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ABSTRACT: Using configurational-bias Monte Carlo simulations of adsorption equili-

brium and molecular dynamics simulations of guest diffusivities of CO,, CH,, N,, and O, in N
FAU zeolites with varying amounts of extra-framework cations (Na* or Li*), we demonstrate Na* Y Na*
that adsorption and diffusion do not, in general, proceed hand-in-hand. Stronger adsorption o og CH.. ‘. 3 ‘c o
often implies reduced mobility. The anti-synergy between adsorption and diffusion has 4: v 322 \ i
consequences for the design and development of pressure-swing adsorption and membrane y B . .o &
separation technologies for CO, capture and N,/O, separations. e N3
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1. INTRODUCTION

Despite the burgeoning research and development activities on
novel metal—organic frameworks (MOFs) in separation
applications, cation-exchanged zeolites remain viable con-
tenders for use as adsorbents in the industrial practice. For
post-combustion CO, capture, Na* cation-exchanged FAU
(faujasite) zeolite, NaX, also commonly known by its trade
name 13X (with Si/Al ~ 1.2), is considered to be the
benchmark adsorbent, with the ability to meet government
targets for CO, purity and recovery.' NaX zeolites are also of
potential use in natural gas purification,” alkane/alkene
separations,” and hydrogen purification processes.”” >
Coulombic interactions of CO, and unsaturated alkenes with
the extra-framework cations (e.g, Na*, Ca™*, Li*, and Ba**)
result in strong binding; the binding strength and selectivity
can be tuned by the appropriate choice of the extra-framework
cations and the adjustment of the Si/Al ratios.”'>***72¢

Li* cation-exchanged FAU (faujasite) zeolite is commercially
used for separation of N,/O, mixtures.””*”** For supplying
medical grade oxygen to prevent hypoxemia-related complica-
tions related to COVID-19, portable medical oxygen
concentrators commonly use LiLSX (LS = low silica; Si/Al
~ 1) to achieve high N,/O, adsorption selectivities, ensuring
enhanced rejection of purified O,, the desired product.””*°

For separation applications using pressure-swing adsorption
(PSA) technology, consisting of adsorption/desorption cycles,
there is often a mismatch between the requirements of strong
adsorption and ease of desorption.”’ For example, NaX has a
very strong affinity for CO,, but the regeneration requires
application of deep vacuum. For CO, capture from flue gases,
Prats et al.”>*® have used molecular simulations of mixture
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adsorption in FAU to determine the optimum Si/Al ratio for
PSA operations.

In the design and development of PSA technologies
employing cation-exchanged zeolite adsorbents, we also
require data on the intracrystalline diffusivities of guest
molecules. Most commonly, diffusion limitations cause
distended breakthrough characteristics and reduction in the
purities of the desired products.”’ ~*° Diffusivity data are also
of vital importance in the development of zeolite membrane
constructs for mixture separations in which cation-exchanged
zeolites are used as thin layers or as fillers in mixed-matrix
configurations.”’~*

The primary objective of this communication is to gain some
fundamental thermodynamic insights into the adsorption and
diffusion characteristics of a variety of guest molecules such as
CO,, CH,, N,, and O, in FAU zeolites with varying amounts
of extra-framework cations: Na* and Li*. The desired insights
are obtained by performing configurational-bias Monte Carlo
(CBMC) simulations of adsorption and molecular dynamics
(MD) simulations of diffusion in Na- and Li-exchanged FAU
zeolites with varying Si/Al ratios. The CBMC and MD
simulation methodologies, along with details of the force field
implementations, are detailed in the Supporting Information
accompanying this publication. We aim to demonstrate the
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anti-synergy between adsorption and diffusion; the stronger
the binding of a guest molecule, the lower is its mobility. Such
insights are of vital importance in determining the optimum
Si/Al ratio of zeolite for use in PSA technologies or in
membrane constructs.

2. THE GIBBSIAN CONCEPT OF SPREADING
PRESSURE

The spreading pressure, 7, is related to the molar chemical
potential, 4z, by the Gibbs adsorption equation™*

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

where A represents the surface area per kg of framework, and g;
is the component molar loading in the adsorbed phase mixture.
At thermodynamic equilibrium, the y; are related to the partial
fugacities in the bulk fluid mixture

dy, = RTdInf 2)
In developing the ideal adsorbed solution theory (IAST),

Myers and Prausnitz** write the following expression relating
the partial fugacities in the bulk gas mixture

fl_ = P,-Oxi; i=12,.,n (3)
to the mole fractions, x;, in the adsorbed phase mixture
q.
xi:—l; i:1,2,...,l’l
q, + g, + ..+ q, (4)

In eq 3, 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 n-component mixture:

A ! q'(f) . 9,(f)
E:/O 7 df‘/o 7Y

_ 3qf(f)df
o/ (s)

In eq S, 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 7."°"*" As derived in detail in the
Supporting Information, the fractional pore occupancy, 6, is
related to the surface potential by

P
0=1— exp| ——

qsat,mix (6)

where g, mi is the saturation capacity for mixture adsorption.
Equation 6 implies that ® may also be interpreted as a proxy
for the pore occupancy; it is the fundamentally correct
yardstick to compare the adsorption and diffusion character-
istics of different host materials.”"**~>

In view of eq 3, we may express the adsorption selectivity for
the i—j pair as follows

0
/9 x/f P

Sas_ - -
VAT ?)

Applying the restriction specified by eq S, it follows that S,4;
is uniquely determined by the surface potential @, irrespective
of the mixture composition and total fugacity, f,.

3. RESULTS AND DISCUSSION

3.1. CO, Capture Using Na-Exchanged FAU. Figure 1a
plots the CBMC data on isosteric heats of adsorption, Q,, a
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Figure 1. (a) CBMC simulations of the isosteric heats of adsorption,
Q,, of CO, and CH, in FAU (0 Al, all-silica), NaY (54 Al uc™), and
NaX (86 Al uc™!) zeolites, determined at 300 K, plotted as a function
of the surface potential ®@. (b) MD simulations of the self-diffusivities,
D, s of CO, and CH, in FAU, NaY, and NaX zeolites, determined at
300 K, plotted as a function of the surface potential ®. All simulation
details and input data are provided in the Supporting Information
accompanying this publication.

measure of the binding energies, of CO, and CH, in FAU (0
Al all-silica), NaY (54 Al uc™'), and NaX (86 Al uc™") zeolites,
plotted as a function of the surface potential ®@. For CO,, the
hierarchy of Q, is NaX > NaY > FAU; this hierarchy reflects
the strong electrostatic interactions with the extra-framework
cations, engendered by the large quadrupole moment of CO,.
For CH,, the differences in the Q,, in the three different hosts
are considerably smaller because the adsorption of CH, is due
to van der Waals interactions that also increase with increasing
number of cations.

Strong binding of guest molecules also implies a hi%her
degree of “stickiness” and, consequently, lower mobility.”">*
To demonstrate this, Figure 1b presents the MD simulations of
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the unary self-diffusivities, D; .5 of CO, and CH, in FAU (0
Al), NaY, and NaX zeolites. Compared at the same surface
potential @, the hierarchy of self-diffusivities is precisely
reverse of the hierarchy of Q. Noteworthily, CH,, the guest
with the larger kinetic diameter of 3.8 A, has a higher mobility
than CO,, which has a smaller kinetic diameter of 3.3 A. The
fallacy of using kinetic diameters to anticipate hierarchies in
the diffusivity values has been underscored in published
works.' %!

CBMC simulations were carried out for equimolar (f; = f,)
CO,(1)/CH,(2) mixtures in FAU (0 Al), NaY, and NaX
zeolites. The values of the adsorption selectivities, S,4, are
plotted in Figure 2a as a function of ®. The hierarchy of S4,

d
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Figure 2. Comparison of CBMC/MD simulations of (a) adsorption
selectivities, S,4, and (b) diffusion selectivities, Sys of CO,/CH,
mixtures in FAU (0 Al), NaY, and NaX zeolites at 300 K. The
selectivities are plotted as a function of the surface potential ®. All
simulation details and input data are provided in the Supporting
Information accompanying this publication.

values is NaX > NaY > FAU (0 Al), reflecting the stronger
binding of CO,. The corresponding hierarchy of diffusion
selectivities, Sy = Dy, g1t/ Dy, selp is precisely the reverse of S 4
evidently, mixture adsorption and diffusion do not proceed
hand-in-hand. This anti-synergy has important consequences
of use of cation-exchanged zeolites in membrane constructs. If
the partial fugacities of the components at the downstream face
are negligibly small in comparison with those at the upstream

13052

face, the component permeabilities may be estimated from the
following expression”’

Hi _ pDi,selfqi
f (8)

For FAU (0 Al), NaY, and NaX zeolites, Figure 3ab
compares the values of the CO, permeabilities, I1;, and the
permeation selectivity

Sperm = HI/HZ = Sads X Sperm (9)

The CO, permeabilities, IT;, decrease with increasing values
of @. The S, is a product of the adsorption selectivity and
diffusion selectivity (cf. Figure 2a,b). While the Sy increases
with @ for all three hosts, the S,4 increases with @ until a
maximum is reached for NaX and NaY and decreases on a
further increase in ®. Consequently, the S, also shows a
maximum value for NaX and NaY. For the specific choice of
upstream operating conditions, f, = f, + f, = 10° Pa, Figure 3c
shows the Robeson plot of Sperm vs 11, for the three host
structures. We note that the performances of both NaY and
NaX lie above the line representing the Robeson upper
bound.*® Since both Sperm and Il are important metrics
governing the choice of the appropriate membrane material,
there is room for optimization of the Si/Al ratio depending on
the relative weightage to be assigned to permeation selectivity
and permeability. CBMC/MD data that are analogous to those
presented in Figures 2 and 3 are obtained for CO,/N,, CO,/
H,, CH,/H,, CH,/C,H, and CH,/C;H, mixtures in FAU (0
Al), NaY, and NaX (see Figures S60—S64 of the Supporting
Information).

3.2. N,/O, Separations Using Li-FAU and Na-FAU.
Figure 4a presents MD simulations of the unary self-
diffusivities, D, 5 for Ny, at 300 K in Li-exchanged FAU
zeolites, with different Al contents per unit cell: 0, 48, 54, 86,
and 96, plotted as functions of the surface potential ®; the
contents of Li* are equal to that of Al. The magnitudes of D; ¢
decrease with increasing values of @, which also serves as a
proxy for the pore occupancy. At any specified value of @, the
values of the self-diffusivity, D; ., show the following trend:
FAU (0 Al) > FAU (48 Al) ~ FAU (54 Al) > FAU (86 Al) ~
FAU (96 Al). This hierarchy of D, . values correlates,
inversely, with the corresponding values of the isosteric heats
of adsorption of N, (cf. Figure 4b). N, has a significant
quadrupole moment, and the electrostatic interaction
potentials increase with increasing Al content, leading to
increasing binding energies. The data in Figure 4a,b confirm
that the diffusional mobility of N, is reduced with increased
binding energy.

On the other hand, we note from Figure 4b that the isosteric
heats of adsorption of O, are practically uninfluenced by the
addition of extra-framework cations due to the significantly
lower quadrupole moment of O,. Therefore, we should
anticipate that the mobility of O, should be practically
independent of the degree of Li exchange; this expectation is
fulfilled by the MD simulations of the self-diffusivities of O, in
Li-FAU (see Figure 4c).

For 80/20 N,/O, mixture adsorption, Figure Sa plots the
adsorption selectivities, S,4, of Li-exchanged FAU zeolites,
with different Al contents. We note that the S,y increases with
increasing Al content. MD simulations of the N,/O, diffusion
selectivities, Sy plotted in Figure Sb, demonstrate the anti-
synergy between adsorption and diffusion; the higher the
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Figure 3. Comparison of (a) CO, permeability, IT;, and (b)
permeation selectivity, Spem, for CO,(1)/CH,(2) mixtures in FAU
(0 Al), NaY, and NaX zeolites at 300 K; the x-axis represents the
surface potential @. (c) Robeson plot of S, vs IT; data at f, = f; + f,
= 10° Pa and 300 K. All simulation details and input data are provided
in the Supporting Information accompanying this publication.

adsorption selectivity, the lower is the corresponding diffusion
selectivity. Analogous CBMC and MD simulations with Na-
exchanged FAU zeolites were also carried out; the results are
provided in Figures S73—S81 of the Supporting Information.

For 80/20 N,/O, mixture separations at a total fugacity of
100 kPa, Figure 6a compares the adsorption selectivities of Li-
FAU and Na-FAU. For the same Al content, we note that the
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Figure 4. (a) MD simulations of the unary self-diffusivities for N, at
300 K in Li-exchanged FAU zeolites, with different Al contents per
unit cell: 0, 48, 54, 86, and 96, plotted as a function of the surface
potential ®@. (b) Isosteric heats of adsorption, Q, plotted as a
function of the number of Al atoms per unit cell. (c¢) MD simulations
of the unary self-diffusivities for O, at 300 K in Li-exchanged FAU
zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96,
plotted as a function of the surface potential ®. All simulation details
and input data are provided in the Supporting Information
accompanying this publication.

S.ds values with Li-FAU are significantly higher than for Na-
FAU. The interaction potential, engendered by the quadrupole
moment, is inversely proportional to the cube of the center-to-
center distance between nitrogen molecules and the extra-
framework cation (see the detailed explanation provided in
Chapter 2 of the Supporting Information). Due to the smaller
ionic radius of Li*, compared to Na*, the N,—Li" distances are
smaller than the N,—Na" distances; this is confirmed by radial
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Figure 5. (a) CBMC simulations of the adsorption selectivity, S,4, for
binary 80/20 N,/O, mixture adsorption in Li-FAU, with different Al
contents per unit cell: 0, 48, 54, 86, and 96. (b) MD simulations of
the N,/O, diffusion selectivity, Sgg at 300 K in Li-FAU zeolites. All
simulation details and input data are provided in the Supporting
Information accompanying this publication.

distribution functions for N,—Li* and N,—Na" pairs for 80/20
N,/O, mixture adsorption in Li-FAU(96Al) and Na-FAU-
(96A1) (see Figure 7).

The N,/O, diffusion selectivities for Na-FAU are only
slightly higher than those of Li-FAU (see Figure 6b). The
CBMC/MD data rationalize the use of LiX, with Al ~ 96 uc™},
in the industrial practice.””*’

Figure 8 shows a Robeson plot of S, vs N, permeabilities
of N, for binary 80/20 N,/O, mixture permeation across the
Li-FAU zeolite membrane at an upstream total pressure of 100
kPa. We note that the separation performance increases
monotonously with increasing degrees of Li* exchange; the
permeabilities are significantly higher than the values reported
in the literature®® for polymeric and mixed-matrix membranes.

4. CONCLUSIONS

A combination of CBMC and MD simulations for adsorption
and diffusion of guest molecules CO,, CH,, N, and O, in FAU
zeolites with varying amounts of extra-framework cations (Na*
or Li*) was carried out to investigate the influence of varying
Si/Al ratios on mixture separations. Stronger adsorption, with
increasing amounts of extra-framework cations, results in
lowered diffusivities. For CO,/CH, and N,/O, mixture
separations, the adsorption selectivity, S.4, and diffusion
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Figure 6. Comparison of the (a) adsorption selectivity and (b)
diffusion selectivity for 80/20 N,/O, separations using either Li-
exchanged or Na-exchanged FAU zeolites, with different Al contents
per unit cell: 0, 48, 54, 86, and 96. All simulation details and input
data are provided in the Supporting Information accompanying this
publication.
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Figure 7. Radial distribution functions for N,—Li" and N,—Na" pairs
for 80/20 N,/O, mixture adsorption in Li-FAU (96Al) and Na-FAU
(96Al) at 100 kPa and 300 K.

selectivity, Sy do not proceed hand-in-hand. The anti-synergy
between adsorption and diffusion has important consequences
for the choice of the extra-framework cation, Na* or Li*, and
the Si/Al ratio for use in PSA and membrane separation
technologies.
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Preamble

1 Preamble

The Supplementary Material accompanying our article Highlighting the Anti-Synergy between
Adsorption and Diffusion in Cation-Exchanged Faujasite Zeolites 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 mixtures in various cation-exchanged FAU zeolites.
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Separations with Cation-Exchanged Zeolites

2 Separations with Cation-Exchanged Zeolites

Separation technologies such as distillation, absorption, and extraction are energy intensive because of
vapor/liquid phase transformations in condensers, reboilers and solvent recovery sections. The energy
consumption for distillation accounts for about 50% of the total energy consumption for all separations.!
The largest opportunities for energy reduction are offered by replacing distillation with (a) low-energy
demanding separation systems such as adsorption or membranes, or (b) hybrid systems that combine
distillation with adsorption or membranes.! In many cases, the hybrid processing option is easier to
implement technically because adsorption and membrane separations often cannot produce products with
the purity levels that are achievable with distillation. The success of such replacement strategies is
crucially dependent on development of suitable porous materials that can be used in fixed bed adsorption
devices or as thin layers in membrane permeation units.

For gas separation applications, the most commonly used cation-exchanged zeolites are A, X, and Y;
see Figure S1. Each unit cell of A, X, and Y contains 192 (Si, Al)Os4 tetrahedra.

Type A zeolites, also referred to as LTA (= Linde Type A), consist of cages of 743 A® volume, separated
by 4.1 A x 4.47 A 8-ring windows. Per unit cell, LTA-4A has 96 Si, 96 Al, 96 Na*, with Si/Al=1. Per unit
cell, LTA-5A has 96 Si, 96 Al, 32 Na™, 32 Ca** with Si/Al=1.

Zeolites X, and Y have the FAU (= Faujasite) topology consisting of cages of 786 A3 volume, separated
by 7.25 A 12-ring windows. The number of aluminum ions per unit cell of Type X zeolite varies from 96
to 77 (i.e., Si/Al =1 to 1.5). For Type Y zeolites, the number of Al atoms per unit cell ranges from 76 to
48 (Si/Al = 1.5 to 3). NaX is commonly referred to by its trade name 13X.

We first summarize the various factors that govern the adsorption strength of a guest molecule; the

treatment essentially follows that of Yang, and Ruthven.?
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Separations with Cation-Exchanged Zeolites

2.1 Potential energies for adsorption

The total potential between the adsorbate molecules and the adsorbent is the sum of the adsorbate-
adsorbate and adsorbate-adsorbent interaction potentials. Let us focus on the factors that govern the
adsorbate-adsorbent interaction potential, ¢. If we ignore m-complexation and chemical bonding,? the two

contributions to the adsorbate-adsorbent interaction potential, ¢, are dispersion interactions, ¢, +¢,, and

electrostatic interactions, ¢, , +¢@., +¢@. . The adsorbate-adsorbent interaction potential, ¢, is the sum of
FQ

various contributions

¢:¢D+¢R+¢Ind+¢1~"y+¢};g (S1)
In eq (S1), the dispersion interactions, ¢, +¢@,, are also termed London — van der Waals

B

12
r

. . A . . . :
interactionsHere, ¢, =—— = dispersion (attraction) energy; ¢, = = close-range repulsion energy,
r

where r is the distance between the centers of the interacting pairs of atoms/molecules/
¢,., = induction energy (interaction between electric field and an induced dipole)

¢y, = interaction between an electric field ' and a permanent dipole x

¢. = interaction between an electric field gradient F anda quadrupole (with quadrupole moment Q)
FQ

The dispersion and repulsion interactions form the Lennard-Jones potential

by + 4 =4e((§j —(3} ] ($2)

d¢

At the equilibrium distance o we have ¢, + ¢, =0; o 0 and B=-
r

6
Ar,

The most commonly used expression for calculating 4 is the Kirkwood-Miiller formula for interaction

between atoms and molecules (denoted by subscripts i and j)
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Separations with Cation-Exchanged Zeolites

@, % (53)
X X

The potential for interaction between electric field and an induced dipole is

2

1 1 q
bpy=—ZaF =——a——— S4
"2 27 (4me, ) 54

The potential for interaction between electric field F' (of an ion) and point dipole is

q
=—ukFcos@=—yy—————cosd
Dru =—H A3 (472,) (S5)

The potential for interaction between electric field gradient ' and linear point quadrupole is

P 1 q 2
. =—0F=——-0—"=>—(3cos’0-1
70~ 29 2Q2r3(47r€0)( o ) (56)
where

m = mass of electron

¢ = speed of light

o = polarizability

¥ = magnetic susceptibility

o = polarizability

F = electric field

q = electronic charge of ion on surface

& = permittivity of a vacuum

1 = permanent dipole moment

0 = angle between the direction of the field or field gradient and the axis of the dipole or linear
quadrupole

QO = linear quadrupole moment (+ or -)

r = distance between the centers of the interacting pairs

S8



Separations with Cation-Exchanged Zeolites

For a given sorbent, the sorbate-sorbent interaction potential depends on the properties of the sorbate.

Among the five different types of interactions, the first two contributions ¢, + @, are non-specific, which
are operative in all sorbate-sorbent systems; the non-specific interactions @, +¢@, are non-electrostatic.

The London — van der Waals dispersion interaction energies are largely dictated by the polarizabilities of
the guest molecules and surfaces atoms of the adsorbent materials; see Figure S2. The polarizabilities of
a wide variety of guest molecules are tabulated by Sircar and Myers.* Broadly speaking, the polarizabilites
of molecules increase with increasing molar masses, as illustrated for noble gases He, Ne, Ar, Kr, and Xe
in Figure S3, and for homologous series of hydrocarbons in Figure S4a,b. The value of « generally
increases with the molecular weight because more electrons are available for polarization.

The last three contributions ¢, + @, +¢. arise from charges (which create electric fields) on the solid
FQ

surface; see Figure S5. For activated carbon, the non-specific interactions dominate. On a surface without

charges, such as graphite, ¢,, = 0. For metal oxides, zeolites, and ionic solids, the electrostatic

interactions often dominate, depending on the adsorbate. For adsorbate with a quadrupole, the net
interaction between a uniform field and the quadrupole is zero. However, the quadrupole interacts strongly

with the field gradient, thus the term ¢, .
FQ

Figure S6a,b compare the polarizabilities, dipole moments, and quadrupole moments of Hz, Ar, O2, N2,
CO, CHa4, and COa2. Of these sorbates, only CO has a permanent dipole moment. The four guest sorbates
O2, N2, CO, and CO:z all possess finite quadrupole moments, with the hierarchy of magnitudes O2 <Nz <
CO < CO¢z. Interestingly, the polarizability of CH4 is higher than that of CO, but does not possess either
dipole or significant quadrupole moments. Therefore, in a non-charged adsorbent such as activated the
adsorption strength of CHa is higher than that of CO. However, in cation-exchanged zeolites, CO may

have a higher adsorption strength than CHa.
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We also note that each of the three electrostatic contributions ¢, ,,4.,,#. are proportion to the ionic
FQ

2
charges of the sorbent, g: ¢, , az—4; Pr ,u}%; ¢%Q oc Q’% Therefore Ca™ should be yield
stronger interaction potential that Na®, with say COz, on the basis of this consideration; note that these

two cations have nearly the same ionic radius; see Figure S5. The electrostatic contributions are also

inversely proportional to a power of the distance between the centers of the interacting pairs:

2
By € az—4; Pr, ,ul%; ¢%Q oc Q’% , we should expect the interaction potentials to be larger for Li*

than for Na*, because of the significantly smaller ionic radius of Li". This explains, albeit qualitatively,

why LiLSX is the favored sorbent for selective adsorption of N2 for O2/N2 mixtures.?
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2.2 List of Figures for Separations with Cation-Exchanged Zeolites

FAU = Faujasite

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) .

Figure S1. Pore topologies of LTA (= Linde Type A), and FAU (= Faujasite) zeolites.
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London — van der Waals interactions

B

. . . : A
London - van der Waals interactions = ¢, + ¢, = Attraction + Repulsion = ——+—
r

7

These forces are proportional to polarizabilities of both

sorbate and sorbent atoms on surface, that increases with size of molecule

Figure S2. Dispersion interactions.
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Figure S3. Polarizabilities and boiling points of noble gases. The data on polarizabilities are taken from

Sircar and Myers.*
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Figure S4. Polarizabilities of (a) light hydrocarbons, and (b) heavier hydrocarbons. The data on

polarizabilities are taken from Sircar and Myers.*
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Electrostatic Interactions

8+
guest
r = distance between 8
centres
qz + Cation or unsaturated
Induced dipole potential oc _or = metal atom
r charge
polarizability / ® L @ Vg
q r=0.68 A r=0.66 A
Interaction of electric field with permanent dipole oc/u -
r O na O
Dipole moment r=0.97A r=0.99 A
Interaction of electric field gradient with quadrupole o Q% ‘ K*
7 Sr2+
r=1.33A r=112A

Quadrupole

moment
‘ Ba2+

r=134A

Larger electrostatic interactions with (a) smaller cations, (b) higher valency, (c)
larger dipole, (d) larger quadrupole, (e) higher polarizability. Electric field
gradients are strong in zeolites as cations are dispersed above the negatively
charged O% in the framework

Figure S5. Electrostatic interactions. The cation sizes are culled from Yang.?
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Figure S6. (a, b) Polarizabilities, dipole moments, and quadrupole moments of Hz, Ar, N2, O2, CO, CHa,

and COz. The data are taken from Sircar and Myers.*
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Purified O,: LiLSX is preferred

Si/Al = 1
SHa coz
25 -
I Lithium lons
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9 20 -
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- H2
T T T O A |
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Enhancing the N, adsorption with Li* ion due to smaller ionic radius;
Also, more cations, so LiLSX (LS = low silica)

Figure S7. LiLSX is the favored sorbent for selective adsorption of N2 for O2/N2 mixtures.?
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3 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.

3.1 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 S8. The Lennard-Jones parameters for CHs-zeolite interactions are taken from Dubbeldam et
al.!3. The force field for Ha corresponds to that given by Kumar et al.'* In implementing this force field,
quantum effects for H> 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 COz-zeolite and N2-zeolite are essentially those of
Makrodimitris et al.'>; see also Garcia-Pérez et al.'é. 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 S8. The force fields of Dubbeldam et
al.!3 was used for the variety of potentials. The Lennard-Jones potentials are shifted and cut at 12 A.

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 are dominated by the dispersive interactions with the

oxygen atoms, these interactions are described with a Lennard-Jones potential; see Table S1.
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The Lorentz-Berthelot mixing rules were applied for calculating the Lennard-Jones parameters

describing guest-host interactions

(O_guest + O-host )
O =

guest—host 2
(S7)
gguest—host _ gguest % ghost
k B k B k B

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 described in detail by

Frenkel and Smit.'®

3.2 Cation-exchanged zeolites

In this article, we carry out molecular simulations to investigate the adsorption and diffusion
characteristics of:

all-silica FAU (192 Si, 0 Al, 0 Na*, Si/Al=o0),

NaY (138 Si, 54 Al, 54 Na', Si/Al=2.56), and

NaX (106 Si, 86 Al, 86 Na*, Si/Al=1.23) zeolites.

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.

The presence of cations reduces the accessible pore volume. The location of the cations are pictured in
Figure S10, and Figure S11.

We carried out CBMC and MD simulations for adsorption and diffusion of unary N2, unary Oz, and
N2/O2 mixtures in FAU zeolites with different Al contents per unit cell:

FAU all-silica =0 Al

FAU48A1 =48 Al/uc, 48 Li*/uc

FAUS54Al1 =54 Al/uc, 54 Li*/uc
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FAU86AIl = 86 Al/uc, 86 Li*/uc

FAU96A1 =96 Al/uc, 96 Li*/uc

The Li force field is from Table 1 of Fu et al.?’ The remainder of the force field implementation is taken
from Table 1 of Fu et al.?!

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

see schematic sketch in Figure S9.

3.3 Isosteric heats of adsorption

We determined the isosteric heats of adsorption, AQst, from CBMC simulations using the fluctuation
formula
<Un,>—-<U, ><n, >

<n,-2>_<ni>2 (S8)

where ni represents the number of molecules in the simulation box and < . > denotes ensemble averaging.

O, =RT

3.4 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.
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3.5 List of Tables for Configurational-Bias Monte Carlo Simulation Methodology

Table S1. Lennard-Jones parameters for host atoms in all-silica zeolites.

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

Methodology

Potential for molecules

U= Z 1 (r — 1 )2 +
bond 2
stretching

1
+ Y Ek9(9_90)2

bond
bending

5
+ > >.n,cos" g+

torsions p=Q

. Z qiqj+

+

CO2 o Coulombic rij
Py
12 6
Lennard— r,‘j r,‘j

. . Jones
The Coulombic term is

relevant for molecules
such as CO, and H,0

Figure S8. 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 S9. Guest-host interactions.
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NaX (106 Si, 86 Al, 86 Na+, Si/Al=1.23)
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Figure S10. Location of cations for NaX zeolite (106 Si, 86 Al, 86 Na", Si/Al=1.23)

S24




Configurational-Bias Monte Carlo Simulation Methodology

NaY (138 Si, 54 Al, 54 Na+, Si/Al=2.55)
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Figure S11. Location of cations for NaY zeolite (138 Si, 54 Al, 54 Na', Si/Al=2.55).
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4 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.?

4.1 Brief outline of theory

The Gibbs adsorption equation® in differential form is

Adrm = z q.du; (S9)

=)

The quantity 4 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; i 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, £, equals that in the bulk fluid phase.
If the partial fugacities in the bulk fluid phase are fi, we have

du, =RTdIn f, (S10)
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 = Roxi; i=12,..n (S11)

where xi is the mole fraction in the adsorbed phase
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x =T (S12)
9:%t49,+.-4,

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:

74 g o T80 o Taw) S13
T vt A v Al et G

where ¢’ (f) is the pure component adsorption isotherm. The units of ® = Z—I; , also called the surface

23-27

potential, are mol kg™

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

bf 0= bf

Q(f) qsatl bf _1+bf

(S14)

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

is used to emphasize that ¢’ ( f ) 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

Ava vaB

q (f) qA sat 1 bAva qB sat 1 bevB

(S15)

Each of the integrals in eq (S13) can be evaluated analytically. For the dual-site Langmuir-Freundlich

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

== Ié], (f)df Dasar 1 (1+b (7 ) Mln(nb};(go)”);

f=0 A V4 Vp

p 5 . (S16)
_74_ I 4. (/) df = LB ln(1+bA (ij }Lwln[lﬂ% [Lj J
r . f Vv, X, Vg X,

The right hand side of eq (S16) is a function of P". For multicomponent mixture adsorption, each of

the equalities on the right hand side of Eq (S13) must be satisfied. These constraints may be solved using
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a suitable equation solver, to yield the set of values of B’, P’, P’,.. P’, each of which satisfy eq (S13).

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=12,..n (S17)

The applicability of eqs (S11) and (S17) 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.?26:28

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
to mixture adsorption translates as — =

+ +-ee " ; the total mixture loading is g, is
g @ () @(P) ¢ (P

calculated from

1

X Y L i (S18)

+ .
@' (B ¢:(B) q,(P))

qz = ql +q2"'+qn =

in which ¢/ (P"), ¢3(P)),... q¢"(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

(S13), and (S16).
The occurrence of molecular clustering and hydrogen bonding should be expected to applicability of eq
(S18) 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 (S11) to (S18) 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 ¢z 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 (S16) must be satisfied in
conjunction with eq (S18). The entire set of eqs (S11) to (S18) 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.

4.2 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

ads.,ij >

is defined by

_4/4;, _ x/f,

Sd”.j =
S x5

(S19)

where ¢,,q, are the molar loadings of the constituents i 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 (S17), and (S18), we may re-write eq (S19) as the ratio of the sorption pressures

P
= (S20)

ads jj Po
i

Applying the restriction specified by eq (S13), it follows that S is uniquely determined by the

ads i
surface potential @ . It is important to note that eq (S20) 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
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0
influence of the adsorption selectivity S, :ﬁ for the 1-2 pair, except insofar as the presence of
1

component 3 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.

4.3 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. ¢, ., = ¢, 0 = 9,0 :

b.f

q; (f):qsat 1+b,~f

(S21)
For unary adsorption, the surface potential for a 1-site Langmuir isotherm can be calculated analytically

A g n(1+6P") (522)

RT

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

Performing the integration of eq (S13) results in an expression relating the sorption pressures P° of the

two species

0=y (1408 g, 1 +5.)
(S23)
b7 =t o T4
4. RT

The adsorbed phase mole fractions of component 1, and component 2 are given by eq (S17)

== (S24)

Combining eqs (S23), and (S24):

A 1 1
ex —1=p L =b —2 25
p(qstTj | ) (S25)

X, 1-x
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The adsorbed phase mole fractions can be determined

N_4_bh. o _4__bHh . @ b

- s - - H - - 826
X, 4, bf 1 4 bfi+bf, ’ 4, bfi+bf, (526)
Once x,, and x, =1-x, are determined, the sorption pressures can be calculated:
Rt pl_ S (S27)

X, x, l-x

From eqs (S23), and (S27) we get

biplo = M = bszo = b2f2 = b]fl +b2f2
X X (S28)

1+bP° =1+b,P) =1+b,f, +b,f,

Combining eqgs (S23), and (S28) we obtain the following explicit expression for the surface potential

O =g, In(1+bf,+b,f,) (529)
The total amount adsorbed, g, = g, +¢, can be calculated from Eq (S18)

b1P10 bzpzo bfi+b,1
t = + = sat = sai = sat 830
q,=49,t49, =4 1+b130 9 [1+b2PZO 1 1+b1f1+b2f2 ( )

Combining eqs (S26), and (S30) we obtain the following explicit expressions for the component

loadings, and fractional occupancies

b b
_a o bh oy 4 B (S31)
Q.s‘at 1+blﬁ +b2f‘2 Qsat l+blﬁ +b2](‘2
Eq (S31) is commonly referred to as the mixed-gas Langmuir model.

From eqs (S23), (S30), and (S31) we derive the following expression for the total occupancy of the

mixture

0=0+06,= 9. =1-exp _2 = bt +b./, (S32)
qsat l+blﬁ +b2f‘2

sat

For unary adsorption of component i, say, f, = P’, the occupancy of component 1 is
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) b.f ) .
0 =1-exp| - =—1—: unary adsorption of species i S33
p{ Qi,sat ] 1+b1f; ry rp p ( )

From eqs (S32), and (S33) 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 (S29) may be generalized to

d=q,, ln(l + Zn:b,, f,.j (S34)

i=1

4.4 Generalized expression for fractional occupancy

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

adsorption is then calculated using

A )
O=1-exp| ————— |=1—exp| —
p { QSat,m[xRT } p [ qsat,mix J (835)

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

the constituent guests

1 .
Dt mix = 5 D =Dt T Uipsas =121
xl N 'x2 . xn i,sa i,4,s i,B,sa (836)
ql,sat q2,sat qn,sat

x,=—"——; i=12,.n (S37)
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are the mole fractions in the adsorbed mixture. For binary mixtures, eq (S35) simplifies to yield

1
XN N

ql,sat qZ,sat

qsat,mix -

The fundamental justification of Eq (S36) is provided by invoking eq (S18).
Eq (S35) is the appropriate generalization of Eq (S32), 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 (S36).
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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
S9.

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
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.
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The self-diffusivities Diseir are computed from MD simulations by analyzing the mean square

displacement of each species 7 for each coordinate direction

1 .. 1 . 2
D, sy = 2 }}gl}oA—t«Z(rz,i (t+40)-1,,(0)) }> (838)

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

For three-dimensional pore networks (e.g. FAU, NaY, NaX) the arithmetic average of the diffusivities
in the three coordinate directions were used in further analysis and reported.

MD simulations were performed to determine the self-diffusivities D, . in a variety of equimolar

i,self
(¢, = g,) binary and ternary (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,t4q,

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 (S13) must be satisfied in
conjunction with eq (S16). The entire set of eqs (S11) to (S18) 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 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 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

n,1annerl 0,11, 32-37

q, o, _~~XNi—xN; N, ,
-p—= = +—= i=12,.n
RTor % D D (539)

J=1 i i
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, / q, where gt is the total mixture loading ¢, = Z g, . The fluxes
i=1

Ni in equations (S39) 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 IAST using eq (S13), or its proxy the occupancy, &, calculated

using eqs (S35), (S36), (S37). 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 (S39), are introduced to quantify
the coupling between species diffusion. At the molecular level, the Bjj 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
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D;=b, (540)

6.2 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

Low _omg 1

Ji. =12,
RT or  or  for " (S41)

The chemical potential gradients Oy, /0r can be related to the gradients of the molar loadings, gi, by
defining thermodynamic correction factors I

S ou N 0q; - of,
4 O _$p %, 0.9

—; . = ; i,j=1,..n
RT or VorT U f o / (842)

=
The thermodynamic correction factors ['ij 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

izgi =b;—ff; i=1,2,..n
9sar 1+Zblj; (843)
i=1

Is derivable from the IAST. Analytic differentiation of eq (S43) yields

0 -
r,,:a,j{e—} i,j=12...n (S44)

14

where the fractional vacancy & is defined as
6, =1-6,=1-> 0, (S45)
i=1

The elements of the matrix of thermodynamic factors I'jj can be calculated explicitly from information

on the component loadings gi in the adsorbed phase; this is the persuasive advantage of the use of the
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mixed-gas Langmuir model. By contrast, the IAST does not allow the calculation of I['jj explicitly from

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

6.3 M-S formulation for binary mixture diffusion

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

(S39) are written

_ iaﬂl _ %N, —xN, +&

RT or D, D, (S46)
_ 2aﬂ2:x1N2_x2N1+£
RT or D, D,

The first members on the right hand side of eq (S46) are required to quantify slowing-down effects that
characterize binary mixture diffusion.!® '3 There is no experimental technique for direct determination

of the exchange coefficients D12, that quantify molecule-molecule interactions; the D12 are accessible from

MD simulations.

In two-dimensional matrix notation, eq (S42) take the form

4 O 94,
RT or or

_ =T S47
4, Oy "] g, (547
RT or or

For the mixed-gas Langmuir model, eq (S43), we can derive simple analytic expressions for the four

elements of the matrix of thermodynamic factors:*

1—‘11 Flz _ 1 1_6’2 ‘91 (S48)
r21 rzz 1_01_02 92 1_‘91

where the fractional occupancies, &, are defined by eq (S43).

Let us define the square matrix [B]

bE R o) oo
- 1
(Bl=| " " kB e g ; (549)
_ X L M ]+L+x2] x,D b, x, D,
+ ) ) D,| 1+
D, D, D, 12 2| b, D,
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In proceeding further, it is convenient to define a 2x2 dimensional square matrix [A] :

-1
1.x _x
[A]— b Db, b, _ 1
X L+i 1 xD, x,D,
Blz Bz DIZ BIZ BIZ

monitoring the individual molecular displacements

’1/

I=1 k=1

A, =% Altigl)niji«i(ru(t+At)—rl’i(t))J°(Z(l'k,j(t+Af)_rk,j(t))

Dl[m_ﬂz

12
x,D D,
b,

|

x, D, D,

B{H

The elements of the Maxwell-Stefan matrix Aij are accessible from MD simulations

)

D

12

12

x, B,

)

(S50)

7, 10, 29, 34, 37, 40 by

(S51)

In this expression ni and »j represent the number of molecules of species i and j respectively, and rui(?)

is the position of molecule / of species i at any time 7. In this context we note a typographical error in

equation (S51) as printed in earlier publications

8,41,42

wherein the denominator in the right member had

ni instead of nj. The simulation results presented in these publications are, however, correct as the proper

formula given in equation (S51) was used.

Compliance with the Onsager Reciprocal Relations demands

”jA,-,- = nl.Aﬁ; i,j=12,..n

Eq (S46) can be re-cast into 2-dimensional matrix notation

o(q)

(N)==p[A][T]

9

or

N, 1+x1)92+

D

12

x, D,

D

12

B[H_xlDzj x Db,
|
b, b,

b, j
b, |

x,D D, P> (1+ Xy
2
D,

|:rll
FZI

The elements of [ B] can be obtained by inverting the matrix [A]:

1—‘12i|
FZZ

04,
or

94,

or

(S52)

(S53)
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1% &l
B, B D b D,
|: 11 12:|: 1 12 12 :[A:rl (854)
B, B, n oo l.x
DIZ BZ BIZ
. N B11 Blz .
The three M-S diffusivities can be backed-out from the four elements 3 using
21 22

X, X, 1 D 1

D12=__=__; Bl=—; 2=—
B11+B21 B22+B12

S55
B, B, (535)

Figure S12a,b,c,d present MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, D

2,self >

and A,,A,,,A,,,A,, for binary Ne(1)/Ar(2) mixtures in all-silica FAU zeolite at 300 K.

1,self >
Also plotted in Figure S12a are the diffusivities in the constituent unaries, as function of the molar

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

®, =0, +0, =100 uc’, the diffusivities are strongly dependent on the mole fraction of component 1 in

the mixture, x, = % In Figure S12e the M-S diffusivities, D,,D, are plotted as function of the pore

t
occupancy &, calculated using eq (S35). The fractional occupancy is a proxy for the surface potential, @

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.** *° From

Figure S12f 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 CO2(1)/Ar(2) mixtures in all-silica FAU zeolite; see

D

2,self

Figure S13, The data show that component M-S diffusivities, D,,D, and self-diffusivities D,

L,self
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in binary mixtures 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.

The above findings regarding the unique &-dependence of component M-S diffusivities, D,,D, and

self-diffusivities D D

,.sp 1D binary mixtures and in the constituent unaries are confirmed for other

1self 2
guest/host combinations. As illustration, we present data for:

CO2(1)/Ne(2) mixtures in FAU (all-silica); see Figure S14,

CO2(1)/CH4(2) mixtures in FAU (all-silica); see Figure S15.

CO2(1)/N2(2) mixtures in FAU (all-silica); see Figure S16.

CHa(1)/C2He(2) mixtures in FAU (all-silica) zeolite; see Figure S17.

CHa(1)/CsHs(2) mixtures in FAU (all-silica) zeolite; see Figure S18.

CHa(1)/Ar(2) mixtures in FAU (all-silica) zeolite; see Figure S19.

CHa(1)/C2He(2) mixtures in NaY zeolite, see Figure S20.

CHa(1)/CsHs(2) mixtures in NaY zeolite, see Figure S21.

CO2(1)/CH4(2) mixtures in NaY; see Figure S22.

CO2(1)/N2(2) mixtures in NaY; see Figure S23.

CHa(1)/C2Hs(2) mixtures in NaX (106 Si, 86 Al, 86 Na™, Si/Al=1.23) zeolite, see Figure S24.

CHa(1)/C3Hs(2) mixtures in NaX (106 Si, 86 Al, 86 Na™, Si/Al=1.23) zeolite, see Figure S25.

CO2(1)/CH4(2) mixtures in NaX; see Figure S26.

CO2(1)/N2(2) mixtures in NaX; see Figure S27.

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

CO2(1)/H2(2) mixtures in all-silica FAU zeolite; see Figure S28

CHa(1)/H2(2) mixtures in all-silica FAU zeolite; see Figure S29

CO2(1)/H2(2) mixtures in NaY zeolite; see Figure S30
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CHa(1)/H2(2) mixtures in NaY zeolite; see Figure S31
CO2(1)/H2(2) mixtures in NaX zeolite; see Figure S32
CHa(1)/H2(2) mixtures in NaX zeolite; see Figure S33
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, @ .

6.4 Analytic expressions for self-diffusivities

Applying eqgs (S46) 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'!
X

Ly
D P

11 12

e
D22 DIZ

(S56)

6.5 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 H,/D,, — 0, the contribution of the first right member of M-S Eq

(S46) can be ignored and correlations can be considered to be of negligible importance; we derive

B o P [M A %P 0}
b, 12 Ay Ay 0 b,
] 94, (S57)
(Nlj:_p |:Dl 0:| Iy Flz} or
N, 0 b, I Iy, %
or

Eq (S57) is valid, as a first approximation, for diffusion in cage-type zeolites with 8-ring windows

(CHA, DDR, LTA, ERI) and ZIF-8.” 3% 4346 When correlation effects are negligible, the diffusional

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.
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DI/BIZ —0; DZ/DIZ —0; Dl,sezf =b; DZ,seZ/" =D, (S58)

6.6 Membrane permeabilities and 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,

IT, = m (S59)

where Ni is the permeation flux and Af, = f, — f,5 is the difference in the partial fugacities between the
upstream ( f,) and downstream ( f 5) faces of the membrane layer of thickness o. 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, o
. If the downstream compartments of the membrane are evacuated we may approximate the concentration

differences as follows

Aq, g, Ag, g,
R, — R S60
o 0 o 0 (560)
where gi are the molar loadings in equilibrium with the partial fugacities gi in the upstream face of the

membrane. The permeability can be determined from MD simulations by using the following expression®

H. — pDi,selfqi

; S61
7 (S61)

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! (cm 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°,

Let us further assume that the M-S diffusivities vary with the fractional occupancies according to

D,=D,(0)(1-6) (S62)
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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 4

q q
N, =pA1131+:0A1232

y y (S63)
N2 = pAZl gl"'pAzz 32

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

the effective diffusivities, Diefr,

q
Dl,e[f =N +A, -

1

g (S64)
Dz,e_;f =Ay+ Ay -

2

From eqs (S60), (S62), (S63), (S64) we derive the following explicit expressions

Dl(l-i_XIDDZj D]X;;Dz B](lﬁ-?j
D, =A, +A, L= 2 /4 12 % _

12
Leff

q, 1+xle +x2191 1+xle +szl q, 1+xle +x2191
Blz BIZ DIZ 12 Dlz Blz (865)
192[14_ ngl] Bz)ii)f)l Dz[l+£)1]
q, 12 12 q, 12
D of = A —|—A e _—=
2l 2 2 q, 1+xlDZ +xzD1 1+X1Dz n x, D, q, 1+xlDZ n x, D,
Dlz Dlz D12 D12 Dlz 12

For separation of a binary mixture, the permeation selectivity is

_ N4
N7, (S66)

perm

In view of eqs (S63), (S64), and (S65) the permeation selectivity can be expressed as

_ N/ _ Dy q/f, (567)
perm Nz/f‘z Dzje_ﬁ‘ ‘b/fz

For separation of a binary mixture, the diffusion selectivity can be defined as follows

_ Dl,ejf

dif = D,., (S68)

From eqs (S65) and (S68) we get
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—+— I+
Dl,ejj’ _ Dz Du _ 191 Blz

=—L (S69)
Dy (1, 1) &, B
Dl BlZ B

12

We now show that Saiff can be approximated by the ratio of self-diffusivities. From eqs (S56) the ratio

of self-diffusivities can be written as follows

D, _ b, b, b, :ﬂ b, b, (S70)
D2,se_lf 1 +L+L D, 1+x1D1 +X2D1

11 Bl2

1 IR 1_|_x2192_'_x1192

Dl Dll DIZ
In view of the Vignes interpolation formula !°

by,= (1')11)xl (Bzz )xz (S71)

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

1+&
Dl,se[f zﬂ B12 _ Dl,eftf =S (S72)
diff
DZ,SeIf Dz ]+ﬂ DZ,E.Z?”

12

As conformation of the accuracy of eq (S72), Figure S34 presents MD simulation data for (a) CO2/CHa,

(b) CO2/N2, and (¢) CH4/C2Hs diffusion selectivities, S, , for mixtures determined from equimolar binary

(q1 = ‘12) mixtures in all-silica FAU zeolite at 300 K, plotted as function of the surface potential ®@ . The

D,
diffusion selectivities calculated from —=<"

2,self

D
agree reasonably well with those calculated from —<-

2.eff

In view of eq (S19), the adsorption selectivity for the binary 1-2 mixture is

_ a9/9 _ x| _ P,

ads -

filh x/f B (S73)

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

selectivity

Sperm = Sads x Sdz"/“/"‘

(S74)
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6.7 List of Figures for Diffusion in Microporous Crystalline Materials
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Figure S12. (a, b, ¢, d) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D

Dl,self’ 2,self >

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 g, = ¢, mixtures, and (ii) mixtures for which

©,=0,+0, =100 uc. In (e, 1) the M-S diffusivities, D,,P,, and self-diffusivities, D, D, . > ar€

plotted as a function of the occupancy 6.
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Figure S13. (a, b, ¢, d) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, s D, > and A Ay, A, L Ay, for binary CO2(1)/Ar(2) mixtures in FAU zeolite at 300 K. Two
different MD campaigns were conducted: (i) equimolar g, = ¢, mixtures, and (ii) mixtures for which
0,=0,+0, = 60 uc’. In (e, ) the M-S diffusivities, D,,D,, and self-diffusivities, D, D, . > are

plotted as a function of the occupancy €.
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Figure S14. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, s D, > and Ay, A=Ay, Ay, for equimolar binary ¢, =g, CO2(1)/Ne(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are

plotted as a function of the occupancy €.
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Figure S15. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > D;y oy » and A, Ay, = Ay, A, for equimolar binary ¢, =g, CO2(1)/CH4(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,,,D,,, , are

plotted as a function of the occupancy €.
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Figure S16. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, D

vser > Doserr » @0 Ay A = Ay, A, for equimolar binary ¢, =g, CO2(1)/N2(2) mixtures in all-silica

FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,.,D,,, , are

plotted as a function of the occupancy €.
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Figure S17. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > Dy s » and A, A, = A, Ay, for equimolar binary ¢, =g, CHa(1)/C2He(2) mixtures in all-silica
FAU 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. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > Dy » and A, A, = A, Ay, for equimolar binary g, =g, CHa(1)/C3Hs(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, B,,D,, and self-diffusivities, D, ,,,D,,, , are

plotted as a function of the occupancy 6.
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Figure S19. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > Dy » and A, A = A, A, for equimolar binary g, =¢, CH4(1)/Ar(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,,.,D,,, , are

plotted as a function of the occupancy €.
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Figure S20. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, A=A, A, for equimolar binary g, =¢q, CH4(1)/C2Hs(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 S21. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, r>D;y > and A, A = A, , Ay, for equimolar binary ¢, =¢, CHa(1)/C3Hs(2) mixtures in NaY

zeolite at 300 K. In (d, €) the M-S diffusivities, D,,D,, and self-diffusivities, D, ., D

a function of the occupancy 6.

s » are plotted as
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Figure S22. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, A = A, A, for equimolar binary g, = g, CO2(1)/CH4(2) mixtures in NaY zeolite
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 S23. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, Ay = A, A, for equimolar binary g, =g, CO2(1)/N2(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 S24. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, D

vser > Doserr » @0d A, A = Ay, A, for equimolar binary ¢, =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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Figure S25. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, > Ds > and Ay, A = A, A, for equimolar binary ¢, =¢, CH4(1)/C3Hs(2) mixtures in NaX

1,self >

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 S26. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A A = A, A, for equimolar binary g, = g, CO2(1)/CH4(2) mixtures in NaX zeolite
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 S27. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,

D, s D, > and A, Ay = A, A, for equimolar binary ¢, = g, CO2(1)/N2(2) mixtures in NaX zeolite

at 300 K. In (d, e) the M-S diffusivities, D,,D,, and self-diffusivities, D,

function of the occupancy 6.
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Figure S28. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, A, = A, Ay, for equimolar binary ¢, =g, CO2(1)/H2(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, B,,D,, and self-diffusivities, D, ,,,D,,, , are

plotted as a function of the occupancy 6.
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Figure S29. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, s D, > and Ay, A, = A, Ay, for equimolar binary ¢, =g, CHa(1)/H2(2) mixtures in all-silica
FAU zeolite at 300 K. In (d, ¢) the M-S diffusivities, D,,D,, and self-diffusivities, D, ,,.,D,,, , are

plotted as a function of the occupancy €.
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Figure S30. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > Dy oy »and Ay, Ay = A, A, for equimolar binary ¢, = ¢, CO2(1)/H2(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 S31. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, Ay = A, A, for equimolar binary g, = g, CHa(1)/H2(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 S32. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, > Dy »and Ay, Ay = Ay, A, for equimolar binary ¢, = ¢, CO2(1)/H2(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 S33. (a, b, ¢) MD simulated values of the M-S diffusivities, D,,D,, self-diffusivities,
D, D, > and A, Ay = A, A, for equimolar binary g, = g, CHa(1)/H2(2) mixtures in NaX zeolite
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 S34. MD simulations of (a) CO2/CHa, (b) CO2/N2, and (c) CH4/C2Hs diffusion selectivities

determined from equimolar binary (q1 = qz) mixtures in FAU zeolite at 300 K, plotted as function of the

surface potential @ .
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7 Adsorption, Diffusion, Permeation in FAU zeolite

Figure S35 presents the structural details of FAU (all-silica) zeolite. It has cages of 786 A® volume,
separated by 7.4 A 12-ring windows.

CBMC simulations of the unary isotherms in all-silica FAU were fitted with the dual-site Langmuir-
Freundlich model, eq (S15); the fit parameters for each guest molecule (with sites A, and B) are tabulated

for each guest in Table S2.

7.1 Adsorption of mixtures in all-silica FAU zeolite

In Figure S36, CBMC simulation data for (a) CO2/CHa, (b) CO2/Nz2, (c¢) CH4/N2, (d) CO2/Hz, and (e)

CH4/H2 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 (S20). 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.
7.2 Diffusion and permeation selectivities of binary pairs

MD simulations of the self-diffusivities D, . for equimolar g, =¢,; x; =1—x, =0.5 binary CO2/CHj,
CO2/N2, CO2/H2, CH4/N2, CHa/H2, CH4/C2He, and CH4/C3Hs mixtures and equimolar (g, =¢, =g¢;)

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

were also performed. For ternary CH4/C2He/C3Hg mixtures, additional MD campaigns were conducted in

which the total mixture loading was maintained constant at the value (©, +®, +©, ) = 48 molecules uc’

!, the loading of propane was held constant at the value of ®, =12 molecules uc™!, and the proportions of
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the methane and ethane components were varied in the mixtures, holding the total loading (G)1 +0, ) =36

molecules uc!.

Figure S37a shows MD simulations of the CO2/CHa4 diffusion selectivities, S, ., determined from both

diff >
equimolar binary (g, =¢,) mixtures and equimolar (¢, =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 @ .

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

D .
erm :Ll/f1 = 8,4 XS,y to be also uniquely dependent on @ . This is confirmed by the data
D2,selfq2 /ﬁ

presented in Figure S37b for the CO2/CHa4 permeation selectivities, S

perm *©
Figure S38, Figure S39, Figure S40, Figure S41, Figure S42, and Figure S43 present analogous sets of

dataon S, and S, for CO2/N2, CO2/Hz2, CH4/N2, and CH4/H2, CH4/C2Hs, and CH4/C3Hs pairs. In all

diff

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

cases the S, erm

7.3 Component self-diffusivities and permeabilities

Figure S44 presents MD simulation data on the self-diffusivities, D, ., of (a) COz, (b) CHs, (¢c) N2, (d)
C2He, and (e) Hz in equimolar ¢, =¢,; x, =1—x, =0.5 binary CO2/CH4, CO2/N2, CO2/Hz2, CH4/Nz,
CHa/H2, CH4/C2He, and CH4/C3Hs mixtures and equimolar (¢, =¢,=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

self-diffusivities. Except for Hz, the self-diffusivities in the binary and ternary mixtures are also nearly
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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 S45 presents data on the permeabilities, I1,, of a) CO2, (b) CHa, (c) N2, (d) C2Hs, and (e) H2 in
equimolar ¢, =¢q,; x, =1-x,=0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/H2, CH4/C2Hes,
CHa/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. Also plotted are the corresponding values of the unary
permeabilities. 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 be 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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7.4 List of Tables for Adsorption, Diffusion, Permeation in FAU zeolite

Table S2. Dual-site Langmuir-Freundlich parameters for pure components CO2, CH4, N2, C2He, 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.> 4% 4°

—v— C;H,
- T —e— CO,
g 8- —#— CH,
g . _m CH,
CT 6 L —i&* N2
2
< L
@
k) 4 | pure components;
€ FAU (all-silica); 300 K;
Q L CBMC simulations
<
€ 2
[e]
O
0 @el AR >
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 2.52x1014 2.4 6.7 6.74x107 1
CH,4 4 7x107° 0.86 6.5 2.75x107 1
N, 5.2 1.55%x10° 1 5.8 1.32x107 1
C,Hs 5.201 2.872E-06 1 5.201 1.000E-09 1
CsHs 3.467 1.338E-05 0.6 3.467 1.718E-06 1.27
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7.5 List of Figures for Adsorption, Diffusion, Permeation in FAU zeolite

FAU all-silica structural details

N\,

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 S35. Pore landscape for all-silica FAU zeolite.
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Figure S36. CBMC simulations of (a) CO2/CHa4, (b) CO2/N2, (¢) CH4/N2, (d) CO2/H2, and (¢) CH4/H>,

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 S37. (a) MD simulations of the CO2/CHa diffusion selectivities, S, , determined from both

equimolar (¢, =¢,) binary mixtures and equimolar (¢, =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/CH4 permeation selectivity S, as function of the surface potential @, determined

m

from binary and ternary (CO2/CH4/N2, and CO2/CH4/H2) MD campaigns.
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Figure S38. (a) MD simulations of the CO2/Nz diffusion selectivities, S, determined from both

equimolar (g, =g, ) binary and equimolar (g, = ¢, = ¢;) ternary (CO2/CHa/N2, and CO2/N2/H>) 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/H2) mixtures MD campaigns.
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Figure S39. (a) MD simulations of the H2/CO: diffusion selectivities, S, , determined from both

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

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 S40. (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

perm

MD campaigns.

as function of the surface potential ® , determined from binary and ternary (CO2/CHa4/N2)
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Figure S41. (a) MD simulations of the CH4/Hz diffusion selectivities, S, determined from both

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

perm

MD campaigns.
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Figure S42. (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 C2He/CH4 permeation

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

(CH4/C2He/C3Hs) MD campaigns.
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Figure S43. (a) MD simulations of the C3Hs/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 C3Hs/CH4 permeation

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

(CH4/C2He/C3Hs) MD campaigns.
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Figure S44. MD simulation data on the self-diffusivities, D, ., of (a) COz, (b) CHa, (¢) N2, (d) C2Hs,

and (e) Hz in equimolar ¢, =q,;

x, =1-x, =0.5 binary CO2/CHa4, CO2/N2, CO2/H2, CH4/N2, CH4/H2,

CHa4/C2Hs, CH4/C3Hs, and C2He/C3Hs mixtures and equimolar (q1 =q, =q3) ternary CO2/CHa4/N2,

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 self-diffusivities.
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Figure S45. CBMC/MD simulations of the permeabilities, I1,, of (a) CO2, (b) CH4, (c) N2, (d) C2Hs,

and (e) Hz in equimolar ¢, =q,;

x, =1-x,=0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/N2, CH4/Ha,

CH4/C2Hs, CH4/C3Hs, and C2He/C3Hs mixtures and equimolar (q1 =q, =q3) ternary CO2/CHa4/N2,

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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8 Adsorption, Diffusion, Permeation in NaX, and NaY zeolites

8.1 Mixture adsorption in cation-exchanged NaX (=13X) zeolite
Figure S46a shows CBMC simulation data of the adsorption selectivity, S ,, for CO2(1)/CHa4(2)

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

(ii1)  the bulk gas phase mole fractions are maintained at y, =0.20, and the total mixture fugacity
f, = fi+f,isvariedupto f, = 10 MPa at which pore saturation conditions are approached,

(iv)  the bulk gas phase mole fractions are maintained at y, =0.50, and the total mixture fugacity
f, = f,+f,isvariedupto 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 O to 1

For all five CBMC data sets, the CBMC simulated values of the adsorption selectivity, S

a

s » follows a

near-unique dependence on the surface potential @, see Figure S46a. CBMC simulations were also
performed for 20/40/40 CO2/CHa4/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;

isvariedup to f, = 10 MPa. The values of the CO2/CH4 adsorption selectivity in the ternary mixture are
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also plotted in Figure S46a. 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 IAST calculations (indicated by dashed lines in Figure S46a) 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. 26 2% 445051 With the introduction
of activity coefficients, the expression for the adsorption selectivity for the CO2(1)/CHa4(2) pair in binary

and ternary mixtures is

L 9./4, _ x/h _ By,
ads,12
fl/fz xz/fz 3071

(S75)

Using the CBMC data for binary and ternary mixture adsorption, the activity coefficients of CO2(1) and

CHa4(2) were determined for both binary and ternary mixtures. Figure S46b 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
V2 72

ternary mixtures are of comparable magnitudes when plotted as a function of @ . For this reason, the
CO2/CHa4 adsorption selectivity shows a unique dependence on @ , despite the significant deviations from
IAST estimates.

Figure S47a,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 S48ab 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.
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8.2 Component self-diffusivities and permeabilities in NaX, and NaY zeolites

Figure S49 presents MD simulation data on the self-diffusivities, D, ., of (a) COz, (b) CHa, (¢) N2,

and (d) H2 in equimolar ¢, =¢q,; x, =1-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2He,

and CH4/CsHg mixtures in NaX zeolite, plotted as a function of the surface potential ® . Also plotted are
the corresponding values of the unary self-diffusivities. Except for Hz, the self-diffusivities in the binary
mixtures are also nearly the same as the unary self-diffusivities. The unary self-diffusivity for Ha, 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 S50 presents data on the permeabilities, I1,, of a) CO2, (b) CH4, (c) N2, and (d) H2 in equimolar
q,=q,; X, =l-x,=0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2Hs, an CH4/C3Hs mixtures

in NaX zeolite, plotted as a function of the surface potential ® . Also plotted are the corresponding values
of the unary permeabilities. Except for Hz, the permeabilities in the binary mixtures are nearly the same
as the unary permeabilities. The unary permeability for Ha, appears to be 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.

Figure S51 presents MD simulation data on the self-diffusivities, D, ., of (a) COz, (b) CHa, (c) N2,

and (d) H2 in equimolar ¢, =¢q,; x, =1-x, =0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2He,

and CH4/CsHg mixtures in NaY zeolite, plotted as a function of the surface potential ® . Also plotted are
the corresponding values of the unary self-diffusivities. Except for Hz, the self-diffusivities in the binary
mixtures are also nearly the same as the unary self-diffusivities. The unary self-diffusivity for Ha, 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 S52 presents data on the permeabilities, I1,, of a) CO2, (b) CH4, (c) N2, and (d) H2 in equimolar

q,=q,; X, =1-x,=0.5 binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2Hs, an CH4/C3Hs mixtures
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in NaY zeolite, plotted as a function of the surface potential ® . Also plotted are the corresponding values
of the unary permeabilities. Except for Hz, the permeabilities in the binary mixtures are nearly the same
as the unary permeabilities. The unary permeability for Hz, appears to be 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.

S88



Adsorption, Diffusion, Permeation in NaX, and NaY zeolites

8.3 List of Tables for Adsorption, Diffusion, Permeation in NaX, and NaY zeolites

Table S3. Dual-site Langmuir-Freundlich parameters for pure components 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.

Site A Site B

Gasat ba Va B sat b VB

mol kg! Pa " dimensionless | mol kg! Pa™"®

dimensionless

CO, 1.7 1.390E-05 1 42 0.000478244 1
CH4 23 1.24E-08 1 5.5 0.00000217 1
N» 9.8 2.136E-09 0.96 42 1.224E-07 1
H, 10.5 8.38E-09 1 22 3.14856E-08 1
CoHe 4.173 1.23E-05 1.1 1.267 9.24E-06 0.72
CsHg 22 1.194E-04 1.46 1.6 1.15E-03 0.66
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Table S4. Dual-site Langmuir-Freundlich parameters for pure components at 300 K in NaY zeolite

containing 54 Na'/uc. The fit parameters are based on the CBMC simulations of pure component

isotherms.

Site A Site B

qAsat ba VA qB sat bs B

mol kg! Pa " dimensionless | mol kg’! Pa "

dimensionless

CO; 1.8 2.002E-05 0.7 5.9 4.15803E-05 1
CH4 34 6.53E-09 1 5.9 1.134E-06 1
N» 9.8 1.33E-09 1 42 1.472E-07 1
H» 14 9.552E-09 1 2.4 3.0667E-08 1
C,Hs 1.43 6.76E-09 1.8 3.257 1.08E-05 1
CsHg 1.033 5.68E-09 2.48 2.78 1.20E-04 1
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8.4 List of Figures for Adsorption, Diffusion, Permeation in NaX, and NaY

zeolites

~ -@ CO,/CH,; y,=0.5; vary f,

¢ CO,/CH,; £=100 kPa; vary y,
-m CO,/CH,; y,=0.05; vary f,
—A- CO,/CH,; y,=0.2; vary f,

| ¢ CO,/CH,; y,=0.1; vary f,

| % 20/40/40 CO,/CH,/N,; vary f,
|~ 5/25/70 CO,/CH,/N,; vary f,

100

CBMC vs IAST:
Binary vs Ternary;
NaX; 300 K

=== |AST
—@— CO,/CH,; y,=0.5; vary f,

O CO,/CH,; £=100 kPa; vary y,
—m— CO,/CH,; y,=0.05; vary f,
—a— CO,/CH,; y,=0.2; vary f,
—%— CO,/CH,; y,=0.1; vary f,
—x— 20/40/40 CO,/CH,/N,; vary f,

CO,/CH, adsorption selectivity, S,

Ratio of the activity coefficients of CO, and CH, in mixture

i CBMC vs IAST: Binary vs Ternary;

10 Ll T T 11 0 Lol | Lol Lol |
1072 10 10° 10° 10° 102 10" 100 10"
Surface potential, @ / mol kg Surface potential, ® / mol kg™

Figure S46. (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 S3. (b) CBMC simulations of the ratio of activity coefficients of CO2, and CHa4 plotted

as function of the surface potential © .
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Figure S47. (a) CBMC simulations of the CO2/N2 adsorption selectivity, S , , for binary and ternary

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 S3.
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Figure S48. (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/CHa4 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 S3.
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Figure S49. MD simulation data on the self-diffusivities, D, , of (a) CO2, (b) CHs, (¢) N2, and (d) H2

in binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2Hs, and CH4/C3Hs mixtures in NaX zeolite at 300
K, plotted as a function of the surface potential @ . Also plotted are the corresponding values of the unary

self-diffusivities.

S94



Adsorption, Diffusion, Permeation in NaX, and NaY zeolites

Q

‘T(U

o
<1000 £

€ B

£ C

o NaX; 300 K

100 £ ’ ’

£ =MD

"9 C

= 10:

2 - <)~ Unary CO,

g 1 :+ CO, in CO,/N,, mixture

E @ CO,in CO,/CH, mixture

8:; L —o— CO, in CO,/H, mixture

8 01 L Ll L Ll Ll

0.1 1 10 100
Surface potential, ® / mol kg'1

F'(U

o 10 | NaX; 300 K;
R g

s -

= L

© L

=L

_,‘9 E

= L

3 r

(4] L

g L

S 001 L —A— N, in CO,/N, mixture

ZN E Ll Ll Ll

0.1 1 10 100

Surface potential, ® / mol kg™

CH, permeability, I1,/ 10"* mol m m? s™ Pa” c-

P Q.

1

H, permeability, T1,/ 10> mol m m? s°

1000

100

©
—_—

0.01

0.1 1

100

-
o

0.1 1

NaX; 300 K;

c
>
Q

<
@)
I

CH, in CO,/CH, mixture [
—w— CH, in CH,/H, mixture
—y— CH, in CH,/C,H, mixture
~—s— CH, in CH,/C,H, mixture

4D7

10

Surface potential, ® / mol kg'1

NaX; 300 K;

<> Unary H,
—— H, in CO,/H, mixture
- —m— H, in CH,/H, mixture

10

Surface potential, ® / mol kg™

100

Figure S50. CBMC/MD simulations of the permeabilities, I1,, of (a) COz, (b) CHa, (c) N2, and (d) H2
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K, plotted as a function of the surface potential @ . Also plotted are the corresponding values of the unary

permeabilities.
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Figure S51. MD simulation data on the self-diffusivities, D, -, of (a) COz, (b) CHy, (¢) N2, and (d) Hz

l

in binary CO2/CHas, CO2/N2, CO2/H2, CH4/H2, CH4/C2Hs, and CH4/C3Hs mixtures in NaY 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 S52. CBMC/MD simulations of the permeabilities, I1,, of (a) COz, (b) CHa, (c) N2, and (d) H2

in binary CO2/CH4, CO2/N2, CO2/H2, CH4/H2, CH4/C2Hs, and CH4/C3Hs mixtures in NaY 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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9 Comparing FAU (all-silica) with NaY and NaX zeolites

Figure S53 compares the CBMC simulations of the unary isotherms for (a) COz, and (b) CH4 in FAU
(all-silica), NaY, and NaX zeolites, determined at 300 K. For COz, the molar loadings, ¢, increases with
increasing number of extra-framework cations. At a bulk gas fugacity f = 1 kPa, the molar loadings of
CO2 in FAU, NaY, and NaX zeolites are, respectively, 0.044, 0.25, and 1.26 mol kg™!. This implies that
a significantly larger amount of CO2 may be captured by increasing the number of extra-framework Na*
cations from 0 to 86 per unit cell.

There is a disadvantage in increasing the number of extra-framework Na* cations. In the desorption
phase, if the molar loadings are to be reduced to say 0.01 mol kg™!, the required pressure needs to be as
low as 2000 Pa, 300 Pa, and 5 Pa, respectively. In other words, significantly deeper vacuum is required
for operating with NaY, and NaX zeolites.

The isosteric heats of adsorption, O, , reflect the binding energy of guest molecules. The stronger the
degree of binding, the higher is the value of O,. We should therefore expect O, to increase with the
number of extra-framework cations. Figure S54, and Figure S55 present CBMC simulations of the

isosteric heats of adsorption, O,

st 2

of CO2, CHs, N2, and Hz in FAU (all-silica), NaY, and NaX zeolites,
plotted as functions of both the surface potential @ . For CO, the Q,, increases with increasing number
of extra-framework cations. For CHa, the O, also increases with increasing number of extra-framework

cations, but the increase is far less significant; the same holds for N2, and Ho.

A different way of interpreting (), is to consider this quantity to represent the “stickiness” of the guest

molecule. We should expect the intra-crystalline diffusivities to decrease as the stickiness of the guest

increases. Figure S56 compares MD simulations of the self-diffusivities, D, -, of (a) CO2, and (b) CH4
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in FAU (all-silica), NaY, and NaX zeolites Indeed, we note that the self-diffusivities of CO: are
significantly reduced with increasing number of framework cations. The corresponding influence on the

self-diffusivities of CH4 is much lower, nearly negligible. In Figure S57, the self-diffusivities, D, , of

(a) CO2, and (b) CH4 in FAU (all-silica), NaY, and NaX zeolites are plotted as functions of both the

surface potential @ , and the isosteric heats of adsorption, Q. The diffusivities decrease with increasing
binding strength, quantified by O, . The diffusivities also decrease with increasing pore occupancy,

reflected by the surface potential @ .

Figure S58 presents the comparison of the Maxwell-Stefan diffusivities, D, , of (a) COz, and (b) CH4 in
FAU (all-silica), NaY, and NaX zeolites. The same conclusions hold for D,. The higher the O, , the
lower is the value of D, and D, .

Figure S59 presents a comparison of CBMC and MD simulations of (a) adsorption selectivities, S, ,

(b) diffusion selectivities, S of CO2(1)/CH4(2) mixtures in

4y » and (¢) permeation selectivities, S

perm 2
FAU, NaY, and NaX zeolites at 300 K. The selectivities are plotted as function of the surface potential
@ . Also plotted using dashed lines in Figure S59a are the IAST estimates of the adsorption selectivity

S .- While the IAST estimates are of excellent accuracy for all-silica FAU, the IAST tends to over-

estimate the adsorption selectivity of NaY and NaX zeolites. The elucidation of the reasons for reduced

accuracy of the IAST is provided in our earlier works.?2628:59:51 We note that the adsorption selectivity

D .
follows the hierarchy NaX >> NaY >> FAU (all-silica). The diffusion selectivity S, = L follows
2,self

the hierarchy NaX < NaY < FAU (all-silica). Due to the stronger binding of CO-, the self-diffusivity of
CO:2 is significantly lowered with increasing number of cations, while the self-diffusivity of CHa(2) is less
strongly influenced. From Figure S59a,b we conclude that adsorption and diffusion selectivities do not
proceed hand-in-hand. If the host materials were used in membrane constructs, the permeation selectivity

S is a product of the adsorption and diffusion selectivities, i.e. S, =S, xS, . Figure S59¢c

perm perm

diff *
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compares the permeation selectivities of FAU, NaY and NaX. We note that the permeation selectivities
follow the hierarchy NaX > NaY > FAU (all-silica), and reflect the counter-acting influences of mixture
adsorption and mixture diffusion. In Figure S59d, the membrane permeability of CO: is plotted as a

function of the surface potential ®. For the specific choice of upstream operating conditions,

f. = f,+ f, =10° Pa, Figure S59¢ shows the Robeson>® plot of S, vs II, for the three host structures.

perm
We note that the performances of both NaY and NaX, lie above the line representing the Robeson upper

bound.’? Since both § and Il, are important metrics governing the choice of the appropriate

perm
membrane material, there is room of optimization of the Si/Al ratio depending on the relative weightage
to be assigned to permeation selectivity and permeability.

Figure S60, Figure S61, Figure S62, Figure S63, and Figure S64 summarize the CBMC/MD data on

permeation selectivities, S and

perm

adsorption selectivities, S diffusion selectivities, S

ads °

diff >

permeabilities for CO2/N2, CO2/Hz2, CH4/H2, CH4/C2Hs, and CH4/C3Hs mixtures.
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9.1 List of Figures for Comparing FAU (all-silica) with NaY and NaX zeolites
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Figure S53. CBMC simulations of the molar loadings of (a) CO2, and (b) CH4 in FAU (all-silica), NaY,

and NaX zeolites, determined at 300 K, plotted as function of the bulk gas fugacity f .
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Figure S54. CBMC simulations of the isosteric heats of adsorption, O
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Figure S55. CBMC simulations of the isosteric heats of adsorption of (a) CO2, and (b) CH4 in FAU (all-

silica), NaY, and NaX zeolites, determined at 300 K, plotted as function of the surface potential @ .
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Figure S56. MD simulations of the self-diffusivities, D, , , of (a) CO2, and (b) CHa in FAU (all-silica),

NaY, and NaX zeolites, determined at 300 K, plotted as function of the surface potential @ .
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Figure S57. MD simulations of the self-diffusivities, D, ., of CO2 in FAU (all-silica), NaY, and NaX

zeolites, determined at 300 K, plotted as function of the surface potential @ and the isosteric heat of

adsorption, @ .
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Figure S58. MD simulations of the Maxwell-Stefan diffusivities, D,, of (a) COz, and (b) CH4 in FAU

(all-silica), NaY, and NaX zeolites, determined at 300 K, plotted as function of the surface potential @ .
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Figure S59. Comparison of CBMC and MD simulations of (a) adsorption selectivities, S, , (b)

diffusion selectivities, S, ., (c) permeation selectivities, S and (d) CO2 permeabilities for CO2/CH4

diff >

perm

mixtures in FAU, NaY, and NaX zeolites at 300 K. (e¢) Robeson plot of S, ~vs II, data at

m

f = f,+ f,=10° Paand 300 K.
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Figure S60. Comparison of CBMC and MD simulations of (a) adsorption selectivities, S, , (b)

diffusion selectivities, S

diff >

(c) permeation selectivities, S

perm 2

and (d) COz2 permeabilities for CO2/N2

mixtures in FAU, NaY, and NaX zeolites at 300 K. (e) Robeson plot of S, ~vs II, data at

f. = f,+f,=10° Paand 300 K.
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Figure S61. Comparison of CBMC and MD simulations of (a) adsorption selectivities, S, , (b)
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and (d) COz2 permeabilities for CO2/N2
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mixtures in FAU, NaY, and NaX zeolites at 300 K.
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Figure S63. Comparison of CBMC and MD simulations of (a) adsorption selectivities, S, , (b)

diffusion selectivities, S ., and (¢) permeation selectivities, S of CH4/C2He mixtures in FAU, NaY,
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diff »

and NaX zeolites at 300 K. The selectivities are plotted as function of the surface potential @ .
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Figure S64. Comparison of CBMC and MD simulations of (a) adsorption selectivities, S, , (b)

diffusion selectivities, S ., and (c) permeation selectivities, S of CH4/C3Hsg mixtures in FAU, NaY,
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diff >

and NaX zeolites at 300 K. The selectivities are plotted as function of the surface potential @ .
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10 N2/O: separations in Li-exchanged FAU zeolites

The separation of air to produce N2 and Oz of high purities is one of the most important industrial
processes that uses pressure swing adsorption technology.>® >* The process technologies are geared to
either production of purified Oz or purified N2. Cryogenic distillation has been the common technologies
for this separation, but adsorptive separations offer energy efficient alternatives. Purified Oz is required
for a wide variety of applications that include portable adsorption units for medical applications and in
space vehicles. Nitrogen is required in applications where it is desired or necessary to exclude oxygen.
Typical industrial applications include preservation of fruit and produce during trucking, the blanketing
of fuel tanks of fighter aircraft, the inerting of reactors in a number of pharmaceutical processes, laser
cutting. N2 is required for use in laboratory analytical equipment such as GC, LC, LCMS, FTIR, ICP, and
in glove boxes.

For production of purified O, cation-exchanged zeolites LTA-5A (also called 5A or NaCaA zeolite
containing 96 Si, 96 Al, 32 Na*, 32 Ca™" per unit cell; Si/Al=1), NaX (also called 13 X zeolite, containing
106 Si, 86 Al, 86 Na" per unit cell; Si/Al=1.23), CaX, LiX, and LiLSX (= low silica LiX zeolite) and can
be used as selective adsorbents.* 337 The larger permanent quadrupole of N2 compared to that of Oz is
responsible for the stronger adsorption strength of N2 on these zeolites.* Both O2, and N2 have similar
polarizabilities and magnetic susceptibilities. However, the quadrupole moment of N2 is about 4 times
that of Oz; see Figure S6.

We carried out CBMC and MD simulations for adsorption and diffusion of unary N2, unary Oz, and
N2/O2 mixtures in Li-exchanged FAU zeolites with different Al contents per unit cell:

FAU all-silica =0 Al

FAU48Al = 48 Al/uc, 48 Li*/uc

FAUS54Al = 54 Al/uc, 54 Li‘/uc

S113



N2/02 separations in Li-exchanged FAU zeolites

FAUS6AI = 86 Al/uc, 86 Li/uc
FAU96A1 = 96 Al/uc, 96 Li‘/uc
The force field is from Table 1 of Fu et al.>° The Li* force field implementation is taken from Table 1

of Fu et al.?!

10.1 Unary and mixture adsorption in Li-exchanged FAU zeolites

Figure S65a,b present CBMC simulations of the unary isotherms for (a) N2, and (b) Oz at 300 K in Li-
exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96. The unary isotherm
fit parameters are provided in Table S5, and Table S6. With increasing amounts of Li*/uc, the component
loadings of N2 increase, due to the strong electrostatic interactions engendered by the quadrupole moment.
The influence on the component loadings of Oz is minimal, because of the significantly lower electrostatic
interactions. The increase in the electrostatic interactions is also reflected in the increase in the isosteric

heat of adsorption, Q,,, also determined from CBMC simulations. For N2, the addition of cations to all-
silica FAU, increases O, but the corresponding influence for Oz, 1s negligible; see Figure S65c.

CBMC simulations were performed to determine the adsorption selectivity, S

s » Tor 80/20 N2(1)/02(2)
mixtures in Li-exchanged zeolites at 300 K; see Figure S66a,b. The adsorption selectivities are plotted
as function of the surface potential @ . The dashed lines in Figure S66b are the IAST calculations; the
unary isotherm fit parameters are provided in Table S5, and Table S6. The IAST calculations are in good

agreement with the CBMC simulations and thermodynamic non-idealities are of negligible importance.
For mixture adsorption at a total fugacity = 100 kPa, Figure S66¢ plots S, as a function of the Al
content per unit cell. We note that the S, increases with increasing Al content, and this rationalizes the

use of LILSX (LS = low silica) in industrial practice. °% >
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10.2 Self-diffusivities, and diffusion selectivities
Figure S67a,b present MD simulations of the unary self-diffusivities D, . for (a) N2, and (b) Oz at 300

K in Li-exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96, plotted as
function of the surface potential ®. We note that the self-diffusivity of N2 decreases with increasing
amounts of Li*/uc. The stronger the binding, the lower is the mobility of the guest molecule. On the other
hand, the self-diffusivity of Oz is almost independent of the amounts of Li"/uc because the binding

strengths, O, are practically uninfluenced by the addition of extra-framework cations. The values of the

diffusivities at zero loadings, correlate reasonably well with the values of the corresponding isosteric heat

of adsorption, QO ; see Figure S67c. The stronger the binding, the lower is the mobility of the guest

st
molecule.
In Figure S68 the self-diffusivities are plotted as functions of both the surface potential @, and the

isosteric heats of adsorption, Q. For N2, the diffusivities decrease with increasing binding strength,
quantified by Q,, . The diffusivities also decrease with increasing pore occupancy, reflected by the surface

potential @ . On the other hand, the self-diffusivity of Oz is almost independent of the amounts of Li*/uc

because the binding strengths, O, are practically uninfluenced by the addition of extra-framework

cations.

In Figure S69a,b,c,d,e the MD data on the self-diffusivities of N2, and Oz determined for equimolar

(q1 =q2) N2/O2 mixtures are compared to the corresponding values of the unary diffusivities; the

comparison is made on the basis of the surface potential ® . For a chosen guest structure, we note that
self-diffusivities of N2, and Oz in binary mixtures have practically the value as the corresponding unary
self-diffusivities at the same value of @ .

Figure S70a,b compare the plots of the adsorption selectivity, S, , and N2/Oz diffusion selectivity, S,
. These plots demonstrate the anti-synergy between adsorption and diffusion. The higher the adsorption

selectivity, the lower is the corresponding diffusion selectivity.
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The N2/O2 permeation selectivity, S =S8 , xS, are plotted in Figure S70c. Due to the anti-synergy

perm iff
between adsorption and diffusion, the permeation selectivity is lower than the adsorption selectivity for

each of the five host structures.

10.3 Membrane permeabilities and permeation selectivities

pDi,selfqi

The component membrane permeabilities can be determined using eq (S61), 11, = . In Figure

S71a,b,c,d,e the component permeabilities of N2, and O2 determined for equimolar (g, =g,) N2/O2

mixtures are compared to the corresponding values of the unary diffusivities; the comparison is made on
the basis of the surface potential ® . For a chosen guest structure, we note that permeabilities of N2, and
O2 in binary mixtures have practically the same value as the corresponding unary permeabilities at the
same value of @ .

In Figure S72a, CBMC/MD simulations of S, S,,, and S, for binary 80/20 N2/O2 mixture

permeation at a upstream total pressure of 100 kPa across Li-exchanged FAU zeolite membranes are plot

as a function of the Al contents per unit cell: 0, 48, 54, 86, and 96. Figure S72b is a Robeson plot of §

perm
vs component permeabilities of N2 for binary 80/20 N2/O2 mixture permeation across Li-exchanged FAU

zeolite membrane. The best membrane performance is realized with 96Al.
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10.4 List of Tables for N2/0O2 separations in Li-exchanged FAU zeolites

Table S5. Dual-site Langmuir parameters for pure N2 at 300 K in Li-exchanged FAU zeolites

Site A Site B

GAsat ba g8 sat b

mol kg! Pa’! mol kg! Pa™
0Al=FAU 2.2 3.314E-08 5.7 5.199E-07
48Al 4.8 1.372E-07 4.4 2.832E-06
54Al 5.2 7.277E-08 53 2.420E-06
86Al 34 3.142E-07 5.5 4.287E-06
96Al 33 2.108E-07 6.05 4.865E-06
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Table S6. Dual-site Langmuir parameters for pure Oz at 300 K in Li-exchanged FAU zeolites

Site A Site B

GAsat ba g8 sat b

mol kg! Pa! mol kg'! Py
0Al=FAU 7.7 3.782E-07
48A1 4.8 4.344E-07 3.4 4.344E-07
54Al 4.9 4.099E-07 3.5 4.595E-07
86Al 5.4 5.820E-07 2.8 5.822E-07
96Al 2.6 2.091E-08 7.7 6.740E-07
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10.5 List of Figures for N2/0O2 separations in Li-exchanged FAU zeolites
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Figure S65. (a, b) CBMC simulations of the unary isotherms for N2, and Oz at 300 K in Li-exchanged
FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96. The unary isotherm fit
parameters are provided in Table S5, and Table S6. (c) CBMC simulations of the isosteric heats of

adsorption, O, , for N2, and Oz, plotted as function of the surface potential @ .
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Figure S66. (a, b) CBMC simulations of the adsorption selectivity, S, , for binary 80/20 N2/O2 mixture

adsorption in Li-exchanged FAU zeolites at 300 K. The adsorption selectivities are plotted as function of
the surface potential @ . The dashed lines in (b) are the IAST calculations; the unary isotherm fit
parameters are provided in Table S5, and Table S6. (¢) CBMC simulations of the adsorption selectivity,

S . » for 80/20 N2/O2 mixture adsorption in Li-exchanged FAU zeolites at a total fugacity = 100 kPa,

plotted as a function of the Al content per unit cell.
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Figure S67. (a, b) MD simulations of the unary self-diffusivities for N2, and Oz at 300 K in Li-exchanged

FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96, plotted as function of the

surface potential @ . (¢) The values of the N2 diffusivities at zero loadings, plotted as function of the

isosteric heat of adsorption, Q...
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Figure S68. (a, b) MD simulations of the unary self-diffusivities for N2, and Oz at 300 K in Li-exchanged

FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96, plotted as function of the

surface potential @, and the isosteric heats of adsorption @ .
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Figure S69. MD simulations of the self-diffusivities of N2, and Oz at 300 K in Li-exchanged FAU

zeolites, with different Al contents per unit cell: (a) 0, (b) 48, (c) 54, (d) 86, and (e) 96, plotted as function

of the surface potential ®. The filled symbols represent the self-diffusivities in equimolar (q1 = ‘Iz)

N2/O2 mixtures. The open symbols represent the unary diffusivities.
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Figure S70. (a) CBMC simulations of the adsorption selectivity, S, , for binary 80/20 N2/O2 mixture

adsorption in Li-exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96.

(b) MD simulations of the N2/Oz diffusion selectivity, S, , at 300 K in Li-exchanged FAU zeolites. (c)
CBMC/MD simulations of the N2/O2 permeation selectivity, S, , at 300 K in Li-exchanged FAU

zeolites. In (a, b, c), the selectivities are plotted as function of the surface potential @ .
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Figure S71. Component permeabilities of N2, and Oz at 300 K in Li-exchanged FAU zeolites, with

different Al contents per unit cell: (a) 0, (b) 48, (c) 54, (d) 86, and (e) 96, plotted as function of the surface

potential @ . The filled symbols represent the permeabilities in equimolar (q1 = qz) N2/O2 mixtures. The

open symbols represent the unary permeabilities.
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Figure S72. (a) CBMC/MD simulations of S, S,,, and § for binary 80/20 N2/O2 mixture

perm
permeation across Li-exchanged FAU zeolite membrane, with different Al contents per unit cell: 0, 48,

54, 86, and 96. The upstream total pressure is 100 kPa. (b) Robeson plot of S vs component

perm

permeabilities of N2 for binary 80/20 N2/O2 mixture permeation across Li-exchanged FAU zeolite

membrane, with different Al contents per unit cell: 0, 48, 54, 86, and 96.
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11 N2/O; separations in Na-exchanged FAU zeolites

We carried out CBMC and MD simulations for adsorption and diffusion of unary N2, unary Oz, and
N2/O2 mixtures in Na-exchanged FAU zeolites with different Al contents per unit cell:

FAU all-silica =0 Al

FAU48Al1 =48 Al/uc, 48 Li*/uc

FAU54Al1 =54 Al/uc, 54 Li*/uc

FAU86AI = 86 Al/uc, 86 Li'/uc

FAU96A1 =96 Al/uc, 96 Li'/uc

The force field implementation is from Table 1 of Fu et al.?

11.1 Unary and mixture adsorption in Na-exchanged FAU zeolites

Figure S73a,b present CBMC simulations of the unary isotherms for (a) N2, and (b) Oz at 300 K in Na-
exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96. The unary isotherm
fit parameters are provided in Table S7, and Table S8. With increasing amounts of Na*/uc, the component
loadings of N2 increase, due to the strong electrostatic interactions engendered by the quadrupole moment.
The influence on the component loadings of Oz is significantly lower, because of the significantly lower
electrostatic interactions. The increase in the electrostatic interactions is also reflected in the increase in

the isosteric heat of adsorption, O, , also determined from CBMC simulations. For N2, the addition of

cations to all-silica FAU, increases O, but the corresponding influence for Oz, is less strong; see Figure

S73c.

CBMC simulations were performed to determine the adsorption selectivity, S

ads >

for 80/20 Na(1)/02(2)

mixtures in Na-exchanged zeolites at 300 K; see Figure S74a,b. The adsorption selectivities are plotted

S128



N2/02 separations in Na-exchanged FAU zeolites

as function of the surface potential @ . The dashed lines Figure S74b are the IAST calculations; the unary
isotherm fit parameters are provided in Table S7, and Table S8. The IAST calculations are in good
agreement with the CBMC simulations and thermodynamic non-idealities are of negligible importance.

For mixture adsorption at a total fugacity = 100 kPa, Figure S74c plots S, as a function of the Al

S

content per unit cell. We note that the S, increases with increasing Al content.

11.2 Self-diffusivities, and diffusion selectivities
Figure S75a,b present MD simulations of the unary self-diffusivities D, . for (a) N2, and (b) Oz at 300

K in Na-exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96, plotted as
function of the surface potential @ . We note that the self-diffusivity of N2 decreases with increasing
amounts of Na*/uc. The self-diffusivity of Oz is also lowered with increasing amounts of Na*/uc but the
influence is less strong as compared to that for N2. The values of the diffusivities at zero loadings, correlate

reasonably well with the values of the corresponding isosteric heat of adsorption, Q. ; see Figure S75c.

st
The stronger the binding, the lower is the mobility of the guest molecule.
In Figure S76 the self-diffusivities are plotted as functions of both the surface potential @, and the

isosteric heats of adsorption, Q. For both N2, and O: the self- diffusivities decrease with increasing
binding strength, quantified by (O, . The diffusivities also decrease with increasing pore occupancy,
reflected by the surface potential © .

In Figure S77a,b,c,d,e the MD data on the self-diffusivities of N2, and Oz determined for equimolar

(q1 =q2) N2/O2 mixtures are compared to the corresponding values of the unary diffusivities; the

comparison is made on the basis of the surface potential ®. For a chosen guest structure, we note that
self-diffusivities of N2, and Oz in binary mixtures have practically the value as the corresponding unary
self-diffusivities at the same value of @ .

Figure S78a,b compare the plots of the adsorption selectivity, S, , and N2/Oz diffusion selectivity, S,

. These plots demonstrate the anti-synergy between adsorption and diffusion. The higher the adsorption
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selectivity, the lower is the corresponding diffusion selectivity. The N2/O2 permeation selectivity,

S = Sads X Sd

perm

;7 are plotted in Figure S78¢c. Due to the anti-synergy between adsorption and diffusion,

the permeation selectivity is lower than the adsorption selectivity for each of the five host structures.

11.3 Membrane permeabilities and permeation selectivities

pDi,selfqi

The component membrane permeabilities can be determined using eq (S61), 11, = . In Figure

S79a,b,c,d,e the component permeabilities of N2, and O2 determined for equimolar (g, =g,) N2/O2

mixtures are compared to the corresponding values of the unary diffusivities; the comparison is made on
the basis of the surface potential ® . For a chosen guest structure, we note that permeabilities of N2, and
O2 in binary mixtures have practically the same value as the corresponding unary permeabilities at the
same value of @ .

In Figure S80a, CBMC/MD simulations of S, S,,, and S, for binary 80/20 N2/O2 mixture

permeation at a upstream total pressure of 100 kPa across Na-exchanged FAU zeolite membranes are plot

as a function of the Al contents per unit cell: 0, 48, 54, 86, and 96. Figure S80b is a Robeson plot of §

perm
vs component permeabilities of N2 for binary 80/20 N2/O2 mixture permeation across Na-exchanged FAU

zeolite membrane. The best membrane performance is realized with 96Al.
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11.4 Comparing Li-FAU and Na-FAU zeolites for N2/O: separations.

Figure S81 presents a comparison of the (a) isosteric heats of adsorption, (b) adsorption selectivity, (c)
diffusion selectivity, (d) permeation selectivity, and (e) nitrogen permeabilities for N2/Oz separations
using either Li-exchanged or Na-exchange FAU zeolites, with different Al contents per unit cell: 0, 48,
54,86, and 96. Itis evident that Li-exchanged FAU is more effective for N2/Oz separations; this is because
the electrostatic interactions for interactions of N2 with Li" are stronger than with Na*, due to the smaller

ionic radius of Li".

11.5 Comparing RDFs for Li-FAU and Na-FAU zeolites

The interaction potential, engendered by quadrupole moment, is inversely proportional to the cube of
the center-to-center distance between nitrogen molecules and the extra-framework cations; see Figure S5.
By sampling a total of 107 simulation steps, the radial distribution of the separation distances between the
molecular pairs N2-Li*, and N2-Na* were determined for binary 80/20 N2/O2 mixture adsorption at a total
pressure of 100 kPa. The samples were taken up to a radial distance of 12 A, but the x-axis has been
truncated at 8 A because only the first peaks are of interest. Due to the smaller ionic radius of Li",
compared to Na*, the N2-Li* distances are smaller than the N2>-Na" distances; this is confirmed by radial
distribution functions for N2-Li" and the N2-Na® pairs for 80/20 N2/O2 mixture adsorption in Li-

FAU(96AIl) and Na-FAU(96Al); see Figure S82.
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11.6 List of Tables for N2/0O2 separations in Na-exchanged FAU zeolites

Table S7. Dual-site Langmuir parameters for pure N2 at 300 K in Na-exchanged FAU zeolites

Site A Site B

GAsat ba g8 sat b

mol kg! Pa’! mol kg! Pa™
0Al=FAU 2.2 3.314E-08 5.7 5.199E-07
48Al 2.5 1.981E-07 4.9 1.925E-06
54Al 2.8 8.468E-08 54 2.008E-06
86Al 2.7 1.060E-07 5.5 4.481E-06
96Al 3 7.51562E-08 5.7 5.04093E-06
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Table S8. Dual-site Langmuir parameters for pure Oz at 300 K in Na-exchanged FAU zeolites

Site A Site B

GAsat ba g8 sat b

mol kg! Pa! mol kg'! Py
0Al=FAU 7.7 3.782E-07
48A1 2.7 4.005E-08 6.6 7.177E-07
54Al 4 1.126E-08 7 7.382E-07
86Al 6.6 1.251E-06 6.2 8.723E-09
96Al 5.7 1.896E-08 6.2 1.529E-06
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11.7 List of Figures for N2/0O2 separations in Na-exchanged FAU zeolites
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Figure S73. (a, b) CBMC simulations of the unary isotherms for N2, and Oz at 300 K in Na-exchanged
FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96. The unary isotherm fit
parameters are provided in Table S7, and Table S8. (c) CBMC simulations of the isosteric heats of

adsorption, Q,,, for N2, and Oz, plotted as function of the surface potential @ .

S134



N2/02 separations in Na-exchanged FAU zeolites

Q

N,/O, adsorption selectivity, S_,,

o

N,/O, adsorption selectivity, S,

10

-.-ll
in
~5

PRy

—&— 96Al
L —@— 86Al
—@— 54Al
| —A— 48Al
—O— O0AI
01 Lol Lol Lol Lol L1
103 102 107 100 10!
Surface potential, ® / mol kg'1
4 —
. CBMC; 80/20 N,/O, mixture; 300 K;
I 100 kPa
3
2 [
1
07\\\\\\\\\\\\\\\\\\\\\\\\\
0 20 40 60 80 100

Number of Al atoms per unit cell

(o)

N,/O, adsorption selectivity, S,

10

CBMC; 80/20 N,/O, mixture; 300 K

0.1
104

10 102 10" 10° 10" 102

Surface potential, ® / mol kg
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adsorption in Na-exchanged FAU zeolites at 300 K. The adsorption selectivities are plotted as function

of the surface potential @ . The dashed lines in (b) are the IAST calculations; the unary isotherm fit

parameters are provided in Table S7, and Table S8. (c) CBMC simulations of the adsorption selectivity,
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for 80/20 N2/O2 mixture adsorption in Li-exchanged FAU zeolites at a total fugacity = 100 kPa,
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Figure S77. MD simulations of the self-diffusivities of N2, and O2 at 300 K in Na-exchanged FAU

zeolites, with different Al contents per unit cell: (a) 0, (b) 48, (c) 54, (d) 86, and (e) 96, plotted as function
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Figure S78. (a) CBMC simulations of the adsorption selectivity, S, , for binary 80/20 N2/O2 mixture
adsorption in Na-exchanged FAU zeolites, with different Al contents per unit cell: 0, 48, 54, 86, and 96.

(b) MD simulations of the N2/Oz diffusion selectivity, S, , at 300 K in Li-exchanged FAU zeolites. (c)
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Figure S79. Component permeabilities of N2, and Oz at 300 K in Na-exchanged FAU zeolites, with

different Al contents per unit cell: (a) 0, (b) 48, (c) 54, (d) 86, and (e) 96, plotted as function of the surface

potential @ . The filled symbols represent the permeabilities in equimolar (q1 = qz) N2/O2 mixtures. The

open symbols represent the unary permeabilities.
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12 Nomenclature

Latin alphabet

A

ba

bs
[B]
Di
D,(0)
bij

Di seit
fi
fi

1]

Ni

qi
qi,sat
qt
9,
rii(?)

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
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 dij, dimensionless

number of species in the mixture, dimensionless
molar flux of species i with respect to framework, mol m? s°!
partial pressure of species 7 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™!

isosteric heat of adsorption, J mol™!

position vector for molecule / of species i at any time ¢, m
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Nomenclature

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

Vi activity coefficient of component i in adsorbed phase, dimensionless
[A] matrix of Maxwell-Stefan diffusivities, m? s

Hi molar chemical potential of component i, J mol™!

T 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

O total mixture loading, molecules per unit cell

1% exponent in Langmuir-Freundlich isotherm, dimensionless
I, membrane permeability of species i, mol m m? s™! Pa’!

P framework density, kg m™

S145



Nomenclature

) surface potential, mol kg™!

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

o referring to conditions at downstream face of membrane
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