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1 Preamble

The Supporting Information accompanying our article How Reliable is the Real Adsorbed Solution
Theory (RAST) for Estimating Ternary Mixture Equilibrium in Microporous Host Materials? provides
(a) structural details of host zeolites, (b) details of the CBMC simulation methodology including choice
of force fields, (b) details of the IAST, and Real Adsorbed Solution Theory (RAST) calculations for
mixture adsorption equilibrium, (c) unary isotherm fit parameters, (d) Wilson, NRTL, and Margules
parameters fits for thermodynamic non-idealities, () plots of CBMC simulation data and comparisons
with JAST/RAST estimates.

For ease of reading, the Supplementary Material is written as a stand-alone document. As a

consequence, there is some overlap of material with the main manuscript.
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2 Structural details of host zeolites
The investigated host materials fall into five broad classes.
1. One-dimensional (1D) channels (Mgz(dobdc), JBW, Co(BDP)).).
2. One-dimensional channels with side pockets (MOR)
3. Intersecting channels (MFI, ISV)
4. Cages separated by narrow windows (CHA, DDR, ZIF-8, AFX, LTA (all-silica), LTA-4A)
5. Cavities with large windows (FAU (all-silica), NaY (144 Si, 48 Al, 48 Na", Si/Al=3), NaX (106
Si, 86 Al, 86 Na', Si/Al=1.23))

The crystallographic data are available on the zeolite atlas website of the International Zeolite
Association (IZA)." 2 Further details on the structure, landscape, pore dimensions of a very wide variety
of micro-porous materials are available in the published literature.>!” Table S1, and Table S2 provide
some salient structural information on CHA, DDR, MOR, LTA-4A and NaX zeolites. See also Figure S1
- Figure S10. Also included are the data for the all-silica versions, LTA (all silica), and FAU (all silica)
for which simulations were also undertaken in order to highlight the influence of extra-framework cations
on the thermodynamic non-idealiites.

Watch also the presentations titled Diffusion in LTA-4A and 5A Zeolites, Diffusion in Cage-Type
Zeolites, Inter-cage Hopping in DDR Zeolite, Inter-cage Hopping in CHA Zeolite, ZIF-8
Membranes, Visualizing Motion of Guest Molecules in ZIF-8, Diffusion in LTA Zeolite, Diffusion
in CHA Zeolite, Diffusion in DDR Zeolite, Diffusion in ZIF-8, Guest Mobility in CuBTC

on YouTube https://www.youtube.com/@rajamanikrishna250/videos
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2.1

Table S1. Salient structural information.

List of Tables for Structural details of host zeolites

Structure Topology Fractional Pore Framework
pore volume/ density/
volume, ¢ | cm’/g kg/m?

Mg,(dobdc) 1D hexagonal-shaped channels of 11 A 0.708 0.782 905

Co(BDP) 10 A square-shaped 1D channels 0.669 0.927 721.55

JBW 1D channels 0.161 0.086 1873.80

CHA 316 A3 cages separated by 3.77 A x 4.23 A size windows 0.382 0.264 1444

MOR 12-ring (7.0 A x 6.5 A) 1D channels, connected to 8-ring | 0.285 0.166 1714.69

(5.7 A x 2.6 A) pockets

DDR 277.8 A3 cages separated by 3.65 A x 437 A size windows | 0.245 0.139 1760

LTA (all silica) | cages of 743 A’ volume, separated by 4.11 A x 4.47 A 8- | 0.399 0.31 1285.2

ring windows

LTA-4A cages of 694 A® volume, separated by 4 A x 4.48 A 8-ring | 0.375 0.245 1529.6

windows

AFX 490 A3 size cages connected to pockets of 98 A% in size. Cages are | 0.359 0.246 1463.71

separated by 3.4 A x 3.9 A size windows.

ZIF-8 1168 A3 cages separated by 3.26 A size windows 0.476 0.515 924

MFI 10-ring intersecting channels of 5.4 A — 5.5 A and 5.4 A — | 0.297 0.165 1796

5.6 A size
ISV Intersecting channels of two sizes: 12-ring of 6.1 A -6.5 A | 0.426 0.278 1533
and 12-ring of 5.9 A - 6.6 A

FAU (all silica) | 786 A cages separated by 7.4 A size windows 0.439 0.328 1338

NaY 786 A3 cages separated by 7.4 A size windows 0.41 0.303 1347

NaX 781 A3 cages separated by 7.4 A size windows 0.40 0.280 1421

S8



Table S2. Pore volumes, surface areas, and characteristic (Delaunay) dimensions.

Structure Pore volume / cm® g! Surface area / m” g’! Delaunay diameter/ A
MFI 0.165 487.2 5.16
ISV 0.278 911.4 5.96
FAU (all silica) 0.328 1086 7.4
NaY 0.303 950 7.4
NaX 0.280 950 7.4
CHA 0.264 757.5 3.98
DDR 0.139 350 4.02
AFX 0.246 674.5 3.8
ZIF-8 0.515 1164.7 3.26
LTA-4A 0.245 896 4
Mgz(dobdc) 0.782 1640.0 10.7
Co(BDP) 0.927 2148.8 10
JBW 0.086 25 3.66
MOR 0.166 417 6.44
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2.2 List of Figures for Structural details of host zeolites

LTA (a" Silica) landscapes

This is a hypothetical structure

There are 8 cages per unit cell.

The volume of one LTA cage is 743
A3 intermediate in size between a
single cage of ZIF-8 (1168 A3) and of
DDR (278 A3).

Figure S1. Pore landscape of all-silica LTA zeolite.
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LTA (a"-SiIica) window and pore dimensions ™

8-ring
window
of LTA

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

600

: 500
This plot of surface area versus pore

dimension is determined using a
combination of the DeLaunay
triangulation method for pore dimension
determination, and the procedure of
Duren for determination of the surface
area.

400

300

200

Surface area / m* g'1

100

Pore dimension / A

LTA-Si
alA 24.61
b /A 24.61
c/A 24.61
Cell volume / A3 14905.1
conversion factor for [molec/uc] to [mol per kg Framework] 0.0867
conversion factor for [molec/uc] to [kmol/m3] 0.2794
p [kg/m3] 1285.248
MW unit cell [g/mol(framework)] 11536.28
¢, fractional pore volume 0.399
open space / A%uc 5944.4
Pore volume / cm®/g 0.310
Surface area /m2g 896.0
DeLaunay diameter /A 4.10

Figure S2. Structural details for all-silica LTA zeolite.
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LTA-4A e
)0

7 R
o A1 4

®

./ o
N o/ £V V§ [ LTA-4A (96 Na+)
alA 24.555
b /A 24.555
c/A 24.555
Cell volume / A3 14805.39
conversion factor for [molec/uc] to [mol per kg Framework] 0.0733
conversion factor for [molec/uc] to [kmol/m3] 0.2991
I—TA'4A p [kg/m3] (with cations) 1529.55
MW unit cell [g/mol(framework+cations)] 13637.27
The window dimension calculated using the van ¢, fractional pore volume 0375
der Waals diameter of framework atoms = 2.7 A'is
S open space / A%/uc 5552.0
indicated above by the arrow.
Pore volume / cm®/g 0.245
Surface area /m2/g
DeLaunay diameter /A 4.00

Figure S3. Structural details for LTA-4A zeolite.
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Figure S4. Location of extra-framework cations in LTA-4A zeolite.
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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 S5. Pore landscape for all-silica FAU zeolite.
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Figure S6. Structural details for NaX zeolite (106 Si, 86 Al, 86 Na*, Si/Al=1.23).
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CHA landscape

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

Snapshots

showin,

Snapshots
showing location
of CH,and CO,

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

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

Figure S7. Pore landscape of all-silica CHA zeolite.
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CHA window and pore dimensions

CHA

The window dimensions calculated using the van der

Waals diameter of framework atoms =2.7 A are
indicated above by the arrows.

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

Figure S8. Structural details for CHA zeolite.

S17




DDR landscape

\\ - 3 \ ‘ 4
v

I I accessible pckets

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

There are 12 cages per unit cell.

The volume of one DDR cage is

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

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

Figure S9. Pore landscape of all-silica DDR zeolite.
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DDR window and pore dimensions

DDR

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

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

Figure S10. Structural details for DDR zeolite.
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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.® > % "18 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 S11. The Lennard-Jones parameters for CHa-zeolite interactions are taken from Dubbeldam et
al.?’. For simulations with linear alkanes with two or more C atoms, the beads in the chain are connected
by harmonic bonding potentials. A harmonic cosine bending potential models the bond bending between
three neighboring beads, a Ryckaert-Bellemans potential controls the torsion angle. The beads in a chain
separated by more than three bonds interact with each other through a Lennard-Jones potential; see

schematic in Figure S11. The force fields of Dubbeldam et al.?

was used for the variety of potentials.

CO2 molecules are taken linear and rigid with bond length C-O of 1.16 A according to the
3LJ3CB.EPM2 model developed by Harris and Young.?! CO: was represented by a 3-site charged
Lennard-Jones model as described by Garcia-Sanchez et al.>> We use the 2LJ3CB.MSKM model for N2
dumbbell molecules with a rigid interatomic bond of 1.098A. 2*-2* The partial charges of N2 and CO2 are
distributed around each molecule to reproduce experimental quadrupole moment.

The force field for Hz corresponds to that given by Kumar et al.>> In implementing this force field,
quantum effects for H2 have been ignored because the work of Kumar et al.>> has shown that quantum
effects are of negligible importance for temperatures above 200 K; all our simulations were performed at

300 K. The Lennard-Jones parameters for CO2-zeolite and N2-zeolite are those of Makrodimitris et al.>*;

see also Garcia-Pérez et al.?® and Garcia-Sanchez et al.*
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The Lennard-Jones potentials are shifted and cut at 12 A.

For simulations of adsorption of guest molecules water, methanol, and ethanol, the force field
implementation follows earlier publications.?’** Water is modeled using the TipSpEw potential.’! The
alcohols are described with the TraPPE force field.?? Intramolecular potentials are included to describe
the flexibility of alcohols, while the water molecules are kept rigid. The bond lengths are fixed for all
molecules. Bond bending potentials are considered for methanol and ethanol, and a torsion potential is
used for ethanol.>? The force field parameters are summarized in Table S4.

2The zeolite frameworks were considered to be rigid in all the simulation results reported in the article.

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

Following Kiselev and co-workers,** the zeolite is modeled as a rigid crystal. The interactions of the
guest (pseudo) atoms with the host zeolite atoms aredominated by the dispersive interactions with the
oxygen atoms, these interactions are described with a Lennard-Jones potential; see Table S3.

ZIF-8 is also modelled as a rigid structure. The Lennard-Jones potentials for the framework atoms of

1'34 1.36

ZIF-8 were taken from the combined works of Mayo et al.*¥, Yang and Zhong *, and Jorgensen et a
as was reported in the computational study of Zhou et al.>’ The framework charges of ZIF-8 were
estimated using the group-contribution procedure based on quantum mechanical calculations described in
the recent paper by Xu and Zhong.*® Table S5 provides a summary of the force fields for ZIF-8 framework
atoms.

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

describing guest-host interactions
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(O-guest + O-host )

o-guest—host = 2
(S1)
gguest—host _ gguest % ghost
kB k B kB

The Lennard-Jones potentials are shifted and cut at 12 A. Periodic boundary conditions were employed.
The Configurational-Bias Monte Carlo (CBMC) simulation technique used is identical to that used by
Kuhn et al.,*° and is described in detail by Frenkel and Smit.*

The following cation-exchanged structures were investigated

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

LTA-4A (96 Si, 96 Al, 96 Na', Si/Al=1)

The presence of cations reduces the accessible pore volume. The location of the cations are pictured in
Figure S3, Figure S4, and Figure S6.

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

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

see schematic sketch in Figure S12.

3.2 CBMC code

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

All CBMC simulations reported in this work were conducted at a temperature 7= 300 K.
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3.3 List of Tables for Configurational-Bias Monte Carlo Simulation Methodology

Table S3. 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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Table S4. Lennard-Jones parameters for guest pseudo-atoms. as provided in Table 1 of Kuhn et a

1.30

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

both methanol and ethanol molecules.

Molecule (pseudo-) atom ol A ks /K charge
water O 3.097 89.516 0
water H 0 0 0.241
water M 0 0 -0.241
methanol CH3 3.75 98 0.265
ethanol CH3 3.75 98 0
ethanol CH2 3.95 46 0.265
alcohol O 3.02 93 -0.7
alcohol H 0 0 0.435
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Table S5. The Lennard-Jones potentials for the host framework atoms of ZIF-8 were taken from the

combined works of Mayo et a

1'34

Yang and Zhong,?

5

and Jorgensen et a

1.36

as was reported in the

computational study of Zhou et al.’” The framework charges of ZIF-8 were estimated using the group-

contribution procedure based on quantum mechanical calculations described by Xu and Zhong.*®

(pseudo-) atom ol A ks / K charge
Zn 4.54 27.59 0.749
N 3.25 85.29 -0.387
Ca 2.25 25.08 0.698
Cb 3.55 35.12 -0.0093
Cc 3.5 20.03 0.0117
Ha 2.5 15.05 -0.139
Hb 3.19 7.53 0.0627

See Cartoon below for further explanation:

ZIF-8
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3.4 List of Figures for Configurational-Bias Monte Carlo Simulation Methodology

Potential for molecules

U= Z 1 (r — 7 )2 +
bond 2
stretching

1
+ Y Ekg(e—eo)z

bond
bending

5
+ > >.n,cos" g+

torsions p=Q

+

q.9;
+ L+
Coulombic rij

Al.]. B,
* Z 2 6
Lennard— r,‘j r,‘j

Jones

The Coulombic term is
relevant for molecules
such as CO, and H,0

Figure S11. 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 w

Figure S12. Guest-host interactions.
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4 The Ideal Adsorbed Solution Theory

We provide a brief outline of the Ideal Adsorbed Solution Theory for calculation of mixture adsorption

equilibrium.

4.1 Gibbsian thermodynamics of mixture adsorption

The Gibbs adsorption equation* in differential form is

Adr=Y qdu (S2)

=)
The quantity A4 is the surface area per kg of framework, with units of m? per kg of the framework of the
crystalline material; gi is the molar loading of component i in the adsorbed phase with units moles per kg
of framework; z4 is the molar chemical potential of component i. The spreading pressure 7 has the same
units as surface tension, i.e. N m™.
The chemical potential of any component in the adsorbed phase, £, equals that in the bulk fluid phase.
If the partial fugacities in the bulk fluid phase are fi, we have
du, =RTdIn f, (S3)
where R is the gas constant (= 8.314 J mol™! K'1).
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.
f = Px; i=12,.n. (S4)
where xi is the mole fraction in the adsorbed phase

x=— (S5)
ql + qZ + "'qn

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:
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A R R a0 L )
o= df = df =| B222df =... S6
RT l f 4 ! f 4 l f 4 50

where . g (f). is the pure component adsorption isotherm. The units of ® = ;—1; , also called the surface

potential, 4?6 are mol kg™

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

b o, Y

q (f)=61smma “Tef

(S7)

where we define the fractional occupancy of the adsorbate molecules, 6=g°(f)/q,,, . The superscript 0

is used to emphasize that ¢° (/) relates the pure component loading to the bulk fluid fugacity. For unary
isotherms described by the dual-site Langmuir-Freundlich (DSLF) model

b vA b vB
BT T P AU i

, S8
1+b, 7 I o7 (S8)

each of the integrals in eq (S6) can be evaluated analytically. The integration yields for component i,

(DE”_A: ? q,()(f) df = q 4 5t ln(1+bA (RO)VA)+MIH(1+bB (RO)VB);

RT 2, f vV, Vp

Py vy Vg (89)
_ZA_j el daa 1n[1+bA(£j }r@m[nb{ij J
RT ., f v, X, Vg X,

1 1

The right hand side of eq (S9) is a function of P’. For multicomponent mixture adsorption, each of the
equalities on the right hand side of Eq (S6) must be satisfied. These constraints may be solved using a
suitable equation solver, to yield the set of values of , on , P30 e Pno , each of which satisfy eq (S6). The
corresponding values of the integrals using these as upper limits of integration must yield the same value

of @ for each component; this ensures that the obtained solution is the correct one.

In the IAST, the adsorbed phase mole fractions xi are then determined from

xi:%; i=1,2,.n (S10)
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The applicability of eqs (S4) and (S10) mandates that all of the adsorption sites within the microporous
material are equally accessible to each of the guest molecules, implying a homogeneous distribution of
guest adsorbates within the pore landscape, with no preferential locations of any guest species. The
circumstances in which this mandate is not fulfilled are highlighted in recent works.** 43 47-48

A further 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 — = + 4

9 ¢ (B") &(P) a(P)

; the total mixture loading is g, is

calculated from

1

> T (S11)

+
a'(R") 4;(B) q,()

q9,=4,t49,..+q, =

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

pressures for each component B°, P, P’,. P’ that are available from the solutions to equations Eqs
(S6), and (S9).

The occurrence of molecular clustering and hydrogen bonding should be expected to applicability of eq
(S11) because the surface area occupied by a molecular cluster is different from that of each of the un-
clustered guest molecules in the adsorbed phase; see published literature for details.’> 46 48

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

In a number of publications on COz capture from mixtures containing N2, CH4, C2H4, C2Hs, C3Hs, and

H20 using cation-exchanged zeolites,!> 13 44 43: 47.49-53 the JAST has been shown to fail due to non-

compliance with one or more of the afore-mentioned tenets.
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For further explanation on the numerical techniques for solving the IAST, fitting of isotherms, the tenets
of the IAST, the concept of the surface potential, watch the presentations titled The IAST for Mixture
Adsorption Equilibrium, Dependence of Adsorption Selectivity on Mixture Composition,
Adsorption Selectivity vs Total Pressure, Significance of the Spreading Pressure Concept,
Hydrogen Bonding Influences on Adsorption, Langmuir Model for Binary Mixture Adsorption,
Reversals in Adsorption Selectivity, Competitive CO2/H,O Mixture Adsorption in CALF-20 on

YouTube https://www.youtube.com/@rajamanikrishna250/videos

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, is defined by

ads,ij °

¢ 4/ _ x/)

AL .

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

i
_ (S13)

ads.ij Po
i

Applying the restriction specified by eq (56), it follows that S _, .. is uniquely determined by the surface

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

in the mixture. Put another way, the presence of component 3 in the ternary mixture has no influence of

0
the adsorption selectivity S, , = ﬁ for the 1-2 pair, except insofar as the presence of component 3
1

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

of the 1-2 pair.

4.3 The IAST model for 1-site Langmuir isotherms

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

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

b.f

q; (f)zqs‘"1+bl.f

(S14)

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

A
d=""=¢g_ In(1+bP° S15
o7 = G (146P°) (S15)

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

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

o="_g, In(1+5P")=q,, In(1+5,2")

RT ( )

S16

bR’ =b,P’ :exp[ & }_1
9, RT

The adsorbed phase mole fractions of component 1, and component 2 are given by eq (S10)
X, =5 X, =l-x === (S17)

Combining eqs (S16), and (S17):

A f f
e —1=p L =p 2
Xp(qm,RT] | ) (S18)

X, 1-x

The adsorbed phase mole fractions can be determined

N_a WA _a__ B . % DS

- > - - s - - 819
X, q, bf, l q, bf+bf, ’ q9, bfi+b,f, (519)

Once x,, and x, =1-x, are determined, the sorption pressures can be calculated:
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pot, pofh_f (S20)

X, x, l-x

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

beO = M = bzpzo = bot: =b f,+b,/,

X X (S21)
1+bP° =1+b,P) =1+b,f, +b,f,
Combining eqgs (S16), and (S21) we obtain the following explicit expression for the surface potential

® =g, In(1+bf,+b,f,) (S22)

The total amount adsorbed, g, = ¢, + ¢, can be calculated from Eq (S11)

bli)lo bZ})ZO bl»fl + bzf‘z
t = + = sa = sat = sat 823
=T =y p e P b f 1 (823)

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

loadings, and fractional occupancies

(R [N N S Y (S24)
9 1+bf+D,f, 9 1+bf1+D, 1,

Eq (S24) is commonly referred to as the mixed-gas Langmuir model.

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

mixture
0=0+0,="1 :l—exp(—gJ:M (S25)
sat qsat 1 + blfi + be‘Z
For unary adsorption of component 7, say, f, = P’, the occupancy of component 1 is
6 =1- exp(— ® J = " bilj)fi ; unary adsorption of species 1 (S26)
qi,sat + iJi

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

and binary 1-2 mixture adsorption also implies the corresponding equalities of the corresponding

S33



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

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

d=q, ln(l +b, f[j (S27)

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

0=1-exp| —— 4|1 exp| ——2 (S28)
q.sat,mixRT qsat,mix

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

the constituent guests

q = 1 ; q....=4 +q ; i=1L2.n
sat,mix x] N x2 . x,, > i,sat i,A,sat i,B,sat”> > e (829)
ql,sat qZ,sat qn,sat
where
xi ZL; i=1,2,...n (830)
9, %t49,+..4,

are the mole fractions in the adsorbed mixture. The fundamental justification of Eq (S29) is provided by
invoking eq (S11).

For binary mixtures, eq (S29) simplifies to yield g, .. = !

X ue)

+
ql ,sat q2,sat

It is also to be noted that eq (15) of our earlier publication®* has a typographical error in the calculation
of g, .. » the correct form is given by eq (529).

As an example, let consider the adsorption of water(1)/ethanol(2) mixtures in CHA zeolite at 300 K.
The Dual-site Langmuir-Freundlich isotherm fit parameters are specified in Table S7. The saturation
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capacity of water (1) ¢, ., =4, ;. + 9 5o =16.8+4.6=21.4 mol kg''. The saturation capacity of ethanol

() G0 =Dt + Dop s =25 T 2.9 =5.4 mol kg™ The saturation capacity of the mixture for adsorbed

= =8.62mol kg.

X, X,
B I

ql,sat qZ,sat

phase compositions, x, =x, =0.51s q,,, .
For binary CO2(1)/CHa4(2) mixture adsorption in CHA, DDR, MFI, and all-silica FAU zeolite at 300 K,
the pore occupancies for each host, calculated using eq (S28) are below as function of the corresponding

surface potential @.

- A A A

101 SRR
® 08}
> |-
[&] L
[
S L
o L
3 06
8 r ® CHA
o r A DDR
8 A
S 04+t O MFI
g r v FAU
i<l
©
s 02

CBMC; CO,/CH, mixture adsorption;
all-silica zeolites
OO 1 1 1 1 | 1 1 1 1 | 1 1 | 1
0 10 20 30

Surface potential, ® / mol kg'1

We note that for all four hosts, the pore occupancy @ —1 as ® >>30 mol kg
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S The Real Adsorbed Solution Theory (RAST)

To quantify non-ideality effects in mixture adsorption, we introduce activity coefficients y, into eq (S4)

as 15,41, 48

fi = P'xy, (S31)

1

42,43,55

Following the approaches of Myers, Talu, and Siperstein we model the excess Gibbs free energy

for n-component mixtures adsorption as follows

G“/RT = Z":xi In(y,) (S32)

i=1

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

1__x 2 )+[1]J (S33)

= —+ B
9, @B 4 B) 4,
The excess reciprocal loading for the mixture can be related to the partial derivative of the Gibbs free
energy with respect to the surface potential at constant composition

T

q, oD

(S34)

T,x
Models such as those of Margules, Wilson, and NRTL may be used for quantifying the dependence of

the activity coefficients on the composition of the adsorbed mixture and the pore occupancy 4.

5.1 Margules model for activity coefficients
The Margules model for activity coefficients in binary liquid mixtures needs to be modified to include
the influence of the pore occupancy on the activity coefficients

In(y,) = x22 (AIZ +2(A21 _Alz)xl)e

(S35)
In(y,) = x12 (A21 +2(1412 _Azl)xz)e
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The introduction of the multiplier & will ensure that the activity coefficients tend to unity at vanishingly

small pore occupancies y, > 1; 6 — 0. In view of eq (S28)

1n(71):x22 (AIZ +2(1421 _Alz)xl)[l_exp[_ ® j}

qsat,mix

(S36)

)
ln(;/z):xlz(AZI+2(A12—A21)x2)[1—exp[—q JJ

where the saturation capacity of the mixture ¢, . 1is calculated using eq (S29):

QSat,mix - X X ; qi’sw = qi’Aﬂsat + qi,B,sat; 1= 1, 2 .
1 + 2

ql,sat qZ,sat

. . . )
From eq (S28), we note that the expression for the fractional pore occupancy is @ =1— exp(— ] .
qsat,mix

We should therefore expect that the factor C may well be identified with the inverse of the saturation

: : . 1 . . .
capacity of the binary mixture ¢, . = . One approach is to estimate C by assuming
’ i_kiz
ql,sat q2,sat
X x .
C =——+—2— assuming, say, x, =x, =0.5.
ql,sat qZ,sat

The Margules model we use in the RAST calculations is

In(y,) = x; (A4, +2( 4y, — 4,)x, ) (1-exp(-CD))
In(y,) = x12 (AZI +2("412 _Azl)xz)(l_eXp(_CcD))

(S37)
In eq (S37) C is a constant with the units kg mol!. The introduction of (1 —exp(—C(I))) imparts the

correct limiting behaviors ® - 0; 6 —0; y, —1 for the activity coefficients in the Henry regime,

f, = 0; ® — 0, asthe pore occupancy tends to vanishingly small values. As pore saturation conditions

are approached, this correction factor tends to unity: (1—exp(—C(I))) — 1. The Margules coefficients

4,,, 4, may assume either positive or negative values. The choice of 412 = 421 = 0 in eq (S37), yields
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unity values for the activity coefficients. We note, in passing, that this correction factor (1 - exp(—Cq)))
is often ignored in the RAST implementations in some published works.>¢>°

17

Krishna and van Baten'’ have established the need for inclusion of the correction factor

(l—exp(—CCD)) in the RAST modelling of CO2/H20 mixture adsorption in CALF-20. Watch the

presentations titled Thermodynamic Non-Idealities for Mixture Adsorption in CALF-20 on YouTube

https://www.youtube.com/(@rajamanikrishna250/videos

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

1 X, X,
- = +
0 0 0 0
4 @ (B) ¢ (B)

+x,X, [ A%, + 4,,x, | Cexp (—CD) (S38)

5.2 Wilson model for activity coefficients
The Wilson model for activity coefficients are given for binary mixtures by

A, _ XA,
XA +xA,  x,+xA

In(y,) = (1 —In(x, A, +x,A,)—

21j(l—exp(—CCD))

(S39)

x, A x,A
In(y. )=[1—ln(xA +x,A,)— Lz 22 j 1-exp(—C®)
’ e AL+, A, XA, ( )

Ineq(S39), A,,=1; A, =1,and Cis a constant with the units kg mol™'. The choice of A1z = A21 = 1

in eq (S39), yields unity values for the activity coefficients.
The excess reciprocal loading for the mixture can be related to the partial derivative of the Gibbs free
energy with respect to the surface potential at constant composition

o -

q, oD

= [—xl In(x, +x,A,) —x, In(x, + x,A,, )] Cexp(-CD) (S40)

T,x
For calculation of the total mixture loading we need to replace Eq (S11) by

1 X, X,
T 50 T 0, 5o
9 ¢ (F) q,(F)

+ [—xl In(x, +x,A 1) —x, In(x, + x,A,, )] Cexp(-CD) (S41)
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The parameters C; A,,; A, are fitted to match the experimental or CBMC data on mixture

adsorption.

The extension of eq (S39) to multicomponent mixtures is

In(y,) = 1—1n(ixj/\,,jj—ixk i (—exp(-co)); A, =1 i=12,.m (542)

P
Z x Ay
=

J=l

X X,

X3 .
+ + , assumlng,
ql,sat q2,sat qS,sat

Our approach for ternary mixtures is to estimate C as C=

x, =x,=x,=1/3.

5.3 NRTL model for activity coefficients in binary mixtures

The NRTL model for activity coefficients are given for binary mixtures by

In(y,) = x22 [721[ GNGZJ +( UEGE 2 J(lexp(cq)))

X +x2 Xz +le12)

(S43)

X, + lelz x, + sz )

2
1n(72)2x12 (le{ Gy j +( TGy 2](1—6Xp(—C(D))
21
G, = eXp(_anTu); G, = eXp(_azlz—Zl); ay, =0y
In eq (S43) C is a constant with the units kg mol™!. The choice of T12 = 121 = 0 in eq (S43), yields unity

values for the activity coefficients.

The extension of eq (S43) to n-component mixtures is

; X jTjiG_ii " X, G,-j IZZI: xlT[ng,'
In(y,) =| —; + o T, =, (1— exp(—C(I))) »
/Z‘ PR ; %Oy (S44)

G, = exp(—ai/.ry.); a,=a;; 7,=0, G, =1

X X,

x3 .
+ + 5 assumlng,
ql,sat qZ,sat q3,sat

Our approach for ternary mixtures is to estimate C as C=

X, =x,=x,=1/3.
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For further details of the RAST calculations and the need for inclusion of the (l—exp(—Cq)))

correction factor watch the presentations titled Dependence of Adsorption Selectivity on Mixture
Composition, Hydrogen Bonding Influences on Adsorption, How Reliable is the IAST?, The Real
Adsorbed Solution Theory, Co-operative Mixture Adsorption in Zeolites & MOFs, Azeotropic
Adsorption, What is Azeotropic Adsorption, Water/Alcohol Azeotropic Adsorption, Segregation
and Congregation Effects in CO; capture, Thermodynamic Non-Idealities for Mixture Adsorption

in CALF-20 on YouTube https://www.youtube.com/(@rajamanikrishna250/videos

With the introduction of activity coefficients, the expression for the adsorption selectivity for the i-j pair

in an n-component mixture is

_4/a, _x/x; Py,

deij B - po
R Y0 SR 0 PR

(345)

Since the activity coefficients are composition dependent, the adsorption selectivity is also composition

dependent, and S, is not uniquely related to the surface potential, @ .

AY
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6 CBMC simulation campaigns

A comprehensive campaign of CBMC simulations for adsorption of ternary CO2/CHa/Nz,
CO2/CH4/C3Hs, CO2/CH4/Hz2, and water/methanol/ethanol mixtures in NaX, LTA-4A, CHA, and DDR
zeolites. In these ternary mixture the bulk fluid phase composition held constant at constant composition.
Also, CBMC simulations of the constituent binary mixtures were conducted. Two different campaigns
were conducted.

Campaign A. The bulk fluid phase composition held constant at a fixed composition y, =1-y,, and
the bulk fluid phase fugacity f, = f,+ f, was varied over a wide range from the Henry regime of
adsorption, ® — 0, to pore saturation conditions, typically ® >30.

Campaign B. The bulk fluid phase fugacity f, = f, + f, was held at a constant value of 10 kPa, and the
bulk fluid phase mixture composition y, was varied 0< y, <1.

Each CBMC simulation data point, with specified partial fugacities in the bulk fluid phase, f,, 1, , yields
the component loadings, g, <\, 95 cpyc » and the total mixture loading g, cpc = G, cope + Do.comc -

For each guest/host combination, CBMC simulations of the unary isotherms of the constituent guest
molecules were also carried out.

For each CBMC mixture simulation campaign (Campaign A, or Campaign B), the mole fractions of the

4 camc 9> cpmc . .
adsorbed phase, x, =— 3Xy =— 39, cave = Gi.cave T @ocpue  are  determined. The sorption

4q; cemc 4q, camc

pressures P, P, each of which satisfying eq (S6), can be determined from using the unary isotherm fits

for each of the components in the binary mixture.

The activity coefficients of the two components 7, 375 cauc are determined from eq (S31):
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/i /:
Vicame = Po—l; Va.cemc = PO—Z (S46)

1 X1,came 2 X2 camc
The activity coefficients of the two components ¥, c4,c 7, cauc » determined using eq (S46) are subject

to a degree of scatter that is inherent in the CBMC mixture simulation data.

For each mixture/host combination, the set of three Wilson parameters C; A,,; A, that yield the

minimum value for the objective function calculated as the sum of the mean-squared deviations between

the CBMC simulated component loadings, and those predicted using RAST

o . 2 2
Objective Function = Z|:(q1,CBMC - qLRAST) + (qz,CBMC - qZ,RAST) } (547)

The C; A,,; A, were determined using the Excel solver function.

An analogous procedure is employed to determine NRTL and Margules parameters.
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7 Mixture adsorption in all-silica CHA zeolite

CHA zeolite consists of cages of volume 316 A3, separated by 3.8 A x 4.2 A 8-ring windows; the pore
landscape and structural details are provided in Figure S7, and Figure S8. SAPO-34 has the same structural

topology of CHA zeolite.

7.1 CO2/CH4 mixture adsorption in all-silica CHA zeolite

A key assumption of the IAST is that the composition of the adsorbed phase is homogeneously and
uniformly distributed within zeolite or metal-organic frameworks. Preferential location of molecules at
certain locations within the crystalline, causes segregated adsorption and deviations from the assumption
of homogeneous distribution. For separation of CO2 from gaseous mixtures with CHa, cage-type zeolites
such as CHA, DDR, LTA, and ERI are of practical interest; these materials consist of cages separated by
narrow windows, in the 3.3 — 4.5 A range. For adsorption of CO2/CHs mixtures, CBMC simulations®
show that the window regions of cage-type zeolites has a significantly higher proportion of CO2 than
within the cages; see computational snapshots in Figure S13 for CHA zeolite.

To demonstrate non-ideality effects in mixture adsorption, three different sets of CBMC campaigns
were conducted.

Three different campaigns were carried out for CBMC simulations of CO2/CH4 mixture adsorption in
CHA zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is held constant
(at two different values y1 =0.15, and y1 = 0.5) and the bulk gas phase fugacity f = fi + f> was varied. In
campaign B, the mole fraction of CO2(1) in the bulk gas phase, y1 was varied from 0 to 1, keeping the
bulk gas phase mixture fugacity fi = fi + f> constant at a value of 1 MPa. The CBMC results of these

campaigns are presented in Figure S14.
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Figure S14c,e compares CBMC data on adsorption selectivity, S, = M , compared with IAST

Nt

estimates indicated by the dashed lines. We note that IAST severely overestimates S, for all campaigns.
The IAST anticipates S, depends only on the surface potential @ ; this expectation is not fulfilled for
any campaign. In Figure S14c, the CBMC simulated values of the adsorption selectivity S, are plotted

as function of the surface potential @ . At values of ® >10 mol kg'!, corresponding to a pore occupancy

0 > 0.7, the IAST significantly overestimates S, .

The continuous solid lines in Figure S14b,c,d,e,f,g,h,i are the RAST calculations using fitted Wilson
parameters as specified in Table S6. For the Wilson fits, we calculate the parameter C using

1 . : .
C=——— G =% 4su T9 5. 1=12,withthe arbitrary assumption that x, =x, =0.5.
X, X, : A, B,
PR S + [

ql,sat qZ,sat
Figure S14f,g,i plot the activity coefficients of the guest components in the adsorbed phase as function

of (g) mole fraction of CO2(1) in the adsorbed phase for campaign B, x,, and (f; 1) the surface potential
@ for campaigns A. For campaign B, we note the limiting behaviors x, —1; », — 1. For campaigns

A we note that the activity coefficients are also dependent the surface potential @ with the limiting

characteristic ® —0; y, —1; », — 1. The introduction of (1 - exp(—CdD)) in the Wilson model, eq
(S39), imparts the correct limiting behaviors ® - 0; 6 — 0; y, =1 for the activity coefficients in the
Henry regime, f, ->0; ® — 0, as the pore occupancy tends to vanishingly small values. As pore
saturation conditions are approached, this correction factor tends to unity: (1 —exp( —CdD)) —>1.

The CBMC data in Figure S14 lead us to conclude that the activity coefficients are functions of both

® and x. In Figure S15a the CBMC data for the excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,) for the aforementioned CBMC campaigns, along with an additional

CBMC campaign A (with y1 = 0.2), are plotted in 3D space as function of @ and x,. The entire CBMC
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data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S6; see
Figure S15.
In Figure S15b the CBMC data on the CO2/CH4 adsorption selectivity are plotted in 3D space as

function of the surface potential ® and the mole fraction of CO:z in the bulk gas phase, y,. The entire
CBMC data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S6.

Figure S15b confirms that the adsorption selectivity is not uniquely determined by the surface potential,

@, but is additionally dependent on the bulk phase mixture composition.

7.2 CO2/Nz and CO2/H: mixture adsorption in all-silica CHA zeolite

Figure S16a,b presents the CBMC data for adsorption selectivity of CO2/N2 and CO2/H2 mixtures in

CHA zeolite, both for Campaigns A with fixed values of the bulk gas mixture compositions, y,. The

IAST selectivities are not in perfect agreement with the CBMC data. Thermodynamic non-ideality
effects, quantified with fitted Wilson parameters in Table S6, allow better agreement with the CBMC data

on §

ads *

Figure S16c,d presents the CBMC data for adsorption selectivity of CO2/N2 and CO2/Hz2 mixtures in
CHA zeolite as 3D plots as function of the surface potential @ and the mole fraction of COz2 in the bulk

gas phase, y,. The entire CBMC data set resides on a 3D surface mesh determined from the fitted Wilson

parameters in Table S6.

7.3 CH4/N; and CH4/H; mixture adsorption in all-silica CHA zeolite

Figure S17a,b present CBMC data for component loadings for (a) CH4/N2 and (b) CH4/H2 mixtures in
CHA zeolite, both for Campaign A with y1=0.5. The dashed lines are IAST estimates; the unary isotherm
parameters are specified in Table S6. The IAST estimates are in reasonable agreement with IAST

estimates, indicating that non-ideality effects are of minor importance.
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7.4 CO2/CH4/N; mixture adsorption in CHA zeolite
CBMC simulations were carried out for ternary 20/40/40 CO2/CH4/N2 mixtures in CHA at 300 K for
a range of total fugacities, f, = f, + f, + f;. In Figure S18a,b,c the component loadings from CBMC are

compared with IAST and RAST estimates. The Wilson parameters for the binary pairs

Ay A, LA AL AL AL, are taken to the same as for the corresponding binary pairs as listed in Table

S6. Since the binary CH4/N2 mixtures behave ideally (cf. Figure S17a), we assert A,, =1;A;, =1. Our

X X,

x .
+ +——, assuming, x, =x, =x, =1/3.
ql,sat qZ,sat q3,sat

approach for ternary mixtures is to estimate C as C =

The RAST estimates are in good agreement with the ternary CBMC data. Figure S18d plots the activity

coefficients y,,7,, 7, as function of the surface potential @ . There is good agreement between the CBMC

data on y,,7,,y, with RAST calculations.

In Figure S19 the excess Gibbs free energy G”/RT = le. ln( 7,-) determined from CBMC data for

i=1
20/40/40 CO2/CH4/N2 mixtures in CHA are plotted in 3D space as function of @ and x,. The continuous

solid line represents the ternary RAST Wilson calculations. The agreement is good, validating the ternary

RAST Wilson model.

7.5 CO2/CH4/H: mixture adsorption in CHA zeolite
CBMC simulations were carried out for ternary 10/20/70 CO2/CH4/H2 mixtures in CHA at 300 K for a
range of total fugacities, fi. In Figure S20a,b,c the component loadings from CBMC are compared with

IAST and RAST estimates. The Wilson parameters for the binary pairs A,,,A,, A5, As LA,y Ay, are

taken to be the same as for the corresponding binary pairs as listed in Table S6. Since the binary CH4/H2

mixtures behave ideally (cf. Figure S17b), we assert A,, =1;A,, =1. Our approach for ternary mixtures

X X

x . : .
+ +———, assuming, x, = x, = x, =1/3. The RAST estimates are in good
ql,sat qZ,sat q3,sat

1s to estimate C as C =
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agreement with the ternary CBMC data. Figure S20d plots the activity coefficients as function of the

surface potential.

In Figure S21 the excess Gibbs free energy G / RT = in ln( 7[) determined from CBMC data for

i=1
10/20/70 CO2/CH4/H2 mixtures in CHA at 300 K are plotted in 3D space as function of @ and x,. The

continuous solid line represents the ternary RAST Wilson calculations. The agreement is good, validating

the ternary RAST Wilson model.

7.6 Water/methanol/ethanol mixture adsorption in CHA zeolite

For adsorption of water(1)/ethanol(2) mixtures in CHA zeolite at 300 K, three different CBMC
simulations were carried out: Campaign A (with y1 = 0.5, and y1 = 0.05, vary f;), and campaign B, the
mole fraction of water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase
mixture fugacity fi = fi + f2 constant at a value of 10 kPa. The CBMC data on component loadings,
adsorption selectivities, and activity coefficients are presented in Figure S22. The dashed lines are the
IAST estimates. The failure of the IAST to match the CBMC data presented in Figure S22 is a

consequence of hydrogen bonding between guest molecules in water/alcohol mixtures. ! 18474860 Ope

of the mandates of the IAST is violated because of the formation of water/alcohol clusters. ' 4648

In order to demonstrate the occurrence of hydrogen bonding in water/methanol, and water/ethanol
mixtures CBMC simulation data on the spatial locations of the guest molecules were sampled to determine
the O-H distances of various pairs of molecules. By sampling a total of 10° simulation steps, the radial
distribution functions (RDF) of O-H distances were determined for water-water, water-alcohol, and
alcohol-alcohol pairs.

Figure S23a shows the RDF of O...H distances for molecular pairs of water(1)/methanol(2) mixture
adsorption in CHA zeolite at 300 K. The partial fugacities of components 1 and 2 are fi= 2.5 kPa, 2= 7.5

kPa. We note the first peaks in the RDFs occur at a distance less than 2 A, that is characteristic of hydrogen

bonding.?”- ¢! The heights of the first peaks are a direct reflection of the degree of hydrogen bonding
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between the molecular pairs. We may conclude, therefore that for water/methanol mixtures the degree of
H-bonding between water-methanol pairs is significantly larger, by about an order of magnitude, than for
water-water, and methanol-methanol pairs. Analogous set of conclusions can be drawn for water/ethanol
mixtures, for which the RDF data are presented in Figure S23b, i.e. the degree of H-bonding between
water-ethanol pairs is larger than for water-water, and ethanol-ethanol pairs. For comparison purposes,
the RDF data for adsorption of methanol/ethanol mixtures are shown in Figure S23c. The magnitude of
the first peaks for methanol-ethanol, methanol-methanol, ethanol-ethanol pairs are significantly lower
than the water-alcohol peaks in Figure S23a,b. Therefore, the H-bonding effects should be expected to be
of less importance for methanol/ethanol mixture adsorption in CHA than for water/methanol and
water/ethanol mixtures.

A visual appreciation of hydrogen bonding is gleaned from the snapshots in Figure S24 for mixture
adsorption in CHA.

The continuous solid lines in Figure S22 are the RAST calculations with fitted NRTL parameters
specified in Table S7.

The CBMC data in Figure S22f,g,i lead us to conclude that the activity coefficients are functions of

both @ and x,. In Figure S25a, the CBMC data for the excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,) for the aforementioned CBMC campaigns for water/ethanol mixtures are
plotted in 3D space as function of surface potential @ and mole fraction of water in the adsorbed phase
mixture, x,. The entire CBMC data set on G*/RT resides on a 3D surface mesh determined from the

fitted NRTL parameters specified in Table S7.
In Figure S25b, the CBMC data for the water/ethanol adsorption selectivity for water/ethanol mixtures
are plotted in 3D space as function of surface potential @ and mole fraction of water in the bulk fluid

phase mixture. y,. The entire CBMC data set on S, resides on a 3D surface mesh determined from the

fitted NRTL parameters specified in Table S7. Figure S25b confirms that the adsorption selectivity is not
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uniquely determined by the surface potential, @, but is additionally dependent on the bulk phase mixture
composition.

Analogously, in Figure S26a, the CBMC data for the excess Gibbs free energy

ex

=x,In(,)+x,In(y,) for the three different CBMC campaigns for water/methanol mixtures are

plotted in 3D space as function of @ and mole fraction of water in the adsorbed phase mixture, x,. The
The entire CBMC data set resides on a 3D surface mesh determined from the fitted NRTL parameters
specified in Table S7.

In Figure S26b, the CBMC data for the water/methanol adsorption selectivity for water/methanol
mixtures are plotted in 3D space as function of surface potential @ and mole fraction of water in the bulk

fluid phase mixture. y,. The entire CBMC dataseton S, resides on a 3D surface mesh determined from

the fitted NRTL parameters specified in Table S7. Figure S26b confirms that the adsorption selectivity is
not uniquely determined by the surface potential, @, but is additionally dependent on the bulk phase

mixture composition.

In Figure S27a the CBMC data for the excess Gibbs free energy G*/RT = x, In(y,)+x,In(y,) for

CBMC campaign for methanol/ethanol mixtures in CHA are plotted in 3D space as function of the surface

potential @ and mole fraction of water in the adsorbed phase mixture, x,. The entire CBMC data set

resides on a 3D surface mesh determined from the fitted NRTL parameters specified in Table S7.
In Figure S27b, the CBMC data for the methanol/ethanol adsorption selectivity for methanol/ethanol
mixtures are plotted in 3D space as function of surface potential @ and mole fraction of methanol in the

bulk fluid phase mixture. y,. The entire CBMC data set on S, resides on a 3D surface mesh determined

from the fitted NRTL parameters specified in Table S7. Figure S27b confirms that the adsorption
selectivity is not uniquely determined by the surface potential, @, but is additionally dependent on the

bulk phase mixture composition.
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Figure S28a,b,c presents CBMC simulations of component loadings, ¢g,, for equimolar f, = f, = f;

water(1)/methanol(2)/ethanol(3) mixture adsorption in CHA zeolite with varying total fugacity

f, =1, + 1, + f,, plotted as a function of the surface potential @ . The component activity coefficients are

plotted in Figure S28d. The dashed lines in Figure S28 are IAST estimates; the continuous solid lines are
RAST calculations The continuous solid lines in Figure S28 are RAST calculations using eq (S44). In

these calculations the NRTL parameters 7,,,7,,,0,,,75, T3, %3, 753, T3,, O,y are taken to the same as for

the corresponding binary pairs as listed in Table S7. Our approach for ternary mixtures is to estimate C

X X x : : .
as C=— 2 3, assuming, x, =x, =x, =1/3. The RAST calculations are in reasonable

+ +
ql,sat q2,sat q3,sat

agreement with CBMC data.

In Figure S29 the excess Gibbs free energy G*/RT = Zx,. In(y,) determined from CBMC data for

i=1
equimolar f, = f, = f, water(1)/methanol(2)/ethanol(3) mixture adsorption in CHA zeolite are plotted in
3D space as function of @ and x,. The continuous solid line represents the ternary RAST NRTL

calculations. The agreement is good, validating the ternary RAST NRTL model.
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7.7  List of Tables for Mixture adsorption in all-silica CHA zeolite

Table S6. Dual-site Langmuir-Freundlich parameters for guest molecules in CHA (all-silica) at 300 K.

Site A Site B
Qs b, v, .5 by Vi

mol kg™ Pa™ mol kg™ Pa™
CO2 6.8 2.446E-06 | 1.06 2.8 5.181E-06 | 0.7
CHa4 2.7 1.313E-06 | 1.02 5.5 2.703E-07 | 0.84
N2 5.1 1.019E-07 | 0.88 2.9 4.013E-07 |1
H> 14.563 2.58E-08 | 0.73 15.719 1.57E-08 1

Fitted Wilson non-ideality parameters for mixture adsorption in CHA at 300 K.
C/ kg mol! A, A,

CO2/CH4 0.113 3.300 0.111
CO2/N2 0.115 2.509 0.169
CO2/H2 0.069 1.965 0.281
CO2/CH4//N2 0.117 AL A, LA A, AL A, as above
CO2/CH4/H2 0.0864 Ay A, LA AL AL A, as above
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Table S7. Dual-site Langmuir-Freundlich parameters for pure component water, methanol, and ethanol

in CHA zeolite at 300 K. The fit parameters are based on the CBMC simulations of pure component

isotherms presented in earlier works.

48, 62

Site A Site B
s b, v, s by v,
mol kg Pa™ mol kg Pa™
water 16.8 3.031E-54 | 15.6 4.6 2.218E-05 1
methanol 3.7 4.281E-11 3.37 3.7 4.545E-04 1
ethanol 2.5 8.578E-06 1.07 2.9 3.505E-03 1.1

Fitted NRTL non-ideality parameters for binary mixture adsorption at 300 K in CHA zeolite.

C/ kg mol! 7, 7, a
water/methanol 0.091 -3.529 0.970 0.586
water/ethanol 0.116 -3.674 -0.878 0.275
methanol/ethanol 0.017 -1.314 -2.333 0.010
water/methanol/ethanol | 0.122 TiasTo1s Qyas Ti3s T3ps Oyzs Ta3s T30 Oy @S abOVE
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7.8 List of Figures for Mixture adsorption in all-silica CHA zeolite

3.77 A x
423 A size
windows

CHA

CH,

co,

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

Figure S13. Computational snapshots for CO2(1)/CHa4(2) mixture adsorption in CHA zeolite at 300 K.
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Figure S14. CBMC simulation data and analysis for three different campaigns CO2(1)/CHa4(2) mixture

adsorption in CHA zeolite at 300 K. (a) Unary isotherms and fits. (b, d, h) Component loadings in mixture

compared with IAST/RAST estimates. (c, €) CBMC data for CO2(1)/CHa4(2) adsorption selectivity

compared with IAST and RAST estimates. (f, g, 1) Activity coefficients from CBMC compared with

RAST model calculations. The unary isotherm data fits and Wilson parameters are provided in Table S6.
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Figure S15. 3D plots of CBMC data on (a) excess Gibbs free energy G*/RT =x,In(y,)+x,In(7,)

and (b) CO2(1)/CHa4(2) adsorption selectivity for CO2(1)/CH4(2) mixture adsorption in CHA zeolite at

300 K. The 3D mesh is constructed using the Wilson parameters provided in Table S6
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Figure S16, CBMC data for adsorption selectivity of (a, c) CO2/N2 and (b, d) CO2/Hz mixtures in CHA

zeolite, both for Campaign A with fixed values of the bulk phase mixture compositions. The dashed lines

are IAST estimates; the continuous solid lines are RAST calculations with fitted Wilson parameters

specified in Table S6. (c, d) Adsorption selectivities are plotted in 3D space as function of the surface

The 3D mesh is constructed using

potential ® and the mole fraction of CO2 in the bulk gas phase, y,.

the Wilson parameters provided in Table S6.
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Figure S17, CBMC data for component loadings for (a) CH4/N2 and (b) CH4/H2 mixtures in CHA

zeolite, both for Campaign A with y1 = 0.5. The dashed lines are IAST estimates; the unary isotherm

parameters are specified in Table S6.
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CHA zeolite at 300 K. (a, b, ¢c) Component loadings from CBMC are compared with IAST and RAST

estimates. (d) Activity coefficients as function of the surface potential. The Wilson parameters for the

binary pairs are provided in Table S6.
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i-1

CO2(1)/CH4(2)/N2(3) mixtures in CHA zeolite at 300 K. Comparison is made with the estimates of the

ternary Wilson RAST model. The Wilson parameters for the binary pairs are as provided in Table S6.
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Figure S20. CBMC simulations (indicated by symbols) for 10/20/70 CO2(1)/CHa4(2)/H2(3) mixtures in

CHA zeolite at 300 K. (a, b, ¢) Component loadings from CBMC are compared with IAST and RAST

estimates. (d) Activity coefficients as function of the surface potential. The Wilson parameters for the

binary pairs are as provided in Table Sé.
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ternary Wilson RAST model. The Wilson parameters for the binary pairs are as provided in Table S6.
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Figure S22. CBMC simulation data on component loadings, selectivities, and activity coefficients for

Campaigns A (y1= 0.5 and y1= 0.05) and Campaign B (fi= 10 kPa) for water(1)/ethanol(2) mixtures in

CHA zeolite at 300 K The CBMC data are compared with RAST calculations using fitted NRTL

parameters provided in Table S7. The dashed lines are IAST calculations.
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Figure S23. RDF of O--H distances for molecular pairs of (a) water(1l)/methanol(2), (b)
water(1)/ethanol(2), and (c) methanol(1)/ethanol(2) mixture adsorption in CHA zeolite at 300 K. For all
three sets of mixtures, the partial fugacities of components 1 and 2 are fi= 2.5 kPa, fo= 7.5 kPa. The y-
axes are normalized in the same manner and, therefore, the magnitudes of the first peaks is a direct

reflection of the degree of hydrogen bonding between the molecular pairs.
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(a) water/methanol (b) water/ethanol (c) methanol/ethanol

Figure S24. Snapshots showing location and conformations of guest molecules for adsorption of (a)
water(1)/methanol(2), (b) water(1)/ethanol(2), and (c) methanol(1)/ethanol(2) mixture adsorption in CHA

zeolite at 300 K. The partial fugacities of components 1 and 2 are fi= 2.5 kPa, f>= 7.5 kPa.
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Figure S25. 3D plots of CBMC data for three different campaigns on (a) excess Gibbs free energy
G“/RT =x,In(y, )+x,In(y,), and (b) adsorption selectivity for water(1)/ethanol(2) mixture adsorption

in CHA zeolite at 300 K. The 3D mesh is constructed using the NRTL parameters provided in Table S7.
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adsorption in CHA zeolite at 300 K. The 3D mesh is constructed using the NRTL parameters provided in
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Figure S27. 3D plots of CBMC data on (a) excess Gibbs free energy G / RT

and (b) adsorption selectivity for methanol(1)/ethanol(2) mixture adsorption in CHA zeolite at 300 K.

The 3D mesh is constructed using the NRTL parameters provided in Table S7.
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Figure S28. CBMC simulations (indicated by symbols) for equimolar (f, =f,=f;)

water(1)/methanol(2)/ethanol(3) mixtures in CHA zeolite at 300 K. (a, b, ¢) Component loadings from

CBMC are compared with IAST and RAST estimates. (d) Activity coefficients as function of the surface

potential. The NRTL parameters are provided in Table S7.
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Figure S29. 3D plot of CBMC data on excess Gibbs free energy G / RT = le. ln( 7/1.) for equimolar

i=1

( L=/1= f3) water(1)/methanol(2)/ethanol(3) mixtures in CHA zeolite at 300 K. Comparison is made

with the estimates of the ternary NRTL RAST model. The NRTL parameters for the binary pairs are as

provided in Table S7.
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8 Mixture adsorption in all-silica DDR zeolite

DDR consists of cages of 277.8 A® volume, separated by 3.65 A x 4.37 A 8-ring windows; the pore

landscapes and structural details are provided in Figure S9, and Figure S10.

8.1 CO:/CH4 mixture adsorption in all-silica DDR zeolite

A key assumption of the IAST is that the composition of the adsorbed phase is homogeneously and
uniformly distributed within zeolite or metal-organic frameworks. Preferential location of molecules at
certain locations within the crystalline, causes segregated adsorption and deviations from the assumption
of homogeneous distribution. For separation of CO2 from gaseous mixtures with CHa, cage-type zeolites
such as CHA, DDR, LTA, and ERI are of practical interest; these materials consist of cages separated by
narrow windows, in the 3.3 — 4.5 A range. For adsorption of CO2/CHs mixtures, CBMC simulations®
show that the window regions of cage-type zeolites has a significantly higher proportion of CO2 than
within the cages; see computational snapshots in Figure S30 for DDR. Due to the segregated nature of
mixture adsorption, the IAST is unable to predict the mixture loadings accurately. Due to preferential
location of CO2 in the window regions the CH4 molecules experience a less severe competition from COsz.

To demonstrate non-ideality effects in mixture adsorption, three different sets of CBMC campaigns
were conducted.

Three different campaigns were carried out for CBMC simulations of CO2/CH4 mixture adsorption in
CHA zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is held constant
(at two different values y1 =0.20, and y1 = 0.5) and the bulk gas phase fugacity f = fi + f> was varied. In
campaign B, the mole fraction of CO2(1) in the bulk gas phase, y1 was varied from 0 to 1, keeping the
bulk gas phase mixture fugacity fi = fi + f> constant at a value of 1 MPa. The CBMC results of these

campaigns are presented in Figure S31.
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Figure S31c,e compares CBMC data on adsorption selectivity, S, = M , compared with IAST

Nt

estimates indicated by the dashed lines. Broadly speaking, we note that IAST overestimates S, . The
IAST anticipates S, depends only on the surface potential @ ; this expectation is not fulfilled for any

campaigns A. In Figure S31c, the CBMC simulated values of the adsorption selectivity S,

AY

are plotted
as function of the surface potential ®@. Except in the limit ® —0; 6 —>0; y, —1, the IAST
significantly overestimates S, .

The continuous solid lines in Figure S31b,c,d,e.f,g,h,1 are the RAST calculations using fitted Wilson
parameters as specified in in Table S8. For the Wilson fits, we calculate the parameter C using

1 . . .
C=——— G =% 4 T9 5.5 1=12,with the arbitrary assumption that x, =x, =0.5.
X, X, : A, B,
R + - £

QI,s‘at qZ,mt
Figure S31f,g,i plot the activity coefficients of the guest components in the adsorbed phase as function

of (g) mole fraction of CO2(1) in the adsorbed phase for campaign B, x,, and (f; 1) the surface potential
® for campaigns A. For campaign B, we note the limiting behaviors x, —1; y, — 1. For campaigns

A we note that the activity coefficients are also dependent the surface potential @ with the limiting

characteristic ® —0; y, —1; y, — 1. The introduction of (1 - exp(—CCD)) in the Wilson model, eq

(S39), imparts the correct limiting behaviors ® - 0; 6 — 0; y, =1 for the activity coefficients in the

Henry regime, , as the pore occupancy tends to vanishingly small values. As pore saturation conditions

are approached, this correction factor tends to unity: (1 —exp (—C CD)) —1.

The CBMC data in Figure S31 lead us to conclude that the activity coefficients are functions of both

® and x. In Figure S32a the CBMC data for the excess Gibbs free energy

G“/RT =x,In(y,)+x,In(y,) for the aforementioned CBMC campaigns are plotted in 3D space as
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function of ® and x,. The entire CBMC data set resides on a 3D surface mesh determined from the fitted

Wilson parameters in Table S8.
In Figure S32b the CBMC data on the CO2/CH4 adsorption selectivity are plotted in 3D space as

function of the surface potential ® and the mole fraction of CO: in the bulk gas phase, y,. The entire

CBMC data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S8.
Figure S32b confirms that the adsorption selectivity is not uniquely determined by the surface potential,

@, but is additionally dependent on the bulk phase mixture composition.

8.2 CO2/N:z and CO:/H: mixture adsorption in DDR zeolite

Figure S33a,b presents the CBMC data for adsorption selectivity of CO2/N2 and CO2/H2 mixtures in

DDR zeolite, , both for Campaigns A with fixed values of the bulk gas mixture compositions, y,. The

IAST selectivities are not in perfect agreement with the CBMC data. Thermodynamic non-ideality
effects, quantified with fitted Wilson parameters in Table S8, allow better agreement with the CBMC data

on §

ads *

8.3 CH4/N: and CH4+/H; mixture adsorption in all-silica DDR zeolite

Figure S34a,b present CBMC data for component loadings for (a) CH4/N2 and (b) CH4/H2 mixtures in
DDR zeolite, both for Campaign A with y1 =0.2. The dashed lines are IAST estimates; the unary isotherm
parameters are specified in Table S8. The ® IAST estimates are in good agreement with IAST estimates,

indicating that non-ideality effects are of negligible importance.

8.4 CO/CH4/N; mixture adsorption in DDR zeolite

CBMC simulations were carried out for ternary 20/40/40 CO2/CH4/N2 mixtures in DDR at 300 K for a
range of total fugacities, fi. In Figure S35a,b,c the component loadings from CBMC are compared with

IAST and RAST estimates. The Wilson parameters for the binary pairs A,,,A,,A;, Ay, Ay, A,, are

taken to the same as for the corresponding binary pairs as listed in Table S6. Since the binary CH4/N2
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mixtures behave ideally (cf. Figure S34a), we assert A,, =1;A,, =1. Our approach for ternary mixtures

X X, X3

is to estimate C as C = + +

ql,sat qZ,mt qS,sat

, assuming, x, = x, = x, =1/3. The RAST estimates are in good

agreement with the ternary CBMC data. Figure S35d plots the activity coefficients as function of the

surface potential.

In Figure S36 the excess Gibbs free energy G“/RT = x,In(y,) determined from CBMC data for

i=1
20/40/40 CO2/CH4/N2 mixtures in DDR are plotted in 3D space as function of @ and x,. The continuous

solid line represents the ternary RAST Wilson calculations. The agreement is good, validating the ternary

RAST Wilson model.

8.5 CO2/CH4/H; mixture adsorption in DDR zeolite

CBMC simulations were carried out for ternary 10/20/70 CO2/CH4/Hz2 mixtures in DDR at 300 K for a
range of total fugacities, fi. In Figure S37a,b,c the component loadings from CBMC are compared with
IAST and RAST estimates. The Wilson parameters for the binary pairs A,,,A,,A;,A;, Ay, A,, are
taken to the same as for the corresponding binary pairs as listed in Table S6. Since the binary CH4/H2
mixtures behave ideally (cf. Figure S34b), we assert A,, =1;A;, =1. Our approach for ternary mixtures
'xl

X, X3

is to estimate C as C = + +

ql,sat qZ,mt qS,sat

,assuming, x, = x, = x, =1/3. The RAST estimates are in good

agreement with the ternary CBMC data. Figure S37d plots the activity coefficients as function of the

surface potential.

In Figure S38 the excess Gibbs free energy G*/RT = le. In(y,) determined from CBMC data for

i=1
10/20/70 CO2/CH4/H2> mixtures in DDR at 300 K are plotted in 3D space as function of and x,. The

continuous solid line represents the ternary RAST Wilson calculations. The agreement is good, validating

the ternary RAST Wilson model.
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8.6 Water/methanol/ethanol mixture adsorption in DDR zeolite

For adsorption of water(1)/ethanol(2) mixtures in DDR zeolite at 300 K, three different CBMC
simulations were carried out: Campaign A (with y1 = 0.5, and y1 = 0.05, vary ft), and campaign B, the
mole fraction of water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase
mixture fugacity ft = fi + f2 constant at a value of 10 kPa. The CBMC data on component loadings,
adsorption selectivities, and activity coefficients are presented in Figure S39. The dashed lines are the
IAST estimates. The failure of the IAST to match the CBMC data presented in Figure S39 is a
consequence of hydrogen bonding between guest molecules in water/alcohol mixtures. !> 18474860 Ope
of the mandates of the IAST is violated because of the formation of water/alcohol clusters.!> 4648 The
continuous solid lines are the RAST calculations with fitted NRTL parameters specified in Table S9.

In order to demonstrate the occurrence of hydrogen bonding in water/methanol, and water/ethanol
mixtures CBMC simulation data on the spatial locations of the guest molecules were sampled to determine
the O-H distances of various pairs of molecules. By sampling a total of 10° simulation steps, the radial
distribution functions (RDF) of O-H distances were determined for water-water, water-alcohol, and
alcohol-alcohol pairs.

Figure S40 shows the RDF of O--H distances for molecular pairs of water(1)/ethanol(2) mixture
adsorption in DDR zeolite at 300 K. The H-bonding between water/ethanol pairs is much stronger than
for water/water and ethanol/ethanol pairs; these conclusions are in line with those for CHA zeolite.

A visual appreciation of hydrogen bonding is gleaned from the snapshots in Figure S41 for mixture
adsorption in DDR.

The CBMC data in Figure S39 lead us to conclude that the activity coefficients are functions of both

® and x,. In Figure S42a, the CBMC data for the excess Gibbs free energy
G*/RT =x,In(y,)+x,In(y,) for the aforementioned CBMC campaigns for water/ethanol mixtures are
plotted in 3D space as function of @ and x,. The entire CBMC data set resides on a 3D surface mesh

determined from the fitted NRTL parameters specified in Table S9.
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In Figure S42b, the CBMC data for the water/ethanol adsorption selectivity for water/ethanol mixtures
are plotted in 3D space as function of surface potential @ and mole fraction of water in the bulk fluid

phase mixture. y,. The entire CBMC data set on S, resides on a 3D surface mesh determined from the

fitted NRTL parameters specified in Table S9. Figure S42b confirms that the adsorption selectivity is not
uniquely determined by the surface potential, @, but is additionally dependent on the bulk phase mixture
composition.

Analogously, in Figure S43a, the CBMC data for the excess Gibbs free energy

G“/RT =x,In(y,)+x,In(y,) for the three different CBMC campaigns for water/methanol mixtures are

plotted in 3D space as function of ® and x,. The entire CBMC data set resides on a 3D surface mesh

determined from the fitted NRTL parameters specified in Table S9. In Figure S43b, the CBMC data for
the water/methanol adsorption selectivity for water/ethanol mixtures are plotted in 3D space as function

of surface potential @ and mole fraction of water in the bulk fluid phase mixture. y,. The entire CBMC

data set on S, resides on a 3D surface mesh determined from the fitted NRTL parameters specified in

Table S9. Figure S43b confirms that the adsorption selectivity is not uniquely determined by the surface

potential, @, but is additionally dependent on the bulk phase mixture composition.

In Figure S44a, the CBMC data for the excess Gibbs free energy G*/RT = x, In(y,)+x,In(y,) for
CBMC campaign for methanol/ethanol mixtures in DDR are plotted in 3D space as function of the surface
potential @ and adsorbed phase mole fraction x,. The entire CBMC data set resides on a 3D surface
mesh determined from the fitted NRTL parameters specified in Table S9. In Figure S44b, the CBMC
data for the methanol/ethanol adsorption selectivity are plotted in 3D space as function of surface potential
@ and mole fraction of water in the bulk fluid phase mixture. y,. The entire CBMC data set on S,
resides on a 3D surface mesh determined from the fitted NRTL parameters specified in Table S9. Figure

S44b confirms that the adsorption selectivity is not uniquely determined by the surface potential, ®, but

is additionally dependent on the bulk phase mixture composition.

S75



Figure S45a,b,c presents CBMC simulations of component loadings, ¢g,, for equimolar f, = f, = f;

water(1)/methanol(2)/ethanol(3) mixture adsorption in DDR zeolite with varying total fugacity

f, =1, + 1, + f,, plotted as a function of the surface potential @ . The component activity coefficients are

plotted in Figure S45d. The dashed lines in Figure S45 are IAST estimates; the continuous solid lines are
RAST calculations The continuous solid lines in Figure S45 are RAST calculations using eq (S44). In

these calculations the NRTL parameters 7,,,7,,,0,,,7;5, T3, %3, 753, T3,,Q,;  are taken to the same as for

the corresponding binary pairs as listed in Table S9. Our approach for ternary mixtures is to estimate C

X X x : : .
as C=— 2 3, assuming, x, =x, =x, =1/3. The RAST calculations are in reasonable

+ +
ql,sat q2,sat q3,sat

agreement with CBMC data.

In Figure S46 the excess Gibbs free energy G*/RT = Zx,. In(y,) determined from CBMC data for

i=1
equimolar f, = f, = f, water(1)/methanol(2)/ethanol(3) mixture adsorption in DDR zeolite are plotted in
3D space as function of @ and x,. The continuous solid line represents the ternary RAST NRTL

calculations. The agreement is good, validating the ternary RAST NRTL model.

S76



8.7 List of Tables for Mixture adsorption in all-silica DDR zeolite

Table S8. Dual-site Langmuir-Freundlich parameters for guest molecules in DDR (all-silica) at 300 K.

Site A Site B
Dt b, v, D sar by Vi
mol kg Pa™ mol kg Pa™
CO2 1.5 1.010E-06 | 0.79 3 6.076E-06 |1
CHa4 1.4 4.035E-06 |1 1.95 1.814E-06 | 0.75
N2 1.25 9.887E-07 |1 1.55 5.549E-08 |1
H2 5 5.028E-08 |1 12 2.442E-09 |1

Fitted Wilson non-ideality parameters for mixture adsorption in DDR at 300 K.

C/ kg mol! A, A,
CO2/CH4 0.113 3.300 0.111
CO2/N2 0.115 2.509 0.169
CO2/H2 0.069 1.965 0.281
CO2/CH4//N2 0.117 AL A, LA AL AL A, as above
CO2/CH4/H2 0.0864 A, A, LA AL AL A, as above
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Table S9. Dual-site Langmuir-Freundlich parameters for pure component water, methanol, and ethanol

at 300 K in all-silica DDR zeolite. The fit parameters are based on the CBMC simulations of pure

component isotherms presented in earlier works.

27,48

Site A Site B
D b, v, D5 s by vy
mol kg Pa™ mol kg Pa™
water 6.45 2.776E-17 | 4.3 2.4 1.300E-05 1.06
methanol 1.7 1.186E-04 1.3 1.7 6.055E-04 | 0.78
ethanol 1.6 9.962E-03 | 0.88 1.2 9.160E-05 | 0.66

Fitted NRTL non-ideality parameters for binary mixture adsorption at 300 K in DDR zeolite.

C / kg mol™! 7, 7, a
water/methanol 8.261 -3.207 1.528 0.055
water/ethanol 0.235 -2.749 -0.913 0.250
methanol/ethanol 0.326 1.216 -2.336 0.092
water/methanol/ethanol | 0.255 TiasTo1s Qyas Ti3s T31s Oyzs Ta3s T30 Oy @S abOVE
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8.8 List of Figures for Mixture adsorption in all-silica DDR zeolite

3.65 A x
437 A
windows

There are 12 cages
per unit cell. The
volume of one DDR
cage is 278 A3

Figure S30. Computational snapshots for CO2(1)/CHa4(2) mixture adsorption in DDR zeolite at 300 K.
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Figure S31. CBMC simulation data and analysis for three different campaigns CO2(1)/CH4(2) mixture

adsorption in DDR zeolite at 300 K. (a) Unary isotherms and fits. (b, d, h) Component loadings in mixture

compared with IAST/RAST estimates. (¢, ¢) CBMC data for CO2(1)/CHa4(2) adsorption selectivity

compared with TAST and RAST estimates. (f, g, i) Activity coefficients from CBMC compared with

RAST model calculations. The unary isotherm data fits and Wilson parameters are provided in Table S8.
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Figure $32. 3D plots of CBMC data on (a) excess Gibbs free energy G*/RT =x,In(y,)+x,1In(y,)

and (b) CO2(1)/CHa4(2) adsorption selectivity for CO2(1)/CH4(2) mixture adsorption in DDR zeolite at

300 K. The 3D mesh is constructed using the Wilson parameters provided in Table S8
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Figure S33. CBMC data for adsorption selectivity of (a) CO2/N2 and (b) CO2/H2 mixtures in DDR

zeolite, both for Campaign A with fixed values of the bulk phase mixture compositions, The dashed lines

are IAST estimates; the continuous solid lines are RAST calculations with fitted Wilson parameters

specified in

Table S8.
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Figure S34. CBMC data for component loadings for (a) CH4/N2 and (b) CH4/H2 mixtures in DDR

zeolite, both for Campaign A with y1 = 0.2. The dashed lines are IAST estimates; the unary isotherm

parameters are specified in Table S8.
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Figure S35. CBMC simulations (indicated by symbols) for 20/40/40 CO2(1)//CHa4(2)/N2(3) mixtures in

DDR zeolite at 300 K. (a, b, ¢) Component loadings from CBMC are compared with IAST and RAST

estimates. (d) Activity coefficients as function of the surface potential. The Wilson parameters for the

binary pairs are provided in Table S8.

S84



0.00

CBMC simulations;
20/40/40 CO,/CH,/N,;

300 K; DDR zeolite
-0.05
-
& -0.10
O
0.15 T o
0O 4~
ee® _o @°
o® '9\\@@
0.20 ® CBMC 8 3
' —— Ternary RAST Wilson ;7 &
&
0 &
2 . ‘%@
S N
rfac, v
epotent,a/ o 10 0.4
mo/kg~1

Figure S36. 3D plot of CBMC data on excess Gibbs free energy G”/ RT = in ln(yl.) for 20/40/40

i=1

CO2(1)//CH4(2)/N2(3) mixtures in DDR zeolite at 300 K. Comparison is made with the estimates of the

ternary Wilson RAST model. The Wilson parameters for the binary pairs are provided in Table S8.
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Figure S37. CBMC simulations (indicated by symbols) for 10/20/70 CO2(1)//CHa(2)/H2(3) mixtures in
DDR zeolite at 300 K. (a, b, c) Component loadings from CBMC are compared with IAST and RAST
estimates. (d) Activity coefficients as function of the surface potential. The Wilson parameters for the

binary pairs are provided in Table S8.
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Figure S38. 3D plot of CBMC data on excess Gibbs free energy Ge"/ RT = le. ln( 7;-) for 10/20/70

i=1

CO2(1)//CH4(2)/H2(3) mixtures in DDR zeolite at 300 K. Comparison is made with the estimates of the

ternary Wilson RAST model. The Wilson parameters for the binary pairs are provided in Table S8.
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Figure S39. CBMC simulation data on component loadings, selectivities, and activity coefficients for

Campaigns A (y1= 0.5 and y1= 0.05) and Campaign B (fi= 10 kPa) for water(1)/ethanol(2) mixtures in

DDR zeolite at 300 K The CBMC data are compared with RAST calculations using fitted NRTL

parameters provided in Table S9. The dashed lines are IAST calculations.
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Figure S40. RDF of O--H distances for molecular pairs of water(1)/ethanol(2) mixture adsorption in
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Figure S41. Snapshots showing location and conformations of guest molecules for adsorption of (a)
water(1)/methanol(2), and (b) water(1)/ethanol(2) mixture adsorption in DDR zeolite at 300 K. The

partial fugacities of components 1 and 2 are fi= 2.5 kPa, /2= 7.5 kPa.
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Figure S42. 3D plots of CBMC data for three different campaigns on (a) excess Gibbs free energy

G“/RT =x,In(y,)+x,In(y,), and (b) adsorption selectivity for water(1)/ethanol(2) mixture adsorption

in DDR zeolite at 300 K. The 3D mesh is constructed using the NRTL parameters provided in Table S9.
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Figure S43. 3D plots of CBMC data for three different campaigns on excess Gibbs free energy

G“/RT =x,In(y,)+x, In(y,) for water(1)/methanol(2) mixture adsorption in DDR zeolite at 300 K. The

3D mesh is constructed using the NRTL parameters provided in Table S9.
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Figure S44. 3D plots of CBMC data on (a) excess Gibbs free energy G*/RT = x, In(y,)+x,In(y,)

and (b) adsorption selectivity for methanol(1)/ethanol(2) mixture adsorption in DDR zeolite at 300 K.

The 3D mesh is constructed using the NRTL parameters provided in Table S9.
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Figure S45. CBMC simulations (indicated by symbols) for equimolar 1/1/1
water(1)/methanol(2)/ethanol(3) mixtures in DDR zeolite at 300 K. (a, b, ¢) Component loadings from
CBMC are compared with IAST and RAST estimates. (d) Activity coefficients as function of the surface

potential. The NRTL parameters are provided in Table S9.
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Figure S46. 3D plot of CBMC data on excess Gibbs free energy G / RT = in ln( 7/1.) for equimolar
i=l1

1/1/1 water(1)/methanol(2)/ethanol(3) mixtures in DDR zeolite at 300 K. Comparison is made with the

estimates of the ternary NRTL RAST model. The NRTL parameters for the binary pairs are as provided
in Table S9.
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9 Mixture adsorption in FAU and NaX zeolites

Figure S5 presents the structural details of FAU (all-silica) zeolite. It has cages of 786 A3 volume,
separated by 7.4 A 12-ring windows. Figure S6 show the structural details of NaX (= 86 Na*/uc = 13X)
zeolite. Per unit cell of NaX zeolite we have 106 Si, 86 Al, 86 Na* with Si/Al=1.23. This material is also

commonly referred to by its trade name: 13X zeolite.

9.1 CO2/CH4 mixture adsorption in NaX zeolite

Three different campaigns were carried out for CBMC simulations of CO2(1)/CH4(2) mixture
adsorption in NaX zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is
held constant (at two different values y1 =0.05, and y1 = 0.5) and the bulk gas phase fugacity fi =fi + f2
was varied. In campaign B, the mole fraction of CO2(1) in the bulk gas phase, y1 was varied from 0 to 1,
keeping the bulk gas phase mixture fugacity ft = fi + f2 constant at a value of 100 kPa. The CBMC results

of these campaigns are presented in Figure S47.

Figure S47a,b compares CBMC data on adsorption selectivity, S, = /9, , compared with IAST

A

estimates indicated by the dashed lines. We note that IAST severely overestimates S, for all campaigns.

/i

The IAST anticipates S, to be independent of bulk gas mixture composition, y, = ———, and depends
1 2

only on the surface potential @ ; this expectation is not fulfilled for any campaign.
The continuous solid lines in Figure S47 are the RAST calculations using fitted Wilson parameters as

specified in Table S10. For the Wilson fits, we calculate the parameter C using

C=—— G =% 4eu T 95> 1=12,with the arbitrary assumption that x, =x, =0.5.
X, X, : A, B,
R + - £

QI,s‘at q2,mt
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Figure S47c¢,d,e plot the activity coefficients of the guest components in the adsorbed phase as function
of (c) mole fraction of CO2(1) in the adsorbed phase for campaign B, , and (d, e) the surface potential ®

for campaigns A. For campaign B, we note the limiting behaviors x, = 1; y, —1. For campaigns A

we note that the activity coefficients are also dependent the surface potential @ with the limiting

characteristic ® —0; y —1; y», — 1. The introduction of (1 - exp(—CdD)) in the Wilson model, eq
(S39), imparts the correct limiting behaviors ® —0; 6 —0; y, —1 for the activity coefficients in the
Henry regime, f, »>0; ® — 0, as the pore occupancy tends to vanishingly small values. As pore
saturation conditions are approached, this correction factor tends to unity: (l —exp (—C <I))) —1.

The CBMC data in Figure S47c,d,e lead us to conclude that the activity coefficients are functions of

both @ and x,. In Figure S48 the CBMC data for the excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,) for the aforementioned campaigns, along with an additional CBMC

campaign A (with y1 = 0.1, and y1 = 0.2) are plotted in 3D space as function of @ and x,. The entire

CBMC data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S10;
see Figure S48b.

The failure of the IAST witnessed in Figure S47 is traceable to the non-uniform distribution of the
guest molecules CO2, and CHs within the cages of NaX zeolite. To demonstrate this, the CBMC
simulation data on the spatial locations of the guest molecules were sampled to determine the inter-
molecular distances. By sampling a total of 10° simulation steps, the radial distribution of the separation
distances between the molecular pairs CO2-CO2, CO2-Na®, CO2-CHas, and CH4-CH4 were determined.
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 in the discussions to follow. The plotted RDF data has been normalized
such that the area under each of the curves is identical to one another (and equals 1000). Figure S49a
presents the RDF data for a total fugacity fi = 1 MPa and y1=0.01. If we compare the first peaks, it is

noteworthy that the CO2-CO2, and CO2-Na" pairs are close together, indicating that the major proportion
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of COz congregates around the cations. A further point to note is that the CO2-CHa4 separation distance is
significantly higher than the CO2-CO2 and CH4-CHa4 separation distances. This implies that the CH4
molecules face a less severe competitive adsorption with COz than is anticipated by the IAST.

A visual appreciation of the congregation effects can be gained from the snapshot presented in Figure
S50.

The primary reason for the congregation of CO2 molecules is the presence of cations. In order to
demonstrate this, we also carried out CBMC simulations for adsorption of CO2/CH4 mixtures in all-silica
zeolite at a total fugacity ft = 500 kPa and y1=0.2 at 300 K. The RDF data on the distances between the
molecular pairs CO2-CO2, CO2-CH4, and CH4-CH4 are shown in Figure S49b. We note that the peaks
occur at practically the same intermolecular distances. This indicates that there are no congregation effects
and that the guest molecules are homogeneously distributed within the pore landscape. Such a
homogeneous distribution of guest molecules fulfils the requirement of the IAST theory. Consequently,
we should expect the IAST to provide a good quantitative description of CO2/CH4 mixture adsorption in
all-silica zeolite.

To confirm this expectation, Figure S51a compares the CBMC simulated values of the adsorption
selectivity for 50/50 CO2/CHa, 20/80 CO2/CHa4, 15/85 CO2/N2, 20/80 CO2/N2, and 20/40/40 CO2/CH4/N2
mixtures in all-silica FAU with the corresponding IAST calculations. The CO2/CHs, and CO2/N2
selectivities are uniquely determined by the surface potential , irrespective of the composition of the bulk
fluid phase mixture and the pre ® sence of the third component. The TAST estimations are in good
agreement with the CBMC simulated values of S, .

In sharp contrast, the IAST calculations severely over-predict the adsorption selectivity for equimolar
CO2/CH4 mixtures in NaX zeolite because the actual competition faced by CHas is less severe due to
congregation effects; see Figure S51b. Also shown in Figure S51b are the CBMC data for CO2/CH4
mixture adsorption in NaY zeolite (138 Si, 54 Al, 54 Na', Si/Al=2.56); the IAST estimates are also in

excess of the CBMC data, but the departures are less than that experienced with NaX.
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Figure S51c¢ presents a different way to demonstrate that the of CO2/CHa4 selectivity for ideal mixtures

is dependent only on the surface potential ® and not the bulk gas phase composition, y,, Figure S51b is
a 3D plot the of CO2(1)/CH4(2) selectivity as a function of @ and y,, The CBMC data for 50/50

CO2/CHa, 20/80 CO2/CH4, 20/40/40 CO2/CH4/N2, and 33.333/33.333/33.333 CO2/CH4/N2 mixtures

reside on a 3D mesh created by IAST calculations. The 3D plot confirms the unique S, vs @

dependence.

9.2 CO2/CsHs mixture adsorption in NaX zeolite

Two different campaigns were carried out for CBMC simulations of CO2(1)/C3Hs(2) mixture adsorption
in NaX zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is held constant
(at two different values, y1 = 0.25, and y1 = 0.5), and the bulk gas phase fugacity fi = fi + f2 was varied. In
campaign A, the mole fraction of CO2(1) in the bulk gas phase, y1 was varied from 0 to 1, keeping the
bulk gas phase mixture fugacity fi = fi + f> constant at a value of 1 MPa. The CBMC results of these

campaigns are presented in Figure S52,

Figure S52a,b compares CBMC data on adsorption selectivity, S, = M , compared with IAST

A

estimates indicated by the dashed lines. We note that IAST overestimates S, for all campaigns. The

Sy

IAST anticipates S, to be independent of bulk gas mixture composition, y, = ————, and depends

S+t
only on the surface potential @ ; this expectation is not fulfilled for any campaign.
The continuous solid lines in Figure S52 are the RAST calculations using fitted Wilson parameters as

specified in Table S10. For the Wilson fits, we calculate the parameter C using

C=——— 4w =% ssu 9 s> =12, withthe arbitrary assumption that x, =x, =0.5.
N o% : - .
ql,sat qZ,sat

Figure S52c¢,d,e plot the activity coefficients of the guest components in the adsorbed phase as function

of (c) mole fraction of CO2(1) in the adsorbed phase for campaign B, x,, and (d, e) the surface potential
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@ for campaign A. For campaign B, we note the limiting behaviors x, —1; y, — 1. For campaign A

we note that the activity coefficients are also dependent the surface potential @ with the limiting

characteristic ® —0; y, —1; y, — 1. The introduction of (l—exp(—CCD)) in the Wilson model, eq
(S39), imparts the correct limiting behaviors ® —0; 6 —0; y, — 1 for the activity coefficients in the
Henry regime, f, »>0; ® — 0, as the pore occupancy tends to vanishingly small values. As pore
saturation conditions are approached, this correction factor tends to unity: (l —exp (—C <I))) —1.

Particularly remarkable are the results in which the total bulk fluid phase fugacity is maintained at f; =
50 kPa; see Figure S53. We note that as the mole fraction of COz in the bulk gas phase, y1, is increased,

the CBMC data shows selectivity reversal at y, > 0.8, in agreement with the experimental findings of

Costa et al.%® This selectivity reversal in disfavor of CO: is not anticipated by the IAST.
The CBMC data in Figure S52, and Figure S53 lead us to conclude that the activity coefficients are

functions of both @ and x,. In Figure S54a, the CBMC data for the excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,) are plotted in 3D space as function of ® and x,. The entire CBMC data

set resides on a 3D surface mesh determined from the fitted Wilson parameters; see Figure S54b.
Figure S54c¢ presents a 3D plot of the CO2(1)/C3Hs(2) adsorption selectivity as function of the surface

potential @ and mole fraction of CO: in the bulk gas phase, y,. The entire CBMC data set resides on a

3D surface mesh determined from the fitted Wilson parameters in Table S10. Figure S54c confirms that
the adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally
dependent on the bulk phase mixture composition.

The failure of the IAST to provide quantitatively accurate estimates of component loadings, and
adsorption selectivities is attributable to the inhomogeneous distribution of adsorbates in the pore space
of NaX zeolite, caused by strong binding of CO2 with the extra-framework cations. The inhomogeneous
distribution is clearly visualized by the computational snapshot in Figure S55 for fi = 0.5 MPa, and /> =

0.5 MPa. We note that the bottom cage contains only CO2, and there is no C3Hs present in that cage. One
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of the key assumptions of the IAST is that the distribution of adsorbates within the pore space is
homogenous.

To quantify the inhomogeneous distribution of adsorbates, the CBMC simulation data on the spatial
locations of the guest molecules were sampled to determine the inter-molecular distances. By sampling a
total of 107 simulation steps, the radial distribution of the separation distances between the molecular pairs
C02-CO2, CO2-Na', CO2-C3Hs, and C3Hs-C3Hs were determined. Figure S56 presents the RDF data for
a total fugacity £ = 1 MPa and y1=0.5. 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 in the discussions to follow. The
plotted RDF data has been normalized such that the area under each of the curves is identical to one
another. If we compare the first peaks, it is noteworthy that the CO2-CO2, and CO2-Na" pairs are close
together, indicating that the major proportion of CO2 congregates around the cations. A further point to
note is that the CO2-C3Hs separation distance is significantly higher than the CO2-CO2 and CO2-Na*
separation distances. This implies that the C3Hs molecules face a less severe competitive adsorption with
CO:z than is anticipated by the IAST.

For the mixture of alkanes, there are no segregation effects to be expected in NaX zeolites, and the
IAST estimates are in good agreement with CBMC simulation data; see Figure S57a,b for adsorption

selectivity S, for (a) 50/50 CsHs(1)/CHa4(2), and (b) 50/50 C2Hs(1)/CHa4(2) mixture adsorption in NaX

zeolite at 300 K, plotted as function of the surface potential ® . The IAST estimates are in good agreement
with CBMC simulation data.

Figure S57c¢,d present CBMC data on adsorption selectivity S, for (c) 50/50 CHa(1)/N2(2), 25/75
CHa(1)/N2(2), and (d) 50/50 CHa(1)/H2(2) mixture adsorption in NaX zeolite at 300 K, plotted as function
of the surface potential ®. The IAST estimates are in good agreement with CBMC simulation data

confirming that these mixtures also conform with thermodynamic ideality.
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9.3 CO,/CH4/C3:Hs mixture adsorption in NaX

CBMC simulations were carried out for 10/70/20 CO2/CH4/C3Hs mixtures in NaX at 300 K for a range

of total fugacities, fi. In Figure S58 the excess Gibbs free energy G*/RT = in In(y,) determined from

i=1
CBMC data are plotted in 3D space as function of @ and x,. The continuous solid line represents the
ternary RAST Wilson calculations. The Wilson parameters for the binary pairs A,,, Ay, A5, As, Ay, A,

are taken to the same as for the corresponding binary pairs as listed in Table S10. Noteworthily,

A,; =1,A,, =1 because the CH4/C3Hg mixtures behave ideally (cf. Figure S57a). Our approach for ternary

i ) ) X X X
mixtures is to estimate C as C = — 2 3

+ +
ql,sat qZ,mt qS,sat

, assuming, x, = x, =x, =1/3. The RAST estimates

are in reasonable agreement with the ternary CBMC data set.

9.4 CO2/N: mixture adsorption in NaX zeolite; CBMC simulations

Figure S59a presents CBMC simulations of unary isotherm data of COz2, and N2 in NaX (106 Si, 86 Al,
86 Na" with Si/Al=1.23) zeolite at 300 K. Figure S59b presents the CBMC simulation data (indicated by
symbols) of component loadings, gi, of CO2, and N2 for adsorption of CO2/N2 mixtures in NaX zeolite at
300K and total fugacity fr = 100 kPa, as function of the mole fraction of CO2 in the bulk gas phase, y1.
The dashed lines in Figure S59b are the IAST estimations. The IAST estimations of the component
loadings for N2 are not in good agreement with the CBMC mixture simulations.

Figure S59c plots the CBMC data on the CO2/Nz adsorption selectivity as function of the mole fraction
of COz in the bulk gas phase. The IAST severely overestimates the adsorption selectivity.

The failure of the IAST is traceable to the non-uniform distribution of the guest molecules CO2, and N2
within the cages of NaX zeolite. To demonstrate this, the CBMC simulation data on the spatial locations
of the guest molecules were sampled to determine the inter-molecular distances. By sampling a total of
10°® simulation steps, the radial distribution function (RDF) were determined for CO2-CO2, CO2-Na*, and

CO2-N:2 separation distances. Figure S60a presents the RDF data for a total fugacity /i = 100 kPa and
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¥1=0.05. 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 in the discussions to follow. The plotted RDF data has been
normalized such that the area under each of the curves is identical to one another (and equals 1000). If we
compare the first peaks, it is noteworthy that the CO2-CO2, and CO2-Na" pairs are close together;
indicating that the major proportion of CO2 congregates around the cations. A further point to note is that
the CO2-N2 separation distance is significantly higher than the CO2-COz separation distance. This implies
that the N2 molecules face a less severe competitive adsorption with CO: than is anticipated by the IAST.

The primary reason for the congregation of CO2 molecules is the presence of cations. In order to
demonstrate this we also carried out CBMC simulations for adsorption of CO2/N2 mixtures in all-silica
zeolite at a total fugacity fi = 500 kPa and y1=0.25 at 300 K. The RDF data on the distances between the
molecular pairs CO2-CO2, CO2-N2, and N2-N2 are shown in Figure S60b. We note that the peaks occur at
practically the same intermolecular distances. This indicates that there are no congregation effects and
that the guest molecules are homogeneously distributed within the pore landscape. Such a homogeneous
distribution of guest molecules fulfils the requirement of the IAST theory. Consequently, we should
expect the IAST to provide a good quantitative description of CO2/N2 mixture adsorption in all-silica
zeolite. To confirm this expectation, Figure S61a compares the CBMC simulated values of the adsorption
selectivity for equimolar CO2/N2 mixtures in all-silica FAU with the corresponding IAST calculations
using the CBMC simulated unary isotherm fits in Table S11. There is perfect agreement the two data sets.
In sharp contrast, the IAST calculations severely over-predict the adsorption selectivity for equimolar
CO2/N2 mixtures in NaX zeolite because the actual competition faced by N2 is less severe due to

congregation effects.

9.5 CO2/CH4/N; mixture adsorption in NaX

CBMC simulations were carried out for ternary 20/40/40 CO2/CHa/N2, and 5/25/70 CO2/CH4/N2

mixtures in NaX at 300 K for a range of total fugacities, fi. In Figure S62 the excess Gibbs free energy

G*/RT = in In(y,) determined from CBMC data are plotted in 3D space as function of @ and x,.

i=1
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The continuous solid line represents the ternary RAST Wilson calculations. The Wilson parameters for

the binary pairs A,,,A,,, A5, A5, A,;, A,, are taken to the same as for the corresponding binary pairs as
listed in Table S10. Noteworthily, A,; =1,A;, =1 because the CH4/N2 mixtures behave ideally (cf. Figure

X X,

X, .
+ + , assuming,
ql,sat q2,sat q3,sat

S57c). Our approach for ternary mixtures is to estimate C as C =

x, = x, = x; =1/3. The RAST estimates are in reasonable agreement with the two ternary CBMC data sets.

9.6 Water/alcohol mixture adsorption in FAU (all silica) zeolite

Figure S63a,b presents RDF of O--H distances for molecular pairs of water(1)/methanol(2) (total
loading = 72 molecules per unit cell), water(1)/ethanol(2) (total loading = 56 molecules per unit cell)
mixture adsorption in FAU zeolite at 300 K; these mixture are equimolar in the adsorbed phase.?’” The
degree of molecular clustering due to hydrogen bonding can be characterized by the magnitudes of the
first peaks.?” ¢! The RDF data for water/methanol, and water/ethanol mixtures in FAU (all silica) were
determined for a range of adsorbed phase compositions.”’” Collecting the data on the magnitude of the
first peaks for water-alcohol mixtures in FAU, Figure S63c,d presents plots of the first-peak heights as
function of the mole fraction of the alcohol. We observe that molecular clustering effects are higher for
water-alcohol pairs, as compared to water-water, and alcohol-alcohol pairs.

Due to molecular clustering, we should anticipate that water/methanol and water/ethanol mixture
adsorption in FAU (all silica) zeolite will be subject to significant deviations from the estimations of the
IAST.

For adsorption of water(1)/methanol(2) mixtures in FAU (all silica) zeolite at 300 K, three different
CBMC simulations were carried out: Campaign A (with y1 = 0.5, vary f;), and campaign B, the mole
fraction of water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase mixture
fugacity ft = fi + f2 constant at values of 1 kPa, and 10 kPa. The CBMC data on component loadings,

adsorption selectivities, and activity coefficients are presented in Figure S64.
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The dashed lines are the IAST estimates. The failure of the IAST to match the CBMC data presented

in is a consequence of hydrogen bonding between guest molecules in water/alcohol mixtures. '3 1347 48,

%0 One of the mandates of the IAST is violated because of the formation of water/alcohol clusters.!3: 4648
The continuous solid lines in Figure S64 are the RAST calculations with fitted Margules parameters
specified in Table S12.

The CBMC data in Figure S64f,g leads us to conclude that the activity coefficients are functions of both

the surface potential @ and mole fraction of water in the adsorbed phase mixture, x,. In Figure S65a the
CBMC data for the excess Gibbs free energy G“/RT =xIn(y,)+x,In(y,) for the three CBMC

campaigns for water/methanol mixtures are plotted in 3D space as function of @ and x,. The entire

CBMC data set resides on a 3D surface mesh determined from the fitted Margules parameters specified
in Table S12.

In Figure S64b, the CBMC data for the water/methanol adsorption selectivity for water/methanol
mixtures are plotted in 3D space as function of surface potential @ and mole fraction of water in the bulk

fluid phase mixture, y,. The entire CBMC data set on S, resides on a 3D surface mesh determined

from the fitted Margules parameters specified in Table S12. Figure S64b confirms that the adsorption
selectivity is not uniquely determined by the surface potential, @, but is additionally dependent on the
bulk phase mixture composition.

For adsorption of water(1)/ethanol(2) mixtures in FAU (all silica) zeolite at 300 K, two different CBMC
simulations were carried out: Campaign A (with y1 = 0.5, vary fi), and campaign B, the mole fraction of
water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase mixture fugacity
ft=/f1+ f2 constant at a value of 10 kPa. The CBMC data on component loadings, adsorption selectivities,
and activity coefficients are presented in Figure S66. The continuous solid lines in Figure S66 are the
RAST calculations with fitted Margules parameters specified in Table S12.

The CBMC data in Figure S66f,g leads us to conclude that the activity coefficients are functions of both

the surface potential @ and mole fraction of water in the adsorbed phase mixture, x,. In Figure S67a the

S105



CBMC data for the excess Gibbs free energy G“/RT =x In(y,)+x,In(y,) for the three CBMC
campaigns for water/methanol mixtures are plotted in 3D space as function of @ and x,. The entire
CBMC data set resides on a 3D surface mesh determined from the fitted Margules parameters specified
in Table S12.

In Figure S67b, the CBMC data for the water/methanol adsorption selectivity for water/methanol
mixtures are plotted in 3D space as function of surface potential @ and mole fraction of water in the bulk
fluid phase mixture, y,. The entire CBMC data set on S, resides on a 3D surface mesh determined
from the fitted Margules parameters specified in Table S12. Figure S67b confirms that the adsorption
selectivity is not uniquely determined by the surface potential, @, but is additionally dependent on the
bulk phase mixture composition.

Figure S68a,b presents CBMC data for two different CBMC campaigns for adsorption of water(1)/2-
propanol(2) mixtures in FAU (all silica) zeolite at 300 K: Campaign A (with y1 = 0.5, vary f;), and
campaign B, the mole fraction of water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the
bulk fluid phase mixture fugacity fi = fi + f> constant at a value of 10 kPa. Figure S68a compares the

CBMC data for the excess Gibbs free energy G“/RT =x,In(y,)+x, In(y,) with the IAST estimates of
G“/RT =0. Clearly, thermodynamic non-idealities are in play for water(1)/2-propanol(2) mixture
adsorption, as the CBMC data show that G* / RT is significantly negative.

Figure S68b compares the CBMC data on the adsorption selectivity, S, , with the IAST determined

3D mesh. The CBMC data shows that the selectivities from CBMC are significantly higher than the IAST

estimates.
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9.7 List of Tables for Mixture adsorption in FAU and NaX zeolites

Table S10. Dual-site Langmuir-Freundlich parameters for pure components CO2, CHa4, N2, and C3Hs at

300 K in NaX zeolite containing 86 Na'/uc with Si/Al=1.23. The fit parameters are based on the CBMC

simulations of pure component isotherms.

Site A Site B
9 t,sa b, Vs s by Vi
mol kg Pa™ mol kg Pa™
CO, 2.1 2.300E-04 | 0.67 4.4 4.136E-04 |1
CH,4 5.5 2.187E-06 |1 2.2 1.338E-08 |1
N> 9.8 1.030E-09 |1 4.2 1.231E-07 |1
CsHg 2.2 1.195E-04 | 1.46 1.6 1.151E-03 | 0.66

Fitted Wilson non-ideality parameters for mixture adsorption in NaX at 300 K.

12>

21°

C/ kg mol! A, A,
CO2/Cs3Hs 0.209 2.789 0.781
CO2/CH4 0.142 0.000 5.715
CO2/N2 0.113 4.303 0.027
CO2/CH4//N2 0.118 AN, LA AL AL A, as above
CO2/CH4/C3Hs 0.182 A, A, LA AL AL A, as above
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Table S11. Dual-site Langmuir-Freundlich parameters for pure components CO2, CH4, Hz, and N2 at

300K in all-silica FAU. The fit parameters are based on the CBMC simulations of pure component

isotherms presented in earlier works.!!: 64 65
Site A Site B
s b, vy 950 by Vg

mol kg Pa™ mol kg Pa™
CO; 2.4 2.52x10714 | 24 6.7 6.74x107 1
CH,4 4 7x107 0.86 6.5 2.75x107 1
H 6.9 3.506E-08 |1 16.7 3.848E-09 |1
Nz 5.2 1.55%x107 1 5.8 1.32x107 1
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Table S12. Dual-site Langmuir-Freundlich parameters for adsorption of water, methanol, ethanol, and

2-propanol at 300 K in all-silica FAU zeolite. The fit parameters are based on the CBMC simulations of

pure component isotherms presented in earlier works.

27, 46, 48

Adsorbate Site A Site B
9t b, v, s by vy
mol kg™ Pa™ mol kg | Pa™
water 15.4 1.850E- 32.6 7.4 3.555E- |1
121 05
methanol 3.4 6.362E-16 | 4.6 5.8 1.679E- |1
04
ethanol 2.5 3.189E-13 | 4.9 2.9 1.000E- | 1.05
03
2-propanol 1.5 3.906E-06 | 2.45 2.8 1.9S1E- |1
03

Fitted Margules non-ideality parameters for binary mixture adsorption in all-silica FAU at 300 K. The

fits are based on combining CBMC Campaigns A and B for each mixture.

C / kg mol™! A A2
water/methanol 0.164 -1.131 -2.372
water/ethanol 0.178 -1.102 -1.766
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9.8 List of Figures for Mixture adsorption in FAU and NaX zeolites
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Figure S47. CBMC simulations data for CO2(1)/CHa4(2) mixture adsorption in NaX zeolite at 300 K. (a,

b) CBMC data on adsorption selectivity compared with IAST (dashed lines) and RAST estimates

(continuous solid lines). (c, d, ) CBMC data on activity coefficients in the adsorbed phase compared with

RAST Wilson fits. The unary isotherm fit parameters and Wilson parameters are provided in Table S10.
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Figure S48. 3D plots of CBMC data on excess Gibbs free energy G*/RT =x, In(y,)+x,In(y,) for

CO2(1)/CH4(2) mixture adsorption in NaX zeolite at 300 K, plotted as function of the surface potential,

@, and the mole fraction of COz1in the adsorbed phase mixture, x, . The 3D mesh is constructed using the

Wilson parameters provided in Table S10.
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Figure S49. (a) Radial distribution of guest pairs determined from CBMC simulations for adsorption of
CO2/CH4 mixtures in NaX zeolite at 300 K and total fugacity /i = 1 MPa, and »1=0.01. (b) Radial
distribution of guest pairs determined from CBMC simulations for adsorption of CO2/CH4 mixtures in

all-silica FAU zeolite at 300 K and total fugacity fi = 500 kPa, and y1=0.2.
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Figure S50. Snapshot showing the location of CO2, CH4, and Na+ cations within the pore landscape of

NaX (106 Si, 86 Al, 86 Na*, Si/Al=1.23) zeolite at 300 K and total fugacity /i = 100 kPa, and y1=0.02.
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Figure S51. (a) CBMC data for adsorption selectivity of 50/50 CO2/CHs, 20/80 CO2/CHa, 15/85
CO2/N2, 20/80 CO2/N2, and 20/40/40 CO2/CH4/N2 mixtures in all-silica FAU. (b) Comparison CO2/CHa4
adsorption selectivities determined from CBMC simulations for NaY (138 Si, 54 Al, 54 Na*, Si/Al=2.56),
and NaX (106 Si, 86 Al, 86 Na", Si/Al=1.23) zeolites for at 300 K. The x-axes represent the surface
potential @ . The continuous solid and dashed lines are the RAST, and IAST estimations, respectively.

(c) 3D plot of CBMC data on S, for CO2(1)/CH4(2) mixture adsorption in all-silica FAU at 300 K,

plotted as function of the surface potential, @, and the mole fraction of CO2 in the bulk gas phase mixture,

», - The 3D mesh is constructed using the IAST.
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Figure S52. CBMC simulations data for CO2(1)/C3Hs(2) mixture adsorption in NaX zeolite at 300 K.

(a, b) CBMC data on adsorption selectivity compared with IAST (dashed lines) and RAST estimates

(continuous solid lines). (c, d, ) CBMC data on activity coefficients in the adsorbed phase compared with

RAST Wilson fits. The unary isotherm fit parameters and Wilson parameters are provided in Table S10.
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Figure S53. CBMC simulation data and analysis for with fi = 50 kPa for CO2(1)/C3Hs(2) mixture
adsorption in NaX zeolite at 300 K. CBMC data for (a) component loadings and (b) CO2(1)/ C3Hs(2)
adsorption selectivity compared with IAST and RAST estimates. (¢) Activity coefficients from CBMC
compared with RAST model calculations. The unary isotherm fit parameters and Wilson parameters are

provided in Table S10.
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Figure S54. (a, b) 3D plots of CBMC data on excess Gibbs free energy G*/RT = x, In(y,)+x,In(y,)

for CO2(1)/C3Hs(2) mixture adsorption in NaX zeolite at 300 K. (¢) 3D plot of the CO2(1)/C3Hs(2)

adsorption selectivity as function of the surface potential @ and mole fraction of CO2 in the bulk gas

phase, y,. The 3D mesh is constructed using the Wilson parameters provided in Table S10.
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Figure S55. Computational snapshots showing the location of COz2, and C3Hg within the cages of NaX
zeolite at 300 K and total fugacity fi = 1 MPa. The component partial fugacities are fi = 0.5 MPa, and /2

= 0.5 MPa.
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Figure S56. Radial distribution of guest pairs determined from CBMC simulations for adsorption of

CO2/CsHs mixtures in NaX zeolite at 300 K and total fugacity fi = 1 MPa, and y1=0.5.
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Figure S57. Adsorption selectivity S, for (a) 50/50 CsHs(1)/CHa(2), (b) 50/50 C2He(1)/CH4(2), (c)

50/50 CHa(1)/N2(2), 25/75 CHa(1)/N2(2), and (d) 50/50 CHa(1)/H2(2) mixture adsorption in NaX zeolite
at 300 K, plotted as function of the surface potential @ . The CBMC simulated values (indicated by

symbols) are compared with IAST estimates (indicated by the dashed lines).
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Figure S58. 3D plot of CBMC data on excess Gibbs free energy Ge"/ RT = le. ln( 7;-) for 10/70/20

i=1

CO2(1)//CH4(2)/C3Hs(3) mixtures in NaX zeolite at 300 K. Comparison is made of CBMC data with the

estimates of the ternary Wilson RAST model. The unary isotherm fit parameters and Wilson parameters

are provided in Table S10.
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Figure S59. (a) CBMC simulations of unary isotherm data of CO2, and N2 in NaX zeolite at 300 K. (b)
CBMC simulation data (indicated by symbols) of for component loadings, gi, of CO2, and N2 for
adsorption of CO2/N2 mixtures in NaX zeolite at 300 K and total fugacity i = 100 kPa, as function of the
mole fraction of COz in the bulk gas phase, y1. (¢) CO2/N2 adsorption selectivity as function of the mole

fraction of COz2 in the bulk gas phase. The dashed lines in (b), and (c) are the IAST estimations.
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Figure S60. (a) Radial distribution of guest pairs determined from CBMC simulations for adsorption of
CO2/N2 mixtures in NaX zeolite at 300 K and total fugacity £ = 100 kPa, and y1=0.05. (b) Radial
distribution of guest pairs determined from CBMC simulations for adsorption of CO2/N2 mixtures in all-

silica FAU zeolite at 300 K and total fugacity fi = 500 kPa, and y1=0.25.
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Figure S61. Comparison of CBMC simulated values of CO2/Nz adsorption selectivities determined from
CBMC simulations for all-silica FAU (192 Si, 0 Al, 0 Na“, Si/Al=), and NaX (106 Si, 86 Al, 86 Na",

Si/Al=1.23) zeolites for equimolar mixtures at 300 K with IAST estimations.
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Figure S62. 3D plot of CBMC data on excess Gibbs free energy G“/RT =) x,In(y,) for ternary

i=1

20/40/40 CO2/CH4/N2, and 5/25/70 CO2/CH4/N2 mixtures in NaX at 300 K for a range of total fugacities,

ft. Comparison is made of CBMC data with the estimates of the ternary Wilson RAST model. The unary

isotherm fit parameters and Wilson parameters are provided in Table S10.
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Figure S63. (a, b) RDF of O-+H distances for molecular pairs of water(1)/methanol(2) (total loading =
72 molecules per unit cell), water(1)/ethanol(2) (total loading = 56 molecules per unit cell) mixture
adsorption in FAU zeolite at 300 K; these mixture are equimolar in the adsorbed phase. (c, d) Plots of
the first-peak heights of the RDFs, from data such as those presented in (a, b) for varying compositions

in the adsorbed phase.
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Figure S64. CBMC simulation data and analysis for Campaign A (y1= 0.5) and for Campaign B (fi= 10
kPa) for water(1)/methanol(2) mixture adsorption in FAU (all-silica) zeolite at 300 K. (a) Unary isotherms
and fits. (b, d) Component loadings in mixture compared with ITAST/RAST estimates. (¢, ¢) CBMC data
for water(1)/methanol(2) adsorption selectivity compared with IAST and RAST estimates. (f, g) Activity
coefficients from CBMC compared with RAST model calculations. The unary isotherm fit parameters

and Margules parameters are provided in Table S12.
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Figure S65. 3D plots of CBMC data for three different CBMC campaigns on (a) excess Gibbs free
energy G“/RT =xIn(y)+x,In(y,), and (b) adsorption selectivity for water(1)/methanol(2) mixture

adsorption in FAU (all-silica) zeolite at 300 K. The 3D mesh is constructed using the Margules parameters
provided in Table S12.
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Figure S66. CBMC simulation data and analysis for Campaign A (y1= 0.5) and for Campaign B (fi = 10
kPa) for water(1)/ethanol(2) mixture adsorption in FAU (all-silica) zeolite at 300 K. (a) Unary isotherms
and fits. (b, d) Component loadings in mixture compared with ITAST/RAST estimates. (c, ¢) CBMC data
for water(1)/ethanol(2) adsorption selectivity compared with IAST and RAST estimates. (f, g) Activity
coefficients from CBMC compared with RAST model calculations. The unary isotherm fit parameters

and Margules parameters are provided in Table S12.
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Figure S67. 3D plots of CBMC data for two different CBMC campaigns on (a) excess Gibbs free energy

G“/RT =x,In(y,)+x,1In(y,), and (b) adsorption selectivity for water(1)/ethanol(2) mixture adsorption

in FAU (all-silica) zeolite at 300 K. The 3D mesh is constructed using the Margules parameters provided
in Table S12.
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Figure S68. 3D plots of CBMC data for two different campaigns on (a) excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,), and (b) adsorption selectivity for water(1)/2-propanol(2) mixture

adsorption in FAU (all-silica) zeolite at 300 K. The 3D mesh is constructed using the IAST using the
unary isotherm fits provided in Table S12.
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10 Mixture adsorption in LTA and LTA-4A zeolite

LTA (Linde Type A) all-silica zeolite consist of cages of 743 A3 volume, separated by 4.11 A x 4.47 A
8-ring windows; the pore landscapes and structural details are provided in Figure S1, and Figure S2.
Figure S3 presents the structural details of cation-exchanged LTA-4A; per unit cell LTA-4A has 96 Si,

96 Al, 96 Na*, Si/Al=I.
10.1 Mixture adsorption in LTA (all silica) zeolite

4/9
H L

Figure S69 presents CBMC simulations of the selectivities for mixture adsorption, S, = in all

silica LTA =zeolite for 50/50 CO2(1)/CHa4(2), CO2(1)/N2(2), and CHa(1)/N2(2) mixtures with

[ Y, = % = 0.5] and varying total bulk gas phase fugacity, f, = f, + f,, at 300 K. The selecivities
1 + 2

are plotted as function of the surface potential, ®@. Also shown are the simulations for equimolar

( L=/1= f3) CO2(1)/CH4(2)/N2(3) mixtures. The selectivity for each of the three binary pairs are the

same for binary mixtures and ternary mixture, provided the comparison is made at the same value of the
surface potential, @ ; see eq (S12) and the related discussions. 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 dashed lines in Figure S69 are the IAST estimates of the adsorption selectivities. We note good

agreement between CBMC simulations and IAST estimates.

10.2 CO/C3;Hs mixture adsorption in LTA-4A zeolite

Two different campaigns were carried out for CBMC simulations of CO2(1)/C3Hs(2) mixture adsorption
in LTA-4A zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is held
constant (at values of y1 = 0.1, and y1 = 0.8), and the bulk gas phase fugacity fi = fi + f> was varied. In
campaign B, the mole fraction of CO2(1) in the bulk gas phase is held constant, and the bulk gas phase

fugacity ft = fi + f2 was varied. . The CBMC results of these three campaigns are presented in Figure S70.
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In Figure S70a,b CBMC data on adsorption selectivity, S, = 7if
1 2

, are compared with IAST

estimates indicated by the dashed lines.
The CBMC data in Figure S70c for Campaign A show with increasing values of the surface potential

@, the selectivity S , becomes increasingly in favor of COz, due to strong coulombic interactions with

the extra-framework cations Na'. The IAST anticipates the CBMC data sets to have the same selectivity
that depends uniquely on the surface potential @, independent of the bulk phase compositions (at values
of y1=0.1, and y1 = 0.8). The IAST does not anticipate this selectivity reversal in favor of COz, for the

CBMC data with y1 = 0.1. The CBMC simulation data show that S, depends on the value of the bulk

gas mixture composition, y, = / .
Sit 1y
For campaign B, with the bulk gas phase mixture f, = f, + f, =1 MPa we note that the S, = %
1 2

undergoes a selectivity reversal, that is not anticipated by the IAST; see Figure S70a.
The continuous solid lines in Figure S70 are the RAST calculations using fitted Wilson parameters as

specified in Table S13. For the Wilson fits, we calculate the parameter C using

C= 0 Y = Dasa t Dipsad i =1,2, with the arbitrary assumption that x, =x, =0.5.
e W

QI,s‘at qZ,sat
Figure S70c,d,e plot the activity coefficients of the guest components in the adsorbed phase as function

of (c) mole fraction of CO2(1) in the adsorbed phase for campaign A, x,, and (d, e) the surface potential
@ for campaigns B and C. For campaign A, we note the limiting behaviors x, —»1; y, = 1. For

campaigns A (at values of y1 =0.1, and y1 = 0.8), we note that the activity coefficients are also dependent

the surface potential @ with the limiting characteristic ® —0; », —1; », —1. The introduction of
(l—exp(—Cq))) in the Wilson model, eq (S39), imparts the correct limiting behaviors

®—>0;, —>0; y —1 forthe activity coefficients in the Henry regime, f, > 0; ® — 0, as the pore
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occupancy tends to vanishingly small values. As pore saturation conditions are approached, this correction

factor tends to unity: (1 - exp(—Cd))) —1.

The CBMC data in Figure S70c,d,e lead us to conclude that the activity coefficients are functions of

both @ and x,. In Figure S7la, the CBMC data for the excess Gibbs free energy
G“/RT =x,In(7,)+x, In(y,) for the campaigns A, and B are plotted in 3D space as function of ® and

x,. The entire CBMC data set resides on a 3D surface mesh determined from the fitted Wilson

parameters; see Figure S71b.
Figure S71c presents a 3D plot of the CO2(1)/C3Hs(2) adsorption selectivity as function of the surface

potential @ and mole fraction of CO: in the bulk gas phase, y,. The entire CBMC data set resides on a

3D surface mesh determined from the fitted Wilson parameters in Table S13. Figure S71c¢ confirms that
the adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally
dependent on the bulk phase mixture composition.

The rationale for the quantitative failures of IAST estimates can be traced to congregation of CO2 near
the Na" cations, as witnessed in the RDFs for various guest pairs CO2-CO2, CO2-Na", CO2-C3Hs, and
C3Hs-C3Hs shown in Figure S72. It is noteworthy that the first peaks of CO2-CO2 and CO2-Na" are close
together. Also noteworthy is that the first peaks of CO2-CO2 and CO2-C3Hs are farther apart, indicating
segregation effects. Also noteworthy, is that a number of peaks occur for CO2-COz pairs; two of these
peaks correspond to the window-to-window distances of 8.68, and 12.27 A.

Figure S73 shows snapshots of the location of CO2(1), and C3Hs(2) molecules within the pore topology
of LTA-4A zeolite. We note that the CO2 is almost exclusively located at the windows, or near the window
entrance regions. Due to configurational restraints CsHs can only located at the cage interiors.
Consequently, the competition between the adsorption of CO2 and C3Hs is less severe than assumed in

the homogenous distribution that is inherent in the IAST prescription.
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10.3 CO;/CH4 mixture adsorption in LTA-4A zeolite

Two different campaigns were carried out for CBMC simulations of CO2(1)/CHa4(2) mixture adsorption
in LTA-4A zeolite at 300 K. In campaign A, the mole fraction of CO2(1) in the bulk gas phase is held
constant, y1 = 0.1, and the bulk gas phase fugacity f: = fi + f2 was varied. In campaign B, the mole fraction
of CO2(1) in the bulk gas phase is held constant, y1 = 0.5, and the bulk gas phase fugacity fi = fi + f> was

varied. The CBMC results of these two campaigns are presented in Figure S74.

49/9
hil,

Figure S74c compares CBMC data on adsorption selectivity, S , = , with IAST estimates

indicated by the dashed lines for campaigns A, B. The CBMC simulation data show that S_, depends on

the value of the bulk gas mixture composition, y, = A . The IAST (indicated by the dashed line)

1+2

anticipates that the adsorption selectivity is uniquely dependent on the surface potential @, and
independent of bulk gas phase composition.

Figure S74e shows the CBMC data for campaign B for the activity coefficients as function of the mole
fraction of CO2(1) in the adsorbed phase, x1. The continuous solid lines in Figure S74 are the RAST
calculations using fitted Wilson parameters as specified in Table S13. For the Wilson fits, we calculate

. 1 .
the parameter C using C = 0 Y = st Dissad i=1,2, taking x, =x, =0.5.
I
ql,sat qZ,sat
In Figure S75a the CBMC data for the excess Gibbs free energy G*/RT = x, In(y,)+x, In(y,) for the

campaigns A, and B are plotted in 3D space as function of surface potential @ and adsorbed phase mole

fraction x,. The entire CBMC data set resides on a 3D surface mesh determined from the fitted Wilson

parameters; see Figure S75b.
Figure S75¢c presents a 3D plot of the CO2(1)/CHa4(2) adsorption selectivity as function of the surface

potential @ and mole fraction of CO: in the bulk gas phase, y,. The entire CBMC data set resides on a

3D surface mesh determined from the fitted Wilson parameters in Table S13. Figure S75c confirms that
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the adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally

dependent on the bulk phase mixture composition.

10.4 CH4/C3;Hs mixture adsorption in LTA-4A zeolite

Figure S76 presents CBMC simulation data for 90/10 CHa(1)/C3Hs(2) mixture adsorption in LTA-4A
zeolite at 300 K. The IAST underestimates the loadings of CHa4, as compared with CBMC data. This
suggests some segregation of the two alkane guests. Note that C3Hs cannot locate at the window regions,
as observed in Figure S73. CHa, on the other hand, can locate at and near window regions.

The continuous solid lines in Figure S76b,c,d are the RAST calculations using fitted Wilson parameters

as specified in Table S13. For the Wilson fits, we calculate the parameter C using

1 . . .
C= 0 Y = Dasa t Dipsad i =1,2, with the arbitrary assumption that x, =x, =0.5.
ke S

ql,sat qZ,Sut
In Figure S77a the CBMC data for the excess Gibbs free energy G*/RT = x, In(y,)+x,In(y,) are

plotted in 3D space as function of ® and x,. The entire CBMC data set resides on a 3D surface mesh

determined from the fitted Wilson parameters; see Figure S77b.

10.5 CO:/CH4/C3Hs mixture adsorption in LTA-4A

CBMC simulations were carried out for 25/65/10 CO2/CH4/C3Hg mixtures in LTA-4A at 300 K for a
range of total fugacities, fi. In Figure S78a,b,c the component loadings from CBMC are compared with
IAST and RAST estimates. For the RAST calculations, we use eq (S42). The Wilson parameters for the

binary pairs A,,,A,,,A;, A5, Ay, A,, are taken to the same as for the corresponding binary pairs as listed

125722157 21357 231> 7 723>

X X

x3 .
+ + , das Sumlng,
ql,sat qZ,sat q3,sat

in Table S13. Our approach for ternary mixtures is to estimate C as C =

x, = x, =x, =1/3. The RAST estimates are in reasonable agreement with the ternary CBMC data. Figure

S78d plots the activity coefficients as function of the surface potential.
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In Figure S79 the excess Gibbs free energy G“/RT = x,In(y,) determined from CBMC data for

i=1
25/65/10 CO2/CH4/C3Hs mixtures in LTA-4A are plotted in 3D space as function of @ and x,. The

continuous solid line represents the ternary RAST Wilson calculations. The agreement is good, validating

the ternary RAST Wilson model.

10.6 CO2/nC4H1o mixture adsorption in LTA-4A zeolite

Thermodynamic non-ideality effects were also investigated for CO2(1)/nCsH10(2) mixture adsorption
in LTA-4A zeolite at 300 K. Four different CBMC simulation campaigns were conducted.

(1) Campaign A (y1= 0.5) for CO2(1)/nCsH10(2) mixture adsorption

(i1) Campaign A (y1= 0.9) for CO2(1)/nCsHi0(2) mixture adsorption

(111))  Campaign B (fi = 100 kPa) for CO2(1)/nCsH10(2) mixture adsorption

(iv)  Campaign B (fi = 500 kPa) for CO2(1)/nCsH10(2) mixture adsorption

The CBMC data and analysis are presented in Figure S80, Figure S81, and Figure S82.

In Figure S82a the CBMC data for the excess Gibbs free energy G*/RT =x, In(y, )+x,In(y,)
determined from CBMC data for all four CBMC campaigns are plotted in 3D space as function of the
surface potential @ and mole fraction of CO2 in the adsorbed phase, x,. The entire CBMC data set
resides on a 3D surface mesh determined from the fitted Wilson parameters provided in Table S13.

Figure S82b presents a 3D plot of the CO2(1)/CHa4(2) adsorption selectivity as function of the surface
potential @ and mole fraction of CO: in the bulk gas phase, y,. The entire CBMC data set resides on a
3D surface mesh determined from the fitted Wilson parameters in Table S13. Figure S82b confirms that

the adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally

dependent on the bulk phase mixture composition.
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10.7 Water/alcohol mixture adsorption in LTA (all silica) zeolite

Due to molecular clustering, we should anticipate that water/methanol and water/ethanol mixture
adsorption in LTA (all silica) zeolite will be subject to significant deviations from the estimations of the
IAST.

For adsorption of water(1)/methanol(2) mixtures in LTA (all silica) zeolite at 300 K, three different
CBMC simulations were carried out: Campaign A (with y1 = 0.5, vary f), and campaign B, the mole
fraction of water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase mixture
fugacity ft = fi + /2 constant at values of 1 kPa, and 10 kPa. The CBMC data on component loadings,
adsorption selectivities, and activity coefficients are presented in Figure S83.

The dashed lines are the IAST estimates. The failure of the IAST to match the CBMC data presented

in is a consequence of hydrogen bonding between guest molecules in water/alcohol mixtures. ! 8- 47- 48

%0 One of the mandates of the IAST is violated because of the formation of water/alcohol clusters.!3: 4648
The continuous solid lines in Figure S83 are the RAST calculations with fitted Margules parameters
specified in Table S15

The CBMC data in Figure S83.f,g leads us to conclude that the activity coefficients are functions of

both the surface potential @ and mole fraction of water in the adsorbed phase mixture, x, .

For adsorption of water(1)/ethanol(2) mixtures in LTA (all silica) zeolite at 300 K, two different CBMC
simulations were carried out: Campaign A (with y1 = 0.5, vary f1), and campaign B, the mole fraction of
water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase mixture fugacity
Jt=/f1+ f2 constant at a value of 10 kPa. The CBMC data on component loadings, adsorption selectivities,
and activity coefficients are presented in Figure S84. The continuous solid lines in Figure S84 are the

RAST calculations with fitted Margules parameters specified in Table S15.
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10.8 List of Tables for Mixture adsorption in LTA and LTA-4A zeolite

Table S13. Dual-site Langmuir-Freundlich parameters for pure components CO2, CHs, C3Hs, and

nCsHio, at 300 K in LTA-4A zeolite (96 Si, 96 Al, 96 Na', Si/Al=1). The fit parameters are based on the

CBMC simulations of pure component isotherms.

Site A Site B
9 t,sa b, Vs s by Vi
mol kg Pa™ mol kg Pa™
CO, 3.25 6.981E-04 | 0.9 1.25 3.722E-08 | 1.2
CH,4 5 9.080E-09 |1 3.9 1.689E-05 |1
CsHg 24 3.272E-02 |1 1.35 8.192E-03 | 0.38
nCyHio 1.8 1.140E+00 | 1 0.55 5.060E-03 |1

Fitted Wilson non-ideality parameters for mixture adsorption in LTA-4A at 300 K.

C/ kg mol! A, A,
CO2/C3Hs 0.244 1.594 4.071
CO2/CH4 0.167 2.720 0.368
CHa4/C3Hs 0.190 2.771 1.073
CO2/nC4Hyo 0.748 0.095 4.861
CO2/CH4/C3Hs 0.2 A, A, LA AL AL A, as above
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Table S14. Dual-site Langmuir-Freundlich parameters for guest molecules in LTA (all-silica) at 300 K.

To convert from molecules uc™! to mol kg'!, multiply by 0.086683044.

Site A Site B
S b, V. O s by Vg
molec uc’ | Pa™ molecuc” | Pa™
CO2 36 1.513E-05 0.54 85 2.064E-07 1.15
CHa4 52 6.635E-08 0.82 65 3.772E-07 1
N2 70 1.360E-07 1 60 5.029E-10 1
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Table S15. Dual-site Langmuir-Freundlich parameters for adsorption of water, methanol, and ethanol

at 300 K in all-silica LTA zeolite. The fit parameters are based on the CBMC simulations of pure

component isotherms presented in earlier works.

27,48

Adsorbate Site A Site B
D sar b, v, s s by y
mol kg™ Pa™ mol kg | Pa™

water 18 3.35353E- | 16 4.3 8.75008E-07 | 1.06
68

methanol 6.2 8.07492E- | 14.6 2.4 9.73382E-06 | 1.09
53

ethanol 3.6 2.94176E- | 5.4 1.2 0.000111202 | 1
17

Fitted Margules non-ideality parameters for binary mixture adsorption in all-silica LTA zeolite at 300

K. The fits are based on combining CBMC Campaigns A and B for each mixture.

C / kg mol™! A A2
water/methanol 14.355 -0.693 -3.094
water/ethanol 22.657 -1.328 -2.451
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10.9 List of Figures for Mixture adsorption in LTA and LTA-4A zeolite
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Figure S69. CBMC simulations of the selectivities for mixture adsorption, S, = % in all silica
1 2

LTA zeolite for 50/50 COa(1)/CHa(2), CO2(1)/N2(2), and CHa(1)/N2(2) mixtures (i.e. ¥, = 7 ff =0.5
1 2

) and varying total bulk gas phase fugacity, f, = f, + /5, at 300 K. The selecivities are plotted as function

of the surface potential, @ . Also shown are the simulations for equimolar (f,=f,=f;)

CO2(1)/CH4(2)/N2(3) mixtures. The dashed lines are the IAST estimates of the adsorption selectivities.

The unary isotherm fit parameters are provided in Table S14.
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Figure S70. CBMC simulations data for CO2(1)/C3Hs(2) mixture adsorption in LTA-4A zeolite at 300

K. (a, b) CBMC data on adsorption selectivity compared with IAST (dashed lines) and RAST estimates

(continuous solid lines). (¢, d, e) CBMC data on activity coefficients in the adsorbed phase compared with

RAST Wilson fits. The unary isotherm fit parameters and Wilson parameters are provided in Table S13.
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Figure S71. (a, b) 3D plots of CBMC data on excess Gibbs free energy G“/RT =x,In(y,)+x,In(y,)

for CO2(1)/C3Hs(2) mixture adsorption in LTA-4A zeolite at 300 K. (c) 3D plot of the CO2(1)/C3Hs(2)

adsorption selectivity as function of the surface potential ® and mole fraction of COz in the bulk gas

phase, ¥;. The 3D mesh is constructed using the Wilson parameters provided in Table S13.
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Figure S72. Radial distribution of guest pairs determined from CBMC simulations for adsorption of

CO2/CsHs mixtures in LTA-4A zeolite at 300 K and total fugacity fi = 100 kPa, and y1=0.1.
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Figure S73. Computational snapshot showing the location of CO2, and C3Hs within the cages of LTA-
4A zeolite at 300 K and total fugacity fi = 1 MPa. The component partial fugacities are fi = 0.8 MPa, and

f2=0.2 MPa.
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Figure S74. CBMC simulations data for CO2(1)/CH4(2) mixture adsorption in LTA-4A zeolite at 300
K. (a) CBMC data on adsorption selectivity compared with IAST (dashed lines) and RAST estimates
(continuous solid lines). (be) CBMC data on activity coefficients in the adsorbed phase compared with

RAST Wilson fits. The unary isotherm fit parameters and Wilson parameters are provided in Table S13.
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for CO2(1)/CHa(2) mixture adsorption in LTA-4A zeolite at 300 K. (c) 3D plot of the CO2(1)/CHa(2)

adsorption selectivity as function of the surface potential @ and mole fraction of COz2 in the bulk gas

The 3D mesh is constructed using the Wilson parameters provided in Table S13.
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Figure S76. CBMC simulation data for 90/10 CHa4(1)/C3Hs(2) mixture adsorption in LTA-4A zeolite at
300 K. (a) Unary isotherms and fits. (b) Component loadings in mixture compared with TAST and RAST
estimates (¢) CBMC data for CHa(1)/C3Hs(2) adsorption selectivity compared with IAST and RAST
estimates. (d) Activity coefficients as function of the surface potential. The unary isotherm fits and the

Wilson parameter fits are provided in Table S13.
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Figure S77. 3D plots of CBMC data on excess Gibbs free energy G*/RT =x,In(,)+x,In(y,) for

90/10 CHa(1)/C3Hs(2) mixture adsorption in LTA-4A zeolite at 300 K. The 3D mesh is constructed using

the Wilson parameters provided in Table S13.
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Figure S78. CBMC simulations (indicated by symbols) for 25/65/10 CO2(1)//CHa(2)/C3Hs(3) mixtures
in LTA-4A zeolite at 300 K. (a, b, ¢c) Component loadings from CBMC are compared with IAST and
RAST estimates. (d) Activity coefficients as function of the surface potential. The Wilson parameters for

the binary pairs are as provided in Table S13.
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Figure S79. 3D plot of CBMC data on excess Gibbs free energy G*/RT = in In(y,) for 25/65/10

i=l
CO2(1)//CH4(2)/C3Hs(3) mixtures in LTA-4A zeolite at 300 K. Comparison is made with the estimates of

the ternary Wilson RAST model. The Wilson parameters for the binary pairs are provided in Table S13.
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Figure S80. CBMC simulation data and analysis for Campaign A (y1= 0.5) and Campaign B (f = 100
kPa) for CO2(1)/nCsHi0(2) mixture adsorption in LTA-4A zeolite at 300 K. (a) Unary isotherms and fits.
(b, d) CBMC data for component loadings compared with TAST/RAST estimates. (c, e¢)
CO2(1)/nCsH10(2)/adsorption selectivity compared with IAST/RAST estimates. (e, f) Activity
coefficients for Campaigns A and B.. The unary isotherm fits and Wilson parameters parameters are

provided in Table S13.
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Figure S81. CBMC simulation data and analysis for Campaign A (1= 0.9) and Campaign B (f: = 500
kPa) for CO2(1)/nC4Hi0(2) mixture adsorption in LTA-4A zeolite at 300 K. (a) Unary isotherms and fits.
(b, d) CBMC data for component loadings compared with TAST/RAST estimates. (c, e)
CO2(1)/nC4Hi10(2)/adsorption selectivity compared with IAST/RAST estimates. (e, f) Activity
coefficients for Campaigns A and B.. The unary isotherm fits and Wilson parameters parameters are

provided in Table S13.

S154



W CBMC 90/10 CO,/nC,H,; vary f,

A CBMC 50/50 CO,/nC,H,q;
a &> CBMC COZ/nCAwa :,: ;E b
di
o il

0.1

G¥IRT

CO,InC4H1o adsorption selectivity

100 4~ 0.01 100
0.2 & er*
s CO,/nC,H,, mixture; é«‘r" 0.2 \Q,,;v
] > §
7 LTA-4A; 300K 04 § ] ‘
‘06 & 0.001 U CONCHgmixture; /-
p o — LTA-4A; 300 K 06 o
10 o Y08 .S 10 T ’ ) &
20 e N S 0.8 -&
Surtace e 30 10 & Surfage 20 Tl &
Shlia, s Potepy; 30 410
-y Mo g1 40 ential, ¢,

Figure S82. 3D plot of CBMC data on (a) excess Gibbs free energy G / RT =x,In ( 7 ) +x,1n ( Vs ) ,and
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the Wilson parameters provided in Table S13.
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at 300 K The CBMC data are compared with RAST calculations using fitted Margules parameters. The

dashed lines are IAST calculations.
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Figure S84. CBMC simulation data on component loadings, selectivities, and activity coefficients for

Campaign A (1= 0.5) and Campaign B (fi= 10 kPa) for water(1)/ethanol(2) mixtures in LTA (all silica)

at 300 K The CBMC data are compared with RAST calculations using fitted Margules parameters. The

dashed lines are IAST calculations.
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11 Mixture adsorption in all-silica MFI zeolite

MFTI zeolite (also called silicalite-1) has a topology consisting of a set of intersecting straight channels,
and zig-zag (or sinusoidal) channels of 5.4 A x 5.5 A and 5.4 A x 5.6 A size. The pore landscapes and
structural details are provided in Figure S85, and Figure S86. The crystal framework density p= 1796 kg

m™. The pore volume V5 = 0.165 cm®/g.

11.1 Adsorption of mixtures of light gaseous molecules in MFI zeolite

The applicability of Raoult’s law analog, eq (S4), mandates that all of the adsorption sites within the
microporous material are equally accessible to each of the guest molecules, implying a homogeneous
distribution of guest adsorbates within the pore landscape, with no preferential locations of any guest
species.*> 47 This requirement of homogeneous distribution of guest molecules within MFI zeolite is
fulfilled for light gaseous molecules such as Hz, N2, CO2, CH4, C2H4, C2Hs, C3He, C3Hs, and n-C4Hio.
Figure S87a shows computational snapshots for the adsorption of CO2, and CH4 within the intersecting
channel topology of MFI zeolite. It is noticeable that neither guest species shows any preferential location
and there is no visual indication of segregated adsorption. The only charged species is COz2; the coulombic
interactions with the negatively charged oxygen atoms in the zeolite framework are not strong enough to
cause segregation between CO2, and CH4. We should therefore expect the mixture adsorption
characteristics to be adequately well described by the IAST. Figure S87b shows CBMC simulations for
the unary isotherms of light gaseous molecules in MFI zeolite at 300 K. The light gaseous guests can
locate anywhere along the straight channels and zig-zag channels, and there are no perceptible isotherm

inflections. The loadings, plotted on the y-axis are expressed in units of molecules per unit cell, ® . To

obtain the loading ¢, with units of mol kg!, the conversion factor is 1 molecule uc” = 0.173366 mol kg’
. These unary isotherms were each fitted with the dual-site Langmuir-Freundlich model (eq (S8)); the

parameter values are defined in Table S16. The IAST calculations for the adsorption selectivity, S, ,
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for five different binary mixtures CO2/CH4, CO2/H2, CO2/N2, CH4/N2, C3Hs/CHa4, are compared with the

corresponding S, values determined from CBMC simulations in Figure S88a,b. In Figure S88a the

S, values are plotted as function of the surface potential, @ . In Figure S88b the S, values are

plotted as function of the pore occupancy, €, determined from eq (S28). For all five mixtures the IAST

estimations are in good agreement with the CBMC simulations. For CO2/CH4 and CO2/N2 mixtures, the

Sd

. increases as pore saturation conditions are approached, i.e. ®>10molkg"; 6>0.5 because of

entropy effects that favor the guest CO2 with the higher saturation capacity (cf. Figure S87b); the

explanation of entropy effects are provided in the published literature.®6 ¢’

For CO2/Hz and C3Hs/CH4 mixtures, the S, decreases as pore saturation conditions are approached,

ie. ®>10molkg'; &>0.5 because entropy effects favor the smaller guests Ha and CHa, respectively.

The use of the mixed-gas Langmuir model with equal saturation capacities (eq (S24)) is unable to cater
for entropy effects as evidenced for the four aforementioned CO2/CH4, CO2/N2, CO2/H2 and C3Hs/CHa4

mixtures.

For CH4/N2 mixtures, the S, is practically independent of occupancy because the saturation
capacities of CHa4, and N are nearly the same, as evidenced in Figure S87b.

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

Figure S89a presents a comparison of CO2/CH4, CO2/N2, and CH4/N2 adsorption selectivities
determined from binary mixtures, with the corresponding values determined from CBMC simulations two

different ternary mixtures: 5/15/80 CO2/CH4/N2, and 20/30/50 CO2/CH4/N2 in MFI zeolite at 300 K. Each

of the three selectivities shows a unique dependence on ® , as prescribed by eq (S13). Put another way,
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the presence of component 3 in the ternary mixture has no influence of the adsorption selectivity for the
1-2 pair other than via the surface potential.

Figure S89b,c present a different way to demonstrate that the adsorption selectivity for ideal mixtures

is dependent only on the surface potential ® and not the bulk gas phase composition, ¥, , Figure S89b,c

are 3D plots the of CO2/CH4 and CO2/N2 selectivity as a function of ® and ),, The CBMC data for
binary and ternary mixtures of varying compositions mixtures reside on a 3D mesh created by IAST

calculations. The 3D plots confirm the unique S,

. vs ® dependence, as prescribed by eq (S13). Put
another way, the presence of component 3 in the ternary mixture has no influence of the adsorption

selectivity for the 1-2 pair.

11.2 Water/methanol/ethanol mixture adsorption

For adsorption of water(1)/ethanol(2) mixtures in MFI zeolite at 300 K, two different CBMC
simulations were carried out: Campaign A (with y1 = 0.5, vary f), and campaign B, the mole fraction of
water(1) in the bulk fluid phase, y1 was varied from 0 to 1, keeping the bulk fluid phase mixture fugacity
ft=fi + f2 constant at a value of 10 kPa. The CBMC data on component loadings, adsorption selectivities,
and activity coefficients are presented in Figure S90,

The dashed lines are the IAST estimates. The failure of the IAST to match the CBMC data presented
in Figure S90 is a consequence of hydrogen bonding between guest molecules in water/alcohol mixtures.
15,18, 47, 48, 60 One of the mandates of the IAST is violated because of the formation of water/alcohol
clusters. !> 46:48

In order to demonstrate the occurrence of hydrogen bonding in water/methanol, and water/ethanol
mixtures CBMC simulation data on the spatial locations of the guest molecules were sampled to determine
the O---H distances of various pairs of molecules. By sampling a total of 10° simulation steps, the radial

distribution functions (RDF) of O-H distances were determined for water-water, water-alcohol, and

alcohol-alcohol pairs.
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Figure S91 shows the RDF of O...H distances for molecular pairs of water(1)/ethanol(2) mixture
adsorption in MFI zeolite at 300 K. The partial fugacities of components 1 and 2 are fi= 9 kPa, f>= 1 kPa.
We note the first peaks in the RDFs occur at a distance less than 2 A, that is characteristic of hydrogen
bonding.?”- ¢! The heights of the first peaks are a direct reflection of the degree of hydrogen bonding
between the molecular pairs.

A visual appreciation of hydrogen bonding is gleaned from the snapshots in Figure S63 for
water/methanol and water/ethanol mixture adsorption in MFI.

The continuous solid lines in Figure S90 are the RAST calculations with fitted NRTL parameters
specified in Table S17.

The CBMC data in Figure S90 lead us to conclude that the activity coefficients are functions of both

the surface potential ® and mole fraction of water in the adsorbed phase mixture, X,. In Figure S93 the

CBMC data for the excess Gibbs free energy G“/RT =x,In(y,)+x,In(y,) for the two CBMC

campaigns for water/ethanol mixtures are plotted in 3D space as function of ® and X,. The entire CBMC

data set resides on a 3D surface mesh determined from the fitted NRTL parameters specified in Table
S17.

For adsorption of water(1)/methanol(2) mixtures in MFI zeolite at 300 K, CBMC simulations were
carried out for Campaign A (with y1 = 0.5, vary f;). The CBMC data on component loadings, adsorption

selectivities, and activity coefficients are presented in Figure S94. In Figure S95 the CBMC data for the

excess Gibbs free energy G*/RT =x,In(y,)+x,In(y,) for the CBMC campaign for water/methanol

mixtures are plotted in 3D space as function of ® and X,. The entire CBMC data set resides on a 3D

surface mesh determined from the fitted NRTL parameters specified in Table S17. The 3D plot reaffirms

the dependence of the activity coefficients on both the surface potential ® and mole fraction of water in

the adsorbed phase mixture, X;.
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For adsorption of methanol(1)/ethanol(2) mixtures in MFI zeolite at 300 K, CBMC simulations were
carried out for Campaign A (with y1 = 0.5, vary f;). The CBMC data on component loadings, adsorption

selectivities, and activity coefficients are presented in Figure S96. In Figure S97 the CBMC data for the

excess Gibbs free energy G / RT =x,1In ( 7 ) +x,In ( 7/2) for the CBMC campaign for methanol/ethanol

mixtures are plotted in 3D space as function of ® and X,. The entire CBMC data set resides on a 3D

surface mesh determined from the fitted NRTL parameters specified in Table S17. The 3D plot reaffirms

the dependence of the activity coefficients on both the surface potential ® and mole fraction of water in

the adsorbed phase mixture, X,.

Figure S98a,b,c presents CBMC simulations of component loadings, ¢, for equimolar f, =1, =f,
water(1)/methanol(2)/ethanol(3) mixture adsorption in MFI zeolite with varying total fugacity
f, =f,+f,+1;, plotted as a function of the surface potential ® . The component activity coefficients
are plotted in Figure S98d. The dashed lines in Figure S98 are IAST estimates; the continuous solid lines
are RAST calculations The continuous solid lines in Figure S98 are RAST calculations using the NRTL
model. In these calculations the NRTL parameters 75,7,y T35 T35 X35 Toy» T30 Xy are taken to the
same as for the corresponding binary pairs as listed in in Table S17. Our approach for ternary mixtures is

X )

- + , assuming, X, =X, =X; =1/3. The RAST calculations are in

ql,sat q2,sat q3,sat

to estimate C as C=

reasonable agreement with CBMC data.

In Figure S99 the excess Gibbs free energy G/RT = in In(y,) determined from CBMC data for

i=1
equimolar f, = f, = f; water(1)/methanol(2)/ethanol(3) mixture adsorption in MFI zeolite are plotted in
3D space as function of the surface potential ® and mole fraction of water in the adsorbed phase mixture,
X,. The continuous solid line represents the ternary RAST NRTL calculations. The agreement is good,

validating the ternary RAST NRTL model.
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11.3 List of Tables for Mixture adsorption in all-silica MFI zeolite

Table S16. Dual-site Langmuir-Freundlich parameters for guest molecules in MFI at 300 K. To convert

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

Site A Site B
O sur b, v O s by e

molec uc™ Pa™ molec uc”’ | Pa™
H2 30 3.57E-08 1 42 1.39E-09 1
N2 16 6.37E-07 1 16 3.82E-07 0.7
CcO2 19 6.12E-06 1 11 1.73E-08 1
CH4 7 5.00E-09 1 16 3.10E-06 1
C2H6 33 4.08E-07 1 13 7.74E-05 1
C2H4 6.9 1.988E-04 | 0.65 10.1 6.959E-06 1.2
C3H8 1.4 3.35E-04 0.67 10.7 6.34E-04 1.06
C3H6 0.6 2.912E-06 1 11.4 6.534E-04 1
nC4H10 1.5 2.24E-03 0.57 8.7 9.75E-03 1.12
150-C4H10 4 2.29E-02 1 6 2.87E-05 1
nC6H14 6.6 7.08E-01 0.83 1.4 1.66E+01 1.5
2MP 4 4513 1.05 4 7.92E-05 1.13
Benzene 4 1.359E-01 1.06 8 2.339E-03 | 0.52
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Table S17. Dual-site Langmuir-Freundlich parameters for pure component water, methanol, and ethanol

in MFI zeolite at 300 K. The fit parameters are based on the CBMC simulations of pure component

isotherms presented in earlier works.

48, 62

Site A Site B
D posur b, v, 98 sar by v
mol kg! Pa™ mol kg Pa™
water 6.7 6.369E-24 | 6.2 3.6 1.089E-05 1.04
methanol 2.4 1.002E-04 1.64 1.4 1.920E-03 0.7
ethanol 0.7 1.083E-18 13.6 2.03 1.775E-02 1

Fitted NRTL non-ideality parameters for binary mixture adsorption at 300 K in MFI zeolite.

C / kg mol™! 7, 7, a
water/methanol 0.180 4.991 -1.044 0.302
water/ethanol 0.183 5.101 -0.902 0.216
methanol/ethanol 0.315 32.404 -22.485 0.013
water/methanol/ethanol | 0.242

Tip> To1> X135 Ti35 315 O3> T T3y, Oy @S @bOVE
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11.4 List of Figures for Mixture adsorption in all-silica MFI zeolite

M FI pore landscape

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

Figure S85. Pore landscape and structural data for MFI zeolite.
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Figure S86. Pore landscape and structural data for MFI zeolite.
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Figure S87. (a) Computational snapshots showing the distribution of. CO2 and CH4 for binary mixture
adsorption. (b) CBMC simulations of unary isotherms for light gaseous molecules H2, N2, CO2, CHa,

C2Ha4, C2Hs, C3Hs, C3Hs, and n-CsHio in MFI zeolite at 300 K.
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Figure S88. (a, b) CBMC simulations (indicated by symbols) of the adsorption selectivity, S, , for
five different binary CO2/CHa, CO2/H2, CO2/N2, CH4/N2, C3Hs/CH4 mixtures compared with the IAST

calculations (indicated by dashed lines) for corresponding S, values using the Dual-site Langmuir-
Freundlich fits of unary isotherms. In (a) the S, values are plotted as function of the surface potential,

@ .1In (b) the S, values are plotted as function of the pore occupancy, &, determined from eq (S28).
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Figure S89. (a) Comparison of CO2/CHas, CO2/N2, and CH4/N2 adsorption selectivities determined from
binary mixtures, with the corresponding values in two different ternary mixtures: 5/15/80 CO2/CH4/N2,

and 20/30/50 CO2/CHa/Na. The x-axis represents the surface potential, @ . (b, c) 3D plot of CBMC data

on S, for CO2/CHs and CO2/N2 mixture adsorption in MFI at 300 K, plotted as function of the surface

potential, @, and the mole fraction of CO2 in the bulk gas phase mixture, y,. The 3D mesh is constructed

using the IAST.
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Figure S90. CBMC simulation data and analysis for Campaign A (yi1= 0.5) and for Campaign B (fi= 10
kPa) for water(1)/ethanol(2) mixture adsorption in MFI zeolite at 300 K. (a) Unary isotherms and fits. (b,
d) Component loadings in mixture compared with IAST/RAST estimates. (¢, ) CBMC data for
water(1)/ethanol(2) adsorption selectivity compared with IAST and RAST estimates. (f, g) Activity
coefficients from CBMC compared with RAST model calculations. The unary isotherm fit parameters

and NRTL parameters are provided in Table S17.
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Figure S91. RDF of O--H distances for molecular pairs of water(1)/ethanol(2) mixture adsorption in

MFI zeolite at 300 K. The partial fugacities of components 1 and 2 are fi= 9 kPa, 2= 1 kPa.
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Figure S92. Snapshots showing location and conformations of guest molecules for adsorption of (a)

water(1)/methanol(2), and (b) water(1)/ethanol(2) mixture adsorption in MFI zeolite at 300 K.

S173



@ CBMC y,=0.5; vary

<> CBMC =10 kPa; vary y,
CBMC simulations;
05 water/ethanol;
300 K; MFI zeolite

0.4

GeXIRT

Figure S93. 3D plot of CBMC data on excess Gibbs free energy G“/RT =x, In(y,)+x,In(y,) for

water(1)/ethanol(2) mixture adsorption in MFI zeolite at 300 K. The 3D mesh is constructed using the

NRTL parameters provided in Table S17.
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Figure S94. CBMC simulation data and analysis for Campaign A (y1= 0.5) for water(1)/methanol(2)

mixture adsorption in MFI zeolite at 300 K. (a) Unary isotherms and fits. (b) Component loadings in

mixture compared with compared with IAST/RAST estimates. (¢c) CBMC data for water(1)/methanol(2)

adsorption selectivity compared with IAST and RAST estimates. (d) CBMC data for activity coefficients

from CBMC compared with RAST model calculations. The unary isotherm fit parameters and Margules

parameters are provided in Table S17.

S175



CBMC simulations;
0.20 water/methanol;
300 K; MFI zeolite

0.15

0.05

Figure S95. 3D plot of CBMC data on excess Gibbs free energy G“/RT = x, In(y,)+x,In(y,) for

water(1)/methanol(2) mixture adsorption in MFI zeolite at 300 K. The 3D mesh is constructed using the

NRTL parameters provided in Table S17.
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Figure S96. CBMC simulation data and analysis for Campaign A (1= 0.5) for methanol(1)/ethanol(2)

mixture adsorption in MFI zeolite at 300 K. (a) Unary isotherms and fits. (b) Component loadings in

mixture compared with compared with IAST/RAST estimates. (c) CBMC data for methanol(1)/ethanol(2)

adsorption selectivity compared with IAST and RAST estimates. (d) CBMC data for activity coefficients

from CBMC compared with RAST model calculations. The unary isotherm fit parameters and Margules

parameters are provided in Table S17.
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NRTL parameters provided in Table S17.
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water(1)/methanol(2)/ethanol(3) mixtures in MFI zeolite at 300 K. (a, b, ¢c) Component loadings from
CBMC are compared with IAST and RAST estimates. (d) Activity coefficients as function of the surface

potential. The NRTL parameters are provided in Table S17.

S179



0.0

@ CBMC

/ —_—TE ST NRTL

CBMC simulations;
equimolar W/M/E

0 300 K; MFI zeolite 0.4 ,Db
S
0.2 ,;{\‘
Urfy Q‘;@
C POtentla/ Ly 20 0.0 <

Figure S99. 3D plot of CBMC data on excess Gibbs free energy G / RT = le. ln( 7/1.) for equimolar

i=1

( L=/1= f3) water(1)/methanol(2)/ethanol(3) mixtures in MFI zeolite at 300 K. Comparison is made

with the estimates of the ternary NRTL RAST model. The NRTL parameters for the binary pairs are as

provided in Table S17.
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12 Water/alcohol mixture adsorption in ZIF-8

ZIF-8 (Zn(Melm)2, MeIm = 2-methylimidazole) has a cage-window SOD (sodalite) topology with large
cavities (= 11.6 A) interconnected by small six-ring-openings (= 3.3 A) (see pore landscapes in Figure
S100, and Figure S101). Though the crystallographic size of the windows of ZIF-8 is 3.3 A, the windows
are flexible.

Watch also the presentations titled ZIF-8 Membranes, Visualizing Motion of Guest Molecules in

ZIF-8, Diffusion in ZIF-8 on YouTube https://www.youtube.com/@rajamanikrishna250/videos

Figure S102a shows the RDF of O...H distances for molecular pairs of water(1)/methanol(2) mixture
adsorption in ZIF-8 at 300 K. We note the first peaks in the RDFs occur at a distance less than 2 A, that
is characteristic of hydrogen bonding. 2’ ®' The heights of the first peaks are a direct reflection of the
degree of hydrogen bonding between the molecular pairs, resulting in cluster formation and enhanced
water ingress.*® We may conclude, therefore that for water/methanol mixtures the degree of H-bonding
between water-methanol pairs is significantly larger, by about an order of magnitude, than for water-
water, and methanol-methanol pairs. Analogous set of conclusions can be drawn for water/ethanol
mixtures, for which the RDF data are presented in Figure S102b; the degree of H-bonding between water-
ethanol pairs is larger than for water-water, and ethanol-ethanol pairs.

Computational snapshots for water/methanol and water/ethanol mixture adsorption in ZIF-8 are
provided in Figure S103a,b.

Due to molecular clustering, we should anticipate that the IAST would fail to provide a quantitative
description of mixture adsorption equilibrium.

Figure S104 and Figure S105 present CBMC simulations for water(1)/methanol(2) and

water(1)/ethanol(2) mixture adsorption in ZIF-8 at 300 K.
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In CBMC campaign A, adsorption of Equimolar binary ( f; = f,) water(1)/methanol(2) mixtures, and
binary ( 11/ f» =5/95) water(1)/methanol(2) mixtures were simulated and the bulk fluid phase fugacity

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

saturation conditions, typically @ > 30.

In Campaign B, the bulk fluid phase fugacity f, = f, + f, was held at a constant value of 10 kPa, and
the bulk fluid phase mixture composition y, was varied 0 <y, <1.

The CBMC data on activity coefficients confirm that mixture adsorption equilibrium is subject to strong
thermodynamic non-idealities. Further, we note that the activity coefficients in the adsorbed phase are

functions of both the surface potential @ and mole fraction of water in the adsorbed phase mixture, x,;

see Figure S104f,g,i and Figure S105f,g,i.
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12.1 List of Tables for Water/alcohol mixture adsorption in ZIF-8

Table S18. 3-site and 2-site Langmuir-Freundlich parameters for adsorption of water, methanol, and

ethanol at 300 K in ZIF-8.

Site A Site B Site C
s b, v, 5 by v, G sa b,
mol kg | Pa™ mol kg | Pa™ mol kg” | Pa™
water 22 2.08 13.4 3.6 1.327 3.2 1.20
x1077 x1071 x107
Adsorbate Site A Site B
9 ssa b, v, 9,5 by s
mol kg Pa™ mol kg Pa™
methanol 8.4 1.736E-43 12 3.9 2.920E-05 |1
ethanol 4.6 2.372E-12 3.9 2.3 2.396E-04 | 1

Fitted Margules non-ideality parameters for binary mixture adsorption in ZIF-8 at 300 K. The fits are

based on combining CBMC Campaigns A and B for each mixture.

C / kg mol™! A A2
water/methanol 1.335 -1.190 -0.949
water/ethanol 1.246 -2.515 -0.688
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12.2 List of Figures for Water/alcohol mixture adsorption in ZIF-8

ZIF-8 pore landscapes =

K
There are 2 cages per unit cell. To convert from molecules ’
per cage to mol kg-', multiply by 0.7325.
(*
(%}
-
There are 2 cages per unit cell. y
The volume of one ZIF-8 cage is Py s

1168 A3, significantly larger than
that of a single cage of DDR (278
A3), or FAU (786 A3).

Figure S100. Pore landscape and structural details of ZIF-8.
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ZIF'8 dimensions

ZIF-8
alA 16.991
b /A 16.991
c/A 16.991
Cell volume / A3 4905.201
conversion factor for [molec/uc] to [mol per kg Framework] 0.3663
conversion factor for [molec/uc] to [kmol/m3] 0.7106
p [kg/m3] 924.253
MW unit cell [g/mol(framework)] 2730.182
¢, fractional pore volume 0.476
open space / A3/uc 2337.0
Pore volume / cm?3/g 0.515
Surface area /m2/g 1164.7
Delaunay diameter /A 3.26

Figure S101. Pore landscape and structural details of ZIF-8.
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Figure S102. RDF of O--H distances for molecular pairs of (a) water(1l)/methanol(2), and (b)
water(1)/ethanol(2) mixture adsorption in ZIF-8 at 300 K. For both mixtures, the partial fugacities of
components 1 and 2 are fi= 7.5 kPa, fo= 2.5 kPa. The y- axes are normalized in the same manner and,
therefore, the magnitudes of the first peaks is a direct reflection of the degree of hydrogen bonding

between the molecular pairs.
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(a) water/methanol (b) water/ethanol

Figure S103. Snapshots showing location and conformations of guest molecules for adsorption of (a)

water(1)/methanol(2), and (b) water(1)/ethanol(2) mixture adsorption in ZIF-8 at 300 K.
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Figure S104. CBMC simulation data on component loadings, selectivities, and activity coefficients for
Campaign A (y1= 0.5 and y1= 0.05) and Campaign B (fi= 10 kPa) for water(1)/methanol(2) mixtures in
ZIF-8 at 300 K The CBMC data are compared with RAST calculations using fitted Margules parameters.

The dashed lines are IAST calculations.
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Figure S105. CBMC simulation data on component loadings, selectivities, and activity coefficients for

Campaigns A (y1= 0.5 and y1= 0.05) and Campaign B (fi= 10 kPa) for water(1)/ethanol(2) mixtures in

ZIF-8 at 300 K The CBMC data are compared with RAST calculations using fitted Margules parameters.

The dashed lines are IAST calculations.
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13 Mixture adsorption in all-silica MOR zeolite

MOR zeolite (Mordenite) consists of 12-ring (7.0 A x 6.5 A) 1D channels, connected to 8-ring (5.7 A

x 2.6 A) pockets; the pore landscapes and structural details are provided in Figure S106, and Figure S107.

13.1 CO2/CHs4 mixture adsorption in all-silica MOR zeolite

Computational snapshots of the location of molecules for CO2/CH4 mixture adsorption show that CO2
get preferentially ensconced in the side-pockets; see Figure S108a. The CH4 molecules can also occupy
the side pockets, but their preferred locations are the 12-ring channels. The RDF data in Figure S108b
confirms the distances of CO2-CHa pairs are significantly higher than for CH4-CHa pairs.

Figure S109 presents CBMC simulation data for adsorption of equimolar (partial fugacities fi=f2)
CO2/CH4 mixtures in MOR zeolite at 300 K. The conventional IAST calculation assumes that CHa
molecules compete with all of the CO2, making no allowance for segregation. We note that the IAST
under-predicts the loading of the more weakly adsorbed CH4 in the CO2/CHa mixture. The conventional
IAST calculation assumes that CH4 molecules compete with a// of the CO2, making no allowance for
segregation. Due to segregation effects the competition faced by CH4 molecules within the 12-ring
channels, where they almost exclusively reside, is smaller than that in the entire pore space. The IAST
anticipates a stiffer competition between CO2 and CHa as it assumes a uniform distribution of
composition; consequently the separation selectivity is overestimated. Figure S109¢ compares CO2/CH4
adsorption selectivities obtained from CBMC with IAST and RAST estimations.

Figure S109d shows RAST calculations of the component activity coefficients %, for CO2 and CHa.

13.2 CO./C3Hs mixture adsorption in all-silica MOR zeolite

For CO2(1)/CsHs(2) mixture adsorption in all-silica MOR zeolite at 300 K, the computational snapshots

for partial fugacities fi = f2 = 20 kPa are shown in Figure S110. CO2 get preferentially ensconced in the
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side-pockets, but when the side pockets are fully occupied the COz2 can also locate in the 12-ring 1D
channels. The CsHg molecules are unable to occupy the side pockets, but their preferred locations are the
12-ring channels.

Figure S111 present the CBMC data and analysis for two different campaigns. In Campaign A the ratio

of partial fugacities f,/f, =15/85 and the bulk mixture fugacity, f, = f, + f, is varied. In Campaign B

in which total fugacity is held constant at the value fi = 40 kPa and the bulk fluid phase mixture

composition y, = f,/f, is varied.

The unary isotherm data are shown in Figure S111a. In the Henry regime, the adsorption strengths are
nearly equal. COz2 has a significantly higher saturation capacity, and therefore entropy effects favor the
adsorption of CO: at high pore occupancies. The CBMC data for Campaign A shows that the

CO2(1)/C3Hs(2) adsorption selectivity S, increases significantly with increasing values of the surface

potential, @ ; see Figure S111c. Due to the segregated nature of adsorption, the IAST overestimates the

S, for @, >10 mol kg'. Interesting, the IAST underestimates the S, for ® <10 mol kg™

Segregation effects have the influence of moderating the influence of entropy effects that favor CO2
that has the higher saturation capacity.

The results for Campaign B are even more interesting; see Figure S111d,e. For y, = f,/f, <0.6, the
adsorption selectivity S, >1, i.e. the selectivity is in favor of CO2. The CBMC simulations show that the
adsorption selectivity S, 1s increasingly lowered below unity, i.e. in favor of the alkane, with increasing

proportion of CO2(1) in the bulk gas phase; see Figure S111e. The IAST anticipates Sads to be virtually
independent of y1. The conventional IAST calculation assumes that C3Hs molecules compete with all of
the CO2, making no allowance for segregation. Due to segregation effects the competition faced by C3Hs
molecules within the 12-ring channels, where C3Hs exclusively reside, is smaller than that in the entire
pore space. The IAST anticipates a stiffer competition between CO2 and CsHs as it assumes a uniform
distribution of composition; consequently, the separation selectivity is overestimated to a significant

extent.

S191



We note that the activity coefficients plotted in Figure S111f, are dependent on the surface potential

@ with the limiting characteristic ® —0; y, —1 y, =>1. We also note that the activity
coefficients plotted in Figure S111g, are on the mole fraction in the adsorbed phase, x, , with the limiting
characteristic x, - 0; y, —1.

In Figure S112a the CBMC data for the excess Gibbs free energy G“/RT =x,In(y,)+x,In(y,) for
Campaigns A, and B are plotted in 3D space as function of @ and x,. The entire CBMC data set resides

on a 3D surface mesh determined from the fitted Margules parameters in Table S19. The 3D plot reaffirms
the dependence of y, on both ®@ and x,.
Figure S112b presents a 3D plot of the CO2(1)/C3Hs(2) adsorption selectivity as function of the surface

potential @ and mole fraction of CO2(1) in the bulk gas phase, y,. The entire CBMC data set resides on

a 3D surface mesh determined from the fitted Wilson parameters in Table S19. Figure S112b reaffirms
that the adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally

dependent on the bulk phase mixture composition.
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13.3 List of Tables for Mixture adsorption in all-silica MOR zeolite

Table S19. Dual-site Langmuir parameters for CO2, CH4, and C3Hs at 300 K in all-silica MOR zeolite.

The fit parameters are based on the CBMC simulations of pure component isotherms presented in earlier

works.

Site A Site B
9t sa b, Vs 9,5 by Vg
mol kg™ Pa™ mol kg Pa™
CO2 1.4 4.865E-04 |1 4.65 1.234E-06 |1
CHa4 1.05 1.587E-08 |1 2.8 2.391E-06 |1
CsHs 0.18 2.112E-06 |1 1 3.551E-04 |1

Fitted Margules non-ideality parameters for binary mixture adsorption in MOR at 300 K.

C / kg mol’! A A2
CO2/CH4 in MOR 0.856 -1.246 -1.145
CO2/CsHs in MOR 0.071 -26.209 -17.143

S193



13.4 List of Figures for Mixture adsorption in all-silica MOR zeolite

MOR pore landscape

MOR
alA 18.094
b/A 20.516
c/A 7.524
Cell volume / A® 2793.033
conversion factor for [molec/uc] to [mol per kg Framework] 0.3467
conversion factor for [molec/uc] to [kmol/m?] 2.0877
£ [kg/m3] 1714.691
MW unit cell [g/mol(framework)] 2884.07
¢, fractional pore volume 0.285
open space / A3uc 795.4
Pore volume / cmd/g 0.166
Surface area /m2/g 417.0

Delaunay diameter /A

6.44

N 8 ring
side pocket

$12 ring
channel

Figure S106. Pore landscape of all-silica MOR zeolite.
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Figure S107. Structural details for MOR zeolite.

S195



(a) Snapshots of CO,/CH, mixture adsorption

CO, locates preferentially
in the side-pockets

radial distribution of guest pairs

(b) RDF

——CO0,-CO,  co,(1) CH,(2) mixture;

_ ==CO,-CH, f, =5 kPa; f, = 95 kPa;
- — CH,-CH, all-silica MOR; 300 K

distance / A

Figure S108. (a) Snapshots showing the location of guest molecules for CO2(1)/CH4(2) mixture

adsorption in MOR zeolite at 300 K. (b) RDF for CO2(1)/CH4(2) mixture adsorption in MOR zeolite at

300K
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Figure S110. Snapshots** showing the location of guest molecules for CO2(1)/C3Hg(2) mixture

adsorption in MOR zeolite at 300 K.
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14 Analysis of published experimental data

14.1 CO2/N:; mixture adsorption in 13X zeolite; Wilkins experiments

Figure S113a presents the unary isotherm data of COz, and N2 in 13X zeolite at 298 K, as reported by
in Table 1 and Table 2 of the Supplementary Material accompanying the publication of Wilkins and
Rajendran.* The experimental COz isotherms were fitted with a dual-Langmuir model; the experimental
N2isotherms were fitted with a 1-site-Langmuir model. The isotherm fit parameters are provided in Table
S20. Figure S113b presents the experimental data (indicated by symbols) of Wilkins and Rajendran*® for
component loadings, gi, of CO2, and N2 for adsorption of CO2/N2 mixtures in 13X zeolite at 296 K and
total pressure pt = 97 kPa, as function of the mole fraction of CO: in the bulk gas phase, y,. The dashed
lines in Figure S113b are the IAST estimations using the unary isotherm fits provided in Table S20. The
IAST estimations of the component loadings for N2 are not in good agreement with the experimental data.

To match the experimental data on the component loadings, we need to introduce activity coefficients.
Use of the RAST with fitted Wilson parameters A12 = 8.5; A21=1; C = 0.025 kg mol™! results in a good
match with the experiments. Figure S113c¢ is a 3D plot of the excess Gibbs free energy

G*“/RT =x,In(7,)+x,In(y,) as function of the surface potential ®, and mole fraction of CO: in the
bulk gas phase, y,. The experimental data resides on the 3D mesh. Figure S113d plots the experimental

data on the CO2/N2 adsorption selectivity as function of the mole fraction of CO2 in the bulk gas phase,

v, . The IAST severely overestimates the adsorption selectivity.

The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the
CBMC simulation data and analysis in Figure S59, Figure S60, and Figure S61. Indeed, the experimental

data in Figure S113 is precisely analogous to the CBMC data in Figure S59.
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14.2 CO2/N; mixture adsorption in 13X zeolite; Hefti experiments

Hefti et al.*” report the results of a comprehensive experimental investigation of adsorption equilibrium
for CO2/N2 mixtures in ZSM-5 and 13X zeolites for pressures ranging to 1 MPa. As illustration, Figure
S114a present experimental data (indicated by symbols) of Hefti et al.>° for component loadings, gi, of
CO2, and N2 for adsorption of CO2/N2 mixtures in 13X zeolite at 298 K and total pressure pt = 1 MPa, as
function of the mole fraction of CO:2 in the bulk gas phase. The IAST (shown by the dashed lines)
overestimates the CO:z loading, and underestimates the N loading; consequently, the adsorption

selectivities (see Figure S114b) are overly optimistic. Use of the RAST model, shown by the continuous

solid line, with fitted Wilson parameters A,, =6.758; A, =0.4844; C=0.0744 kg mol is able to

model non-ideality effects mixture adsorption. The fitted Wilson parameters are based on the entire data
set at 298 K, at total pressures ranging from 0.12 MPa to 1.02 MPa, as reported in Section 2.2 of the
Supplementary Material of Hefti et al.*

Figure S114c is a 3D plot of the excess Gibbs free energy c for the entire data set at total pressures
ranging from 0.12 MPa to 1.02 MPa, as function of the surface potential @, and mole fraction of COz in

the bulk gas phase, y,. The experimental data resides on the 3D mesh.

The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the
CBMC simulation data and analysis in Figure S59, Figure S60, and Figure S61. Indeed, the experimental

data in Figure S114 is precisely analogous to the CBMC data in Figure S59.

14.3 CO;/CH4 mixture adsorption in 13X zeolite; UWA experiments

Avijegon et al.® from the University of Western Australia (UWA) present experimental data on

adsorption of CO2/CH4 mixtures in 13X zeolite. Figure S115 presents data on excess Gibbs free energy

G*“/RT =x,In(y,)+x,In(y,) for adsorption of CO2/CHa mixtures at 273 K in NaX (=13X) zeolite. The

experimental data lie on a 3D mesh that is constructed using the Wilson parameters provided in Table

S27.
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The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the
CBMC simulation data and analysis in Figure S47, Figure S48, and Figure S49.
Indeed, the experimental data in Figure S115 is precisely analogous to the 3D plot of CBMC simulation

data in Figure S48,

14.4 CO,/C:Hs mixture adsorption in SA zeolite

The paper by Basmadjian and Hsieh’® presents evidence of strong non-idealities for adsorption of
CO2(1)/C2H4(2) mixtures in LTA-5A zeolite. Their experimental data, obtained at 238 K and total
pressure of 1.07 bar as presented in Figure 1 of their paper has been redrawn for further analysis in Figure
S116a,b. The experimental data displays selectivity reversals in favor of C2Ha(2) for bulk gas phase mole
fractions of CO2(1), y1 > 0.7. The IAST does not anticipate the selectivity reversal, and severely
overestimates the CO2(1)/C2H4(2) mixture adsorption selectivity S, . The selectivity reversal can be
quantified adequately by the Real Adsorbed Solution Theory (RAST) with the choice of the Wilson
parameters as specified in Table S21. Figure S116c is a 3D plot of the excess Gibbs free energy

G“/RT =x,In(y,)+x,In(y,) as function of the surface potential ®, and mole fraction of CO2 in the
adsorbed phase, x,. The activity coefficients are dependent on both @, and x, .

The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the
CBMC simulation data for CO2(1)/CHa4(2) mixtures in LTA4A zeolite in Figure S74, and Figure S75.

Indeed, the experimental data in Figure S116 is precisely analogous to the 3D plot of CBMC data for
G“/RT in Figure S75.

Basmadjian and Hsieh’ also present experimental data for adsorption of CO2(1)/C2H4(2) mixtures in
LTA-5A zeolite at temperatures of 273 K, and 323 K. The analysis and RAST modeling of these sets of
data are presented in Figure S117, and Figure S118. With increasing temperature, the influence of

thermodynamic non-idealities are of diminishing importance; this is verified in Figure S119 that compares
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the values of the excess Gibbs free energy G*/RT =x, In(y,)+x,In(y,) for the three data sets. These

data show that with increasing temperatures, G*/RT deviate from G*/RT =0 to a diminished extent.

Further evidence of the selectivity reversal phenomena with LTA-5A zeolite is available in the transient
breakthrough experiments reported by van Zandvoort et al.>!-> In the transient breakthrough experiments
the feed mixtures consist of C2H4/CO2/N2/Ar mixtures using different C2H4/COxz ratios; N2 forms about
58%, and Ar about 2%. Four sets of breakthrough experiments with LTA-5A zeolite, operating at 100
kPa and 313 K are shown in Figure S120a,b,c,d for four different runs: Run 1 (C2H4/CO2 = 3.4), Run 2
(C2H4/CO2 = 1.8), Run 3 (C2H4/CO2 = 0.9), and Run 4 (C2H4/CO2 = 0.75). We note that for Runs 1 and
2, the breakthrough of C2Ha occurs earlier than that of COz2, indicating that CO2 adsorbs more strongly.
For Run 3, we note that the breakthroughs of C2H4 and CO2 occur at nearly the same time, suggesting that

the adsorption selectivity S , =1. For Run 4, we note that the breakthrough of C2H4 occurs later than

that of COz, indicating that C2Hs adsorbs more strongly than CO.. The selectivity reversal in favor of
C2Ha at feed compositions poorer in C2Ha, i.e. richer in CO2, is analogous to the experimental data of
Basmadjian and Hsieh,”® witnessed in Figure S116a,b.

Figure S121a compares the experimental breakthroughs for Run 4 (C2H4/CO2 = 0.75) with transient
breakthrough simulations in which the IAST is used to described mixture adsorption equilibrium; the
unary isotherm fits are provided by van Zandvoort et al.’" 37! The methodology for performing transient

breakthrough simulations are discussed in our earlier works.”>”> In these simulations, the intra-crystalline
diffusional influences are considered to be of negligible importance, 1.e. D, / > >>1. The IAST based
simulations do not anticipate selectivity reversals in favor of C2Ha, and predicts that C2Ha breaks through
earlier than COx.

Figure S121b compares the experimental data in Run 4 with transient breakthrough simulations using

the RAST, along with Wilson parameters for the binary CO2(1)/C2H4(2) mixture:

A,=003; A, =32; C=1kg mol'. The RAST correctly anticipates selectivity reversal

phenomenon in favor of C2Ha, predicting that C2Ha breaks through last.
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14.5 C:;H4/C;Hs mixture adsorption in SA zeolite

Mofarahi and Salehi’® present experimental data adsorption of C2Ha(1)/C2He(2) mixtures in LTA-5A
zeolite at 283 K for three different mole fractions, 0.2, 0.5, and 0.8, of C2Ha4(1) in the bulk gas phase. The
unary isotherm data fits are provided in Table S21. Figure S122a is a 3D plot of the excess Gibbs free

energy G/RT =x,In(y,)+x,1In(y,) as function of the surface potential ®, and mole fraction of CO2
in the adsorbed phase, x,. The 3D mesh is constructed using the Wilson parameters provided in Table

S21. The 3D plot confirms that strong thermodynamic non-idealites influence mixture adsorption. and

that the activity coefficients in the adsorbed phase are functions of both @, and x,. The explanation for

the failure of the IAST and the need to quantify non-idealities is to be found in the CBMC simulation data
for CHa4(1)/C3Hs(2) mixtures in LTA-4A zeolite in Figure S77.

Figure S122b is a 3D plot of the C2H4(1)/C2He(2) adsorption selectivity, S_, , as function of the surface

ads >

potential @, and mole fraction of CO: in the bulk gas phase, y,. Figure S122b demonstrates that S, is

not uniquely dependent on surface potential @, as is anticipated by the IAST, but is also dependent on

the mole fraction of CO: in the bulk gas phase, y,.

14.6 CO/CH4 mixture adsorption in SA zeolite; Mofarahi experiments

Mofarahi and Gholipour”’ report the results of a comprehensive experimental investigation of
adsorption equilibrium of describe CO2/CH4 mixture adsorption in LTA-5A zeolite at 303 K, 0.4 MPa,
and varying compositions of the bulk gas mixture. We present a re-analysis of their binary experimental
data as presented in Table 4, Table 9, and Table 11 of their paper. Figure S123a presents a plot of the
adsorbed phase mole fraction of COz as a function of the mole fraction of COz2 in the bulk gas mixture;
the plotted data is for 0.4 MPa total pressure. As compared to the experimental data, the IAST severely
overpredicts the mole fraction of the adsorbed phase mole fraction of COz2. The corresponding values of

the CO2/CHas adsorption selectivity are plotted in Figure S123b.
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As compared to the experimental data, the IAST severely overpredicts the selectivity values to a
significant extent. The explanation for the failure of the IAST and the need to quantify non-idealities is
to be found in the CBMC simulation data for CO2(1)/CH4(2) mixtures in LTA-4A zeolite in Figure S74,

and Figure S75.

14.7 Mixture adsorption in NaX zeolite; Siperstein experiments

Siperstein and Myers* report experimental data for adsorption of CO2(1)/C3Hs(2) mixtures in NaX
zeolite at 293 K. The adsorption selectivity, S, , plotted as a function of the surface potential, ®@, does
not exhibit a unique dependence as anticipated by the IAST, indicated by the dashed lines in Figure S124a.

In Figure S124b, the adsorbed phase mole fraction of COz2(1), x1, is plotted as function of mole fraction
of CO2(1) in the bulk gas phase mixture, yi. It is noteworthy that at high mole fractions of CO2(1) in the
bulk gas phase mixture, y1, there is a tendency towards adsorption azeotropy, i.e. x, = y,. The analysis of
azeotropic adsorption and the rationalization of the Siperstein experiments are provided by Krishna and
van Baten.** The activity coefficients of CO2(1), and C3Hg(2) mixtures in NaX zeolite at 293 K are
functions of both adsorbed phase compositions, and the surface potential; see Figure S124c,d. Particularly
noteworthy is that ® - 0; 6 —>0; y, —>1.

The Wilson parameters obtained by data fitting, following eq (S47). are listed in Table S22.

In Figure S125a, the experimental data on the excess Gibbs free energy G*/RT =x, In(y,)+x, In(7,)

for adsorption of CO2(1)/C3sHs(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function of

the surface potential @ and mole fraction of CO: in the adsorbed phase, x,. The entire data set resides

on a 3D surface mesh determined from the fitted Wilson parameters in Table S22.
Figure S125b presents a 3D plot of the CO2(1)/C3Hs(2) adsorption selectivity as function of the surface

potential @ and mole fraction of COz2 in the bulk gas phase, y,. The entire data set resides on a 3D surface

mesh determined from the fitted Wilson parameters in Table S22. Figure S125b confirms that the
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adsorption selectivity is not uniquely determined by the surface potential, @, but is additionally
dependent on the bulk phase mixture composition.
The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the

CBMC simulation data and analysis in Figure S52, Figure S53, Figure S54, Figure S55, and Figure S56.
Indeed, the experimental data on G* / RT and S, in Figure S125 is precisely analogous to the
corresponding 3D plots of CBMC data in Figure S54.

In Figure S126a the experimental data on the excess Gibbs free energy G*/RT =x, In(y,)+x,In(7,)
for adsorption of CO2(1)/C2H4(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function
of ® and x,. The entire data set resides on a 3D surface mesh determined from the fitted Wilson
parameters in Table S22. Figure S126b presents a 3D plot of the CO2(1)/C2Ha(2) adsorption selectivity
as function of the surface potential ® and mole fraction of CO2 in the bulk gas phase, y,. The entire data
set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S22. Figure

S126b confirms that the adsorption selectivity is not uniquely determined by the surface potential, @,

but is additionally dependent on the bulk phase mixture composition.
In Figure S127a the experimental data on the excess Gibbs free energy G*/RT =x, In(y,)+x,In(7,)

for adsorption of CO2(1)/C2He(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function

of the surface potential @ and mole fraction of COz in the adsorbed phase, x,. The entire data set resides

on a 3D surface mesh determined from the fitted Wilson parameters in Table S22. Figure S127b presents
a 3D plot of the CO2(1)/C2Hs(2) adsorption selectivity as function of the surface potential @ and mole

fraction of CO:z in the bulk gas phase, y,. The entire data set resides on a 3D surface mesh determined

from the fitted Wilson parameters in Table S22. Figure S127b confirms that the adsorption selectivity is
not uniquely determined by the surface potential, ®, but is additionally dependent on the bulk phase

mixture composition.
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The rationalization of the non-idealities in the adsorption of CO2(1)/C2Ha(2) and CO2(1)/C2Hs(2)
mixtures in NaX zeolite is due to the inhomogeneous distribution of guest adsorbates within the pore

landscape of NaX, as witnessed in the RDFs in Figure S56.

In Figure S128a the experimental data on the excess Gibbs free energy G“/RT =x, In(y,)+x, In(7,)

for adsorption of C2Ha(1)/C2He(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function

of the surface potential @ and mole fraction of COz2 in the adsorbed phase, x,. The entire data set resides

on a 3D surface mesh determined from the fitted Wilson parameters in Table S22. Figure S128b presents
a 3D plot of the CO2(1)/C2Hs(2) adsorption selectivity as function of the surface potential @ and mole

fraction of COz in the bulk gas phase, y,. The entire data set resides on a 3D surface mesh determined

from the fitted Wilson parameters in Table S22. Figure S128b confirms that the adsorption selectivity is
not uniquely determined by the surface potential, ®, but is additionally dependent on the bulk phase
mixture composition.

Siperstein and Myers* also report experimental data on the component loadings for
CO2(1)/C2H4(2)/C2He(3) mixture adsorption in 13X zeolite at 293 K. Figure S129 presents parity plots
comparing the experimental data with IAST and RAST estimates. The unary isotherm fits and Wilson
parameters are provided in Table S22. Our approach for ternary mixtures is to estimate C as

x X . . . :
2+ assuming, x, =x,=x,=1/3. For ternary mixture adsorption, the Wilson

ql,sat qZ,sat q3,sat

parameters for the binary pairs A,,,A,,A;,A;, Ay, A, are taken to the same as for the corresponding

binary pairs as listed in Table S22. The RAST estimates are in better agreement with the experimental

data as compared to the IAST estimates.

14.8 Mixture adsorption in NaX zeolite; Costa/Calleja experiments
Costa et al.%® and Calleja et al.>® report experimental data for adsorption of CO2(1)/C3Hs(2) mixtures in
NaX zeolite at 293 K, that are analogous to those analyzed in the foregoing section for the experimental

data of Siperstein and Myers*’. The adsorption selectivity S, for CO2(1)/C3Hs(2) mixture adsorption in
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NaX zeolite, is not a unique function of the surface potential, as anticipated by the IAST estimates
(indicated by the dashed line); see Figure S130a. The unary isotherm fit parameters, along with the Wilson
parameters, are specified in Table S23. Furthermore, the activity coefficients in the adsorbed phase are

not uniquely determined by the mole fraction of COz in the adsorbed phase, x1; Figure S130b.

In Figure S131, the experimental data on the excess Gibbs free energy G*/RT =x, In(y,)+x, In(y,)

for adsorption of CO2(1)/C3sHs(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function of
the surface potential @ and mole fraction of COz in the adsorbed phase, x,. The entre data set resides on
a 3D surface mesh determined from the fitted Wilson parameters in Table S23.

The explanation for the failure of the IAST and the need to quantify non-idealities is to be found in the
CBMC simulation data and analysis in Figure S52, Figure S53, Figure S54, Figure S55, and Figure S56.
Indeed, the experimental data on G* / RT in Figure S131.the is precisely analogous to the corresponding
3D plots of CBMC data in Figure S54.

In Figure S132a the experimental data on the excess Gibbs free energy G* / RT =x,In ( 12 ) +x,1n ( ]/2)

for adsorption of CO2(1)/C3He(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function of
the surface potential @ and mole fraction of CO: in the adsorbed phase, x,. The entire data set resides
on a 3D surface mesh determined from the fitted Wilson parameters in Table S23.

In Figure S132b the experimental data on the CO2(1)/C3Hs(2) adsorption selectivity are plotted in 3D
space as function of the surface potential @ and the mole fraction of CO: in the bulk gas phase, y,. The
entire data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S23.
Figure S132b confirms that the adsorption selectivity is not uniquely determined by the surface potential,
@, but is additionally dependent on the bulk phase mixture composition.

The explanation for the failure of the IAST for
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In Figure S133a the experimental data on the excess Gibbs free energy G“/RT =x, In(y,)+x, In(y,)

for adsorption of C3He(1)/C3Hs(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function

of ® and x,, the mole fraction of C3Hs in the adsorbed phase. The entire data set resides on a 3D surface

mesh determined from the fitted Wilson parameters in Table S23.
In Figure S133b the experimental data on the C3He(1)/C3Hs(2) adsorption selectivity are plotted in 3D

space as function of the surface potential ® and the mole fraction of CsHs in the bulk gas phase, y,. The

entire data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S23.
Figure S133b confirms that the adsorption selectivity is not uniquely determined by the surface potential,

@, but is additionally dependent on the bulk phase mixture composition.

In Figure S134, the experimental data on the excess Gibbs free energy G*/RT =x, In(y,)+x, In(y,)

for adsorption of CO2(1)/C2H4(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function of

@ and x,. The entre data set resides on a 3D surface mesh determined from the fitted Wilson parameters

in Table S23.

In Figure S135, the experimental data on the excess Gibbs free energy G*/RT = x, In(y,)+x, In(7,)

for adsorption of C2Ha4(1)/C3Hs(2) mixtures in NaX zeolite at 293 K are plotted in 3D space as function

of @ and x,. The entre data set resides on a 3D surface mesh determined from the fitted Wilson

parameters in Table S23.

Calleja et al.*

report experimental data on the component loadings for CO2(1)/C3He(2)/C3Hs(3) mixture
adsorption in 13X zeolite at 293 K. Figure S136 presents parity plots comparing the experimental data
with IAST and RAST estimates. The unary isotherm fits and Wilson parameters are provided in Table

X X,

x3 .
+ + , assuming,
ql,sat q2,sat qS,sat

S23. Our approach for ternary mixtures is to estimate C as C=

x,=x,=x,=1/3. For ternary mixture adsorption, the Wilson parameters for the binary pairs
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Ay A LA AL AL AL, are taken to the same as for the corresponding binary pairs as listed in Table

S23. The RAST estimates are in good agreement with the experimental data.

1.8 also report experimental data on the component loadings for CO2(1)/C2H4(2)/C3Hs(3)

Calleja et a
mixture adsorption in 13X zeolite at 293 K. Figure S137 presents parity plots comparing the experimental
data with IAST and RAST estimates. The unary isotherm fits and Wilson parameters are provided in
xl

X X3

+ +
ql,sat q2,sat q3,sat

Table S23. Our approach for ternary mixtures is to estimate C as C = , assuming,

x,=x,=x,=1/3. For ternary mixture adsorption, the Wilson parameters for the binary pairs

Ay A LA A LA, AL, are taken to the same as for the corresponding binary pairs as listed in Table

S23. The RAST estimates are in good agreement with the experimental data. For this ternary mixture, the

non-idealities are not strong; therefore, the IAST estimates are close to the RAST estimates.

14.9 Mixture adsorption in 13X zeolite; Hyun/Danner experiments

Congregation effects also manifest for adsorption of unsaturated alkenes in zeolites containing extra-
framework cations. Hyun and Danner’® report experimental data for adsorption of C2Ha(1)/iso-C4Hio(2)
mixtures in 13X zeolite. For adsorption at 298 K and 137.8 kPa, their experimental data clearly
demonstrates the occurrence of the phenomenon of azeotropic adsorption, i.e. y1 = x1; see Figure S138a.
The phenomenon of azeotropy is not anticipated by the IAST (indicated by dashed lines). To account for
azeotropic adsorption, activity coefficients need to be introduced; see RAST NRTL calculations in Figure

S138a. In Figure S138c, the experimental data on the excess Gibbs free energy
G“/RT =x,In(y,)+x, In(y,) are plotted in 3D space as function of the surface potential ® and adsorbed
phase mole fraction of C2Ha(1), x,.

In Figure S138d, the experimental data on the C2Ha(1)/iso-C4Hi0(2) adsorption selectivity are plotted

in 3D space as function of the surface potential @ and mole fraction of C2Ha(1) in the bulk gas phase, y,

The entre data set resides on a 3D surface mesh determined from the fitted NRTL parameters in Table
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S24. This 3D plot demonstrates that the selectivity is dependent on both the surface potential @ and gas

phase composition of C2Ha(1), y,.

14.10 CO,/C3;Hs mixture adsorption in ZSM-5 zeolite; Calleja experiments

We investigate the experimental data of Calleja et al.”” for adsorption of the binary mixtures of
CO2/C2H4, CO2/C3Hs in ZSM-5 (with MFI topology) zeolite with Si/Al ratio = 15, as reported in Table 5
of their paper.

In Figure S139a, the adsorbed phase mole fraction of CO2(1), x1, is plotted as function of mole fraction
of CO2(1) in the bulk gas phase mixture, y1. The experimental data clearly demonstrates the occurrence

of the phenomenon of azeotropic adsorption, i.e. x, = y,. The phenomenon of azeotropy is not anticipated
by the IAST; as demonstrated the IAST calculations of adsorption selectivity S, for a total pressure of
90 kPa; see Figure S139b. It is noteworthy that for y, = 0.35, we have mixture adsorption azeotropy,
X, =38, =1. The IAST is unable to anticipate the strong decrease in S, with increased mole fraction

of CO2(1) in the bulk gas phase mixture, yi. Interestingly, the IAST anticipates the selectivity to be
practically independent of y1, whereas the experiments show a decreasing trend.

Introduction of the activity coefficients in the adsorbed phase is required for quantitative modeling of
mixture adsorption. The deviations from ideality are adequately described with the Wilson parameters
listed in Table S25. The RAST model, with Wilson parameters fitted to match the experimental data,
anticipates the phenomenon of azeotropy for bulk vapor phase mole fraction y1 =~ 0.35, at a total pressure
of 90 kPa; see Figure S139b.

In Figure S139c, the adsorption selectivity S, for CO2(1)/C3Hs(2) mixture adsorption in NaX zeolite
is plotted as a function of the surface potential @ . The experimental data clearly show that S, is not

uniquely determined by @, as anticipated by the IAST.
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In Figure S140a the experimental data for the excess Gibbs free energy G“/RT =x, In(y,)+x, In(7,)
are plotted in 3D space as function of ®@ and x,. The entire CBMC data set resides on a 3D surface mesh

determined from the fitted Wilson parameters in Table S25.
In Figure S140b the experimental data on the CO2(1)/C3Hs(2) adsorption selectivity are plotted in 3D

space as function of the surface potential @ and the mole fraction of CO: in the bulk gas phase, y,. The

entire data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S25.
Figure S140b confirms that the adsorption selectivity is not uniquely determined by the surface potential,

@, but is additionally dependent on the bulk phase mixture composition.

14.11 CO,/C3Hs mixture adsorption in H-MOR; Talu-Zwiebel experiments

Talu and Zwiebel®® report experimental data of adsorption of CO2/C3Hg mixtures at 303 K in H-MOR
(= H-Mordenite) that provides insights into the influence of thermodynamic non-idealities on mixture
adsorption. Two sets of experimental data are reported: (a) 17/83 CO2(1)/C3Hs(2) mixtures and varying
total gas phase pressures, pt, and (b) CO2(1)/C3Hs(2) mixtures at a total gas phase pressure pt = 41 kPa,
and varying CO2 mole fractions in the bulk gas phase, y1.

Figure S141a the adsorption selectivity S, for CO2(1)/CsHs(2) mixture adsorption in H-MOR  zeolite
is plotted as a function of the surface potential ®@ . The experimental data clearly show that S , is not

uniquely determined by @, as anticipated by the IAST.

Figure S141b presents the data on the adsorption selectivity S, for CO2(1)/C3Hg(2) mixture adsorption

as a function of the mole fraction of CO:2 in the bulk gas phase, yi; the total gas phase pressure

p, = p,+p, =41 kPa. For y, <0.6, the selectivity is in favor of CO2(1), whereas for bulk gas phase
mole fractions y, >0.6, S, <1 and the adsorption is CsHs-selective. The experimental data for
adsorption of CO2(1)/C3Hs(2) mixtures clearly show the phenomenon of azeotropy, S, =1, at y1 = 0.6.

The IAST does not anticipate selectivity reversal phenomena, and the adsorption is anticipated to be CO2-
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selective over the entire composition range. With the fitted Wilson parameters, are reported in Table S26,
the correct experimental trends in Figure S141a,b can be reproduced.
The experimental data presented in Figure S141b is in remarkable quantitative agreement with the

corresponding CBMC simulations presented in Figure S111e.
In Figure S141c the experimental data for the excess Gibbs free energy G*/RT = x, In(y,)+x, In(7,)

are plotted in 3D space as function of the surface potential @ and mole fraction of CO: in the adsorbed

phase, x,. The entre data set resides on a 3D surface mesh determined from the fitted Wilson parameters
in Table S26. This plot demonstrates the dependence of activity coefficients on both ® and x,. The

experimental data presented in Figure S141c is analogous to the corresponding 3D plot of CBMC
simulations presented in Figure S112a.
Experimental data of Talu and Zwiebel® for adsorption of (a) CO2/Hz2S, and (b) C3Hs/H2S mixtures at

303 K in H-MOR are presented in Figure S142a,b. These are 3D plots of experimental data on excess
Gibbs free energy G“/RT =x,In(y,)+x,In(y,) plotted as a function of the surface potential @ and
mole fraction in the adsorbed phase mixture. The 3D mesh is constructed using the Wilson parameters

provided in Table S26. These plot demonstrate the strong thermodynamic non-idealities that are

adequately captured by the RAST Wilson model.
14.12 Toluene/1-propanol mixture adsorption in DAY-13; Sakuth experiments

In Figure S143a,b the experimental data of Sakuth et al.***! for component loadings, g,, selectivity
S . » and activity coefficients, y,, for toluene/1-propanol mixture adsorption in DAY-13 (dealuminated

a

Y zeolite) at 7=298.15 K and total pressure (a, b, ¢) pt=0.36 kPa, and (d, e, f) p:=1.06 kPa. are presented.

For both sets of data, selectivity reversals are experienced. The IAST estimations of the S, , shown by

the dashed lines, do not anticipate such selectivity reversals.
Use of the RAST, with fitted Wilson parameters with fitted parameters as specified in Table S28,

enables the correct experimental trends to be reproduced; see the continuous solid lines in Figure S143.
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In Figure S144a the experimental data for the excess Gibbs free energy G*/RT = x, In(y,)+x, In(7,)

are plotted in 3D space as function of the surface potential @ and mole fraction of toluene in the adsorbed

phase, x,. The entre data set resides on a 3D surface mesh determined from the fitted Wilson parameters
in Table S28, Figure S144a confirms that the activity coefficients are functions of both @ and x,.

In Figure S144b the experimental data for the adsorption selectivity, S,

a

. are plotted in 3D space as
function of the surface potential @ and mole fraction of toluene in the bulk fluid phase, y,. The entre

data set resides on a 3D surface mesh determined from the fitted Wilson parameters in Table S28, Figure

S144a confirms that S, depend on both @ and y,. Noteworthily, the IAST anticipates the adsorption

selectivity to be solely dependent on the surface potential @ and not on the composition of the bulk phase

mixture, y,.

14.13 1-butanol/p-xylene mixture adsorption in Y zeolite; Takeuchi experiments

The experimental data of Takeuchi et al.®? for adsorption of 1-butanol(1)/p-xylene(2) mixtures in high
silica Y zeolite, obtained at 298 K and total pressure of 60 Pa present strong evidence of thermodynamic
non-idealities in mixture adsorption; their data is redrawn for further analysis in Figure S145a,b. The
IAST calculations anticipate that the selectivity is in favor of 1-butanol(1) for the entire range
compositions. The experimental data, on the other hand, displays selectivity reversal in favor of p-
xylene(2) for bulk vapor phase compositions y1 > 0.5. This selectivity reversal phenomena is well
described by the Real Adsorbed Solution Theory (RAST) with the choice of the fitted Wilson parameters

specified in Table S29.

In Figure S145c the experimental data for the excess Gibbs free energy G*/RT = x, In(y,)+x, In(7,)
are plotted in 3D space as function of the surface potential @ and mole fraction of 1-butanol in the
adsorbed phase, x,. The entre data set resides on a 3D surface mesh determined from the fitted Wilson
parameters in Table S29. This plot demonstrates the dependence of activity coefficients on both ® and
X,
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14.14 Methanol/nC6 mixture adsorption in MSC; Konno experiments

One of the early experimental investigations demonstrating inadequacies of the IAST for description of

1-83

mixture adsorption equilibria is by Konno et al.®> who investigated adsorption of mixtures containing one

or more polar compounds: methanol, acetone, benzene, and n-hexane (nC6) in three different adsorbents:
13 X zeolite, Takeda Molecular Sieve Carbon MSC-5A, and activated carbon G-2X. As illustration,
Figure S146a presents data on the component loadings of methanol and nC6 in MSC-5A at a total pressure

of 4 kPa and 303.15 K, as a function of the mole fraction of methanol in the bulk vapor phase, y,. In
Figure S146b, the data on the adsorbed phase mole fraction of methanol, x,, is plotted as a function the
mole fraction of methanol in the bulk vapor phase, y,. It is interesting to note that mixture adsorption

exhibits azeotropic behavior. The phenomenon of azeotropic mixture adsorption is characterized by the

equality of mole fractions in the bulk vapor phase and in the adsorbed phase, y, = x,. For bulk vapor

phase methanol fractions lower than 0.5, the adsorbed phase is richer in methanol, the adsorbate of the
smaller molecular size. However, for bulk vapor phase richer in methanol, the adsorbed phase is richer
in n-hexane, the adsorbate with the larger molecular size.

For the IAST calculations, the pure component Langmuir isotherm fits used are taken from Table S1 of
Bartholdy et al.* The IAST estimations of the adsorbate composition, shown by the dashed line, does not

anticipate such selectivity reversals. Use of the RAST, shown by the continuous solid line, with fitted
Wilson parameters are C=0.144 kgmol';A,, =1.438;A,, =68.567 is able to capture the selectivity
reversal phenomena reasonably accurately. Figure S146¢ presents the RAST calculations of the activity
coefficients in the adsorbed phase. It is interesting to note that the activity coefficients are below unity,
whereas the corresponding activity coefficients for bulk liquid phase mixtures, both exceed unity; Figure

S146d. In Figure Sl146e the experimental data for the excess Gibbs free energy

G“/RT =x, In(7,)+x,In(y,) are plotted as function of the mole fraction of methanol in the adsorbed

phase, x,. The agreement with RAST Wilson calculations is excellent.
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14.15 Methanol/nC6 mixture adsorption in CuBTC; Van Assche experiments

Figure S147 presents an analysis of the experimental of van Assche et al.®* for adsorption of methanol,
and n-hexane at 313 K in CuBTC. Figure S147a presents the unary isotherm data of van Assche et al.®
for adsorption of methanol, and n-hexane at 313 K in CuBTC; the dual-site Langmuir-Freundlich

parameters are provided in Table S30. Figure S147b,c plot the experimental data of van Assche et al.*®
for component loadings and adsorption selectivities, S, , for equimolar ( fi= fz) methanol/n-hexane
mixture adsorption in CuBTC as a function of the surface potential, ®. The IAST overestimates the
methanol/n-hexane adsorption selectivity to a significant extent. The experimentally determined activity
coefficients are compared with RAST Margules fits in Figure S147d; the fitted parameters are specified

in Table S30. The activity coefficients follow the limiting characteristics ® — 0;y, -1/
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14.16 List of Tables for Analysis of published experimental data

Table S20. Dual-site Langmuir parameters for pure components CO2, and Nz at 298 K in 13X zeolite.

These fits are based on the 298 K unary isotherm data in Table 1 and Table 2 of the Supplementary

Material accompanying the publication of Wilkins and Rajendran.*

Site A Site B
Dt sa b, Db sa by
mol kg™ Pa’! mol kg Pa’!
CO, 3.8 1.16x10* 1.8 1.04x1072
N> 4.0 1.1x10°

Fitted Wilson non-ideality parameters for binary CO2/N2 mixture adsorption in 13X.

A1

A21

C / kg mol™!

CO2/N21in 13X

8.5

1

0.025
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Table S21. Dual-site Langmuir parameter fits for CO2, C2H4, C2Hs, and CH4 in LTA-5A zeolite. The

unary isotherm data are culled from Mofarahi and Salehi’® and Mofarahi and Gholipour’’.

Site A Site B
9t ar Dy E, g Dy Ey
mol kg™ Pa’ kJ mol™ mol kg™ Pa’ kJ mol™
CO2 1.5 3.216E-10 |24 2.5 2.864E-12 | 49
C2H4 2.4 3.373E-06 |9 0.8 1.578E-17 | 66
C2Hs 2.1 1.581E-08 | 19.6 0.33 1.299E-23 | 99
CHa4 5 4.007E-09 | 15

Wilson non-ideality parameters for binary mixtures in LTA-5A zeolite.

C / kg mol’! A A,
C2Ha4/C2He at 283 K 12.015 0.259 3.859
CO2/C2Hs at 238 K 0.119 2.033 183.022
CO2/C2Hs at 273 K 0.036 0.00693 1446.771
CO2/C2Hs at 323 K 0.0126 0.23202818 2014405.774
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Table S22. Dual-site Langmuir-Freundlich parameters for pure components at 293 K in NaX zeolite.*

The fit parameters were determined by fitting the unary isotherm data presented in Figure 1 of Siperstein

and Myers.®
Site A Site B
s b, Vi 9,5a by Vi

mol kg Pa™ mol kg Pa™
CO» 5.7 2.938E-03 | 0.64 1.1 1.633E-02 | 0.92
CsHg 1.8 1.475E-05 | 1.75 1.5 3.555E-03 | 0.75
C:H,4 1.8 2.095E-03 |1 2.6 1.190E-03 | 0.76
C2Hg 1.1 1.054E-09 | 2.2 2.75 5.922E-05 |1

Wilson non-ideality parameters for binary and ternary mixtures at 293 K in NaX zeolite.

C/ kg mol! A, A,
CO2/C3Hs 0.225 1.760 2.751
CO2/C2H4 0.187 2.070 0.483
CO2/C2Hs 0.203 0.114 8.816
C2H4/C2He 0.244 1.177 1.431
CO2/C2H4/C2Hs 0.211 Ay A LA AL AL AL, as above
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Table S23. Dual-site Langmuir parameters for pure components at 293 K in 13X (= NaX) zeolite. The

fit parameters were determined by fitting the unary isotherm data presented in Table I of Costa et a

1.63

Site A Site B
9t ar Dy E, g Dy Ey
mol kg™ Pa’ "kJ mol™ mol kg™ Pa’ kJ mol™
CO» 2 4.813E-08 |23 2.5 1.129E-12 | 42
C:H,4 1.35 3.403E-05 | 4.6 1.4 8.508E-17 | 70
CsHg 1.24 3.451E-11 |41 0.96 3.451E-11 |41
CsHg 0.95 7.490E-10 | 33 1.5 1.436E-16 | 82

Wilson non-ideality parameters for binary and ternary mixtures at 293 K in NaX zeolite.

C/ kg mol A, A,
CO2/C3Hs 0.315 7.223 0.138
CO2/Cs3Hs 0.338 0.000 5.403
C3He/C3Hs 0.431 0.125 7.968
CO2/C2H4 0.293 3.221 0.086
C2H4/C3Hs 0.409 0.000 3.750
CO2/C3He/C3Hs 0.362 Ay AL A AL AL AL, as above
CO2/C2H4/C3Hs 0.347 Ay AL A AL AL AL, as above
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Table S24. Dual-site Langmuir parameter fits for C2H4, and iso-CsHio in 13X zeolite. The unary

isotherm data are from Table 1 of Hyun and Danner.

78

Site A Site B
9 ssa bay E, 9,5 Dy Ey

mol kg™ Pa’ kJ mol™ mol kg™ Pa’ kJ mol™
C2Ha 0.75 2.089E-10 |40 2.15 9.284E-11 |35
iso-CsHio | 0.52 2.448E-16 | 65 1.4 3.270E-10 |42

Fitted NRTL non-ideality parameters for binary mixture adsorption.
C / kg mol™! T\ 7, a

C2Ha/is0-C4Hio 0.052 859.064 -787.085 1.091E-04
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Table S25. Dual-site Langmuir parameters for pure components CO2, and C3Hsg at 293 K in ZSM-5

(with MFI topology) zeolite with Si/Al ratio = 15. The fit parameters were determined by fitting the unary

isotherm data presented in Table 2 of Calleja et al.”

Site A Site B
D b, 9,5 by
mol kg™ Pa’ mol kg™ Pa’
CO2 1.35 3.32x10°° 1.1 4.5x107
CsHs 0.76 3.62x10* 0.9 1x1072

Wilson non-ideality parameters for binary mixtures at 293 K in ZSM-5 (with MFI topology) zeolite

with Si/Al ratio = 15. These are determined by fitting to the experimental data of Calleja et al.” as reported

in Table 5 of their paper.

C / kg mol’!

CO2/C3Hs

0.92

0.19

5.1
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Table S26. Dual-site Langmuir parameters for pure components CO2, C3Hs, and H2S in H-MOR. The

fit parameters were determined by fitting the unary isotherm data, reported for different temperatures in

Table 4 of Talu and Zwiebel.>>

Site A Site B
9t Dy E, g Dy Ey
mol kg™ Pa’ kJ mol™ mol kg™ Pa’ kJ mol™
CO2 2.4 9.155E-11 | 31 0.6 7.860E-11 | 42
CsHs 0.65 4974E-11 |32 0.72 1.449E-10 | 41
HsS 1.5 2.002E-10 | 33 1.2 9.436E-10 | 39

Wilson non-ideality parameters for binary mixtures at 303 K in H-MOR. These are determined by fitting

to the experimental data of Talu and Zwiebel® as reported in Table 5 of their paper.

C / kg mol™! A, A,
CO2/CsHs 0.769 3.988 7.268
CO2/H2S 0.352 0.642 1.557
CsHs/H2S 0.550 4.560 12.004
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Table S27. Dual-site Langmuir parameters for pure components CO2, CHs, and N2 in 13X (= NaX)

zeolite. The fit parameters were determined by re-fitting the unary isotherm data presented in Figure 2

and Table 2 of Avijegon et al.*’

Site A Site B
s Dby E, D s Dyo £y
mol kg™ Pa’ kJ mol” mol kg™ Pa’ kJ mol”
CO; 2 1.066E-07 | 28.8 4 2.087E-07 |22.7
CH4 4 5.091E-09 | 144 0.24 8.324E-10 | 13
Nz 0.2 1.744E-08 | 13.6 3.3 3.471E-09 | 13.6

Wilson non-ideality parameters for binary CO2/CHa4 mixtures at 273 K in NaX zeolite.

C / kg mol™!

A12

A12

CO2/C3Hzs

0.201

4.133

4.020
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Table S28. Langmuir-Freundlich fits of the unary isotherms of toluene, and 1-propanol in DAY-13

zeolite at 298 K. The parameters were obtained by fitting the unary isotherm data in Table 1 of Sakuth et

al.3¢
L b 4
mol kg™ Pa™
toluene 2.26 0.2585 0.74
1-propanol 3.26 0.09743 0.56

The fitted Wilson parameters using the data from Table 3 of Sakuth et al.*® for toluene/I-propanol

mixture adsorption in DAY-13.

C / kg mol™!

Toluene/1-propanol

0.375

0.687

11.112
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Table S29. Langmuir fits of the unary isotherms of 1-butanol, and p-xylene in Y zeolite at 298 K. The

parameters correspond to those presented in Table 4 of Takeuchi et al.3? for dry conditions in the vapor

phase.
Dy b
mol kg™ Pa™
1-butanol 2.17 0.2239
p-xylene 1.39 0.5268

Fitted Wilson non-ideality parameters for binary mixture adsorption in Y zeolite at 298 K.

C / kg mol!

A

12

A

12

1-butanol/p-xylene

0.048

2.5

210
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Table S30. Dual-site Langmuir-Freundlich parameters for adsorption of methanol, and n-hexane at 313

K in CuBTC. The unary isotherm fits are based on the data scanned from Figure 2 of van Assche et a

1.85

Site A Site B
Dpsar b, Vs Db by Vs
mol kg Pa™ mol kg' | Pa™
methanol 13.5 8.568E-03 | 0.62 6.5 2.499E-03 | 1.56
n-hexane 23 1.057E-01 | 0.6 2.8 4.813E-08 | 6.85

The fitted Margules parameters using the data scanned from Figure 4 of van Assche et al.% The units

of C are kg mol.

C/ kg mol™!

A2

A

Methanol/n-hexane

0.123

-6.172

-15.625
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14.17 List of Figures for Analysis of published experimental data
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Figure S113. (a) Unary isotherm data of CO2, and N2 in 13X zeolite at 298 K. The isotherm fit

parameters are provided in Table S20. (b) Experimental data (indicated by symbols) of Wilkins and

Rajendran® for component loadings, gi, of CO2, and N2 for adsorption of CO2/N2 mixtures in 13X zeolite

at 296 K and total pressure pt = 97 kPa, as function of the mole fraction of CO: in the bulk gas phase, y,

. (c) Excess Gibbs free energy G/RT , as function of @, and y, . (d) CO2/N2 adsorption selectivity S,

, as function of y, .
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Figure S114. (a) Experimental data (indicated by symbols) of Hefti et al.>° for component loadings, ¢i,

of COz, and N2 for adsorption of CO2/N2 mixtures in 13X zeolite at 298 K and total pressure pt= 1 MPa,

as function of the mole fraction of CO: in the bulk gas phase. (b) CO2/N2 adsorption selectivity as function

of the mole fraction of COz in the bulk gas phase. The dashed lines in (a), and (b) are the IAST estimations,

using the unary isotherm fits provided in Table 2 of Hefti et a

1‘50

The continuous solid lines in (a), and

(b) are the estimations using RAST using Wilson parameters: A1z = 6.758; A21 = 0.4844; C = 0.0744 kg

mol. (¢) Excess Gibbs free energy G / RT , as function of @, and y,.
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3D mesh is constructed using the Wilson parameters provided in Table S27.
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Figure S116. Experimental data of Basmadjian and Hsieh for adsorption of CO2(1)/C2H4(2) mixtures
in LTA-5A zeolite, obtained at 238 K and total pressure of 1.07 bar. (a) The adsorbed phase mole fraction
of COa, x1, 1s plotted as function of mole fraction of CO: in the bulk gas phase mixture, yi. (b) The

adsorption selectivity S, plotted as function as function of mole fraction of CO: in the bulk gas phase
mixture, yi. (¢) The excess Gibbs free energy G*“/RT =x,In(y,)+x,In(y,) as function of the surface

potential @ and mole fraction of CO: in the adsorbed phase, x,. The unary isotherm DSL parameters

and Wilson fits are specified in Table S21.
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Figure S117. Experimental data of Basmadjian and Hsieh for adsorption of CO2(1)/C2H4(2) mixtures

in LTA-5A zeolite, obtained at 273 K and total pressure of 1.07 bar. (a) The adsorbed phase mole fraction

of COa, x1, 1s plotted as function of mole fraction of CO: in the bulk gas phase mixture, yi. (b) The

adsorption selectivity S, plotted as function as function of mole fraction of CO: in the bulk gas phase

mixture, yi. (¢) The excess Gibbs free energy G*“/RT =x,In(y,)+x,In(y,) as function of the surface

potential @ and mole fraction of CO: in the adsorbed phase, x,. The unary isotherm DSL parameters

and Wilson fits are specified in Table S21.
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Figure S118. Experimental data of Basmadjian and Hsieh for adsorption of CO2(1)/C2H4(2) mixtures
in LTA-5A zeolite, obtained at 323 K and total pressure of 1.07 bar. (a) The adsorbed phase mole fraction
of COa, x1, 1s plotted as function of mole fraction of CO: in the bulk gas phase mixture, yi. (b) The

adsorption selectivity S, plotted as function as function of mole fraction of CO: in the bulk gas phase
mixture, 1. (¢) The excess Gibbs free energy G“/RT =x,In(y,)+x,In(y,) as function of the surface
potential @ and mole fraction of CO: in the adsorbed phase, x,. The unary isotherm DSL parameters

and Wilson fits are specified in Table S21.
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are specified in Table S21.
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Figure S120. Experimental breakthroughs of van Zandvoort et al.>! 5 for Ar/C2H4/CO2/N2 mixtures in
LTA-5A zeolite at 313 K and total pressure of 1 bar for (a) Runl, (b) Run 2, (¢) Run 3, and (d) Run 4.
The % N2 in the outlet gas can be determined by the taking the sum of the mole % = 100. In (e) the

experimental breakthroughs are compared with transient breakthrough simulations invoking the RAST.
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Figure S121. Experimental breakthroughs for Ar/C:H4/CO2/N2 mixtures in 5A zeolite. The total
pressure is 1 bar, temperature 7 = 313 K, and the feed mixture composition corresponds to Run 4
(C2H4/CO2 = 0.75). (a) The experimental breakthroughs are compared with simulations invoking the
IAST. (b) The experimental breakthroughs are compared with simulation in which the RAST Wilson

model is used to model thermodynamic non-idealities.
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Figure S122. Experimental data of Mofarahi and Salehi’® for adsorption of C2Ha(1)/C2He(2) mixtures

in LTA-5A zeolite at 283 K for three different mole fractions, 0.2, 0.5, and 0.8, of C2H4(1) in the bulk gas
phase, y,. (a) The Gibbs free energy G*/RT =x,In(y,)+x,1In(y,) as function of the surface potential

@ and mole fraction of CO: in the adsorbed phase, x,. (b) The C2Ha(1)/C2H¢(2) adsorption selectivity

for as function of the surface potential @ and mole fraction of CO2 in the bulk gas phase, y,. The 3D

mesh in (a, b) is constructed using the Wilson parameters provided in Table S21.
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phase mole fractions, x1, of COz, as function of the mole fraction of CO: in the bulk gas phase, y1. (b)
CO2(1)/CH4(2) adsorption selectivity as function of the mole fraction of CO2 in the bulk gas phase. The

unary isotherm fit parameters are specified in Table S21.
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Figure S124. Experimental data of Siperstein and Myers* for adsorption of CO2(1)/C3Hs(2) mixtures

in NaX zeolite at 293 K, as reported in Table C1 of their paper. (a) The adsorption selectivity S , for

CO2(1)/CsHs(2) mixture adsorption in NaX zeolite is plotted as a function of the surface potential ®@ . The

IAST estimation of S, are shown by dashed lines. (b) The adsorbed phase mole fraction of CO2(1), x1,

is plotted as function of mole fraction of CO2(1) in the bulk gas phase mixture, y1. (¢, d) Activity

coefficients in the adsorbed phase as function of x,, and ®. The unary isotherm fit parameters, along

with the Wilson parameters, are specified in Table S22.
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Figure S125. 3D plots of experimental data of Siperstein and Myers* on (a) excess Gibbs free energy
G“/RT =x,In(y,)+x,1n(y,), and (b) adsorption selectivity for adsorption of CO2/C3Hs mixtures at 293

K in NaX (=13X) zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table
S22.
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K in NaX (=13X) zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table
S22.
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in NaX (=13X) zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table S22.
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CO2(1)/C2H4(2)/C2Hs(3) mixture adsorption in 13X (= NaX) zeolite at 293 K. The parity plots compare

the experimental data with IAST and RAST estimates. The unary isotherm fits and Wilson parameters

are provided in Table S22.
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Figure S130. Experimental data of Costa et al.®® and Calleja et al.”® for adsorption of CO2/C3Hg mixtures

at 293 K in NaX (=13X) zeolite. (a) The adsorption selectivity S , for CO2(1)/C3Hs(2) mixture adsorption

in NaX zeolite,s plotted as a function of the surface potential @ . (b) Plot of the activity coefficients in the
adsorbed phase as function of the mole fraction of CO2 in the adsorbed phase, x1. The unary isotherm fit

parameters, along with the Wilson parameters, are specified in Table S23.
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Figure S131. 3D plots of experimental data of Costa et al.®

and Calleja et al.’® on excess Gibbs free

energy G“/RT =x, In(y,)+x,In(y,) for adsorption of CO2/C3Hs mixtures at 293 K in NaX (=13 X)

zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table S23.
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Figure S132. 3D plots of experimental data of Costa et al.®* and Calleja et al.>® on (a) excess Gibbs free
energy G*/RT =x,In(7,)+x,In(y,) and (b) CO2(1)/C3Hs(2) adsorption selectivity for CO2(1)/C3Hs(2)

mixture adsorption in 13X zeolite at 293 K. The 3D mesh is constructed using the Wilson parameters
provided in Table S23.
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C3He(1)/C3Hs(2) mixture adsorption in 13X zeolite at 293 K. The 3D mesh is constructed using the Wilson

parameters provided in Table S23.

S249



§#&
N

\ >
\\\\‘\ X
W

GeX/RT

\\\\\ ,
NI
& \

\ 4
AN

Figure S134. 3D plots of experimental data of Costa et al.* and Calleja et al.’® on excess Gibbs free
energy G“/RT =xIn(y)+x,In(y,) for adsorption of CO2/C2Ha4 mixtures at 293 K in NaX (=13 X)

zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table S23.
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X) zeolite. The 3D mesh is constructed using the Wilson parameters provided in Table S23.
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Figure S136. Experimental data of Calleja et al.*® on the component loadings for
CO2(1)/C3He(2)/C3Hs(3) mixture adsorption in 13X zeolite at 293 K. The parity plots compare the
experimental data with IAST and RAST estimates. The unary isotherm fits and Wilson parameters are

provided in Table S23.
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Figure S137. Experimental data of Calleja et al.*® on the component loadings for
CO2(1)/C2H4(2)/C3Hs(3) mixture adsorption in 13X zeolite at 293 K. The parity plots compare the
experimental data with IAST and RAST estimates. The unary isotherm fits and Wilson parameters are

provided in Table S23.
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Figure S138. Experimental data of Hyun and Danner’® for adsorption of C2Ha/iso-C4H1o mixtures at
298 K and 137.8 kPa in 13X zeolite, as reported in Table III of their paper. (b) Activity coefficients of
C2Ha, and 1s0-C4Hio plotted as a function of the adsorbed phase mole fraction of C2Ha. (c, d) 3D plots of
the excess Gibbs free energy G / RT and the C2H4/iso-CsH10 adsorption selectivity. The unary isotherm

fit parameters, along with the NRTL parameters, are specified in Table S24.
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Figure S139. Experimental data of Calleja et al.” for adsorption of CO2/C3Hs mixtures at 293 K in

ZSM-5 (with MFI topology) zeolite with Si/Al ratio = 15, as reported in Table 5 of their paper. (a) Plot

of the experimental data on mole fraction of COz in the bulk gas phase, y1, versus the mole fraction of

CO:z in the adsorbed phase, x1. (b) The adsorption selectivity S, for CO2(1)/CsHs(2) mixture adsorption

as a function of the mole fraction of COz in the bulk gas phase, y1. In this graph only data at total pressure

= 90 kPa are plotted. (c) The adsorption selectivity S, for CO2(1)/C3Hs(2) mixture adsorption in ZSM-

5 zeolite, plotted as a function of the surface potential @ . The unary isotherm fits and Wilson parameters

are specified in Table S25.
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Figure S141. Experimental data of Talu and Zwiebel> for adsorption of CO2/C3Hs mixtures at 303 K

in H-MOR, as reported in Table 5 of their paper. (a) The data sets on the adsorption selectivity S, plotted

in Figure S141a,b for CO2(1)/C3Hs(2) mixture adsorption in H-MOR is plotted as a function of the the

surface potential @. (b) The adsorption selectivity S, for CO2(1)/C3Hg(2) mixture adsorption as a

function of the mole fraction of CO: in the bulk gas phase, y1; the total gas phase pressure

p, =p +p,=41 kPa. (c) 3D plots of experimental data on excess Gibbs free energy
G“/RT =x,In(y,)+x,In(y,). The 3D mesh is constructed using the Wilson parameters provided in

Table S26.
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G“/RT =x,In(y,)+x,In(y,), plotted as a function of the surface potential @ and mole fraction in the
adsorbed phase mixture. The 3D mesh is constructed using the Wilson parameters provided in Table S26.
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Figure S146. (a) Experimental data of Konno et al.®* for component loadings for methanol and n-hexane
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bulk vapor phase. (b) Plot of the adsorbed phase mole fraction of methanol, x,, vs the mole fraction of

methanol in the bulk vapor phase, y,. The dashed line represents IAST estimations; the continuous solid

line are the RAST calculations. (c) Activity coefficients in the adsorbed phase. The unary Langmuir
isotherm fits are provided in Table S1 of Bartholdy et al.** The “fitted” Wilson parameters are A2 = 1.2;

A21= 68; C = 0.15 kg mol ™. (e) Activity coefficient in bulk liquid mixtures, calculated using the NRTL

parameters of Clark and Rowley.® (e) Excess Gibbs free energy G“/RT =x,In(7,)+x,In(y,) vs x,.
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15 CBMC Simulations vs Experimental Data

15.1 Unary isotherms

Published experimental data for unary isotherms for linear, mono-branched, and di-branched alkanes
in a number of zeolite host materials are in good agreement with the CBMC simulation data on unary
isotherms, 2% 87-92

Experimental data on the unary isotherms for CO: in a number of all-silica and cation-exchanged
zeolites are used to set up the force fields.?? 263
The CBMC simulations of unary COz, CH4, N2 and H> isotherms are in good agreement with

experimental isotherm data for a variety of host zeolites.® 8 % 12: 22, 26, 60. 64,65, 68,93

15.2 Mixture adsorption

The breakthrough experimental data of van Zandvoort et al.’!" > demonstrate the phenomenon of
selectivity reversals for CO2(1)/C2H4(2) mixture separation using in LTA-5A zeolite (see Figures . The
selectivity reversal phenomena can be rationalized on the basis of the CBMC simulations for cation-

exchanged zeolites. !> 4+ 4347

Water/alcohol pervaporation membranes may be constructed as thin films of zeolites (e.g. CHA 4%,
DDR 3%97 LTA %8191 MFI 192183 FAU %) or zeolitic imidazolate frameworks (ZIFs) '°>1%_In published

works in which the composition of the water/alcohol mixture in the upstream compartment is varied, the

permeation selectivity S, becomes increasingly in favor of water as the alcohol content in the feed

mixture increases.”” !0 197 108 Experimental data on adsorption of water/alcohol mixtures clearly
demonstrate the failure of the IAST for variety of host materials/ % 9% 101,107 108 The influences of
thermodynamic non-idealites on membrane pervaporation are rationalized and quantified by a
15,27,29, 46, 48, 109, 110

combination of CBMC and MD (= Molecular Dynamics) simulations.
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The occurrence of hydrogen bonding in water/alcohol mixtures causes mutual slowing-down for
diffusion that is observed in several experimental studies.’2% 48 109 111

Membrane technologies find applications for separation a variety of gaseous mixtures, such as
CO2/CHa, CO2/N2, CO2/H2, and CH4/N2.!'?!17 The perm-selective membrane layers often consist of
crystalline microporous materials such as zeolites (e.g. CHA, DDR, MFI, LTA, and FAU ) 1312 metal-
organic frameworks (MOFs) '*°, or zeolitic imidazolate frameworks (ZIFs). '*!"133 The experimental data
on component permeances can be rationalized, often quantitatively by a combination of CBMC
simulations of adsorption (unary components, binary and ternary mixtures), along with MD simulations
of guest diffusivities.>> 7> 1113, 16,54, 60, 111, 117, 131144

The adsorption and intra-crystalline diffusion of n-butane (nC4), iso-butane (iC4), 2-methylbutane
(2MB), and 2,2-dimethylpropane (neoP) in CuBTC (Cu3(BTC). where BTC = benzene-1,3,5-

1 145

tricarboxylate) has been investigated by Chmelik et a using infrared microscopy (IRM). The

experimental trends are in agreement with CBMC and MD data.'%

The adsorption and intra-crystalline diffusion of iso-C4Hio in MFI zeolite have been investigated by
Chmelik et al.'* using infrared microscopy (IRM). The experimental data agree well with CBMC and
KMC (= Kinetic Monte Carlo) simulations.'*®

The intra-crystalline diffusion of n-CsHio/iso-C4Hio mixtures in MFI zeolite have been investigated
using infrared microscopy (IRM) and PFG-NMR.!47- 14 The experimental data can be rationalized using
a combination of CBMC, KMC, and MD simulations.*’- 143 149

The experimental data of Herm et al.!>* 3! on unary isotherms of CO2, CH4, N2, and H2 in Mg-MOF-
74 are in reasonable agreement with CBMC data.'! 142159 151 The CBMC data for adsorption of binary of
mixtures were used to establish the suitability of the use of the IAST to quantify mixture adsorption
equilibrium. 4% 150 15! However, thermodynamic non-ideality effects are in play at high pore occupancies;
for which CBMC data for adsorption of binary of CO2/CH4, and CO2/N2 mixtures exhibited deviations

from the IAST estimates,'> Thermodynamic non-idealities stem from inhomogeneous distribution of guest

adsorbates within the pore landscape.
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1 152

The experimental data of Herm et a on unary isotherms of hexane isomers (nC6, 2MP, 3MP,

22DMB, 23DMB) in Fe2(BDP)s are in good agreement with the CBMC simulation data.* 73 136, 152,153

The CBMC data for adsorption of 5-component hexane isomers mixtures were found to be in reasonably

good agreement with the IAST estimates.* 7 152

Titze et al.'>* have investigated adsorption and diffusion of hexane isomers (unary nC6, 2MP, and
binary nC6/2MP) in MFI zeolite using IRM. The adsorption data for unary isotherms in good agreement
with the CBMC data.'! 12154 155 The adsorption data for binary mixture isotherms show slight deviations
from the IAST estimates.!!"> 2134155 The CBMC data for adsorption of 5-component hexane isomers (nC6,

2MP, 3MP, 22DMB, 23DMB) mixtures were found to be in reasonable agreement with the IAST

estimates.* 7387

Configurational-Bias Monte Carlo (CBMC) simulations, using the methodologies as detailed in earlier

3,5,9,11-14

publications, were carried out to determine the adsorption isotherms for unary C2Hz, unary C2Ha,

and 1/99 C2H2/C2H4 mixtures in ZUL-100 and ZUL-200 at 298 K. The CBMC unary isotherms are in

good agreement with the experimental isotherms reported by Shen et al.!*® The CBMC data for 1/99

mixtures is in good agreement with IAST estimates.'> 15

The preferential perching of CO2 in the window regions of CHA, DDR, LTA, ERI, and AFX zeolites,

60, 157

as demonstrated in CBMC and MD simulations allows the rationalization of experimental data of

unary and mixture permeation across zeolite membranes.> > 78 60 110, 117,143, 144, 158

The preferential location of COz in the side-pockets of MOR zeolite (see Figures S106 — S112) and
inhomogeneous of guest adsorbates for mixture adsorption rationalizes the deviations from
thermodynamic idealities and selectivity reversals as witnessed in the experiments of Talu and Zwiebel>
for CO2/C3Hg mixtures in H-MOR. The experimental data presented in Figure S141b is in remarkable

quantitative agreement with the corresponding CBMC simulations presented in Figure S11le. The

influences of thermodynamic non-idealities are precisely analogous.
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Talu-Zweibel Experiments CBMC simulations
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The experimental data of Moreton et al.'® for CO2/H20 adsorption in CALF-20 show strong

thermodynamic non-idealities; their experiments at 298 K are in quantitative agreement with the CBMC

simulations.!” 7!

The breakthrough experimental data of Nguyen et al.!®® for CO2/H20 adsorption in CALF-20

demonstrate the failure of the IAST. CBMC simulations'” 7! provide elucidation and quantification of

thermodynamic non-idealities.
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16 Nomenclature

Latin alphabet

A surface area per kg of framework, m? kg!

A,, 4, Margules parameters, dimensionless

b Langmuir-Freundlich constant, Pa™

C constant used in eq (S39), kg mol’!
fi partial fugacity of species i, Pa
S total fugacity of bulk fluid mixture, Pa

G~ excess Gibbs free energy, J mol!

G, NRTL parameters, dimensionless

n number of species in the mixture, dimensionless
Di partial pressure of species 7, Pa

Dt total system pressure, Pa

P’ sorption pressure, Pa

qi molar loading of species i, mol kg™!

gt total molar loading of mixture, mol kg!

Gisat molar loading of species i at saturation, mol kg™!
R gas constant, 8.314 J mol! K!

S adsorption selectivity, dimensionless

T absolute temperature, K

Vp pore volume, m® kg!

Xi mole fraction of species 7 in adsorbed phase, dimensionless
Vi mole fraction of species 7 in bulk fluid mixture, dimensionless
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Greek letters

a NRTL parameters, dimensionless

v, activity coefficient of component i in adsorbed phase, dimensionless
A, Wilson parameters, dimensionless

K, molar chemical potential, J mol™!

0 fractional pore occupancy, dimensionless
1% Freundlich exponent, dimensionless

z spreading pressure, N m’!

o, framework density, kg m™

7, NRTL parameters, dimensionless

D surface potential, mol kg!

Subscripts

1,j components in mixture

t referring to total mixture

sat referring to saturation conditions
Superscripts

0 referring to pure component loading

ex referring to excess parameter
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