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ABSTRACT: The primary objective of this article is to gain fundamental insights into the - & .. = o =,
dependences of component permeances I1; in microporous membranes on the operating conditions o | s = )
(upstream partial pressures, temperature, and feed composition). It is argued that the permeances I, L O ey
for unary systems and mixtures need to be compared on the basis of the adsorption potential ZA/RT, /v S % 5.5
a convenient and practical proxy for the spreading pressure z that is calculable using the ideal S .

adsorbed solution theory for mixture adsorption equilibrium. The use of #A/RT as a yardstick serves ./ |
to elucidate and rationalize a wide variety of published experimental II; data on unary and mixture

= {8
. D

»**MFI' membrane

permeances in microporous membranes. For cage-type host structures such as SAPO-34, DDR, and

ZIE-8, the II; values are uniquely dictated by the magnitude of 7A/RT, irrespective of the partner

species in the mixture. For MFI membranes, the tardier species slows down the more mobile partners due to correlated
molecular motion within the channels; the degree of correlation is also a function of 7A/RT.

1. INTRODUCTION

Membrane technologies find applications in a variety of
separation applications such as gas separations and water/
alcohol pervaporation."”” The permselective membrane layers
often consist of microporous materials such as zeolites
(aluminosilicates), metal—organic frameworks (MOFs), zeolitic
imidazolate frameworks (ZIFs), or carbon molecular sieves.” '
Experimental data on membrane permeation are most
commonly presented in terms of the component permeances
defined by
I N;
1
By ~ Bs (1)

where N; is the permeation flux and p;, — p;5 is the difference in
the partial pressures at the upstream (subscript 0) and
downstream (subscript &) faces of the membrane layer of
thickness 6. The permeance of any guest species is influenced by
a variety of factors such as the connectivity and pore topology of
the microporous host material, operating conditions (temper-
ature, pressure, and feed mixture composition), and the choice
of the partner species in the mixture. The pore landscapes of four
important host materials CHA, DDR, ZIF-8, and MFI that have
membrane applications are shown in Figure 1. CHA zeolite
consists of cages of 316 A? volume, 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. ZIF-8 has
an SOD (sodalite) topology, consisting of cages of 1168 A’
volume, separated by 3.3 A windows; the windows are flexible.
MFI zeolite consists of a set of intersecting straight channels and
zigzag (or sinusoidal) channels of 5.5 A size.

Figure 2a,b presents experimental data for permeances of CO,
and H, determined for unary and mixture permeation across the
SAPO-34 membrane. SAPO-34 has the same structural
topology as CHA zeolite. Compared at the same partial
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Figure 1. Pore landscapes of (a) CHA, (b) DDR, (c) ZIF-8, and (d)
MEFI zeolite, along with computational snapshots of guest molecules.

pressures, the H, permeance is significantly reduced due to
the presence of partner species CO,, CH,, and N,; the reduction
is significantly higher with CO, as a partner. In sharp contrast,
CO, permeance is only marginally influenced by the presence
and choice of the partner species in the mixtures: CH,, N,, and
H,.

Figure 3a compares the experimental data on permeances of
CO, and H, determined for unary and binary mixture
permeation across an MFI membrane. The CO, and H, mixture
permeances are both lower than the corresponding values for
unary systems when compared at the same partial pressures in
the upstream compartment. For H,, the more mobile guest, the
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Figure 2. (a,b) Experimental data of Li et al.*' =" for permeances of (a)
CO, and (b) H, determined for unary and equimolar binary mixture
permeation across the SAPO-34 membrane at 295 K. The x axis
represents the partial pressures in the feed mixture in the upstream
membrane compartment.

lowering is by about 1 order of magnitude, while the permeance
of the tardier CO, is lowered by a factor of about 2. The data
based on unary permeation anticipates H,-selective separation
whereas the data for mixture permeation displays CO,-selective
separations.

Consider the experimental data for permeation of CH,/C,Hg
and CH,/C;Hg mixtures across an MFI membrane at 303 K
presented in Figure 3b. The two sets of experimental permeance
data are plotted as functions of the mole fraction of the more
mobile guest, CH,, in the feed gas mixture in the upstream
compartment. Increasing the proportion of the tardier
component C,Hg in the CH,/C,H feed mixture has the effect
of progressively reducing the permeance of the more mobile
CH, by up to an order of magnitude. The reduction of CH,
permeance is significantly higher, by up to 2 orders of
magnitude, for CH,/C;Hg mixture permeation.

For 50:50 CH,/n-C,H,, mixture permeation across an MFI
membrane, the experimental data show that the reduction of
CH, permeance due to the presence of the tardier partner n-
C,H,, is considerably more significant at lower temperatures
(see Figure 3c). As the temperature is increased, the component
permeances become closer in values.

The experimental data for permeation of mixtures of n-hexane
(nC6) and 2,2-dimethylbutane (22DMB) across an MFI
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Figure 3. (a) Experimental data of Sandstrom et al** for the
component permeances for unary species and 50:50 CO,/H, feed
mixtures across the MFI membrane at 296 K. (b) Experimental data of
van de Graaf et al.** for component permeances of CH,/C,Hg and
CH,/C;Hg mixtures in the MFI membrane at 303 K. (c) Experimental
data of Vroon et al.*® for unary and 50:50 CH,/n-C,H,, mixture
permeation across the MFI membrane at a total pressure of 100 kPa and
varying temperatures.

membrane are remarkable in that the permeance of the tardier
22DMB is further reduced by more than 2 orders of magnitude
by the presence of the more mobile nC6 partner (see Figure 4).

The wide variety of characteristics of membrane permeances
witnessed in Figures 2—4 is a reflection of a combination of
mixture adsorption equilibrium and mixture diffusion. The
mixture adsorption equilibrium dictates the component loadings
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10° MEI membrane M2: 398 K: choice of the x axes in Figures 2—4 is the spreading pressure 7
nC6/22DMB ' ’ calculated by use of the ideal adsorbed solution theory (IAST) of
Myers and Prausnitz”’ for mixture adsorption. We shall
107 O\O\O\O demonstrate that the spreading pressure not only is a reflection
D\D\D\D of mixture adsorption equilibrium but also dictates the loading
’ dependence of the guest diffusivities and correlation effects.”’
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Figure 4. Experimental data of Gump et al.*” for unary and 50:50 nC6/
22DMB mixture permeances across the MFI membrane M2 at 398 K.

within the membrane layer; the component loadings, in turn,
affect the guest mobilities, and slowing-down, or correlation,
effects that often influence mixture permeation.'” >’ The
primary objective of this article is to gain fundamental insights
into the characteristics of unary and mixture permeances.
Specifically, we aim to show that the fundamentally appropriate

2. METHODOLOGY FOR MODELING OF MIXTURE
ADSORPTION AND DIFFUSION

2.1. IAST for Mixture Adsorption Equilibrium. Within
microporous crystalline host materials, the guest constituent
molecules exist entirely in the adsorbed phase. The Gibbs
adsorption equation in differential form is**~**

n

Adr = Z q, du,
i=1 2)

In eq 2, A represents the surface area per kilogram of the
framework, ¢; is the molar loading, y; is the molar chemical
potential, and 7 is the spreading pressure. At phase equilibrium,
equating the component chemical potentials y; in the adsorbed
phase and in the bulk gas phase mixture in the upstream
membrane compartment, we write
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Figure S. (a,b) Maxwell—Stefan diffusivity B; of CO, determined for MD simulation data® for diffusion of a variety of equimolar (g, = g,) CO,/H,,
CO,/CH,, and CO,/N, mixtures in MFI zeolite at 300 K plotted as a function of the (a) adsorption potential ZA/RT and (b) the occupancy 6. Also
shown in open symbols are the MD simulations of P; for unary CO, diffusion. (¢) MD simulation data®® for degree of correlations ,/P;, for
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data® for degree of correlations D,/D,, for equimolar (g, = g,) CO,/H, mixtures in MFL, MgMOF-74, and LTA at 300 K.
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dy, =RT dlnp 3)

Briefly, the basic equation of the IAST theory is the analogue
of Raoult’s law for vapor—liquid equilibrium, that is

p= Piox,-; i=12,.,n (4)
where x; is the mole fraction in the adsorbed phase defined by
x=q/q9; 9 =9+q¢+.-+q; i=12.,n

()

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:

Y AT O
ae ) e

% () df = ..
N ©)

In eq 6, g)(f) is the pure component adsorption isotherm.
Since the surface area A is not directly accessible from
experimental data, the adsorption potential 7A/RT, with a
unit of mole per kilogram, serves as a convenient and practical
proxy for the spreading pressure z. For the simple case of a
binary mixture in which each isotherm is described by the single-
site Langmuir model with equal saturation capacities for each
constituent

a’(f) = q

a,(f)
d
7 If

b

] 4 bf

=12

)
the following explicit expression can be derived
A
E = qsat 111(1 + blpl + bzpz) (8)

For the more general case in which the saturation capacities of
the constituents are unequal, the entire set of equations must be
solved numerically. The unary isotherm data for all guest/host
combinations analyzed in this article, along with the numerical
details for determination of #A/RT, are provided in the
Supporting Information.

2.2. Maxwell—-Stefan Description of Mixture Diffusion.
The Maxwell—Stefan (M—S) approach is the most convenient
and practical formulation that relates the molar permeation
fluxes to the gradients of the molar chemical potential of the
guest constituents.”””>~*” For binary mixtures, the M-S
equations are

5oy N
RT dz b, b,
q, du xN, — x,N, N.
—pr 22 £ S
RT dz b, b, (9)

where p represents the framework density of the microporous
crystalline material. The D, and D, characterize the guest—wall
interactions. The exchange coefficient D), reflects how the
facility for transport of species i correlates with that of species j.
The ratios D,;/P;, and D,/D;, quantify the degrees of
correlation. The magnitude of D), relative to that of D,
determines the extent to which the flux of species 1 is influenced
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by the chemical potential gradient of species 2. The larger is the
degree of correlation, D;/D,, the stronger is the influence of
diftusional “coupling”.

The persuasive advantage of using the M—S formulation is
that the M-S diffusivities D, can be identified with the
corresponding diffusivities for unary systems provided that the
values are determined at the same adsorption potential 7A/RT;
this has been established in earlier work’® with the aid of
molecular dynamics (MD) simulations for a vast number of
mixture diffusion in several zeolites and MOFs. As illustrated,
Figure Sa compares the M—S diftusivity D; of CO, determined
for MD simulation data for diffusion of equimolar (g, = ¢,)
C0,/H,, CO,/CH,, and CO,/N, mixtures in MFI zeolite with
the corresponding unary diffusivity. Compared at the same value
of #A/RT, the M-S diffusivities D; have practically the same
value, confirming that the adsorption potential is the correct
yardstick to compare diffusivities. To rationalize the lowering of
the M-S diffusivity with increasing values of 7A/RT, we plot in
Figure Sb the diffusivity data as a function of the fractional
occupancy 6 determined from

¢ =1 — exp(—7A/q_RT) (10)

For a binary mixture, the saturation capacity ¢, is defined as
follows™’

1 _ %

ant

X
+ 2

qz, sat

(11)

Increasing the fractional occupancy lowers the values of D,
because the channels of MFI become increasingly crowded;
indeed, D; = 0 as @ — 1 for all guest species. For binary mixtures
in which the unary isotherms are described by eq 7, eqs 10 and
11 are simplified to yield

4 _ bip, + byp,
q, l+bp +byp,

ql,sat

0 =
(12)

The simplest model to describe the occupancy dependence is
indicated by the dashed line in Figure Sb

b, =p(0)(1 - 0) (13)

where D,(0) is the M-S diffusivity at “zero loading”. Equation
13 is essentially based on a simple hopping model in which a
molecule can jump from one adsorption site to an adjacent one,
provided that it is not already occupied.”**” Using a simple two-
dimensional square lattice model, the M—S diffusivity in the

limit of vanishingly small occupancies is D,(0) = %l/i(())ﬂz,

where { = 4 is the coordination number of the 2D array of lattice
sites, A is the jump distance on the square lattice, and 1,(0) is the
jump frequency at a vanishingly small occupancy.”” More
generally, molecule—molecule interactions serve to influence
the jump frequencies by a factor that depends on the energy of
interaction w. For repulsive interactions, w > 0, whereas for
attractive interactions, w < 0. The quasichemical approach of
Reed and Ehrlich® can be used to quantify such interac-
tions 223132

The implication of the plots in Figure Sa,b is that zA/RT and
0 are the appropriate thermodynamic measures of the loadings
within the pores of microporous materials.

MD simulation data®® for several mixture /host combinations
also show that the degree of correlation increases with pore
occupancy, practically linearly, as illustrated in Figure Sc for
binary mixtures in MFI zeolite. For CO,/H, mixtures, the

DOI: 10.1021/acsomega.9b00907
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degrees of correlation for MFI, MgMOEF-74, and LTA are
compared in Figure Sd. For LTA with narrow windows
separating adjacent cages, the degree of correlation is
significantly lower than those for MFI and MgMOEF-74.

From the IAST and M-S theories, it emerges that the
adsorption potential 7A/RT not only encapsulates mixture
adsorption equilibrium but also serves as the proper measure of
the loading dependence of the M—S diffusivities D, and D, and
the degree of correlation D,/ D},. We should therefore expect
mA/RT to be the correct yardstick to compare component
permeances for unary and mixture permeation in Figures 2—4.

3. RESULTS AND DISCUSSION

3.1. Permeation across SAPO-34, DDR, and ZIF-8
Membranes. Figure 6 presents plots of the component

=y
o
&

§SAPO-34 membrane; 295 K;

107

TTT

—O— Unary CO,
—@— in CO,/CH, mix
—aA— in CO,/N, mix

| _@— in CO,/H, mix

CO, permeance, IT, / mol m?s™ Pa’
:

10»8\I\|J|\||J||\|\l|||\||l|l||l|\
0 5 10 15 20 25 30
Adsorption potential, (x A)/ RT, mol kg™
‘:5_“ 107 SAPO-34 membrane; 295 K;
F‘(/)
€
5
£ L
= g0l
8 E
= F—O— Unary H,
g - —&— H, in N,/H, mix
g | —@— H, in CH,/H, mix
T | —@— H,in CO,/H, mix
10—9||||I\\\\Illl\l\\\\llll\\
0 5 10 15 20 25

Adsorption potential, (x A)/ RT, mol kg™

Figure 6. Experimental data of Li et al "™ for permeances of (a) CO,
and (b) H, determined for unary and equimolar binary mixture
permeation across the SAPO-34 membrane at 295 K. The x axes in
panels (a) and (b) represent the adsorption potential, corresponding to
the conditions at the upstream face of the membrane.

permeances for CO, and H, determined for unary and
equimolar binary mixture permeation across the SAPO-34
membrane at 295 K, plotted as a function of ZA/RT calculated at
the upstream face of the membrane, in equilibrium with the feed
mixture in the upstream compartment. The CO, and H,
permeances appear to be uniquely dependent on the adsorption
potential and are independent of the partner species. The
reasons for this simple and convenient finding are threefold: (i)
the mixture adsorption equilibrium between the feed mixture
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and the upstream face of the membrane is properly quantified by
the choice of ZA/RT as x axes, (ii) the loading dependence of the
diffusivities is also described by 7A/RT, and (iii) the correlation
effects are of negligible importance in SAPO-34 because the
guest molecules jump one at a time across the narrow windows,
resulting in D,/P;, — 0 as evidenced by MD data.'” >

In Figure 7a—c, the experimental data on component
permeances for 50:50 CO,/CH, and 50:50 N,/CH, mixture
permeation across a DDR membrane are plotted as a function of
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Figure 7. (a—c) Experimental data of Van den Bergh et al.**** for
component permeances for 50:50 CO,/CH, and 50:50 N,/CH, binary
mixture permeation across the DDR membrane at 303 K. The x axes in
panels (a), (b), and (c) represent the adsorption potential,
corresponding to the conditions at the upstream face of the membrane.
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the adsorption potential at the upstream face of the membrane.
The intercage hopping of guest molecules is uncorrelated, and
there are no slowing-down effects experienced by the more
mobile partner species. The component permeances in the
mixture have the same values as those in the corresponding
unary systems. The CH, permeance is independent of the choice
of CO, or N, as a partner in the mixture (see Figure 7c).

Experimental data for component permeances for 50:50
C;Hy/C;Hg binary mixture permeation across the ZIF-8
membrane at 308 K have practically the same magnitudes as
the corresponding unary permeances when compared at the
same 7A/RT at the upstream face of the membrane (see Figure
8). The explanation is precisely analogous to that for SAPO-34
and DDR membranes.
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103 ¢ W CgHg in C;Hy/CyHg mix
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E o v
5 eV y
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Adsorption potential, ( A)/ RT, mol kg™

Figure 8. Experimental data of Liu et al.** for component permeances
for 50:50 C;H4/C;3Hg binary mixture permeation across the ZIF-8
membrane at 308 K, compared to unary permeation data. The data are
plotted as a function of adsorption potential ZA/RT at the upstream
face of the membrane.

3.2. Permeation across an MFI Membrane. Correlation
or slowing-down effects are of significant importance for guest
diffusion in MFI zeolite, as has been established by MD
simulations'’~*° (see data on degrees of correlation in Figure
Sc,d). Consequently, the permeance of more mobile partners
should be expected to be lowered due to correlated jumps with
the tardier partner species within the pores. Figure 9ab
compares the component permeances of 50:50 CO,/H, feed
mixtures in the MFI membrane with the corresponding values
for the unary species. Also shown by continuous solid lines are
the estimations using the M-S model."” In the model
calculations, the occupancy dependence of each guest is
assumed to follow eq 13 wherein the zero-loading diffusivities
are fitted from the unary permeance data: pP;(0)/5 = 3.2 and
pD,(0)/8=100kgm*s~". The degree of correlation is taken to
increase linearly with occupancy 6. The H, permeance is
significantly influenced by correlation effects, as evidenced in
Figure 9b for calculations with D,/D,, = 1.06, 3.06, and 10.06;
the choice D,/P;, = 10.00 affords the best match with
experimental data and is also in accordance with the MD data
in Figure 5d.

Figure 10a,b compares the permeances for (a) CH,/C,H4 and
(b) CH,/C;Hg mixtures in MFI with the corresponding values
for unary systems as a function of zA/RT. For both mixtures, the
permeances of the more strongly adsorbed but tardier
components in the two mixtures, C,Hy and C;Hg, are practically
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Figure 9. (a,b) Experimental data of Sandstrém et al.** for component
permeances in 50:50 CO,/H, feed mixtures across the MFI membrane
at 296 K compared with the estimates using the M—S model (indicated
by the continuous solid lines). The x axes represent the adsorption
potential, corresponding to the conditions at the upstream face of the
membrane.

the same as the unary values. The permeance of the more mobile
CH, is reduced significantly below the unary values due to two
separate reasons: (i) the M—S diffusivity of CH, reduces with
increasing values of zZA/RT" and (ii) the CH, mobility in the
intersecting channel structures is strongly correlated with those
of the tardier partners C,Hq and C;Hg. The correlation effects
increase with increasing values of 7A/RT, as evidenced in the
MD simulation data in Figure Sc. It is also noteworthy that the
degree of correlations for CH,/C3;Hg mixtures is higher than
that for CH,/C,Hg; this rationalizes the stronger reduction in
the CH, permeance due to partnership with C;Hg.

The influence of the operating temperature for CH,/n-C,H,,
mixture permeation across the MFI membrane (cf. Figure 3d) is
simply elucidated by plotting the permeances as a function of
7A/RT, calculated at the upstream face of the membrane (see
Figure 10c). The permeance of the tardier, more strongly
adsorbed n-C,H,, is practically the same as the corresponding
values for unary diffusion. The permeance of the more mobile,
poorly adsorbed CH, is reduced significantly below the unary
values due to reduction in the M-S diffusivity of CH, with
increased pore occupancy and the increasing influence of
correlations, as evidenced in the MD simulation data in Figure
Sc.
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Figure 10. Experimental data of van de Graaf et al.** for component
permeances of (a) CH,/C,Hy and (b) CH,/C;Hg mixtures in MFI
membrane at 303 K. (c) Experimental data of Vroon et al.*® for 50:50
CH,/n-C,H,, mixture permeation across the MFI membrane at a total
pressure of 100 kPa and varying temperatures. The x axes in panels (a),
(b), and (c) represent the adsorption potential, corresponding to the
conditions at the upstream face of the membrane.

The explanation of the nC6/22DMB mixture permeation data
in Figure 4 re%uires insights into entropy effects in mixture
adsorption,‘%s_3 gained from configurational-bias Monte Carlo
(CBMC) simulations®>***” for nC6/22DMB mixture adsorp-
tion. The linear nC6 molecule can locate along both the straight
channels and zigzag channels, whereas the more compact but
bulkier dibranched isomer 22DMB can locate only at the
intersections (see computational snapshots in Figure 11a). Per
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Figure 11. (a) Computational snapshots showing the location of nC6
and 22DMB within the intersecting channels of MFI zeolite. (b)
Configurational-bias Monte Carlo simulations of #C6/22DMB mixture
adsorption in MFI at 398 K. Also shown in the right y axis is the
adsorption potential 7A/RT. (c) Experimental data of Gump et al.*” for
component permeances for nC6/22DMB mixture in MFI membrane
M2 at 398 K plotted as a function of the adsorption potential zA/RT at
the upstream face of the membrane.

unit cell of MFI, there are only four intersection sites, and
therefore, the saturation capacity of 22DMB is restricted to four
molecules per unit cell. On the other hand, the saturation
capacity for nC6 is eight molecules per unit cell. CBMC
simulations for nC6/22DMB mixture adsorption show that, for
bulk phase partial pressure p; = 1 kPa, the 22DMB loading
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reaches a maximum value at an adsorption potential 7A/RT of
1.2 mol kg™ (see Figure 11b). For p; > 1 kPa and 7A/RT > 1.2
mol kg™', the increase of bulk phase partial pressures results in
the decrease in the 22DMB loading, engendered by entropy
effects that can be elucidated by invoking the entropy
maximization principle of Boltzmann S = kg In(W).*° The
experimental permeance data for 50:50 nC6/22DMB mixtures
were obtained under conditions corresponding to 7ZA/RT > 1.2
mol kg™! (cf. Figure 11c), and the sharp reduction in 22DMB
permeance below the unary permeance values is entirely
ascribable to configurational entropy effects that cause
22DMB loading at the upstream to decrease despite the increase
in the bulk phase partial pressures. Unusually, both adsorption
and diffusion act in synergy to suppress 22DMB permeation;
this synergy is also observed for transient uptake of hexane
isomers in MFI zeolite."’

4. CONCLUSIONS

The following major conclusions emerge from our inves-
tigations.

(1) The adsorption potential, zA/RT, calculable from the
IAST, is the proper yardstick to compare permeances in
mixtures with the corresponding data for unary systems.

(2) The adsorption potential quantifies the thermodynamic
equilibrium between the fluid mixture in the upstream
compartment and the adsorbed phase in the upstream
face of the membrane. The IAST prescribes that the
adsorption potential 7A/RT, a practical proxy for the
spreading pressure 7, be equal for each of the pure
constituents and the mixture (see eq 6).
(3) The same parameter 7A/RT also dictates the variation of
the Maxwell—Stefan diffusivities, P, and P, and the
degree of correlations P,/D,, with pore occupancy (see
Figure 5). The degree of correlations depends on the
guest/host combination.
For cage-type zeolite structures such as SAPO-34, DDR,
and ZIF-8, the intercage hopping of guest molecules is
practically uncorrelated. Therefore, the component
permeances in such structures are uniquely dictated by
the magnitude of mA/RT, irrespective of the partner
species in the mixture.

(4)

(5) In topologies such as MFI, correlation effects cause the

permeance of the more mobile, less strongly adsorbed

component to be lowered due to correlations with the
tardier, more strongly adsorbed partners; the extent of
lowering also correlates with 7A/RT.

(6) Also highlighted in this article is the permeation of nC6/
22DMB mixtures in the MFI membrane; here, configura-
tional entropy effects cause a significant lowering in the
permeance of the tardier dibranched isomer.
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B NOMENCLATURE

Latin Alphabet
surface area per kilogram of framework (m?* kg™')
b; Langmuir constant for species i (Pa7h)

b, Maxwell—Stefan diffusivity for molecule—wall interac-
tion (m?s™!)

D,(0) M-S diffusivity at zero loading (m”s™")

D;  M-=S exchange coefficient (m®s™")

n number of species in the mixture, dimensionless

N; molar flux of species i with respect to framework (mol
m™ s_l)

p; partial pressure of species i (Pa)

qi component molar loading of species i (mol kg™")

i molar loading of species i at saturation (mol kg™")

4 total molar loading in mixture (mol kg™")

R gas constant (8.314 J mol™' K™')

T absolute temperature (K)

w energy of interaction (J mol™")

x; mole fraction of species i in the adsorbed phase
(dimensionless)

z distance coordinate (m)

Greek Alphabet

5 membrane thickness (m)
coordination number of lattice (dimensionless)
jump distance in the lattice model (m)
molar chemical potential of component i (J mol™")
spreading pressure (N m™")

. permeance of species i (mol m™*s™! Pa™")
fractional occupancy (dimensionless)
jump frequency (s™)
framework density (kg m™)

TR DT NN

Subscripts

1  referring to component 1
referring to component 2

i referring to component i

t  referring to total mixture
referring to saturation conditions
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Preamble

1 Preamble

The Supporting Information accompanying our article Thermodynamic Insights into the

Characteristics of Unary and Mixture Permeances in Microporous Membranes provides (a) detailed
derivation of the IAST calculation procedures for the spreading pressure, and its proxy %, using the

unary adsorption isotherms, (b) structural details for zeolites considered and analyzed in this article, and

(¢) Unary isotherm parameter fits for all guest/host combinations considered in our article.
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2 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.'

2.1 Brief outline of IAS theory

The Gibbs adsorption equation” in differential form is

Adr = Zq[d,ui (S1)

)

The quantity A is the surface area per kg of framework, with units of m” per kg of the framework of
the crystalline material; ¢; is the molar loading of component i in the adsorbed phase with units moles
per kg of framework; z4 is the molar chemical potential of component i. The spreading pressure 7z 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 f;, we have
du, = RTd In f, (S2)
where R is the gas constant (= 8.314J 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 (S3)

where x; is the mole fraction in the adsorbed phase

SS



Thermodynamics of Mixture Adsorption in Micro-porous Materials

=T (S4)
q,+tq9,+..4,

and RO 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 mixture:

ﬂ:}mdf =?Mdf :}i@df =.. (S3)

where ¢/ (f) is the pure component adsorption isotherm. For n-component adsorption, there are a set of

n-1 independent equalities in Equations (S5). The units of Rﬁ , also called the adsorption potential,’

are mol kg™'. Each of the integrals in Equation (S5) can be evaluated analytically.

The unary isotherms may be described by say the dual-Langmuir-Freundlich model

vA VB
b ST by
S6
q (f) qA ,sat 1 bAfyA qB sat 1+beVB ( )
For the dual-site Langmuir-Freundlich isotherm, the integration yields for component i,
q (f) qA sat ( 0 ) qB sat ( 0 VB)

= d In|1+b,(P +—=In(1+b, (P, S7
o jo == ()" . 5 (P') (S7)

Invoking equation (S3) to express the sorption pressures in terms of the partial fugacities and

component mole fractions we obtain

) I g (f)df_qm m(m, {f]"}mm[m{im (s8)
RT 2, Vi %, Vs %

1 1

For a specified set of partial fugacities f; in the bulk fluid phase, a total of #» in number, the right hand

side of equation (S8) is a function of the mole fraction in the adsorbed phase x,. For n-component
adsorption, there are n-1 independent mole fractions x,; that are determined by solving the set of n-1

independent equalities in Equations (S5). These constraints may be solved using a suitable equation

solver to determine the x,, x,, x;,.x, ,,and x, =1-x,—x, —...—x,_,. In all of the calculations

Sé



Thermodynamics of Mixture Adsorption in Micro-porous Materials

presented in this article, the set of n-1 non-linear equations were solved using the Given-Find solve
block of MathCad 15.* For a binary mixture, a simple root finder is required to solve a single non-linear

equation.

From knowledge of the adsorbed phase mole fractions x;, the sorption pressures P’, P,, P3° .. P’

n

are then determined from
=L i=12,..n (S9)

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

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

~~ with units of m® (mol mixture)”. Therefore, the assumption of no surface area change due to
4,

. . A Ax, Ax, Ax . o .
mixture adsorption translates as — =—7—y+—71t+ " 571, the total mixture loading is g, is
9 ¢B) $E) qF)

calculated from

1
X, X, X, (SIO)
+ +....+
a'(P")  q3(P) q,(P)

9, =49 t49--+4, =

in which ¢/ (P%), ¢5(P)),... qu (Pno) are determined from the unary isotherm fits, using the sorption

pressures for each component Pl0 , on , P30 e PnO that are available from the solutions of Equations (S5),

(S8), and (S9).
From knowledge of the adsorption potential, RT the fractional occupancy for mixture adsorption is

then calculated using

A
0 =1-exp 2 (S11)
qsat,mixRT

For a binary mixture, the saturation capacity ¢ is calculated from the saturation capacities of the

sat,mix

constituent guests
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1
QSat,n1ix = xl N x2 ’ QI,sat = QI,A,mt + ql,B,sat; q2,sat = qZ,A,Sat + qZ,B,Sat (812)
ql,sat q2,sat
where
9. . q,
x=—l—y oy, =2 (S13)
9, +4, 9, +4,

are the mole fractions in the adsorbed mixture. For equimolar mixtures, x, =x, =0.5, equation (S13)

2z
v

ql,sat qZ,sat

simplifies to yield g, .. =

The fundamental justification of Equation (S12) is provided by applying equation (S10) to pore
saturation conditions.

Equation (S11) is the appropriate generalization of Equation (S25), derived in the following section
for the mixed-gas Langmuir model. It is also to be noted that equation (15) of our earlier publication’

has a typographical error in the calculation of ¢, . ; the correct form is given by equation (S12).

2.2 TAST 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, :

b b

61(f)=qmt1+bfa ZW

(S14)

where we define the fractional occupancy of the adsorbate molecules, 8= qo( f )/ 4., - The superscript 0

is used to emphasize that qo( f ) relates the pure component loading to the bulk fluid fugacity.

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

analytically
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A
%zqm In(1+5P") (S15)

The objective is to determine the molar loadings, ¢;, and ¢», in the adsorbed phase.

Performing the integration of Equation (S5) results in an expression relating the sorption pressures

P’ of the two species

;_174., qsat ln(l+b11)10) = qsat ln(l+b2])20)
(S16)
blRO = bzpzo = exp( 74 j_l
90 RT

The adsorbed phase mole fractions of component 1, and component 2 are given by equation (S9)

h /;
x1:P_lo§ xzzl—xlzp—z0 (S17)
1 2

Combining equations (S16), and (S17):

exp[ 74 J—lzblizbz—f2
90 RT

X, 1-x,

(S18)
A o145 || 14,2
qsatRT xl ‘x2
The adsorbed phase mole fractions can be determined
Ao B WA b (519
X, 4, bf, 4, bfi+bf, 4, bfi+bf,
Once x;, and x, =1—x; are determined, the sorption pressures can be calculated:
p=tey pole (S20)

X, x, l-x

From equations (S16), (S19), and (S20) we get

biplo = M = bzpzo = bt =b fi+b,f,

X X (S21)
1+b,P" =1+b,P) =1+b,f, +b,f,
Combining equations (S18), and (S21) we get the following expression for the adsorption potential for

the mixture
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A
_:qsat ln(1+blf; +b2f‘2) (822)
RT

The total amount adsorbed, ¢, = ¢, + ¢, can be calculated from Equation (S10)

b P° b,P° b f+b
1+1b1P0 :qsat 1 22 0 :qsat lﬁ 2f‘2 (823)
171 +b2P2 1+b1fi+b2f‘2

qt = QI +q2 = qsat

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

loadings, and fractional occupancies

g="0 _ b.f, g =1 _ b.f
1 2 2
qsat 1 + bl-fi + b2j‘2 q‘vat 1 + blfl + b2f2

(S24)

Equation (S24) is commonly referred to as the mixed-gas Langmuir model.
From equations (S16), (S23), and (S24) we derive the following expression for the total occupancy of

the mixture

0=0,+6, =1 =1-exp| - 74 1__bhth/, (S25)
q..RT ) 1+bf +b
sat 1J1 2J2

sat

For unary adsorption of component i, say, f. = P°, the occupancy of component 1 is
ry p p Y, Ji i pancy p

unary adsorption of species i (S26)

6, =1—-exp| - 74 _|\__b) ;
qsatRT 1+btf;

From equations (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.
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3 Diffusion in Microporous Crystalline Materials

3.1 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

manner6' 13

q. Ol XjN[—X[Nj N. )
_p i 2 E +—L; i=1,2,.n
PRT or D D (S27)

J=1 i i
J#i

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

adsorbed phase mole fractions are x;, =¢q,/q, where g; is the fotal mixture loading ¢, = Zqi. The

i=1
fluxes NV; in equations (S27) 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

corresponding unary diffusivity values, provided the comparison is made at the same value of the
adsorption potential, calculated from TAST usingEquation (S5), or its proxy the occupancy, &,

calculated using equations (S11), (S12), (S13). 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 Dy, defined by the first right member equations (S27), are introduced to
quantify the coupling between species diffusion. At the molecular level, the D;; reflect how the facility
for transport of species i correlates with that of species ;.

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
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b, =b, (528)

3.2 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

L op _onj 13,

; i=12,.n
RT or or f, or (S29)

The chemical potential gradients dy, /Or can be related to the gradients of the molar loadings, g, by

defining thermodynamic correction factors I'j;

A R oq . - of
i%=2r 9. r _4 9.

— T ; i,j=1,...n 30
RT or = "o 7 fog / (830)

The thermodynamic correction factors I';; 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

i:gl_ :%; i=1,2,.n
QSat 1+Zblf; (S31)
i=1

Is derivable from the IAST. Analytic differentiation of equation (S31) yields

Fij.:é;jJr[e—j; iL,j=L2...n (S32)

14

where the fractional vacancy 6 is defined as

0, =1-6,=1->6, (S33)

i=1
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The elements of the matrix of thermodynamic factors I';; can be calculated explicitly from information
on the component loadings ¢; 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';; explicitly from

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

3.3 M-S formulation for binary mixture diffusion

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

(S27) are written

4 oy _ XN, =xN, +&

RT or D, D, (S34)
_pCJ_zaluz _ 5N, —x,N, +£
RT or D, D,

The first members on the right hand side of Equation (S34) are required to quantify slowing-down

effects that characterize binary mixture diffusion.® > '

There is no experimental technique for direct
determination of the exchange coefficients P, that quantify molecule-molecule interactions.

In two-dimensional matrix notation, equation (S30) take the form

4 O 04,
RT or or
- =[T (S35)
4, Oty "] 94,
RT or or

For the mixed-gas Langmuir model, equation (S31), we can derive simple analytic expressions for the

four elements of the matrix of thermodynamic factors:"

F11 Flz _ 1 1_92 91 (S36)
r, r, 1-6,-6,| 6, 1-6,

where the fractional occupancies, &, are defined by equation (S31).

Let us define the square matrix [B]
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IS Bl(Hﬂj 5DD,
b b, b, . 1 12 b,
_ X L_,_i 1+ 052 BE x, DD, D 1+szl
b, b, by D, 2% i D, 2 s

In proceeding further, it is convenient to define a 2x2 dimensional square matrix [A]:

i + X2 M h Dl[l " Xle ] X1D1D2
[A] _ b, D, b, — 1 12 Dy,
_ M L_Fi 1+x]7192+x27191 x,Db, D[1+x2_191j
D, b, b, b, b, D, ? 1

Equation (S34) can be re-cast into 2-dimensional matrix notation

o(q).

(N)==p[A][F]—=

or

or
Dl(l+xlD2j x, DD, aq,
(NIJ__ P 12 b, |:r11 r12} or
N, 1+LD2+X27D1 x,D D, D2[1+x2D1} L, I, %

12 D12 1912

.ox %
|:B]1 B]2:|: Bl Blz Blz _[A]—l
le Bzz Xy L-i-i
Blz BZ Blz

3.4 Negligible correlations scenario for M-S diffusivities

(S37)

(S38)

(S39)

(S40)

For values of P, /b, -0, and D,/P, — 0, the contribution of the first right member of M-S

Equation (S34) can be ignored and correlations can be considered to be of negligible importance; we

derive
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Do P [M Au'_{ﬂ 0}

D, b, Ay Ay | 0 b,
] 94, (S41)
(Nljz_p |:D1 0} I, F12:| or
N, 0 b, _F21 I, %
or

Equation (S41) is valid, as a first approximation, for diffusion in cage-type zeolites with 8-ring
windows (CHA, LTA, DDR, ERI) and ZIF-8.1% 1622 When correlation effects are negligible, the

diffusional coupling effects are solely traceable to mixture adsorption thermodynamics, embodied in the

matrix [F] .
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4 Quasi-Chemical Theory for Occupancy Dependence of Unary

Diffusivity

The simplest model to describe this occupancy dependence is
D,=D,(0)(1-0) =D,(0)d, (S42)
where D,(0) is the M-S diffusivity at “zero-loading”, and 6, =(1-6) is the fractional vacancy,

determined from Equation (S11), where the saturation capacity is determined from the unary isotherm
fits. Equation (S42) is essentially based on a simple hopping model in which a molecule can jump from
one adsorption site to an adjacent one, provided it is not already occupied. The loading dependence
portrayed in equation (S42) has been termed the “strong confinement” scenario by Krishna and Baur."’
For the specific case of a binary mixture, the hopping of molecules from one site to another on a 2D
lattice is depicted in Figure S1. Using a simple lattice model, the M-S diffusivity in the limit of

vanishingly small occupancies, D,(0)= évl,(O)/l2 , where = 4 is the coordination number of the 2D

array of lattice sites, A is the jump distance on the square lattice, and v,(0) is the jump frequency at

vanishingly small occupancy.”

More generally, molecule-molecule interactions serve to influence the jump frequencies by a factor
that depends on the energy of interaction, w. For repulsive interactions, w > 0, whereas for attractive
interactions, w < 0. Using the quasi-chemical approach of Reed and Ehrlich®* to quantify such

interactions, the following expression is obtained for the occupancy dependence of the M-S diffusivities

23,25,26

- ¢
Di:Dl(O)(ij lle (843)
2(1-6) 2(1-6)

where the following dimensionless parameters are defined
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f=\1-46(1-6)1-1/¢); ¢=explw/RT) (S44)
In the limiting case of negligible molecule-molecule interactions, w =0, ¢=1, £ = 1 equations (S43),

and (S44) degenerate to yield Equation (S42).
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4.1 List of Figures for Quasi-Chemical Theory for Occupancy Dependence of Unary

Diffusivity

—%——Rlenp1 =RT9 u, —u +£9 u, —u,
2\"1 2 V' \""1

dz dz D, D,
du dinp, RT RT
~—2=-RT 2= 91(“2_’/‘1)"' HV(”z_”V)
dz dz D, D,, v\
Fractional
vacancy

() g}g @
0 0 o
N
D_V =—qav. Exchange coefficient “

i i [y ‘
) Corrlations e O o
® O

Figure S1. The Maxwell- Stefan description of hopping of molecules on a 2D surface.
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S SAPO-34 membrane permeation

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; the pore landscape and structural details are provided in
Figure S2, and Figure $3.7°
For adsorption in SAPO-34, the model based on statistical thermodynamics described in Chapter 3 of

Ruthven® is particularly relevant and useful

m

. Q. +1
qi — QI,SKJ! i — (S45)
Q, om
< BL) | Q1
1+b[fi+§ () ;
Q11

In Equation (S45) ¢; represents the loading in mol kg™, gi . is the saturation loading in mol kg, and
Q; i1s maximum capacity expressed in molecules per cage. Based on the atomic composition of SAPO-

34 used in our experiments of Li et al.,3 ! (Sio.061Al0.483P0.455)O2, we calculate ¢, ,, =1.369Q;.

The unary isotherms fit parameters are provided in Table S1.

The mixture adsorption equilibrium was determined using the IAST.

Experimental data of Li et al. >3 for component permeances for CO,/CHa, CO»/Ha, CO,/N,, CH4/Ha,
CH4/N,, CH4/Ar, and N»/H, mixtures in SAPO-34 membrane at 295 K are compared to unary
permeation data in Figure S4, Figure S5, Figure S6, Figure S7, Figure S8,Figure S9, Figure S10. The
permeance data are plotted as function of (a) upstream partial pressures, pio, (b) adsorption potential
7w A/RT and (c) occupancy 6 at the upstream face of the membrane.

Experimental data of Li et al. 3" for permeances of CO,, CHy, N, and H, determined for unary and

equimolar binary mixture permeation across SAPO-34 membrane at 295 K are presented in Figure S11

S19



SAPO-34 membrane permeation

and Figure S12. The data are plotted, respectively, as function of the adsorption potential 74/RT and
occupancy € at the upstream face of the membrane.

From the experimental data on the component permeances, the transport coefficients pB,/S can be
backed-out; details of the backing-out procedure are provided in Li et al.*'*. Figure S13 presents plots
of the transport coefficients pb, / o, with units kg m? s, of CO,, CH4, N>, and H; determined for unary
and equimolar binary mixture permeation across SAPO-34 membrane at 295 K. The data are plotted as
function of the occupancy € at the upstream face of the membrane. The continuous solid lines are the
Reed-Ehrlich® model calculations that quantifies the occupancy dependence of the transport

coefficients.

The continuous solid lines in Figure S13 are fits of the experimental data on transport coeffficients by

fitting the sets of parameters: pH,(0)/5, and =g, exp(—a@). For all four guest molecules in SAPO-

34, equations (S43), and (S44) degenerate provide good descriptions of the occupancy dependence.
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5.1 List of Tables for SAPO-34 membrane permeation

Table S1. Pure component isotherm fit data for guest species in SAPO-34, as tabulated in Li et al.”'

Molecule b; Q; qisat
CO, 7.67x107 6 8.2
CH, 5.87x10° 6 8.2
N, 1.26x10° 6 8.2
H, 2.84x107 9 12.3
0, 1.2x10° 6 8.2
CO 2.31x10° 6 8.2
Ar 1.26x10° 6 8.2

bi 1s expressed in Pa'l, Qi in molecules per cage, ¢; sat 1n Mol kg'l.
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5.2 List of Figures for SAPO-34 membrane permeation

CHA landscape

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).

A

Snapshots

showin

Snapshots
showing location
of CH,and CO,

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

Figure S2. Pore landscape and structural details 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 15.075
bI/A 23.907
clA 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?] 0.8747
p [kg/m3] 14441
MW unit cell [g/mol(framework)] 4326.106
¢, fractional pore volume 0.382
open space / A3/uc 1898.4
Pore volume / cm?3/g 0.264
Surface area /m2/g 758.0
DeLaunay diameter /A 3.77

Figure S3. Pore landscape and structural details of all-silica CHA zeolite.
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Figure S4. Experimental data of Li et al.>’* for component permeances for CO,/CH,; mixtures in

SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of

(a) upstream partial pressures, pi, (b) adsorption potential 7A4/RT and (c) occupancy 6 at the

upstream face of the membrane.
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Figure S5. Experimental data of Li et al.>'”® for component permeances for CO,/H, mixtures in
SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of

(a) upstream partial pressures, pi, (b) adsorption potential 7A/RT and (c) occupancy € at the upstream

face of the membrane.
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Figure S6. Experimental data of Li et al.>’* for component permeances for CO,/N, mixtures in
SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of

(a) upstream partial pressures, pi, (b) adsorption potential 74/RT and (c) occupancy @ at the upstream

face of the membrane.
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Figure S7. Experimental data of Li et al.>’”® for component permeances for CHy/H, mixtures in
SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of
(a) upstream partial pressures, pi, (b) adsorption potential 7A/RT and (c) occupancy € at the upstream

face of the membrane.
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Figure S8. Experimental data of Li et al.>'”® for component permeances for CHy/N, mixtures in

SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of
(a) upstream partial pressures, pi, (b) adsorption potential 7A4/RT and (c) occupancy € at the upstream

face of the membrane.
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Figure S9. Experimental data of Li et al.>’* for component permeances for CH4/Ar mixtures in

SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of
(a) upstream partial pressures, pi, (b) adsorption potential 7A/RT and (c) occupancy 6 at the upstream

face of the membrane.
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Figure S10. Experimental data of Li et al.>'** for component permeances for No/H, mixtures in
SAPO-34 membrane at 295 K, compared to unary permeation data. The data are plotted as function of
(a) upstream partial pressures, pi, (b) adsorption potential 7A/RT and (c) occupancy € at the upstream

face of the membrane.
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Figure S11. Experimental data of Li et al.’'* for permeances of CO,, CHy, N5, and H, determined for

unary and equimolar binary mixture permeation across SAPO-34 membrane at 295 K. The data are

plotted as function of the adsorption potential 7A/RT at the upstream face of the membrane.
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Figure S12. Experimental data of Li et al. > for permeances of CO,, CHa, N», and H, determined for

unary and equimolar binary mixture permeation across SAPO-34 membrane at 295 K. The data are

plotted as function of the occupancy & at the upstream face of the membrane.
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Figure S13. Experimental data of Li et al.*'** for transport coefficients pB, /8 of CO,, CHs, N, and

H, determined for unary and equimolar binary mixture permeation across SAPO-34 membrane at 295

K. The data are plotted as function of the occupancy & at the upstream face of the membrane. The

continuous solid lines are the Reed-Ehrlich model calculations, equations (S43), and (S44), with the

parameters as indicated alongside the corresponding Figures.
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6 DDR membrane permeation

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 S14, and Figure S15. The guest molecules jump
one-at-a-time across the narrow 8-ring windows.

CBMC simulations of the unary isotherm data for CO,, CH4, and N, for a variety of temperatures
were fitted with a 3-site Langmuir model in previous work; see Figure S16, and Figure S17." The 3-site
Langmuir parameters are provided in Table S2. The CBMC simulations are in very good agreement

with the experimental data of Himeno et al.;**>°

see comparisons in Figure S16.

Experimental data of Van den Bergh et al.>” *® for component permeances for 50/50 CO,/CH,, and
50/50 N»/CH4 mixtures in DDR membrane at 303 K are compared to unary permeation data in Figure
S18, and Figure S19. The permeance data are plotted as function of (a) upstream partial pressures, pio,

(b) adsorption potential 7A/RT and (c) occupancy & at the upstream face of the membrane.

Figure S20 presents a comparison of CHs component permeances for 50/50 CO,/CH4 and 50/50
N,/CH4 binary mixture permeation across DDR membrane at 303 K, compared to unary permeance. The
data are plotted as function of the adsorption potential 7A4/RT and occupancy @ at the upstream face of
the membrane.

Figure S21 presents experimental data of Himeno et al.”> for component permeances for 50/50
CO,/CH4 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, pjo, (b) adsorption potential
7w A/RT and (c) occupancy 6 at the upstream face of the membrane.

When compared at the same adsorption potential, or occupancy, the component permeances are the

same for mixtures as for unary systems.
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6.1 List of Tables for DDR membrane permeation

Table S2. Temperature dependent 3-site Langmuir parameters for CO,, CHa4, and N, in DDR. The fits

are those reported in the Supplementary Material accompanying Krishna and van Baten."’

_ qsat,AbAf n q‘s‘at,Bbe n qsat,CbCf
1+b,f  1+by,f 1+b.f

3400

For COy: b, =7.8x107"" ex ( )y guq =3.0mol/kg;

3800 3450

T ); Gy =0.6 mol/kg

by, =2x10"" exp( ) oy =1.0mol/kg; b, =1.9x107* exp(

2200

For CHy: b, =2.39x107 exp( )y Qg4 =1.6mol/kg;

2200 1000

b, =124x10™" exp(

)’ 95,8 =1. 6m01/kg, b =1. 27X10—12 ex (

); Dsurc = 1.0 mol/kg

For N: b, =1. 57%x107° exp(1650

); Goun =1.8 mol/kg;

650

b, =45x10" exp(1 T 1650

); G5 =1.8mol/kg; b. =3x10" - exp( ) Gy =1.8mol/kg
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6.2 List of Figures for DDR membrane permeation

. DDR landscape
- ; \ ‘ d

Inaccessible pockets

To convert from molecules per unit cell to mol kg-', multiply by 0.06936.
The pore volume is 0.182 cm3/g.

S There are 12 cages per unit cell.
ﬁ 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).

]

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

Figure S14. 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 [kg/m3] 1759.991
MW unit cell [g/mol(framework)] 14420.35
¢, fractional pore volume 0.245
open space / A3/uc 33335
Pore volume / cm®/g 0.139
Surface area /m?/g 350.0
Delaunay diameter /A 3.65

Figure S15. Structural details of all-silica DDR zeolite.
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Figure S16. Comparison of CBMC simulated isotherms'? for CO,, CH4 and N, with experimental data
of Himeno et al.’***® Also shown by the continuous solid lines are the 3-site Langmuir fits of the

isotherms using the parameters specified in Table S2.
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Figure S17. Comparison of CBMC simulated isotherms'® for CO,, CH4, N, and Ar with 3-site

Langmuir fits of the isotherms using the parameters specified in Table S2.
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Figure S18. Experimental data of Van den Bergh et al.’” ** for component permeances for 50/50

CO,/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, (b) adsorption potential

7w A/RT and (c) occupancy @ at the upstream face of the membrane.
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Figure S19. Experimental data of Van den Bergh et al.*” ** for component permeances for 50/50

N,/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, pip, (b) adsorption potential

7w A/RT and (c) occupancy & at the upstream face of the membrane.
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Figure S20. Comparison of CH4 component permeances for 50/50 CO,/CH4 and 50/50 N,/CHy binary
mixture permeation across DDR membrane at 303 K, compared to unary permeance. The data are

plotted as function of the adsorption potential 74/RT and occupancy @ at the upstream face of the

membrane.
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Figure S21. Experimental data of Himeno et al.,”> scanned from Figures 6, 10, and 11 of their paper,

for component permeances for 50/50 CO,/CH4 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, pi, (b) adsorption potential 7A4/RT and (c) occupancy € at the upstream face of the

membrane.
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7 Z1F-8 membrane permeation

ZIF-8 has a cage-window SOD (sodalite) topology (see pore landscapes in Figure S22, and Figure
S23). The crystallographic size of the windows of ZIF-8 are 3.3 A, but the windows are flexible. The
separation of C,H4/C;Hs, and CsHe/CsHg mixtures using ZIF-8 membranes is primarily based on
differences in the diffusivities of the alkenes and alkanes; such differences arise due to subtle
differences in bond lengths and bond angles.” The ratio of the diffusivity of C3Hs propene to that of
CsHg in ZIF-8 has a value of 125 based on the uptake data of Li et al.** A further confirmation of the
subtle influence of bond lengths and bond angles on diffusivities of alkenes and alkanes is provided by
Ruthven and Reyes29 who report diffusion selectivity values for C3Hes/C3Hg mixtures in excess of 1000
for CHA and DDR zeolites.

The adsorption selectivities for C,H4/C,Hg, and CsHg/CsHg mixtures using ZIF-8 favor the saturated
alkane; this implies that adsorption and diffusion do not proceed hand in hand. The diffusion
selectivities over-ride the adsorption selectivties, yielding permeation selectivities in favor of the
unsaturated alkene. From the unary isotherm data in Table S4, the ratio of single-site Langmuir

parameters b, /b, for C3He/C3Hs is 1.08 at 308 K.

Figure S24 presents the Experimental data of Bux et al.*' for component permeances for 50/50
C,H4/C25Hg binary mixture permeation across ZIF-8 membrane at 298 K, compared to unary
permeances. The data are plotted as function (a) upstream partial pressures, pio, (b) adsorption potential
7w A/RT and (c) occupancy 6 at the upstream face of the membrane.

Figure S25 presents the experimental data Liu et al.¥ of permeances for 50/50 CsHe/CsHg mixtures in
ZIF-8 membrane at 308 K, compared to unary permeances. The data are plotted as function of (a)
upstream partial pressures, pio, (b) adsorption potential 7A/RT and (c) occupancy 6 at the upstream

face of the membrane.
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7.1 List of Tables for ZIF-8 membrane permeation

Table S3. 1-site Langmuir-Freundlich parameters for ethene and ethane in ZIF-8.* The T-dependent
parameters are obtained by fitting the combined sets of pure component isotherm data of Bohme et al.**

determined for a variety of temperatures in the range 273 K to 408 K.

bp" E
—g. 2 b =byexp| —
q q.sat i py A 0 p(RT)

sat bO E |4

mol kg! Pa kJ mol™! dimensionless
ethene 12 9.37x107"" | 21.5 1.08
ethane 12 8.55x10°" | 23.2 1.08
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Table S4. l-site Langmuir parameters for propene and propane in ZIF-8.* The 7-dependent

parameters are obtained by fitting the combined sets of pure component isotherm data of Li et al.*’ and

Bohme et al.** determined for a variety of temperatures in the range 273 K to 408 K.

bp E
qzqsat—; bA :boexp -
1+bp RT
{sat bO E
mol kg™! Pa! kJ mol™
propene | 5.2 4.57<10™"" | 33.9
propane | 5.2 1.39x10" | 31.3
—— Langmuir fits pure propene
v 303K ZIF-8;
& 318K Li etal and
m 325K Boehme et al.
expt data
40 - A 333K
" ® 348K
35 % 363K
- - 378K
2 30[X 393K
[} r
E o25f
S
o 20r
£ F
2 r
S 15F
& r
S 10
= e
05
0.0

104
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Bulk gas phase pressure, p, /Pa
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X¥#x0pbmod

pure propane
ZIF-8;

Li etal and
Boehme et al.
expt data

104

10°

Bulk gas phase pressure, p, /Pa

S46



ZIF-8 membrane permeation

7.2 List of Figures for ZIF-8 membrane permeation

ZIF-8 pore landscapes

There are 2 cages per unit cell. To convert from molecules
per cage to mol kg™, multiply by 0.7325.

There are 2 cages per unit cell.
The volume of one ZIF-8 cage is
1168 A3, significantly larger than
that of a single cage of DDR (278
A3), or FAU (786 A3).

L

Figure S22. Pore landscape and structural details of ZIF-8.
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ZIF'8 dimensions
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alA 16.991
bIA 16.991
c/A 16.991
Cell volume / A3 4905.201
conversion factor for [molec/uc] to [mol per kg Framework] 0.3663
conversion factor for [molec/uc] to [kmol/m?3] 0.7106
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Figure S23. Pore landscape and structural details of ZIF-8.
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Figure S24. Experimental data of Bux et al.*' for component permeances for 50/50 C,H4/C25Hs
binary mixture permeation across ZIF-8 membrane at 308 K, compared to unary permeation data. The

data are plotted as function of (a) upstream partial pressures, pi, (b) adsorption potential 74/RT and

(c) occupancy € at the upstream face of the membrane. The isotherm data are provided in Table S3.
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Figure S25. Experimental data of Liu et al.** for component permeances for 50/50 C3H¢/C3Hg binary

mixture permeation across ZIF-8 membrane at 308 K, compared to unary permeation data. The data are
plotted as function of (a) upstream partial pressures, pio, (b) adsorption potential 7A/RT and (c)

occupancy € at the upstream face of the membrane. The isotherm data are provided in Table S4.
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8 MFI zeolite membrane permeation

8.1 MFI structural details

MFI zeolite (also called silicalite-1) has a topology consisting of a set of intersecting straight
channels, and zig-zag (or sinusoidal) channels of approximately 5.5 A size. The pore landscapes and

structural details are provided in Figure S26, and Figure S27.

8.2 CO,/H, permeation at 296 K, and 273 K

For analysis of the CO,/H, permeation data of Sandstrom et al.,45 measured at 296 K the required
isotherm parameters are specified in Table S5. The isotherms are fitted with the single-site Langmuir
model with equal saturation capacities for either species, equation (S14). The analysis of the
experimental permeation data is summarized in Figure S28.

The experimental data are amenable to modeling using the Maxwell-Stefan equations:

g duy _ XN —xN, +ﬂ.

5

RT dz D, D, (546
_p&d,u2 _ XN, -x,N, +£
RT dz D, D,

where p represents the framework density of the microporous crystalline material. For steady state
permeation across a microporous membrane of thickness o (see schematic in Figure S29), the M-S

equations can be solved using the simple linearization technique described in earlier work to yield

o))

B(l_'_xlDzj x DD,
|
[A] B 1 12 by, (847)
1+xlB2+x2B1 x,D, D, D (H_xleJ
Dy g
i 12 12

1-6, 6
[F]: - 1_ 2 _]
1-6,-6,| 6, 1-6,
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A simple approach is to assume that the two-dimensional square matrices [A] and [I'] are

independent of loadings in the membrane, and evaluated at conditions corresponding to the upstream
face of the membrane that is in equilibrium with the feed mixture in the upstream compartment. The
component loadings ¢10, g20, adsorbed phase mole fractions, x;, x,, and the fractional occupancies 6, &,
can be evaluated using the mixed-gas Langmuir model Equation (S24). The model calculations are
shown by the continuous solid lines in Figure S30. The zero-loading M-S diffusivities are fitted from

unary permeance data: pP (0)/6=3.2, and pP,(0)/5 =100 kg m? s”. The degree of correlations is
taken to increase linearly with occupancy 6: D,/B,, =b0=b(6,+6,). The H, permeance is

significantly influenced by correlation effects, as is evidenced in Figure S30 for calculations taking

b,/D,, =1.00, 3.00, and 10.08; the choice D,/D,, =10.00 affords the best match with experimental

data of Sandstrom et al..*

For analysis of the experimental CO,/H, permeation data of Sjoberg et al.,*® measured at 273 K the
required isotherm parameters are also specified in Table S5. The analysis of the permeation data is
summarized in Figure S31. The continuous solid lines in Figure S31 are the M-S model calculations
using precisely the same model parameters as used in the analysis of the experimental data of Sandstrom

et al:*  pbP,(0)/6 =32, pP,(0)/5=100 kg m* s, and P,/P,=10.00. The only essential
difference in the calculations presented in Figure S30 and Figure S31 are that use of two different
single-site Langmuir parameters for the 296 K, and 273 K, respectively.

8.3 CH,/C,Hg, and CH,/C;Hg permeation at 303 K

For analysis of the CH4/C,Hg, and CH4/C3Hg permeation data at 303 K of van de Graaf et al.*” the
required isotherm parameters are specified in Table S6. The analysis of the permeation data are

summarized in Figure S32, and Figure S33.
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8.4 CH,/n-C4H;, permeation at various temperatures

For analysis of the experimental data of Vroon et al.** for CHy/n-C4H;( permeation the required unary
isotherm fit parameters are provided in Table S7. The analysis of the permeation data is summarized in

Figure S34.

8.5 nC6/22DMB permeation at 398 K

For analysis of the experimental data of Gump et al.* for nC6/22DMBpermeation data at 398 K, the
required unary isotherm fit parameters are provided in Table S8. The unary isotherm fits are based on

CBMC simulation data presented in Figure S35. The analysis of the permeation data is summarized in

Figure S36.
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8.6 List of Tables for MFI zeolite membrane permeation

Table S5. Langmuir parameter fits for CO, and H, in MFI (silicalite-1) zeolite. The CO, isotherm fits

are based on CBMC simulation data at three different temperatures, 200 K, 253 K, and 300 K. The H;

fits are based on CBMC simulation data at 300 K, combined with experimental data of Golden and

Sircar® at 305.15 K, and 353.25 K. The T-dependent isotherm fits from the sets of data were

interpolated, or extrapolated, to 273 K and 296 K. The single-site Langmuir parameters at these two

temperatures are provided below.

T=273K:
_ 4u.bp sat b
1+bp mol kg Pa!
CO, 3.7 1.447x107
H, 3.7 7.70x10®
T=296K:
_ 4ubp sat b
1+bp mol kg P!
CO;, 3.7 5.94x10°°
H, 3.7 5.50x10°
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Table S6. Dual-site Langmuir-Freundlich parameters for CH4, C,Hg, and CsHg molecules in MFI at

303 K. The isotherm parameters were obtained by fitting to CBMC simulated isotherms as reported in

earlier work.” To convert saturation loadings from molecules uc to mol kg™, multiply by 0.173367.

Site A Site B

Onsa ba Va O s by Vi

molecules uc’ | pg dimensionless | moleculesuc”’ | pgv dimensionless
CHy4 7 5.00E-09 1 16 3.10E-06 1
C,Hs 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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Table S7. Dual-site Langmuir-Freundlich parameters for CH4, and n-C4H;¢9 molecules in MFI at

various temperatures 7. CBMC simulations of unary isotherms at various temperatures were fitted with

beVE

——— +(qy,,— . The b parameters for each site are temperature-dependent
1+b,p™ 1+ byp”

b,=b, exp(%j; b, = by, exp(%). The parameters are provided in the Table below. To convert

saturation loadings from molecules uc™ to mol kg™, multiply by 0.173367.

Site A Site B
g A sat bao Ex vV, gBsat b Ey Vg
molecule Pa " kJ mol™ molecule Pa " kJ mol™
uc’! di . uc’! . .
imensionless dimensionless
CH,4 7 9.52E-08 | 10 0.6 16 5.51E-10 21 1
nCsHip | 2.5 6.6E-09 35 10.64 7.4 3.98E-15 70 1.35
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Table S8. Dual-site Langmuir-Freundlich parameters for nC6, and 22DMB molecules in MFI at 398

K. The isotherm parameters were obtained by fitting to CBMC simulated isotherms as reported in

earlier work.” To convert saturation loadings from molecules uc to mol kg™, multiply by 0.173367.

Site A Site B

Onsa ba Va O s by Vi

molecules uc’ | pg dimensionless | moleculesuc”’ | pgv dimensionless
nCé6 4 4.00E-03 1 3.7 1.104E-04 1
22DMB 4 1.24E-03 1
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8.7 List of Figures for MFI zeolite membrane permeation

M FI pore landscape

MFI
alA 20.022
b /A 19.899
c/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?] 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 / cmd/g 0.165
Surface area /m2/g 487.0
Delaunay diameter /A 5.16

Structural information from: C. Baerlocher, L.B. McCusker,
Database of Zeolite Structures, International Zeolite Association,

http://www.iza-structure.org/databases/

Figure S26. Structural details and pore landscape for MFI zeolite.

Unit cell
of MFI
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M FI pore dimensions

10 ring channel
of MFI viewed
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10 ring channel
of MFI viewed
along [010]

Y

Figure S27. Structural details and pore landscape for MFI zeolite.
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Figure S28. Experimental data of Sandstrom et al.* on component permeances for 50/50 CO,/H,

binary mixture permeation across MFI membrane at 296 K, compared to unary permeation data. The

data are plotted as function of (a) upstream partial pressures, pio, (b) adsorption potential 7A4/RT and

(¢) occupancy @ at the upstream face of the membrane.
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Figure S30. Experimental data of Sandstrom et al.* on component permeances for 50/50 CO,/H,

binary mixture permeation across MFI membrane at 296 K, compared with the M-S model calculations

for various values of the degrees of correlation. The data are plotted as function of (a, b) adsorption

potential 7A4/RT and (c, d) occupancy @ at the upstream face of the membrane.
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Figure S31. Experimental data of Sjdberg et al.*® on component permeances for 50/50 CO,/H; binary
mixture permeation across MFI membrane at 273 K. The data are plotted as function of (a) upstream
partial pressures, pio, (b) adsorption potential 74/RT and (c) occupancy € at the upstream face of the

membrane. The continuous solid lines are the M-S model calculations.
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Figure S32. Experimental data of van de Graaf et al.*” on component permeances for CH,/C,Hs binary

mixture permeation across MFI membrane at 303 K, and 101 kPa. The data are plotted as function of (a)
upstream feed compositions and (b) adsorption potential 74/RT and (c) occupancy 6 at the upstream

face of the membrane.
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Figure S33. Experimental data of van de Graaf et al.*” on component permeances for CH4/C3Hg binary

mixture permeation across MFI membrane at 303 K, and 101 kPa. The data are plotted as function of (a)

upstream feed compositions and (b) adsorption potential 74/RT and (c) occupancy 6 at the upstream

face of the membrane.
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Figure S34. Experimental data of Vroon et al.*® for unary and 50/50 CH4/n-C4H;p component

permeances across MFI membrane at 100 kPa, and various temperatures. The data are plotted as

function of (a) temperature and (b) adsorption potential 7A4/RT and (c) occupancy 6 at the upstream

face of the membrane.
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Figure S35. Configurational-Bias Monte Carlo (CBMC) simulations of unary and 50/50 nC6/22DMB

mixture adsorption in MFI at 398 K. The data are plotted as function of upstream partial pressures, pio.
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9 Nomenclature

Latin alphabet

A

ba

—_

-

qi

{isat

qt

surface area per kg of framework, m” kg

dual-Langmuir-Freundlich constant for species i at adsorption site A, Pa”

Vi

dual-Langmuir-Freundlich constant for species i at adsorption site B, Pa™*

Maxwell-Stefan matrix, m? s

Maxwell-Stefan diffusivity for molecule-wall interaction, m” s™

M-S diffusivity at zero-loading, m* s™'
M-S exchange coefficient, m* s™

M-S exchange coefficient for binary mixture, m”s™

partial fugacity of species i, Pa

total fugacity of bulk fluid mixture, Pa

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 i, mol kg™
molar loading of species i at saturation, mol kg™
total molar loading in mixture, mol kg™

gas constant, 8.314 J mol™ K!

absolute temperature, K

1
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w energy of interaction, J mol’

Xi mole fraction of species 7 in adsorbed phase, dimensionless

z distance coordinate, m

Greek alphabet

b parameter defined in equation (S43), and (S44), dimensionless
[ thermodynamic factors, dimensionless

[F] matrix of thermodynamic factors, dimensionless

O Kronecker delta, dimensionless

£ fractional pore volume of particle, dimensionless

C coordination number defined in equation Error! Reference source not found.,
dimensionless

A jump distance in lattice model, m

[A] matrix of Maxwell-Stefan diffusivities, m* ™'

i molar chemical potential of component #, J mol™

T spreading pressure, N m™

IT, permeance of species i for zeolite membrane, mol m™ s™' Pa™
O; loading of species i, molecules per unit cell

Oi sat saturation loading of species i, molecules per unit cell

O total mixture loading, molecules per unit cage, or per unit cell
1% jump frequency, s

1% exponent in dual-Langmuir-Freundlich isotherm, dimensionless
@ parameter defined in equation (S43), and (S44), dimensionless
Yo, framework density, kg m™
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Subscripts

1 referring to component 1

2 referring to component 2

i referring to component i

t referring to total mixture

sat referring to saturation conditions
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