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A B S T R A C T

The focus of this article is on CO2 capture from natural gas under humid conditions using CALF-20. Configu-
rational-Bias Monte Carlo (CBMC) simulations are used to investigate adsorption of CO2/CH4/H2O mixtures in
CALF-20 with varying relative humidities in the bulk gas phase. The CBMC simulations reveal that the mixture
adsorption equilibrium shows strong deviations from the estimations of the Ideal Adsorbed Solution Theory
(IAST). CBMC simulations for mixture adsorption of the constituent binary pairs, CH4/H2O, and CO2/H2O, reveal
that the origin of thermodynamic non-idealities stem from segregated nature of the adsorbed phase and inho-
mogeneous distribution of guest adsorbates within the pore landscape of CALF-20. The extent and nature of the
segregation depends strongly on the % relative humidity of the bulk gas mixture.

The important message that emerges from this investigation is the need to incorporate the Real Adsorbed
Solution Theory (RAST) for quantitative modelling of fixed-bed adsorbers in natural gas purification with CALF-
20.

1. Introduction

The use of zinc-based Calgary Framework 20 (CALF-20) for CO2
capture from humid flue gases has garnered a lot of attention in the
published literature [1–6]. More recently, Peng et al. [7] have demon-
strated the efficacy of CALF-20 to purify C2H4 from a seven-component
cracking gas mixture (C2H4, C2H2, C2H6, CO2, C3H4, C3H6, and C3H8) by
one-step separation even under conditions of 74 % relative humidity.
Based on the unary isotherm data of Peng et al. [7] (see Figure S1), it
appears that CALF-20 has the potential for CO2 capture from natural gas
streams. For natural gas purification, CALF-20 should be expected to
provide stiff competition to other reported MOFs [8–15], especially
under humid conditions. The primary objective of this article is to
investigate the salient aspects of CO2 capture from natural gas, taken to
be primarily CH4, under varying conditions of relative humidity.

Towards this end, Configurational-Bias Monte Carlo (CBMC) simu-
lations for adsorption of CO2/H2O/CH4 mixtures in pristine CALF-20
crystals were undertaken. The simulation methodologies are the same
as detailed in earlier publications [16–22]. The CALF-20 structure was
considered to be rigid in the simulations. The unit cell dimensions of
CALF-20 crystals are a = 8.9138 Å; b = 9.6935 Å; c = 9.4836 Å
with angles α = 90◦; β = 115.895◦; γ = 90◦; see pore landscape in

Figure S2. The simulation box for conducting CBMC simulations con-
sisted of 5× 3× 5 = 75 unit cells. The interactions between adsorbed
molecules are described with Lennard-Jones terms together with elec-
trostatic interactions. For the atoms in the host metal organic framework
(see Figure S3), the generic DREIDING [23] force fields were used. The
framework atomic charges are from Gopalsamy et al.[4]; see Table S1.

CH4 molecules are described with a united atom model, in which
each molecule is treated as a single interaction center [24,25]. CO2 was
described by a 3-site charged Lennard-Jones model as reported by
Garcia-Sánchez et al. [26]. Water is modeled using the four-site TIP4P-
Ew potential [27]; TIP4P=4-site transferable intermolecular potential
(TIP4P) and Ew = Ewald technique. Further simulation details are
provided in the Supplementary Material.

2. CBMC simulations of mixture adsorption equilibrium

Fig. 1a presents the CBMC simulations for unary isotherms for CO2,
H2O, and CH4. The continuous solid lines are unary isotherm fits; the
parameters are provided in Table S2. Particularly noteworthy is the
steepness of the unary water isotherm, that is indicative of strong
hydrogen bonding between molecule pairs [28]. Fig. 1b presents
component loadings, qi, for CO2(1)/CH4(2) mixture adsorption in CALF-
20 at 298 K with varying total fugacity ft, maintaining the mole fraction
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of CO2 in the bulk gas mixture at a constant value y2 = f2/ft = 0.05.
The dashed lines are the IAST estimations of the component loadings.
The corresponding values of the adsorption selectivity, Sads =

q1/q2
f1/f2 ,

plotted as function of the bulk gas phase fugacity, ft, in Fig. 1c. The
dashed lines in Fig. 1b,c are the IAST estimates; these estimates are in
good agreement with the CBMC data.

We now turn our attention to CO2 capture from humid gas mixtures.
Fig. 2a presents CBMC simulations of component loadings, qi, for
CO2(1)/H2O(2)/CH4(3) mixture adsorption in CALF-20 at 298 K at a
total fugacity ft = f1 +f2 +f3 = 500 kPa and partial fugacity of CH4(3)
f3 = 400 kPa, plotted as a function of % ​ RH =

% ​ Relative Humidity =
f2
psat2

× 100 where f2 is the partial fugacity of

water in the bulk gas phase, and psat2 is the saturation vapor pressure of
water. At 298 K, psat2 is determined from the Antoine equation: psat2 =

3150 Pa. The mole fraction of H2O in the bulk gas mixture, y2 = f2/ft ,
is varied. Fig. 2b,c,d plots the mole fractions of CO2, H2O, and CH4 in the
adsorbed phase mixture, xi, as a function of % ​ RH. The dashed lines are
the IAST estimations. The steepness of the uptakes at % ​ RH ≈ 38% is
caused by corresponding sharpness in the unary water isotherm (cf.
Fig. 1a). We note that for % ​ RH < 38%, the adsorbed phase is
considerably richer in both CO2(1), and CH4(3) but poorer in H2O(2)
than anticipated by the IAST. In contrast, for % ​ RH > 38% , the
adsorbed phase is considerably poorer in both CO2(1), and CH4(3) but
richer in H2O(2) than anticipated by the IAST, implying the suppression
of CO2, and CH4 uptakes due to presence of H2O in the adsorbed phase.

The CBMC mixture simulation data in Fig. 1 and Fig. 2 would lead us
to conclude that it is the presence of H2O is in the bulk gas phase mixture
that is the root cause of thermodynamic non-idealities. To investigate
the origins of thermodynamic non-idealities, we also examined
adsorption of the constituent binary CH4/H2O and CO2/H2O mixtures.

Fig. 3a shows CBMC simulations of component loadings, qi, for
CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K at a total
fugacity = 500 kPa. The mole fraction of H2O in the bulk gas mixture,
y2 = f2/ft , is varied. The loadings are plotted against % ​ RH. The IAST
estimates of the component loadings are indicated by the dashed lines.
We note that the CH4/H2O binary mixture adsorption exhibits signifi-
cant departures from thermodynamic idealities. Noteworthily, the

activity coefficients of both components in the adsorbed phase exceed
unity, γi > 1 (see Fig. 3c); this characteristics is distinctly different for
non-idealities for CO2 capture in cation-exchanged zeolites, such as NaX
and LTA-4A, for which the activity coefficients, γi < 1; see published
works [29–32].

Another way to demonstrate the non-idealities is to plot the mole
fraction of CH4 in the adsorbed phase mixture, x1 =

q1
qt ; qt = q1 +q2 as

a function of the % ​ RH; see Fig. 3b. We note that for
% ​ RH < 33%; x1 > 0.2, the adsorbed phase mixture is richer in
CH4, i.e. poorer in H2O, than is anticipated by the IAST. On the other
hand, for % ​ RH > 33%; x1 < 0.2, the adsorbed phase mixture is
poorer in CH4, i.e. richer in H2O, than is anticipated by the IAST.

The IAST description of mixture adsorption equilibrium relies on a
number of basic tenets [6,29–35]: (a) homogeneous distribution of guest
adsorbates, (b) no preferential locations of any guest species within the
pore landscape, and (c) adsorption enthalpies and surface areas of the
adsorbed molecules do not change upon mixing with other guests. The
occurrence of molecular clustering and hydrogen bonding should be
expected to invalidate tenet (c) 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.

To investigate the possibility of non-homogeneous distribution of
adsorbate guests, CBMC simulation data on the spatial locations of the
guest molecules were sampled to determine the inter-molecular dis-
tances; these distances are determined from the center of gravity of each
guest molecule. By sampling a total of 106 simulation steps, the radial
distribution functions (RDF) were determined for CH4-CH4, CH4-H2O,
and H2O-H2O separation distances. Fig. 4a,b plots the RDFs of center-to-
center distances of molecular pairs of guest CH4 and H2O pairs in CALF-
20 at 298 K; the total fugacity in the bulk gas phase is 500 kPa with
partial fugacities f1 = 499.1 kPa, and f2 = 0.9 kPa, and y2 =

f2
f1+f2 =

0.0018.
If we compare the first peaks, it is noteworthy that H2O-H2O pairs are

close together at typical distances of about 3 Å. The CH4-CH4 pairs are
typically 6.5 Å apart, occupying adjacent adsorption sites of CALF-20.
The CH4-H2O pairs are typically 8 Å apart, occupying adjacent adsorp-
tion sites. This implies that the CH4 molecules face a less severe
competitive adsorption with H2O than is anticipated by the IAST. The

Nomenclature

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

ci molar concentration of species i, mol/m− 3

ci0 molar concentration of species i in fluid mixture at inlet to
adsorber, mol/m− 3

C constant used in eq (3), kg mol− 1

fi partial fugacity of species i, Pa
ft total fugacity of bulk gas phase mixture, Pa
Gex excess Gibbs free energy, J/mol
mads mass of adsorbent packed in fixed bed, kg
psat2 saturation vapor pressure of water, Pa
P0i sorption pressure, Pa
qi component molar loading of species i, mol kg− 1

Q0 volumetric flow rate of gas mixture at inlet to fixed bed,
m3/s

%RH % relative humidity, dimensionless
R gas constant, 8.314 J/mol K− 1

Sads =
q1/q2
f1/f2 adsorption selectivity, dimensionless

t time, s
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
π spreading pressure, N/m
τij NRTL parameters, dimensionless
Φ surface potential, mol kg− 1
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Fig. 1. (a) CBMC simulations of unary isotherms for CO2, H2O, and CH4. The continuous solid lines are unary isotherm fits; the parameters are provided in Table S2.
(b) Component loadings, qi, for CO2(1)/CH4(2) mixture adsorption in CALF-20 at 298 K with varying total fugacity ft , maintaining the mole fraction of CO2 in the
bulk gas mixture at a constant value y2 = f2/ft = 0.05. The dashed lines are the IAST estimations of the component loadings. (c) The adsorption selectivity, Sads =
q1/q2
f1/f2 , plotted as function of the bulk gas phase fugacity, ft . All calculation details and input data are provided in the Supplementary Material accompanying this
publication.
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Fig. 2. (a) CBMC simulations of component loadings, qi, for CO2(1)/H2O(2)/CH4(3) mixture adsorption in CALF-20 at 298 K at a total fugacity ft = f1 + f2 + f3 =

500 kPa, and partial fugacity CH4(3) f3 = 400 kPa, of plotted as a function of % ​ RH. The mole fraction of H2O in the bulk gas mixture, y2 = f2/ft , is varied. (b, c, d)
Plot of the mole fractions of CO2, H2O, and CH4 in the adsorbed phase mixture, xi, as a function of % ​ RH. The dashed lines are the IAST estimations.
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Fig. 3. (a) CBMC simulations of component loadings, qi, for CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K at a total fugacity ft = 500 kPa, plotted as a
function of % ​ RH. The mole fraction of H2O in the bulk gas mixture, y2 = f2/ft , is varied. (b) Plot of the mole fraction of CH4 in the adsorbed phase mixture, x1, as a
function of the % ​ RH. (c) Plot of the activity coefficients in the adsorbed phase mixture, γi, as a function of the mole fraction of CH4 in the adsorbed phase mixture,
x1. The continuous solid lines are the RAST calculations; the dashed lines are the IAST estimations. All calculation details and input data are provided in the
Supplementary Material accompanying this publication.
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segregated nature of adsorbate locations is evident in the computational
snapshots in Fig. 4. This explains the finding in Fig. 3b that
% ​ RH < 33%; x1 > 0.2, i.e. the adsorbed phase mixture is richer in
CH4 than is anticipated by the IAST; this is a direct consequence of the
fact that CH4 faces negligible competition with H2O.

To investigate the reasons behind the fact that in Fig. 3b with
% ​ RH > 33%; x1 < 0.2, the adsorbed phase mixture is poorer in
CH4 than is anticipated by the IAST, we determined the RDF for center-
to-center and O⋯H distances for adsorption of CH4(1)/H2O(2) mixture
adsorption; the total fugacity in the bulk gas phase is 500 kPa with
partial fugacities f1 = 498.96 kPa, and f2 = 1.04 kPa. and y2 = 0.00208.

Fig. 5a presents the data on RDF for center-to-center distances of
CH4-H2O, and H2O-H2O pairs. We note that the first peaks for both CH4-
H2O, and H2O-H2O pairs occur at distances of about 3 Å. This implies
that CH4 faces stiffer competitive adsorption with partner H2O mole-
cules because of the preponderance of H2O within the framework; see
snapshots in Fig. 5.

Fig. 5b presents the data on RDF for O⋯H distances of H2O-H2O
pairs. We note the first peak in the RDFs for H2O-H2O pairs occurs at a
distance of 2 Å, that is characteristic of hydrogen bonding [28,36].
Strong hydrogen bonding manifests for H2O-H2O pairs and serves to
suppress the uptake of CH4 below values anticipated by the IAST that
does not cater for molecular clustering due to hydrogen bonding. This
explains the fact that for % ​ RH > 33%; x1 < 0.2, the adsorbed
phase mixture is poorer in CH4 than is anticipated by the IAST.

3. The RAST for mixture adsorption equilibrium

To quantify the deviations from the IAST, the activity coefficients of
the guest components, γi, are determined from

γi =
fi

P0
i xi

(1)

In eq (1), P0
i are the sorption pressures which yields the same

spreading pressure, π for each of the pure components, as that for the n-
component mixture:

πA
RT

≡ Φ =

∫ P01

0

q01(f)
f

df =
∫ P02

0

q02(f)
f

df = ... =

∫ P0n

0

q0n(f)
f

df (2)

In Eq. (2), q0i (f) is the pure component adsorption isotherm. The
quantity A is the surface area per kg of framework, with units of m2 per
kg of the framework of the crystalline material; since the surface area A
is not directly accessible from experimental data, the surface potential,
Φ, with the units mol kg− 1, serves as a convenient and practical proxy
for the spreading pressure π [37–40].

The continuous solid lines in Fig. 3 are the RAST calculations using
NRTL model fits of the activity coefficients of each component

ln(γi)=

[∑n
j=1xjτjiGji

∑n
k=1xkGki

+
∑n

j=1

xjGij
∑n

k=1xkGkj

(

τij −
∑n

l=1xlτljGlj
∑n

k=1xkGkj

)]

(1 − exp(− CΦ))

Gij=exp
(
− αijτij

)
; αij=αji; τii=0; Gii=1

(3)

The values of the fitted NRTL parameters C; τ12; τ21; α12=α21 are
tabulated in Table S3. 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; γi→1 (4)

Our earlier works [6,34] have underscored the need for including the
correction factor (1 − exp( − CΦ) ) in RAST modelling, though this

Fig. 4. (a, b) Radial Distribution Function (RDF) of center-to-center distances of CH4-CH4, CH4-H2O, and H2O-H2O pairs, determined from CBMC simulations for
adsorption of CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. guest CH4 and H2O molecules in CALF-20 at at 298 K. total fugacity in the bulk gas phase is
500 kPa with partial fugacities f1 = 499.1 kPa, and f2 = 0.9 kPa. The plotted RDF data has been normalized such that the area under each of the curves is identical to
one another.
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correction is often ignored in many published works [41–44].
To underscore the need for the correction factor, the CBMC data in

Fig. 3 are used to determine the excess Gibbs free energy

Gex

RT
= x1ln(γ1)+ x2ln(γ2) (5)

The CBMC values are plotted in 3D space as function of Φ and x1; see
Fig. 6. The CBMC data set resides on a 3D surface mesh determined from
the fitted NRTL parameters in Table S3. The 3D surface plot clearly
shows that Φ→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.

Fig. 7a,b shows CBMC simulations of component loadings, qi, and
adsorbed phase mole fractions of CO2, x1, for CO2(1)/H2O(2) mixture
adsorption in CALF-20 at 298 K at a total fugacity = 15 kPa. The dashed
lines in Fig. 7a are the IAST estimations. We note that for
% ​ RH < 20%; y2 < 0.05; x1 > 0.3, the adsorbed phase mixture is
richer in CO2, i.e. poorer in H2O, than is anticipated by the IAST. On the
other hand, for % ​ RH > 20%; y2 > 0.05; x1 < 0.3, the adsorbed
phase mixture is poorer in CO2, i.e. richer in H2O, than is anticipated by
the IAST. The explanations for the failure of the IAST are precisely
analogous to those provided in the foregoing for CH4/H2O mixture
adsorption, as detailed elsewhere [6]. The continuous solid lines in
Fig. 7a,b are RAST calculations with NRTL parameters listed in Table S3.

Additionally, CBMC simulations for CO2(1)/H2O(2) mixture
adsorption in CALF-20 at 298 K were determined for varying total
fugacity ft, maintaining the mole fraction of H2O in the bulk gas mixture
at a constant value y2 = f2/ft = 0.05. Fig. 8 presents 3D plots of CBMC
data on excess Gibbs free energy Gex

RT for CO2(1)/H2O(2) mixture

Fig. 5. Radial Distribution Function (RDF) of (a) center-to-center distances, and (b) O⋯H of CH4-H2O, and H2O-H2O pairs, determined from CBMC simulations for
adsorption of CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. The total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 498.96 kPa, and
f2 = 1.04 kPa. The plotted RDF data has been normalized such that the area under each of the curves is identical to one another.

Fig. 6. 3D plots of CBMC data on excess Gibbs free energy Gex/RT for CH4(1)/
H2O(2) mixture adsorption in CALF-20 at a total fugacity ft = 500 kPa, plotted
as function of the surface potential, Φ, and the mole fraction of CH4 in the
adsorbed phase mixture, x1. The 3D mesh is constructed using the NRTL pa-
rameters provided in Table S3.
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adsorption in CALF-20 at 298 K for two different campaigns, 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 NRTL
parameters provided in Table S3. Both CBMC campaigns rest on the 3D
surface mesh, underscoring the dependence of Gex

RT on both Φ, and x1.
The continuous solid lines in Fig. 2b,c,d are the RAST calculations

using eq (3) in which the NRTL parameters for the constituent binary
pairs τij, τji,αij = αji are taken from the fitted values for the constituent
binary pairs: CO2(1)/H2O(2), and H2O(2)/CH4(3). Noteworthily, since
the binary CO2(1)/CH4(3) behaves ideally (cf. Fig. 1), we assert that
τ13 = 0; τ31 = 0. The ternary NRTL model provides a reasonably good
estimation of the mole fractions of the three guests in the adsorbed phase
as function of the % ​ RH.

4. RAST modelling of transient breakthroughs in fixed-bed
adsorber

To underscore the significance of thermodynamic non-idealities in
the transient breakthroughs in fixed bed adsorbers, transient break-

through simulations were performed for separation of humid gaseous
mixtures, using the methodology described in earlier works [45–48]; the
details are summarized in the Supplementary Material. Our earlier work
[6] provides validation of the simulations methodology by comparison
with experimental breakthrough data of Nguyen et al.[2] on the influ-
ence of % ​ RH on transient CO2/H2O mixture breakthroughs in a labo-
ratory scale fixed bed packed with CALF-20 composites (80%MOF:20%
polysulfone).

Fig. 9a,b,c compares breakthrough simulations using RAST (contin-
uous colored lines) and IAST (dashed lines) for CH4/H2O mixtures at
298 K and total fugacity ft = 500 kPa, with three different values of
% ​ RH. The transient breakthrough data for the dimensionless concen-
trations at the exit of the fixed bed, ci/ci0, are plotted as a function of a
modified time parameter defined by
(
Q0 = flow rate L s - 1)

× (time in s)
(kg CALF-20 packed in tube)

=
Q0t
mads

= L kg - 1 (6)

Noteworthily, the breakthrough characteristics of H2O are particu-
larly sensitive to thermodynamic non-idealities. To accentuate the dif-
ferences between the IAST and RAST calculations of breakthroughs, the
spatially-averaged component loadings in the bed are plotted in Fig. 9d,
e,f as function of Q0 t

mads
. For % ​ RH = 5 %, and 25 % the RAST anticipates

the adsorbed phase to be significantly richer in CH4, i.e. poorer in H2O,
than predicted by the IAST. For % ​ RH= 40 %, the RAST anticipates the
adsorbed phase to be significantly poorer in CH4, i.e. richer in H2O, than
predicted by the IAST. These findings are consistent with the data
plotted in Fig. 3.

Fig. 10 compares breakthrough simulations using RAST (continuous
colored lines) and IAST (dashed lines) for CO2/H2O mixtures at 298 K
and total fugacity ft = 100 kPa, with three different values of
% ​ Relative Humidity. For % ​ RH= 5 %, and 25 % the RAST anticipates
the adsorbed phase to be significantly richer in CO2, i.e. poorer in H2O,
than predicted by the IAST. For % ​ RH= 40 %, the RAST anticipates the
adsorbed phase to be significantly poorer in CO2, i.e. richer in H2O, than
predicted by the IAST. These findings are consistent with the data
plotted in Fig. 7.

Fig. 7. (a) CBMC simulations of component loadings, qi, for CO2(1)/H2O(2)
mixture adsorption in CALF-20 at 298 K at a total fugacity ft = 15 kPa, plotted
as a function of % ​ RH. (b) Plot of the mole fraction of CO2 in the adsorbed
phase mixture, x1, as a function of the % ​ RH. The continuous solid lines are the
RAST calculations; the fitted NRTL parameters are specified in Table S3. The
dashed lines are the IAST estimations. All calculation details and input data are
provided in the Supplementary Material accompanying this publication.

Fig. 8. 3D plots of CBMC data on excess Gibbs free energy Gex/RT for CO2(1)/
H2O(2) mixture adsorption in CALF-20 at 298 K for two different campaigns,
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 NRTL
parameters provided in in Table S3.

R. Krishna and J.M. van Baten Separation and Puriϧcation Technology 355 (2025) 129553 

8 



Fig. 9. Comparison of breakthrough simulations using RAST (continuous colored lines) and IAST (dashed lines) for CH4/H2O mixtures at a total fugacity = 500 kPa,
and temperature 298 K. Three different values of % ​ RH are considered.
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5. Conclusions

CBMC simulations of CO2/CH4/H2O, CH4/H2O, and CO2/H2O
mixture adsorption in CALF-20 mixture adsorption in CALF-20 reveal
strong thermodynamic non-idealities. The deviations from the IAST es-
timations follow two different scenarios, depending on the values of %
RH. For low %RH values, the loadings of CO2 and CH4 in the adsorbed
phase are significantly higher than anticipated by the IAST. For high %
RH values, the CO2 and CH4 loadings in the adsorbed phase are signif-
icantly lower than anticipated by the IAST. Radial Distribution Func-
tions (RDFs) of intermolecular distances of molecular pairs reveal that
failure of the IAST can be traced to the phenomenon of segregated
adsorption prevails at low values of %RH. CH4 (and CO2) locates at sites
that are distant from H2O; consequently, CH4 (and CO2) faces less severe
competition from H2O than anticipated by the IAST, that mandates a
homogeneous distribution of adsorbates within CALF-20 pores. For high
values of %RH, the CH4 (and CO2) molecules are compelled to share
same adsorption site with pairs of H2O molecules that are hydrogen-
bonded with each other. Consequently, the competition faced by CH4
(and CO2) is significantly higher than anticipated by the IAST, resulting
in significantly lower CH4 and CO2 uptakes. The IAST does not cater for
molecular clustering resulting from hydrogen bonding between pairs of
water molecules.

It is evident the design and development of adsorption processes
using CALF-20 for CO2 capture from humid natural gas mixtures must
use the RAST for description of mixture adsorption equilibrium. The
inclusion of the correction factor (1 − exp( − CΦ) ) is of vital importance

in order to ensure the proper limiting characteristics
Φ→0; γ1→1; γ2→1; Gex→0, as evidenced in Fig. 6 and Fig. 8. The
ternary NRLT RAST model (eq (3)) allows calculations of the ternary
mixture adsorption equilibrium using parameter inputs of the constitu-
ent binary pairs.

The inclusion of thermodynamic non-idealities in mixture has a
significant influence on component breakthroughs and dynamic uptakes
in fixed bed adsorbers.
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1 Preamble 

The Supplementary Material accompanying our article Non-Idealities in Adsorption Thermodynamics 

for CO2 Capture from Humid Natural Gas using CALF-20 provides (a) structural details of CALF-20, (b) 

details of the CBMC simulation methodology, (b) details of the IAST, and Real Adsorbed Solution Theory 

(RAST) calculations for mixture adsorption equilibrium, (c) unary isotherm fit parameters, (d) NRTL 

parameters fits for thermodynamic non-idealities, (e) Plots of CBMC simulation data and comparisons 

with IAST/RAST estimates, and (f) RAST modelling of fixed bed adsorbers. 

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 Hydrocarbon separations with CALF-20 

Industrial purification processes for ethylene from steam pyrolysis or cracking gases generally employ 

multiple energy-intensive steps to remove C2H2, C2H6, CO2, and C3 hydrocarbons. Peng et al.1 have 

demonstrated the efficacy of ultramicroporous crystalline physisorbent CALF-20 ( = Calgary Framework 

20) to purify C2H4 from a seven-component cracking gas mixture (C2H4, C2H2, C2H6, CO2, C3H4, C3H6, 

and C3H8) by one-step separation with remarkable performance. Figure S1a presents experimental data of 

Peng et al.1 for the unary isotherms for C2H4, C2H2, C2H6, CO2, C3H4, C3H6, and C3H8 in CALF-20 at 298 

K. The breakthrough experiments reported by Peng et al.1 demonstrate that C2H4 (>99.99%) can be 

recovered from not only binary C2H6/C2H4 (50/50), ternary C2H2/C2H4/C2H6 (33/33/33) and quaternary 

C2H2/C2H4/C2H6/CO2 (25/25/25/25) mixtures, but also a typical seven-component gas cracking mixture 

of 0.6/62/10/0.3/0.6/26/0.5 C2H2/C2H4/C2H6/CO2/C3H4/C3H6/C3H8 mixtures even at the high humidity of 

74%.  

Figure S1b compares the unary isotherms for CH4, C2H6, CO2, and C3H8 in CALF-20 at 298 K; the 

unary CH4 isotherm data are CBMC simulations reported in this work. These unary isotherm data seem 

to suggest that CALF-20 has the potential for one-step separation of ternary CH4/C2H6/C3H8 and 

quaternary CH4/C2H6/CO2/C3H8 mixtures to produce purified CH4 with high productivities. For natural 

gas purification, CALF-20 should be expected to provide stiff competition to other reported MOFs,2-4 

especially under humid conditions.  
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2.1 List of Figures for Hydrocarbon separations with CALF-20 

 

 

 

Figure S1. (a) Experimental data of Peng et al.1 for unary isotherms for C2H4, C2H2, C2H6, CO2, C3H4, 

C3H6, and C3H8 in CALF-20 at 298 K.  (b) Unary isotherms for CH4, C2H6, CO2, and C3H8 in CALF-20 

at 298 K.  The unary CH4 isotherm data are CBMC simulations reported in this work. 
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3 The Ideal Adsorbed Solution Theory 

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

equilibrium.  

3.1 Gibbsian thermodynamics of mixture adsorption 

The Gibbs adsorption equation5 in differential form is 

1

n

i i
i

Ad q d 


  (S1) 

The quantity A is the surface area per kg of framework, with units of m2 per kg of the framework of the 

crystalline material; qi is the molar loading of component i in the adsorbed phase with units moles per kg 

of framework; i is the molar chemical potential of component i. The spreading pressure   has the same 

units as surface tension, i.e. N m-1. 

The chemical potential of any component in the adsorbed phase, i, equals that in the bulk fluid phase.  

If the partial fugacities in the bulk fluid phase are fi, we have 

lni id RTd f   (S2) 

where R is the gas constant (= 8.314 J mol-1 K-1). 

 Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz6 

is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e. 

0  ; 1,2,...i i if P x i n   (S3) 

where xi is the mole fraction in the adsorbed phase 

1 2 ...
i

i
n

q
x

q q q


 
 (S4) 

and 0
iP  is the pressure for sorption of every component i, which yields the same spreading pressure,   

for each of the pure components, as that for the mixture:  



S8 
 

00 0
31 2 00 0

31 2

0 0 0

( )( ) ( )
...

PP P
q fq f q fA

df df df
RT f f f


        (S5) 

where 0( )iq f  is the pure component adsorption isotherm. The units of 
A

RT


  , also called the surface 

potential, 7-11 are mol kg-1.  

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

 0 ;
1 1sat

bf bf
q f q

bf bf
 

 
 (S6) 

where we define the fractional occupancy of the adsorbate molecules,  0
satq f q  . The superscript 0 

is used to emphasize that  0q f  relates the pure component loading to the bulk fluid fugacity. For unary 

isotherms described by the dual-site Langmuir-Freundlich (DSLF) model 

0
, ,( )

1 1

A B
A B

A sat B satA B
A B

b f b f
q f q q

b f b f

 

  
 

 (S7) 

each of the integrals in eq (S5) can be evaluated analytically. The integration yields for component i,  

     
0

0

0
, ,0 0

0

0
, ,

0

( )
ln 1 ln 1 ;

( )
ln 1 ln 1

i
A B

A Bi

P
A sat B sati

A i B i
A Bf

P
A sat B sati i i

A B
A i B if

q qq fA
df b P b P

RT f

q qq f f fA
df b b

RT f x x

 

 


 


 





      

      
                     




 (S8) 

The right hand side of eq (S8) is a function of 0
iP . For multicomponent mixture adsorption, each of the 

equalities on the right hand side of Eq (S5) must be satisfied. These constraints may be solved using a 

suitable equation solver, to yield the set of values of , 0
2P , 0

3P ,.. 0
nP , each of which satisfy eq (S5). 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  

0

 
; 1,2,...i

i
i

f
x i n

P
   (S9) 
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The applicability of eqs (S3) and (S9) 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.9, 10, 12, 13 

A further key assumption of the IAST is that the adsorption enthalpies and surface areas of the adsorbed 

molecules do not change upon mixing.14 If the total mixture loading is tq , the area covered by the adsorbed 

mixture is 
t

A

q
 with units of m2 (mol mixture)-1. Therefore, the assumption of no surface area change due 

to mixture adsorption translates as 
     

1 2
0 0 0 0 0 0
1 1 2 2

n

t n n

AxAx AxA

q q P q P q P
   ; the total mixture loading is tq  is 

calculated from  

1 2
1 2

0 0 0 0 0 0
1 1 2 2

1
...

....
( ) ( ) ( )

t n
n

n n

q q q q
xx x

q P q P q P

   
  

 
(S10) 

in which 0 0
1 1( )q P , 0 0

2 2( )q P ,… 0 0( )n nq P  are determined from the unary isotherm fits, using the sorption 

pressures for each component 0
1P , 0

2P , 0
3P ,.. 0

nP  that are available from the solutions to equations Eqs 

(S5), and (S8).  

The occurrence of molecular clustering and hydrogen bonding should be expected to applicability of eq 

(S10) 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.11, 13, 15 

The entire set of eqs (S3) to (S10) need to be solved numerically to obtain the loadings, qi of the 

individual components in the mixture.  

In a number of publications on CO2 capture  from mixtures containing N2, CH4, C2H4, C2H6, C3H8, and 

H2O using cation-exchanged zeolites,9, 10, 12, 14, 16-21 the IAST 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/H2O Mixture Adsorption in CALF-20  on 

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

3.2 The fractional pore occupancy 

From knowledge of the surface potential,  , the fractional pore occupancy   for mixture adsorption 

is then calculated using  

, ,

1 exp 1 exp
sat mix sat mix

A

q RT q


   

           
   

 (S11) 

For binary mixtures the saturation capacity ,sat mixq  is calculated from the saturation capacities of the 

constituent guests 

1 2
, , , , ,

, 1, 2,

1
; ; 1,2i sat i A sat i B sat

sat mix sat sat

x x
q q q i

q q q
      (S12) 

Where ix  are the mole fractions in the adsorbed mixture. The fundamental justification of eq (S12) is 

provided by invoking eq (S10). 
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4 The Real Adsorbed Solution Theory (RAST) 

To quantify non-ideality effects in mixture adsorption, we introduce activity coefficients i  into eq (S3) 

as 6, 13, 14   

0  i i i if P x  (S13) 

Following the approaches of Myers, Talu, and Siperstein7, 8, 22  we model the excess Gibbs free energy 

for n-component mixtures adsorption as follows 

 
1

ln
n

ex
i i

i

G RT x 


  (S14) 

For calculation of the total mixture loading 1 2tq q q   we need to replace eq (S10) by 

1 2
0 0 0 0
1 1 2 2

1 1

( ) ( )

ex

t t

x x

q q P q P q

 
    

 
 (S15) 

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 

 
,

1
ex ex

t
T x

G RT

q

 
   

 (S16) 

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  .  

4.1 Wilson model for activity coefficients 

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

  

  

1 11 2 21
1 1 11 2 12

1 11 2 12 2 1 21

1 12 2 22
2 1 21 2 22

1 11 2 12 1 21 2 22

ln( ) 1 ln( ) 1 exp

ln( ) 1 ln( ) 1 exp

x x
x x C

x x x x

x x
x x C

x x x x





  
               
  

                

 (S17) 
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In eq (S17), 11 221; 1    , and C is a constant with the units kg mol-1. The choice of 12 = 21 = 1 

in eq (S17),  yields unity values for the activity coefficients.  The introduction of   1 exp C    imparts 

the correct limiting behaviors 0; 0; 1i     for the activity coefficients in the Henry regime, 

0; 0tf    , as the pore occupancy tends to vanishingly small values. As pore saturation conditions 

are approached, this correction factor tends to unity:   1 exp 1C    . We note, in passing, that this 

correction factor   1 exp C    is often ignored in the RAST implementations in some published 

works.23-26 

Krishna and van Baten27 have established the need for inclusion of the correction factor 

  1 exp C    in the RAST modelling of CO2/H2O 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 further details of the  RAST calculations and the need for inclusion of the   1 exp C    

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 CO2 capture, Thermodynamic Non-Idealities in CO2 Capture with 

CALF-20: Parts I, II, III, IV, V, and VI 

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

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 

     1 1 2 12 2 2 1 21

,

1
ln( ) ln exp

ex ex

t
T x

G RT
x x x x x x C C

q

 
              

 (S18) 

For calculation of the total mixture loading we need to replace Eq (S10) by 
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   1 2
1 1 2 12 2 2 1 210 0 0 0

1 1 2 2

1
ln( ) ln exp

( ) ( )t

x x
x x x x x x C C

q q P q P
              (S19) 

The parameters 12 21; ;C    are fitted to match the experimental or CBMC data on mixture 

adsorption. 

The extension of eq (S17) to n-component mixtures is 

  
1 1

1

ln( ) 1 ln 1 exp ; 1; 1, 2,...
n n

ki
i j ij k iin

j k
l kl

l

x x C i n
x


 



 
              
    
 

 


 (S20) 

4.2 NRTL model for activity coefficients 

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

 
  

 
  
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  
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          

    

 
(S21) 

In eq (S21) C is a constant with the units kg mol-1. The choice of 12 = 21 = 0 in eq (S21),  yields unity 

values for the activity coefficients.   

The extension of eq (S21) to n-component mixtures is 

  

 

1 1

1

1 1 1

ln( ) 1 exp

exp ; ; 0; 1

n n

j ji ji l lj ljn
j j ij l

i ijn n n
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k k k

ij ij ij ij ji ii ii

x G x G
x G

C
x G x G x G

G G

 
 
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 



  

  
  
       
  

    

    

 


  
 (S22) 
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5 Configurational-Bias Monte Carlo simulation methodology 

Configurational-Bias Monte Carlo (CBMC) simulations were carried out to determine the adsorption 

isotherms for unary CO2, CH4, H2O, N2 guests at 298 K. Also simulated are CO2/H2O, CH4/H2O, N2/H2O,   

CO2/CH4/H2O mixtures in CALF-20 at 298 K. The simulation methodologies are the same as detailed in 

earlier publications.27-34 The unit cell was constructed using the structural information obtainable from 

CCDC 2084733 at  

https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=CCDC%202084733&DatabaseToSearch=Publis

hed 

   The CALF-20 structure was considered to be rigid in the simulations.  

The unit cell dimensions of CALF-20 crystals are 8.9138 Å; 9.6935 Å; 9.4836 Åa b c    with 

angles 90 ; 115.895 ; 90        ; see Figure S2. The crystal framework density 

-31598.868 kg m  . The simulation box for conducting CBMC simulations consisted of 5 3 5 75    

unit cells.  

The interactions between adsorbed molecules are described with Lennard-Jones terms together with 

electrostatic interactions. For the atoms in the host metal organic framework (see Figure S3), the generic 

DREIDING35 force fields were used; the Lennard-Jones parameters , host
host

Bk

  values are specified in 

Table S1, along with the partial charges.36   

CH4 molecules are described with a united atom model, in which each molecule is treated as a single 

interaction center.37, 38  The interaction between adsorbed molecules is described with Lennard-Jones 

terms; see Figure S4.  
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CO2 molecules are taken linear and rigid with bond length C–O of 1.16 Å according to the 

3LJ3CB.EPM2 model developed by Harris and Young.39 CO2 was represented by a 3-site charged 

Lennard-Jones model as described by Garcia-Sánchez et al.40  

Water is modeled using the four-site TIP4P-Ew potential; 41  TIP4P = 4-site transferable intermolecular 

potential (TIP4P) and Ew  = Ewald technique.  

We use the 2LJ3CB.MSKM model for N2 dumbbell molecules with a rigid interatomic bond of 1.098Å. 

42, 43 The partial charges of N2 and CO2 are distributed around each molecule to reproduce experimental 

quadrupole moment.  

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

describing guest-host interactions  

 
2

guest host

guest host

guest host guest host

B B Bk k k

 


  








 

 (S23) 

The Lennard-Jones potentials are shifted and cut at 12 Å. The pore landscapes are shown in Figure S5.  

5.1 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. All 

CBMC simulations for CALF-20 reported in this work were conducted at a temperature T = 298 K. 

5.2 Activity coefficients from CBMC data 

Each CBMC simulation data point, with specified partial fugacities in the bulk fluid phase, 1 2,f f , yields 

the component loadings, 1, 2,;CBMC CBMCq q , and the total mixture loading , 1, 2,t CBMC CBMC CBMCq q q  . For each 

guest/host combination, CBMC simulations of the unary isotherms of the constituent guest molecules 

were also carried out.  
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For each CBMC mixture simulation campaign, the mole fractions of the adsorbed phase, 

1, 2,
1 2 , 1, 2,

, ,

; ;CBMC CBMC
t CBMC CBMC CBMC

t CBMC t CBMC

q q
x x q q q

q q
     are determined. The sorption pressures 0

1P , 0
2P , each 

of which satisfying eq (S5), 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 1, 2,;CBMC CBMC   are determined from eq (S13): 

1 2
1, 2,0 0

1 1, 2 2,

;CBMC CBMC
CBMC CBMC

f f

P x P x
    (S24) 

The activity coefficients of the two components 1, 2,;CBMC CBMC  , determined using eq (S24) are subject 

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

For each mixture/host combination, the set of NRTL parameters 12 21 12 21; ; ;C      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  

   2 2

1, 1, 2, 2,Objective Function CBMC RAST CBMC RASTq q q q    
   (S25) 

The parameters  12 21 12 21; ; ;C      were determined using the Excel solver function.  
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5.3 List of Tables for Configurational-Bias Monte Carlo simulation methodology 

 

Table S1. Lennard-Jones parameters for host atoms in CALF-20. See Figure S3 for explanation of atom 

names. The partial charges were provided by kind courtesy of Gopalsamy and Maurin in a personal 

communication to R. Krishna.36  

 

 atom 
host 

 Å 

host

Bk


 

K 

Charge Atom count

Zn 4.045 27.680 0.6677 8 

N1 3.263 38.953 -0.25823 8 

N2 3.263 38.953 -0.14998 4 

O 3.033 48.163 -0.51209 8 

C1 3.473 47.861 0.11239 8 

H 2.846 7.650 0.15033 8 

C2 3.473 47.861 0.49748 4 
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5.4 List of Figures for Configurational-Bias Monte Carlo simulation methodology 

 

Figure S2. Unit cell of CALF-20.  
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Figure S3. Atom labels used in the force field parameters for the secondary building unit (SBU) for 

CALF-20.  
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Figure S4. Potential for guest molecules.  
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Figure S5. Pore landscapes of CALF-20. 
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6 CBMC Simulations in CALF-20 

6.1 CBMC simulations of unary isotherms 

Figure S6a,b presents the CBMC simulations conducted in this work for unary isotherms for CO2, CH4, 

N2, and H2O determined from fitting unary isotherms determined at 298K from CBMC simulations in 

CALF-20. These isotherms are fitted with the dual-site Langmuir-Freundlich model, with fit parameters 

as specified in Table S2.   

6.2 CBMC simulations for CO2/N2 mixture adsorption 

Figure S7b presents CBMC simulations of component loadings, iq , for CO2(1)/N2(2) mixture 

adsorption in CALF-20 at a total pressure of 100 kPa and 298 K; the mole fraction of CO2(1) in the bulk 

gas phase mixture, 1y , is varied from 0 to 1. The CBMC simulated loadings are in good agreement with 

the IAST estimations, indicated by the dashed lines. Figure S7c compares CO2(1)/N2(2) adsorption 

selectivity from CBMC simulations with IAST estimates.  The agreement is good, implying that none of 

the tenets demanded by the IAST are violated. The guest adsorbates are homogeneously distributed within 

the pore landscape, as is evident from the computational snapshot in Figure S8. In the experiments 

reported by Nguyen et al.44 for CO2(1)/N2(2) mixture adsorption in structured CALF-20 at 295 K, the 

experimental data for the N2 loadings in their Figure S5 indicate small deviations from the IAST estimates.  

This deviation could be due to the fact that the mixture adsorption data of Nguyen et al.44 are determined 

from breakthrough experiments that are not conducted under strict isothermal conditions. 

Figure S7a presents CBMC simulations of component loadings, iq , for CO2(1)/N2(2) mixture 

adsorption in CALF-20 at 298 K with varying total fugacity tf , maintaining the mole fraction of CO2 in 

the bulk gas mixture at a constant value 2 2 0.05ty f f  . The dashed lines are the IAST estimations. 

We again note that the CBMC data for component loadings are in good agreement with the IAST 
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estimates. Also, the CBMC simulations for CO2(1)/N2(2) adsorption selectivity from CBMC simulations 

agree well with IAST estimates; see Figure S9b. 

6.3 CBMC simulations for CO2/CH4 mixture adsorption 

Figure S10a presents CBMC simulations of component loadings, iq , for CO2(1)/CH4(2) mixture 

adsorption in CALF-20 at 298 K with varying total fugacity tf , maintaining the mole fraction of CO2 in 

the bulk gas mixture at a constant value 2 2 0.05ty f f  . The dashed lines are the IAST estimations. 

We again note that the CBMC data for component loadings are in good agreement with the IAST 

estimates. Also, the CBMC simulations for CO2(1)/CH4(2) adsorption selectivity, 1 2

1 2
ads

q q
S

f f
 , from 

CBMC simulations agree well with IAST estimates; see Figure S10b. 

6.4 CBMC simulations for CH4/H2O mixture adsorption 

Figure S11a shows CBMC simulations of component loadings, iq , for CH4(1)/H2O(2) mixture 

adsorption in CALF-20 at 298 K at a total fugacity = 500 kPa. The mole fraction of H2O in the bulk gas 

mixture, 2 2 ty f f , is varied. The loadings are plotted against 2

2

%RH %Relative Humidity 100
sat

f

p
    

where 2f  is the partial fugacity of water in the bulk gas phase, and 2
satp  is the saturation vapor pressure 

of water. At 298 K, 2
satp  is determined from the Antoine equation:  2 3150 Pasatp  . The IAST estimates 

of the component loadings are indicated by the dashed lines. We note that the CH4/H2O binary mixture 

adsorption exhibits significant departures from thermodynamic idealities. Another way to demonstrate 

the non-idealities is to plot the mole fraction of CH4 in the adsorbed phase mixture, 1x , as a function of 

the %RH , and the mole fraction of water in the bulk gas mixture, 2y  see Figure S11b, .  We note that for 

2 1%RH < 33%; 0.002; 0.2y x  , the adsorbed phase mixture is richer in CH4, i.e. poorer in H2O, 
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than is anticipated by the IAST. On the other hand, for 2 1%RH > 33%; 0.002; 0.2y x  , the adsorbed 

phase mixture is poorer in CH4, i.e. richer in H2O, than is anticipated by the IAST.  

Figure S11d plots    1 1 2 2ln ln
excessG

x x
RT

    as function of %RH . Figure S11e plots the activity 

coefficients 1 2,   as function of the mole fraction of CH4 in the adsorbed phase mixture, 1x . 

Figure S13  presents computational snapshots showing the location of guest CH4 and H2O molecules in 

CALF-20 at at 298 K.  The total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 499.1 

kPa, and f2 =0.9 kPa. The chosen conditions correspond to the scenario in Figure S11b with 

1%RH < 33%; 0.2x  , i.e. the adsorbed phase mixture is richer in CH4 than is anticipated by the IAST.   

We note that the CH4 and H2O molecules do not occupy the same adsorption site.  The preferred sites 

are the O atoms of the oxalate group, as established in our earlier work.  Therefore, CH4  faces less severe 

competition from H2O than is anticipated by the IAST that mandates a homogeneous distribution of guest 

adsorbates within the pore landscape.  

Figure S14 shows computational snapshots showing the location of guests CH4 and H2O molecules in 

CALF-20 at 298 K.  The total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 498.96 

kPa, and f2 =1.04 kPa. The chosen conditions to the scenario in Figure S11b with 1%RH > 33%; 0.2x 

, i.e. the adsorbed phase mixture is poorer in CH4 than is anticipated by the IAST.  In this scenario, the 

channels of CALF-20 are predominantly occupied with H2O molecules. CH4 can only locate at sites 

adjacent to  H2O molecules. 

The values of the fitted NRTL parameters are specified in Table S3.  

To underscore the need for the correction factor, the CBMC data are used to determine the excess Gibbs 

free energy  

   1 1 2 2ln ln
exG

x x
RT

    (26) 
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The CBMC values for the campaign 2500 kPa; vary tf y   are plotted in 3D space as function of   

and 1x  as red circles;  see  Figure S12. Also plotted are CBMC campaign 2100kPa; vary tf y , indicated 

by the green squares. Both CBMC data sets reside on a 3D surface mesh determined from the fitted NRTL 

parameters in Table S3. For construction of the 3D surface mesh, we vary parameters in the range as 

follows: 20.0001 0.016; 0.5 500 kPaty f    . The 3D surface plot clearly shows that 

0; 1; 0ex
i G RT   .  Also, for a fixed value of the surface potential,   we have the limiting 

characteristics: 1; 1; 0ex
i ix G RT   . 

6.5 Radial Distribution Functions 

The first step is to appreciate the preferential location of the guest molecules. Toward this end we 

determined the Radial Distribution Function (RDF) of guest-to-framework-atom distances of (a) guest 

CO2, and (b) guest H2O for adsorption of CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. See 

Figure S3 and Table S1, for explanation of the labels for the framework atoms. The total fugacity in the 

bulk gas phase is 15 kPa with partial fugacities f1 = 14.4 kPa, and f2 =0.6 kPa.  The RDFs were determined 

by sampling a total of 106 equilibrated simulation steps, and monitoring the guest-framework distances. 

The plotted RDF data has been normalized such that the area under each of the curves is identical to one 

another; the results are presented in Figure S15a,b. The first peaks of the RDFs for both guests correspond 

to the guest-oxygen atoms in the CALF-20 framework, indicating that the oxygen atoms of the oxalate 

groups of the framework serve as the most favorable binding sites for CO2, and H2O. 

To investigate the possibility of non-homogeneous distribution of adsorbate guests, CBMC simulation 

data on the spatial locations of the guest molecules were sampled to determine the inter-molecular 

distances; these distances are determined from the center of gravity of each guest molecule. By sampling 

a total of 106 simulation steps, the radial distribution function (RDF) were determined for CH4-CH4, CH4-

H2O, and H2O-H2O separation distances. Figure S16a,b plots the RDFs of center-to-center distances of 

CH4-CH4, CH4-H2O, and H2O-H2O pairs of guest CH4 and H2O molecules in CALF-20 at at 298  with 
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total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 499.1 kPa, and f2 =0.9 kPa, and  

2
2

1 2

0.0018
f

y
f f

 


. 

The simulation box contains a total of 5 3 5 75    unit cells. Under these conditions the number of 

molecules in the simulation box of 75 unit cells: CH4 = 128; H2O = 22.  Recall that 106 different 

conformations of the total of 119 + 44 = 163 molecules are analyzed.  The samples were taken up to a 

radial distance of 30 Å, but the x-axis has been truncated at 12 Å because only the first few 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 H2O-

H2O pairs are close together at typical distances of about 3 Å. The CH4-CH4 pairs are typically 6.5 Å 

apart, occupying adjacent adsorption sites of CALF-20. The CH4-H2O pairs are typically 8 Å apart, 

occupying adjacent adsorption sites. This implies that the CH4 molecules face a less severe competitive 

adsorption with H2O than is anticipated by the IAST.  The segregated nature of adsorbate locations are 

visually observed in Figure S13. This explains the finding in Figure S11b that 1%RH < 33%; 0.2x  , 

i.e. the adsorbed phase mixture is richer in CH4 than is anticipated by the IAST; this is a direct 

consequence of the fact that CH4 faces negligible competition with H2O.  

The proximity of H2O-H2O pairs observed in Figure S16a suggest the possibility of hydrogen bonding. 

To investigate this possibility, CBMC simulation data on the spatial locations of the guest molecules were 

sampled to determine the O H  distances of H2O-H2O and CO2-H2O pairs of molecules. By sampling a 

total of 106 simulation steps, the radial distribution functions (RDF) of O᠁H distances were determined 

for H2O-H2O and CO2-H2O pairs. Figure S16c plots the O H  of H2O-H2O pairs. We note the first peak 

in the RDFs for  H2O-H2O pairs occurs at a distance of 2 Å, that is characteristic of hydrogen bonding.15, 

45  

To investigate the reasons behind the fact in Figure S11b with 1%RH > 33%; 0.2x  , i.e. the adsorbed 

phase mixture is poorer in CH4 than is anticipated by the IAST, we determined the RDF for center-to-
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center and  O H  distances for adsorption of CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K; 

the total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 498.96 kPa, and f2 =1.04 kPa 

and 2
2

1 2

0.00208
f

y
f f

 


.  

Figure S17a presents the data on RDF for center-to-center distances of CH4-H2O, and H2O-H2O pairs. 

We note that the first peaks for both CH4-H2O, and H2O-H2O pairs occurs at distances of about 3 Å. This 

implies that CH4 faces stiffer competitive adsorption with partner H2O molecules because of the 

preponderance of H2O within the framework. Observe also the snapshots in Figure S14. This explains the 

fact that for 2 10.00208;%RH > 33%; 0.2y x  , the adsorbed phase mixture is poorer in CH4 than is 

anticipated by the IAST.  

Figure S17b presents the data on RDF for O H  distances of H2O-H2O pairs. We note the first peak 

in the RDFs for  H2O-H2O pairs occurs at a distance of 2 Å, that is characteristic of hydrogen bonding.15, 

45 Strong hydrogen bonding manifests for H2O-H2O pairs and serves to suppress the uptake of CH4 below 

values anticipated by the IAST that does not cater for molecular clustering due to hydrogen bonding. 

For further examples on the violation of the tenets of the IAST, 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, The 

Spreading Pressure Concept for Microporous Membranes 

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

6.6 CBMC simulations for N2/H2O mixture adsorption 

Figure S18a shows CBMC simulations of component loadings, iq , for N2(1)/H2O(2) mixture adsorption 

in CALF-20 at 298 K at a total fugacity = 100 kPa. The mole fraction of H2O in the bulk gas mixture, 

2
2

1 2

f
y

f f



, is varied. The loadings are plotted against %RH . We note that the N2/H2O binary mixture 
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adsorption exhibits significant departures from thermodynamic idealities. Another way to demonstrate 

the non-idealities is to plot the mole fraction of N2 in the adsorbed phase mixture, 1x , as a function of the   

%RH , and 2y  see Figure S18b, c.  We note that for 2 1%RH< 15%; 0.004; 0.3y x  , the adsorbed 

phase mixture is richer in N2, i.e. poorer in H2O, than is anticipated by the IAST. On the other hand, for 

2 1%RH> 15%; 0.004; 0.3y x  , the adsorbed phase mixture is poorer in N2, i.e. richer in H2O, than 

is anticipated by the IAST.  

In    Figure S18d, the excess Gibbs free energy, 
exG RT , is plotted as a function of %RH . Figure S18e 

plots the activity coefficients as function of the adsorbed phase mole fraction of N2, 1x .  

Figure S19  presents computational snapshots showing the location of guest N2 in CALF-20 at 298 K.  

The total fugacity in the bulk gas phase is 100 kPa with partial fugacities f1 = 99.985 kPa, and f2 = 0.015 

kPa. The chosen conditions correspond to the scenario in  Figure S18b with 1%RH < 15%; 0.3x  , i.e. 

the adsorbed phase mixture is richer in N2 than is anticipated by the IAST.   

Figure S20 shows computational snapshots showing the location of guest H2O in CALF-20 at 298 K.  

The total fugacity in the bulk gas phase is 100 kPa with partial fugacities f1 = 99.4 kPa, and f2 =0.6 kPa. 

The chosen conditions to the scenario in  Figure S18b with 1%RH > 15%; 0.3x  , i.e. the adsorbed 

phase mixture is poorer in N2 than is anticipated by the IAST.   

The values of the fitted NRTL parameters are specified in in Table S3.The continuous solid lines in 

Figure S18 are RAST calculations. 

6.7 CBMC simulations for CO2/H2O mixture adsorption 

Figure S21a shows CBMC simulations of component loadings, iq , for CO2(1)/H2O(2) mixture 

adsorption in CALF-20 at 298 K at a total fugacity = 15 kPa. The mole fraction of H2O in the bulk gas 

mixture, 2y , is varied. The loadings are plotted against %RH . 
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 The dashed lines in Figure S21a are the IAST estimations. We note that the CO2/H2O binary mixture 

adsorption exhibits significant departures from thermodynamic idealities. Another way to demonstrate 

the non-idealities is to plot the mole fraction of CO2 in the adsorbed phase mixture, 1x , as a function of 

the %RH , and the mole fraction of H2O in the bulk gas mixture, 2y ; see Figure S21b,c. We note that for 

2 1%RH < 20%; 0.05; 0.3y x  , the adsorbed phase mixture is richer in CO2, i.e. poorer in H2O, than 

is anticipated by the IAST. On the other hand, for 2 1%RH > 20%; 0.05; 0.3y x  , the adsorbed 

phase mixture is poorer in CO2, i.e. richer in H2O, than is anticipated by the IAST.  

In   Figure S21d, the excess Gibbs free energy, 
exG RT , is plotted as a function of %RH . Figure S21e 

plots the activity coefficients as function of the adsorbed phase mole fraction of CO2, 1x .  

The continuous solid lines in Figure S21 are RAST calculations with fitted NRTL parameters specified 

in Table S3. 

Additionally, CBMC simulations for CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K were 

determined for varying total fugacity tf , maintaining the mole fraction of H2O in the bulk gas mixture at 

a constant value 2 2 0.05ty f f  . Figure S22 presents 3D plots of CBMC data on excess Gibbs free 

energy     1 1 2 2ln ln
exG

x x
RT

    for CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K for two 

different campaigns, plotted as function of the surface potential,  , and the mole fraction of CO2 in the 

adsorbed phase mixture, 1x . The 3D mesh is constructed using the NRTL parameters provided in Table 

S3. Both CBMC campaigns reside on the 3D surface mesh. 

6.8 CBMC simulations for CO2/H2O/CH4 mixture adsorption 

Figure S23a presents CBMC simulations of component loadings, iq , for CO2(1)/H2O(2)/CH4(3) mixture 

adsorption in CALF-20 at 298 K at a total fugacity 1 2 3  500 kPatf f f f    , and partial fugacity of 

CH4(3) 3  400 kPaf  , plotted as a function of %RH . The mole fraction of H2O in the bulk gas mixture, 
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2 2 ty f f , is varied. Figure S23b,c,d plots the mole fractions of CO2, H2O, and CH4 in the adsorbed 

phase mixture, ix , as a function of %RH . The dashed lines are the IAST estimations. We note that for 

%RH < 38%, the adsorbed phase is considerably richer in both CO2(1), and CH4(3) but poorer in H2O(2) 

than anticipated by the IAST. In contrast, for %RH > 38%, the adsorbed phase is considerably poorer in 

both CO2(1), and CH4(3) but richer in H2O(2) than anticipated by the IAST, implying the suppression of 

CO2(1), and CH4(3) uptakes due to preponderance of H2O(2) that is subjected to hydrogen bonding. 

The continuous solid lines in Figure S23 are RAST calculations using eq (S22).  In these calculations 

the NRTL parameters 12 21 12 23 32 23, , , , ,        are taken to the same as for the corresponding binary pairs 

as listed in Table S3. Noteworthily, since the binary CO2(1)/CH4(3) behaves ideally, we assert that 

13 310; 0   . 

The ternary NRTL model provides a reasonably good estimation of the mole fractions of the three guests 

in the adsorbed phase as function of the %RH . 
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6.9 List of Tables for CBMC Simulations in CALF-20 

 

Table S2. Dual-site Langmuir-Freundlich parameters for CO2, CH4, N2, and H2O determined from 

fitting unary isotherms determined at 298K from CBMC simulations in CALF-20. The goodness of fits 

are quantified by the values of 2R . 

 

 Site A Site B 

,

-1mol kg
A satq

 -Pa A

Ab
  A

  ,

-1mol kg
B satq

 -Pa B

Bb
  B

  

CO2 

2 0.999316R   

1 4.693E-07 1 2.8 3.507E-04 1 

H2O 

2 0.98238R   

10.1 4.854E-29 10.5 1.3 1.888E-04 1.12 

CH4 

2 0.99887R   

2.75 1.470E-05 1  

N2 

2 0.999123R   

2.8 2.849E-06 1  
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Table S3. Fitted NRTL non-ideality parameters for binary mixture adsorption at 298 K in CALF-20.   

 C / kg mol-1 
12  21    

CO2/H2O  0.250 2.000 0.900 0.250 

N2/H2O  0.110 4.924 10.079 0.117 

CH4/H2O  0.250 2.000 2.000 0.100 
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6.10 List of Figures for CBMC Simulations in CALF-20 

 

 

 

 

Figure S6. (a) CBMC simulations for unary CO2, CH4, N2, and H2O isotherms at 298 K. The unary 

isotherm dual-site Langmuir-Freundlich fit parameters are provided in Table S2.   
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Figure S7.  (a) CBMC simulations for unary CO2 and N2 isotherms at 298 K. (b) CBMC simulations of 

component loadings, iq , for CO2(1)/N2(2) mixture adsorption in CALF-20 at a total pressure of 100 kPa 

and 298 K; the mole fraction of CO2(1) in the bulk gas phase mixture, 1y , is varied from 0 to 1. The 

dashed lines are the IAST estimations.  (c) Plot of CO2(1)/N2(2) adsorption selectivity from CBMC 

simulations with IAST estimates.  
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Figure S8. Computational snapshots showing the location of guest CO2 and N2 (blue pencil like 

molecule)  in CALF-20 at 298 K.  The total fugacity in the bulk gas phase is 100 kPa with partial fugacities 

f1 = 5 kPa, and f2 =95 kPa.  
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Figure S9. (a) CBMC simulations of component loadings, iq , for CO2(1)/N2(2) mixture adsorption in 

CALF-20 at 298 K with varying total fugacity tf , maintaining the mole fraction of CO2 in the bulk gas 

mixture at a constant value 2 2 0.05ty f f  . The dashed lines are the IAST estimations.  (b) Plot of 

CO2(1)/N2(2) adsorption selectivity from CBMC simulations with IAST estimates.  
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Figure S10. (a) CBMC simulations of component loadings, iq , for CO2(1)/CH4(2) mixture adsorption 

in CALF-20 at 298 K with varying total fugacity tf , maintaining the mole fraction of CO2 in the bulk gas 

mixture at a constant value 2 2 0.05ty f f  . The dashed lines are the IAST estimations.  (b) Plot of 

CO2(1)/CH4(2) adsorption selectivity from CBMC simulations with IAST estimates.  
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Figure S11. (a) CBMC simulations of component loadings, iq , for CH4(1)/H2O(2) mixture adsorption 

in CALF-20 at 298 K at a total fugacity tf  = 500 kPa, plotted as a function of %RH . (b, c ) Plot of the 

mole fraction of CH4 in the adsorbed phase mixture, 1x , as a function of the %RH , and 2y . (d) Plot of 

the 
exG RT  vs %RH . (e) Plot of i  as a function of 1x . The continuous solid lines are the RAST 

calculations; the fitted NRTL parameters are specified in Table S3. The dashed lines are the IAST 

estimations.  
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Figure S12. 3D plots of CBMC data on excess Gibbs free energy     1 1 2 2ln ln
exG

x x
RT

    for 

CH4(1)/H2O(2) mixture adsorption in CALF-20 at a total fugacities tf  = 500 kPa, and  tf  = 100 kPa, 

plotted as function of the surface potential,  , and the mole fraction of CH4 in the adsorbed phase 

mixture, 1x . The 3D mesh is constructed using the NRTL parameters provided in Table S3.  
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Figure S13. Computational snapshots showing the location of guest CH4 and H2O molecules in CALF-

20 at at 298 K.  The total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 499.1 kPa, 

and f2 =0.9 kPa.  
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Figure S14. Computational snapshots showing the location of guest CH4 and H2O in in CALF-20 at 298 

K.  The total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 498.96 kPa, and f2 =1.04 

kPa.  
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Figure S15. (a, b) Radial Distribution Function (RDF) of guest-to-framework-atom distances of (a) 

guest CO2, and (b) guest H2O for adsorption of CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. 

See Figure S3 and Table S1, for explanation of the labels for the framework atoms. The total fugacity in 

the bulk gas phase is 15 kPa with partial fugacities f1 = 14.4 kPa, and f2 =0.6 kPa. The plotted RDF data 

has been normalized such that the area under each of the curves is identical to one another. (c) Radial 

Distribution Function (RDF) of guest-to-oxygen atom distances of CO2, and H2O guests.  

  

b

CO2-to-atom distance / Å

0 2 4 6 8 10 12

ra
di

al
 d

is
tr

ib
ut

io
n 

of
 g

ue
st

 p
ai

rs

0

1

2

3

4

5

CO2 - O atom

CO2 -  Zn atom

CO2 - N1 atom

CO2 - N2 atom

CO2 -  C1 atom

CO2 -  C2 atom

CO2 - H atom

a
b

H2O-to-atom distance / Å

0 2 4 6 8 10 12

ra
di

al
 d

is
tr

ib
ut

io
n 

of
 g

ue
st

 p
ai

rs

0.0

0.5

1.0

1.5

2.0

2.5

3.0

H2O - O atom

H2O - Zn atom

H2O -N1 atom

H2O -N2 atom

H2O -C1 atom

H2O -C2 atom

H2O -H atom

b
b

center-to-atom distance / Å

0 2 4 6 8 10 12

ra
di

al
 d

is
tr

ib
ut

io
n 

of
 g

ue
st

 p
ai

rs

0.0

0.5

1.0

1.5

2.0

2.5

3.0

H2O - O atom

CO2 - O atom

c

CO2(1)/ H2O(2) mixture; 

f1 = 14.4 kPa; f2 = 0.6 kPa; 

CALF-20; 298 K



S43 
 

 

 

 

Figure S16. (a, b, c) Radial Distribution Function (RDF) of center-to-center distances of CH4-CH4, CH4-

H2O, and H2O-H2O pairs, and (c)  O H  of H2O-H2O pairs,  determined from CBMC simulations for 

adsorption of CH4(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. guest CH4 and H2O molecules in 

CALF-20 at at 298 K. total fugacity in the bulk gas phase is 500 kPa with partial fugacities f1 = 499.1 kPa, 

and f2 =0.9 kPa.  The plotted RDF data has been normalized such that the area under each of the curves is 

identical to one another.  
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Figure S17. Radial Distribution Function (RDF) of (a) center-to-center distances, and (b)  O H  of 

CH4-H2O, and H2O-H2O pairs, determined from CBMC simulations for adsorption of CH4(1)/H2O(2) 

mixture adsorption in CALF-20 at 298 K. The total fugacity in the bulk gas phase is 500 kPa with partial 

fugacities f1 = 498.96 kPa, and f2 =1.04 kPa. The plotted RDF data has been normalized such that the area 

under each of the curves is identical to one another.  
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Figure S18. (c) CBMC simulations of component loadings, iq , for N2(1)/H2O(2) mixture adsorption in 

CALF-20 at 298 K at a total fugacity tf  = 100 kPa, plotted as a function of %RH . (b, c ) Plot of the mole 

fraction of N2 in the adsorbed phase mixture, 1x , as a function of the %RH , and 2y . (d) Plot of the 

exG RT  vs %RH . (e) Plot of i  as a function of 1x . The continuous solid lines are the RAST calculations; 

the fitted NRTL parameters are specified in Table S3. The dashed lines are the IAST estimations.  
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Figure S19. Computational snapshots showing the location of guest N2 and H2O in CALF-20 at 298 K.  

The total fugacity in the bulk gas phase is 100 kPa with partial fugacities f1 = 99.985 kPa, and f2 =0.015 

kPa.  
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Figure S20. Computational snapshots showing the location of guest N2 and H2O in CALF-20 at 298 K.  

The total fugacity in the bulk gas phase is 100 kPa with partial fugacities f1 = 99.4 kPa, and f2 =0.6 kPa.  
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Figure S21. (a) CBMC simulations of component loadings, iq , for CO2(1)/H2O(2) mixture adsorption 

in CALF-20 at 298 K at a total fugacity tf  = 15 kPa, plotted as a function of %RH . The mole fraction of 

H2O in the bulk gas mixture, 2 2 ty f f , is varied. (b, c ) Plot of the mole fraction of CO2 in the adsorbed 

phase mixture, 1x , as a function of the %RH , and 2y .  (d) Plot of the 
exG RT  vs %RH . (e) Plot of i  as 

a function of 1x . The continuous solid lines are the RAST calculations; the fitted NRTL parameters are 

specified in Table S3. The dashed lines are the IAST estimations.  
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Figure S22. 3D plots of CBMC data on excess Gibbs free energy     1 1 2 2ln ln
exG

x x
RT

    for 

CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K for two different campaigns, plotted as function 

of the surface potential,  , and the mole fraction of CO2 in the adsorbed phase mixture, 1x . The 3D mesh 

is constructed using the NRTL parameters provided in Table S3.  
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Figure S23. (a) CBMC simulations of component loadings, iq , for CO2(1)/H2O(2)/CH4(3) mixture 

adsorption in CALF-20 at 298 K at a total fugacity 1 2 3  500 kPatf f f f    , and partial fugacity of 

CH4(3) 3  400 kPaf  , of plotted as a function of %RH . The mole fraction of H2O in the bulk gas 

mixture, 2 2 ty f f , is varied. (b, c, d) Plot of the mole fractions of CO2, H2O, and CH4 in the adsorbed 

phase mixture, ix , as a function of %RH . (e) Plot of the 
exG RT  as function of %RH .  The continuous 

solid lines are the RAST calculations; the fitted NRTL parameters are specified in Table S3. The dashed 

lines are the IAST estimations.  
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7 RAST Modelling of Transient Breakthroughs in Fixed Beds 

 We summarize below the simulation methodology used to perform transient breakthrough calculations 

for fixed bed adsorbers. The simulation methodology is the same as described by Krishna. 46-49  Our earlier 

work27 provides validation of the simulations methodology by comparison with experimental 

breakthrough data of Nguyen et al.50 on the influence of %RH  on transient CO2/H2O mixture 

breakthroughs in a laboratory scale fixed bed packed with CALF-20 composites (80% MOF:20% 

polysulfone).  

In an n-component gas mixtures in plug flow through a fixed bed maintained under isothermal 

conditions, the molar concentrations in the gas phase at any position and instant of time are obtained by 

solving the following set of partial differential equations for each of the species i in the gas mixture 

   ( , ) ( , ) 1 ( , )( , )
0; 1,2,...ii i

v t z c t z q t zc t z
i n

t z t

   
   


     (S27) 

In eq (S27), t is the time, z is the distance along the adsorber,  is the framework density,  is the bed 

voidage, v is the interstitial gas velocity, and ( , )iq t z  is the spatially averaged molar loading within the 

crystallites of radius rc, monitored at position z, and at time t. At time, t = 0, the inlet to the adsorber, z = 

0, is subjected to a step input of the n-component gas mixture and this step input is maintained till the end 

of the adsorption cycle when steady-state conditions are reached.  

0 00; (0, ) ; (0, )i it p t p u t u    (S28) 

The interstitial gas velocity is related to the superficial gas velocity by 

u
v


  (S29) 

where 0u v  is the superficial gas velocity at the inlet to the adsorber. The superficial gas velocity is 

calculated from the flow rate of the gas mixture entering the breakthrough tube. 
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The radial distribution of molar loadings, qi, within a crystallite of radius cr , is obtained from a solution 

of a set of differential equations describing the uptake 

 2
2

( , ) 1i
i

q r t
r N

t r r
  

 
 

 (S30) 

The intra-crystalline fluxes Ni in eq (S30) are related to gradients in the molar gradients of the loadings  

33, 34, 46, 51 

; 1, 2,..i
i i

q
N Ð i n

r
 

  


 (S31) 

In eqs (S30)  and  (S31), R is the gas constant, T is the temperature,  represents the framework density 

of the microporous crystalline material, r is the radial distance coordinate, and the component loadings qi 

are defined in terms of moles per kg of framework. The Ði characterize and quantify the interaction 

between species i and pore walls. The M-S diffusivity Ði equals the corresponding diffusivity for a unary 

system, determined at the same pore occupancy.51 Furthermore, the M-S diffusivity Ði for any species i 

in a mixture remains invariant to choice of the partner(s) species.51  

  At any time, t, during the transient approach to thermodynamic equilibrium, the spatial-averaged 

component loading within the crystallites of radius rc is calculated using 

2
3 0

3
( ) ( , )

cr

ii
c

q t q r t r dr
r

   (S32) 

Summing eq (S32) over all n species in the mixture allows calculation of the total average molar loading 

of the mixture within a crystallite 

1

( , ) ( , )
n

t i
i

q t z q t z


  (S33) 

The term 
( , )iq t z

t




 in eq (S27) is determined by solving the set of eqs (S30), (S31), (S32), and (S33).  

At any time t, and position z, the component loadings at the outer surface of the particle ( , , )i cq r t z  is in 

equilibrium with the bulk phase gas mixture with partial pressures ( , )ip t z  in the bulk gas mixture. the 
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component loadings at the surface of the crystallites ( , , )i cq r t z  where rc is the radius of the crystallites are 

calculated using the RAST. To demonstrate the influence of thermodynamic non-idealities, we also 

perform simulations using the IAST. 

If the value of 2
i cÐ r  is large enough to ensure that intra-crystalline gradients are absent and the entire 

crystallite particle can be considered to be in thermodynamic equilibrium with the surrounding bulk gas 

phase at that time t, and position z of the adsorber 

( , ) ( , )iiq t z q t z  (S34) 

In the simulations reported in this work, the value of 2
i cÐ r  = 1 s-1 for each of the guest molecules.  

Further details of the numerical procedures used in solving the partial differential equations, are 

provided by Krishna and co-workers.46-49 For  further explanation, including video animations of 

breakthroughsm watch  the presentations titled Diffusional Influences on Breakthroughs, Transient 

Breakthrough Simulations, Modeling of Fixed Bed Adsorbers on YouTube  

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

For the simulations presented here we take the following bed dimensions  

Cross-sectional area of tube:  2 4A d  = 1 m2 

Effective length of packed column:  L = 0.3 m 

Voidage of packed bed;   = 0.4 

The interstitial gas velocity t the entrance to the tube  0Qu
v

A 
  = 0.1 m s-1. The volumetric flow rate 

of the gas mixture at the inlet of the fixed bed 0Q  = 40 L s-1. 

The total volume of the bed is bedV LA . The volume of CALF-20 used in the simulations is 

 1adsV LA    = 0.18 m3. The crystallite density of CALF-20  = 1598.0 kg m-3. The mass of the CALF-

20  in the packed bed:  1adsm LA    = 287.8 kg. 
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Simulations were performed for CO2/H2O and CH4/H2O mixtures at a temperature of 298 K with the 

values %Relative Humidity  = 5%, 25%, and 40%.  At 298 K,  2
satp  is determined from the Antoine 

equation:  2 3150 Pasatp  . The partial pressures of H2O in the feed mixture is calculated using 

2

2

%Relative Humidity 100
sat

p

p
  . 

For description of thermodynamic non-idealities, we use a set of fitted NRTL parameters are specified 

in Table S3.  

 Figure S24a,b,c compares breakthrough simulations using RAST (continuous colored lines) and IAST 

(dashed lines) for CH4/H2O mixtures at 298 K and total fugacity ft = 500 kPa, with three different values 

of %Relative Humidity . The transient breakthrough data for the dimensionless concentrations at the exit 

of the fixed bed, 0i ic c , are plotted as a function of a modified time parameter defined by  

   
 

-1
0 -10
= flow rate L s  time in s

L kg
kg CALF-20 packed in tube ads

Q Q t

m


   (S35) 

Noteworthily, the breakthrough characteristics of H2O are particularly sensitive to thermodynamic non-

idealities. To accentuate the differences between the IAST and RAST calculations of breakthroughs, the 

spatially-averaged component loadings in the bed are plotted in  Figure S24d,e,f as function of 0

ads

Q t

m
.  For 

%RH  = 5%, and 25% the RAST anticipates the adsorbed phase to be significantly richer in CH4 , i.e. 

poorer in H2O, than predicted by the IAST. For %RH  = 40 %, the RAST anticipates the adsorbed phase 

to be significantly poorer in CH4 , i.e. richer in H2O, than predicted by the IAST. These findings rhyme 

with the data plotted in in Figure S11.  

  Figure S25a,b,c compares breakthrough simulations using RAST (continuous colored lines) and IAST 

(dashed lines) for CO2/H2O mixtures at 298 K and total fugacity ft = 100 kPa, with three different values 

of %Relative Humidity . To accentuate the differences between the IAST and RAST calculations of 

breakthroughs, the averaged component loadings in the bed are plotted in  Figure S25d,e,f as function of 
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0

ads

Q t

m
.  For %RH  = 5%, and 25% the RAST anticipates the adsorbed phase to be significantly richer in 

CO2, i.e. poorer in H2O, than predicted by the IAST. For %RH  = 40 %, the RAST anticipates the adsorbed 

phase to be significantly poorer in CO2, i.e. richer in H2O, than predicted by the IAST. These findings 

rhyme with the data plotted in Figure S21. 
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7.1 List of Figures for RAST Modelling of Transient Breakthroughs in Fixed Beds 

 

 

 

Figure S24. Comparison of breakthrough simulations using RAST (continuous colored lines) and IAST 

(dashed lines) for CH4/H2O mixtures at a total fugacity = 500 kPa, and temperature 298 K. Three different 

values of %Relative Humidity  are considered.  
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Figure S25. Comparison of breakthrough simulations using RAST (continuous colored lines) and IAST 

(dashed lines) for CO2/H2O mixtures at a total fugacity = 100 kPa, and temperature 298 K. Three different 

values of %Relative Humidity  are considered.  
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8 Comparisons with RAST analysis of Kaur and Marshall  

The manuscript of Kaur and Marshall26 titled The Real adsorbed solution theory model for the 

adsorption of CO2 from humid gas on CALF-20 is a preprint dated 17 November 2023 that has not been 

peer reviewed. The main focus of the Kaur-Marshall manuscript is on RAST modeling non-idealities in 

CO2(1)/H2O(2) mixture adsorption using published experimental data of Nguyen.50   

We present below a critical analysis of the analysis of Kaur and Marshall26 and compare with the results 

from this work, along with the results presented in our  earlier publication27 that used CBMC simulations 

of CO2(1)/H2O(2) mixture adsorption to provide fundamental reasons for the failure of the IAST.   

8.1 Non-idealities for CO2/H2O mixture adsorption 

The data on unary isotherms for CO2, H2O, and N2  plotted in Figures 1, 2, 3 of Kaur and Marshall26 in 

structured CALF-20 (80% MOF:20% polysulfone) are culled from literature sources. 44, 50, 52 The mixture 

adsorption data used in RAST modeling are determined from breakthrough experiments already reported 

in the published literature.50 These breakthrough experiments of Nguyen 50 from which mixture adsorption 

data have been culled were not conducted under perfect isothermal conditions, corresponding to 

thermodynamic equilibrium.  For the two highest values of %RH  = 83%, and 92%, the H2O loadings for 

mixture adsorption as plotted in Figure 5a of Kaur and Marshall exceed the unary H2O isotherm data; see 

Figure S26; this characteristic cannot be modeled using the RAST. Consequently, the mixture adsorption 

data are not thermodynamically consistent. This has been clearly explained in the video presentation 

Thermodynamic Non-Idealities in CO2 Capture with CALF-20: Part VI  

https://youtu.be/9tik1zuwo14  

Noteworthily,  RAST implementations of Kaur and Marshall,26 using either the NRTL or Margules 

models also experience similar limitations at high values of %RH.  
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8.2 Non-idealities for CO2/H2O mixture adsorption: Dependence on %RH 

The CBMC simulations for CO2(1)/H2O(2) mixture adsorption as reported in this work in  Figure S21 

identifies two different regimes of thermodynamic non-idealities that prevail at low %RH and high %RH.  

The Kaur-Marshall preprint fails to recognize the two different regimes of thermodynamic non-idealities. 

In the Conclusions section, Kaur-Marshall state It was demonstrated that RAST could reproduce the 

highly non-ideal binary adsorption of water/CO2 on CALF-20. The non-ideal behavior was a result of 

strong positive deviations from ideality. This is at odds with previous applications of RAST to adsorbing 

mixtures where both species exhibit Type I adsorption; for these cases negative deviations from ideality 

are the norm. 

In other words, Kaur-Marshall imply that thermodynamic non-idealities are the results of positive 

deviations from idealities.  This is patently incorrect.  In several published works  on mixture adsorption 

in cation-exchanged zeolites 9, 10, 12, 14 it has been demonstrated that deviations from the IAST may also 

stem from negative deviations from thermodynamic non-idealities. 

8.3 RAST modeling of CO2/H2O mixture adsorption 

The RAST modeling of CO2/H2O mixture adsorption presented by Kaur ignores the correction factor 

for pore occupancies   1 exp C   , as emphasized in eq (S21); see also our earlier work.27 The need 

for the correction factor    1 exp C    in RAST modelling of CH4/H2O and CO2/H2O mixture 

adsorption has also been underscored by the data on     1 1 2 2ln ln
exG

x x
RT

    plotted in  Figure S12 

and Figure S22.  These data clearly demonstrate that the activity coefficients depend on both the surface 

potential,  , and the mole fractions of guest in the adsorbed phase, ix .  The RAST analysis of Kaur-

Marshall ignore the dependence of activity coefficients on the surface potential,  . Consequently the 

activity coefficients reported by Kaur-Marshall do not obey the required limiting behaviors 

1 20; 1; 1     as demanded by rigorous theories 13, 27 and confirmed by CBMC data in Figure 

S12 and Figure S22.  This error in the Kaur-Marshall implementation has been highlighted in the video 
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presentation Thermodynamic Non-Idealities in CO2 Capture with CALF-20: Part II RAST modeling 

available at https://youtu.be/ITmzyejlNXA  

8.4 CO2/N2 mixture adsorption 

In the analysis of Kaur and Marshall presented in their Figure 4 and Table 2, CO2/N2 mixture adsorption 

is treated as being non-ideal.   The CBMC data in Figure S7 for CO2/N2 mixture adsorption show that this 

mixture behaves ideally. There is no evidence to suggest that non-ideality effects should be considered. 

See also Thermodynamic Non-Idealities in CO2 Capture with CALF-20: Part V available at 

https://youtu.be/_bqQDBdd9x4 

8.5 CO2/H2O/N2 mixture adsorption 

The CBMC  simulations reported by Gopalsamy et al.36 for CO2(1)/H2O(2)/N2(3) mixture adsorption 

in CALF-20 at 293 K and total fugacity 100 kPa are presented in Figure S27. The partial fugacity of N2(3) 

is held practically constant at the value of 80 kPa; the mole fraction of H2O in the bulk gas mixture, 2y , 

is varied. The dashed lines are the IAST estimations; for this purpose, the unary isotherm fits used are 

those provided in Table S4.  We note that the ternary mixture adsorption exhibits significant departures 

from thermodynamic idealities. Another way to demonstrate the non-idealities is to plot the mole fraction 

of guests in the adsorbed phase mixture, ix , as a function of %RH ; see Figure S27b,c,d.  We note that 

for %RH < 40%, the adsorbed phase mixture is richer in both CO2 and N2, i.e. poorer in H2O, than is 

anticipated by the IAST. On the other hand, for %RH > 40% , the adsorbed phase mixture is poorer in 

both CO2 and N2, i.e. richer in H2O, than is anticipated by the IAST. 

The CBMC data of Gopalsamy et al.36 can be matched with the set of NRTL parameters 

-1
12 21 12 23 32 230.25 kg mol ; 0.5; 2.55; 0.363; 10; 15; 0.287C             . Noteworthily, since 

the binary CO2(1)/N3(3) behaves ideally (cf. Figure S7), we assert that 13 310; 0   . 

The RAST calculations for CO2/H2O/N2 mixtures presented in Figure 7 of Kaur-Marshall are seriously 

flawed for two separate reasons. Firstly, these calculations ignore thermodynamic non-idealities for 
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N2/H2O mixture adsorption The molecular simulations presented in Figure S18 and Figure S27 clearly 

establish that N2/H2O mixture adsorption is analogous to CO2/H2O and subject to strong non-idealities.  

This point is also emphasized in the video presentation titled Thermodynamic Non-Idealities in CO2 

Capture with CALF-20: Part III available at https://www.youtube.com/watch?v=9nUjt9EK9ds.  

  



S62 
 

 

 

8.6 List of Tables for Comparisons with RAST analysis of Kaur and Marshall 

 

 

Table S4. Dual-site Langmuir-Freundlich parameters for CO2 (1) and H2O (2) determined from fitting 

unary isotherms  determined at 293K from molecular simulations in CALF-20.36 For calculation of the % 

Relative Humidity, the saturation vapor pressure of water, 2
satp , at 293 K is determined from the Antoine 

equation;  2 2330 Pasatp  .The goodness of fits are quantified by the values of 2R . 

 

 Site A Site B 

,

-1mol kg
A satq

 -Pa A

Ab
  A

  ,

-1mol kg
B satq

 -Pa B

Bb
  B

  

CO2 

2 0.99966R   

1.9 1.408E-11 2.15 3.3 3.194E-04 1 

H2O 

2 0.997126R   

10.8 2.095E-29 10.75 2.2 1.446E-04 1 

N2 

 

2.8 2E-06 1  
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8.7 List of Figures for Comparisons with RAST analysis of Kaur and Marshall 

 

 

Figure S26. Experimental data of Lin et al.52 (indicated by symbols) on component loadings for CO2(1) 

and H2O(2) mixture adsorption in structured CALF-20 (80% MOF:20% polysulfone) at 295 K.  The total 

pressure in the bulk gas phase is 97 kPa with varying % relative humidity.  The dashed lines are the IAST 

estimations; for this purpose, the unary isotherm fits are those provided in Table 1 of Kaur-Marshall. 
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Figure S27. (a) CBMC simulations of component loadings, iq , reported by Gopalsamy et al.36 for 

CO2(1)/H2O(2)/N2(3) mixture adsorption in CALF-20 at 293 K at a total fugacity 

1 2 3  100 kPatf f f f    , and partial fugacity of N2(3) 3  80 kPaf  , of plotted as a function of %RH . 

The mole fraction of H2O in the bulk gas mixture, 2 2 ty f f , is varied. (b, c, d) Plot of the mole fractions 

of CO2, H2O, and N2 in the adsorbed phase mixture, ix , as a function of %RH . The dashed lines are the 

IAST estimations. The continuous solid lines are the RAST estimations. 
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9 Nomenclature 

Latin alphabet 

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

A12, A21 Margules parameters, dimensionless 

bi  Langmuir-Freundlich parameter, Pa   

ci  molar concentration of species i, mol m-3 

ci0  molar concentration of species i in fluid mixture at inlet to adsorber, mol m-3 

C  constant used in eq (S17), kg mol-1  

Ði  Maxwell-Stefan diffusivity for molecule-wall interaction, m2 s-1 

if   partial fugacity of species i, Pa 

tf   total fugacity of bulk gas phase mixture, Pa 

exG   excess Gibbs free energy, J mol-1 

L  length of packed bed adsorber, m  

adsm  mass of adsorbent in packed bed, kg 

n number of species in the mixture, dimensionless 

Ni molar flux of species i with respect to framework, mol m-2 s-1 

2
satp    saturation vapor pressure of water, Pa 

0
iP   sorption pressure, Pa 

iq   component molar loading of species i, mol kg-1 

,i satq   molar loading of species i at saturation, mol kg-1 

tq   total molar loading in mixture, mol kg-1 
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,sat mixq   saturation capacity of mixture, mol kg-1 

( )iq t   spatial-averaged component uptake of species i, mol kg-1 

0Q   volumetric flow rate of gas mixture at inlet to fixed bed, m3 s-1 

r  radial direction coordinate, m  

rc  radius of crystallite, m  

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

%RH   % relative humidity, dimensionless 

1 2

1 2
ads

q q
S

f f
  adsorption selectivity, dimensionless 

t  time, s  

T  absolute temperature, K  

u  superficial gas velocity in packed bed, m s-1 

v  interstitial gas velocity in packed bed, m s-1 

ix    mole fraction of species i in adsorbed phase, dimensionless 

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

z  distance along the adsorber, m  

T  absolute temperature, K  

 

Greek alphabet 

   NRTL parameters, dimensionless 

i   activity coefficient of component i in adsorbed phase, dimensionless 

  voidage of packed bed, dimensionless 

ij   Wilson parameters, dimensionless 

i  molar chemical potential, J mol-1 



S67 
 

  fractional pore occupancy, dimensionless 

ν   Freundlich exponent, dimensionless 

    spreading pressure, N m-1 

  framework density, kg m-3 

ij   NRTL parameters, dimensionless 

   surface potential, mol kg-1 

 

Subscripts 

i  referring to component i 

t  referring to total mixture 

sat  referring to saturation conditions 

0  referring to conditions at inlet to fixed bed 

 

Superscripts 

0  referring to pure component loading 

ex  referring to excess parameter 
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