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ABSTRACT

The primary objective of this article is to investigate the possibility of inter-relating the characteristics of unary,
binary, and ternary mixtures across microporous zeolite membranes. Towards this end, we performed
Configurational-Bias Monte Carlo (CBMC) simulations of mixture adsorption equilibrium, and Molecular Dy-
namics (MD) simulations of guest diffusivities in unary (CO2, CHy4, N2, and Hy), binary (CO2/CH4, CO2/N2, CHy/
N2, CO2/H3), and ternary (CO2/CHy4/Ng, CO2/CH4/Hy, CO2/N2/Hy) mixtures in four zeolites: CHA, DDR, MFI,
and FAU. The combined CBMC and MD data are used to obtain fundamental insights into the adsorption,
diffusion, and permeation characteristics of the variety of guest/host combinations. Application of the Myers-
Prausnitz theory shows that the adsorption selectivity for the i-j pair, Sq4s, in ternary mixtures has practically
the same value as for the binary i-j mixture, provided the comparison is made as the same surface potential @, a
convenient and practical proxy for the spreading pressure z, that is calculable on the basis of the data on the
unary isotherms of the constituent guests. For the mixtures investigated, departures from thermodynamic ide-
alities do not cause deviations from the uniqueness of the S,4; vs @ dependence because the ratios of the
activity coefficients y;/7; also appear to uniquely depend on &.

The surface potential @ is also the thermodynamically correct metric to describe the loading dependence of
diffusivities. Compared at the same @, the diffusion selectivity for the i-j pair, Sq;, in ternary mixtures has
practically the same value as for the binary i-j mixture. Consequently, the permeation selectivity, Sperm,j = Sads.j X
Saif i is also uniquely dependent on @. When compared at the same &, the component permeabilities, /7; for COa,
CHy, and N are found to be independent of the partners in the binary and ternary mixtures investigated and have
practically the same as the values for the corresponding unary permeabilities.

1. Introduction

where N; is the permeation flux and Af; = f; — f;5 is the difference in the
partial fugacities between the upstream (f;) and downstream (f;;) faces of

Membrane technologies find applications for separation a variety of
gaseous mixtures, such as COy/CH4, CO2/Ny, CO2/Hy, and CH4/Nj
[1-6]. The perm-selective membrane layers often consist of crystalline
microporous materials such as zeolites (alumino-silicates) [7-18]
metal-organic frameworks (MOFs) [19], or zeolitic imidazolate frame-
works (ZIFs) [20-22].

For any given application, the separation performance of a micro-
porous membrane is characterized by two metrics: permeability and
permeation selectivity. The permeability of component i is defined as

N;
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the membrane layer of thickness §. For the i-j pair in n-component
mixtures, the membrane permeation selectivity, Syerm,jj, is defined as the
ratio of the component permeabilities

N,/of T

erm,ij = = 2
TON/Af

Sp

In previous works [23,24], we had established the benefits of using
the spreading pressure, z, defined by the Gibbs adsorption equation [25],
to characterize the component permeabilities. These studies showed that
the component permeabilities 77; for binary mixture permeation are
relatable to the corresponding unary permeabilities, provided the com-
parisons are made at the same values of 7. The primary objective of the
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Fig. 1. Pore landscapes of (a) CHA, (b) DDR, (c) MFI, and (d) FAU zeolite.

present communication is to extend the previous analyses to include
ternary mixtures. Using a fundamental thermodynamic analysis of
adsorption and diffusion of mixtures of guest molecules in microporous
materials, we aim to show that the permeation characteristics of
n-component mixtures, with n = 1, 2 or 3, are relatable to one another
provided the comparisons at the same value of z. The secondary
objective is to demonstrate that the conclusions drawn in this work are
not significantly altered by departures from thermodynamic idealities in
mixture adsorption.

To meet the objective set for this article, we undertake molecular
simulations of both mixture adsorption and intra-crystalline diffusion in
CHA, DDR, MFI, and FAU zeolites, each in the all-silica form (i.e. Si/Al
—00). The pore landscapes of these four materials, commonly used as
perm-selective membranes, are shown in Fig. 1. CHA zeolite consists of
cages of volume 316 A, separated by 8-ring windows of 3.8 A x 4.2 A
size. DDR zeolite has cages of 278 A® volume, separated by 8-ring
windows of 3.65 A x 4.37 A size. MFI zeolite consists of a set of inter-
secting straight channels, and zig-zag (or sinusoidal) channels of 5.5 A
size. FAU zeolite has cages of 786 A% volume, separated by 7.4 A 12-ring
windows. FAU is commonly used in cation-exchanged form called NaX
or 13X; per unit cell of NaX zeolite we have 106 Si, 86 Al, 86 Na* with
Si/Al = 1.23.

We undertake Configurational-Bias Monte Carlo (CBMC) simulations
for adsorption of light gaseous unary guests (CO3, CH4, N3, Hy), binary
(CO4/CHy, CO2/N3y, CH4/N3, CO2/Hy) mixtures, ternary (CO2/CHy4/No,

CO2/CH4/H,, CO2/N3y/Hy), and quaternary (CO2/CH4/Ny/Hs) mixtures.
Molecular Dynamics (MD) simulations are also undertaken to determine
the self-diffusivities, D; ., of each guest species in corresponding unary,
binary and ternary mixtures. For MFI and FAU, additional simulations
on adsorption and diffusion of CH4/CoHg/CsHg mixtures, along with the
constituent binary mixtures were also investigated. To specifically
investigate the influence of thermodynamic non-idealities adsorption
simulations for NaX zeolite were conducted for CO5/CH4/N>, and CO5/
CH,4/C3Hg mixtures. The CBMC and MD simulation methodologies are
detailed in the Supplementary Material accompanying this publication.

2. Thermodynamics of mixture adsorption

The Gibbs adsorption equation [25] relates 7 to the molar chemical
potential, yj, and the component molar loading, gj, in the adsorbed phase
as follows

Adr=">" qidp, 3)
i=1

i=

where A represents the surface area per kg of framework. At phase
equilibrium, equating the component chemical potentials, y;, in adsor-
bed phase and in the bulk gas phase mixture in the upstream membrane
compartment, we write

du; =RTd In f; 4)
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Fig. 2. (a, b) CBMC simulations of CO,/CHy, and CO5/N, adsorption selectivities, Su4s, in (a) MFI, (b) FAU zeolites at 300 K, plotted as function of the surface
potential, ®@. The pair selectivities are determined from CBMC data for binary, ternary, and quaternary mixtures. The dashed lines are IAST estimates of Sqg ;. All
calculation details and input data are provided in the Supplementary Material accompanying this publication.

Using the analogy with vapor/liquid equilibrium, Myers and Praus-
nitz [26] write the following expression relating the partial fugacities in
the bulk gas mixture

fi = P?}/ix,»; i=1,2..n ()

to the mole fractions, x;, in the adsorbed phase mixture

qi

= i=1,2
q1+q+ ...

X; 5.l (6)
In eq (5), P? is the pressure for sorption of every component i, which
yields the same spreading pressure, = for each of the pure components,

as that for the n-component mixture:

” ” "
A () . (B . [,
T—O/fdf—o/fdf—o/fdf %

In eq (7), q°(f) is the pure component adsorption isotherm. Since the
surface area A is not directly accessible from experimental data, the
surface potential zA/RT = &, with the units mol kg?, serves as a
convenient and practical proxy for the spreading pressure z [23,24,27,
28]. From eq (7), it is evident that the value of & depends on partial
fugacities f; of each of the guests, along with the unary isotherms; the
isotherms reflect the specific guest/host interactions. In view of eq (5),
we may express the adsorption selectivity for the i-j pair in n-component
mixtures as follows

S,

d‘__:‘]i/qj _ xi/fi _ P?}/j 8)
YOG xR

In the Ideal Adsorbed Solution Theory (IAST), we further assume that
the activity coefficients of each of the components in the mixture are
equal to unity, leading the following simplification

PO

0 bi=12.n 9

Yi=v; = L; Sadx.ij =

The applicability of eq (9) mandates: (i) all of the adsorption sites
within the microporous material are equally accessible to each of the
guest molecules, implying a homogeneous distribution of guest adsor-
bates within the pore landscape, (ii) there are no preferential locations
of any guest species in the pore landscape, and (iii) there is no molecular
clustering as a result of say hydrogen bonding between guest molecules
as is the case for water/alcohol mixtures [29-32].

Applying the restriction specified by eq (7), it follows that S is
uniquely determined by the surface potential &. It is important to note
that eq (9) is valid irrespective of the total number of components in the
mixture. The presence of component 3 in the ternary mixture influences
the adsorption selectivity Sqgs12 = P3/P9 for the 1-2 pair, only via the
values of the sorption pressures P? which must satisfy eq (7) to yield the
same value of surface potential @ for each of the individual components
in the mixture. A further point that requires to be underscored is that the
calculation of the surface potential @ does not mandate that y; = 1.

In Fig. 2a and b, the CO2/CHy4, and CO,/N, adsorption selectivities in
MFI and FAU zeolites determined from CBMC simulations data for bi-
nary mixtures are compared with the values determined for CO2/CHa4/
Ny and CO2/CH4/No/Hy mixtures. The CBMC data for each binary pair
on S, displays a unique dependence on the surface potential &, as
anticipated from the application of eq (7), and (9). Also, the CBMC data
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Fig. 3. (a, b) CBMC simulations of CO/
CH4, COy/Hp, CO2/Nj, and CH4/Ny
adsorption selectivities, Sqqs, in (a) CHA,
and (b) DDR zeolites at 300 K, plotted as
function of the surface potential, @. The
pair selectivities are determined from
CBMC data for binary, ternary, and
quaternary mixtures. The dashed lines
are IAST estimates of Sy4. (¢, d) CBMC
simulations of the ratio of activity co-
efficients of ratio of activity coefficients
of CO,, and CHy, 7; /74, in (c) CHA, and
(d) DDR zeolites, as function of the sur-
face potential @. All calculation details
and input data are provided in the Sup-
plementary Material accompanying this
publication.
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Fig. 4. (a) CBMC simulations of the CO,/CH4 adsorption selectivity, Sq4s, for binary and ternary mixture adsorption in NaX zeolite at 300 K. The adsorption se-
lectivities are plotted as function of the surface potential @. The dashed lines are the IAST estimates of S,4s (b) CBMC simulations of the ratio of activity coefficients of
CO,, and CH4 plotted as function of the surface potential . All calculation details and input data are provided in the Supplementary Material accompanying this

publication.

are in excellent agreement with the IAST estimates, determined from
dual-Langmuir-Freundlich fits of the unary isotherms; see details in the
Supplementary Material.

Fig. 3a and b plots the selectivities for CO3/CH4, CO2/Ng, CO2/Ha,
and CH4/N>, pairs in CHA, and DDR zeolites determined from CBMC data
for adsorption of binary, ternary and quaternary mixtures of a variety of
compositions. Each of the individual pair selectivities displays a unique
dependence on @, irrespective of the number of components in the
mixture. The IAST calculations (indicated by dashed lines in Fig. 3a and
b) shows small deviations from the CBMC simulated data due to non-
idealities caused by preferential perching of CO, at the window re-
gions of CHA and DDR; detailed explanations are provided in our earlier
works [29-32]. For further elucidation of the influence of thermody-
namic non-idealities, the ratio of the activity coefficient of CO5(1) to that
of CH4(2), 71/74, is plotted in Fig. 3c and d as a function of @. The
procedure for determination of the activity coefficients from CBMC
simulation data is detailed in Chapter 4 of the Supplementary Material.
We note that y; /y, for both binary and ternary mixtures are uniquely
related to @. For this reason, the CO2(1)/CH4(2) adsorption selectivity
shows a unique dependence on &, despite the small deviations of IAST
estimates of adsorption selectivities from CBMC data.

The inescapable conclusion to be drawn is that for the adsorption of
light gaseous molecules (CO2, CH4, No, Ho) in the four host materials
(CHA, DDR, MFI, FAU) considered in this article, the uniqueness of the
Sads Vs @ relationship is not affected by non-idealities in mixture
adsorption. Further detailed confirmation for other mixture/host

combination are provided for CHA (see Figs. S26-S29), DDR (see
Figs. S41-5845), MFI (see Figs. S66-S68), and all-silica FAU (see
Fig. $81).

For adsorption of COy/CH4 mixtures in cation-exchanged NaX
zeolite, the thermodynamic non-idealities are much stronger due to the
congregation of CO; molecules around the Na™ cations [29-33]; this
causes an inhomogeneous distribution of adsorbates in the pore space,
violating the IAST mandate of homogeneous distribution [31,33].
Fig. 4a shows CBMC simulations of the COy/CH4 adsorption selectivity,
Sads, for binary and ternary mixture adsorption in NaX zeolite. Despite
the large deviations from the IAST estimates (shown by the dashed line),
the Sy4s vs @ relationship is practically the same for both binary and
ternary mixtures. Fig. 4b confirms that the ratio of the activity coeffi-
cient of CO5(1) to that of CH4(2), 1 /75, is uniquely dependent on surface
potential &. Other examples demonstrating that the ratios of activity
coefficients are uniquely determined by & are presented in
Figs. $92-S113 of the Supplementary Material.

3. Mixture diffusion and permeation

As derived in detail in Chapter 3 of the Supplementary Material, the
fractional pore occupancy, 0, is related to the surface potential by

]
0=1— exp( - )
qxat,mix

(10
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Fig. 5. (a) MD simulations of the H,/CO- diffusion selectivities, Sy, deter-
mined from both binary (CO2/H,) and ternary (CO,/Ny/H,, and CO,/CH4/Hy)
mixtures in CHA zeolite at 300 K, plotted as function of the surface potential @.
(b) Plot of the CO,/H, permeation selectivity Spe, as function of the surface
potential @. All calculation details and input data are provided in the Supple-
mentary Material accompanying this publication.

where gsq mix 1S the saturation capacity for mixture adsorption. Eq (10)
implies that @ may also be interpreted as a proxy for the pore occupancy.
Consequently, @ is also the thermodynamically appropriate parameter
to describe the loading dependence of diffusivities in microporous ma-
terials [23,24,34]. In all of the simulation data presented in this work,
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the values of the surface potential @ range from about 10 to 40 mol
kg’1 ; values of @ ~ 40 mol kg'1 correspond to pore saturation conditions,
6 ~ 1; see the § vs & calculations for CHA, DDR, MFI, and FAU pre-
sented in Fig. 54 of the Supplementary Material.

Fig. 5a plots the data for Hy/CO-, diffusion selectivities defined by

Di sel
Sarij =~ !C/ an
Jsel

that were determined from MD simulations for both binary (CO3/Hs)
and ternary (CO2/Ny/Hj, and CO2/CH,4/Hy) mixtures in CHA zeolite at
300 K, plotted as function of the surface potential @. The Sgy vs @
relation is unique for the three MD data sets.

If the partial fugacities of the components at the downstream face are
negligibly small in comparison with those at the upstream face, Af; ~ f;,
the component permeabilities may be estimated from

1, _PDiserdi a2

In earlier work [35] we had used the Maxwell-Stefan diffusion
formulation to establish the validity of the use of the component
self-diffusivities in determining the Sy, and II; in eq (11), and (12);
further details are provided in Chapter 6 of the Supplementary Material.

Combining egs ((2), (8), (11) and (12) we conclude that the
permeation selectivity is a product of the adsorption and diffusion
selectivities

Spm‘m,ij = Oads,ij X Sdiff.i/' (13)

Since we have already established that both Su; and Sgy; are
uniquely determined by & for both binary and ternary mixtures, we
should expect Syem 5 to exhibit the analogous unique dependence on the
surface potential @. The CO,/H; permeation selectivity calculations for
CHA zeolite in Fig. 5b confirm this expectation. Precisely analogous
results for Sy vs @, and Spermj Vs @ dependences are obtained for
CO4/CHy4, CO2/Ny, CH4/Ny, and CO,/Hj; pairs in the various hosts; see
Figures S30-S36, S46-S49, S69-S76, and S82-S88.

Fig. 6 and Fig. 7 present data on the permeabilities, 77;, for COy, CHy,
N3 and H; in CHA, and DDR zeolites, respectively, determined using eq
(12) by combining CBMC and MD simulation data on mixture adsorption
and diffusion data. Noteworthily, the I7; for any component in binary
and ternary mixtures in both CHA and DDR has practically the same
values as the unary permeabilities when compared at the same values of
surface potential @; the unary permeability of H is slightly higher than
in mixtures. Analogous results for component permeabilities in MFI and
FAU zeolites are presented in Figs. S78 and S90 of the of the Supple-
mentary Material.

As validation of the CBMC/MD data in Figs. 6 and 8 presents a re-
analysis of the experimental data of Li et al. [7-9] for permeances of
(a) COq, (b) CH4, (c) N3 and (d) Hy, determined for unary, binary and
ternary mixture permeation across SAPO-34 membrane at 295 K.
Compared at the same &, the component permeances of each of the four
guests is the same in binary and ternary mixtures. These data also sug-
gest that the permeation selectivities in mixtures can be estimated to a
reasonably fair accuracy on the basis of unary permeances, determined
at the same surface potential ®.

Confirmation of the data in Fig. 7 for DDR is available for binary
CO4/CH4, and CH4/Ny mixtures only; see the re-analysis of the pub-
lished experimental data of Van den Bergh et al. [12,18] and Himeno
et al. [17] presented in Figs. S52-S55 of the Supplementary Material.
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Fig. 6. CBMC/MD simulations of the permeabilities, /7;, of (a) CO3, (b) CHa, (c) N3 and (d) Hy in different equimolar binary (g; = g2) (CO2/CHy4, CO2/N2, CO2/Ha,
CH4/N,, CH4/H3) and equimolar (g; = g2 = q3) ternary (CO2/CH4/N2, CO2/CH4/Hy, CO3/Ny/H,) mixtures in CHA zeolite at 300 K, plotted as a function of the
surface potential @. Also plotted are the corresponding values of the unary permeabilities.

4. Conclusions

The adsorption and diffusion characteristics of binary (CO2/CHy,
C02/N2, CH4/N2, COz/Hz), and ternary (COz/CH4/N2, COz/CH4/H2,
CO5/N5/H5) mixtures in four all-silica zeolites: CHA, DDR, MFI, and
FAU were investigated using CBMC and MD simulations. The following
major conclusions emerge.

(1) The adsorption selectivity Sqq;; of the i-j pair is uniquely deter-
mined by the surface potential, @, irrespective of mixture
composition and total fugacity, f;. The presence of additional
species does not influence S,q; 5, provided the comparison is made
at the same @.

(2) For the mixtures investigated, ratios of the activity coefficients y;/
7; also appear to uniquely depend on @. Consequently, departures
from thermodynamic idealities do not cause significant de-
viations from the uniqueness of the S.4;; vs @ dependence.

(3) The surface potential ¢ also represents the thermodynamically
correct metric to describe the loading dependence of diffusivities.
Compared at the same @, the diffusion selectivity, Sgy;, in

ternary mixtures has practically the same value as for the corre-
sponding binary i-j mixture.

(4) When compared at the same &, the component permeabilities, /7;,
for CO3, CHy, and N3 in binary and ternary mixtures investigated
are found to be largely independent of the partners and have
practically the same as the values for the corresponding unary
permeabilities.
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Nomenclature

Latin alphabet

A surface area per kg of framework, m? kg™t

Dj self self-diffusivity of species i, m?s?!

fi partial fugacity of species i, Pa

f total fugacity of bulk gas mixture, Pa

N; permeation flux of species i with respect to membrane, mol m? s’
pi partial pressure of species i, Pa

Pt total pressure, Pa

P? sorption pressure, Pa

qi component molar loading of species i, mol kg'1

Qi sat molar loading of species i at saturation, mol kg™

gt total molar loading in mixture, mol kg

R gas constant, 8.314 J mol ! K'!

Sads adsorption selectivity, dimensionless

Saiff diffusion selectivity, dimensionless

Sperm permeation selectivity, dimensionless

T absolute temperature, K

X mole fraction of species i in adsorbed phase, dimensionless

Greek alphabet

1

S thickness of membrane, m

7i activity coefficient of component i in adsorbed phase, dimensionless
Ui molar chemical potential of component i, J mol™

n spreading pressure, N m™!

0 fractional occupancy, dimensionless

1I; membrane permeability of species i, mol m m? s Pa’!
p crystal framework density, kg m™

(0] surface potential, mol kg™!

Subscripts

0 referring to upstream side of membrane

i referring to component i

t referring to total mixture

sat referring to saturation conditions

8 referring to downstream side of membrane

Appendix A. Supplementary data

Journal of Membrane Science 643 (2022) 120049

Supplementary data to this article can be found online at https://doi.org/10.1016/j.memsci.2021.120049.
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Preamble

1 Preamble

The Supplementary Material accompanying our article Using the Spreading Pressure to Inter-Relate
the Characteristics of Unary, Binary and Ternary Mixture Permeation across Microporous Membranes
provides: (a) CBMC and MD simulation methodologies, (b) Details of IAST calculations, (c) Maxwell-
Stefan formulation for mixture diffusion, (d) CBMC data on unary isotherms and isotherm fits, (¢) CBMC

and MD data on adsorption, diffusion, and permeation of variety of binary and ternary mixtures.
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Configurational-Bias Monte Carlo Simulation Methodology

2 Configurational-Bias Monte Carlo Simulation Methodology

The simulation methodologies and the force field information used are the same as detailed in the
Supplementary Materials accompanying our earlier publications.!” A short summary is provided

hereunder.

2.1 Zeolites (all silica)

CHa molecules are described with a united atom model, in which each molecule is treated as a single
interaction center.® The interaction between adsorbed molecules is described with Lennard-Jones terms;
see Figure S1. The Lennard-Jones parameters for CHs-zeolite interactions are taken from Dubbeldam et
al.’. The force field for H2 corresponds to that given by Kumar et al.'” In implementing this force field,
quantum effects for H2 have been ignored because the work of Kumar et al.'® has shown that quantum
effects are of negligible importance for temperatures above 200 K; all our simulations were performed at
300 K. The Lennard-Jones parameters for CO:z-zeolite and N»-zeolite are essentially those of
Makrodimitris et al.''; see also Garcia-Pérez et al.!>. For simulations with linear alkanes with two or more
C atoms, the beads in the chain are connected by harmonic bonding potentials. A harmonic cosine bending
potential models the bond bending between three neighboring beads, a Ryckaert-Bellemans potential
controls the torsion angle. The beads in a chain separated by more than three bonds interact with each
other through a Lennard-Jones potential; see schematic in Figure S1. The force fields of Dubbeldam et
al.” was used for the variety of potentials. The Lennard-Jones potentials are shifted and cut at 12 A.

The zeolite frameworks were considered to be rigid in all the simulation results reported in the article.

2.2 MOFs
The metal organic framework structures were considered to be rigid in the simulations. For the atoms
in the host metal organic framework, the generic UFF'* and DREIDING'* force fields were used. The

Lorentz-Berthelot mixing rules were applied for calculating o and g/%s for guest-host interactions.
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The structural information on MgMOF-74 ( = Mgz(dobdc) = Mg\(dobdc) with dobdc = (dobdc* = 1,4-
dioxido-2,5-benzenedicarboxylate)) was obtained from a variety of references.'>?° The simulations for
MgMOF-74 were carried out with the force field information provided by Yazaydin et al.?

The structural information for Co(BDP) with (BDP?~ = 1,4-benzenedipyrazolate) is from Choi et al. *!

and Salles et al. »2.

2.3 Force fields and CBMC simulation methodology for water/alcohol mixtures

For simulations of adsorption of guest molecules water, methanol, and ethanol, the force field
implementation follows earlier publications.”>?® Water is modeled using the TipSpEw potential.”” The
alcohols are described with the TraPPE force field.*® Intramolecular potentials are included to describe
the flexibility of alcohols, while the water molecules are kept rigid. The bond lengths are fixed for all
molecules. Bond bending potentials are considered for methanol and ethanol, and a torsion potential is

used for ethanol.*°

The force field parameters are summarized in Table S1.

All simulations are performed in the grand canonical ensemble; the chemical potentials of each
component in the bulk fluid phase equal that of the corresponding guest adsorbate within the microporous
framework. In our simulations, the partial fugacities in the bulk fluid mixture as specified; this fixes the
values of the chemical potentials.

Following Kiselev and co-workers,*! the zeolite is modeled as a rigid crystal. The interactions of the
guest (pseudo) atoms with the host zeolite atoms aredominated by the dispersive interactions with the
oxygen atoms, these interactions are described with a Lennard-Jones potential; see Table S2.

The Lorentz-Berthelot mixing rules were applied for calculating the Lennard-Jones parameters

describing guest-host interactions

(Gguest + Ghust )
O =

guest—host 2
(S1)
gguest—host _ gguest % ghost
k B kB kB
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The Lennard-Jones potentials are shifted and cut at 12 A. Periodic boundary conditions were employed.
The Configurational-Bias Monte Carlo (CBMC) simulation technique used is identical to that used by

Kuhn et al.,%® and is described in detail by Frenkel and Smit.>?

2.4 Cation-exchanged zeolites

The followingcation-exchanged structures were investigated

NaX (106 Si, 86 Al, 86 Na', Si/Al=1.23)

The presence of cations reduces the accessible pore volume. The location of the cations are pictured in
Figure S3.

The force field information for the simulations with cations are taken from Garcia-Sanchez et al.** In
the MC simulations, the cations were allowed to move within the framework and both Lennard-Jones and
Coulombic interactions are taken into consideration.

In the CBMC simulations both Lennard-Jones and Coulombic interactions are taken into consideration;

see schematic sketch in Figure S2.

2.5 CBMC code

All simulations reported in this work were carried out using an in-house BIGMAC code, originally
developed by T.J.H. Vlugt. This code was modified to handle rigid molecular structures and charges. The
calculation of the accessible pore volume using the Widom insertion of He probe atoms is implemented
within the BIGMAC code.

All CBMC simulations reported in this work were conducted at a temperature 7= 300 K.

2.6 CBMC simulation campaigns

CBMC simulation campaigns for adsorption of different binary mixtures (CO2/CHa, CO2/N2, CO2/Hz,

CH4/N2, CH4/C2Hs, CH4/C3Hs) were undertaken in all-silica zeolites (CHA, DDR, FAU, MFI) at a
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h

1 2

temperature 7= 300 K. In the campaigns, the bulk fluid phase composition held constant at =y,

and the bulk fluid phase fugacity f, = f, + f, was varied over a wide range from the Henry regime of

. : o . A
adsorption, f, - 0; ® — 0, to pore saturation conditions, typically ® = % >10.

Additionally, CBMC simulation campaigns for adsorption of ternary mixtures (CO2/CH4/Nz,
CO2/CH4/H2, CO2/N2/H2, CH4/C2He6/C3Hs, water/methanol/ethanol) were undertaken in all-silica zeolites

(CHA, DDR, FAU, MFI) at a temperature 7= 300 K. In the campaigns, the bulk fluid phase composition

held constant at / =) /2 = y,, and the bulk fluid phase fugacity f, = f, + f, + f, was

hrhtf DALt

varied over a wide range from the Henry regime of adsorption, f, - 0; ® — 0, to pore saturation

A
conditions, typically ® =—>10.
ypically RT
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2.7 List of Tables for Configurational-Bias Monte Carlo Simulation Methodology

Table S1. Lennard-Jones parameters for guest pseudo-atoms. as provided in Table 1 of Kuhn et al.?®

The water model has two off-center charges that are labeled M in the Table. The name “alcohol” refers to

both methanol and ethanol molecules.

Molecule (pseudo-) atom o/ A ks /K charge
water O 3.097 89.516 0
water H 0 0 0.241
water M 0 0 -0.241
methanol CH3 3.75 98 0.265
ethanol CH3 3.75 98 0
ethanol CH2 3.95 46 0.265
alcohol 0] 3.02 93 -0.7
alcohol H 0 0 0.435

Table S2. Lennard-Jones parameters for host atoms in all-silica zeolites.

(pseudo-) atom o/A | eks/K charge
Si 2.05
0] 3 93.53 -1.025
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2.8 List of Figures for Configurational-Bias Monte Carlo Simulation

Methodology
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The Coulombic term is

relevant for molecules
such as CO, and H,0

Figure S1. Potential for molecules.

United atom model
(CH3, CH2... are
single interaction centers)

/

Linear alkane
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Guest-host interactions

L-J and Coulomb interactions

Linear alkane

Figure S2. Guest-host interactions.
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NaX (106 Si, 86 Al, 86 Na+, Si/Al=1.23)
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Figure S3. Location of cations for NaX zeolite (106 Si, 86 Al, 86 Na®, Si/Al=1.23)

S13




Thermodynamics of Mixture Adsorption in Micro-porous Materials

3 Thermodynamics of Mixture Adsorption in Micro-porous Materials

Within microporous crystalline materials, the guest molecules exist in the adsorbed phase, and the
thermodynamics of mixture adsorption has an important bearing on the diffusion characteristics of guest
molecules. For that reason, we provide below a brief summary of the Ideal Adsorbed Solution Theory

(IAST) theory of Myers and Prausnitz.>*

3.1 Brief outline of theory

The Gibbs adsorption equation® in differential form is

Adr = Zqidlui (52)

)

The quantity A4 is the surface area per kg of framework, with units of m? per kg of the framework of the
crystalline material; gi is the molar loading of component i in the adsorbed phase with units moles per kg
of framework; £ is the molar chemical potential of component i. The spreading pressure 7 has the same
units as surface tension, i.e. N m™.

The chemical potential of any component in the adsorbed phase, 14, equals that in the bulk fluid phase.
If the partial fugacities in the bulk fluid phase are fi, we have

du, =RTdn f, (S3)
where R is the gas constant (= 8.314 J mol! K).

Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz**

is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e.

fi = P’x; i=12,..n (S4)

where xi is the mole fraction in the adsorbed phase
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X -4 (S5)
9, +t49,+..49,

and P’ is the pressure for sorption of every component i, which yields the same spreading pressure, 7

for each of the pure components, as that for the mixture:

wa_tal ) o _tawn e y
7t v vt i 50

. . : A
where ¢’(f) is the pure component adsorption isotherm. The units of @ = %, also called the surface

potential, 27363 are mol kg™!.

The unary isotherm may be described by say the 1-site Langmuir isotherm

B g b

q (f)=qsazl+bf> vy

(S7)

where we define the fractional occupancy of the adsorbate molecules, 8= g’ ( f ) / q,,. - The superscript 0

is used to emphasize that ¢° ( /') relates the pure component loading to the bulk fluid fugacity. For all of

the guest/host combinations considered in this article, the unary isotherms need to be described by the

dual-Langmuir-Freundlich model

b va b va
0 — A + __BJ
q (f) QA,sat qB,Sal 1+bevB

+b (S8)

Each of the integrals in eq (S6) can be evaluated analytically. For the dual-site Langmuir-Freundlich

isotherm, for example, the integration yields for component i,

A " ,0( ) q Jsat Va q Jsat Vg
o=22 | qff df = :A ln(1+bA(B°) )+i—ln(1+bB(B°) );

f=0 B

. . ., (39)
(Dz”—A: I 9 (f)df:q/*"‘”’ ln[HbA(LJ }+Mln(l+b3[ij ]
RT , f Vv, X, Vg X

f i i

The right hand side of eq (S9) is a function of P’. For multicomponent mixture adsorption, each of the

equalities on the right hand side of Eq (S6) must be satisfied. These constraints may be solved using a
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suitable equation solver, to yield the set of values of P°, P, P’ ... P’, each of which satisfy eq (S6). The

corresponding values of the integrals using these as upper limits of integration must yield the same value
of @ for each component; this ensures that the obtained solution is the correct one.

The adsorbed phase mole fractions xi are then determined from

xi:%; i=L2,.n (S10)

The applicability of eqs (S4) and (S10) mandates that all of the adsorption sites within the microporous
material are equally accessible to each of the guest molecules, implying a homogeneous distribution of
guest adsorbates within the pore landscape, with no preferential locations of any guest species. The
circumstances in which this mandate is not fulfilled are highlighted in recent works.3%4°

A key assumption of the IAST is that the adsorption enthalpies and surface areas of the adsorbed

molecules do not change upon mixing. If the total mixture loading is ¢, , the area covered by the adsorbed

. A . . . .
mixture is — with units of m?> (mol mixture)™'. Therefore, the assumption of no surface area change due
4,

. . A Ax, Ax, Ax . o .
to mixture adsorption translates as — = + 4+ “— ; the total mixture loading is g, 1s

a a4/ (B') ¢ (P) 4 (F)

calculated from

1

X Y L (S11)

+ .
' (P ¢y (P) q.(P)

9= *+9--+q, =

in which ¢ (P"), ¢3(P),... ¢.(P") are determined from the unary isotherm fits, using the sorption

pressures for each component P°, P’, P’,.. P’ that are available from the solutions to equations Eqs

(S6), and (S9).
The occurrence of molecular clustering and hydrogen bonding should be expected to applicability of eq
(S11) because the surface area occupied by a molecular cluster is different from that of each of the un-

clustered guest molecules in the adsorbed phase.
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The entire set of eqs (S4) to (S11) need to be solved numerically to obtain the loadings, gi of the
individual components in the mixture.

For the interpretation and analysis of the MD simulations for binary mixture diffusion in microporous
host materials, the IAST calculation procedure has to be performed differently because in the MD
simulations, the molar loadings g1, and ¢2 in the mixture are specified, and the partial fugacities in the
bulk fluid mixture are not known a priori. Also in this case, the equalities in eq (S9) must be satisfied in
conjunction with eq (S11). The entire set of eqs (S4) to (S11) need to be solved numerically to obtain the
partial fugacities, fi of the individual components in the mixture, that yield the same loadings as chosen
in the MD simulations. In all of the calculations presented in this article, the set of equations were solved

using an Excel macro that was developed for this specific purpose.

3.2 Selectivity for mixture adsorption

For n-component mixture adsorption, the selectivity of guest constituent i with respect to another guest

constituent j, in that mixture, S is defined by

ads,ij °

¢ 4/ _ x//
R X/

(S12)
where g;,q; are the molar loadings of the constituents 7 and j, in the adsorbed phase in equilibrium with

a bulk fluid phase mixture with partial fugacities f;, f;, and mole fractions y, = f;/f,; f, = (Z fkj .In
k=1

view of eqs (S10), and (S11), we may re-write eq (S12) as the ratio of the sorption pressures

P
= (S13)

S ==
ads,ij 0
B

Applying the restriction specified by eq (S6), it follows that S, .. is uniquely determined by the surface

ads,ij
potential @ . It is important to note that eq (S13) is valid irrespective of the total number of components

in the mixture. Put another way, the presence of component 3 in the ternary mixture has no influence of
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: - P} : .
the adsorption selectivity S, |, = # for the 1-2 pair, except insofar as the presence of component 3
1

alters the value of the surface potential ®@ for the 1-2-3 mixture. Therefore, for an ideal adsorbed phase
mixture, the presence of additional guest constituents, say species 3, 4, 5, etc. do not influence the

selectivity of the 1-2 pair.

3.3 IAST model: 1-site Langmuir isotherms

The IAST procedure will be applied for binary mixture adsorption in which the unary isotherms are
described by the 1-site Langmuir model in which the saturation capacities of components 1 and 2 are

identical to each other, i.e. ¢, ,,, = ¢, ., =4, "

0 _ b[f
4 (f) =4 b/

(S14)
where

For unary adsorption, the surface potential for a 1-site Langmuir isotherm can be calculated analytically

_ 74 _ 0
@:E—qsmln(lerP) (S15)

The objective is to determine the molar loadings, g1, and g2, in the adsorbed phase.

Performing the integration of eq (S6) results in an expression relating the sorption pressures P’ of the

two species

EZ_? qsat ln(l—’_b]PlO):qS"t ln(1+b2f)20)
(S16)
blPlo :bsz0 —exp( ﬁgT]_l
qsa[

X, =5 X, =l-x = (S17)

Combining eqs (S16), and (S17):

S18



Thermodynamics of Mixture Adsorption in Micro-porous Materials

A f y2
—1=p L =p 2
exp(qm RT] L=, (S18)

X, 1-x

The adsorbed phase mole fractions can be determined

ﬁ:&:blf]; xlzi:bl—fl; x2=&=L (S19)
X, 4 bf 4, bfi+b,f 4, bfi+bf,

Once x,, and x, =1-Xx, are determined, the sorption pressures can be calculated:

Pl°=f—1; P2°=fi=—f2 (S20)

X, x, l-x

From eqs (S16), and (S20) we get

bR = by =b,P = L =bf+b,f,
x X, (S21)
1+bP° =1+b,P) =1+b, f, +b,f,

Combining eqs (S16), and (S21) we obtain the following explicit expression for the surface potential

O=q,In(1+b1,+b,f,) (S22)
The total amount adsorbed, g, = g, +¢, can be calculated from Eq (S11)

b1P10 bzpzo bh+bt,
,=q, + =Y =Y = Ysur >
q9.=9 149, =9 1+blpl° 1 1+b2}’20 1 145 f,+b, 1, o

Combining eqgs (S19), and (S23) we obtain the following explicit expressions for the component

loadings, and fractional occupancies

0 = 4 _ b f; .0, = 9H b, f, (S24)
9 1+ fi+b,f, 9 1+0fi+b,f,
Eq (S24) is commonly referred to as the mixed-gas Langmuir model.

From eqs (S16), (S23), and (S24) we derive the following expression for the total occupancy of the

mixture

0=6+0,=1 —1-exp| -2 | = D th]s (S25)
9sar L+bfi+b,f,

sat
For unary adsorption of component i, say, f, = P°, the occupancy of component 1 is
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0 =1-exp| - ® = bt ; unary adsorption of species 1 (S26)
Qi,sat 1 + bl»f;

From eqs (S25), and (S26) we may also conclude the occupancy may be considered to be the appropriate
proxy for the spreading pressure. The conclusion that we draw from the foregoing analysis is that the
equalities of spreading pressures for unary adsorption of component 1, unary adsorption of component 2,
and binary 1-2 mixture adsorption also implies the corresponding equalities of the corresponding

occupancies for unary adsorption of component 1, unary adsorption of component 2, and binary 1-2

mixture adsorption.

For n-component mixtures, eq (S22) may be generalized to

=g ln(l +>p, fi] (S27)

i=1

3.4 Generalized expression for fractional occupancy

From knowledge of the surface potential, @, the fractional occupancy for n-component mixture

adsorption is then calculated using

O=1-exp| —— 4|1 exp| ——2 (S28)
qsat,mixRT qsat,mix

For an n-component mixture, the saturation capacity ¢, . 1s calculated from the saturation capacities of

the constituent guests

qsat mix > qi sat qi,A,sat + qi,B,sat; = 15 2”
X Y o (S29)

ql,sat qZ,sat qn ,sat

X, =——-"—; i=12,.n (S30)
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are the mole fractions in the adsorbed mixture. For binary mixtures, eq (S28) simplifies to yield

1
qsat ,mix xl xz
- 4 —=

Dsa Drsa
The fundamental justification of Eq (S29) is provided by invoking eq (S11).
Eq (S28) is the appropriate generalization of Eq (S25), derived in the following section for the mixed-
gas Langmuir model. It is also to be noted that eq (15) of our earlier publication*! has a typographical

error in the calculation of ¢ ; the correct form is given by eq (S29).

sat,mix 2

For binary CO2(1)/CH4(2) mixture adsorption in CHA, DDR, MFI, and all-silica FAU zeolite at 300 K,
the pore occupancies for each host, calculated using eq (S28) are plotted as function of the corresponding

surface potential ® . We note that for all four hosts, the pore occupancy € —1 as @ >>30 mol kg™'.
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3.5 List of Figures for Thermodynamics of Mixture Adsorption in Micro-porous

Materials

1.0 oKL A A A
® 08l ﬂ
>‘ |-
[&] L
C
= i
o L
3 06
3 i @ CHA
o - A DDR
g A
2 04r <& MFI
2 i v FAU
S
i3
s 02

CBMC; CO,/CH, mixture adsorption;

all-silica zeolites

00 I T T Y N ) B L1
0 10 20 30

Surface potential, ® / mol kg'1

Figure S4. CBMC simulations of binary CO2(1)/CHa4(2) mixture adsorption in CHA, DDR, MFI, and
all-silica FAU zeolite at 300 K. The pore occupancies for each host, calculated using eq (S28) are plotted

as function of the corresponding surface potential @ .
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4 The Real Adsorbed Solution Theory (RAST)

To account for non-ideality effects in mixture adsorption, we introduce activity coefficients y, into Eq
(S4) 34

f; = P'xy, (S31)

The implementation of the activity coefficients is termed as the Real Adsorbed Solution Theory
(RAST). From CBMC simulations of binary and ternary mixture adsorption in various microporous

adsorbents, we can determine activity coefficients y, of the individual components in the various mixtures

using

(332)

With the introduction of activity coefficients, the expression for the adsorption selectivity for binary

mixtures is

S = 9./4 _ 0,/ _ X/ _ By,
ads

yl/yz qz/yz xz/fz E071

(S33)

We shall demonstrate later that the ratio of the activity coefficients for the i-j pair in binary mixtures
shows the same dependence on surface potential @ as for the same i-j pair in n-component mixtures.

Consequently, the S has nearly the same value for binary mixtures as for n-component mixtures,

ads ,ij
provided the comparison is made on the basis of the surface potential @ . This is a useful, and practical
result that we exploit in this article.

36,37, 42,43

Following the approaches of Myers, Talu, Sieperstein, and Erto we model the excess Gibbs

free energy for binary mixture adsorption as follows

GEXL'CSS
RT

=xIn(y,)+x,In(y,) (S34)

For calculation of the total mixture loading g, = g, + g, we need to replace eq (S11) by
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1 x x 1 excess

— =t o +(_] (835)
a o @&) (B) 4

The excess reciprocal loading for the mixture can be related to the partial derivative of the Gibbs free

energy with respect to the surface potential at constant composition

(336)

excess a G
1\ T RT
q, B oD

T,x

4.1 Determination of activity coefficients from CBMC mixture adsorption data

For each CBMC mixture simulation campaigns for binary or ternary mixtures, activity coefficients of
guest components can be determined from the use of eq (S32). The procedure is explained below using

the example of ternary mixture.

_ Y.cauc = 4, cauc = 95 cauc
. . 1~ >Ny T >3 T .
Firstly, the mole fractions of the adsorbed phase, 4, cavc 4. cavc 4..csuc are determined.

49, cemc = Q.camc T 9a.cemc + 95.c8mc
The sorption pressures B’, P, P, each of which satisfying eq (S6), can be determined from using the

unary isotherm fits for each of the components in the ternary mixture.

The activity coefficients of the guest components ¥, <p\c3 %, caucs Vs.come are determined from eq (S32):

N /; /
Viceme = Po—l; V2.cemC = Po—z; V3.cemc = Po—3 (S37)

1 X1came 2 X2,cmC 3 X3,c8MC
The activity coefficients of the two components ¥, 4,75 caucs Vs.couc » determined using eq (S37) are

subject to a degree of scatter that is inherent in the CBMC mixture simulation data.
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5 Molecular Dynamics (MD) Simulation Methodology

Diffusion is simulated using Newton’s equations of motion until the system properties, on average, no
longer change in time. The Verlet algorithm is used for time integration. A time step of 1 fs was used in
all simulations. For each simulation, initializing CBMC moves are used to place the molecules in the
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 that do not affect statistics on molecular displacements. 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*? is implemented. The Nosé-Hoover thermostat is applied to all the diffusing
particles. In the MD simulations the cations were allowed to move within the framework and both
Lennard-Jones and Coulombic interactions are taken into consideration; see schematic sketch in Figure
S2.

For all the MD simulation results presented in this article, the DLPOLY code** 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.**

The MD simulations were carried out for a variety of loadings within the various structures. All
simulations were carried out on the LISA clusters of PCs equipped with Intel Xeon processors running at

3.4 GHz on the Linux operating system.*> Each MD simulation, for a specified loading, was run for a time
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duration that is sufficiently long to obtain reliable statistics for determination of the diffusivities. In several
cases the campaigns were replicated and the results averaged.
The self-diffusivities Diselr are computed from MD simulations by analyzing the mean square

displacement of each species 7 for each coordinate direction

I 1 lim i<(i (r,’i (t+At) -1, (t))2 }> (S38)

=1

In this expression #ni represents the number of molecules of species 7, and r1,i(¢) is the position of molecule
[ of species i at any time ¢.

For three-dimensional pore networks (e.g. MFI, FAU, CHA) the arithmetic average of the diffusivities
in the three coordinate directions were used in further analysis and reported. For DDR the reported
diffusivities are the averages in x- and y- directions.

MD simulations were performed to determine the self-diffusivities D,

sy 1D @ variety of equimolar

(¢, = g,) binary and ternary (g, = g, = g;) mixtures. In a few cases, the MD simulations were performed
for mixtures in which the total loading g, = g, + g, was held constant and the mole fraction of the adsorbed

q,

q,+4,

phase mixture, x, = was varied from 0 to 1. All MD simulations reported in this work were

conducted at a temperature 7 =300 K.

For the interpretation and analysis of the MD simulations for mixture diffusion in microporous host
materials, the IAST calculation procedure needs to be performed differently because in the MD
simulations, the molar loadings gi in the mixture are specified, and the partial fugacities in the bulk fluid
mixture are not known a priori. Also, in this case, the equalities in eq (S6) must be satisfied in conjunction
with eq (S9). The entire set of eqs (S4) to (S11) need to be solved numerically to obtain the partial
fugacities, fi of the individual components in the mixture, that yield the same loadings as chosen in the

MD simulations. The IAST calculations also determine the surface potential @ . In all of the calculations
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presented in this article, the set of equations were solved using an Excel macro that was developed for

this specific purpose.
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6 Diffusion in Microporous Crystalline Materials

6.1 The Babbitt equation for unary diffusion in micropores

t46’ 47

For describing the unary transport of bound moisture in wood, Babbit suggested the use of the

gradient of the spreading pressure dz/dz as the thermodynamically correct driving force. The units of

dr/dz are N m? and this represents the force acting per m? of material surface. The number of moles of

1

adsorbate, species i, per m’> of surface is qz Therefore, the force per mole of adsorbate is

—(cf;[j / ((ZJ = —%. This force is balanced by friction between the mobile adsorbates and the surface
zZ yA

of the material

(47 J(a|__du _RT
(dz)/(Aj iz b (S39)

1

where u; is the velocity of motion of the adsorbate with respect to the framework material. The quantity

RT . . D : e e
S in the right member of equation is interpreted as the “drag coefficient”. The unary diffusivity D,

i
i

with the units m? s™', is to be interpreted as an inverse drag coefficient between the adsorbate and the
surface. If we define N; as the number of moles of species i transported per m? of crystalline material per

second
N, = pqu, (540)
where p is the framework density of the microporous crystalline material with units of kg m, we obtain

the flux relation

A dr N,

PRz D (S41)

If the unary adsorption isotherm is described by the 1-site Langmuir isotherm, equation (S14), the
spreading pressure, or its proxy, the adsorption potential can be calculated using equation (S15). A much

more convenient proxy for the spreading pressure is the fractional occupancy, determined by equation
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(S26) for a 1-site Langmuir isotherm. More generally, if the unary adsorption isotherm is described by
the dual-Langmuir-Freundlich isotherm, equation (S8), the fractional occupancy can be determined as

follows

74 =Mln(1+b/1 (fi)vA )+Mln(1+b3 (fi)VE ); Disat = Dasar T 9Bsar

RT v, Vg
(S42)
0 =1- exp(— ]; unary adsorption of species 1
qi,satRT
Combining equations (S39), and (S41) we obtain
_pddt N,
P RT dz B, (543)

The Babbitt equation (S43) is a limiting case of the more general Maxwell-Stefan (M-S) formulation”

48,49 for n-component diffusion, developed in the next section.

6.2 The Maxwell-Stefan (M-S) description of diffusion

Within micro-porous crystalline materials, such as zeolites, metal-organic frameworks (MOFs), and
zeolitic imidazolate frameworks (ZIFs), the guest molecules exist in the adsorbed phase. The Maxwell-

Stefan (M-S) equations for n-component diffusion in porous materials is applied in the following manner®

7,50-55

q, O, _~n XN —xN; N, ,
- = +—=; i=12,.n
PRT or < b, D, (S44)

J#

where p is the framework density with units of kg m™, gi is the molar loading of adsorbate, and the

adsorbed phase mole fractions are x, = g, / g, where gt is the total mixture loading ¢, = Zqi . The fluxes
i=1

Niin equations (S44) are defined in terms of the moles transported per m? of the total surface of crystalline
material.
An important, persuasive, argument for the use of the M-S formulation for mixture diffusion is that the

M-S diffusivity D, in mixtures can be estimated using information on the loading dependence of the
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corresponding unary diffusivity values, provided the comparison is made at the same value of the
adsorption potential, calculated from IAST using eq (S6), or its proxy the occupancy, €, calculated using

eqs (S28), (S29), (S30). Essentially this implies that the M-S diffusivity D, can be estimated from

experimental data on unary diffusion in the porous material.

The exchange coefficients Dij, defined by the first right member of eq (S44), are introduced to quantify
the coupling between species diffusion. At the molecular level, the Dij reflect how the facility for transport
of species i correlates with that of species j.

The Maxwell-Stefan diffusion formulation is consistent with the theory of irreversible thermodynamics.

The Onsager Reciprocal Relations imply that the M-S pair diffusivities are symmetric

b;=D, (545)

6.3 Thermodynamic correction factors

At thermodynamic equilibrium, the chemical potential of component i in the bulk fluid mixture equals

the chemical potential of that component in the adsorbed phase. For the bulk fluid phase mixture we have

Loy _olnji 19,

; =1,2,..
RT or or f; or : " (546)

The chemical potential gradients g, /0r can be related to the gradients of the molar loadings, gi, by

defining thermodynamic correction factors I

4 Ok _yp Sp :%ji;
‘ i 04,

i,j=1,...n (S47)

The thermodynamic correction factors I'jj can be calculated by differentiation of the model describing
mixture adsorption equilibrium. Generally speaking, the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz** is the preferred method for estimation of mixture adsorption equilibrium. In the

special case in which the unary isotherms are described for every component with the 1-site Langmuir

model with equal saturation capacities, the mixed-gas Langmuir model
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Qo 14 S (S48)
Is derivable from the IAST. Analytic differentiation of eq (S48) yields

Fy:dj+(9—} iL,j=L2...n (S49)

Vv

where the fractional vacancy & is defined as
6, =1-6,=1->06 (S50)
i=1

The elements of the matrix of thermodynamic factors I'jj can be calculated explicitly from information
on the component loadings ¢i in the adsorbed phase; this is the persuasive advantage of the use of the
mixed-gas Langmuir model. By contrast, the IAST does not allow the calculation of I'jj explicitly from

knowledge on the component loadings gi in the adsorbed phase; a numerical procedure is required.

6.4 M-S formulation for binary mixture diffusion

For binary mixture diffusion inside microporous crystalline materials the Maxwell-Stefan equations

(S44) are written

_ iaﬁh _ XN, —xN, +&

RT or D, D,
(S51)

_ &aﬂz :xlNZ_szl_F&

RT or b, D,

The first members on the right hand side of eq (S51) are required to quantify slowing-down effects that
characterize binary mixture diffusion.® 7 °® There is no experimental technique for direct determination
of the exchange coefficients P12, that quantify molecule-molecule interactions; the P12 are accessible from
MD simulations.

In two-dimensional matrix notation, eq (S47) take the form
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4 O 94,
RT or or

_ -r S52
4, Oty | 04, (532
RT or or

For the mixed-gas Langmuir model, eq (S48), we can derive simple analytic expressions for the four

elements of the matrix of thermodynamic factors:>’

F11 F]2 _ 1 1_92 61 (S53)
le Fzz 1_91_92 ‘92 1_6’1

where the fractional occupancies, @, are defined by eq (S48).

Let us define the square matrix [B]

5 h o) B
_ 1
[B] — 1 12 12 : [B] 1 — 12 12 (854)
X, I x 1 6D, XD, x,D, D x,D,
_2 — L + + 2172 Pl 1+222
b, b, D, b, D, D, ? N
In proceeding further, it is convenient to define a 2x2 dimensional square matrix [A] :
1 B T
e o] 232
1
[A] — 1 12 12 — B D 12 12 (855)
SRESED S I B T L B L B B OF OX o[ 14 %P
b, b, b, D, D, D, ? )

The elements of the Maxwell-Stefan matrix Ajj are accessible from MD simulations > & 41-52:55. 38 by

monitoring the individual molecular displacements

A, = % Aljgonii«i(rm(t +Af) -1, (t))){z/:(rk, [(t+AD-T, (t))]> (S56)

=1 k=1

In this expression zi and nj represent the number of molecules of species i and j respectively, and rui(?)
is the position of molecule / of species i at any time . In this context we note a typographical error in

equation (S56) as printed in earlier publications®* > %

wherein the denominator in the right member had
ni instead of »j. The simulation results presented in these publications are, however, correct as the proper

formula given in equation (S56) was used.

S32



Diffusion in Microporous Crystalline Materials

Compliance with the Onsager Reciprocal Relations demands
nA;=nA,; i,j=12,..n (S57)

Eq (S51) can be re-cast into 2-dimensional matrix notation

() =-oAIr L

or
Dl[l 45D j 40D, 949, (S58)
(Nll__ P b, b, {ru r12} or
N, 1+x11-)B2 +x;)Bl x, DD, P> [1+ xz’ﬂj Ty Ty || g,
2
12 12 L D, 12 or
The elements of [B] can be obtained by inverting the matrix [A] :
b R
B, B
|: 11 12:| — 1 12 12 — [A]—l (859)
By Bp] | 2 L, %
DIZ BZ DIZ
. e B11 B12 .
The three M-S diffusivities can be backed-out from the four elements using
21 22

X X 1 1
Dl2:__]:__2; D=—r s
BIZ BZ] B]l + BZI B22 + Bl2

(S60)
As illustration, Figure S5 presents MD simulated values of A, ,A,, =A,,,A,, for equimolar (q1=g2)

binary CO2(1)/N2(2), CHa(1)/N2(2), CHa(1)/H2(2), Ne(1)/Ar(2), CO2(1)/CH4(2), and CO2(1)/H2(2)

mixtures in MFI zeolite at 300 K plotted as a function of the total mixture loading ¢, =¢, +¢,. From

these data, the values of the Maxwell-Stefan diffusivities, D,,D,, backed-out using eq (S60) for the six

binary mixtures are shown in Figure S6. The M-S diffusivities are loading-dependent, and the values
reduce as saturation conditions are approached. Except at vanishingly small loadings, we note that in all

cases the Maxwell-Stefan diffusivities, D,,D, do not have precisely same values as the corresponding

values of the unary diffusivities.
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Figure S7 present MD simulated values of A, ,A,,A,,,A,, for Ne(1)/Ar(2), CO2(1)/CHa4(2), and

112

CO2(1)/H2(2) mixtures in MFI zeolite at 300 K, in which the total loading ©, = ©, + ©, is held constant.

. . . . ®
The data are plotted as function of the mole fraction of component 1 in the mixture, x, = 61 . Even though

the total mixture loading is held constant, we note the elements A, ,A,,,A,,,A,, are strongly dependent
on the composition of the mixture.

In Figure S8, the MD simulated values of the backed-out M-S diffusivities, D,,D, for binary
CO2(1)/N2(2), CHa(1)/N2(2), CHa(1)/H2(2), Ne(1)/Ar(2), CO2(1)/CHa(2), and CO2(1)/H2(2) mixtures in
MFTI zeolite at 300 K are plotted as a function of the occupancy &, calculated using eq (S28). The
fractional occupancy is a proxy for the surface potential, ®. For Ne(1)/Ar(2), CO2(1)/CHa4(2), and
CO2(1)/H2(2) mixtures, we have plotted both sets of MD data from Figure S5 and Figure S7. We note that

the constituent M-S diffusivities, D,,D, have practically the same values as the corresponding unary

diffusivities, when compared at the same occupancy irrespective of the total mixture loading and the

mixture composition; further evidence is provided in our earlier publications.*!: 8

Figure S9a,b,c,d present MD simulated values of the M-S diffusivities, B,,D,, self-diffusivities,
D, s D, o »and A, Ay, A, L A, for binary Ne(1)/Ar(2) mixtures in FAU zeolite at 300 K. Also plotted

in Figure S9a are the diffusivities in the constituent unaries, as function of the molar loadings. Two

different MD campaigns were conducted: (i) equimolar ¢, = ¢, mixtures, and (ii) mixtures for which
0, =0,+0, =100 uc'. We note that the A, ,A,,,A,,,A,,, along with the M-S diffusivities, H,,D, are
strongly dependent on the total mixture loadings. Also, at constant mixture loading ®, =0, +®, =100

uc’!, the diffusivities are strongly dependent on the mole fraction of component 1 in the mixture, x, = 61

t

. In Figure S9e the M-S diffusivities, D,,D, are plotted as function of the pore occupancy @, calculated

using eq (S28). The fractional occupancy is a proxy for the surface potential, ®. We note that the
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constituent M-S diffusivities, BD,,D, have practically the same values as the corresponding unary

diffusivities, when compared at the same occupancy irrespective of the total mixture loading and the
mixture composition; further evidence is provided in our earlier publications.*!* ® From Figure S9f we

note the component self-diffusivities D, ., D, for binary Ne(1)/Ar(2) mixtures in all-silica FAU

zeolite have practically the same values as the corresponding unary diffusivities, when compared at the
same occupancy 6.

Precisely analogous results are realized for binary Ne(1)/Ar(2) mixtures in MFI zeolite, CuBTC, and
IRMOF-1; see Figure S10, Figure S11, and Figure S12. The data show that component M-S diffusivities,

bD,,D, and self-diffusivities D, ., D, in binary mixtures have practically the same values as the

Jself >
corresponding unary diffusivities, when compared at the same occupancy, &, irrespective of the total
mixture loading and the mixture composition.

The above findings regarding the unique €-dependence of component M-S diffusivities, D,,D, and
self-diffusivities D, ., D, ., in binary mixtures and in the constituent unaries are confirmed for other

guest/host combinations. As illustration, we present data for
CHa(1)/C2He(2) mixtures in all-silica ISV zeolite, see Figure S13.
CHa(1)/CsHs(2) mixtures in all-silica BEA zeolite, see Figure S14.
CHa(1)/nC4H10(2) mixtures in IRMOF-1, see Figure S15.
CHa(1)/C2Hs(2) mixtures in NaY (144 Si, 48 Al, 48 Na™, Si/Al=3) zeolite, see Figure S16.
CHa(1)/C3Hs(2) mixtures in NaY (144 Si, 48 Al, 48 Na", Si/Al=3) zeolite, see Figure S17.
CHa(1)/C2Hs(2) mixtures in NaX (106 Si, 86 Al, 86 Na", Si/Al=1.23) zeolite, see Figure S18.

CHa(1)/C3Hs(2) mixtures in NaX (106 Si, 86 Al, 86 Na", Si/Al=1.23) zeolite, see Figure S19.

For CO2(1)/H2(2) mixture diffusion, the in IRMOF-1 and MFI zeolite, the correlation effects are very
strong and the self-diffusivities in mixtures are lowered below the values of the unary diffusivities for
hydrogen:
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CO2(1)/H2(2) mixtures in IRMOF-1, see Figure S20

CO2(1)/H2(2) mixtures in MFI zeolite, see Figure S21

We return to this point regarding CO2(1)/Hz2(2) mixture diffusion later in this document.

In this article, we exploit the uniqueness of the dependence of component self-diffusivities as functions
of the occupancy @, that serves as a proxy for the surface potential, @ . Though microporous crystalline

materials are the main focus of this article, it is worth mentioning that the uniqueness of the D, ,,. -0,

and D,

. — P dependences in mixtures with the corresponding unary diffusivities also holds for

mesoporous BTP-COF, that has one-dimensional hexagonal channels of 34 A size;®! see Figure S22.

6.5 Analytic expressions for self-diffusivities

Applying eqs (S51) to a binary mixture of two components that are identical; one is tagged and the other
is untagged, we derive the following expressions for the self-diffusivities’

1

R T SN
b, b ’

(S61)

1
D b, D, b, D, Db,

1,self 11

6.6 Correlation effects for M-S diffusivities
Of the four all-silica zeolites investigated in this work, correlation effects are of importance in MFI and

FAU. For values of B,/B,, >0, and b,/D,, — 0, the contribution of the first right member of M-S Eq

(S51) can be ignored and correlations can be considered to be of negligible importance; we derive

B o P [N An}{ﬂ 0}
b, b, Ay Ay 0 b,
_ 99, (562)
(2 o) v
N, 0 bl Ty %

or
Eq (S62) is valid, as a first approximation, for diffusion in cage-type zeolites with 8-ring windows

(CHA, DDR, LTA, ERI) and ZIF-8.3 5% 6265 When correlation effects are negligible, the diffusional
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coupling effects are solely traceable to mixture adsorption thermodynamics, embodied in the matrix [F]

. When correlations are negligible, we obtain the self-diffusivities can be identified with the Maxwell-
Stefan diffusivities.

BI/BIZ —0; BZ/BIZ —0; Dl,sez/' =b; Dz,sez/' =D, (S63)

6.7 Membrane permeation selectivities
For any given application, the separation performance of a microporous membrane is characterized by

two metrics: permeability and permeation selectivity. The permeability of component i is defined as

N,

I, = m (S64)

where Ni 1s the permeation flux and Af; = f; — f,; 1s the difference in the partial fugacities between the
upstream ( f;) and downstream ( f;;) faces of the membrane layer of thickness &. If the gas mixtures may

be considered to be thermodynamically ideal, the partial fugacities may be replaced by the corresponding

partial pressures p,. Often, the component permeances, defined by N,/Af,=I1,/5, are more easily

accessible from experiments because of uncertainties in the precise values of the membrane thickness, &

If the downstream compartments of the membrane are evacuated we may approximate the concentration

differences as follows

4. A 9
o 0

(S65)
where ¢i are the molar loadings in equilibrium with the partial fugacities gi in the upstream face of the

membrane.

Let us further assume that the M-S diffusivities vary with the fractional occupancies according to
b,=D,(0)(1-6) (S66)
where Di(0) are the zero-loading diffusivities. For multicomponent Langmuir isotherm, the M-S equations

for binary mixtures can be integrated analytically to obtain %
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q q
N, =pA1131+pA1232

q q
N, =pAzlgl+pA22§2

(S67)

where the elements of the matrix [A] are evaluated at the upstream loadings. It is convenient to define

the effective diffusivities, Dieft,

q
Dl,e_/f = All + A12 q_2
; (S68)
Dz,eff =A,+ A21 -
q,
From eqs (S65), (S66), (S67), (S68) we derive the following explicit expressions
BI(H)?DBZ} D, "119’92 B{H?j
9, 12 12 q, 12
D =A +A,—== + ===
b ! ? q9, 1+x]D2+x2Dl 1+x1D2+xle q9, 1+xlDz+xle
D D D D D D
12 BIZ 12 12 12 B 12 (869)
X x,D
B{H“} p,~2—1 Dz(l"'l}
Dy = Ayt Ay L= B Dy 4 Dy
nd - 2 q, 1+xlDz+xle 1+xlDz+x291 q, 1+xlDz+xle
BlZ BlZ B12 12 12 DlZ
For separation of a binary mixture, the permeation selectivity is
N,
=LA (s70)
N,/ 1
In view of eqs (S67), (S68), and (S69) the permeation selectivity can be expressed as
N N /A :Dl,e.ff @/ f (S71)
e N2 /fz Dz,eff %/fz
For separation of a binary mixture, the diffusion selectivity can be defined as follows
D
Suy =2 (S72)

From eqs (S69) and (S72) we get
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—+— I+ —=
Dl,ejj’ _ Dz Dn _ﬂ Blz

= (S73)
D, (ulj B, [Hﬂ]
Dl Blz Blz

We now show that Saiff can be approximated by the ratio of self-diffusivities. From eqs (S61) the ratio

of self-diffusivities can be written as follows

Toxw x 0D xD
Dl,self :Bz D, D, :ﬂ 22 D, (S74)
Dy L. %, X% D 4B xbD

b b, b, Dy, by,

In view of the Vignes interpolation formula °
b,,= (Bu)xl (Bzz )xz (S75)

we conclude that the ratio of the self-diffusivities is a good approximation for the diffusion selectivities

1+&
Dy (B Dy _Dig _¢ S76
D,, P,,.B D (570
2,self 214 —L 2,eff

12
As conformation of the accuracy of eq (S76), Figure S23 presents MD simulation data for (a) CO2/CHa,

(b) H2/CO2, (c) C2He/CHa4, and (d) C3Hs/CHa4 diffusion selectivities, S .., for mixtures determined from

diff >

equimolar binary (ql = qz) mixtures in MFI zeolite at 300 K, plotted as function of the surface potential

D
@ . The diffusion selectivities calculated from —="

2,self

agree reasonably well with those calculated from

D,
—L4  For all the MD simulation data reported in this article for CHA, DDR, MFI and FAU, we use
2’6{7‘

D
calculations based on the ratio of self-diffusivities: —=% = § -
2,self

In view of eq Error! Reference source not found., the adsorption selectivity for the binary 1-2 mixture

1s
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_ 0/4, _ X/ h _ By,
ads
Ll xf o By

(S77)

Therefore, the permeation selectivity is the product of the adsorption selectivity and the diffusion

selectivity

Sperm = Sads X Sd{[f (878)
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Figure S5. MD simulated values of A,,,A,, =A,,,A,, for equimolar g, =g, binary CO2(1)/N2(2),

CHa(1)/N2(2), CHa(1)/H2(2), Ne(1)/Ar(2), CO2(1)/CHa4(2), and CO2(1)/H2(2) mixtures in MFI zeolite at

300 K plotted as a function of the total mixture loading ¢, = ¢, +¢, .
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Figure S6. MD simulated values of the backed-out M-S diffusivities, D,,D, for equimolar ¢, = g, binary

COx(1)/N2(2), CHa(1)/N2(2), CHa(1)/Ha(2), Ne(1)/Ar(2), CO2(1)/CHa(2), and CO2(1)/Ha(2) mixtures in

MFI plotted as a function of the total mixture loading ¢, = ¢, +¢,.
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Figure S7. MD simulated values of A, ,A,,,A,,A,, for Ne(1)/Ar(2), CO2(1)/CH4(2), and

CO2(1)/H2(2) mixtures in MFI zeolite at 300 K, in which the total loading ©, =©, + ©, is held constant.

. . . . C)
The data are plotted as function of the mole fraction of component 1 in the mixture, x, = 61 .

t
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Figure S8. MD simulated values of the backed-out M-S diffusivities, D,,D, for binary CO2(1)/N2(2),

CHa(1)/N2(2), CHa(1)/H2(2), Ne(1)/Ar(2), CO2(1)/CHa(2), and CO2(1)/H2(2) mixtures in MFI zeolite at

300 K plotted as a function of the occupancy 6.
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Figure S9. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, ., , and
A, A, A, A, for binary Ne(1)/Ar(2) mixtures in FAU zeolite at 300 K. Two different MD campaigns
were conducted: (i) equimolar ¢, = ¢, mixtures, and (ii) mixtures for which ®, =0, +®, = 100 uc’. In

(e, ) the M-S diffusivities, D,,D,, and self-diffusivities, D, ., D, , are plotted as a function of the

occupancy 6.
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Figure S10. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and
AL A, A, A, for binary Ne(1)/Ar(2) mixtures in MFI zeolite at 300 K. Two different MD campaigns
were conducted: (i) equimolar g, = ¢, mixtures, and (ii) mixtures for which ®, =0, +0, = 12.5uc™. In
(e, ) the M-S diffusivities, D,,D,, and self-diffusivities, D, ., D, , are plotted as a function of the

occupancy 6.
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Figure S11. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A, A, =A,,A,, for equimolar binary ¢, =g, Ne(1)/Ar(2) mixtures in CuBTC at 300 K. In (d, ¢) the
M-S diffusivities, D,,D,, and self-diffusivities, D, ., D, ., , are plotted as a function of the occupancy

6.
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Figure S13. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A A, = A, LA, for equimolar binary g, =g, CHa(1)/C2He(2) mixtures in ISV zeolite at 300 K. In (d,
e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are plotted as a function of the

occupancy 6.
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Figure S14. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A A, = A, A, for equimolar binary g, = g, CH4(1)/C3Hs(2) mixtures in BEA zeolite at 300 K. In (d,

e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,, , are plotted as a function of the

occupancy 6.
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Figure S15. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A, A, =A, LA, for equimolar binary ¢, = g, CH4(1)/nCsH10(2) mixtures in IRMOF-1 at 300 K. In (d,
e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are plotted as a function of the

occupancy 6.
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Figure S17. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A A, = A, LA, for equimolar binary g, =g, CHa(1)/C3Hs(2) mixtures in NaY zeolite at 300 K. In (d,

e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are plotted as a function of the

occupancy 6.
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Figure S18. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, ., D, , and

A A, = A, LA, for equimolar binary g, = g, CHa(1)/C2He(2) mixtures in NaX zeolite at 300 K. In (d,

e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,,.,D,,, , are plotted as a function of the

occupancy 6.
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A,, for equimolar binary ¢, = g, CH4(1)/C3Hs(2) mixtures in NaX zeolite at 300 K. In (d,

e) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are plotted as a function of the

occupancy 6.
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Figure S20. MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities, D, s Dy sy » and
AL A, = A, A, for equimolar binary ¢, =g, CO2(1)/H2(2) mixtures in IRMOF-1 at 300 K. In (d, ¢)

the M-S diffusivities, BD,,D,, and self-diffusivities, D, ,,.,D, ,, , are plotted as a function of the

occupancy 6.
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Figure S21. MD simulated values of the M-S diffusivities, B,,D,, self-diffusivities, D, ., D, , and
AL AL A, LA, for binary CO2(1)/H2(2) mixtures in MFI zeolite at 300 K. Two different MD campaigns
were conducted: (i) equimolar g, = g, mixtures, and (ii) mixtures for which ®, =@, +®, = 10 uc™. In (e,

f) the M-S diffusivities, D,,D,, and self-diffusivities, D, ., D, , are plotted as a function of the

occupancy 6.
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Figure S22. MD simulations of the self-diffusivities, D, ., of components in equimolar (¢1=¢2) binary

(a) CO2/CHa, (b) CO2/H2, (c) Ar/Ha2, (d) CH4/H2, and (e) CH4/C2Hs mixtures in BTP-COF at 300 K,
plotted as a function of the surface potential, @ . Also plotted are the corresponding values of the unary

self-diffusivities.
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Figure S23. MD simulations of (a) CO2/CHa, (b) H2/CO2, (c) C2He/CHa, and (d) C3Hs/CHa4 diffusion

selectivities, S, for mixtures determined from equimolar binary (g, = ¢,) mixtures in MFI zeolite at

300 K, plotted as function of the surface potential @ .
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7 Adsorption, Diffusion, Permeation in CHA zeolite

CHA zeolite consists of cages of volume 316 A3, separated by 3.8 A x 4.2 A 8-ring windows; the pore
landscape and structural details are provided in Figure S24, and Figure S25. SAPO-34 has the same
structural topology of CHA zeolite.

CBMC simulations of the unary isotherms of CO2, CHs4, N2 and H2 were fitted with the dual-site
Langmuir-Freundlich model, eq (S8); the fit parameters for each guest molecule (with sites A, and B) are

tabulated for each guest in Table S3.
7.1 Dependence of adsorption selectivitities on @

Figure S26a shows CBMC simulation data® of the adsorption selectivity, S, , for CO2(1)/CH4(2)

mixtures in CHA zeolite at 300 K, determined from three different campaigns:

(1) the bulk gas phase mole fractions are maintained at y, = y, =0.5, and the total mixture
fugacity f, = f,+ f, is varied upto f = 10 MPa at which pore saturation conditions are
approached,

(i1) the bulk gas phase mole fractions are maintained at y, =0.20, and the total mixture fugacity
f, = fi+f,isvariedup to f, = 10 MPa at which pore saturation conditions are approached,

(ili)  the total bulk gas mixture fugacity is held constant, f; = f, + f, =10° Pa, and the mole fraction
of the bulk gas mixture of CO2(1), y,, is varied from 0 to 1.

For all three CBMC data sets, the CBMC simulated values of the adsorption selectivity, S, , follows a

ads »
near-unique dependence on the surface potential @, as anticipated by the IAST development; see Figure
S26a. A further important point to note is that for the adsorption selectivity as defined in eq (S13) for
component 1 with respect to component 2, also holds for the same guest components in the presence of

other guest species, 3, 4, 5, ..etc. Eq (S6) implies that if the comparisons are made at the same surface
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potential @, the value of S, for component 1 with respect to component 2, remains the same

irrespective of the presence of additional guest components in the same host.

To confirm this anticipation, CBMC simulations were also performed for (a) 20/40/40 CO2/CH4/N2, (b)
10/20/70 CO2/CH4/Hz, and (c) quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures in CHA zeolite at 300 K, in
which the bulk gas phase mole fractions are maintained constant and the total mixture fugacity

|, =fi+f,+f, isvariedupto f, = 10 MPa. The values of the CO2/CH4 adsorption selectivity in the

two ternary mixtures are also plotted (indicated by crosses, and plusses) in Figure S26a. The ternary and
quaternary CBMC data sets follow the same unique dependence on @ . Put another way, the presence of
component 3 and/or component 4 in the ternary and quaternary mixtures have no influence of the
adsorption selectivity for the 1-2 pair.

Figure S27a plots data obtained from CBMC simulations of the CO2/N2 adsorption selectivities in
binary (15/85 CO2/N2, and 20/80 CO2/N2), ternary (20/40/40 CO2/CH4/N2), and quaternary 1/1/1/1
CO2/CH4/N2/H2 mixtures in CHA zeolite at 300 K. The CO2/Nz adsorption selectivities for binary, ternary
and quaternary mixtures display unique dependence on @ .

The IAST calculations of the adsorption selectivity (indicated by dashed lines in Figure S26a and Figure
S27a) show some deviations from the CBMC simulated data due to non-idealities caused by preferential
perching of CO: at the window regions; detailed explanations are provided in our earlier works. 23 40 6367

With the introduction of activity coefficients, the expression for the adsorption selectivity for the

CO2(1)/CH4(2) and CO2(1)/N2(2) pairs in binary, ternary, and quaternary mixtures is

L a./4 _ x/h _ By,
ads,12
L x/fy Bn

(S79)

Using the CBMC data for binary and ternary mixture adsorption, the activity coefficients of
CO2(1)/CH4(2) and CO2(1)/N2(2) pairs were determined for both binary and ternary mixtures. Figure

S26b, and Figure S27b plot the ratio of the activity coefficient of component (1) to that of component (2),

ik , as a function of ®. We note that 2 for binary, ternary, and quaternary mixtures are of comparable

e 7>
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magnitudes when plotted as a function of @ . For this reason, the CO2(1)/CH4(2) and CO2(1)/N2(2) pairs
adsorption selectivity shows a unique dependence on @, despite the small deviations of IAST estimates
from CBMC data.

Figure S28a plots data obtained from CBMC simulations of the CO2/Hz adsorption selectivities in
binary (15/85 CO2/Hz, and 10/90 CO2/H2), ternary (10/20/70 CO2/CH4/H2), and quaternary 1/1/1/1
CO2/CH4/N2/H2 mixtures in CHA zeolite at 300 K. The CO2/Hz adsorption selectivities for binary, ternary
and quaternary mixtures display unique dependence on @ .

Figure S28b plots data obtained from CBMC simulations of the CH4/H2 adsorption selectivities in
binary (50/50 CH4/Hz2, and 20/80 CHa/H2), ternary (10/20/70 CO2/CH4/H2), and quaternary 1/1/1/1
CO2/CH4/N2/H2 mixtures in CHA zeolite at 300 K. The CH4/H2 adsorption selectivities for binary, ternary
and quaternary mixtures display unique dependence on @ .

Figure S29 plots data obtained from CBMC simulations of the CH4/N2 adsorption selectivities in binary
(20/80 CH4/N2), ternary (20/40/40 CO2/CH4/N2), and quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures in
CHA zeolite at 300 K. The CH4/N2 adsorption selectivities for binary, ternary and quaternary mixtures

display unique dependence on @ .

7.2 Diffusion and permeation selectivities of binary pairs

MD simulations were performed to determine the self-diffusivities D, ,, in equimolar binary (g, = g,)
CO2/CHa, CO2/N2 and CH4/N2 mixtures and equimolar ternary (¢, = ¢, = ¢,) CO2/CH4/N2 mixtures. In a

few cases, the MD simulations were performed for mixtures in which the total loading g, = g, + g, was

q,

q,+9,

was varied from O to 1.

held constant and the mole fraction of the adsorbed phase mixture, x, =

All MD simulations reported in this work were conducted at a temperature 7= 300 K.

Let us consider MD simulation data on self-diffusivities D, ,, for binary CO2/CH4 mixtures in CHA

zeolite at 300 K. For this mixture, four different MD simulation campaigns were conducted as follows:

S62



Adsorption, Diffusion, Permeation in CHA zeolite

(1) equimolar (g, =¢,; x, =1-x,=0.5) mixtures with varying total load, ¢, = g, +¢,; indicated
by green squares

(11) mixtures at constant load ¢, = 5.78 mol kg! (®, = 25 molecules uc™') and varying mole fraction
of CO: in the adsorbed phase, x, =g, /g, ; indicate by red circles,

(ili)  mixtures at constant load ¢, =2.89 mol kg (®, = 12.5 molecules uc™) and varying mole
fraction of CO: in the adsorbed phase, x, =g, /g, ; indicated by inverted pink triangles, and

(iv)  mixtures in which the CH4 load ¢, =0.693 mol kg (®, = 3 molecules uc) and loadings of

CO, g, are varied; indicated by blue triangles.

D
In Figure S30a the S, = data for campaign (i) are plotted as function of q,=q,+q,. The
2,self

Dl,se[/‘

diffusion selectivities decrease strongly with increasing total loading. In Figure S30b the S, =

2,self
data for campaigns (ii), (iii), and (iv) are plotted as function of the mole fraction of CO: in the adsorbed

phase, x, =¢,/q, . The diffusion selectivities are also influenced by the mixture composition.

D .
All four MD campaigns for S, = —=%_ are plotted in Figure S30c as function of the total mixture

=
2,self

loading ¢, = g, + g, ; we note that the diffusion selectivity is not a unique function of ¢, = ¢, +¢, .

The four sets of MD data on diffusion selectivities are plotted in Figure S30d as function of the surface
potential, @, indicating that ® uniquely determines the diffusion selectivity.

Additionally, we also performed MD simulations to determine the self-diffusivites D, . for equimolar
(¢, =9, =g;) ternary CO2/CH4/N2, and CO2/CH4/H> mixtures in CHA zeolite at 300 K. The CO2/CH4

diffusion selectivities, S, ., determined for the binary pair in the fernary mixtures follow the same unique

iff >
dependence on @, as for the four different binary mixture campaigns (indicated by red circles) discussed

in the foregoing paragraphs; see Figure S31a.
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D
_ M =S x§ .. to be also uniquely

We should expect the permeation selectivity S, = 5 I =St XSy
2.5elf 42 / 2

dependent on @ . The plotof S, vs @ for the binary and ternary mixture campaigns also show unique

m

dependence on @ ; see Figure S31b.
The unique dependence of adsorption, diffusion, and permeation selectivities on @ also holds for

CO2/N2, CO2/H2, CH4/N2 and CH4/H2 mixtures. This is confirmed by the combined CBMC/MD data on

(a) diffusion selectivities, S,

> and (b) permeation selectivities, §

in different equimolar binary

perm

(¢, =g,) binary (CO2/CHas, CO2/N2, CO2/H2, CH4/N2, CH4/Hz) and equimolar (g, =¢, =g¢,) ternary

(CO2/CH4/N2, CO2/CH4/Hz2, CO2/N2/Hz2) mixtures in CHA zeolite at 300 K that are presented in Figure
S32 Figure S33, Figure S34, and Figure S35.
Figure S36a,b summarize the data on the CO2/CHs, CO2//H2, CO2//N2, and N2/CH4 permeation

selectivities S, as function of the surface potential @, determined from binary and ternary campaigns.

perm

7.3 MD data on component self-diffusivities

Figure S37 presents MD simulations of the self-diffusivities, D, , of (a) CO2, (b) CHa, (¢) N2 and (d)
H: in different equimolar (ql = qz) binary (CO2/CHs, CO2/N2, CO2/H2, CH4/N2, CH4/H2) and equimolar
(¢, =¢, =g,) ternary (CO2/CH4/N2, CO2/CHa/Hz2, CO2/N2/Hz) mixtures in CHA zeolite at 300 K, plotted

as function of the surface potential ®. The data demonstrate that the component self-diffusivities in
binary and ternary mixtures are nearly the same, independent of the partner(s) in the mixtures. Except for
Ha, the self-diffusivities in the binary and ternary mixtures are also nearly the same as the unary self-
diffusivities. The unary self-diffusivity for Hz, appears to be slightly larger in value for those in mixtures.
7.4 Membrane permeabilities of individual components

For use of the materials in membrane constructs, the permeability of the membrane, I1., is defined by
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N.
m=—i_
TS (S80)
where N, is the permeation flux, J is the thickness of the crystalline layer on the membrane, and

Af, = f,, — fs 1s the difference in the partial fugacities in the bulk fluid mixtures in the upstream (z = 0)

and downstream (z = 6) compartments. If the downstream conditions are such that the loadings are

negligibly small, the permeability can be determined from MD simulations by using the following

expression’
le se q[
I, = —= (S81)
/;

where p is the crystal framework density. In SI units, the permeability has the units mol m m? s Pa’!,

The more commonly used engineering unit for permeability is the Barrer expressed in cm® (STP) cm cm”
25! (em Hg)™!. To convert to the commonly used engineering units of Barrers we divide the value in mol
m m? s Pal by 3.348x10°1°,

Often in experimental investigations of membrane permeation, the precise thickness of the membrane
is not easily determinable and, therefore, the experimental data are presented in terms of the permeances
calculated from

N, _ I
A_f. =5 (S82)
In SI units, the permeance has the units mol m™ s Pa™.

In the MD simulations, the component molar loadings ¢, in the binary and ternary mixture are specified,

and the partial fugacities in the bulk fluid mixture are not known a priori. Also, in this case, the equalities
in eq (S9) must be satisfied in conjunction with eq (S11). The entire set of eqs (S4) to (S11) need to be
solved numerically to obtain the partial fugacities, fi of the individual components in the mixture, that
yield the same loadings as chosen in the MD simulations. The unary isotherm fits required in the IAST
calculations are based on the CBMC simulations of the unary isotherms. The IAST calculations also

determine the surface potential @ . In all of the calculations presented in this article, the set of equations
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were solved using an Excel macro that was developed for this specific purpose. Combination of the MD
data on the self-diffusivities in the mixture, along with IAST calculations of the partial fugacities in the
bulk fluid phase mixture, in equilibrium with the adsorbed phase mixture, allows the calculation of the

component permeabilities I, by use of eq (S81).
Figure S38 presents data on the permeabilities, I1., of (a) CO2, (b) CHa, (c) N2 and (d) Hz in different
equimolar binary (g, =g, ) (CO2/CHa, CO2/N2, CO2/Hz2, CH4/N2, CH4/H2) and equimolar (¢, =¢, =g )

ternary (CO2/CHa4/N2, CO2/CH4/H2, CO2/N2/H2) mixtures in CHA zeolite at 300 K, plotted as a function
of the surface potential @ . The data demonstrate that the component permeabilities in binary and ternary
mixtures are nearly the same, independent of the partner(s) in the mixtures. Except for Ha, the
permeabilities in the binary and ternary mixtures are also nearly the same as the unary permeabilities. The

unary permeability for Hz, appears to be slightly larger in value for those in mixtures.
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7.5 List of Tables for Adsorption, Diffusion, Permeation in CHA zeolite

Table S3. Dual-site Langmuir-Freundlich parameters for unary isotherms of CO2, CHs, N2 and Hz in

CHA (all-silica) at 300 K.

12 -
pure components;
r CHA; 300 K;
‘_9 10 - CBMC simulations
6 [
1S
-~ 8- CO,
o
o)) [ —3— CH4
5 6
3
5 4
g
§ 2
(@]
A
103 10* 105 108 10" 10%8 10°
Bulk fluid phase fugacity, f, /Pa
Site A Site B
g A sat bA VA (B sat bB B
mol kg! mol kg!
Pa™"“ dimensionless Pav? dimensionless
CO2 6.8 2.4464E-06 | 1.06 2.8 5.181E-06 0.7
CHa4 2.7 1.3131E-06 | 1.02 5.5 2.703E-07 0.84
N2 5.1 1.019E-07 0.88 2.9 4.013E-07 1
H» 14.563 2.58E-08 0.73 15.719 1.57E-08 1

S67




Adsorption, Diffusion, Permeation in CHA zeolite

7.6 List of Figures for Adsorption, Diffusion, Permeation in CHA zeolite

CHA landscape

Structural information from: C. Baerlocher, L.B. Coz
McCusker, Database of Zeolite Structures,
International Zeolite Association, http://www.iza-
structure.org/databases/

There are 6 cages per unit cell.
The volume of one CHA cage is
316.4 A3, slightly larger than that of
a single cage of DDR (278 A3), but
significantly lower than FAU (786
A3).

CHA

CH,
3.77 A x
4.23 A size
windows

There are 6
cages per unit
cell. The
volume of one
CHA cage is
316.4 A3

Figure S24. Pore landscape of all-silica CHA zeolite.
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CHA window and pore dimensions

CHA

The window dimensions calculated using the van der
Waals diameter of framework atoms =2.7 A are
indicated above by the arrows.

CHA
alA 156.075
b /A 23.907
c/A 13.803
Cell volume / A3 4974.574
conversion factor for [molec/uc] to [mol per kg Framework] 0.2312
conversion factor for [molec/uc] to [kmol/m?3] 0.8747
p [kgim3] 14441
MW unit cell [g/mol(framework)] 4326.106
¢, fractional pore volume 0.382
open space / A%uc 1898.4
Pore volume / cm®/g 0.264
Surface area /m2/g 758.0
DeLaunay diameter /A 3.77

Figure S25. Structural details for CHA zeolite.
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Figure S26. (a) CBMC simulations of CO2(1)/CH4(2) adsorption selectivities, S, , for binary, ternary,
and quaternary mixture adsorption in CHA zeolite at 300 K. The selectivities are plotted as function of

the surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters are

provided in Table S3. (b) CBMC simulations of the ratio of activity coefficients of 2 for binary
72

CO2(1)/CHa(2) pair plotted as function of the surface potential @ .
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a b 1.4

r ' 15/85 CO,/N, r
- @  20/80 CO,N, F - CBMC;
CHA; 300 K
so- X 20/40/40 CO,/CH,/N, B
| o= eme=  [AST i
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. x N 1.2
& =
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-ig 60 - é
= [}
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S - CBMC; 2 1.0
I3 CHA; 300 K & 2
2 [ 8
8 ot e 2
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& 15/85 CO,IN,
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A% Lol Lol [ 06 Lol Lol Lol Lol [
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Surface potential, ® / mol kg'1 Surface potential, ® / mol kg'1

Figure S27. (a) CBMC simulations of CO2(1)/N2(2) adsorption selectivities, S, , for binary, ternary,
and quaternary mixture adsorption in CHA zeolite. The selectivities are plotted as function of the surface

potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters are provided

in Table S3. (b) CBMC simulations of the ratio of activity coefficients of 2 for CO2(1)/N2(2) pair plotted

7>

as function of the surface potential @ .
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Figure S28. (a) CBMC simulations of the CO2/H2 adsorption selectivity, S, , for binary, ternary, and

quaternary mixture adsorption CHA zeolite at 300 K. (b) CBMC simulations of the CH4/H> adsorption

selectivities for binary, ternary, and quaternary mixtures in CHA zeolite at 300 K. The selectivities are

plotted as function of the surface potential @ . The dashed lines are the IAST calculations; the unary

isotherm fit parameters are provided in Table S3.
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CBMC;
2 - CHA; 300 K

CH,/N, adsorption selectivity, S_

tr ®  20/80 CH,/N,
I %X 20/40/40 CO,/CH,/N,
| === |AST
O quaternary
0 Lol Lol Lol Lol L11
0.001  0.01 0.1 1 10

Surface potential, ® / mol kg

Figure S29. (a) CBMC simulations of the CH4/N2 adsorption selectivity, S

ads >

for binary, ternary, and

quaternary mixture adsorption CHA zeolite at 300 K. The dashed lines are the IAST calculations; the

unary isotherm fit parameters are provided in Table S3.
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Figure S30. (a) MD simulations of the diffusion selectivities, S, ,
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-
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-@- §;=5.78 mol kg™ vary X,

CHA; 300 K;
MD; CO,/CH,

0.2 0.4 0.6 0.8 1.0

Mole fraction of CO, in adsorbed phase, x,

CHA; 300 K;
MD; CO,/CH,
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|- ¢=2.89 mol kg'1; vary X,
-A- q,=0.693 mol kg™"; vary g,

10

100

0.1 1

Surface potential, ® / mol kg'1

for equimolar (g, =g¢,;x, =0.5)

CO2/CHa mixtures in CHA zeolite at 300 K, plotted vs total load, ¢,. (b) MD simulations of the diffusion

selectivities, S, ,

for CO2/CHa4 mixtures from three different campaigns in CHA zeolite at 300 K, plotted

as function the mole fraction of CO: in the adsorbed phase, x,, (c) All four MD campaigns plotted as

function of the total load, ¢,. (d) All four MD campaigns plotted as function of the surface potential @ .
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Figure S31. (a) MD simulations of the CO2/CHs diffusion selectivities, S, , determined from both

binary mixtures (four different MD campaigns) and equimolar (g, =¢, =¢,) ternary (CO2/CH4/N2, and

CO2/CH4/H2) mixtures in CHA zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot

of the CO2/CH4 permeation selectivity S, as function of the surface potential @, determined from

rm

binary and ternary (CO2/CH4/N2, and CO2/CH4/H2) MD campaigns.
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CO,/N, diffusion selectivity, S,
CO,/N, permeation selectivity, S,

. L 10l -@ CO,/N,

i - % CO,/CH,N,
- - ¢ CO,N,/H,

. MD: | CBMC and MD;

Binary vs Ternary; CHA; 300 K Binary vs Ternary; CHA; 300 K
01 [ Lol | 1 Lol Lol |
0.1 1 10 100 0.1 1 10 100
Surface potential, ® / mol kg™ Surface potential, ® / mol kg™

Figure S32. (a) MD simulations of the CO2/N2 diffusion selectivities, S, determined from both

equimolar binary (g, = ¢, ) and equimolar (g, = ¢, = g;) ternary (CO2/CHa/N2, and CO2/N2/Hz) mixtures

in CHA zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/N2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/CH4/N2,

m

and CO2/N2/Hz2) mixtures MD campaigns.
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Figure S33. (a) MD simulations of the H2/CO: diffusion selectivities, S, , determined from both

equimolar binary (91 =g, ) and equimolar (91 =g, = g;) ternary (CO2/N2/Hz, and CO2/CH4/H2) mixtures

in CHA zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/H2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/N2/Hz,

m

and CO2/CH4/H2) MD campaigns.
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Figure S34. (a) MD simulations of the N2/CHa4 diffusion selectivities, S, , determined from both

equimolar binary (¢, = ¢,) and equimolar (g, =g, =g;) ternary (CO2/CH4/N2) mixtures in CHA zeolite

at 300 K, plotted as function of the surface potential @ . (b) Plot of the N2/CH4 permeation selectivity

S as function of the surface potential @, determined from binary and ternary (CO2/CH4/N2) MD

perm

campaigns.
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Figure S35. (a) MD simulations of the H2/CHa diffusion selectivities, S, , determined from both

equimolar binary (q1 = qz) and equimolar (‘]1 =q, = q3) ternary (CO2/CH4/Hz2) mixtures in CHA zeolite

at 300 K, plotted as function of the surface potential @ . (b) Plot of the Ho/CHa4 permeation selectivity

S as function of the surface potential @, determined from binary and ternary (CO2/CH4/H2) MD

perm

campaigns.
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Figure S36. (a, b) Plots of the CO2/CHa, CO2//H2, CO2//N2, and N2/CHa permeation selectivities S erm

as function of the surface potential @, determined from binary and ternary campaigns.
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Figure S37. MD simulations of the self-diffusivities, D, , of (a) COz, (b) CH4, (¢) N2 and (d) Hz in
different equimolar binary (q1 = qz) (CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/Hz2) and equimolar

(¢, =¢, =g,) ternary (CO2/CH4/N2, CO2/CHa/Hz2, CO2/N2/Hz) mixtures in CHA zeolite at 300 K, plotted

as function of the surface potential @ . Also plotted are the corresponding values of the unary self-

diffusivities.
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Figure S38. CBMC/MD simulations of the permeabilities, I1,, of (a) COz2, (b) CHa, (c) N2 and (d) H2
in different equimolar binary (g, =¢,) (CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/Hz) and equimolar

(¢, = g, = g;) ternary (CO2/CHa/N2, CO2/CH4/Hz2, CO2/N2/Hz) mixtures in CHA zeolite at 300 K, plotted

as a function of the surface potential @ . Also plotted are the corresponding values of the unary

permeabilities.
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8 Adsorption, Diffusion, Permeation in DDR zeolite

DDR consists of cages of 277.8 A® volume, separated by 3.65 A x 4.37 A 8-ring windows; the pore
landscapes and structural details are provided in Figure S39, and Figure S40.

CBMC simulations of the unary isotherms of CO2, CHs4, N2 and Hz were fitted with the dual-site
Langmuir-Freundlich model, eq (S8); the fit parameters for each guest molecule (with sites A, and B) are

tabulated for each guest molecule (with sites A, and B) are tabulated for each guest in Table S4.

8.1 Dependence of adsorption selectivity on @

CBMC simulation data of the adsorption selectivity, S

ads >

for CO2(1)/CH4(2) mixtures in DDR zeolite

at 300 K were determined from three different campaigns:

(1) the bulk gas phase mole fractions are maintained at y, = y, =0.5, and the total bulk mixture
fugacity f, = f,+ f, is varied up to f, = 10 MPa at which pore saturation conditions are

approached,

(11) the bulk gas phase mole fractions are maintained at y, =0.20, and the total mixture fugacity

f, = f,+f,1isvariedupto f, = 10 MPa at which pore saturation conditions are approached,

(iii)  the total bulk gas mixture fugacity is held constant, f, = f; + f, =10° Pa, and the mole fraction
of the bulk gas mixture of CO2(1), y,, is varied from 0 to 1

The three sets of CBMC data for binary mixture adsorption are plotted in Figure S41 as function of the

total bulk mixture fugacity f, = f, + f,. Wenote that the S , isnotuniquely determined by f, = f, + f,

and is also a function of the bulk mixture composition y, .

For all three CBMC data sets, the CBMC simulated values of the adsorption selectivity, S , , follows a

ads °

near-unique dependence on the surface potential @, see Figure S42a.
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CBMC simulations were also performed for 20/40/40 CO2/CHa4/N2, 10/20/70 CO2/CH4/H2 and
quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures in DDR zeolite at 300 K, in which the bulk gas phase mole

fractions are maintained constant and the total mixture fugacity f, = f,+ f, + f, isvariedupto f, = 10

MPa. The values of the CO2/CHa4 adsorption selectivity in ternary and quaternary mixtures are also plotted
in Figure S42a. Put another way, the presence of component 3 and/or component 4 in the ternary and
quaternary mixtures have no influence of the adsorption selectivity for the 1-2 pair.

The TAST calculations (indicated by dashed lines in Figure S42a) of the adsorption selectivity show
some deviations from the CBMC simulated data due to non-idealities caused by preferential perching of
CO:2 at the window regions; detailed explanations are provided in our earlier works.?® *%- 367 With the
introduction of activity coefficients, the expression for the adsorption selectivity for the CO2(1)/CHa(2)

pair in binary, ternary and quaternary mixtures is

S — QI/qZ — xl/ﬁ — P20]/2
ads,12
h o X%/ f P1071

(S83)

Using the CBMC data for binary, ternary and quaternary mixture adsorption, the activity coefficients

of CO2(1) and CHa4(2) were determined for binary, ternary and quaternary mixtures. Figure S42b plots the

ratio of the activity coefficient of CO2(1) to that of CHa(2), ik , as a function of ®. We note that 2 for
72 72

binary, ternary and quaternary mixtures are of comparable magnitudes when plotted as a function of @ .
For this reason, the CO2/CH4 adsorption selectivity shows a unique dependence on @, despite the
deviations from IAST estimates.

Figure S43a shows CBMC simulation data of the adsorption selectivity, S

ads >

for CO2(1)/N2(2) mixtures

in DDR zeolite at 300 K, determined from two different campaigns:

(1) the bulk gas phase mole fractions are maintained at y, =0.15, and the total mixture fugacity

f, = fi+f,isvariedup to f, = 10 MPa at which pore saturation conditions are approached,
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(i)  the bulk gas phase mole fractions are maintained at y, = y, =0.20, and the total mixture
fugacity f, = f,+ f, is varied up to f, = 10 MPa at which pore saturation conditions are

approached,

For both CBMC data sets, the CBMC simulated values of the adsorption selectivity, S , , follows a

ads >
near-unique dependence on the surface potential @, see Figure S43a. CBMC simulations were also
performed for 20/40/40 CO2/CHa/N2 and quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures in DDR zeolite at
300 K, in which the bulk gas phase mole fractions are maintained constant and the total mixture fugacity

|, = fi+f,+f, isvaried up to f, = 10 MPa. The values of the CO2/N2 adsorption selectivity in the

ternary mixture are also plotted in Figure S43a. The ternary and quaternary CBMC data follows the same
unique dependence on @, as prescribed by eq (S13). Put another way, the presence of component 3,
and/or component 4 in the ternary and quaternary mixture have no influence of the adsorption selectivity
for the 1-2 pair.

The IAST calculations of the adsorption selectivity (indicated by dashed lines in Figure S43a) show
some deviations from the CBMC simulated data due to non-idealities caused by preferential perching of

CO: at the window regions; detailed explanations are provided in our earlier works.? 4% 937 Figure S43b

plots the ratio of the activity coefficient of CO2(1) to that of N2(2), ék , as a function of ®. We note that

7>

2 for binary, ternary and quaternary mixtures are of comparable magnitudes when plotted as a function
V2

of @. For this reason, the CO2/N2 adsorption selectivity shows a unique dependence on @, despite the
deviations from IAST estimates.

Figure S44a plots data obtained from CBMC simulations of the CO2/Hz adsorption selectivities in
binary (15/85 CO2/Hz, and 10/90 CO2/H2), ternary (10/20/70 CO2/CH4/H2), and quaternary 1/1/1/1
CO2/CH4/N2/H2 mixtures in DDR zeolite at 300 K. The CO2/Hz adsorption selectivities for binary, ternary,

and quaternary mixtures display unique dependence on @ .
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Figure S44b plots data obtained from CBMC simulations of the CH4/H2 adsorption selectivities in
binary (20/80 CH4/Hz2), ternary (10/20/70 CO2/CH4/Hz), and quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures
in DDR zeolite at 300 K. The CH4/H2 adsorption selectivities for binary, ternary, and quaternary mixtures
display unique dependence on @ .

Figure S45 plots data obtained from CBMC simulations of the CH4/N2 adsorption selectivities in binary
(20/80 CH4/N2) and ternary (20/40/40 CO2/CH4/N2) mixtures in DDR zeolite at 300 K. The CH4/N2

adsorption selectivities for binary, ternary, and quaternary mixtures display unique dependence on @ .

8.2 Diffusion and permeation selectivities of binary pairs

Let us consider MD simulation data on self-diffusivities D, . for binary CO2/CH4 mixtures in DDR
zeolite at 300 K. For this mixture, five different MD simulation campaigns were conducted as follows:

(1) equimolar (g, =q,; x, =1-x,=0.5) mixtures with varying total load, g, = ¢, + ¢,

()  (q,/q,=2/1; x =2/3) mixtures with varying total load, g, = ¢, + g,

(i)  (q,/gq,=3/1; x, =3/4) mixtures with varying total load, ¢, = ¢, + ¢,

(iv) (q,/q,=5/1; x, =5/6) mixtures with varying total load, ¢, = ¢, + ¢,

(v) mixtures in which the CHa load ©, = 8 molecules uc! and loadings of COz are varied

The five sets of data on diffusion selectivities are plotted in Figure S46a as function of the surface

potential, @ ; the data indicates that @ uniquely determines the diffusion selectivity. Additionally, we

also performed MD simulations to determine the self-diffusivites D, for (¢, =¢,=g;) ternary

CO2/CHa/N2 and CO2/CH4/H2 mixtures in DDR zeolite. The CO2/CHas diffusion selectivities, S,

determined for the binary pair in the ternary mixture (indicated by crosses, and plusses) follows the same
unique dependence on @, as for the five different binary mixture campaigns (indicated by red circles);

see Figure S46a.
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In view of the fact that IAST also shows that the adsorption selectivity S , is also uniquely dependent

_ Dl,selfql/fl _

o = = to be also uniquely
3 D2,selfq2 /~f2

on @, we should expect the permeation selectivity S S xS,

dependent on @ . The plotof S, vs @ for the binary and ternary mixture data sets also lie on a unique

perm
curve; see Figure S46b.

The unique dependence of adsorption, diffusion, and permeation selectivities on @ also holds for
CO2/N2, CO2/H2, and CH4/N2 mixtures. This is confirmed by the CBMC/MD data on (a) diffusion

selectivities, S, of three constituent binary pairs that are

> and (b) permeation selectivities, S

perm >
presented in Figure S47, Figure S48, and Figure S49 determined from simulation data for binary and
ternary mixtures in DDR zeolite at 300 K. Plotted as function of the surface potential @, each of the pair

selectivities are the same in the binary and ternary mixtures. This is a useful and practical conclusion.

8.3 Component self-diffusivities and permeabilities

Figure S50 presents MD simulations of the self-diffusivities, D, ., of (a) CO2, (b) CHa, (¢) N2 and (d)
H: in different equimolar (¢, =¢,) binary (CO2/CHs, CO2/N2, CO2/H2, CH4/N2) and equimolar

(¢, =¢, =g,) ternary (CO2/CH4/N2, CO2/CHa/Hz, CO2/N2/Hz) mixtures in DDR zeolite at 300 K, plotted

as function of the surface potential ®. The data demonstrate that the component self-diffusivities in
binary and ternary mixtures are nearly the same, independent of the partner(s) in the mixtures. Except for
Ha, the self-diffusivities in the binary and ternary mixtures are also nearly the same as the unary self-
diffusivities. The unary self-diffusivity for Hz, appears to be slightly larger in value for those in mixtures.

Figure S51 presents data on the permeabilities, I1., of (a) CO2, (b) CHa, (c) N2 and (d) Hz in different
equimolar (g, =g,) binary (CO2/CHa, CO2/N2, CO2/Hz, CH4/N2) and equimolar (g, =g, =g, ) ternary

(CO2/CH4/N2, CO2/CH4/Hz2, CO2/N2/H2) mixtures in DDR zeolite at 300 K, plotted as a function of the
surface potential @ . The data demonstrate that the component permeabilities in binary and ternary

mixtures are nearly the same, independent of the partner(s) in the mixtures. Except for H», the
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permeabilities in the binary and ternary mixtures are also nearly the same as the unary peremabilities. The

unary permeability for Hz, appears to be slightly larger in value for those in mixtures.

8.4 Analysis of experimental data

Experimental data of Van den Bergh et al.%® ¢ for component permeances for 50/50 CO2/CHa, and
50/50 N2/CH4 mixtures in DDR membrane at 303 K are compared to unary permeation data in Figure
S52, and Figure S53. The permeance data are plotted as function of (a) upstream partial pressures, pio,
and (b) surface potential @ at the upstream face of the membrane.

Figure S54 presents a comparison of CH4 component permeances for 50/50 CO2/CH4 and 50/50 N2/CH4
binary mixture permeation across DDR membrane at 303 K, compared to unary permeance. The data are
plotted as function of the surface potential @ at the upstream face of the membrane.

Figure S55 presents experimental data of Himeno et al.”® for component permeances for 50/50 CO2/CHa4
binary mixture permeation across DDR membrane at 298 K, compared to unary permeation data. The
data are plotted as function of (a) upstream partial pressures, pio, and (b) surface potential @ at the
upstream face of the membrane.

When compared at the same surface potential, the component permeances are the same for mixtures as

for unary systems.
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8.5 List of Tables for Adsorption, Diffusion, Permeation in DDR zeolite

Table S4. Dual-site Langmuir-Freundlich parameters for guest molecules in DDR (all-silica) at 300 K.

rpure components; DDR; 300 K;

-CBMC simulations &
6 [
:? I b
3 .’
~ e CO, %
o
5 4 = CH, d
5 N
o - ,
€ L —O— H, et
e Hb L
S L
£ n
o
O |-
v<T‘V'V 5 Ll Ll Ll L
108 10* 10 107 108 10°
Bulk fluid phase fugacity, f, /Pa
Site A Site B
A sat bA VA (B, sat bB B
mol kg! mol kg'!
Pa™"“ dimensionless Pa"? dimensionless
CO2 1.5 1.010E-06 0.79 3 6.076E-06 1
CH4 1.4 4.035E-06 1 1.95 1.814E-06 0.75
N2 1.25 9.8874E-07 |1 1.55 5.549E-08 1
H2 5 5.028E-08 1 12 2.442E-09 1
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8.6 List of Figures for Adsorption, Diffusion, Permeation in DDR zeolite

4

To convert from molecules per unit cell to mol kg-', multiply by 0.06936.
The pore volume is 0.182 cm?/g.

There are 12 cages per unit cell.

The volume of one DDR cage is

278 A3, significantly smaller than
that of a single cage of FAU (786
A3), or ZIF-8 (1168 A3),

3.65A x
437 A
windows

There are 12 cages
per unit cell. The

volume of one DDR
cage is 278 A3

Structural information from: C. Baerlocher, L.B. McCusker,

Database of Zeolite Structures, International Zeolite
Association, http://www.iza-structure.org/databases/

Figure S39. Pore landscape of all-silica DDR zeolite.
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DDR window and pore dimensions

DDR

The window dimensions calculated using the van
der Waals diameter of framework atoms = 2.7 A
are indicated above by the arrows.

DDR
alA 24.006
b /A 13.86
c/A 40.892
Cell volume / A3 13605.72
conversion factor for [molec/uc] to [mol per kg Framework] 0.0693
conversion factor for [molec/uc] to [kmol/m?] 0.4981
p [kgim3] 1759.991
MW unit cell [g/mol(framework)] 14420.35
¢, fractional pore volume 0.245
open space / A3uc 3333.5
Pore volume / cm®/g 0.139
Surface area /m2/g 350.0
DeLaunay diameter /A 3.65

Figure S40. Structural details for DDR zeolite.
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Figure S41. (a) CBMC simulations of the CO2/CH4 adsorption selectivity, S

ads >

for binary, ternary, and

quaternary mixture adsorption in DDR zeolite at 300 K. The adsorption selectivities are plotted as function
of the total bulk mixture fugacity, f. The dashed lines are the IAST calculations; the unary isotherm fit

parameters are provided in Table S4.
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Figure S42. (a) CBMC simulations of the CO2/CH4 adsorption selectivity, S, , for binary, ternary, and

quaternary mixture adsorption in DDR zeolite at 300 K The adsorption selectivities are plotted as function
of the surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters
are provided in Table S4. (b) CBMC simulations of the ratio of activity coefficients of CO2, and CH4

plotted as function of the surface potential @ .
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d 40 === |AST | b 1.6
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S 20/80 CO,/N, | 14kl CBMC; DDR; 300 K °
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CO,/N, adsorption selectivity, S,
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Figure S43. (a) CBMC simulations of the CO2/N2 adsorption selectivity, S, , for binary, ternary, and

quaternary mixture adsorption in DDR zeolite at 300 K The adsorption selectivities are plotted as function
of the surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters
are provided in Table S4. (b) CBMC simulations of the ratio of activity coefficients of COz2, and N2 plotted

as function of the surface potential @ .
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Figure S44. (a) CBMC simulations of the CO2/H2 adsorption selectivity, S, , for binary, ternary, and

quaternary mixture adsorption in DDR zeolite at 300 K. (b) CBMC simulations of the CH4/H2 adsorpton
selectivities for binary, ternary, and quaternary mixture adsorption in DDR zeolite at 300 K. The

selectivities are plotted as function of the surface potential @ . The dashed lines are the IAST calculations;

the unary isotherm fit parameters are provided in Table S4.
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i CBMC; DDR; 300 K

CH,/N, adsorption selectivity, S_,,

& 20/80 CH,IN,
1+ % 20/40/40 CO,/CH,/N,

| e |[AST
- O quaternary

O Lol Lol Lol Lol [

0.001 0.01 0.1 1 10

Surface potential, ® / mol kg'1

Figure S45. CBMC simulations of the CH4/N2 adsorption selectivity, S

ads >

for binary, ternary, and

quaternary mixture adsorption in DDR zeolite at 300 K. The selectivities are plotted as function of the
surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters are

provided in Table S4.
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Figure S46. (a) MD simulations of the CO2/CH4 diffusion selectivities, S, determined from both

binary mixtures (five different MD campaigns) and equimolar (q1 =q, = q3) ternary mixtures in DDR

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/CH4 permeation

selectivity § as function of the surface potential @, determined from binary and ternary MD

perm

campaigns.
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Figure S47. (a) MD simulations of the CO2/Nz diffusion selectivities, S, , determined from both

equimolar (91 = ¢, ) binary and equimolar (91 =g, =g, ternary (CO2/CH4/N2, and CO2/N2/Hz) mixtures

in DDR zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/N2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/CH4/N2,

and CO2/N2/Hz2) mixtures MD campaigns.
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Figure S48. (a) MD simulations of the Ha2/CO: diffusion selectivities, S, , determined from both

equimolar (91 = ¢, ) binary and equimolar (91 =g, =g, ternary (CO2/N2/Hz, and CO2/CH4/H2) mixtures

in DDR zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/H2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/N2/Hz,

m

and CO2/CH4/H2) MD campaigns.
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Figure S49. (a) MD simulations of the N2/CHa4 diffusion selectivities, S, , determined from both

equimolar (g, = g, )binary and equimolar (g, =g, =g;) ternary (CO2/CH4/N2) mixtures in DDR zeolite
at 300 K, plotted as function of the surface potential @ . (b) Plot of the N2/CH4 permeation selectivity

S ... as function of the surface potential @, determined from binary and ternary MD campaigns.

perm
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Figure S50. MD simulations of the self-diffusivities, D, , of (a) COz, (b) CH4, (¢) N2 and (d) Hz in

different equimolar (g, =g,) binary CO2/CH4, CO2/N2, CO2/Hz2, CH4/N2) and equimolar (¢, =¢, =g )

ternary (CO2/CH4/N2, CO2/CH4/H2, CO2/N2/H2) mixtures in DDR zeolite at 300 K, plotted as function

of the surface potential @ . Also plotted are the corresponding values of the unary self-diffusivities.
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Figure S51. CBMC/MD simulations of the permeabilities, I1,, of (a) CO2, (b) CH4, (¢) N2 and (d) H2
in different equimolar (¢, =¢,) binary (CO2/CHas, CO2/N2, CO2/H2, CH4/N2, CHs/Hz) and equimolar

(¢, =9, =g,) ternary (CO2/CH4/N2, CO2/CHa/Hz2, CO2/N2/Hz) mixtures in DDR zeolite at 300 K, plotted

as a function of the surface potential ®@. Also plotted are the corresponding values of the unary

permeabilities.
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Figure S52. Experimental data of Van den Bergh et al.®® ® for component permeances for 50/50
CO2/CH4 binary mixture permeation across DDR membrane at 303 K, compared to unary permeation
data. The data are plotted as function of (a) upstream partial pressures, pio, and (b) surface potential @ at

the upstream face of the membrane.
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Figure S54. Comparison of CH4 component permeances for 50/50 CO2/CH4 and 50/50 N2/CHs binary
mixture permeation across DDR membrane at 303 K, compared to unary permeance. The data are plotted

as function of the surface potential @ at the upstream face of the membrane.
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9 SAPO-34 membrane permeation: experimental data analysis

SAPO-34 has the same structural topology as CHA zeolite, consisting of cages of volume 316 A®,
separated by 3.8 A x 4.2 A 8-ring windows.
For adsorption in SAPO-34, the model based on statistical thermodynamics described in Chapter 3 of

Ruthven®” is particularly relevant and useful

m

L
& (b)) Q +1
b- ‘ iJi i
lf;+n;(m—])' o 1
_ qi,sat Qi +1 S84
q[_ Ql. m m ( )
& ()| Q+1
l+b[f[+,; ()t |1
Q +1

In Eq (S84) gi represents the loading in mol kg™!, gisat is the saturation loading in mol kg™, and Qi is
maximum capacity expressed in molecules per cage. Based on the atomic composition of SAPO-34 used

in our experiments of Li et al.,”" (Sio.061Alo.483P0.455)O2; we calculate ¢, , =1.369Q,. The unary isotherms

fit parameters are provided in Table S5. The mixture adsorption equilibrium was determined using the
IAST.

The unary permeation data for CO2, CHa, N2, and H> are summarized in Table S6, Table S7, Table S8,
and Table S9.

The binary CO2/CH4 mixture permeation data are summarized in Table S10, Table S11; there are two
separate campaigns wherein Table S10 provides data in which the feed composition is nearly constant.
Table S11 provides the data for campaign in which the feed composition is varied.

The binary CO2/N2 mixture permeation data are summarized in Table S12.

The binary N2/CH4 mixture permeation data are summarized in Table S13.
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The binary CO2/H2 mixture permeation data are summarized in Table S14, and Table S15; there are
two separate campaigns wherein Table S14 provides data in which the feed composition is nearly constant.
Table S15 provides the data for campaign in which the feed composition is varied.

The permeation data for CO2/CH4/N2 mixtures are provided in Table S16.

Experimental data of Li et al.”**”3 for component permeances for CO2/CHa, CO2/N2, CHa/N2, CO2/H>
and CH4/H2 mixtures in SAPO-34 membrane at 295 K are compared to unary permeation data in Figure
S56, Figure S57, Figure S58, and Figure S59, and Figure S60. The permeance data are plotted as function
of (a) upstream partial pressures, pio, and (b) the surface potential @ at the upstream face of the membrane.

Experimental data of Li et al.”'"”* for permeances of CO2, CHas, N2, and Hz determined for unary, binary,
and ternary CO2/CH4/N2 mixture permeation across SAPO-34 membrane at 295 K are summarized in
Figure S61a,b,c,d data are plotted, as function of the upstream partial pressures, pio. Compared at the same

component pressures at the upstream face, p,,, the CO2 permeance is hardly influenced by the presence

or choice of the partner species in the mixtures. However, the values of CO2 permeance in any mixture is
lower than the values for unary CO2 permeation. The situation is markedly different for the permeances
of CHa, N2, and Ha. For these less-strongly-adsorbed guest molecules, the component permeances in a
binary or ternary mixture depends on choice of the partner species. The component permeance of CHa,
Nz, and H2 in mixtures are significantly lower than the corresponding unary permeances. On the basis of
the data in Figure S61 we would conclude that the mixture permeation characteristics cannot be estimated
on the basis of experimental data on unary permeances. Also, generally speaking, the permeation
characteristics of i-j pairs in the ternary mixture are also not identifiable with the corresponding binary
mixtures..*

In Figure S62, the same set of data on component permeances are plotted as function of the surface
potential @ at the upstream face of the membrane. These plots show that the component permeances in
unaries, and binary mixtures are the same as in the ternary CO2/CH4/N2 mixtures provided the comparison
is made on the basis of the surface potential @ . These results are precisely analogous to those obtained

from CBMC/MD simulations and presented in Figure S38 for CHA zeolite.
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Figure S63 compares the CO2/CH4, CO2/N2, and N2/CH4 permeation selectivities in binary and ternary
mixtures for mixture permeation across SAPO-34 membrane at 295 K. Plotted as function of the surface
potential @ at the upstream face of the membrane, the permeation selectivities of the three pairs are of
comparable magnitude in both binary mixtures and ternary mixtures. These data also suggest that the
permeation selectivities in mixtures can be estimated to a reasonably fair accuracy on the basis of unary
permeances, determined at the same surface potential @ . These results are analogous to those obtained

from CBMC/MD simulations and presented in Figure S36 for CHA zeolite.
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9.1 List of Tables for SAPO-34 membrane permeation: experimental data analysis

Table S5. Pure component isotherm fit data for guest species in SAPO-34, as tabulated in Li et al.”!

Molecule

bi

Qi qi sat
CO2 7.67%107 6 8.2
CHa4 5.87x10° 6 8.2
N2 1.26x10°¢ 6 8.2
H2 2.84x107 9 12.3

bi is expressed in Pa”!, Qi in molecules per cage, gi.sat in mol kg™
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Table S6. Unary CO: permeation data.

Upstream pressure, | Downstream CO2 flux, Ni
fiup pressure, fidown

0.094 0.084 0.0033
0.118 0.084 0.0122
0.153 0.084 0.0228
0.222 0.084 0.0412
0.291 0.084 0.0589
0.360 0.084 0.0719
0.429 0.084 0.0825
0.773 0.084 0.1293
1.463 0.084 0.1857
2.152 0.084 0.2150
2.842 0.084 0.2377
3.531 0.084 0.2531
4.221 0.084 0.2657
4910 0.084 0.2784
5.600 0.084 0.2903

fiup and fi down have the units MPa, N are expressed in mol m™2 s™!
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Table S7. Unary CH4 permeation data.

Upstream pressure, | Downstream CHa flux, N
fiup pressure, fidown

0.43 0.084 0.0012
0.77 0.084 0.0025
1.46 0.084 0.0048
2.15 0.084 0.0072
2.84 0.084 0.0093
3.53 0.084 0.0111
4.22 0.084 0.0133
491 0.084 0.0154
5.60 0.084 0.0175
6.29 0.084 0.0197
7.08 0.084 0.0220

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!

S112



SAPO-34 membrane permeation: experimental data analysis

Table S8. Unary N2 permeation data.

Upstream pressure, | Downstream N2 flux, Ni
fiup pressure, fidown

0.43 0.084 0.009
0.77 0.084 0.017
1.46 0.084 0.027
2.15 0.084 0.041
2.84 0.084 0.053
3.53 0.084 0.065
4.22 0.084 0.077
491 0.084 0.087
5.60 0.084 0.098
6.29 0.084 0.108
6.98 0.084 0.119

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!
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Table S9. Unary H2 permeation data.

Upstream pressure, | Downstream H: flux, N
fiup pressure, fidown

0.77 0.084 0.0688
1.46 0.084 0.1394
2.15 0.084 0.2114
2.84 0.084 0.2839
3.53 0.084 0.3524
4.22 0.084 0.4263
491 0.084 0.4926

fiup and fi down have the units MPa, N are expressed in mol m™2 s™!
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Table S10. CO2/CH4 permeation data.

Total CO2 CHa4 CO2 CHa4 CO2 flux | CHa flux
upstream | upstream | upstream | downstream | downstream | Ni N>
pressure partial partial partial partial
fup pressure pressure pressure pressure

fl ,up ﬁ,up fl ,down f2,d0wn
0.77 0.37 0.40 0.083 0.0013 0.064 0.0010
1.46 0.69 0.77 0.083 0.0014 0.102 0.0017
2.50 1.14 1.35 0.083 0.0014 0.140 0.0024
3.88 1.72 2.14 0.082 0.0017 0.171 0.0035
5.26 2.27 2.95 0.082 0.0018 0.196 0.0044
6.70 2.82 3.83 0.082 0.0020 0.221 0.0055
7.19 3.00 4.13 0.082 0.0021 0.228 0.0059

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!
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Table S11. Binary CO2/CHa4 permeation data with varying compositions at constant upstream total

pressure = 3.53 MPa.

Mole CO2 CHa4 CO2 CHa4 CO2 flux | CHa flux
fraction of upstream | upstream | downstream | downstream | Ni N2
CO2in partial partial partial partial

upstream pressure pressure pressure pressure

compartment fl ,up f2,up ﬁ ,down f2,down

0.35 1.24 2.29 0.082 0.0025 0.131 0.00400
0.45 1.59 1.93 0.082 0.0016 0.163 0.00309
0.59 2.09 1.44 0.083 0.0009 0.193 0.00198
0.83 292 0.60 0.084 0.0002 0.240 0.00065

fiup and fidown have the units MPa, N are expressed in mol m? s™!
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Table S12. Binary CO2/N2 permeation data.

Total CO2 N2 CO2 N2 CO2 flux | N2 flux
upstream | upstream | upstream | downstream | downstream | Ni N>
pressure partial partial partial partial
fup pressure pressure pressure pressure

fl ,up ﬁ,up fl ,down f2,d0wn
0.77 0.39 0.38 0.079 0.005 0.065 0.0037
1.46 0.72 0.74 0.080 0.004 0.108 0.0059
2.15 1.04 1.11 0.079 0.005 0.136 0.0091
2.83 1.35 1.48 0.079 0.005 0.154 0.0107
3.52 1.66 1.86 0.078 0.006 0.168 0.0122

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!
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Table S13. Binary N2/CH4 permeation data.

Total N2 CHa4 N2 CHa4 N2 flux CHa4 flux
upstream | upstream | upstream | downstream | downstream | Ni N>
pressure partial partial partial partial
fup pressure pressure pressure pressure

fl ,up ﬁ,up fl ,down f2,d0wn
0.773 0.386 0.388 0.079 0.005 0.065 0.0037
1.463 0.728 0.735 0.080 0.004 0.108 0.0059
2.152 1.069 1.084 0.079 0.005 0.136 0.0091
2.842 1.409 1.433 0.079 0.005 0.154 0.0107
3.531 1.748 1.783 0.078 0.006 0.168 0.0122

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!
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Table S14. CO2/Hz2 permeation data.

Total CO2 H> CO2 H> CO:2 flux | Hz flux
upstream | upstream | upstream | downstream | downstream | Ni N2
pressure partial partial partial partial
Sup pressure pressure pressure pressure

fl ,up f2,up fl ,down f2,down
0.773 0.369 0.404 0.076 0.0080 0.0734 0.0077
2.145 0.968 1.178 0.077 0.0074 0.1405 0.0136
3.509 1.517 1.992 0.077 0.0065 0.1792 0.0151
4.868 2.048 2.821 0.079 0.0055 0.1993 0.0139

fiup and fidown have the units MPa, N are expressed in mol m? s™!
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Table S15. CO2/Hz permeation data with varying feed compositions

Total CO2 H> CO2 H> CO2 flux | Hz flux
upstream | upstream | upstream | downstream | downstream | Ni N>
pressure partial partial partial partial
Sup pressure pressure pressure pressure

fl ,up f2,up fl ,down f2,down
0.773 0.211 0.562 0.0569 0.0271 0.0356 0.0170
0.773 0.135 0.638 0.0433 0.0407 0.0271 0.0254
1.462 0.247 1.215 0.0546 0.0294 0.0546 0.0294
1.462 0.390 1.072 0.0622 0.0218 0.0621 0.0218
2.151 0.352 1.799 0.0602 0.0238 0.0766 0.0302
2.151 0.564 1.588 0.0643 0.0197 0.0817 0.0251
3.526 0.548 2978 0.0643 0.0197 0.1081 0.0330
3.527 0.896 2.631 0.0665 0.0175 0.1118 0.0294
4.898 0.729 4.169 0.0658 0.0182 0.1322 0.0366
4.901 1.209 3.692 0.0686 0.0154 0.1380 0.0309

fiup and fidown have the units MPa, N; are expressed in mol m™ s™!
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Table S16. Ternary CO2/CH4/N2 permeation data.

CO2 CHa4 N2 CO2 CHa4 N2 CO2 flux | CHa4 flux | N2 flux
Siup S2up S3.up Si.down J2,down S3.down Ni N2 N3

0.26 0.26 0.25 0.0784 0.0011 0.0045 0.039 0.0006 0.0023
0.49 0.50 0.47 0.0784 0.0012 0.0044 0.070 0.0011 0.0039
0.94 0.98 0.93 0.0782 0.0014 0.0044 0.103 0.0019 0.0058
1.38 1.45 1.38 0.0780 0.0016 0.0044 0.126 0.0025 0.0072
1.78 1.88 1.80 0.0778 0.0017 0.0044 0.139 0.0031 0.0079

fiup and fidown have the units MPa, N are expressed in mol m? s™!
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9.2 List of Figures for SAPO-34 membrane permeation: experimental data analysis
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Figure S56. Experimental data of Li et al.”""”* for component permeances for CO2/CHs mixtures in
SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of

(a) upstream partial pressures, pio,, and (b) surface potential @ at the upstream face of the membrane.
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Figure S60. Experimental data of Li et al.”!*” for component permeances for CH4/H> mixtures in SAPO-
34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of (a)
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Figure S61. Summary of the experimental data of Li et al.”!

Upstream H, partial pressure, p,,/ MPa

3 for permeances of CO2, CH4, N2 and Ha,

determined for equimolar binary (filled symbols) and ternary (crosses) mixture permeation across SAPO-

34 membrane at 295 K, compared with unary permeance, plotted as function of the upstream partial

pressures, pio.
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Figure S62. (a, b, ¢, d) Re-analysis of the experimental data of Li et al.”'”* for permeances of (a) COz,
(b) CHa4, (¢) N2 and (d) Ha2, determined for equimolar binary (filled symbols) and ternary (crosses) mixture
permeation across SAPO-34 membrane at 295 K, compared with unary permeance, when plotted as

function of the surface potential ® at the upstream face of the membrane.
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Figure S63. Re-analysis of the experimental data of Li et al.”!""® for the selectivities of the CO2/CHa,

CO2/N2, and N2/CHa4 pairs in binary and ternary mixture permeation across SAPO-34 membrane at 295

K; the data are plotted as function of the surface potential @ at the upstream face of the membrane.
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10 Adsorption, Diffusion, Permeation in MFI zeolite

MFI zeolite (also called silicalite-1) has a topology consisting of a set of intersecting straight channels,
and zig-zag (or sinusoidal) channels of 5.4 A x 5.5 A and 5.4 A x 5.6 A size. The pore landscapes and
structural details are provided in Figure S64, and Figure S65. The crystal framework density p= 1796 kg

m™. The accessible pore volume 7, =0.165 cm® g™!.

10.1 Adsorption of mixtures of light gaseous molecules in MFI zeolite

The applicability of Raoult’s law analog, eq (S4), mandates that all of the adsorption sites within the
microporous material are equally accessible to each of the guest molecules, implying a homogeneous
distribution of guest adsorbates within the pore landscape, with no preferential locations of any guest
species.® 4* This requirement of homogeneous distribution of guest molecules within MFI zeolite is
fulfilled for light gaseous molecules such as N2, H2, CO2, CHs, C2Hs, and C3Hs. Figure S66a shows
computational snapshots for the adsorption of CO2, and CHa within the intersecting channel topology of
MFI zeolite. It is noticeable that neither guest species shows any preferential location and there is no
visual indication of segregated adsorption. The only charged species is COz; the coulombic interactions
with the negatively charged oxygen atoms in the zeolite framework are not strong enough to cause
segregation between COz, and CH4. We should therefore expect the mixture adsorption characteristics to
be adequately well described by the IAST. Figure S66b shows CBMC simulations for the unary isotherms
of light gaseous molecules in MFI zeolite at 300 K. The light gaseous guests can locate anywhere along
the straight channels and zig-zag channels, and there are no perceptible isotherm inflections. The loadings,

plotted on the y-axis are expressed in units of molecules per unit cell, ® . To obtain the loading ¢, with

units of mol kg'!, the conversion factor is 1 molecule uc” = 0.173366 mol kg™ . These unary isotherms

were each fitted with the dual-site Langmuir-Freundlich model, eq (S8); the fit parameters for each guest
molecule (with sites A, and B) are tabulated for each guest in Table S17. The IAST calculations for the

adsorption selectivity, S, , , for binary CO2/CHs, CO2/Hz2, CO2/N2, CH4/N2, C3Hs/CH4 mixtures are
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compared with the corresponding S, values determined from CBMC simulations in Figure S67a,b. In
Figure S67a the S, values are plotted as function of the surface potential, ® . In Figure S67b the S,

values are plotted as function of the pore occupancy, @, determined from eq (S28). For all five mixtures
the IAST estimations are in good agreement with the CBMC simulations. For CO2/CH4 and CO2/N2

mixtures, the S, increases as pore saturation conditions are approached, i.e. ® >10 mol kg'; >0.5

because of entropy effects that favor the guest CO2 with the higher saturation capacity (cf. Figure S66b);
the explanation of entropy effects are provided in the published literature.”* 7 For CO2/H> mixtures,
entropy effects favor the smaller H2 guest, and consequently the CO2/Hz selectivity decreases with

increasing surface potential @ . For C3Hs/CH4 mixtures, the S, decreases as pore saturation conditions

are approached, i.e. ® >10molkg™; @ >0.5 because entropy effects favor the smaller guest CHa. The
use of the mixed-gas Langmuir model, eq (S24), with equal saturation capacities is unable to cater for
entropy effects as evidenced for CO2/CHa4, CO2/N2, and C3Hs/CH4 mixtures.

For CH4/N2 mixtures, the S, is practically independent of occupancy because the saturation

capacities of CHa4, and N2 are nearly the same, as evidenced in Figure S66b.

A further important point to note is that for the adsorption selectivity as defined in eq (S13) for
component 1 with respect to component 2, also holds for the same guest components in the presence of
other guest species, 3, 4, 5, ..etc. Equation (S6) implies that if the comparisons are made at the same

surface potential @, the value of S , for component 1 with respect to component 2, remains the same

irrespective of the presence of additional guest components in the same host.

In Figure S68, CBMC simulation data for (a) CO2/CHas, (b) CO2/N2, (c) CH4/N2, (d) CO2/Hz, (e)
CH4/H>, (f) C2He//CHa4, and (g) C3Hs/CHa adsorption selectivities, S , , determined from binary mixture
are compared with the values of the corresponding binary pairs in 5/15/80 CO2/CH4/N2, 20/30/50
CO2/CH4/N2 and quaternary 1/1/1/1 CO2/CHa4/N2/H2 mixtures. Each of the pair selectivities shows a

unique dependence on @, as prescribed by eq (S13). Put another way, the presence of component 3 and/or
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component 4 in the ternary mixture has no influence of the adsorption selectivity for the 1-2 pair other

than via the sorption pressures and surface potential.

10.2 Diffusion and permeation selectivities of binary pairs

MD simulations of the self-diffusivities D.

, self for equimolar ¢, =¢,; x,=1-x,=0.5 binary

CO2/CHs, CO2/N2, CO2/H2, CH4/N2, CH4/H2, CH4/C2Hs, CH4/C3Hs, and C2He/C3Hs mixtures and

equimolar (91 =g, = g,) ternary CO2/CH4/N2, CO2/CHa/Hz, CO2/N2/Hz, and CH4/C2He/C3Hs mixtures in

MFI zeolite were also performed. For binary CO2/CHas, and CO2/H2 mixtures, additional MD campaigns

were conducted in which the total mixture loading was maintained constant at the value (0, +©,) =10

molecules uc!, and the proportions of the two components were varied in the mixtures.

Figure S69a shows MD simulations of the CO2/CHa4 diffusion selectivities, S, determined from both

iff >
equimolar binary (g, =g¢,) mixtures and equimolar (g, =g¢,=g,) ternary (CO2/CH4/Nz, and

CO2/CH4/Hz2) mixtures in MFI zeolite at 300 K, plotted as function of the surface potential ®. Also

plotted are MD data for binary mixtures in which the total molar loading ©, =®, +©®, =10 molecules
uc™! with varying mole fractions x, =©, / (©,+©,). All three data sets follow a unique dependence on

the surface potential @ . In view of the fact that IAST also shows that the adsorption selectivity S, 1is

s

also  uniquely dependent on @, we should expect the permeation selectivity

_ Dl,sezf%/fl _

S erm -
! D2,se[fq2 /fz

Sads x S

4y to be also uniquely dependent on ®. This is confirmed by the data

presented in Figure S69b for the CO2/CH4 permeation selectivities, S

perm *
Figure S70, Figure S71, Figure S72, Figure S73, Figure S74, Figure S75, and Figure S76 present

analogous sets of data on S e and S for CO2/N2, CO2/H2, CH4/N2, CH4/H2, CH4/C2Hs, CH4/C3Hs,

perm

and C2He¢/C3Hs binary pairs. In all cases the S, and S, for binary and ternary mixtures are uniquely

perm

dependent on @ .
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10.3 Component self-diffusivities and permeabilities

Figure S77 presents MD simulation data on the self-diffusivities, D, ., of (a) COz, (b) CHa, (¢) N2, (d)
Cz2Hg, and (e) Hz in equimolar ¢, =¢q,; x, =1-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/Nz,
CHa4/H2, CH4/C2Hs, CH4/C3Hs, and C:He/CsHs mixtures and equimolar (g,=¢,=g¢,) ternary

CO2/CH4/N2, CO2/CH4/H2, CO2/N2/H2, and CH4/C2He¢/C3Hs mixtures, plotted as a function of the surface
potential @ . The data demonstrate that the component self-diffusivities in binary and ternary mixtures
are nearly the same, independent of the partner(s) in the mixtures. Also plotted are the corresponding
values of the unary self-diffusivities. Except for Ha, the self-diffusivities in the binary and ternary mixtures
are also nearly the same as the unary self-diffusivities. The unary self-diffusivity for Hz, is larger in value
for those in mixtures. The lowering of the H> self-diffusivity in mixtures is attributable to correlation
effects, that slows-down the more mobile Ho.

Figure S78 presents data on the permeabilities, I1., of (a) COz, (b) CH4, (¢) N2, (d) C2Hs, and (e) H2
in equimolar ¢, =¢q,; x, =1-x,=0.5 binary CO2/CHa4, CO2/N2, CO2/H2, CH4/N2, CH4/H2, CH4/C>He,
CH4/C3Hs, and C2He/C3Hs mixtures and equimolar (g, = ¢, = ¢g;) ternary CO2/CH4/N2, CO2/CH4/Ho,

CO2/N2/Hz2, and CH4/C2He/C3Hs mixtures, plotted as a function of the surface potential @ . The data
demonstrate that the component permeabilities in binary and ternary mixtures are nearly the same,
independent of the partner(s) in the mixtures. Except for Hz, the permeabilities in the binary and ternary
mixtures are also nearly the same as the unary permeabilities. The unary permeability for Hz, appears to
larger in value for those in mixtures. The lowering of the H2 permeabilities in mixtures is attributable to

correlation effects, that slows-down the more mobile Ho.
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10.4 List of Tables for Adsorption, Diffusion, Permeation in MFI zeolite

Table S17. Dual-site Langmuir-Freundlich parameters for guest molecules in MFI at 300 K. To convert

from molecules uc™! to mol kg'!, multiply by 0.173367.

Site A Site B
O sat ba Va O sat by VB
molecules uc! | pa "4 dimensionless | moleculesuc’ | pa~"? dimensionless
H2 30 3.57E-08 1 42 1.39E-09 1
N2 16 6.37E-07 1 16 3.82E-07 0.7
CO2 19 6.12E-06 1 11 1.73E-08 1
CHa4 7 5.00E-09 1 16 3.10E-06 1
C2He 33 4.08E-07 1 13 7.74E-05 1
CsHs 1.4 3.35E-04 0.67 10.7 6.34E-04 1.06
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10.5 List of Figures for Adsorption, Diffusion, Permeation in MFI zeolite

M FI pore landscape

MFI
alA 20.022
b /A 19.899
cl/A 13.383
Cell volume / A3 5332.025
conversion factor for [molec/uc] to [mol per kg Framework] 0.1734
conversion factor for [molec/uc] to [kmol/m?3] 1.0477
p [kg/m3] 1796.386
MW unit cell [g/mol(framework)] 5768.141
¢, fractional pore volume 0.297
open space / A%uc 1584.9
Pore volume / cm®/g 0.165
Surface area /m2/g 487.0
DelLaunay diameter /A 5.16

Figure S64. Pore landscape and structural data for MFI zeolite.
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MFI channel dimensions

10 ring channel
of MFI viewed
along [100]

10 ring channel
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Figure S65. Pore landscape and structural data for MFI zeolite.
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Figure S66. (a) Computational snapshots showing the distribution of. CO2 and CH4 for binary mixture
adsorption. (b) CBMC simulations of unary isotherms for light gaseous molecules Hz, N2, CO2, CHa,

C2Hs, and C3Hg in MFI zeolite at 300 K.
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Adsorption selectivity, S,

Figure S67. (a, b) CBMC simulations (indicated by symbols) of the adsorption selectivity, S
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four different binary CO2/CHa, CO2/H2, CO2/N2, CH4/N2, C3Hs/CH4 mixtures in MFI zeolite at 300 K are

compared with the IAST calculations (indicated by dashed lines) for corresponding S, values using the

Dual-site Langmuir-Freundlich fits of unary isotherms. In (a) the S, values are plotted as function of

the surface potential, ®. In (b) the S, values are plotted as function of the pore occupancy, &,

determined from eq (S28).
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Figure S68. CBMC simulations of (a) CO2/CHa, (b) CO2/N2, (¢) CH4/N2, (d) CO2/Hz, (¢) CH4/Hz, (f)

C2He//CHa, and (g) C3Hs/CHa adsorption selectivities, S, , determined from binary, ternary, and

quaternary mixture adsorption in MFI zeolite at 300 K, plotted as function of the surface potential, @ .
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Figure S69. (a) MD simulations of the CO2/CHs diffusion selectivities, S, , determined from both

equimolar (g, =¢,) binary mixtures and equimolar (¢, =¢,=g,) ternary (CO2/CH4/Nz, and

CO2/CH4/H2) mixtures in MFI zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of

the CO2/CHa4 permeation selectivity S, as function of the surface potential @, determined from binary

and ternary (CO2/CH4/N2, and CO2/CH4/H2) MD campaigns.
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Figure S70. (a) MD simulations of the CO2/N2 diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, =g, = g;) ternary (CO2/CHa/N2, and CO2/N2/Hz) mixtures

in MFI zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/N2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/CH4/N2,

m

and CO2/N2/Hz2) mixtures MD campaigns.
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Figure S71. (a) MD simulations of the H2/CO: diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, =g, = g;) ternary (CO2/N2/Hz, and CO2/CH4/Hz) mixtures

in MFI zeolite at 300 K, plotted as function of the surface potential ® . (b) Plot of the CO2/H2 permeation

as function of the surface potential @, determined from binary and ternary (CO2/N2/Hz,

m

selectivity S ,,,

and CO2/CH4/H2) MD campaigns.
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Figure S72. (a) MD simulations of the CH4/N2 diffusion selectivities, S, determined from both

equimolar (g, =g,) binary and equimolar (g, =¢, =¢,) ternary (CO2/CH4/N2) mixtures in MFI zeolite

at 300 K, plotted as function of the surface potential @ . (b) Plot of the CH4/N2 permeation selectivity

S . as function of the surface potential @, determined from binary and ternary (CO2/CH4/N2) MD

perm

campaigns.
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Figure S73. (a) MD simulations of the CH4/H> diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, =¢, =g;) ternary (CO2/CH4/H>) mixtures in MFI zeolite

at 300 K, plotted as function of the surface potential @ . (b) Plot of the CH4/H2 permeation selectivity

S as function of the surface potential @, determined from binary and ternary (CO2/CHa4/H2) MD

perm

campaigns.
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Figure S74. (a) MD simulations of the C2He/CH4 diffusion selectivities, S, determined from both

equimolar (g, =¢,) binary and equimolar (¢, =¢, =g¢;) ternary (CH4/C2He/C3Hs) mixtures in MFI

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the C2Hs/CH4 permeation

selectivity § as function of the surface potential @, determined from binary and ternary

perm

(CH4/C2He/C3Hs) MD campaigns.
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Figure S75. (a) MD simulations of the C3Hs/CH4 diffusion selectivities, S, determined from both

equimolar (g, =¢,) binary and equimolar (¢, =¢, =g¢;) ternary (CH4/C2He/C3Hs) mixtures in MFI

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CsHs/CH4 permeation

as function of the surface potential @, determined from binary and ternary

perm

selectivity §

(CH4/C2He/C3Hs) MD campaigns.
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Figure S76. (a) MD simulations of the C3Hs/C2Hs diffusion selectivities, S, determined from both

equimolar (g, =¢,) binary and equimolar (g, =¢, =g¢;) ternary (CH4/C2He/C3Hs) mixtures in MFI

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the C3Hs/C2H¢ permeation

selectivity § as function of the surface potential @, determined from binary and ternary

perm

(CH4/C2He/C3Hs) MD campaigns.
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Figure S77. MD simulation data on the self-diffusivities, D, -, of (a) CO2, (b) CHa, (¢) N2, (d) C2Hs,
and (e) Hz in equimolar ¢, =¢q,; x, =1-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/H2,
CHa/C2Hs, CH4/C3Hs, and C2He¢/C3Hs mixtures and equimolar (g, =g, =g¢;) ternary CO2/CH4/No,

CO2/CH4/Hz2, CO2/N2/Hz2, and CH4/C2He¢/C3Hs mixtures in MFI zeolite at 300 K, plotted as a function of

the surface potential @ . Also plotted are the corresponding values of the unary self-diffusivities.
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Figure S78. CBMC/MD simulations of the permeabilities, I1,, of of (a) COz, (b) CHa4, (c) N2, (d) C2Hes,
and (e) H2 in equimolar ¢, =¢q,; x, =1-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/Ho,
CHa/C2Hs, CH4/C3Hs, and C2He¢/C3Hs mixtures and equimolar (g, =g, =g¢;) ternary CO2/CH4/No,

CO2/CH4/H2, CO2/N2/Hz2, and CH4/C2He¢/C3Hs mixtures in MFI zeolite at 300 K, plotted as a function of

the surface potential @ . Also plotted are the corresponding values of the unary permeabilities.
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11 Adsorption, Diffusion, Permeation in FAU zeolite

Figure S79 presents the structural details of FAU (all-silica) zeolite. It has cages of 786 A® volume,
separated by 7.4 A 12-ring windows. Figure S80 show the structural details of cation-exchanged NaX (=
86 Na“/uc = 13X) zeolite. Per unit cell of NaX zeolite we have 106 Si, 86 Al, 86 Na* with Si/Al=1.23.
This material is also commonly referred to by its trade name: 13X zeolite.

CBMC simulations of the unary isotherms in all-silica FAU were fitted with the dual-site Langmuir-
Freundlich model, eq (S8); the fit parameters for each guest molecule (with sites A, and B) are tabulated

for each guest in Table S18.

11.1 Adsorption of mixtures in all-silica FAU zeolite

In Figure S81, CBMC simulation data for (a) CO2/CHa, (b) CO2/Nz2, (c¢) CH4/N2, (d) CO2/Hz, and (e)

CH4/H: adsorption selectivities, S, , determined from binary mixture are compared with the values of

the corresponding binary pairs in 20/40/40 CO2/CH4/N2 and quaternary 1/1/1/1 CO2/CH4/N2/H2 mixtures.

The IAST estimations (dashed lines) are in good agreement with the CBMC simulated values of S, .

Each of the pair selectivities shows a unique dependence on @, as prescribed by eq (S13). Put another
way, the presence of component 3 and/or component 4 in the ternary mixture has no influence of the

adsorption selectivity for the 1-2 pair other than via the sorption pressures and surface potential.

11.2 Diffusion and permeation selectivities of binary pairs

MD simulations of the self-diffusivities D,

for equimolar ¢, =¢,; x, =1-x, =0.5 binary CO2/CHa,
CO2/N2, CO2/H2, CH4/N2, CHa/Ha, CH4/C2Hs, and CH4/C3Hs mixtures and equimolar (g, =g, = g;)

ternary CO2/CH4/N2, CO2/CHa4/H2, CO2/N2/Hz2, and CH4/C2He/C3Hs mixtures in all-silica FAU zeolite

were also performed. For ternary CH4/C2He¢/C3Hs mixtures, additional MD campaigns were conducted in

which the total mixture loading was maintained constant at the value (©, +©, +©, ) =48 molecules uc’
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!, the loading of propane was held constant at the value of ®, =12 molecules uc™, and the proportions of
the methane and ethane components were varied in the mixtures, holding the total loading (@1 + @2) =36

molecules uc.

Figure S82a shows MD simulations of the CO2/CHa4 diffusion selectivities, S, determined from both

iff >
equimolar binary (g, =¢,) mixtures and equimolar (¢, =¢,=g¢,) ternary (CO2/CH4/N2, and

CO2/CH4/H2) mixtures in all-silica FAU zeolite at 300 K, plotted as function of the surface potential @ .

Also plotted are MD data for binary mixtures in which the total molar loading ®,=0,+©, =10
molecules uc™!, with varying mole fractions x, =@, /(©, +©, ). All three MD data sets follow a unique

dependence on the surface potential @ . In view of the fact that IAST also shows that the adsorption

selectivity S, 1is also uniquely dependent on @, we should expect the permeation selectivity

_ Dl,sezf%/fl _

erm = 8,4 XS4 to be also uniquely dependent on @. This is confirmed by the data
D2,se[fq2 /fz

presented in Figure S69b for the CO2/CH4 permeation selectivities, S

perm *
Figure S83, Figure S84, Figure S85, Figure S86, Figure S87, and Figure S88 present analogous sets of

dataon S, and S, for CO2/N2, CO2/H2, CH4/N2, and CH4/H2, CH4/C2Hs, and CH4/C3Hs pairs. In all

diff’ perm

cases the S, and S, for binary and ternary mixtures is uniquely dependent on @.

perm

11.3 Component self-diffusivities and permeabilities

Figure S89 presents MD simulation data on the self-diffusivities, D, ., of (a) CO2, (b) CHy, (¢) N2, (d)
Cz2Hg, and (e) N2 in equimolar ¢, =¢q,; x, =1—-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/Nz,
CHa/H2, CH4/C2He, and CH4/C3Hs mixtures and equimolar (¢, =g¢,=g,) ternary CO2/CH4/N,

CO2/CH4/Hz2, CO2/N2/H2, and CH4/C2He¢/C3Hs mixtures, plotted as a function of the surface potential @ .
The data demonstrate that the component self-diffusivities in binary and ternary mixtures are nearly the

same, independent of the partner(s) in the mixtures. Also plotted are the corresponding values of the unary
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self-diffusivities. Except for Hz, the self-diffusivities in the binary and ternary mixtures are also nearly
the same as the unary self-diffusivities. The unary self-diffusivity for Ho, is larger in value for those in
mixtures. The lowering of the Hz self-diffusivity in mixtures is attributable to correlation effects, that
slows-down the more mobile Ho.

Figure S90 presents data on the permeabilities, I1,, of a) COz, (b) CHa, (c) N2, (d) C2Hs, and (e) H2 in
equimolar ¢, =¢,; x, =1-x,=0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/H2, CH4/C2Hes,
CH4/C3Hs, and C2He/C3Hs mixtures and equimolar (g, =g, = ¢;) ternary CO2/CH4/N2, CO2/CH4/Ho,

CO2/N2/Hz2, and CH4/C2He/C3Hs mixtures, plotted as a function of the surface potential @ . The data
demonstrate that the component permeabilities in binary and ternary mixtures are nearly the same,
independent of the partner(s) in the mixtures. Except for Hz, the permeabilities in the binary and ternary
mixtures are also nearly the same as the unary permeabilities. The unary permeability for Hz, appears to
larger in value for those in mixtures. The lowering of the H2 permeabilities in mixtures is attributable to

correlation effects, that slows-down the more mobile Ho.

11.4 Mixture adsorption in cation-exchanged NaX (=13X) zeolite

Figure S91a shows CBMC simulation data of the adsorption selectivity, S_,, for CO2(1)/CHa(2)

ads >
mixtures in NaX zeolite at 300 K, determined from five different campaigns:

(1) the bulk gas phase mole fractions are maintained at y, =0.05, and the total mixture fugacity
f, = f,+f,1svariedup to f, = 10 MPa at which pore saturation conditions are approached,
(i)  the bulk gas phase mole fractions are maintained at y, =0.10, and the total mixture fugacity
f, = f,+f,1svariedup to f, = 10 MPa at which pore saturation conditions are approached,
(iii)  the bulk gas phase mole fractions are maintained at y, =0.20, and the total mixture fugacity

f, = f,+f,1svariedup to f, = 10 MPa at which pore saturation conditions are approached,
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(iv)  the bulk gas phase mole fractions are maintained at y, =0.50, and the total mixture fugacity
f, = f,+f,1svariedup to f, = 10 MPa at which pore saturation conditions are approached,

(V) the total bulk gas mixture fugacity is held constant, f, = f, + f, =10’ Pa, and the mole fraction
of the bulk gas mixture of CO2(1), y,, is varied from 0 to 1

For all five CBMC data sets, the CBMC simulated values of the adsorption selectivity, S . , follows a

ads >
near-unique dependence on the surface potential @, see Figure S91a. CBMC simulations were also
performed for 20/40/40 CO2/CHa/N2 and 5/25/70 CO2/CHa/N2 mixtures in NaX zeolite at 300 K, in which

the bulk gas phase mole fractions are maintained constant and the total mixture fugacity f, = f, + f, + f;
isvariedupto f, = 10 MPa. The values of the CO2/CH4 adsorption selectivity in the ternary mixture are

also plotted in Figure S91a. The ternary CBMC data follows the same unique dependence on @ . Put
another way, the presence of component 3 in the ternary mixture has no influence of the adsorption
selectivity for the 1-2 pair.

The TAST calculations (indicated by dashed lines in Figure S91a) of the adsorption selectivity show
large deviations from the CBMC simulated data due to congregation of the CO2 molecules around the
Na® cations; detailed explanations are provided in our earlier works. 28 3% 40:63.67 With the introduction
of activity coefficients, the expression for the adsorption selectivity for the CO2(1)/CH4(2) pair in binary

and ternary mixtures is

S _ QI/% _ xl/fl _ on72
ads,12
A x/fs By

(S85)

Using the CBMC data for binary and ternary mixture adsorption, the activity coefficients of CO2(1) and

CHa(2) were determined for both binary and ternary mixtures. Figure S91b plots the ratio of the activity

coefficient of CO2(1) to that of CHa(2), ﬁ, as a function of ® . We note that 2L for both binary and
7 72

ternary mixtures are of comparable magnitudes when plotted as a function of @ . For this reason, the
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CO2/CHa4 adsorption selectivity shows a unique dependence on @, despite the significant deviations from
IAST estimates.

Figure S92a,b plot data obtained from CBMC simulations of the CO2/N2 and CH4/N2 adsorption
selectivities in binary and ternary CO2/CH4/N2 in NaX zeolite at 300 K. The CO2/N2 and CH4/N2
adsorption selectivities for binary and ternary mixtures display unique dependence on @, despite the fact
that the IAST estimates are not in perfect agreement with CBMC data.

Figure S93ab plot data obtained from CBMC simulations of the CO2/C3Hs and C3Hs/CH4 adsorption
selectivities in binary mixtures and ternary CO2/CH4/C3Hs mixtures in NaX zeolite at 300 K. The
CO2/CsHs and C3Hs/CHa adsorption selectivities for binary and ternary mixtures display unique
dependence on @, in line with the IAST precepts.

Costa et al.”® and Calleja et al.”” report experimental data for adsorption of CO2/C2H4, CO2/C3Hs,
C2H4/C3Hs, and CO2/C2H4/C3Hs mixtures in NaX zeolite at 293 K. The unary isotherm fits are specified
in Table S21. Figure S94a,b,c compare the adsorption selectivities of the three pairs: CO2/C2Ha,
CO2/CsHs, C2H4/C3sHs in binary and ternary mixtures. Though there is considerable scatter in the
experimental data, it is noteworthy that the selectivities in binary mixtures are of comparable magnitude
to those in the ternary mixture, provided the data sets are compared at the same value of the surface
potential @ . The IAST estimates (indicated by continuous solid lines) are in reasonable agreement with
experimental data. Thermodynamic non-idealities are of importance, especially for CO2/C3Hs mixtures.*®
67,78

Siperstein and Myers®’ report experimental data for adsorption of CO2/C2H4, C2H4/C2Hs, and
CO2/C2H4/C2He mixtures in NaX zeolite at 293 K. A re-analysis of the data, as reported in Tables C1, C5
and C7 of their paper is presented in Figure S95. Figure S95 compares the adsorption selectivities of the
two pairs: CO2/C2Hs, and C2H4/C2He in binary and ternary mixtures. Though there is considerable scatter
in the experimental data, it is noteworthy that the selectivities in binary mixtures are of comparable

magnitude to those in the ternary mixture, provided the data sets are compared at the same value of the
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surface potential ®@ . The IAST estimates (indicated by continuous solid lines) are in fair agreement with

experimental data.
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11.5 List of Tables for Adsorption, Diffusion, Permeation in FAU zeolite

Table S18. Dual-site Langmuir-Freundlich parameters for pure components CO2, CHs, N2, C2Hs, and

CsHs at 300K in all-silica FAU. The fit parameters are based on the CBMC simulations of pure component

isotherms presented in earlier works.' 7%

10 R + C3H8
- - —e— CO,
i? 8 —4— CH,
g - —m— CH,
s gL H N,
g
S L
4]
o 4 | pure components;
€ FAU (all-silica); 300 K;
Q L CBMC simulations
g
1S 2
[e]
(@)
0 S
10' 102 10% 104 10° 10 107 108
Bulk fluid phase fugacity, f, /Pa
Site A Site B
q A sat bA VA (B sat bB %23
mol kg! Pa " dimensionless | mol kg’! Pa "
dimensionless
CO, 2.4 2.52x10°14 | 24 6.7 6.74x107 |1
CHa4 4 7%x107 0.86 6.5 2.75%x107 1
N2 5.2 1.55x107 1 5.8 1.32x107 1
CHs 5.201 2.872E-06 |1 5.201 1.000E-09 |1
CsHg 3.467 1.338E-05 | 0.6 3.467 1.718E-06 | 1.27
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Table S19. Dual-site Langmuir-Freundlich parameters for pure components CO2, CH4, and C3Hs at 300

K in NaX zeolite containing 86 Na'/uc with Si/Al=1.23. The fit parameters are based on the CBMC

simulations of pure component isotherms.

pure components;

NaX; 300 K;
7 i CBMC simulations
2
©
1S
>
&
5
3
5
g
IS
o
(@]
102 108 104 108 108 107 108
Bulk fluid phase fugacity, f, /Pa
Site A Site B
q A sat bA VA {B,sat bB B
mol kg! Pa ™" dimensionless | mol kg’! Pa™"®
dimensionless
CO, 2.1 2.300E-04 | 0.67 4.4 4.136E-04 |1
CH,4 5.8 2.07E-06 1
N2 9.8 2.136E-09 | 0.96 4.2 1.224E-07 |1
CsHg 2.2 1.194E-04 | 1.46 1.6 1.15E-03 0.66

S157



Adsorption, Diffusion, Permeation in FAU zeolite

Table S20. Dual-site Langmuir parameters for pure components CO2, C3Hs, C2H4, and C2He at 293 K

in NaX zeolite.’” The fit parameters were determined by fitting the unary isotherm data presented in Figure

1 of Siperstein and Myers.>’

Site A Site B

A sat bA {B,sat bB

mol kg! mol kg!

Pa”' Pa”'

CO2 1.7 1.080E-02 4.2 1.326E-04
CsHs 33 1.034E-03
CoHy 2 2.348E-03 2.1 1.616E-04
CoHe 4.5 4.693E-05
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Table S21. Dual-site Langmuir parameters for pure components CO2, C2H4, C3Hs, and C3Hs at 293 K

in 13X (= NaX) zeolite. The fit parameters were determined by fitting the unary isotherm data presented

in Table I of Costa et al.”®

Site A Site B

g A sat bA {B,sat bB

mol kg! mol kg!

Pa™ Pa™

CO: 2 6.07x10* 2.5 3.47x107
C2H4 1.35 2.25x10* 14 2.57x10*
CsHs 0.95 5.72x10* 1.5 5.98x102
CsHs 2.2 7.04x10™*
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11.6 List of Figures for Adsorption, Diffusion, Permeation in FAU zeolite

FAU all-silica structural details

.

There are 8 cages per unit cell.
The volume of one FAU cage is
786 A3, larger in size than that of
LTA (743 A3 and DDR (278 A3).

FAU-SI
alA 24.28
b /A 24.28
c/A 24.28
Cell volume / A3 14313.51
conversion factor for [molec/uc] to [mol per kg Framework] 0.0867
conversion factor for [molec/uc] to [kmol/md] 0.2642
p[kg/m3] 1338.369
MW unit cell [g/mol (framework)] 11536.28
¢, fractional pore volume 0.439
open space / A%uc 6285.6
Pore volume / cm®/g 0.328
WindOW Of FAU Surface area /m?/g 1086.0
Delaunay diameter /A 7.37

Figure S79. Pore landscape for all-silica FAU zeolite.
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NaX 86 Na/uc
. alA 25.028
Na* NaX is commonly referrgd to by bIA 25028
its trade name 13X zeolite c/A 25.028
CH \/ Cell volume / A° 15677.56
4 \0 ¢ conversion factor for
0’ *2 [molec/uc] to [mol per kg
o ®o Framework] 0.0745
s R “f:, &Jg ° J "‘, - : « B conversion factor for
kb C O e PN [molec/uc] to [kmol/m’] 0.2658
°, 22 P s P T Lo ° p [kg/m3] (with cations) 1421.277
S R S LIS § MW unit cell
o3, de Sy oy Lol £ Joly N [g/mol(framework-+cations)] 13418.42
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Figure S80. Structural details for NaX zeolite (106 Si, 86 Al, 86 Na*, Si/Al=1.23)
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Figure S81. CBMC simulations of (a) CO2/CHa4, (b) CO2/N2, (¢c) CH4/N2, (d) CO2/H2, and (¢) CH4/Hz,

adsorption selectivities, S, , determined from binary, ternary, and quaternary mixture adsorption in all-

silica FAU zeolite at 300 K, plotted as function of the surface potential, @ .
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Figure S82. (a) MD simulations of the CO2/CHs diffusion selectivities, S, , determined from both

equimolar (¢, =¢,) binary mixtures and equimolar (g, =g¢,=g;) ternary (CO2/CH4/N2, and

CO2/CH4/H2) mixtures in all-silica FAU zeolite at 300 K, plotted as function of the surface potential @ .

(b) Plot of the CO2/CHa4 permeation selectivity S, as function of the surface potential @, determined

from binary and ternary (CO2/CH4/N2, and CO2/CH4/H2) MD campaigns.
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Figure S83. (a) MD simulations of the CO2/N2 diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, = ¢, = g;) ternary (CO2/CHa/N2, and CO2/N2/Hz) mixtures

in all-silica FAU zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CO2/N2

permeation selectivity S .~ as function of the surface potential @, determined from binary and ternary

perm

(CO2/CH4/N2, and CO2/N2/Hz2) mixtures MD campaigns.

S164



Adsorption, Diffusion, Permeation in FAU zeolite

a . b ..

5 - —@— CO,/H, mix q,=
| —@— CO,H,mix q,=q, | 2 q1_q2
. —a— CO,/CH,/H, mix
- —a— CO,/CH,/H, mix .
, —s'=— CO,/N,/H, mix
T —¢ CO,/N,/H, mix
8 - 8
L . L
£ r g L
%3 L n L
EE £ |
= >
£ 6 8 6F
0]
Qo - ol -
3 . » .
- s |
s L 3 L
=
e 4 - % 4
ON L Q(.V L
o r
T L ON L
| - O | -
2 2 -
i MD: Binary vs Ternary; i )
- FAU (all-silica); 300 K - CBMC & MD: Binary vs Ternary;
L L FAU (all-silica); 300 K
0 Ll [ 0 L [ L [
0.1 1 10 0.1 1 10

Surface potential, ® / mol kg Surface potential, ® / mol kg™’

Figure S84. (a) MD simulations of the H2/CO: diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, =g, = g;) ternary (CO2/N2/Hz, and CO2/CH4/Hz) mixtures

in all-silica FAU zeolite at 300 K, plotted as function of the surface potential ® . (b) Plot of the CO2/H2

permeation selectivity S, as function of the surface potential @, determined from binary and ternary

m

(CO2/N2/Hz2, and CO2/CH4/Hz2) MD campaigns.
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Figure S85. (a) MD simulations of the CH4/N2 diffusion selectivities, S, determined from both

equimolar (g, = ¢,)binary and equimolar (g, = ¢, = ¢, ) ternary (CO2/CH4/N2) mixtures in all-silica FAU

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CH4/N2 permeation

selectivity S,

m

MD campaigns.

as function of the surface potential @, determined from binary and ternary (CO2/CHa/N2)
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Figure S86. (a) MD simulations of the CH4/H> diffusion selectivities, S, determined from both

equimolar (¢, = g, ) binary and equimolar (g, = ¢, = ¢, ) ternary (CO2/CHa4/Hz) mixtures in all-silica FAU

zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the CH4/H2 permeation

selectivity S, as function of the surface potential @, determined from binary and ternary (CO2/CH4/Hz)

MD campaigns.
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Figure S87. (a) MD simulations of the C2He/CHa4 diffusion selectivities, S, , determined from both

equimolar (g, = ¢,) binary and equimolar (¢, =g, =¢,) ternary (CH4/C2He/C3Hs) mixtures in all-silica

FAU zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the C2Hs/CH4 permeation

selectivity § as function of the surface potential @, determined from binary and ternary

perm

(CH4/C2He/C3Hs) MD campaigns.
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Figure S88. (a) MD simulations of the C3Hs/CHa4 diffusion selectivities, S, , determined from both

equimolar (g, =g, ) binary and equimolar (¢, =¢, =g, ) ternary (CH4+/C2He/C3Hs) mixtures in all-silica

FAU zeolite at 300 K, plotted as function of the surface potential @ . (b) Plot of the C3Hs/CH4 permeation

selectivity § as function of the surface potential @, determined from binary and ternary

perm

(CH4/C2He/C3Hs) MD campaigns.
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Figure S89. MD simulation data on the self-diffusivities, D, -, of (a) CO2, (b) CHa, (¢) N2, (d) C2Hs,

and (e) Hz in equimolar ¢, =g¢,;

1

x, =1-x, =0.5 binary CO2/CHa4, CO2/N2, CO2/H2, CH4/N2, CH4/H2,

CH4/C2He, CH4/C3Hs, and C2He/C3Hs mixtures and equimolar (g, =g, =¢,) ternary CO2/CH4/Na,

CO2/CH4/H2, CO2/N2/Hz2, and CH4/C2He/C3Hs mixtures in FAU zeolite at 300 K, plotted as a function of

the surface potential @ . Also plotted are the corresponding values of the unary self-diffusivities.
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Figure S90. CBMC/MD simulations of the permeabilities, I1,, of of (a) COz, (b) CHa4, (c) N2, (d) C2Hes,

and (e) Hz in equimolar ¢, =¢,;

x, =1-x, =0.5 binary CO2/CHa4, CO2/N2, CO2/H2, CH4/N2, CH4/H2,

CHa/C2Hs, CH4/C3Hs, and C2He¢/C3Hs mixtures and equimolar (g, =g, =g¢;) ternary CO2/CH4/No,

CO2/CH4/H2, CO2/N2/H2, and CH4/C2He/C3Hs mixtures in FAU zeolite at 300 K, plotted as a function of

the surface potential @ . Also plotted are the corresponding values of the unary permeabilities.
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Figure S91. (a) CBMC simulations of the CO2/CHa4 adsorption selectivity, S , , for binary and ternary

mixture adsorption in NaX zeolite at 300 K. The adsorption selectivities are plotted as function of the
surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters are
provided in Table S19. (b) CBMC simulations of the ratio of activity coefficients of CO2, and CHa4 plotted

as function of the surface potential ©.
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mixture adsorption in NaX zeolite at 300 K. (b) CBMC simulations of the CH4/N2 adsorption selectivities

in binary and ternary mixtures in NaX zeolite at 300 K. The selectivities are plotted as function of the

surface potential @ . The dashed lines are the IAST calculations; the unary isotherm fit parameters are

provided in Table S19.
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Figure S93. (a) CBMC simulations of the CO2/C3Hs adsorption selectivity, S, , for binary and ternary

mixture adsorption in NaX zeolite at 300 K. (b) CBMC simulations of the C3;Hs/CH4 adsorption
selectivities in binary and ternary mixtures in NaX zeolite at 300 K. The selectivities are plotted as

function of the surface potential ® . The dashed lines are the IAST calculations; the unary isotherm fit

parameters are provided in Table S19.
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Figure S94. (a, b, ¢) Re-analysis of the experimental data of Costa et al.”® and Calleja et al.”’ for

adsorption of CO2/C2H4, CO2/CsHs, C2H4/C3Hs, and CO2/C2H4/C3Hs mixtures in NaX (=13X) zeolite at

293 K. (a) CO2/C2H4 adsorption selectivities in binary (symbols) and ternary mixtures (crosses). (b)

CO2/CsHs adsorption selectivities in binary (symbols) and ternary mixtures (crosses). (¢) C2H4/C3Hs

adsorption selectivities in binary (symbols) and ternary mixtures (crosses). Also shown are IAST

estimations (continuous solid lines) of S, . The unary isotherm fits are specified in Table S21.
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Figure S95. Re-analysis of the experimental data of Siperstein and Myers®’ for adsorption of CO2/C2Ha,

C2H4/C2Hs, and CO2/C2H4/C2Hes mixtures in NaX zeolite at 293 K. Also shown are IAST estimations

(continuous solid lines) of S, . The unary isotherm fits are specified in Table S20.
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12 Adsorption of mixtures of hydrocarbons

The separation of hexane isomers, n-hexane (nC6), 2-methylpentane (2MP), 3-methylpentane (3MP),
2,2 dimethylbutane (22DMB), and 2,3 dimethylbutane (23DMB) is required for production of high-octane
gasoline. The values of the Research Octane Number (RON) increases with the degree of branching.®!
The di-branched isomers (22DMB, 23DMB) have significantly higher RON values than that of the linear
isomer (nC6), and mono-branched isomers (2MP, 3MP). The RON values are: nC6 = 30, 2MP = 74.5,
3MP = 75.5, 22DMB = 94, 23DMB = 105. Therefore, di-branched isomers are preferred products for
incorporation into the high-octane gasoline pool.*%: 8283

Our earlier works,! 4813485 had presented CBMC data for the adsorption of unary, ternary and 5-

component mixtures of hexane isomers in a wide variety of zeolites, and MOFs. Here we analyze the

adsorption of equimolar ternary (f, = f, =f,) nC6/2MP/22DMB, equimolar ternary (f, = f, = f;)

nC6/3MP/22DMB, and equimolar quinary (f,=f, = f;=f,=/;) nC6/2MP/3MP/22DMB/23DMB

mixtures at 433 K in Mgx(dobdc) (with hexagonal 11 A channels). Computational snapshots of the

conformation of hexane isomers within the channels of Mg2(dobdc) are shown in Figure S98.

Figure S99 presents CBMC simulations for adsorption of (a, b) equimolar ( hLh=/= f3) ternary
nC6/2MP/22DMB,  equimolar (f,=f,=/,) ternary nC6/3MP/22DMB, and (c) equimolar

(f,=f,=f, = f, = f;) quinary nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in Mg>(dobdc). The

component loadings are plotted as function of the surface potential @ . On the basis of the CBMC
simulation data, Figure S100a,b,c plots the calculations of the (a) nC6/2MP, (b) nC6/3MP and (c)
nC6/22DMB adsorption selectivities in Mgz(dobdc) as function of the surface potential @, calculated
for both ternary mixtures and quinary mixtures. We note that the adsorption selectivities show a unique

dependence on the surface potential @ for both ternary and quinary mixtures.
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With the introduction of activity coefficients, the expression for the adsorption selectivity for the i-j pair

in n-component mixtures is

o _4/1 _x/h B,
LN xS Ry

(S86)

Vncs , Vacs _and Vacs

The ratios of the activity coefficients , determined from CBMC simulation

Voup  Vamp Y22pmB

data are plotted in Figure S100d,e,f. It is noteworthy that @, M, and —22€¢_ show a unique
Youp  Vamp Y22pmB

dependence on the surface potential @ for both ternary and quinary mixtures.
The pore landscapes and structural details of Co(BDP) are presented in Figure S101, and Figure S102.
Computational snapshots of the conformation of hexane isomers within the 10 A square channels of

Co(BDP) are shown in Figure S103. Figure S104 presents CBMC simulations for adsorption of (a)
(f,=/f,=/;) ternary nC6/3MP/22DMB, and (b) equimolar (f,=/f,=f,=f,=/;) quinary

nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in Co(BDP) (with square 10 A channels). The
component loadings are plotted as function of the surface potential @ .

On the basis of the CBMC simulation data, Figure S105a,b plots the calculations of the (a) nC6/3MP,
and (b) nC6/22DMB adsorption selectivities in Co(BDP) as function of the surface potential @,
calculated for both ternary mixtures and quinary mixtures. We note that the adsorption selectivities show

a unique dependence on the surface potential @ for both ternary and quinary mixtures. The ratios of the

Vacs _and Vacs

activity coefficients , determined from CBMC simulation data are plotted in Figure

Vsup V22008

S105c,d. It is noteworthy that Vuce , and Yucs  showa unique dependence on the surface potential @
Vimp Y22pmB

for both ternary and quinary mixtures.
The pore landscapes and structural details of MFI are presented in Figure S64, and Figure S65.
Computational snapshots of the conformation of hexane isomers within the intersecting channels of MFI

are shown in Figure S106. The unary isotherm fits are specified in Table S24. Figure S107 presents
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CBMC simulations for adsorption of (a) ( f; = f, = f;) ternary nC5/2MP/neo-Pentane, (b) (1, = f, = f;)
ternary nC6/3MP/22DMB, (c) equimolar (fi=fhi=fi=fi=1) quinary

nC6/2MP/3MP/22DMB/23DMB, and (d) equimolar 8-component
nC5/2MB/neo-P/nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in MFI zeolite. (with intersecting
channels). The component loadings are plotted as function of the surface potential @ .

On the basis of the CBMC simulation data, Figure S108a,b plots the calculations of the (a) nC6/3MP,
and (b) nC6/22DMB adsorption selectivities in MFI as function of the surface potential @, calculated for
both ternary mixtures and quinary mixtures. We note that the adsorption selectivities show a unique

dependence on the surface potential @ for ternary, quinary, and 8-component mixtures. The ratios of the

Vacs _and Vacs

activity coefficients , determined from CBMC simulation data are plotted in Figure

Vaup V220MmB

S108¢,d. It is noteworthy that Yuco  and —ZaC6  showa unique dependence on the surface potential ®
V3up V22 pup

for ternary, quinary, and 8-component mixtures.
Figure S109a,b plots the calculations of the (a) nC5/2MB, and (b) nC5/neo-P adsorption selectivities in
MFI as function of the surface potential @, calculated for both ternary mixtures and 8-component

mixtures. We note that the adsorption selectivities show a unique dependence on the surface potential ®

for ternary, and 8-component mixtures. The ratios of the activity coefficients M, and —Lacs

b

7/2MB j/neo—P
determined from CBMC simulation data are plotted in Figure S109c,d. It is noteworthy that for M,
Vamz

and m, show a unique dependence on the surface potential @ for ternary, and 8-component mixtures.
7/ neo—P
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Figure S110a,b provides a comparison of (a) benzene/ethene and (b) ethylbenzene/ethene adsorption
selectivities in MFI at 653 K. In the plots the adsorption selecitivities were determined from CBMC
simulations  for  adsorption of equimolar ethene/benzene, ethene/ethylbenzene, and
ethene/benzene/ethylbenzene, mixtures. We note that the adsorption selectivities show a unique

dependence on the surface potential @ for binary and ternary mixtures. The ratios of the activity

7 ethene }/ ethene

coefficients for , and

7/ benzene 7/ ethylbenzene

, determined from CBMC simulation data are plotted in Figure

S110c,d. Itis noteworthy that Vethene ,and Vethene , show a unique dependence on the surface potential
}/ benzene 7/ ethylbenzene

@ for ternary, and 8-component mixtures.
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12.1 List of Tables for Adsorption of mixtures of hydrocarbons

Table S22. Dual-site Langmuir-Freundlich parameters for pure component hexane isomers at 433 K in

Mgz(dobdc). The fits are based on CBMC simulation data of Krishna and van Baten.!

Site A Site B
i Asat bia ViA qiBsat bis ViB
mol kg! Pa™" dimensionless | mol kg™ Pa™" dimensionless
nCé6 33 4.396E-07 | 2.2 1.25 1.081E-03 0.7
2MP 3.25 2.350E-07 | 2.27 1.35 6.855E-04 | 0.76
3MP 2.25 5.478E-11 3.55 2.1 4.813E-04 1
22DMB 2.9 6.410E-06 1.5 1.45 2.514E-04 | 0.76
23DMB 2.8 1.401E-08 2.65 1.55 5.595E-04 | 0.9
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Table S23. Dual-site Langmuir-Freundlich parameters for pure component hexane isomers at 433 K in

Co(BDP). The fits are based on CBMC simulation data of Krishna and van Baten.!

Site A Site B
i Asat bia ViA qiBsat bis ViB
mol kg! Pa" dimensionless | mol kg! Pa™" dimensionless
nC6 1.47 2.813E-04 0.77 4 2.286E-07 |2
2MP 1.66 2.508E-04 0.75 3.95 6.834E-07 1.8
3MP 1.8 2.002E-04 0.76 3.9 1.151E-06 1.7
22DMB 2.06 5.431E-05 0.8 3.45 1.800E-05 1.2
23DMB 4.08 1.016E-04 1 1.1 1.055E-09 | 2.65
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Table S24. Dual-site Langmuir-Freundlich parameters for pure component pentane and hexane isomers

at 433 K in MFI zeolite. The fits are based on CBMC simulation data of Krishna and van Baten. ' 3¢

Va Site A Site B
= ®A sat lblz%
sat | y
Af ®A,sat ba VA ®B,sat b B
+O ﬂ
Bsat 1 p £ molecules Pa™ dimensionless | molecules Pa™" dimensionless
B
uc’! uc!

nC5 4 6.26x10° | 1.12 4 1.94x10* |1
2MB 4 1.69x10* |1 2 4.93x107 |1
Neo-pentane 4 1.24x10% |1
nCo6 3.2 2.21x10% | L6 4.3 7.42x10% |1
2MP 4 7.85x10% | 1.03
3MP 4 4.22x10% | 1.02 1 9.88x107 |1
22DMB 4 2.55%10% | 1.02
23DMB 4 4.59%x10% | 1.02
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Table S25. Dual-site Langmuir-Freundlich parameters for hydrocarbons in MFI at 653 K; the data are

fitted to CBMC simulation data from earlier publications.?”-%

Site A Site B

GiAsat bia Via qiBsat bis ViB

mol kg'! Pa’! dimensionless | mol kg Pa’ dimensionless
C:Hy 0.83 2.682E-09 |1 2 8.939E-08 | 1
Benzene 1 1.479E-09 |1 0.75 1.716E-06 | 1
EthylBenzene | (.36 2.526E-06 |1 0.36 2.526E-06 | 1
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12.2 List of Figures for Adsorption of mixtures of hydrocarbons

M gZ(d obd C) pore landscapes

2,5- dioxido-1,4-
benzenedicarboxylate
= dobdc*

Figure S96. Pore landscape of Mgz(dobdc).
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Mgz(dOde) pore dimensions
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MgMOF-74

alA 25.8621
b /A 25.8621
c/A 6.91427
Cell volume / A3 4005.019
conversion factor for [molec/uc] to [mol per kg Framework] 0.4580
conversion factor for [molec/uc] to [kmol/m?3] 0.5856
p [kg/m3] 905.367
MW unit cell [g/mol(framework)] 2183.601
¢, fractional pore volume 0.708
open space / A3uc 2835.6
Pore volume / cm3/g 0.782
Surface area /m2/g 1640.0
Delaunay diameter /A 10.66

Figure S97. Structural details for Mgz(dobdc).
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Figure S98. Computational snapshots of the conformation of hexane isomers within the 1D channels of

Mg2(dobdc).
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nC6-2MP-3MP
A 25[ nCe-2MP-22DMB mixture; b 25 ,c6-3MP-22DMB mixture: C 15[ -22DMB-23DMB mixture;

b f,=f,=f;; Mg,(dobdc); 433 K; L f,=f,=f,; Mg,(dobdc); 433 K; - fi=f,=f,=f,=f; Mg,(dobdc); 433 K;
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Figure S99. CBMC simulations for adsorption of (a, b) equimolar (f,=f,=f,) ternary

nC6/2MP/22DMB, ( f, = f, = f;) ternary nC6/3MP/22DMB, and (c) equimolar (£, = f, = f, = f, = f5)

quinary nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in Mgx(dobdc) (with hexagonal 11 A

channels).
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Figure S100. Comparison of (a) nC6/2MP, (b) nC6/3MP and (c) nC6/22DMB adsorption selectivities

in Mg2(dobdc). In the plots the adsorption selecitivities were determined from CBMC simulations for
adsorption of equimolar (f,=f,=f,) ternary nC6/2MP/22DMB, (f,=/f,=f,) ternary
nC6/3MP/22DMB, and equimolar (f,=f, = f;=f,=/;) quinary nC6/2MP/3MP/22DMB/23DMB

mixtures at 433 K. The x-axis represents the surface potential, @, determined using the IAST for either
3-component or 5-component mixtures as appropriate. (d, e, f) Plots of the ratios of activity coefficients

vs @.
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C 0( BD P) pore landscapes

Figure S101. Pore landscape of Co(BDP)
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CO(BDP) pore landscapes
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Figure S102. Structural details for Co(BDP).
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Snapshot of pure hexanes

Figure S103. Computational snapshots of the conformation of hexane isomers within the 1D channels

of Co(BDP).
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nC6-3MP-22DMB mixture;
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[ CBMC simulations
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Figure S104. CBMC simulations for adsorption of (a) ( Lh=/1= f3) ternary nC6/3MP/22DMB, and

(b) equimolar (f, = f,=f, = f,=f;) quinary nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in

Co(BDP) (with square 10 A channels).
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Figure S105. Comparison of (a) nC6/3MP and (b) nC6/22DMB adsorption selectivities in Co(BDP). In

the plots the adsorption selecitivities were determined from CBMC simulations for adsorption of
(f,=/f,=/;) temary nC6/3MP/22DMB, and equimolar (f,=f,=f;=f,=/f;) quinary

nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K. The x-axis represents the surface potential, @,
determined using the IAST for either 3-component or 5-component mixtures as appropriate. (c, d) Plots

of the ratios of activity coefficients vs @ . The x-axis represents the surface potential, @ .
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Figure S106. (a, b) Computational snapshots showing the location of guest molecules for

nC6(1)/2MP(2) mixture adsorption in MFI zeolite at 300 K.
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Figure S107. CBMC simulations for adsorption of (a) ( h=/f= f3) ternary nC5/2MP/neo-Pentane, (b)

(fi=f,=f,) termary nC6/3MP/22DMB, (c) equimolar (f=/f,=f,=f,=/;) quinary
nC6/2MP.3MP/22DMB/23DMB, and (d) equimolar 8-component

nC5/2MB/neo-P/nC6/2MP/3MP/22DMB/23DMB mixtures at 433 K in MFI zeolite.
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Figure S108. Comparison of (a) nC6/3MP and (b) nC6/22DMB adsorption selectivities in MFI zeolite.
In the plots the adsorption selecitivities were determined from CBMC simulations for adsorption of
ternary nC6/3MP/22DMB, equimolar quinary nC6/2MP/3MP/22DMB/23DMB, and equimolar 8-
component mixtures at 433 K. The x-axis represents the surface potential, @, determined using the IAST
for 3-component, 5-component, and 8-component mixtures as appropriate. (c, d) Plots of the ratios of

activity coefficients vs @ . The x-axis represents the surface potential, @ .
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Figure S109. Comparison of (a) nC5/2MB and (b) nC5/neo-P adsorption selectivities in MFI zeolite. In

the plots the adsorption selecitivities were determined from CBMC simulations for adsorption of ternary

nC6/3MP/22DMB, equimolar quinary nC6/2MP/3MP/22DMB/23DMB, and equimolar 8-component

mixtures at 433 K. The x-axis represents the surface potential, @, determined using the IAST for 3-

component, S-component, and 8-component mixtures as appropriate. (c, d) Plots of the ratios of activity

coefficients vs @ . The x-axis represents the surface potential, @ .
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Figure S110. Comparison of (a) benzene/ethene and (b) ethylbenzene/ethene adsorption selectivities in
MFTI at 653 K. In the plots the adsorption selecitivities were determined from CBMC simulations for
adsorption of equimolar ethene/benzene, ethene/ethylbenzene, and ethene/benzene/ethylbenzene,
mixtures. (c, d) Plots of the ratios of activity coefficients vs @ . The x-axes represent the surface potential,
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13 Adsorption of water/methanol/ethanol mixtures

Two types of mixture adsorption campaigns were conducted in CHA, DDR, and MFI zeolites.
(a) Adsorption of binary water(1)/methanol(2), water(1)/ethanol(3), and methanol(2)/ethanol(3)

mixtures. The bulk fluid phase composition held constant at y, = y, = 0.5, and the bulk fluid phase
fugacity f, = f +f, was varied over a wide range from the Henry regime of adsorption,
f,—0; ®—0, to pore saturation conditions, typically ® >50.

(b) Ternary water(1)/methanol(2)/ethanol(3) mixture adsorption. The bulk fluid phase composition held
constant at y, = y, = y, =1/3, and the bulk fluid phase fugacity f, = f; + f, + f, was varied over a
wide range from the Henry regime of adsorption, f, - 0; @ — 0, to pore saturation conditions,

typically @ > 50.

The objective of these simulations is to determine whether the adsorption selectivity for any binary pair
of components in binary and ternary mixture adsorption campaigns is uniquely related to the surface
potential, @ . The unary isotherm fits using CBMC data on unary isotherms are provided in Table S26,
Table S27, and Table S28.

(a, b, c¢) CBMC simulations of the water(l)/methanol(2), water(l)/ethanol(3), and

methanol(2)/ethanol(3) adsorption selectivities, S, , for binary and ternary mixture adsorption in CHA

zeolite at 300 K. The selectivities are plotted as function of the surface potential ®@ . The dashed lines are

the IAST calculations. (d, e, f) CBMC simulations of the ratio of activity coefficients of ik , v ,and 72
V2 Vs Vs

for the three binary water(1)/methanol(2), water(1)/ethanol(3), and methanol(2)/ethanol(3) pairs plotted

as function of the surface potential @ .
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Figure S111, Figure S112, and Figure S113 summarize the CBMC data for CHA, DDR, and MFI
zeolites, respectively.

Figure S111a,b,c, Figure S112a,b,c, and Figure S113a,b,c present CBMC simulation data on the
adsorption selectivties of the three binary pairs water(1)/methanol(2), water(1)/ethanol(3), and
methanol(2)/ethanol(3) in the three zeolites. Due to strong thermodynamic non-idealities resulting from
molecular clustering, induced by hydrogen bonding, the IAST calculations for the selectivity are not in
good agreement, generally speaking with CBMC data for adsorption selectivitities, determined from
binary and ternary mixture adsorption.

Despite the quantitative failure of the IAST, the selectivity values for the three binary pairs show a

more-or-less unique dependence on the surface potential @ . The reason for this can be traced to the ratios

of the activity coefficients ﬁ, il , and vEs

72 73 73

for the three binary water(1)/methanol(2),

water(1)/ethanol(3), and methanol(2)/ethanol(3) pairs. The three ratios shown a unique dependence on

the surface potential @ ; see Figure S111d,e,f, Figure S112d,e,f, and Figure S113d,e.f.
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13.1 List of Tables for Adsorption of water/methanol/ethanol mixtures

Table S26. Dual-site Langmuir-Freundlich parameters for water, methanol, and ethanol in CHA at 300

K. The fit parameters are based on the CBMC simulations of pure component isotherms presented in

earlier works.?7- 2890

Site A Site B
q A sat bA VA A sat bA VB
mol kg! mol kg
Pa "4 dimensionless Pa "
water 16.8 3.031E-54 15.6 4.6 2.218E-05 1
methanol 3.7 4.281E-11 3.37 3.7 4.545E-04 1
ethanol 2.5 8.578E-06 1.07 2.9 3.505E-03 1.1
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Table S27. Dual-site Langmuir-Freundlich parameters for pure component water, methanol, and ethanol

at 300 K in all-silica DDR zeolite. The fit parameters are based on the CBMC simulations of pure

component isotherms presented in earlier works. 272890

Site A Site B

q A sat bA VA q A sat bA B

mol kg! mol kg!

PafVA PafVA

water 6.45 2.776E-17 | 4.3 2.4 1.300E-05 1.06
methanol 1.7 1.186E-04 | 1.3 1.7 6.055E-04 | 0.78
ethanol 1.6 9.962E-03 | 0.88 1.2 9.160E-05 | 0.66
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Table S28. Dual-site Langmuir-Freundlich parameters for adsorption of water, methanol, and ethanol

at 300 K in all-silica MFI zeolite. The fit parameters are based on CBMC simulations of Krishna and van

Baten 23 27 28,90
Adsorbate Site A Site B
A sat bA VA (B sat bB B
mol kg*! Pa " mol kg! Pa "
water 6.7 6.37x102* 6.2 3.6 1.09x107 1.04
methanol 2.4 1x10* 1.64 1.4 1.92x103 | 0.7
ethanol 0.7 1.083x10® | 13.6 2.03 1.774x102 | 1
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13.2 List of Figures for Adsorption of water/methanol/ethanol mixtures
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Figure S111. (a, b, ¢c) CBMC simulations of the water(1)/methanol(2), water(1)/ethanol(3), and

methanol(2)/ethanol(3) adsorption selectivities, S, , for binary and ternary mixture adsorption in CHA

zeolite at 300 K. The selectivities are plotted as function of the surface potential ®@ . The dashed lines are

the IAST calculations. (d, e, f) CBMC simulations of the ratio of activity coefficients of i , n ,and £
V2 Vs 73

for the three binary water(1)/methanol(2), water(1)/ethanol(3), and methanol(2)/ethanol(3) pairs plotted

as function of the surface potential.
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and

for binary and ternary mixture adsorption in DDR

zeolite at 300 K. The selectivities are plotted as function of the surface potential ®@ . The dashed lines are

the IAST calculations. (d, e, f) CBMC simulations of the ratio of activity coefficients of Al , V4l , and s

V2 Vs V3

for the three binary water(1)/methanol(2), water(1)/ethanol(3), and methanol(2)/ethanol(3) pairs plotted

as function of the surface potential.
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Figure S113. (a, b, ¢c) CBMC simulations of the water(1)/methanol(2), water(1)/ethanol(3), and

methanol(2)/ethanol(3) adsorption selectivities, S, , for binary and ternary mixture adsorption in MFI

zeolite at 300 K. The selectivities are plotted as function of the surface potential ®@ . The dashed lines are

the IAST calculations. (d, e, f) CBMC simulations of the ratio of activity coefficients of i , n ,and 72
V2 73 73

for the three binary water(1)/methanol(2), water(1)/ethanol(3), and methanol(2)/ethanol(3) pairs plotted

as function of the surface potential.
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14 Nomenclature

Latin alphabet

A
ba
bs
[B]
Di
D,(0)
bijj
Diself
fi
Ji
[/]

Ni

qi
{i,sat

qt

surface area per kg of framework, m? kg™!

dual-Langmuir-Freundlich constant for species i at adsorption site A, Pa™""
dual-Langmuir-Freundlich constant for species i at adsorption site B, Pa™”
inverted Maxwell-Stefan diffusivity matrix, m™? s

1

Maxwell-Stefan diffusivity for molecule-wall interaction, m* s”

Maxwell-Stefan diffusivity at zero-loading, m? s’

Maxwell-Stefan exchange coefficient, m? s™!
self-diffusivity of species i, m? s™!

partial fugacity of species i, Pa

total fugacity of bulk fluid mixture, Pa

Identity matrix with elements Jij, dimensionless

number of species in the mixture, dimensionless
molar flux of species i with respect to framework, mol m? s™!
partial pressure of species i in mixture, Pa

total system pressure, Pa

sorption pressure, Pa

component molar loading of species 7, mol kg™!
molar loading of species i at saturation, mol kg!

total molar loading in mixture, mol kg!
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ri(?) position vector for molecule / of species i at any time ¢, m
R gas constant, 8.314 J mol! K!

Sads adsorption selectivity, dimensionless

Sdift diffusion selectivity, dimensionless

Sperm permeation selectivity, dimensionless

T absolute temperature, K

ui velocity of motion of adsorbate species i with respect to the framework material, m s™!
Vo accessible pore volume, m? kg™!

Xi mole fraction of species 7 in adsorbed phase, dimensionless
Vi mole fraction of species 7 in bulk gas phase, dimensionless
z distance coordinate, m

Greek alphabet

o thickness of membrane, m

Oij Kronecker delta, dimensionless

i activity coefficient of component i in adsorbed phase, dimensionless
[A] matrix of Maxwell-Stefan diffusivities, m? s

M molar chemical potential of component i, J mol™!

/4 spreading pressure, N m’!

0 fractional occupancy, dimensionless

Oi loading of species i, molecules per unit cell

O sat saturation loading of species i, molecules per unit cell

Ot total mixture loading, molecules per unit cell

v exponent in Langmuir-Freundlich isotherm, dimensionless
I, membrane permeability of species i, mol m m? s Pa’!
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Subscripts
1

2

sat

framework density, kg m™

surface potential, mol kg™!

referring to component 1
referring to component 2
referring to component i
referring to total mixture
referring to saturation conditions

referring to conditions at downstream face of membrane
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