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A B S T R A C T

Microporous crystalline adsorbents such as zeolites, and metal-organic frameworks (MOFs) have potential use in
a wide variety of separations applications. In applications such as CO2 capture, the Ideal Adsorbed Solution
Theory (IAST) often fails to provide a quantitative description of mixture adsorption equilibrium especially in
cation-exchanged zeolites. The failure of the IAST is ascribable to non-compliance with one or more tenets
mandated by the IAST such as (a) homogeneous distribution of adsorbates within the pore landscape, (b) no
preferential location of guest species, and (c) absence of molecular clustering due to say hydrogen bonding. The
focus of this article is on the reliability of the Real Adsorbed Solution Theory (RAST) models for quantitative
estimation of adsorption equilibrium. Configurational-Bias Monte Carlo (CBMC) simulations are undertaken to
determine the adsorption equilibrium for ternary CO2/CH4/N2, CO2/CH4/C3H8, CO2/CH4/H2, and water/
methanol/ethanol mixtures in NaX, LTA-4A, CHA, DDR, and MFI zeolites. Additionally, CBMC simulations of the
constituent binary pairs are used to determine the Wilson or NRTL parameters, taking due account of the
dependence of the activity coefficients on the spreading pressure. Use of the binary pair Wilson or NRTL pa-
rameters allows the estimation of ternary mixture adsorption equilibrium, that is tested against the CBMC data
on component loadings. In all investigated guest/host combinations, the RAST provides a good estimation of
ternary mixture adsorption equilibrium.

1. Introduction

Microporous adsorbents such as zeolites, and metal-organic frame-
works (MOFs) offer energy-efficient alternatives to conventional sepa-
ration technologies such as distillation. There has been a tremendous
upsurge in research on the development of MOFs for a variety of ap-
plications such as CO2 capture, alkene/alkane, alkyne/alkene, water/
alcohol mixture separations. For n-component mixture adsorption, the
selectivity of guest constituent i with respect to another guest constitu-
ent j, in that mixture, Sads,ij, is defined by

Sads,ij =
qi
/
qj

fi
/
fj
=

qi
/
qj

yi
/
yj

(1)

where qi, qj are the molar loadings of the constituents i and j, in the
adsorbed phase in equilibrium with the bulk fluid phase mixture having
partial fugacities fi, fj and mole fractions in the bulk phase mixture yi =
fi /ft ; ft =

( ∑n
k=1 fk

)
. For estimation of the component loadings and

selectivity, Sads,ij, it is common practice to use the Ideal Adsorbed

Solution Theory (IAST) [1,2] that requires the unary isotherm data as
inputs.

The Myers-Prausnitz development of the IAST [1] is based on the
analog of Raoult’s law for vapor-liquid equilibrium, i.e.

fi = P0i xi; i = 1, 2, ...n (2)

where xi are the mole fractions in the adsorbed phase mixture

xi = qi/qt ; qt = q1 + q2 + ...+ qn; i = 1, 2, ..n (3)

and P0i is the pressure for sorption of every component i, which yields the
same spreading pressure, π, for each of the pure components, as that for
the mixture:

πA
RT

=

∫P
0
1

0

q01(f)
f

df =
∫P

0
2

0

q02(f)
f

df =
∫P

0
3

0

q03(f)
f

df = ... (4)

In Eq. (4), A represents the surface area per kg of framework, and
q0i (f) is the pure component adsorption isotherm; the superscript 0 is
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used to emphasize that q0i (f) relates the pure component loading to the
bulk fluid fugacity. Since the surface area A is not directly accessible
from experimental data, the surface potential, [3,4] πA

RT ≡ Φ, with the
units mol kg-1, serves as a convenient and practical proxy for the
spreading pressure, π [3,5-7].

For multicomponent mixture adsorption, each of the equalities on
the right side of Eq. (4) must be satisfied. These constraints may be
solved using a suitable equation solver, to yield the set of values of P01,
P02, P03,..P0n , all of which satisfy Eq. (4). The corresponding values of the
integrals using the P0i as upper limits of integration must yield the same
value of the surface potential Φ for each component; this ensures that
the obtained solution is the correct one.

The adsorbed phase mole fractions xi are then determined from

xi = fi
/
P0i ; i = 1,2, ...n (5)

The applicability of Eq. (5) 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 adsor-
bates within the pore landscape, with no preferential locations of any
guest species.

In view of Eqs. (3), and (5), we re-write Eq. (1), as the ratio of the
sorption pressures

Sads,ij = P0j
/
P0i (6)

Applying the restriction specified by Eq. (4), it follows that Sads,ij is
uniquely determined by the surface potential Φ; this has been estab-
lished for a large number of guest/host combinations [7,8]. It is
important to note that Eq. (6) 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 direct influence of the adsorption
selectivity Sads,12 = P02 /P01 for the 1–2 pair, except for the fact that the
surface potential Φ that satisfies Eq. (4) is altered due to presence of
component 3.

A further key assumption of the IAST is that the adsorption en-

thalpies and surface areas of the adsorbed molecules do not change upon
mixing with other guests. If the total mixture loading is qt, the area
covered by the adsorbed mixture is A

qt with units of m
2 (mole mixture)− 1.

Therefore, the assumption of no surface area change due to mixture
adsorption translates as A

qt =
Ax1

q01(P
0
1)
+ Ax2

q02(P
0
2)
+ ⋯ Axn

q0n(P0n)
; the total mixture

loading is qt = q1 + q2...+ qn is calculated from

1
qt

=
x1

q01
(
P01
)+

x2
q02
(
P02
)+ ....+

xn
q0n
(
P0n
) (7)

in which q01
(
P01
)
, q02

(
P02
)
,… q0n

(
P0n
)
are determined from the unary

isotherm fits, using the sorption pressures for each component P01, P02,
P03,..P0n , that are available from the solutions to Eq. (4). The occurrence of
molecular clustering and hydrogen bonding should be expected to
invalidate the applicability of Eq. (7) 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.

The ratio of the total mixture loading, qt, to the saturation capacity of
the mixture, qsat,mix is the fractional pore occupancy, θ, that is relatable
to Φ as follows (see the SI for complete derivation)

θ ≡ qt
/
qsat,mix = 1 − exp

(
− Φ

/
qsat,mix

)
(8)

where the saturation capacity qsat,mix may be estimated from the satu-
ration capacities of the constituent guests

1
qsat,mix

=
∑n

k=1

xk
qk,sat

(9)

The surface potential Φ is therefore also interpretable as a proxy for
the pore occupancy, θ.

Despite the widespread usage of the IAST, a limited number of
experimental investigations have found that IAST estimates of compo-
nent loadings for mixture adsorption are not in quantitative agreement
with experimental data. These studies include adsorption of binary CO2/
N2 [9,10], CO2/CH4, [4,10-13], CO2/C3H8 [3,14-16], CO2/C2H4

Nomenclature

Latin alphabet
A surface area per kg of framework, m2 kg-1

C constant used in Eqs. (11) and (13), kg mol-1

fi partial fugacity of species i, Pa
ft total fugacity of bulk fluid mixture, Pa
Gex excess Gibbs free energy, J mol-1

Gij NRTL parameters, dimensionless
n number of species in the mixture, dimensionless
P0i sorption pressure, Pa
qi molar loading of species i, mol kg-1

q0i (f) pure component adsorption isotherm for i, mol kg-1

qt total molar loading of mixture, mol kg-1

qsat,mix saturation capacity of mixture, mol kg-1

R gas constant, 8.314 J mol-1 K-1

Sads adsorption selectivity, dimensionless
T absolute temperature, K
xi mole fraction of species i in adsorbed phase, dimensionless

yi mole fraction of species i in bulk fluid mixture,
dimensionless

Greek alphabet
α NRTL parameters, dimensionless
γi activity coefficient of component i in adsorbed phase,

dimensionless
Λij Wilson parameters, dimensionless
θ fractional occupancy, dimensionless
π spreading pressure, N m-1

Φ surface potential, mol kg-1

Subscripts
i,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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[17-20], C2H4/iso-C4H10 [21], CO2/H2S [16], and H2S/C3H8 [16] mix-
tures in cation-exchanged zeolites such as NaX (commonly known by its
trade name 13X), LTA-4A, LTA-5A, H-ZSM-5, and H-MOR. Experimental
data on adsorption of water/alcohol mixtures clearly demonstrate the
failure of the IAST for variety of host materials [22-26]. A limited
number of experimental studies report the failure of the IAST for ternary
mixtures: CO2/CH4/N2 in NaX [10], CO2/C2H4/C2H6 in NaX [3],
CO2/C2H4/C3H8 in NaX [14], CO2/C3H6/C3H8 in NaX [14],
CO2/C2H4/C3H8 in HZSM-5, and CO2/H2S/C3H8 in H-MOR [16]. A
detailed RAST analysis of published experimental data is provided in
Figures S113 – S147.

Noteworthily, the analyses of the cited experimental studies have
often included Real Adsorbed Solution Theory (RAST) models for the
activity coefficients, γi, determined from

γi =
fi

P0i xi
(10)

Unlike the description of non-idealities in bulk fluid phase mixtures,
models for the activity coefficients, γi, in the adsorbed phase must
include the dependence of γi on the pore occupancy. For example, the
Wilson model for adsorption of n-component mixtures is described by a
set of parameters Λij; C

ln(γi) =

⎛

⎜
⎜
⎝1 − ln

(
∑n

j=1
xjΛij

)

−
∑n

k=1
xk

Λki
∑n

l=1
xlΛkl

⎞

⎟
⎟
⎠(1 − exp(− CΦ)); Λii

≡ 1; i = 1,2, ...n
(11)

The inclusion of the correction factor (1 − exp(− CΦ)) imparts the
correct limiting behaviors for the activity coefficients in the Henry
regime at vanishingly small pore occupancies

Φ→0; θ→0; γi→1 (12)

Our earlier works [26-28] have underscored the need for including
the correction factor (1 − exp(− CΦ)) in RAST modelling, though this
correction is often ignored in many published works [29-32].

A comparison of Eqs. (8), (9), and (11) shows that the factor C may
well be identified with the inverse of the saturation capacity of n-
component mixture qsat,mix. Therefore, it is possible to make estimates of
the parameter C, by using the unary isotherm fits to determine the
saturation capacities of each component, qi,sat ; more detailed discussions
are provided in the Supplementary Material accompanying this article.

The corresponding NRTL model for activity coefficients is

ln(γi) =

⎡

⎢
⎢
⎢
⎣

∑n

j=1
xjτjiGji

∑n

k=1
xkGki

+
∑n

j=1

xjGij
∑n

k=1
xkGkj

⎛

⎜
⎜
⎝τij −

∑n

l=1
xlτljGlj

∑n

k=1
xkGkj

⎞

⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎦
(1 − exp(− CΦ))

Gij = exp
(
− αijτij

)
; αij = αji; τii = 0; Gii = 1

(13)

For calculation of the total mixture loading we need to replace Eq.
(7) by

1
qt

=
∑n

i=1

xi
q0i
(
P0i
)+

∂(Gex/RT)
∂Φ

⃒
⃒
⃒
⃒
T,x

(14)

With the introduction of activity coefficients, the expression for the
adsorption selectivity for the i-j pair in an n-component mixture is

Sads,ij =
qi
/
qj

fi
/
fj
=
xi
/
xj

fi
/
fj
=

P0j γj
P0i γi

(15)

Since the activity coefficients are composition dependent, the
adsorption selectivity is also composition dependent, and Sads is not

Fig. 1. Radial distribution of guest pairs determined from CBMC simulations
for adsorption of (a) CO2/N2, (b) CO2/CH4, and (c) CO2/C3H8 mixtures in NaX
zeolite (106 Si, 86 Al, 86 Na+, Si/Al=1.23) at 300 K. The samples were taken up
to a radial distance of 12 Å, but the x-axis has been truncated at 8 Å because
only the first peaks are of interest in the discussions. All simulation details are
provided in the Supplementary Material accompanying this publication.
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uniquely related to the surface potential, Φ, as is the case for the IAST.
The key question addressed in this article is: Is it possible to make

good estimates of adsorption equilibrium in ternary mixtures using as
inputs data on the RAST models for the constituent binary pairs of guest
molecules? To address this query, we resort to Configurational-Bias
Monte Carlo (CBMC) simulations of the ternary mixture adsorption
equilibrium for CO2/CH4/N2, CO2/CH4/C3H8, CO2/CH4/H2, and water/
methanol/ethanol mixtures in five different host materials: NaX, LTA-
4A, CHA, DDR, and MFI zeolites. In each case, CBMC data were also
determined for the constituent binary pairs in order to determine the
appropriate Wilson or NRTL parameters for modeling the activity co-
efficients. The CBMC simulations are performed using the methodology
that is firmly established in the literature [33-35]; details are provided in
the Supplementary Material accompanying this publication, that also
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 RAST calculations for mixture adsorption equilibrium, (c)

unary isotherm fit parameters, (d) Wilson/NRTL parameters fits for
thermodynamic non-idealities, (e) plots of CBMC simulation data and
comparisons with IAST/RAST estimates, and (f) RAST analysis of pub-
lished experimental data on mixture adsorption.

2. Inhomogeneous distribution of guests in NaX zeolite

NaX zeolite is the benchmark adsorbent for post-combustion CO2
capture, with the ability to meet the U.S. Department of Energy (US-
DOE) targets for CO2 purity and recovery [9]. NaX is a Na+ cation
exchanged FAU (= faujasite) zeolite with cages of 786 Å3vol, separated
by 7.4 Å 12-ring windows. 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. The failure of the IAST to provide a
quantitative description of mixture adsorption in NaX zeolite, as re-
ported in several experimental studies [3,4,9-14] is traceable to the use
of Raoult’s law analog, Eq. (2), whose applicability mandates that all of

Fig. 2. 3D plots of CBMC data on excess Gibbs free energy Gex/RT for CO2(1)/CH4(2) mixture adsorption in NaX zeolite at 300 K, plotted as function of the surface
potential, Φ, and the mole fraction of CO2 in the adsorbed phase mixture, x1. The 3D mesh is constructed using the Wilson parameters provided in Table S10. All
simulation details are provided in the Supplementary Material accompanying this publication.
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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. To test this requirement,
CBMC simulation data on the spatial locations of the guest molecules
were sampled to determine the inter-molecular distances. By sampling a
total of 105 equilibrated simulation steps, the radial distribution of the
separation distances between the various molecular pairs were deter-
mined for CO2/N2, CO2/CH4, and CO2/C3H8 mixtures. The data on the
radial distribution functions (RDF) are presented in Fig. 1a,b,c. If we
compare the first peaks, it is noteworthy that for all three mixtures, 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, CO2–CH4, and CO2–C3H8 separation dis-
tances are significantly larger than the corresponding CO2–CO2 sepa-
ration distances. This implies that the partner molecules, N2, CH4, and
C3H8, endure less severe competitive adsorption with CO2 than is
anticipated by the IAST; as a consequent, the IAST over-estimates the
values of Sads; see Figures S47 – S62.

For quantifying departures from idealities, Fig. 2 plots CBMC data for
the excess Gibbs free energy Gex /RT = x1ln(γ1) + x2ln(γ2) for CO2/CH4
mixture adsorption in NaX zeolite at 300 K. The CBMC data clearly show
that Gex/RT depends on both the surface potential, Φ, and mole fraction
of CO2 in the adsorbed phase, x1. The entire CBMC data set resides on a

3D surface mesh created from the fitted Wilson parameters in Table S10:
C = 0.142; Λ12 = 0; Λ21 = 5.715. The 3D surface plot clearly shows
that Φ→0; θ→0; γi→1; Gex /RT→0. Also, for a fixed value of the
surface potential, Φ, we have the limiting characteristics:
xi→1; γi→1 Gex /RT→0. An analogous plot for CO2/C3H8 mixture
adsorption in NaX zeolite is presented in Figure S54.

CBMC simulations for CH4(1)/C3H8(2) mixtures in NaX (see
Figure S57) show that the IAST provides a reasonably good description
of adsorption equilibrium, because both alkanes are homogeneously
distributed within the pore landscape.

CBMC simulations were carried out for 10/70/20 CO2(1)/CH4(2)/
C3H8(3) mixtures in NaX at 300 K for a range of total fugacities, ft. In
Fig. 3, the excess Gibbs free energy Gex/RT determined from CBMC data
are plotted in 3D space as function surface potential, Φ, and mole
fraction of CO2 in the adsorbed phase, x1. The continuous solid line
represents the ternary RAST Wilson calculations, using Eq. (11). The
Wilson parameters for the binary pairs Λ12,Λ21,Λ13,Λ31,Λ23,Λ32 are
taken to be the same as for the corresponding binary pairs as listed in
Table S10. Noteworthily, Λ23 = 1,Λ32 = 1 because the CH4/C3H8 mix-
tures behave ideally (see Figure S57). Our approach for ternary mixtures
is to estimate C as C = x1

q1,sat +
x2
q2,sat +

x3
q3,sat, assuming, x1 = x2 = x3 = 1 /3.

The RAST estimates are in reasonable agreement with the ternary CBMC
data set.

In Fig. 4, the excess Gibbs free energy Gex /RT =
∑n

i=1 xiln(γi)

Fig. 3. 3D plot of CBMC data on excess Gibbs free energy Gex/RT for 10/70/20 CO2(1)//CH4(2)/C3H8(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. All simulation
details are provided in the Supplementary Material accompanying this publication.
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determined from CBMC data for ternary 20/40/40 CO2/CH4/N2, and 5/
25/70 CO2/CH4/N2 mixtures in NaX for a range of total fugacities, ft, are
plotted in 3D space as function of Φ and x1. The continuous solid line
represents the ternary RAST Wilson calculations using Eq. (11). The
Wilson parameters for the binary CO2/CH4 and CO2/N2
pairsΛ12,Λ21,Λ13,Λ31,Λ23,Λ32 are taken to the same as CBMC data for
binary pairs as listed in Table S10. Noteworthily, Λ23 = 1,Λ32 = 1
because the CH4/N2 mixtures behave ideally (see Figure S57). The RAST
estimates are in good agreement with the two ternary CBMC data sets.

The CBMC data in Figs. 1–4 provide rationalization and quantifica-
tion of the thermodynamic non-idealities observed in the experimental
investigations of CO2/N2, CO2/CH4, CO2/C3H8, CO2/C2H4, CO2/CH4/
N2, CO2/C2H4/C2H6, CO2/C2H4/C3H8, CO2/C3H6/C3H8 mixtures in
cation exchanged zeolites (NaX, H-ZSM-5, and H-MOR); see
Figures S113–S147 [36,37].

2.1. Preferential perching of CO2 in window regions

Zeolites such as LTA-4A, CHA, DDR, and ERI have cages separated by
windows with apertures in the 3.6 Å–4.1 Å range [20,38-41]. Due to
preferential location (perching) of CO2 at the windows, the adsorption of
CO2-bearing mixtures exhibits strong thermodynamic non-idealities.

Two different campaigns were carried out for CBMC simulations of
CO2(1)/C3H8(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 ft = f1 + f2 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 = f1 + f2 was varied. The CBMC results of these two cam-
paigns are presented in Fig. 5a,b that compares CBMC data on adsorp-
tion selectivity, Sads, with IAST estimates indicated by the dashed lines.

The CBMC data in Fig. 5a for Campaign A show with increasing
values of the surface potential Φ, the selectivity Sads becomes increas-
ingly in favor of CO2, due to strong coulombic interactions with the
extra-framework cations Na+. The IAST anticipates both sets of data to
have the same selectivity that depends uniquely on the surface potential
Φ, independent of the bulk phase compositions; see Eq. (6). The IAST
does not anticipate this selectivity reversal in favor of CO2, for the CBMC
data with y1= 0.1. The CBMC simulation data show that Sads depends on
the bulk gas mixture composition, y1.

For campaign B, with the bulk gas phase mixture fugacity ft = f1 + f2
=1 MPa we note that the Sads undergoes a selectivity reversal, at y1 =

0.1, that is not anticipated by the IAST; see Fig. 5b.The continuous solid
lines in Fig. 5 are the RAST calculations using fitted Wilson parameters
as specified in Table S13. Analogous selectivity reversals have been
observed in a number of experimental investigations (see
Figures S116–S121, S138–S146).

Fig. 6a shows snapshots of the location of CO2(1), and C3H8(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

Fig. 4. 3D plot of CBMC data on excess Gibbs free energy Gex/RT for ternary 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 pa-
rameters are provided in Table S10. All simulation details are provided in the Supplementary Material accompanying this publication.
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entrance regions, where the extra-framework cations (indicated by blue
spheres) are located. Due to configurational restraints, C3H8 can only
located at the cage interiors. Consequently, the competition between the
adsorption of CO2 and C3H8 is less severe than assumed in the homog-
enous distribution that is inherent in the IAST prescription.

For quantification of the inhomogeneous distribution of guest

Fig. 5. CBMC simulations data for CO2(1)/C3H8(2) mixture adsorption in LTA-
4A zeolite at 300 K. The CBMC data on adsorption selectivity for Campaigns A
and B are compared with IAST (dashed lines) and RAST estimates (continuous
solid lines). The unary isotherm fit parameters and Wilson parameters are
provided in Table S13. All simulation details are provided in the Supplementary
Material accompanying this publication.

Fig. 6. (a) Computational snapshot showing the location of CO2, and C3H8
within the cages of LTA-4A zeolite at 300 K and total fugacity ft = 1 MPa. The
component partial fugacities are f1 = 0.8 MPa, and f2 = 0.2 MPa. (b) Radial
distribution of guest pairs determined from CBMC simulations for adsorption of
CO2/C3H8 mixtures in LTA-4A zeolite at 300 K and total fugacity ft = 100 kPa,
and y1=0.1. All simulation details are provided in the Supplementary Material
accompanying this publication.
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adsorbates, Fig. 6b presents the radial distribution functions (RDFs) for
various guest pairs CO2-CO2, CO2-Na+, CO2-C3H8, and C3H8-C3H8 . It is
noteworthy that the first peaks of CO2-CO2 and CO2-Na+ are close
together, confirming the congregation of CO2 around the Na+ ions. Also
noteworthy is that the first peaks of CO2-CO2 and CO2-C3H8 are farther
apart, indicating segregation effects.

The transient breakthrough experimental data of van Zandvoort
et al. [18,19] demonstrate the phenomenon of selectivity reversals for
CO2(1)/C2H4(2) mixture separation in a fixed bed adsorber using in
LTA-5A zeolite (see Figure S120 and S121). The selectivity reversal
phenomena can be rationalized on the basis of inhomogeneous distri-
bution of guest adsorbates as witnessed in Fig. 6; see [20,42-44]. The
RAST modeling of transient breakthroughs is in excellent agreement
with experiments; see Figure S121.

In Fig. 7, the CBMC data sets for the excess Gibbs free energy Gex /RT
are plotted in 3D space as function ofΦ and x1. The entire CBMC data set
resides on a 3D surface mesh determined from the fitted Wilson pa-
rameters in Table S13. The 3D surface plot clearly shows that
Φ→0; θ→0; γi→1; Gex /RT→0. Also, for a fixed value of the surface

potential, Φ, we have the limiting characteristics:
xi→1; γi→1 Gex /RT→0.

The adsorption of binary CO2(1)/CH4(2) and CH4(1)/C3H8(2) mix-
tures in LTA-4A also exhibit thermodynamic non-idealities; see
Figures S74–S77.

Use of Eq. (11), along with the fitted Wilson parameters Λ12,Λ21,

Λ13,Λ31,Λ23,Λ32 for the three binary pairs (reported in Table S13), al-
lows us to estimate the activity coefficients for ternary CO2/CH4/C3H8
mixtures in LTA-4A. For testing the accuracy of such estimations, CBMC
simulations were carried out for 25/65/10 CO2/CH4/C3H8 mixtures in
LTA-4A at 300 K for a range of total fugacities, ft. In Fig. 8, the Gex/RT
determined from ternary CBMC data are plotted in 3D space as function
of Φ and x1. The continuous solid line represents the ternary RAST
Wilson calculations. There is good agreement between the two sets,
validating the ternary RAST Wilson model.

For adsorption of CO2-bearing mixtures, CBMC simulations [38]
show that the window regions of all-silica DDR and CHA zeolites have a
significantly higher proportion of CO2 than within the cages; see
computational snapshots in Fig. 9. The resulting inhomogeneity in the

Fig. 7. 3D plots of CBMC data on excess Gibbs free energy Gex/RT for CO2(1)/C3H8(2) mixture adsorption in LTA-4A zeolite at 300 K. The 3D mesh is constructed
using the Wilson parameters provided in Table S13. All simulation details are provided in the Supplementary Material accompanying this publication.
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Fig. 8. 3D plot of CBMC data on excess Gibbs free energy Gex/RT for 25/65/10 CO2(1)//CH4(2)/C3H8(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. All simulation details are provided in the
Supplementary Material accompanying this publication.

Fig. 9. Computational snapshots for CO2(1)/CH4(2) mixture adsorption in (a) DDR, and (b) CHA zeolites at 300 K. All simulation details are provided in the
Supplementary Material accompanying this publication.
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distribution of guest adsorbates leads to deviations from the IAST; such
deviations allow the rationalization and interpretation of membrane
permeation data [8,38].

Fig. 10a–c present CBMC data for ternary 20/40/40 CO2/CH4/N2
mixtures in DDR at 300 K for a range of total fugacities, ft. The IAST
estimates (indicated by the dashed lines) are not in good agreement with
the CBMC data, especially for CH4. The continuous solid lines are RAST
calculations using Eq. (11) in which the Wilson parameters for the bi-
nary pairs Λij are determined from fitting the non-idealites for the three
constituent binary pairs; these are listed in Table S8. The RAST

calculations are in good agreement with the CBMC data. Fig. 10d plots
the component activity coefficients as function of the surface potential,
Φ. Analogous data for adsorption of ternary 10/20/70 CO2/CH4/H2
mixtures in DDR and CHA zeolites also confirm the estimation capability
of Eq. (11); see Figures S14–S21, and S31–S38.

The preferential location of CO2 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 [16] for CO2/C3H8 mixtures in H-MOR. The

Fig. 10. CBMC simulations (indicated by symbols) for 20/40/40 CO2(1)//CH4(2)/N2(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. All simulation details are provided in the Supplementary Material accompanying this publication.
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experimental data presented in Figure S141b is in remarkable quanti-
tative agreement with the corresponding CBMC simulations presented in
Figure S111e.

3. Molecular clustering due to hydrogen bonding

For water/alcohol mixture adsorption, the manifestation of
hydrogen bonding between water and alcohol molecules can be

demonstrated by sampling the spatial locations of the guest molecules to
determine the O⋅⋅⋅⋅H distances of various pairs of molecular distances.
For water(1)/ethanol(2) mixture adsorption in DDR and CHA zeolites at
300 K, the RDF of O⋅⋅⋅⋅H distances for water-water, water-ethanol, and
ethanol-ethanol pairs are shown in

Fig. 11. We note the first peaks in the RDFs occur at a distance <2 Å,
that is characteristic of hydrogen bonding [45,46].The heights of the
first peaks are a direct reflection of the degree of hydrogen bonding
between the molecular pairs. The degree of H-bonding between
water-ethanol pairs is significantly larger, by about an order of magni-
tude, than for water-water, and ethanol-ethanol pairs.

The occurrence of molecular clustering due to hydrogen bonding
invalidates Eq. (7); this needs augmentation to include contribution due
to the excess Gibbs energy as in Eq. (14). CBMC simulations for
adsorption of water/methanol, water/ethanol, and methanol/ethanol
mixtures in CHA, DDR, and MFI zeolites confirm the existence of strong
non-idealities, see Figures S22-S29, S39-S46, and S90–S99. Conse-
quently, CBMC data for equimolar

(
f1 = f2 = f3

)
water(1)/methanol(2)/

ethanol(3) mixture adsorption in DDR zeolite also exhibits strong de-
viations from ideality as witnessed in Fig. 12 that plots
Gex /RT =

∑n
i=1 xiln(γi) in 3D space as function of the surface potentialΦ

and mole fraction of water(1) in the adsorbed phase mixture, x1. The
continuous solid line represents the ternary RAST NRTL calculations,
following Eq. (13), using as inputs the fitted NRTL parameters for the
constituent binary pairs. The agreement is good, validating the reli-
ability of the ternary RAST NRTL model.

The proper accounting of thermodynamic non-idealities is necessary
for understanding and interpreting experimental data on water/alcohol
permeation across CHA, DDR, LTA, and ZIF-8 membranes [22-26].

4. Conclusions

The validity of the IAST mandates a homogeneous distribution of
guest adsorbates in the pore space, without preferential location of any
guest. CBMC data for adsorption of CO2-bearing binary and ternary
mixtures in cation-exchanged NaX zeolite show significant deviations
from the IAST due to congregation of CO2 around the extra-framework
cations. The CO2–CO2 distances are significantly smaller than the dis-
tances of CO2 from its partner(s). Due to the inhomogeneous distribution
of adsorbates, the partner molecules endure reduced degree of compe-
tition with CO2 than is presumed in the IAST. Consequently, the IAST
generally tends to anticipate a higher selectivity of CO2 with respect to
partner species. The IAST also fails to anticipate reversals in selectivity
of CO2-bearing mixtures of varying composition.

In cage-type zeolites such as LTA-4A, CHA, and DDR that have nar-
row windows with apertures in the 3.6 Å–4.1 Å range, the preferential
perching of CO2 molecules at or near the window regions also causes the
failure of the IAST due to segregtion of adsorbates, in much the same
way as for NaX.

For adsorption of water/alcohol mixtures in CHA, DDR, and MFI
zeolites, the formation of molecular clusters due to hydrogen bonding
invalidates Eq. (7); this needs augmentation to include contribution due
to the excess Gibbs energy as in Eq. (14).

The two major take-aways of this article are as follows. Firstly, the
RAST modelling of the activity coefficients in the adsorbed phase mix-
tures requires us to consider the dependence on both the surface po-
tential,Φ, and the mole fractions of adsorbates. Secondly, the adsorption
equilibrium of ternary mixtures can be estimated with good accuracy
using the fitted Wilson or NRTL parameters of the constituent binary
pairs.

The modelling of transient breakthroughs in fixed bed adsorbers, and
permeation fluxes across membrane permeation devices will require
appropriate RAST models for mixture adsorption equilibrium [18,19,
26-28,47].

Fig. 11. RDF of O⋅⋅⋅⋅H distances for molecular pairs of water(1)/ethanol(2)
mixture adsorption in (a) DDR and (b) CHA zeolites at 300 K. The partial fu-
gacities of components 1 and 2 are f1= 2.5 kPa, f2= 7.5 kPa. The magnitudes of
the first peaks are a direct reflection of the degree of hydrogen bonding between
the molecular pairs. All simulation details are provided in the Supplementary
Material accompanying this publication.
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