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A B S T R A C T   

The use of CALF-20 for CO2 capture from humid flue gases has attracted a vast amount of attention from both 
academia and industry. The focus of this article is on CO2/H2O mixture adsorption for which published exper
imental data demonstrate the severe limitations of the Ideal Adsorbed Solution Theory (IAST) in providing a 
quantitative estimation of the component loadings. We use Configurational-Bias Monte Carlo (CBMC) simula
tions for elucidating the origins of thermodynamic non-idealities. The CBMC simulations reveal that two distinct 
regimes prevail during mixture adsorption. For low relative humidities less than say 20 %, the CO2 loadings in 
the adsorbed phase is significantly higher than anticipated by the IAST. CBMC simulations of intermolecular 
distances for guest pairs reveal that failure of the IAST can be traced to the phenomenon of segregated 
adsorption. The H2O-H2O pairs are close together at typical distances of about 3 Å. The CO2-H2O pairs are 
typically 8 Å apart, occupying adjacent adsorption sites corresponding to the O atoms of the oxalate group. This 
implies that the CO2 molecules face a less severe competitive adsorption with H2O than is anticipated by the 
IAST, whose applicability mandates a uniform and homogeneous distribution of adsorbates in pore space. The 
situation changes dramatically at high values of relative humidities, typically larger than about 50 %; in this 
scenario, the adsorbed phase is significantly richer in H2O. The 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 CO2 is significantly higher than anticipated by the IAST, resulting in significantly lower CO2 
uptakes. 

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 CO2 capture with CALF-20.   

1. Introduction 

In current industrial practice, amine absorption technologies, that 
are energy intensive, are used for capture of CO2 from a variety of 
gaseous mixtures. Potential reduction in the energy consumption is 
achievable by adsorption separations using fixed-bed adsorption devices 
[1–7]. For post-combustion CO2 capture, 13X zeolite is considered to be 
the benchmark adsorbent, with the ability to meet the U.S. Department 
of Energy (US-DOE) targets for CO2 purity and recovery [2]. 

Following the publication of Lin et al.[8], demonstrating the efficacy 
of Zinc-based Calgary Framework 20 (CALF-20) for CO2 capture from 
humid flue gases, a number of complementary publications have 
explored a number of related and ancillary aspects [9–17]. Two publi
cations [13,14] have presented comparisons of the experimental data on 
CO2/H2O mixture adsorption with the estimations of the Ideal Adsorbed 
Solution Theory (IAST). To set the scene, and define the objectives of 
this article, Fig. 1a presents the experimental data on component load
ings for CO2(1)/H2O(2) mixture adsorption in structured CALF-20 (80 % 
MOF:20 % polysulfone) at 295 K; these data have been backed-out from 
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transient breakthrough experiments [8,12,13]. The dashed lines in 
Fig. 1a are estimations based on the Ideal Adsorbed Solution Theory 
(IAST) of Myers and Prausnitz [18]. The IAST estimates are in poor 
agreement with the experimental data. For 0 < %RH < 40, it is note
worthy that the H2O loadings in the CO2(1)/H2O(2) mixture are lower 
than both the unary H2O loadings (indicated by solid blue line) and IAST 
estimates, prompting Lin et al.[8] to postulate the “suppression” of 
water sorption by CO2. 

Another way to demonstrate the non-idealities is to plot the mole 
fraction of CO2 in the adsorbed phase mixture, x1, as a function of the 
relative humidity; see Fig. 1b. We note that for %RH < 40; x1 > 0.5, the 
adsorbed phase mixture is richer in CO2, i.e. significantly poorer in H2O, 
than is anticipated by the IAST. On the other hand, for 
%RH > 40; x1 < 0.5, the adsorbed phase mixture is poorer in CO2, i.e. 
richer in H2O, than is anticipated by the IAST. None of the publications 
on CALF-20 have underscored the two different scenarios for failure of 
the IAST, nor offered any explanation for the possible reasons for its 
failure. 

The IAST description of mixture adsorption equilibrium relies on a 
number of basic tenets [19–25]: (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. In a number of publications on CO2 
capture from mixtures containing N2, CH4, C2H4, C2H6, C3H8, and H2O 
using cation-exchanged zeolites [2,19,21,23–29], the IAST has been 
shown to fail due to non-compliance with one or more of the afore- 
mentioned tenets. 

The primary objective of this article is to elucidate the reasons for the 
distinct failure of the IAST, as evidenced in Fig. 1 for CO2(1)/H2O(2) 
mixture adsorption in structured CALF-20. 

Towards this end, Configurational-Bias Monte Carlo (CBMC) simu
lations for adsorption of CO2/H2O mixture adsorption in pristine CALF- 
20 crystals were undertaken. The simulation methodologies are the 
same as detailed in earlier publications [30–36]. The CALF-20 structure 
was considered to be rigid in the simulations. Recent works have 
included considerations of framework flexibility [16] and 

polymorphism [17]; both these aspects are ignored in the present work. 
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 S3. The simulation box for conducting 
CBMC simulations consisted of 5 × 3 × 5 = 75 unit cells. The in
teractions between adsorbed molecules are described with Lennard- 
Jones terms together with electrostatic interactions. For the atoms in 
the host metal organic framework (see Figure S4), the generic DREID
ING [37] force fields were used. The framework atomic charges are from 
Gopalsamy et al.[9]; see Tables S2 and S3. CO2 was described by a 3-site 
charged Lennard-Jones model as described by Garcia-Sánchez et al.[38]. 
Water is modeled using the four-site TIP4P-Ew potential [39]; TIP4P =
4-site transferable intermolecular potential (TIP4P) and Ew = Ewald 
technique. Further simulation details are provided in the Supplementary 
Material. 

2. CBMC simulations 

Fig. 2a presents the CBMC simulations conducted in this work for 
unary isotherms for CO2(1) and H2O(2) at 298 K. Fig. 2b shows CBMC 
simulations of component loadings, qi, 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, y2, is varied. In Fig. 2b, the 
loadings are plotted against %RH =

f2
psat

2
× 100 where f2 is the partial 

fugacity of water in the bulk gas phase, and psat
2 is the saturation vapor 

pressure of water. At 298 K, psat
2 is determined from the Antoine equa

tion: psat
2 = 3150 Pa. The dashed lines are the IAST estimations using 

the dual-site Langmuir-Freundlich model fits of the unary isotherms in 
Fig. 2a; the fit parameters as specified in Table S4. We note that the CO2/ 
H2O binary mixture adsorption exhibits significant departures from 
thermodynamic idealities. For %RH < 25%, it is noteworthy is that the 
H2O loading for mixture adsorption are lower than the corresponding 
IAST estimates, prompting Lin et al.[8] to postulate “suppression” of 
H2O sorption by CO2. 

Another way to demonstrate the non-idealities is to plot the mole 
fraction of CO2 in the adsorbed phase mixture, x1, defined by 

x1 =
qi

q1 + q2
; x2 = (1 − x1) (1) 

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. (7), kg mol− 1 

fi partial fugacity of species i, Pa 
L length of packed bed adsorber, m 
psat

2 saturation vapor pressure of water, Pa 
P0

i sorption pressure, Pa 
qi component molar loading of species i, mol kg− 1 

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

R gas constant, 8.314 J mol− 1 K− 1 

%RH % relative humidity, dimensionless 

t time, s 
T absolute temperature, K 
v interstitial gas velocity in packed bed, m/s 
xi mole fraction of species i in adsorbed phase, dimensionless 
yi mole fraction of species i in the bulk gas mixture, 

dimensionless 

Greek alphabet 
γi activity coefficient of component i in adsorbed phase, 

dimensionless 
Λij Wilson parameters, dimensionless 
θ fractional pore occupancy, dimensionless 
π spreading pressure, N m 
τ dimensionless time τ ≡ vt/L, dimensionless 
Φ surface potential, mol kg− 1  
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as a function of the relative humidity (Fig. 2c) and the mole fraction of 
H2O in the bulk gas mixture (Fig. 2d). We also note that for 
%RH < 25%; 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 > 25%; y2 > 0.05; x1 < 0.3, the adsorbed phase 
mixture is poorer in CO2 than is anticipated by the IAST. These two 

scenarios are precisely analogous to those witnessed in the experiments 
with the structured CALF-20 composite in Fig. 1b. 

Additionally, CBMC simulations of component loadings, qi, for 
CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K were deter
mined 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; see Fig. 3a. 
The dashed lines are the IAST estimations. Fig. 3b plots the mole fraction 
of CO2 in the adsorbed phase mixture, x1, as a function of %RH. We 
again note that for this set of CBMC simulations, two different scenarios 
hold. For %RH < 10%; x1 > 0.5, the adsorbed phase mixture is richer 
in CO2 than is anticipated by the IAST. On the other hand, for 
%RH > 10% x1 < 0.5, the adsorbed phase mixture is poorer in CO2, i. 
e. richer in H2O, than is anticipated by the IAST. 

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 function (RDF) were determined for CO2-CO2, CO2-H2O, 
and H2O-H2O separation distances. Fig. 4a,b presents the RDF data for 
guest pairs determined from CBMC simulations for CO2(1)/H2O(2) 
mixture adsorption in CALF-20 at 298 K. The total fugacity in the bulk 
gas phase is 15 kPa with y2 = 0.04; these conditions correspond to the 
first scenario in Fig. 2c,d: %RH < 25%; y2 < 0.05; x1 > 0.3. If we 
compare the first peaks, it is noteworthy that H2O-H2O pairs are close 
together at typical distances of about 3 Å. The CO2-CO2 pairs are typi
cally 6.5 Å apart, occupying adjacent adsorption sites of CALF-20; these 
preferred sites correspond to the O atoms of the oxalate group; see also 
Figures S4 and S8. The CO2-H2O pairs are typically 8 Å apart, occupying 
adjacent adsorption sites. This implies that the CO2 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 the 
computational snapshots in Fig. 4 and Figure S9. This explains the 
finding in Fig. 2c,d that for y2 < 0.05, the adsorbed phase mixture is 
richer in CO2 than is anticipated by the IAST; this is a direct consequence 
of the fact that CO2 faces negligible competition with partner H2O 
molecules. 

Fig. 5a presents the data on RDF for center-to-center distances of 
CO2-H2O, and H2O-H2O pairs determined from CBMC simulations for 
adsorption of CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K; 
the total fugacity in the bulk gas phase is 15 kPa with y2 = 0.06; these 
conditions correspond to the second scenario in Fig. 2c,d: 
%RH > 25%; y2 > 0.05; x1 < 0.3.We note that the first peaks for 
both CO2-H2O, and H2O-H2O pairs occurs at distances of about 3 Å. 
This implies that CO2 faces stiffer competitive adsorption with partner 
H2O molecules because of the preponderance of H2O within the 
framework. Fig. 5b presents the data on RDF for O⋯H distances of CO2- 
H2O, and H2O-H2O pairs; strong hydrogen bonding manifests for H2O- 
H2O pairs. We note the first peak in the RDFs for H2O-H2O pairs occurs 
at a distance that is slightly less than 2 Å, that is characteristic of 
hydrogen bonding [40,41]. The computational snapshots in Fig. 5 and 
Figure S10 show that one CO2 molecule is surrounded by two neigh
boring H2O molecules that are hydrogen-bonded to each other. This 
implies that CO2 faces enhanced competition with partner H2O mole
cules that are H-bonded; such enhanced competition is not anticipated 
by the IAST that does not cater for formation of H-bonded molecular 
clusters. 
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Fig. 1. (a) Experimental data of Lin et al.[8] (indicated by symbols) on 
component loadings for CO2(1)/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. In (a) the loadings are plotted against % relative humidity. (b) 
Plot of the mole fraction of CO2 in the adsorbed phase mixture, x1, as a function 
of the % relative humidity. The unary isotherm fits are provided in Table S1. 
The dashed and continuous lines are the IAST and RAST estimations, respec
tively. All calculation details, and input data are provided in the Supplementary 
Material accompanying this publication. 
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Fig. 2. (a) CBMC simulations for unary isotherms at 298 K, along with Dual-site Langmuir-Freundlich (DSLF) fits whose parameter values are provided in Table S4. 
(b) 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 =

f2
psat

2
× 100. The mole fraction of H2O in the bulk gas mixture, y2 = f2/ft , is varied. (c, d) Plot of the mole fraction of CO2 in the adsorbed phase mixture, x1, as a 

function of (c) %RH, and (d) the mole fraction of H2O in the bulk gas mixture. The dashed and continuous lines are the IAST and RAST estimations, respectively. All 
calculation details, and input data are provided in the Supplementary Material accompanying this publication. 
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3. The RAST for mixture adsorption equilibrium 

For quantifying deviations from the IAST, we need to introduce ac
tivity coefficients [18,20,21,42–44] 

fi = P0
i γixi; i = 1,2 (2) 

In eq (2), P0
i is the pressure for sorption of component i, which yields 

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

πA
RT

≡ Φ =

∫ P0
1

0

q0
1(f)
f

df =
∫ P0

2

0

q0
2(f)
f

df (3) 

In eq (3), q0
i (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 
πA/RT ≡ Φ, with the units mol kg− 1, serves as a convenient and prac
tical proxy for the spreading pressure π [42,44–46]. 

The surface potential Φ is a measure of the pore occupancy. As 
derived in detail in Chapter 1 of the Supplementary Material, the frac
tional pore occupancy, θ, is related to the surface potential by 

θ = 1 − exp

(

−
Φ

qsat,mix

)

(4)  

where qsat,mix is the saturation capacity for mixture adsorption. Eq (4) 
implies that Φ may also be interpreted as a proxy for the pore occupancy. 
For values of Φ larger than about 30, the pores are nearly saturated, i.e. 
θ ≈ 1. 

From the CBMC simulations of mixture adsorption, the activity co
efficients in the adsorbed phase, can be calculated as detailed in Section 
4.3 of the Supplementary Material. For the two sets of CBMC simulation 
data (presented in Fig. 2 and Fig. 3), the corresponding activity co
efficients are plotted in Fig. 6a,b. Fig. 6a plots the activity coefficients as 
a function of the mole fraction of CO2 in the adsorbed phase, x1. The 
limiting values are 

γi→1; xi→1 (5) 

Fig. 6b shows that the activity coefficients are also dependent on the 
surface potential, and must conform to the limiting behavior that both 
activity coefficients tend to unity at vanishingly small values of surface 
potential Φ 

Φ→0; γ1→1; γ2→1 (6) 

In view of Eq. (4), we may interpret Eq. (6) as requiring non- 
idealities to be of negligible importance at vanish pore occupancies, 
θ→0. Models such as those of Wilson, Margules, and NRTL may be used 
for quantifying the dependence of the activity coefficients on the 
composition of the adsorbed mixture and the pore occupancy θ. 

The continuous solid lines in Fig. 6 are calculations using the Wilson 
model   

Fig. 3. (a) CBMC simulations of component loadings, qi, for CO2(1)/H2O(2) 
mixture adsorption in CALF-20 at 298 K with varying total fugacity ft , main
taining the mole fraction of H2O in the bulk gas mixture at a constant value 
y2 = f2/ft = 0.05. (b) Plot of the mole fraction of CO2 in the adsorbed phase 
mixture, x1, as a function of %RH. The dashed and continuous lines are the 
IAST and RAST estimations, respectively. All calculation details, and input data 
are provided in the Supplementary Material accompanying this publication. 

ln(γ1) =

(

1 − ln(x1Λ11 + x2Λ12) −
x1Λ11

x1Λ11 + x2Λ12
−

x2Λ21

x2 + x1Λ21

)

(1 − exp( − CΦ) )

ln(γ2) =

(

1 − ln(x1Λ21 + x2Λ22) −
x1Λ12

x1Λ11 + x2Λ12
−

x2Λ22

x1Λ21 + x2Λ22

)

(1 − exp( − CΦ) )

(7)   
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Fig. 4. (a, b) Radial Distribution Function (RDF) of center-to-center distances of CO2-CO2, CO2-H2O, and H2O-H2O pairs determined from CBMC simulations for 
adsorption of CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. The total fugacity in the bulk gas phase is 15 kPa with partial fugacities f1 = 14.4 kPa, and f2 
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Fig. 5. Radial Distribution Function (RDF) of (a) center-to-center distances, and (b) O⋯H of CO2-H2O, and H2O-H2O pairs determined from CBMC simulations for 
adsorption of CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K. The total fugacity in the bulk gas phase is 15 kPa with partial fugacities f1 = 14.1 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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where in the values of the fitted Wilson parameters C; Λ12; Λ21 are 
tabulated in Table S4. The inclusion of the correction factor (1 −

exp( − CΦ) ) imparts the correct limiting behaviors for the activity co
efficients in the Henry regime, as demanded by Eq. (6). We note, in 
passing, that this correction factor is often ignored in the RAST imple
mentations in some published works [14,47–49]. The RAST calculations 
of the component loadings for the two sets of CBMC campaigns are 
indicated by the continuous solid lines in Fig. 2 and Fig. 3. 

The RAST calculations for the component loadings for CO2/H2O 
mixture adsorption in structured CALF-20, determined from breakthrough 

experiments, are indicated by the continuous solid lines in Fig. 1a,b. For % 
RH = 73 %, and 87 %, the experimental H2O loadings for mixture 
adsorption are in excess of the unary loadings; this characteristic cannot be 
modeled using the RAST. Noteworthily, RAST implementations of Kaur 
and Marshall [14], using either the NRTL or Margules models also expe
rience similar limitations at the two highest values of %RH. 

4. Transient breakthroughs in fixed-bed adsorber 

Nguyen et al.[12] have presented experimental data on the influence 
of %RH on transient CO2(1)/H2O(2) mixture breakthroughs in a labo
ratory scale fixed bed packed with structured CALF-20. We undertake 
modeling of these experiments using the simulation methodology as 
described in earlier works [4,50–52]. Fig. 7 compares breakthrough 
simulations using RAST (continuous colored lines) and IAST (dashed 
lines) for CO2/H2O mixtures with seven different values of %RH; the 
dimensionless concentrations, ci/ci0 are plotted as function of the 
dimensionless time, τ ≡ vt/L where v is the interstitial gas velocity, and L 
is the length of the packed bed. Even a visual inspection reveals that 
there are two scenarios prevalent: (i) 32 % > %RH > 13 %, and (ii) 87 % 
> %RH > 32 %, corresponding to the two distinct scenarios as also 
underscored earlier in relation to Fig. 1b. 

Fig. 8a,b present calculations of mole fraction of CO2, and %RH of 
the gas mixture exiting the fixed bed determined from the breakthrough 
simulations with the RAST implementation. The comparisons with the 
corresponding experimental data presented in Figure 9a,b of Nguyen 
et al. [12] are provided in Figure S18. The agreement between simula
tions and experiment is good for %RH = 13, 18, 23, 32, 47. For %RH =
73 and 87, the agreement is poorer because at these high humidity 
values, the RAST fails to match equilibrated uptakes and adsorbed 
compositions; cf. Fig. 1a,b. In particular, the experimental H2O uptakes 
for mixtures exceeds the unary uptake; this phenomenon cannot be 
modeled using the RAST. 

The comparisons with the corresponding experimental data pre
sented in Figure 9a,b of Nguyen et al. [12] are provided in Figure S18. 
The agreement between simulations and experiment is good for %RH =
13, 18, 23, 32, 47. For %RH = 73 and 87, the agreement is poorer 
because at these high humidity values, the RAST fails to match equili
brated uptakes and adsorbed compositions; cf. Fig. 1a,b. In particular, 
the experimental H2O uptakes for mixtures exceeds the unary uptake; 
this phenomenon cannot be modeled using the RAST. 

Fig. 8c,d present the corresponding calculations of mole fraction of 
CO2, and %RH of the gas mixture exiting the fixed bed determined from 
the breakthrough simulations with the IAST implementation. Even a 
visual inspection of the IAST simulation results will lead us to conclude 
that these simulations do not reflect the experimental breakthroughs 
even in a qualitative manner. 

5. Conclusions 

Published experimental data [8,13] on CO2(1/H2O(2) mixture 
adsorption in CALF-20 reveal strong thermodynamic non-idealities. The 
deviations from the IAST estimations follow two different scenarios, 
depending on the values of %RH. For low %RH values, the CO2 adsorption 
is significantly stronger than anticipated by the IAST. For high %RH 
values, the CO2 loadings in the adsorbed phase are significantly lower 
than anticipated by the IAST. CBMC simulations of CO2(1/H2O(2) 
mixture adsorption in CALF-20 are used to elucidate the origins of ther
modynamic non-idealities for these two different scenarios. Radial Dis
tribution Functions (RDFs) of intermolecular distances of CO2-CO2, H2O- 
H2O, and CO2-H2O pairs reveal that failure of the IAST can be traced to 
the phenomenon of segregated adsorption prevails at low values of %RH. 
CO2 locates at sites that are distant from H2O; consequently, 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 CO2 molecules are compelled to share same 

Fig. 6. (a) For the CBMC campaign in Fig. 2, plot of the activity coefficients in 
the adsorbed phase mixture, γi, as a function of the mole fraction of CO2 in the 
adsorbed phase mixture, x1, (b) For the CBMC campaign in Fig. 3, plot of the 
activity coefficients in the adsorbed phase mixture, γi, as a function of the 
surface potential Φ. The continuous solid lines are the RAST calculations; all 
calculation details, and input data are provided in the Supplementary Material 
accompanying this publication. 
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Fig. 7. Comparison of breakthrough simulations using RAST (continuous colored lines) and IAST (dashed lines) for CO2/H2O mixtures at a total pressure = 97 kPa, 
and temperature 295 K. Seven different values of %RH are considered. All calculation details, and input data are provided in the Supplementary Material accom
panying this publication. 
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adsorption site with pairs of H2O molecules that are hydrogen-bonded 
with each other. Consequently, the competition faced by CO2 is signifi
cantly higher than anticipated by the IAST, resulting in significantly lower 
CO2 uptakes. The IAST does not cater for molecular clustering resulting 
from hydrogen bonding between pairs of water molecules. 

The modeling of thermodynamic non-idealities by introduction of 
activity coefficients needs to include the correction factor (1 −

exp( − CΦ) ) in models such as the Wilson, Margules, or NRTL; this 
correction is of vital importance in order to ensure the proper limiting 
characteristics Φ→0; γ1→1; γ2→1. Transient breakthrough simula
tions of CO2/H2O mixtures in fixed beds packed with CALF-20 are in 
good agreement with published breakthrough experimental data [12] 
provided the mixture adsorption equilibrium is appropriately described 
with the RAST model for mixture adsorption equilibrium. 
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