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ABSTRACT: Zeolites have tremendous potential as adsorbents for the selective o
separation and storage of gases in many industrial processes. The extent and

selectivity of gas adsorption are dependent on a number of zeolite properties, P s
such as pore diameter, accessible volume, and silicon-to-aluminum ratio. In Vs Na ‘Mg“
addition, the existence of aluminum in the framework requires the presence of ® @

cations to maintain charge neutrality, and the identity of these extra-framework T ) .Ca2+
cations will also have a significant effect on adsorption. In this work, the Cs*o ‘s:’ .
continuous fractional component Monte Carlo method was used to examine the s

effect of the size and the charge of these cations on the adsorption of a variety of 2 ‘Baﬂ
gases (CH,, N,, and CO,) in two representative zeolite frameworks, clinoptilolite

(heulandite) (CLI) and RHO at 298.15 K, using a range of pressures from 0.1 to )

60 bar for a variety of mono- and divalent cations (Na*, K*, Cs*, Mg**, Ca*", Sr**, 1 ()

and Ba®"). Adsorption calculations in the single-cation systems revealed unique

trends in the size and charge for each gas. To examine the combined effect of multiple cation types, adsorption was calculated at 0.5
and 30 bar in several two-cation systems, in which the effects of the size and charge were isolated and examined. The resulting
adsorption varied linearly with the mole fraction of each two-cation mixture. A linear model is proposed to describe the loading of
gases in CLI and RHO zeolites containing complex cation mixtures. Loading predicted by this model showed excellent agreement
with direct simulation of gas adsorption in randomized seven-cation systems, suggesting that the adsorption effect of each cation is
additive among the zeolite frameworks tested.

1. INTRODUCTION number of possible distinct materials. Extensive work has been
done to characterize and quantify the separation performance of

For many industrial processes, improvements to the selective | Sy
different zeolites both experimentally and computation-

separation and storage of gases can yield significant advantages."

For example, the separation of CO, from air (N, and O,) or ally. "™

natural gas (CH,) has been of long running interest in the The separation performance of zeolites can be optimized
energy industry.m Another example is the Haber—Bosch through the variation of the framework type and extra-
process” in which ammonia must be separated from unreacted framework cation density, the latter resulting from valency,
nitrogen and hydrogen gas. This is typically done through position, and silicon-to-aluminum ratio (the ratio of framework
condensation of the product ammonia from the reactant gases; silicon to aluminum atoms, Si/Al), all of which have been shown
however, this process can be costly to set up and operate. Gas to influence gas adsorption.'>'® One way to characterize these
separation and storage through adsorption can serve as a cheaper properties is to systematically compare gas adsorption in
alternative to current separation methods provided an frameworks exchanged with cations of varying sizes and charge.
appropriate sorbent exists. Common low-cost materials include One conclusion of previous experimental'”'® and computa-
amines and meso- and microporous materials. One such class of tional'”*” studies is that there is a direct relationship between
micropoggus @aterial; are metal organic. frameworks gas adsorption and cation size at constant valency. Lozinska et
(MOFs),” which provide many strong candidates for gas al."” reported such a trend with CO, adsorption in zeolite RHO

storage and separation. Currently, the viability of MOF synthesis
at an industrial scale is not ideal,” and cost reduction must be
assessed on a case-by-case basis.”

Of significant promise are zeolites, a class of microporous
aluminosilicate materials, which are appreciably less expensive
than MOFs while maintaining high gas selectivity in separations.
There are more than 250 zeolite frameworks, both synthetic and
naturally occurring,” and much like MOFs, the properties of
these frameworks are tunable, substantially increasing the

showing higher adsorption in Li* exchanged systems over larger
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alkali metals. Monte Carlo (MC) studies report a similar
relationship in the adsorption of alkanes in MFI'? and N, in
Faujasite (FAU).”!

When considering cation mobility, it was found by Lozinska et
al. that Na* was more readily displaced than Cs*, leading to a
larger than expected increase in CO, adsorption for the Na'-
exchanged framework. Adsorption of N,, an adsorbate with a
larger kinetic diameter and weaker quadrupole moment,*
showed near-zero adsorption due to an inability to displace Na*
or Cs" demonstrating the importance of adsorbate—cation
interactions. Another property that impacts gas adsorption is the
framework flexibility. The RHO framework, for example, has
been shown to undergo a structural transformation upon
dehydration and cation exchange transitioning from the
centrosymmetric Im3m space group to the noncentrosymmetric
I-43m."” At CO, pressures of 2 bar and above, the structure has
been seen to revert back to its ori§inal centrosymmetric form
increasing the adsorption capacity.” In the current study, only
the centrosymmetric Im3m RHO framework is considered and
treated as rigid in order to probe the effect that extra-framework
cation size and charge, independent of framework flexibility,
have on gas adsorption.

Adsorbate—cation interactions have also been shown to play a
significant role alongside steric effects in an MC study published
by Dangi et al.”’ CO, was shown to adsorb based on the cation
size in a Linde-type L (LTL) zeolite when charge balanced with
alkali metal cations with the highest adsorption again observed
in the Li* system. Systems containing alkaline earth metal
cations did not exhibit the same size trend due to the differences
in charge interactions. Partial cation exchange into frameworks
with preexisting cation mixtures has also been studied
experimentally in systems such as clinoptilolite (CLI), a
heulandite (HEU)-type framework that naturally contains
Na*, K%, Ca*, and Mg**. Kennedy et al.”*> measured gas
adsorption in CLI samples partially exchanged with alkali,
alkaline earth, and transition metal cations. The same trend
between cation size and adsorption was observed for CO, in
samples exchanged with alkali metals, with Li* yet again yielding
the highest loading.

Such systematic studies of the effect of cation identity on gas
adsorption have primarily focused on single-cation systems;
however, naturally occurring zeolites generally contain a
complex mixture of extra-framework cations. As a result,
although there is a good understanding of the effect of cation
identity in single-cation zeolites on adsorption, such an
understanding for multication zeolites is lacking. In this work,
MC simulation is used to examine the adsorption of a variety of
gases (CH,, N, and CO,) into CLI and RHO zeolites at a fixed
Si/Al ratio using a variety of monovalent (Na*, K*, and Cs*) and
divalent (Mg**, Ca’*, Sr**, and Ba*") extra-framework cations.
Adsorption was calculated in single-cation systems as well as in
select two-cation combinations. Over most of the gas pressure
range, two-cation adsorption was found to be well approximated
as linear in the cation mole fractions. Motivated by this result, we
propose a linear model for the adsorption of gases in zeolites
with which the loading for an arbitrary multication-type mixture
can be predicted based entirely on the single-cation adsorption
data.

The structure of the article is as follows: The details of the
system setup and subsequent simulations are discussed in
Section 2. In Section 3, the results for the adsorption of selected
gases are presented for both single and two cation-type zeolites.
A linear predictive model for the adsorption of gases is presented
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and tested in Section 4 and in Section 5 we summarize and
conclude.

2. SIMULATION DETAILS

The simulation of gas adsorption into the CLI and RHO
frameworks was carried out using the continuous fractional

(b)

Figure 1. 3 X3 X 4 CLI (a) and 3 X 3 X 3 RHO (b) supercells with
random aluminum distributions and cation compositions.””

component Monte Carlo (CFCMC)** routine within the
RASPA™ package over a pressure range of 0.1—60 bar at
298.15 K. The CFCMC ensemble was chosen over the standard
grand canonical ensemble for its ability to treat inserted
molecules as fractional, a task that is accomplished by
incorporating a coupling parameter, 4, into the MC move-set
that varies continuously from zero to one. This generally
improves the efliciency of particle insertions into dense systems,
as molecules are initially inserted with no interactions (4 = 0)
and are eventually fully turned on (4 = 1) based on the same
acceptance rules as other MC moves. MC moves consisting of
translations, rotations, and reinsertions were used to sample gas
occupancy within each zeolite. For the cations, a combination of
standard translational and large translational moves was applied.
The maximum displacement for standard translational moves
was dynamically optimized to achieve an acceptance ratio of
50%, while the larger translational moves allowed for jumps to
anywhere within the system to enhance ergodicity. The latter
move type is important to consider for systems where some
aluminum sites are unoccupied (i.e., two-cation systems).

In this study, idealized structures for CLI and RHO were
utilized with unit cell parameters taken from the International
Zeolite Association database.”® Real zeolites deviate from these
idealized structures with varying levels of defects that affect the
precise magnitudes of gas adsorption; however, a detailed study
of such effects is beyond the scope of this work, which is focused
on understanding generic aspects of gas adsorption in zeolites
and not on precise predictions of specific systems. The CLI unit
cell is a monoclinic HEU-type structure with a = 17.5230 A, b =

https://doi.org/10.1021/acs.jced.3c00727
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Table 1. Chemical Compounds and Models

chemical name chemical formula CAS no model
CLI-4.6A [(5i0,)(Al0,),IM,, 1318-02-1 Dangi et al.>
RHO-10.8A [(5i0,)(Al0,),IM,, 1318-02-1 Dangi et al.**
methane CH, 74-82-8 TraPPE-UA (Zeo)™*
nitrogen N, 7727-37-9 TraPPE-EH™
carbon dioxide CO, 12-38-9 three-site>®
Table 2. Self-Interaction Parameters and Charges for Cation, CH, N, Co,
6FT T T ] T T | T T ™
Adsorbate, and Adsorbent Atom Types ] -y ey .
3 5 b g i - ;{ -5 ig
atom type o (A) e (K) q (e) 4k e e ES pa 4
hd be - * . *"5_ = =% i§ -
Si 0.0 0.0 24 o3 llET T . ;;‘* T =t iz
Al 0.0 0.0 17 § 2f., 3+ + zg & T, % g
— - =
Ose0 3.04 168.07 -12 2 1§ cu4eA L 33 13 ]
Na* 1.746 50.34 0.7 ] FSUPISUTIIUU - ORI IO - O II IO
K* 2.29 45.04 0.7 £ 10f T T .
+ S gl L 1 Sl
Cs 2724 7.07 0.7 S s P # .
Mg 3.022 55.8 14 6F # 1 FT xF e
T K
Ca™ 34 119.64 1.4 4r : T #F T = cs',
Sr** 3.642 118.19 14 2r * T * T= © o]
’ ’ : « TRHO-108A s * .5
Ba** 3.704 183.09 14 ors . . I . . I, LB
CH, 372 158.5 0.0 01 1 10 01 1 10 01 1 10
Ny, x 3318 36.43 —0.4048 Pressurre (bar)
Ny,—com 0.0 0.0 0.8096 Figure 2. Single-cation adsorption isotherms for CH,, N,, and CO, in
Ceo, 3.830 46.65 0.6512 CLI-4.6A and RHO-10.8A from 0.1 to 60 bar.
Oco, 3.360 76.44 —-0.3256

Table 3. Critical Parameters and Acentric Factors of Gases
Simulated in This Study®®

atom type T. (K) P_ (bar) ®
CH, 190.56 45.99 0.0114
N, 126.19 33.95 0.0372
CO, 304.13 73.77 0.2239

17.6440 A, and ¢ = 7.410 A lattice parameters and a C12/m1
space group. The RHO unit cell is a cubic structure with a lattice
parameter of 14.9190 A and an Im3m space group. The zeolites
examined were held rigid throughout the simulations. 3 X 3 X 4
and 3 X 3 X 3 supercells were constructed (Figure 1) to satisfy
10 and 12 A cutoffs for the van der Waals (vdW) and Coulombic
energy interactions, respectively. All simulations utilized three-
dimensional periodic boundary conditions. Crystallographic
Information Framework (.cif) files for the zeolite structures used
in these simulations are given in the Supporting Information.
Due to the difficulty in measuring aluminum distributions
within zeolites”® and the determination of such a quantity being
outside the scope of this work, the Si/Al ratios for CLI and RHO
were generated by random placement of aluminum within a
silica starting structure. No AlI—O—Al connections were allowed
within the frameworks in accordance with the Lowenstein rule, a
common aluminosilicate convention with some exceptions.29
Any connections that violated this rule after random placement
were removed. Si/Al ratios of 4.6 and 10.8 were constructed for
the CLI and RHO frameworks, which are hereinafter denoted as
CLI-4.6A and RHO-10.8A, respectively. To adequately sample
the available aluminum sites within each framework, ten
replicates of both zeolites were generated. In these materials,
aluminum has an oxidation state of +3, while silicon has +4,
leading to a net-negative charge that is balanced by extra-
framework cations. Equilibration of the extra-framework cation
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positions was carried out by random generation of starting
coordinates, which is different for each replicate, followed by
50,000 cycles of NVT (constant particle number, volume, and
temperature) MC at 500 K using the MC moves previously
described. All cations were observed to rapidly rearrange and
occupy sites nearby aluminum.

Nonbonded interactions were represented by the 12—6 LJ,
with tail corrections, and Coulomb potential energy functions
(eq 1) with cross-terms determined by Lorentz—Berthelot
combining rules (eq 2). Long-range charge interactions were
calculated by using the Ewald summation technique with a
relative precision of 107,

12 6 44
O.. O.. q.
_ ij ij i
o= T X se)| 2| <[ 2| [+ 22
i T Ty T (1)
Gi+6j
KA 5 =N 2)

LJ and charge parameters for all framework and extra-
framework atom types were obtained from a study by Dangi et
al.”” in which good agreement between experimental measure-
ments and MC simulation was reported for N, and CO,
adsorption in various cation-exchanged LTL zeolites. In this
model, all framework atoms possess charge, but only the zeolite
oxygen was considered in the calculation of vdW interactions.

The gases considered in this study were CH,, N,, and CO,,
where the TraPPE United Atom®’ potential optimized for
zeolites,”' —** three-site TraPPE Extended Hydrogen,” and an
atomic point charge model developed from ab initio
calculations® were applied to each, respectively. A summary
of the compounds and forcefield parameters are shown in Tables
1 and 2, respectively. Chemical potentials for each gas over the
specified pressure range were calculated within the RASPA

https://doi.org/10.1021/acs.jced.3c00727
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Table 4. CH,, N,, and CO, Adsorption at Several Pressures and 298.15 K in Single-Cation Systems of CLI-4.6A"

cation pressure (bar)

Na* 0.1
0.5

1

2

S

8

10

20

30

40

S0

60
Cs* 0.1
0.5

Ca* 0.1

Ba>* 0.1

loading (mmol cm™)

CH,
1.73(4)
3.73(2)
4.247(18)
4.610(11)
4.94(2)
5.104(19)
5.182(15)
5.402(18)
5.518(18)
5.597(16)
5.66(2)
5.70(2)
0.866(18)
2.47(3)
3.20(2)
3.84(3)
4.458(16)
4.722(12)
4.80(2)
5.08(3)
5.21(4)
5.29(4)
5.37(2)
5.37(4)
0.86(3)
2.11(4)
2.61(3)
3.12(4)
3.61(4)
3.86(6)
3.98(6)
4.24(7)
4.43(6)
4.59(8)
4.60(8)
4.64(7)
0.76(2)
1.64(3)
2.06(4)
2.39(4)
2.77(4)
2.935(19)
3.01(3)
3.27(3)
3.36(3)
3.45(3)
3.49(3)
3.55(4)

N,
0.353(3)
1.363(18)
2.14(3)
3.01(2)
3.996(13)
4.37(2)
4.531(14)
4.953(10)
5.160(11)
5.29(2)
5.405(17)
5.47(2)
0.1341(14)
0.595(9)
1.051(9)
1.666(16)
2.65(2)
3.14(2)
3.399(19)
4.03(2)
4.36(4)
4.56(3)
4.72(3)
4.87(2)
0.200(9)
0.80(2)
1.30(3)
1.87(4)
2.65(4)
3.09(5)
3.22(3)
3.71(5)
3.96(5)
4.11(8)
421(4)
4.29(6)
0.146(8)
0.59(2)
0.95(3)
1.37(3)
2.00(3)
2.280(18)
2.43(5)
2.82(3)
3.03(4)
3.16(4)
3.23(3)
3.32(5)

co,
1.48(8)
2.88(10)
3.47(8)
3.95(6)
4.47(4)
4.70(3)
4.78(5)
4.99(5)
5.13(4)
5.19(3)
5.21(5)
527(4)
0.33(2)
1.10(5)
1.65(8)
2.22(3)
2.95(4)
3.26(5)
3.39(4)
3.81(5)
4.02(6)
4.12(4)
421(6)
4.23(6)
1.42(8)
2.44(8)
2.81(5)
3.17(9)
3.55(7)
3.66(9)
3.77(7)
3.98(7)
4.02(5)
4.13(7)
4.10(8)
4.21(7)
0.70(6)
1.49(8)
1.82(9)
2.06(5)
2.45(4)
2.58(6)
2.70(6)
2.90(5)
2.93(5)
2.98(7)
3.07(6)
3.06(6)

loading (mmol cm™)

cation pressure (bar) CH, N, Co,

K* 0.1 1.24(3) 0.188(3) 0.55(3)

0.5 3.05(4) 0.806(8) 1.54(4)

1 3.72(2) 1.358(18) 2.25(7)

2 4.24(3) 2.061(18) 2.83(S)

S 4.74(3) 3.12(2) 3.52(4)

8 4.92(3) 3.60(2) 3.78(5)

10 5.007(19) 3.82(2) 3.93(7)

20 5.24(2) 4.396(15) 4.26(4)

30 5.37(3) 4.69(3) 4.43(6)

40 5.41(3) 4.86(2) 4.50(6)

50 5.47(3) 5.00(3) 4.60(5)

60 5.51(3) 5.08(3) 4.64(4)

Mg** 0.1 1.09(4) 0.338(11) 2.32(6)

0.5 2.72(4) 1.248(17) 3.46(9)

1 3.32(3) 1.92(4) 3.80(6)

2 3.79(3) 2.62(3) 4.12(7)

5 4.39(4) 3.53(5) 4.42(6)

8 4.59(5) 3.93(3) 4.47(5)

10 4.73(5) 4.10(3) 4.51(7)

20 5.05(4) 4.56(4) 4.74(5)

30 5.22(8) 4.78(4) 4.78(8)
40 5.31(5) 4.95(7) 4.87(10)

50 5.39(4) 5.06(7) 4.88(9)

60 5.422(5) 5.13(4) 4.94(8)

Sr* 0.1 0.74(3) 0.151(4) 0.86(8)
0.5 1.75(5) 0.61(3) 1.70(10)

1 2.13(4) 1.00(3) 2.11(7)

2 2.54(3) 1.47(4) 2.43(7)

5 3.01(4) 2.15(3) 2.81(9)

8 3.23(5) 2.53(5) 2.97(4)

10 3.32(4) 2.66(5) 3.06(6)

20 3.63(5) 3.13(4) 3.25(8)

30 3.74(4) 3.30(3) 3.35(5)

40 3.89(6) 3.45(4) 3.44(6)

50 3.91(6) 3.58(4) 3.45(5)

60 3.98(6) 3.66(4) 3.55(4)

“The numbers in parentheses represent the 95% confidence level uncertainties in the last digits shown.

software package using the Peng—Robinson equation of state’”

and the corresponding critical parameters (Table 3).*

Gas adsorption was calculated using production runs
consisting of 100,000 MC cycles after 50,000 MC cycles of

equilibration with results averaged over the ten replicate

frameworks. Final results were reported at 95% confidence

using the Student’s ¢-distribution.
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3. RESULTS

3.1. Single-Cation Systems. The observed positions, after
equilibration, for the cations in CLI and RHO qualitatively agree
well with those previously reported.'””**” It is important to
note, however, that the precise characterization of extra-
framework cation sites is outside the scope of this study, and
the zeolites examined are considered only as representative
frameworks to probe the effect of varying cation size and charge.

https://doi.org/10.1021/acs.jced.3c00727
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Table 5. CH,, N,, and CO, Adsorption at Several Pressures and 298.15 K in Single-Cation Systems of RHO-10.8A“

loading (mmol cm™)

cation pressure (bar) CH, N, CO,
Na* 0.1 0.345(5) 0.0733(4) 1.63(7)
0.5 1.603(15) 0.3581(19) 3.92(6)
1 2.86(3) 0.695(3) 5.11(4)
2 4.45(2) 1.307(5) 6.25(5)
S 6.300(10) 2.713(13) 7.40(4)
8 7.006(7) 3.684(11) 7.85(3)
10 7.289(10) 4.179(10) 8.03(5)
20 8.010(8) 5.677(11) 8.45(2)
30 8.333(7) 6.463(11) 8.65(2)
40 8.538(7) 6.949(10) 8.77(2)
50 8.681(8) 7.302(9) 8.84(2)
60 8.785(8) 7.568(5) 8.88(2)
Cs* 0.1 0.273(3) 0.0579(5) 1.23(5)
0.5 1.280(8) 0.2833(18) 2.81(5)
1 2.35(2) 0.551(4) 3.95(5)
2 3.823(19) 1.043(5) 5.31(5)
5 5.77(2) 2.225(7) 6.76(5)
8 6.562(15) 3.090(10) 7.33(5)
10 6.888(14) 3.541(12) 7.59(5)
20 7.705(13) 5.003(16) 8.16(3)
30 8.086(9) 5.816(17) 8.38(3)
40 8.304(7) 6.352(15) 8.55(3)
50 8.461(7) 6.727(13) 8.65(3)
60 8.583(5) 7.030(10) 8.69(2)
Ca** 0.1 0.294(4) 0.0708(7) 2.45(10)
0.5 1.37(2) 0.345(4) 5.00(8)
1 2.45(3) 0.673(8) 6.04(10)
2 3.90(3) 1.260(7) 6.94(8)
S 5.62(4) 2.567(10) 7.93(6)
8 6.33(3) 3.476(17) 8.29(4)
10 6.60(4) 3.93(2) 8.42(10)
20 7.41(4) 5.32(2) 8.82(6)
30 7.77(2) 6.08(3) 9.03(5)
40 7.98(3) 6.553(18) 9.13(4)
50 8.13(2) 6.92(2) 9.16(3)
60 8.26(2) 7.18(2) 9.22(5)
Ba?* 0.1 0.297(5) 0.0700(6) 2.44(12)
0.5 1.39(2) 0.3420(18) 5.13(13)
1 2.45(3) 0.654(4) 5.97(9)
2 3.83(3) 1.229(8) 6.91(6)
5 5.50(4) 2.519(9) 7.84(9)
8 6.18(4) 3.395(12) 8.16(6)
10 6.48(2) 3.85(2) 8.31(8)
20 7.23(3) 5.19(3) 8.72(3)
30 7.55(2) 5.925(19) 8.85(8)
40 7.80(2) 6.409(12) 9.01(5)
50 7.94(3) 6.76(2) 9.051(18)
60 8.08(3) 7.023(11) 9.10(4)

loading (mmol cm™)

cation pressure (bar) CH, N, CO,
K* 0.1 0.303(5) 0.0629(4) 1.33(3)
0.5 1.429(14) 0.3074(18) 3.16(4)
1 2.600(13) 0.595(4) 4.42(7)
2 4.14(3) 1.125(5) 5.74(5)
5 6.053(16) 2.386(12) 7.10(5)
8 6.812(13) 3.298(16) 7.59(3)
10 7.116(10) 3.762(12) 7.80(5)
20 7.878(8) 5.248(12) 8.32(3)
30 8.217(5) 6.054(8) 8.57(3)
40 8.436(10) 6.572(18) 8.70(2)
50 8.583(7) 6.958(13) 8.760(19)
60 8.699(10) 7.246(8) 8.81(3)
Mg* 0.1 0.288(4) 0.0763(6) 2.56(8)
0.5 1.368(13) 0.370(2) 5.09(12)
1 2.488(18) 0.716(7) 6.10(8)
2 3.98(4) 1.331(10) 7.01(10)
S 5.80(3) 2.708(14) 7.99(7)
8 6.57(3) 3.64(2) 8.38(5)
10 6.87(3) 4.123(17) 8.53(4)
20 7.67(2) 5.565(15) 8.92(3)
30 8.02(3) 6.332(16) 9.11(5)
40 8.250(11) 6.823(15) 9.19(4)
50 8.431(9) 7.19(2) 9.26(3)
60 8.542(19) 7.450(15) 9.29(3)
Sr*t 0.1 0.286(3) 0.0688(6) 2.453(10)
0.5 1.34(2) 0.335(3) 5.042(10)
1 2.41(2) 0.646(8) 6.00(12)
2 3.79(2) 1.209(8) 6.88(10)
5 5.52(2) 2.500(17) 7.80(6)
8 6.21(3) 3.380(16) 8.22(8)
10 6.48(2) 3.829(12) 8.35(6)
20 7.24(4) 521(3) 8.76(7)
30 7.61(2) 5.946(17) 8.87(6)
40 7.82(2) 6.43(2) 9.02(6)
50 8.00(3) 6.77(2) 9.08(6)
60 8.15(2) 7.049(13) 9.15(3)

“The numbers in parentheses represent the 95% confidence level uncertainties in the last digits shown.

The adsorption of CH,, N,, and CO, was calculated over a
pressure range of 0.1—60 bar in seven single-cation systems with
clear trends in the cation size and charge observed (Figure 2; raw
data values are found in Tables 4 and S). These trends were
more pronounced in the CLI framework than the RHO
framework, most likely due to their respective 2-dimensional
and 3-dimensional pore structures.

In the case of CH,, whose TraPPE model contains no partial
charges, only cation size effects were observed. The magnitude
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of adsorption for CH, decreased with an increasing cation
diameter, 6. Adsorption in the Cs* and Mg>" systems was seen to
be similar, however. This can be explained by the relative radii
and attractive potential of each cation based on the applied
interaction parameters, with Mg** being larger but more
attractive and Cs™ being smaller but less attractive. The same
ordering of adsorption was observed for the CLI and RHO
frameworks.

https://doi.org/10.1021/acs.jced.3c00727
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Figure 3. Dependence of adsorption on the cation mole fraction for
CH,, N, and CO, in binary cation CLI-4.6A systems at 0.5 bar (top
row) and 30 bar (bottom row).

The three-site TraPPE-EH model of N, possesses partial
charges that emulate its small quadrupole moment. Saturation
was not reached in either framework at 60 bar. In the CLI
framework, the overall adsorption was slightly less than that of
CH,, the isotherms were more evenly separated, and the
adsorption within the Mg** framework was enhanced. In the
RHO framework, a notable shift in adsorption is observed. Here,
it is now seen that K* is lowered to values similar to Ca>* and Cs*
to that of Sr** and Ba>" due to the combined effect of the cation
size and charge.
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Figure 4. Dependence of adsorption on the cation mole fraction for
CH,, N,, and CO, in binary cation RHO-10.8A systems at 0.5 bar (top
row) and 30 bar (bottom row).

CO, is larger in size than N, and has a larger and more charge
interactive quadrupole moment. Loading within the CLI
framework showed trends similar to those seen for N,
adsorption with a notable increase in the Ca** system relative
to Cs*. In the RHO framework, CO, adsorption was overall
higher in the divalent cation systems compared to that in the
monovalent systems, resulting from increased charge inter-
actions. Additionally, adsorption was seen to decrease with the
increasing cation radius for both the mono- and divalent
systems.

Table 6. CH,, N,, and CO, Adsorption at 0.5 and 30 bar and 298.15 K in Binary Cation Systems of CLI-4.6A“

cation mole

cation mole

cations fraction loading (mmol cm™) cations fraction loading (mmol cm™)
pressure
(bar) XY X, Y CH, N, CO, X, Y X, Y CH, N, CO,
0.5 Na*, Cs* 1.0, 0.0 3.73(2) 1.363(18)  2.88(10)  Mg*, Sr** 1.0, 0.0 2.72(4)  1.248(17)  3.46(9)
0.8,0.2 3.50(3) 1202(19)  2.43(3) 0.8,0.2 2.56(5)  1.122(14)  3.16(5)
0.6, 0.4 3.24(3) 1.029(12)  2.12(6) 0.6, 0.4 2.33(6)  1.00(3) 2.80(5)
0.4, 0.6 3.00(5) 0.865(13)  1.71(8) 0.4, 0.6 2.11(3)  0.875(14)  2.46(7)
0.2,0.8 2.77(S) 0.735(8) 1.38(5) 02,08 1.90(5)  0.75(3) 2.08(6)
0.0, 1.0 2.47(3) 0.595(9) 1.10(5) 0.0, 1.0 1.75(5)  0.61(3) 1.70(10)
K, Ca?* 1.0, 0.0 3.05(4) 0.806(8) 1.54(4) Ca*, Ba?* 1.0, 0.0 2.11(4)  0.80(2) 2.44(8)
0.8,0.2 2.86(4) 0.80(2) 1.81(S) 0.8,0.2 1.98(5)  0.76(2) 2.29(10)
0.6, 0.4 2.65(4) 0.799(14)  2.02(9) 0.6, 0.4 192(3)  0.73(3) 2.07(8)
0.4, 0.6 2.45(5) 0.792(19)  2.26(8) 0.4, 0.6 1.85(7)  0.672(16)  1.83(5)
0.2,0.8 2.30(5) 0.81(3) 2.35(5) 02,08 1.75(6)  0.62(3) 1.67(9)
0.0, 1.0 2.11(4) 0.80(2) 2.44(8) 0.0, 1.0 1.64(3)  0.59(2) 1.49(8)
30 Na*, Cs* 1.0, 0.0 5.518(18)  S5.159(11)  5.13(4) Mg*, Sr** 1.0, 0.0 522(8)  4.78(4) 4.78(8)
0.8,0.2 5.46(3) 5.000(17)  4.90(5) 0.8,0.2 491(3)  4.50(6) 4.55(7)
0.6, 0.4 5.39(3) 4.87(2) 4.68(4) 0.6, 0.4 4.65(4)  4.20(4) 4.22(3)
0.4, 0.6 5.33(5) 4.70(20) 4.48(4) 0.4, 0.6 443(4)  3.87(4) 3.92(6)
0.2,0.8 5.28(4) 4.542(14)  4.23(6) 0.2,0.8 4.08(5)  3.60(6) 3.61(5)
0.0, 1.0 5.21(4) 4.36(4) 4.02(6) 0.0, 1.0 3.74(4)  3.30(3) 3.35(5)
K*, Ca** 1.0, 0.0 5.37(3) 4.69(3) 4.43(6) Ca*, Ba** 1.0, 0.0 4.43(6)  3.40(5) 4.02(5)
0.8, 0.2 5.21(4) 4.54(3) 4.37(3) 0.8, 0.2 423(5)  3.73(6) 3.80(10)
0.6, 0.4 5.03(7) 4.40(3) 4.32(6) 0.6, 0.4 4.00(7)  3.56(6) 3.65(7)
0.4, 0.6 4.83(6) 4.25(3) 4.24(9) 0.4, 0.6 3.83(4)  3.39(3) 3.40(6)
0.2,0.8 4.68(5) 4.09(6) 4.12(7) 02,08 3.60(3)  3.19(3) 3.15(6)
0.0, 1.0 4.43(6) 3.96(5) 4.02(5) 0.0, 1.0 3.36(3)  3.03(4) 2.93(5)

“The numbers in parentheses represent the 95% confidence level uncertainties in the last digits shown.
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Table 7. Randomly Generated Cation Mole Fractions for
CLI-4.6A and RHO-10.8A

CLI-4.6A RHO-10.8A
cation cation cation
mole fraction mole fraction
Na* 0.130 0.118
K* 0.113 0.109
Cs* 0.226 0.209
Mg** 0.174 0.182
Ca** 0.130 0.145
Na 0.061 0.055
Ba>* 0.165 0.182

3.2. Two-Cation Systems. To determine how cation effects
combine to influence adsorption, several two-cation systems
were simulated at 0.5 and 30 bar (Figures 3 and 4; raw data
values are found in Tables 6 and 8). This analysis serves to fill in
the gaps that separate the single-cation isotherms. The results
are represented as independent single-cation systems gradually
becoming a different single-cation system through 0.2 mol
fraction increments of the intermediate two-cation mixtures (X
— Y). The «x-axis in Figures 3 and 4 gives the increasing mole
fraction of the “Y” cation, where zero and one are the single-
cation adsorptions of the “X” and “Y” cations, respectively, from
Figure 2. Mixtures containing cations of similar charge but
differing size and differing charge were examined.

The approximate linearity of every system tested seems to
suggest that the adsorption effect that each cation contributes is
approximately additive at both low and high pressure. The
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Figure 5. Comparison of simulated (black) and predicted (red)
adsorption for CH,, N,, and CO, random CLI-4.6A (top row) and
RHO-10.8A (bottom row) systems.

slopes of the data shown also agree with the direction that the
single-cation isotherms would suggest between the cation pair.

4. LINEAR MODEL

If one assumes that the adsorption effect of the cations in higher
order mixtures remains additive, then the single-cation
isotherms would contain all the information needed to predict
the results of simulating those mixtures. Equations 3 and 4 show
how the adsorption in such mixtures and its variance can be
calculated by summing together the adsorption in single-cation

Table 8. CH,, N,, and CO, Adsorption 0.5 and 30 bar and 298.15 K in Binary Cation Systems of RHO-10.8A"

cation mole cation mole
cations fraction loading (mmol cm™) cations fraction loading (mmol cm™)
pressure
(bar) XY X, Y CH, N, CoO, X, Y X, Y CH, N, CO,
0.5 Na*, Cs* 1.0, 0.0 1.603(15)  0.3581(19)  3.92(6) Mg, Sr** 1.0, 0.0 1.367(13)  0.370(2) 5.09(12)
0.8,0.2 1.563(10)  0.3410(12)  3.67(5) 0.8,0.2 1.373(14)  0.362(3) 5.02(6)
0.6, 0.4 1.496(12)  0.3263(15)  3.48(7) 0.6, 0.4 1.365(8) 0.356(3) 4.98(12)
04, 0.6 1.440(13)  0.3132(15)  3.25(6) 0.4, 0.6 1.36(2) 0.349(3) 4.95(12)
0.2,0.8 1.367(10)  0.2968(19)  3.03(8) 0.2,0.8 1.343(7) 0.341(3) 5.02(15)
0.0, 1.0 1.280(8) 0.2833(18)  2.81(5) 0.0, 1.0 1.34(2) 0.335(3) 5.04(10)
K*, Ca* 1.0, 0.0 1.429(14)  0.3074(18)  3.16(4)  Ca®, Ba™ 1.0, 0.0 1.37(2) 0.345(4) 5.00(8)
0.8,0.2 1.440(11)  0.3140(18)  3.51(8) 0.8,0.2 1.35(7) 0.344(2) 4.99(11)
0.6, 0.4 1.404(9) 0.322(3) 3.91(12) 0.6,0.4 1.341(17)  0.341(3) 4.98(11)
0.4, 0.6 1.392(13)  0.329(2) 425(11) 0.4, 0.6 1.375(11)  0.341(3) 5.07(7)
0.2,0.8 1.385(18)  0.337(3) 4.68(10) 0.2,0.8 1.359(14)  0.341(3) 5.07(8)
0.0, 1.0 1.37(2) 0.345(4) 5.00(8) 0.0, 1.0 1.40(2) 0.3420(18)  S5.13(13)
30 Na*, Cs* 1.0, 0.0 8.333(7) 6.463(11) 8.65(2)  Mg™, Sr** 1.0, 0.0 8.02(3) 6.332(16) 9.11(5)
0.8,0.2 8.287(5) 6.335(13) 8.61(3) 0.8,0.2 7.987(17)  6.24(3) 9.08(4)
0.6, 0.4 8.241(4) 6.210(9) 8.56(3) 0.6, 0.4 7.889(17)  6.17(2) 9.01(7)
0.4, 0.6 8.185(5) 6.083(12) 8.51(4) 0.4, 0.6 7.79(2) 6.085(16) 9.00(5)
02,0.8 8.137(5) 5.950(18) 8.47(3) 0.2,0.8 7.687(19)  6.016(14) 8.97(7)
0.0, 1.0 8.086(9) 5.816(17) 8.38(3) 0.0, 1.0 7.61(2) 5.946(17) 8.87(6)
K*, Ca** 1.0, 0.0 8.217(5) 6.053(8) 8.57(3)  Ca¥, Ba®* 1.0, 0.0 7.77(2) 6.08(3) 9.03(5)
0.8,0.2 8.130(15)  6.058(16) 8.61(4) 0.8,0.2 7.74(2) 6.035(18) 8.98(3)
0.6, 0.4 8.050(10)  6.049(17) 8.74(3) 0.6, 0.4 7.68(2) 6.014(17) 8.95(6)
0.4,0.6 7.963(15)  6.054(18) 8.81(4) 0.4, 0.6 7.643(19)  5.98(2) 8.95(8)
0.2,0.8 7.89(2) 6.06(2) 8.91(3) 0.2,0.8 7.614(15)  5.952(9) 8.89(7)
0.0, 1.0 7.77(2) 6.08(3) 9.03(5) 0.0, 1.0 7.55(2) 5.925(19) 8.85(8)

“The numbers in parentheses represent the 95% confidence level uncertainties in the last digits shown.
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Table 9. CH,, N,, and CO, Adsorption at Several Pressures and 298.15 K in Random Cation Compositions of CLI-4.6A and

RHO-10.8A“
simulation linear model simulation linear model
adsorbate pressure (bar) CLI-4.6A CLI-4.6A RHO-10.8A RHO-10.8A
loading (mmol cm™2) loading (mmol cm™) loading (mmol cm™2) loading (mmol cm™)
CH, 0.1 1.01(2) 1.034(12) 0.292(3) 0.2957(16)
0.5 2.53(2) 2.516(13) 1.387(10) 1.387(6)
1 3.09(5) 3.087(11) 2.500(13) 2.498(10)
2 3.62(3) 3.563(13) 3.97(2) 3.970(12)
5 4.08(4) 4.063(13) 5.79(2) 5.785(11)
8 4.34(5) 4.274(13) 6.535(14) 6.521(10)
10 4.45(4) 4.368(15) 6.83(3) 6.818(10)
20 4.74(6) 4.637(15) 7.595(13) 7.600(10)
30 4.86(4) 4.77(2) 7.966(19) 7.948(7)
40 4.92(5) 4.866(17) 8.183(13) 8.170(7)
50 5.02(6) 4.921(16) 8.352(13) 8.329(6)
60 5.04(4) 4.958(17) 8.470(19) 8.450(7)
N, 0.1 0.213(4) 0.216(13) 0.0681(6) 0.068(4)
0.5 0.851(18) 0.86(2) 0.332(2) 0.333(9)
1 1.370(15) 1.39(3) 0.643(4) 0.644(13)
2 2.01(2) 2.02(3) 1.203(9) 1.210(12)
5 2.89(4) 2.90(3) 2.508(8) 2.506(15)
8 3.32(3) 3.31(3) 3.404(10) 3.41(2)
10 3.51(3) 3.49(3) 3.87(2) 3.87(2)
20 4.01(4) 3.99(3) 5.28(2) 5.30(2)
30 427(5) 424(3) 6.08(2) 6.08(2)
40 4.44(5) 4.40(4) 6.570(18) 6.50(S)
50 4.55(4) 4.52(3) 6.934(10) 6.94(2)
60 4.61(5) 4.61(4) 7.207(9) 7.06(11)
CO, 0.1 1.12(5) 1.09(4) 1.94(7) 1.99(6)
0.5 2.15(9) 2.07(5) 4220(11) 4.25(5)
1 2.55(6) 2.54(4) 5.33(9) 5.31(5)
2 2.99(9) 2.96(4) 6.41(7) 6.39(5)
5 3.48(7) 3.46(4) 7.52(8) 7.52(4)
8 3.73(8) 3.64(4) 7.99(6) 7.95(4)
10 3.77(6) 3.74(4) 8.15(4) 8.13(5)
20 4.07(6) 4.01(4) 8.59(4) 8.49(7)
30 4.12(8) 4.12(4) 8.77(3) 8.68(8)
40 4.25(6) 4.20(4) 8.90(4) 8.90(3)
50 4.22(3) 4.25(4) 8.97(3) 8.97(3)
60 4.34(7) 4.30(4) 9.04(2) 9.01(3)

“The numbers in parentheses represent the 95% confidence level uncertainties in the last digits shown.

systems, [, multiplied by the mole fractions present in the

mixture, x;.

L= Z xl;

i (3)

8L = ) (x0l)
i 4)

To test this approach, random cation mixtures made up of all
seven cations explored in this study were created for CLI-4.6A
and RHO-10.8A. This was done by normalizing a set of seven
randomly generated numbers to ensure that the total mole
fraction for the cation mixture was added to one (Table 7).

These systems were built and equilibrated with the procedure
detailed previously, and isotherms from 0.1 to 60 bar were
calculated (Figure S, black; raw data values given in Table 9).
The single-cation adsorption values were then used in eqs 3 and
4 alongside the randomly generated mole fractions to predict the
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adsorption and its uncertainty over the same pressure range
(Figure S, red; raw data values are found in Table 9).

The final isotherms are in excellent agreement, suggesting that
for the zeolites considered in this study, the adsorption effects of
cations up to a seven-cation mixture can be well approximated as
additive in the absence of a significant structural change. Note
that the application of this linear model does not necessarily
require evaluation of the single-cation adsorption data. For a
system with n cations, it is sufficient to have adsorption data
from n linearly independent sets of cation compositions for a
given zeolite to calculate the linear coefficients in eq 3.

5. CONCLUSIONS

The cation dependence of CH,, N,, and CO, gas adsorption was
explored through single-, two-, and seven-cation systems within
CLI-4.6A and RHO-10.8A frameworks. Clear trends relating to
the size and charge of each cation relative to the adsorbate were
observed in both the single- and two-cation systems. The mole
fraction dependence of the two-cation adsorption was seen to be
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linear to a good approximation, suggesting that the combined
effect on adsorption from each cation is approximately additive.
This linearity suggests that the adsorption of gases in natural
zeolites with mixed cation types can reasonably be approximated
from measurements of single-cation adsorption. This was
confirmed by calculating the gas adsorption within randomly
generated seven-cation zeolites both through direct simulation
and by application of a linear model based on single-cation
simulations. Excellent agreement was seen between the
simulated and predicted results.

Given the limitations and approximations in this work (a
limited number of framework structures and Si/Al ratios, as well
as the use of model potentials and idealized structures),
additional simulation studies (e.g., on a wider range of Si/Al
values and zeolite topologies) as well as experimental validation
would be beneficial. Also, as gas separations are combined
thermodynamic and kinetic processes, the cation dependence of
gas diffusion would be a logical next step.
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