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Abstract

Grand Canonical Monte Carlo simulations for adsorption of CO,/CH,4, CH4/N>, and CO,/Ar mixtures in DDR zeolite show that the
window regions contain practically no CHy4 or Ar; these molecules are predominantly adsorbed within the cages. CO, and N, molecules
adsorb both within the cages and at the window regions. Due to segregated adsorption, the ideal adsorbed solution theory is unable to
predict the mixture loadings accurately. Molecular dynamics simulations show that CO, molecules that are strongly adsorbed at the win-
dows hinder the inter-cage diffusion of partner molecules in mixtures; this effect is not described by the Maxwell-Stefan theory.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

DDR zeolite membranes offer technological possibilities
for separation of CO,/CH, and CH,4/N, mixtures [1-4]. In
the design and development of zeolite membrane based
separation technologies, the ideal adsorbed solution theory
(IAST) of Myers and Prausnitz [5] is widely used to calcu-
late the adsorption loadings of mixtures of molecules using
only pure component isotherm fits as data inputs [6]. A key
assumption of the IAST is that the composition of the
adsorbed phase is spatially uniform within the zeolite; this
assumption is not always a good one. Segregation effects,
i.e. preferential location of molecules at certain sites or
regions, have been observed for a variety of guest-host
combinations in zeolites [7-13]. For adsorption of hydro-
carbon mixtures in MFI, for example, branched and cyclic
hydrocarbons are preferentially located at the intersections
of the straight and zig-zag channels, whereas linear mole-
cules can locate anywhere in the pores [14-16]. Murthi
and Snurr [16] and Krishna and Paschek [10] have shown
that such segregation effects for adsorption causes depar-
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tures from ideality of adsorbed phase equilibria. The first
objective of the present communication is to show that
segregation effects are present for CO,/CH,;, CH4/No,
and CO,/Ar mixture adsorption in DDR. We show that
segregation effects cause the failure of IAST to provide a
good quantitative representation of component loadings.
The second major objective is to demonstrate that segrega-
tion effects also influence mixture diffusion. We show that
the Maxwell-Stefan (M-S) diffusion equations, commonly
used to predict mixture diffusion on the basis of informa-
tion on pure component diffusivity data, fails in the pres-
ence of segregation effects.

Grand Canonical Monte Carlo (GCMC) simulations
were carried out to determine pure component and mixture
isotherms, and probability distribution of molecules in
cages and windows. Molecular dynamics (MD) simulations
were performed to determine self-diffusivities for mixture
diffusion in DDR. The simulation methodologies are
detailed in the Supplementary Material accompanying this
publication.

2. Segregation effects in adsorption

DDR consists of cages separated by narrow ellipti-
cal shape windows of 3.6-4.4 A size. For adsorption of
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Fig. 1. Snapshots obtained from NVT simulations of mixtures in DDR at

300 K. The molecular loadings are taken to be equal for either component
in the mixture.

CO,/CH,4, CH4/N,, and CO,/Ar mixtures, CO, and N,
molecules can locate inside the cages and also at the win-
dows, straddling two cages; see as the NVT snaps in
Fig. 1. Due to their somewhat larger diameters CH4 and
Ar feel too constrained at the windows and prefer to locate

Table 1

Probability distribution of locating molecules in window region, and
within cages for equimolar binary mixtures in DDR at partial fugacities of
1 MPa and 300 K

System Component Location at  Ratio of Ratio of
window molecules molecules in
region (%) within cages total pore

structure
CO,/CH; CO, 43 29 5
CH,4 0.2

CH4/N, CH,4 0.5 6.6 5.9
N> 10

CO,/Ar CO, 37 18.8 29.3
Ar 2.4

within the cages. In order to quantify the segregation effects
we carried out GCMC simulations for the three mixtures at
partial fugacities f; = f> = 1 MPa and 300 K. For 107 equil-
ibration cycles the centers of the molecules were captured
every 1000 cycles, starting at cycle 1000. The window
region is considered to be a sphere with a diameter of
3 A. If the centre of the molecule falls within the 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 10* samples, reliable statistics
were obtained for the % probability of adsorbing a mole-
cule within the window region; see Table 1. The collected
statistics also yields ratios of the loadings of CO,/CHy,
CH,4/N,, and CO,/Ar at the window region, and in the
entire pore structure of DDR.

For the CO,/CH, mixture, we note the ratio of the num-
ber of adsorbed molecules of CO, to that of CH,4 within the
entire DDR pore space equals 5, whereas within the cages
this ratio is 2.9. Segregation effects reduce the competition
within the cages faced by CH4 from CO,. The GCMC sim-
ulations are compared with the IAST predictions in
Fig. 2a. We note that the IAST significantly under-predicts
the loading of the more weakly adsorbed CH,. These
results are in agreement with the findings of Chen and Sholl
[17]. The conventional TAST calculation assumes that CHy
molecules compete with all of the CO,, making no allow-
ance for segregation. The IAST anticipates a stiffer compe-
tition between CO, and CH,4 as it assumes a uniform
distribution of composition; consequently the separation
selectivity is over estimated. We also note that the predic-
tions of the IAST become progressively worse with increas-
ing gas phase fugacities. For the CO,/Ar mixture the CO,/
Ar ratio within the entire DDR pore space is 29.3, whereas
within the cages this ratio is 18.8; Ar faces a less stiff com-
petition within the cages from CO, than anticipated by the
IAST and therefore the IAST underpredicts the Ar load-
ing; see Fig. 2b.

For CH4/N, mixture adsorption, the situation is some-
what different. There is a 10% probability of locating N,
at the window region. At the window regions N, faces no
suppressing competition from CHy molecules. The IAST
predictions for N, are lower than the GCMC simulations;
see Fig. 2c.

The extent of non-ideality of adsorption can be quanti-
fied by backing out the activity coefficients of the individual
species. This requires an appropriate definition of the stan-
dard states and compliance with the Gibbs—Duhem con-
straint; see Murthi and Snurr [16] and Chen and Sholl
[17] for details.

3. Segregation effects on mixture diffusion

MD simulation results of pure component self-diffusivi-
ties, D; serr, and M-S diffusivities, B;, of CO,, CHy, Ny, Ar,
Ne, He, H,, and O, in DDR are presented in Fig. 3a,b. The
diffusivities vary by about five orders of magnitude and the
hierarchy is dictated by the degree of confinement of the
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Fig. 3. MD simulations of (a) self-diffusivities, D;sy, and (b) M-S
diffusivities B; of CO,, CH4, N>, Ne, He, H,, and O, in DDR at 300 K. (c)
Transport coefficients, pB;/d, of CO,, CHy, N,, He, H,, and O, across a
DDR membrane at 298 K backed out from data of Himeno et al. [3].

Fig. 2. GCMC simulations of the component loadings in (a) CO,/CHy,,
(b) CO,/Ar, and (c) CH4/N,, gas mixtures in DDR at 300 K compared
with the calculations of IAST, shown by the continuous solid lines. For all
mixtures the partial gas phase fugacities are equal, i.e. f; = f>.
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Table 2
Self-exchange parameters a; and b, defined by Eq. (2) for various molecules
in DDR zeolite

Component a; b; Saturation capacity,
qisa/mol kg ™!

Ne 1 2.5 14

Ar 4 3 5.4

CO, 1.6 1.7 4.6

N> 3.2 4 5.4

CH,4 5 0 42

molecules at the windows of DDR [18]. Strongly confined
CH, exhibits a strong increase in diffusivity with loading,
reaches a maximum and then decreases as the loading
approaches saturation. Generally speaking, for self-diffu-
sion in binary mixtures each species will influence the mobil-
ity of the other. The D; s of the more mobile species will be
reduced, and the D,y of the tardier species will be
increased. The mutual influence of the component species
are due to correlation effects [18]. In the M-S theory corre-
lation effects are quantified by self-exchange (8;;) and binary
exchange () coeflicients. The self-diffusivities in the mix-
ture can be calculated from pure component B; using [18,19]:

1 9 9
Dir=1/—+ + ;
beelf / <D1 ql,satDU q2<satl_)12
1 9 a1
Dysr =1 —+ + 1
2eclt /<DZ q2,satD22 qlﬁ,saf.Dz1 ( )

The self-exchange coefficients H; are determined from self-
and M-S diffusivities of pure components and correlated in
the form [18]:

D;; qi
— = a; €Xp —b,' ! (2)
Bi < qi,sat)

The values of a;, b;, and ¢; s, for CO,, N», Ne, Ar, and CHy
are summarized in Table 2. For CH, correlation effects are
negligibly small and % is estimated to be 5. The binary
exchange coefficients 512 and H»; are calculated using
q2,sal1912 = [qZ,satDII]ql/(ql+QZ) [ql,satDZQ]q2/<ql+q2) = ql,sat]D21
(3)
The preferential adsorption of CO, at the windows of
DDR can be expected to have an additional hindering influ-
ence on the inter-cage hopping of partner molecules such
CH,4, Ar, N,, or Ne in the mixture. MD simulations of
the D; ¢ in CO,/Ar mixture for a total mixture loading,
g = q1 + g> = 2.77 mol/kg, are shown in Fig. 4a. Here, Ar
is the more mobile species and there is a slight speeding-
up of tardier CO, with increasing presence of Ar; this is
as expected. With increasing proportion of CO, the diffu-
sivity of Ar is significantly reduced; when the mole fraction
of CO, in the mixture exceeds 0.7, Ar is found to have a
lower diffusivity than CO,.
The calculations of the M-S theory following Eq. (1) are
shown by the continuous solid lines in Fig. 4a. We note

that while the predictions for CO, are in reasonable agree-
ment with the MD simulations, the M-S theory fails to
anticipate the severe reduction in the Ar diffusivity with
increased CO, loading. The hindrance effect due to
adsorbed CO, in the window regions experienced by Ar
manifests in the mixture, and this effect cannot be predicted
on the basis of only pure component diffusivity data. The
reason for this failure is that the M-S theory only caters
for correlation effects that cause slowing down of the more
mobile species; the M-S formulation does not cater for the
additional hindrance effect due to CO,.

CO, exercises a similar hindrance effect in CO,/Ne and
CO,/N, mixtures; see Fig. 4b and c. Again the M-S theory
significantly underestimates the reduction in the D¢ of
the more mobile species Ne and N».

Fig. 4d shows MD simulation data for CO,/CH, mix-
tures. With increasing concentration of the tardier CHy,
the D;g ¢ of more mobile CO, decreases, as is to be
expected. Indeed, the M—S model anticipates this decrease.
More remarkably the D, of the tardier CH, is further
reduced with increasing proportion of CO,; this influence
is attributable to the hindrance experienced by CH4 to
hop between cages due to the presence of strongly adsorbed
CO, in the window regions; see animations of our MD sim-
ulations[20]. The M-S model is not capable of anticipating
a decrease in the CHy4 diffusivity.

For CH4/N, mixture, the diffusivity of the tardier CH,
decreases even more in the presence of N, molecules, some
of which are lodged at the windows; see Fig. 4e.

When neither component in the mixture is significantly
adsorbed at the window region, we should not expect the
hindrance effects discussed above. This is indeed found to
be the case for CH,/Ar mixtures; see Fig. 4f; Eq. (1) is rea-
sonably successful in the predicting the D;gyr in this
mixture.

4. Experimental data of Himeno et al. [3]

Himeno et al.[3] have published experimental data on
unary permeation of CO,, CHy, N,, He, H», and O, across
a DDR membrane at 298 K. From their experimental data
we backed out transport coefficients pD;/J; Fig. 3¢ presents
pB;/6 as a function of the total mixture loading at the
upstream face. The hierarchy of diffusivities is in good
agreement with those determined from MD simulations.
The loading dependence of pB;/5 for any molecule is also
in broad agreement with the MD simulation results; com-
pare Fig. 3b and c. Of particular note is the strong increase
in the #; of CH, in the range of loadings 0-3 mol/kg
observed both in experiments and in the MD simulations.
From the CO,/CH, mixture permeation data of Himeno
et al. [3], the backed out effective transport coeflicients
pDi/d are presented in Fig. 5. We note that pB;/d of either
species is lower in the mixture than for pure components, in
line with the MD simulation results presented in Fig. 4d.
There is a slight slowing down of the more mobile CO,
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Fig. 4. Self-diffusivities in (a) CO,/Ar, (b) CO,/Ne, (c) CO,/N,, (d) CO,/CHy, (e) CH4/N,, and (f) CH4/Ar mixtures in DDR at 300 K obtained at a total
mixture loading of 2.77 mol/kg. The continuous solid lines are calculations using Eq. (1).

due to the tardy CH,4. More interestingly, we note that for
CHy the diffusivity in the mixture is about an order of mag-

nitude lower than the unary permeation value; this reduc-
tion is most likely due to the hindrance effect of strongly
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Fig. 5. Comparison of transport coefficients, pB;/5, for DDR membrane
backed out from unary and binary mixture permeation of CO,/CHy
reported by Himeno et al. [3].

adsorbed CO, at the window regions. Segregation effects
enhance the CO,/CH, diffusion selectivity.

5. Conclusions

GCMC simulations reveal the segregated nature of
adsorption of CO,/CH,4, CH4/N,, and CO,/Ar mixtures
in DDR. CO, and N, molecules locate both within the
cages and at the windows, whereas CH, and Ar adsorb pre-
dominantly within the cages. The IAST does not ade-
quately describe the component loadings for mixture
adsorption and there are strong non-ideality effects espe-
cially for CO,/CH, mixtures. Another important conse-
quence of segregation is that the adsorbed CO, and N,
molecules at the window regions hinder the inter-cage
transport of partner molecules such as CHy, Ar, N, or

Ne. Such hindrance effect is not catered for by the Max-
well-Stefan diffusion theory.

There is a need to develop improved models for mixture
adsorption and diffusion that takes account of the segrega-
tion effects described in this Letter; work is in progress to
develop such models.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j-cplett.2007.08.060.
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1. GCMC simulation methodology

The adsorption isotherms for CO,, CH4, N,, Ar, Ne, He, H,, and O, in DDR 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] CO, molecules are taken linear and rigid, with bond length C-
O of 1.16A 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 CH,4 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 CHs-zeolite interactions are taken from Dubbeldam et al.[6]. The Lennard-Jones parameters for
CO;-zeolite and N,-zeolite interactions are essentially those of Makrodimitris et al.[9]. The force field
for He, Ne and Ar is taken from the paper by Skoulidas and Sholl[12]. The force field for H;
corresponds to that given by Kumar et al.[13] In implementing this force field, quantum effects for H,
have been ignored because the work of Kumar et al.[13] 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.[13] is quite similar to that used by Gallo et al. [14]. The force field for O, is



taken from the work of Mellot and Lignieres[15]. Table 1 summarizes the information on the force
fields for all gases.

The Lennard-Jones potentials are shifted and cut at 12 A. 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. Further GCMC simulation details are available in earlier
publications|3, 6, 16].

The GCMC simulations were performed using the BIGMAC code developed by T.J.H. Vlugt[17] 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, CO,, and N is available elsewhere[6, 18].

Comparisons between experimental data and GCMC simulations for CHs, CO;, N, and O, in DDR

are given in Figures 1, 2, 3, and 4. These data give an indication of the validity of the force fields.

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 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[19] 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.
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Forester and I.T. Todorov and has been obtained from CCLRCs Daresbury Laboratory via the
website.[19]

The MD 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 statistics for determination of the diffusivities.

The self-diffusivities, D;gr, were computed by analyzing the mean square displacement of each

species i for each of the coordinate directions:

n

D= tm (S0, 80,07 N

I=1

In this expression n; represents the number of molecules of species i respectively, and rj;(¢) is the
position of molecule / of species i at any time 7. The expression (1) also defines the self-diffusivity in a
n-component mixture. For DDR the reported diffusivities are the averages in x- and y- directions

D=(D,+D,)/2.

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

coordinate directions from

b= hgnNii«Z(r (1 +80) -, (r))} > @

I=1

The self-exchange coefficient D;; were calculated from

D=l 3)

6 =1 )



The values of the saturation capacities gise were determined from GCMC simulations of the

1sotherms.

3. Pure component isotherms and fits
The GCMC simulated data for pure component isotherms for CO,, CH4, N,, Ar, Ne, He, H,, and O; in
DDR at 300 K are presented in Figures 5. The GCMC simulation results, shown by the filled symbols in
Figure 5, are in good agreement with the experimental data (open symbols) of Himeno et al. [20, 21],
indicated by the open symbols in Figure 5. The continuous solid lines in Figure 5 are 3-site Langmuir

fits of the isotherms

_ qsat,AbAf + Q.mt,Bbe + qsat,CbCf

TS5 b f Atk A+b.f )

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. (5) ¢ is the molar loading expressed in mol kg™, g4 is the
saturation loading of site A, and f is the fugacity of the bulk gas phase. The values of the fitted

parameters b and g, are specified in Table 2.

4. Probability density plots and segregation data for DDR
DDR consists of cages separated by narrow elliptical shaped windows of 3.6 — 4.4 A size; for the
purposes of quantifying segregation effects we have defined the window region to be a sphere with a
diameter of 3 A, as indicated by the blue spheres in Figure 6.
The GCMC simulations were run for 10" 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 A
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.

For adsorption of CO,/CH4, CH4/N,, and CO,/Ar mixtures with partial fugacities fi= ;= 1 MPa and
300 K, the probability density snapshots in Figures 7, 8, and 9 indicate that segregation effects are

present in the mixtures; no CH4 or Ar molecules are visible in the window regions.

5. GCMC mixture simulations
For adsorption of CO,/CH4, CH4/N,, and CO,/Ar mixtures, the GCMC mixture simulations of the
component loadings are compared with the predictions of Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz[22] in Figures 10, 11, and 12. For the IAST predictions, the pure component

isotherm 3-site Langmuir fits given in Table 2 were used.

6. Analysis of Himeno data for CO,/CH, permeation across DDR
membrane

Himeno et al.[23] have published experimental data on unary permeation of CO,, CHy4, N», He, Hy,
and O, across a DDR membrane at 298 K. Their flux data has been replotted in Figure 13. We analysed
their flux vs upstream pressure data and backed out the effective transport coefficients using the pure
component isotherm fits of the GCMC simulated isotherms (cf. Table 2). The values of the transport
coefficients pP/J were backed out from each experimental point using

_pP
N=£=DF (6)

Where DF', the driving force for unary permeation is [24]

1+b 1+b 1+b
DF:thA In —Afup Rl oy In —Bf“P + 9suc In —r (7)
o 1+bAfduwn o 1+bedown o 1+bCfdawn



The 3-site Langmuir constants are as given in Table 2. In backing out the transport coefficients, we
assumed a value of the downstream pressure = 50 kPa. Figure 14 presents the backed out data on the
transport coefficients of CO,, CHa4, Ny, He, H,, and O, as a function of the loading at the upstream face

of the membrane, gp.

Himeno et al.[23] have also presented data for permeation fluxes across a DDR membrane for
CO,/CH4 mixtures with equal fugacities in the bulk gas phase on the upstream side of the membrane;
Figure 15. The effective transport coefficients of each of the two components in the binary mixture was

determined from the individual fluxes using

) N,
A ' L =12 ®)

5 downstream ) dq ’
J. Z(Fﬁ p x] jdx

upstream J=1

The thermodynamic factors I'j; are defined as

du. & dq . o
iﬁ:ZFI,, 7. FI.E&i; i,j=12 )
RT dx %37 dx TS,

From the GCMC simulations it appears that the Ideal Adsorbed Solution Theory (IAST) of Myers and
Prausnitz[22] is not completely successful in predicting the mixture loadings; see Figure 10. For this
reason we estimated the component loadings, gi, and the matrix of thermodynamic factors I'jj from the
GCMC simulation data. In backing out the transport coefficients from binary mixture permeation data
we note that the downstream compartment of the membrane was flushed with inert gas; for this reason
we assumed the component loadings at the downstream face are negligibly small.

Figure 15 summarizes the data on the transport coefficients backed out from both unary and binary

CO,/CH4 mixture permeation data.
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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 o and &kg. Leonard-Jones interaction with the zeolite was only taken o

and &kp 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- Atom - O in | Atom - O in | charge
atom atom zeolite zeolite
o/ A ekp /K o/ A ehs /K
CH,4 3.72 158.5 3.47 115 0
C (COy) 2.757 28.129 2.7815 50.2 0.6512
O (COy) 3.033 80.507 2.9195 84.93 -0.3256
N (Ny) 3.32 36.4 3.06 58.25 -0.40484
O (0y) 3.0896 44.5 297 67.8 -0.112
He 2.28 10.223 2.62 51.235 0
Ar 3.42 124.07 3.17 95.61 0
Ne 2.789 35.7 2.798 56.87 0
H, 2.782 38.7 2.713 79.914 0

The molecule geometries were fixed. The bond angle for CO; is 180°. For N and O,, a point charge is
located in the middle between the two atoms, that is twice the magnitude of the charges on N and O, 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 / A

N-N(N,) | 1.098

0-0(0) |12

C-0(CO, |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. Three-site Langmuir parameters for pure component isotherms in DDR. The saturation

capacity, ¢st, has the units of mol kg™'. The Langmuir parameters, b, have the units of Pa™.

Zeolite | Molecule | Temperature, Three-Site Langmuir parameters
T/K ba qsat,A by qsat,B bc qsat,C

DDR CO, 300 6.52x10° 3 6.34x10° 1 1.88x10” 0.6
DDR CH, 300 3.66x10° 1.6 1.9x10° 1.6 3.56x10"
DDR N, 300 3.84x10” 1.8 1.1x10® 1.8 734x10" | 1.8
DDR Ar 300 3.06x107 | 2.1 2.58x10° 1.3 1.11x10° | 2
DDR 0, 300 505107 | 1.8 4.46x10™ 1.8 6.62x10" | 1.8
DDR H, 300 3.12x10% | 9 2.88x10710 | 7 8.13x10"% | 6
DDR He 300 1.13x10° 10 6.84x10"° | 10 6.89x101° | 7
DDR Ne 300 2.16x10° 5 7.27x101° | 5 8.18x1072 | 4

11




8. Captions for Figures

Figure 1. Comparison of GCMC simulations for pure component isotherms for CH4 in DDR with

experimental data of Van den Bergh et al.[25] and Himeno [20].

Figure 2. Comparison of GCMC simulations for pure component isotherms for CO, in DDR with

experimental data of Van den Bergh et al.[25] and Himeno [20].

Figure 3. Comparison of GCMC simulations for pure component isotherms for N, in DDR with

experimental data of Van den Bergh et al.[25] and Himeno et al.[21]

Figure 4. Comparison of GCMC simulations for pure component isotherms for O, in DDR with

experimental data of Himeno et al.[21]

Figure 5. Pure component isotherm data for CO,, CHa4, N,, Ar, Ne, He, H,, and O, in DDR at 300 K.
The filled symbols are GCMC simulation results. The continuous solid lines are 3-site Langmuir fits

with parameters specified in Table 2.

Figure 6. Framework structure of DDR, top and side views. The blue spheres of 3 A diameter are taken

to indicate the window region.
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Figure 7. Probability density plots for CO,/CH4 mixtures in DDR.

Figure 8. Probability density plots for CH4/N, mixtures in DDR.

Figure 9. Probability density plots for CO,/Ar mixtures in DDR.

Figure 10. Pure component and binary adsorption data for CO,/CH4 binary mixture. For binary mixture
adsorption, the CBMC simulation results are compared with IAST predictions using the pure

component isotherm fits.

Figure 11. Pure component and binary adsorption data for CH4/N; binary mixture. For binary mixture
adsorption, the CBMC simulation results are compared with IAST predictions using the pure

component isotherm fits.

Figure 12. Pure component and binary adsorption data for CO,/Ar binary mixture. For binary mixture
adsorption, the CBMC simulation results are compared with IAST predictions using the pure

component isotherm fits.

Figure 13. Unary permeation fluxes of CO,, CHy, N2, He, Hy, and O, across a DDR membrane at 298 K.
Data of Himeno et al.[23]. The data is plotted as a function of the pressure at the upstream face of the

membrane. The downstream pressure was assumed to be 50 kPa.
13



Figure 14. Transport coefficients, pP;/d, of CO,, CH4, N,, He, Hy, and O, across a DDR membrane at
298 K backed out from unary permeation data of Himeno et al.[23]. The data is plotted as a function of

the loading at the upstream face of the membrane, gyp.

Figure 15. Experimental Flux vs upstream partial pressure data for CO, and CHy4, pure component

permeation and mixture permeation data of Himeno et al.[23]. Also shown is the comparison of
transport coefficients, ppi/d, for DDR membrane backed out from unary permeation and binary
mixtures containing CO,/CH4. The data is plotted as a function of the total mixture loading at the

upstream face of the membrane, gyp.
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Probability density plot Figure 7
of CH4-CO2 mixture in DDR
f,=1f,=1MPa, T=300K

Red dots = CH4
Blue dots = CO2




Probability density plot Figure 8
of CH4-N2 mixture in DDR " , )
f,=1f,=1MPa, T=300K . - |

Red dots = CH4 u

Yellowdots=N2 -, €
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Probability density plot Figure 9
of CO2-Ar mixture in DDR
f,=1f,=1MPa, T=300K

Blue dots = CO2
Green dots = Ar
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