Figure 7

Probability density plot
of CO2 in DDR
f = 1 MPa, T = 273 K
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Figure 10Probability density plot
of CH4-CO2 mixture in DDR
f1 = f2 =1 MPa, T = 273 K

Red dots = CH4
Blue dots = CO2



Figure 11

Red dots = CH4
Yellow dots = N2

Probability density plot
of CH4-N2 mixture in DDR
f1 = f2 =1 MPa, T = 273 K
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Figure 18

Partial gas phase fugacity, f i/ Pa
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Figure 19

Bulk fluids phase fugacity, fi / Pa
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Figure 20

Side-on view Top-down view

Blue spheres
of 3 Å diameter
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Figure 21

Probability density plot
of CH4 in CHA
f = 1 MPa, T = 300 K



Figure 22

Probability density plot
of Ar in CHA
f = 1 MPa, T = 300 K



Figure 23

Probability density plot
of N2 in CHA
f = 1 MPa, T = 300 K



Figure 24

Probability density plot
of CO2 in CHA
f = 1 MPa, T = 300 K



Figure 25

Molecular diameter / Å
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Figure 26

Partial gas phase fugacity, f i/ Pa
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Figure 27

Partial gas phase fugacity, f i/ Pa
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Figure 28

Partial gas phase fugacity, f i/ Pa

103 104 105 106 107 108 109

C
om

po
ne

nt
 lo

ad
in

g,
 q

i /
 m

ol
 k

g-1

10-3

10-2

10-1

100

101

IAST
N2
CO2

CO2-N2 mixture; f1=f2;
GCMC; 300 K; CHA



Figure 29

Partial gas phase fugacity, f i/ Pa
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Figure 30

Bulk gas phase fugacity, f i/ Pa
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Figure 31

Blue spheres of 4 Å diameter
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Figure 32

Molecular diameter / Å
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Figure 33

NVT snap with equal loadings
(2 uc deep view of molecules)
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Figure 34

NVT snap with equal loadings
(2 uc deep view of molecules)
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Figure 35

NVT snap with equal loadings
(2 uc deep view of molecules)
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Figure 36

NVT snap with equal loadings
(2 uc deep view of molecules)
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Figure 37

Bulk gas phase fugacity, f i/ Pa
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Figure 38
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Figure 39

Molecular diameter / Å
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Figure 40

Bulk gas phase fugacity, f i/ Pa
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Figure 41

NVT snap with
equal loadings
(2 cages deep view
of molecules)
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Figure 42

NVT snap with
equal loadings
(2 cages deep view
of molecules)
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Figure 43

Bulk gas phase fugacity, f i/ Pa
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Figure 44

mole fraction of CO2 in mixture, x1
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Figure 45

Total mixture loading, q / mol kg-1
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Figure 46

mole fraction of CH4 in mixture, x1
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Figure 47

mole fraction of CO2 in mixture, x1
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Figure 48

mole fraction of CO2 in mixture, x1
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Figure 49

Total mixture loading, q / mol kg-1
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Figure 50

Loading, q / mol kg-1
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Figure 51

Loading, q / mol kg-1
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Figure 52

Loading, q / mol kg-1
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Loading, q / mol kg-1
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