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ABSTRACT: Metal organic frameworks (MOFs) have been considered as
potential adsorbents for adsorption-based CO2/CH4 and CO2/N2 separations
because of their high CO2 selectivities and high working capacities. H2O in flue gas
and natural gas streams affects the gas uptake capacities of MOFs. However, the
presence of H2O is commonly neglected in high-throughput computational
screening studies while assessing the CO2 separation performances of MOFs. In
this study, the impact of the presence of H2O on the CO2 separation performances
of 13 MOFs that were previously identified as the best adsorbent candidates
among several thousands of MOFs was examined. Molecular simulations were
used to compute selectivity, working capacity, regenerability, and adsorbent
performance score (APS) of MOFs considering separation of binary CO2/CH4,
CO2/N2, and ternary CO2/CH4/H2O and CO2/N2/H2O mixtures. The results
showed that introduction of H2O as the third component into binary CO2/CH4
and CO2/N2 mixtures significantly affected the adsorbent evaluation metrics of
MOFs that have strong affinity toward H2O because of the presence of specific functional groups and/or extra framework anions in
the framework. Remarkable increases in CO2/N2 selectivities of MOFs were observed in the presence of H2O. On the other hand,
simulations performed using MOFs that are preloaded with H2O to mimic the exposure of MOFs to humidity prior to gas
adsorption revealed drastic decreases in CO2 working capacities and APSs of MOFs both for CO2/CH4 and CO2/N2 separations.
These results will be useful for the design and development of efficient MOF adsorbents for CO2 capture under humid conditions.

1. INTRODUCTION
Burning of fossil fuels including coal and natural gas produces
most of the carbon dioxide (CO2) emissions.1 To reduce CO2
emissions from coal-fired plants, separation of CO2 from other
gases present in the flue gas, mainly nitrogen (N2), is significant.
Similarly, for natural gas sweetening, removal of CO2 from
methane (CH4), which is the main component of natural gas, is
required to improve the energy content of the natural gas and to
prevent corrosion of pipelines. Adsorption-based CO2 separa-
tion techniques have become alternative to traditional methods
such as amine scrubbing because of their less complex
infrastructures and low energy requirements.2 Working capacity,
the difference of gas uptakes obtained at adsorption and
desorption pressures, and selectivity are the two critical
parameters for an adsorption-based gas separation method.
Both high working capacity and high selectivity are desired in
addition to high regenerability for an efficient and economic gas
separation.3

Metal organic frameworks (MOFs) have been widely used as
adsorbents for adsorption-based gas separations because of their
permanent porosities, large surface areas (SAs), and chemical
functionalities.4 There are excellent reviews on CO2 separation
performances of MOFs.4−8 Several MOFs including Mg-MOF-
74, a series of SiF6

2− pillared MOF materials (SIFSIX), and
UTSA-48 with amine functionalities were identified as

promising adsorbents because of their high isosteric heats of
adsorption for CO2, leading to high CO2 selectivities.9

Considering the enormous number of experimentally synthe-
sized MOFs in the literature (99075 MOFs according to the
November 2019 version of the Cambridge Structural Database,
CSD10), many promising MOF adsorbents for CO2 capture
exist. Herein, molecular simulations play a key role in identifying
the best MOFs for CO2 separations. Grand canonical Monte
Carlo (GCMC) simulations which provide the description of
the equilibrium of gas mixtures within a solid adsorbent are
commonly used to compute CO2 adsorption in MOFs. High-
throughput computational screening methods in which several
thousands ofMOFs are studied for adsorption of a gasmixture at
predetermined conditions have been used to identify the top-
performing MOFs. For example, Watanabe and Sholl11

investigated the potential of 1163MOFs for CO2/N2 separation
and they found that MOFs with large SAs exhibit high CO2
uptakes. Wilmer et al.12 computationally screened >130,000
hypothetical MOFs for CO2/CH4 and CO2/N2 separations
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under different adsorption and desorption conditions and
suggested quantitative structure−property relationships
(QSPR) between pore size, SA, pore volume (PV), chemical
functionality, and several adsorbent evaluation criteria such as
CO2 working capacity and selectivity. Aghaji et al.13 examined
>320,000 hypothetical MOFs for CO2/CH4 separation using
the machine learning techniques and showed that a significant
computation time can be saved by using QSPR models and
atomically detailed simulations can be then performed for a
small fraction of the MOFs. Lin et al.14 screened thousands of
zeolites and zeolitic imidazolate frameworks (ZIFs), a class of
MOFs which has the same topology with zeolites, for CO2
capture. They introduced a new metric, parasitic energy to rank
materials for CO2/N2 separation based on the energy to heat the
material, to supply the heat of desorption, and to pressurize CO2
to adsorption pressure. Their results showed that materials with
high Henry’s coefficients of CO2 exhibit high CO2 working
capacities and low parasitic energies. Qiao et al.15 screened 4764
computation-ready experimental (CoRE) MOFs16 for CO2/
CH4 and CO2/N2 separations and found that lanthanide-based
MOFs with open metal sites possess the highest separation
performance. Our group17 screened the most recent MOF
database integrated within the CSD10 and identified the best
adsorbents for CO2/CH4 and CO2/N2 separations using
molecular simulations.MOFs having isosteric heat of adsorption
difference > 30 kJ/mol, 3.8 Å < pore limiting diameter (PLD) <
5 Å, 5 Å < the largest cavity diameter (LCD) < 7.5 Å, 0.5 <
porosity < 0.75, SA < 1000 m2/g were found to be the best
performing adsorbents for CO2 separation.
These high-throughput computational screening studies

predicted CO2/CH4 and CO2/N2 adsorption and/or separation
performances of large numbers of MOFs in a time-efficient
manner. However, the presence of H2O in the gas mixtures,
which may affect the CO2 adsorption properties of MOFs was
not considered because computational modeling of H2O
adsorption using GCMC simulations is costly. Henry’s
coefficients of H2O were generally computed to quantify
MOF−H2O interactions and to estimate CO2/H2O selectivities
at infinite dilution. For example, Li et al.18 initially computed the
Henry’s law constants of H2O and CO2 to screen the CoRE
MOFs for CO2/H2O and CO2/H2O/N2 separations where
H2O was treated as the third component of the gas mixture and
its partial pressure was fixed during the simulation. They
identified the best 15 MOFs which offered the highest CO2/
H2O selectivity. Li et al.19 also studied the effect of charge
assignment methods on the predicted CO2/H2O separation
performances of MOFs. Henry’s law constants of CO2 and N2
were found to be similar but different values were computed for
H2O based on the charge assignment method used in molecular
simulations. Coelho et al.20 recently showed that H2Omolecules
can be preloaded into MOFs and then the number of adsorbed
gas molecules in the framework can be computed. They
discussed that this approach has similarities with the
experimental procedure in which water was first injected into
the material and after equilibration, gas molecules were injected
with increasing pressure. CO2 separation performance of an
MOF that is preloaded with H2O before the adsorption of a gas
mixture has not been compared with that of anMOF that is used
to separate a gas mixture having H2O as the third component.
This type of comparison is important to assess how the predicted
CO2 separation performances of highly promising MOF
adsorbents would change in the presence of H2O.

In this study, we specifically aimed to understand the impact
of H2O, either in the gas mixture or preloaded into the
framework, on the CO2 separation performances of MOF
adsorbents. Performing atomically detailed simulations of H2O
adsorption for several thousands of MOFs is computationally
very costly because of the very low acceptance ratios for
insertions and deletions of H2O molecules during the GCMC
simulations. Therefore, we focused on the best MOF adsorbents
which we previously identified by screening 54808 MOFs for
CO2/CH4 andCO2/N2 separations

17 and examined the effect of
the presence of H2O on the natural gas and flue gas separation
performances of the highly promising MOFs. We first studied
coadsorption of H2O with binary CO2/CH4 and CO2/N2
mixtures. Several adsorbent evaluation metrics such as
adsorption selectivity (Sads), working capacity (ΔN), adsorbent
performance score (APS), and percent regenerability (R %)
were calculated for separation of ternary CO2/CH4/H2O and
CO2/N2/H2O mixtures. Coefficient of determination (R2) was
calculated for the adsorbent performance metrics that we
separately computed for binary mixture (CO2/CH4 and CO2/
N2) and ternary mixture (CO2/CH4/H2O and CO2/N2/H2O)
separations to uncover the impact of H2O on the CO2 separation
performances of MOF adsorbents. We then studied binary
CO2/CH4 and CO2/N2 mixture adsorption in the promising
MOFs that we first loaded with H2O considering 80% relative
humidity. Adsorbent performance evaluation metrics of H2O-
loaded and pristine MOFs were compared to discuss how the
CO2 separation performances of the highly promising MOF
adsorbents change when they are exposed to H2O before the
adsorption-based gas separation processes.

2. COMPUTATIONAL METHODS
We first compared our simulations with the available
experimental results for single-component H2O uptake in
various MOFs including Cu-BTC,21 MOF-5,22 MIL-53(Cr),23

Mg-MOF-74,24 Ni-CPO-27,25 UiO-66,26 and ZIF-826 at 298 K,
and multicomponent H2O uptake in a CO2/N2/H2Omixture in
Cu-BTC27 andMOF-527 at 313 K to validate the accuracy of our
molecular simulation approach. Crystal structures of these
MOFs were taken from the CSD10 and the solvents in the
frameworks were removed using the Python script of the CSD
MOF subset.28 After showing the good agreement between our
simulation results and experimentally reported H2O uptakes, we
applied the same computational approach to study 13 MOFs
which were previously identified as the top adsorbents for CO2/
CH4 and CO2/N2 separations in our previous work.17

AFEHUO, CIFCEB, FIRMUQ, KOSLUB, SUTBIT, and
WONZIJ were studied as promising adsorbents for CO2/CH4
separation whereas AFEJOK, DATKIU, GUKYUI, HISJIE,
LICCOQ, NIDBOS, and RIGVOU were examined for CO2/N2
separation. Structural properties of these MOFs such as PLD,
the LCD, accessible gravimetric SA, PV, porosity (ϕ), and
density (ρ) were computed using Zeo++ software.29 For SA
calculations, the trial number was set to 2000 and kinetic radius
of N2 was set to 1.86 Å. Probe radius was used as 0 Å and the trial
number was set to 50,000 for geometric PV calculations. The
MOFs that we studied in this work have a wide range of PLDs
(4.3−9.8 Å), LCDs (5.4−11 Å), SAs (296.1−6069.8 m2/g) and
PVs (0.2−1.4 cm3/g). These calculated properties together with
the structural representations of 13 MOFs are given in Table S1
of the Supporting Information.
GCMC simulations were used to study adsorption of CH4,

CO2, H2O, and N2 in MOFs. All simulations were performed
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with the Materials Studio 2017 (MS)30 simulation package.
Lennard-Jones 12-6 (LJ) and Coulomb potentials were used to
model repulsion/dispersion forces and electrostatic interactions,
respectively. The partial atomic charges of frameworks were
estimated using the charge equilibration method (Qeq)31 as
implemented in theMS to compute the electrostatic interactions
between gas molecules and the atoms of frameworks. The
electrostatic interactions were calculated by the Ewald
summation with the accuracy of 0.001 kcal/mol.32 CO2 was
modeled as a three-site linear molecule with three LJ
interactions sites located at each atom with partial point
charges.33 Similarly, N2 was modeled as a three-site linear
molecule with two sites located at twoN atoms and the third one
located at its center of mass with partial point charges.34 Single-
site spherical LJ 12-6 potential was used to model CH4

35

molecules. The TIP4P/2005 water model36 was used for H2O
molecules. Potential parameters used to describe the adsorbate
molecules are given in Table S2. The potential parameters of
MOFs were taken from the Universal force field (UFF)37 and
are given in Table S3. This force field was selected based on the
results of previous simulation studies that showed the reliability
of using UFF to compute CO2, N2, and CH4 uptakes of
MOFs.18,38 We note that we showed the good agreement
between our molecular simulations and available experimental
data for CO2 uptakes, CO2/N2 selectivities, and CO2/CH4
selectivities of a large variety of MOFs in our previous work.17

The atom-based summationmethodwith a cut-off radius of 13 Å
for van der Waals terms was used. Simulation cell lengths were
increased to at least 26 Å for each three dimensions. Periodic
boundary conditions were applied in all simulations.MOFs were
assumed to be rigid in their reported crystallographic structures
to save significant computational time. For single-component
GCMC simulations, three types of moves including translation,
rotation, and regrowth of the molecule were used, whereas
translation, exchange, rotation, and regrowth of the molecule
were considered in mixture adsorption simulations. The
Lorentz−Berthelot mixing rules were employed for pair-wise
interactions. GCMC simulations were carried out for a total of 2
× 106 steps with the first 106 steps for equilibration and the last
106 steps for production. More details about these simulation
methods can be found in the literature.39 Calculations were also
performed using the sorption module of theMS for a total of 1×
107 production steps to compute Henry’s constants of H2O in
MOFs and results are given in Table S4.
We focused on two different scenarios in this work: (i) binary

(CO2/CH4 and CO2/N2) and ternary (CO2/CH4/H2O and
CO2/N2/H2O) mixture adsorption simulations were performed
using the fixed pressure task as implemented in the sorption
module of the MS at 298 K at 0.1 and 1 bar. We note that slight
differences in our previously reported CO2 selectivities

17 and the
ones reported in this work can be attributed to the differences in
the partial charges of MOF atoms assigned by the Qeq method.
The original Qeq method31 which basically includes the
electronegativity equalization was implemented in the MS,
whereas a modified version of Qeq40 that accounts for orbital
interactions and uses an appropriate center for the Taylor series
expansion in energy calculation as a function of the charges was
implemented in the RASPA simulation code.41 We compared
CO2/CH4 and CO2/N2 mixture adsorption results obtained
fromRASPA andMS in Figure S1 and we tabulated R2 values for
simulated gas uptakes using RASPA and MS in Table S5. As
partial charges of frameworks affect the simulated gas uptakes in
MOFs, we repeated the GCMC simulations by turning off the

electrostatic interactions between adsorbates and MOFs to
isolate the effect of charge methods used in two simulation
packages. As shown in Table S5, R2 values for all gas uptakes
were found to be >0.9 when only LJ interactions were
considered, indicating that MS predicts almost the same gas
uptake with RASPA.
The compositions of CO2/CH4 and CO2/N2 mixtures were

set as 50/50 and 15/85, respectively. In order to keep the
relative humidity of the system constant, the partial pressure of
H2O was kept at 0.0328 bar, which is 80% of the vapor pressure
of the TIP4P H2O model. For the CO2/CH4/H2O mixture, the
partial pressures of CO2, CH4, and H2O were fixed at 0.0336/
0.0336/0.0328 and 0.4836/0.4836/0.0328 bar for a total
pressure of 0.1 and 1 bar, respectively. For the CO2/N2/H2O
mixture, the partial pressures of CO2, N2, and H2O were fixed at
0.01008/0.05712/0.0328 and 0.14508/0.82212/0.0328 bar for
a total pressure of 0.1 and 1 bar, respectively. (ii) For MOFs that
are preloaded with H2O before gas adsorption simulations,
single-component H2O adsorption isotherms were initially
computed at 298 K up to 0.04 bar as shown in Figure S2. The
number of adsorbed H2O molecules that we computed at 0.025
bar, which corresponds to 80% relative humidity based on the
equilibrium vapor pressure of H2O at 298 K, was then loaded
inside the MOFs using the fixed loading task as implemented in
the sorption module of the MS and then binary gas adsorption
simulations were performed using GCMC.
Results of molecular simulations were used to compute

adsorbent performance evaluation metrics of MOFs, which are
selectivity, working capacity, APS, and regenerability. Adsorp-
tion selectivities (Sads(i/j)) of MOFs for separation of binary and
ternary gas mixtures were calculated by eq 1 using the uptake (q)
of gas species (i and j) in terms of mol/kg and their
corresponding partial pressures (pi and pj) in terms of bar as
follows

S q q p p( / )/( / )i j i j i jads( / ) = (1)

Working capacities (ΔNi) of MOFs were calculated using the
following equation

N N Ni i iads, des,Δ = − (2)

where Nads and Ndes represent the uptake of the strongly
adsorbed gas species i in terms of mol/kg computed at 1 bar
(adsorption pressure) and 0.1 bar (desorption pressure),
respectively. APS was computed as the product of selectivity
and working capacity as follows42

S NAPS i j iads( / )= × Δ (3)

Regenerability (R%), which is the per cent regeneration of the
adsorption sites while desorption step is ongoing, is also an
important adsorbent evaluation metric43 and it was calculated
using the following equation

R N N(%) ( / ) 100i iads,= Δ × (4)

All adsorbent evaluation metrics defined above were
calculated for CO2 as it is more strongly adsorbed than CH4
and N2 in CO2/CH4 and CO2/N2 mixtures, respectively, in all
MOFs.

3. RESULTS AND DISCUSSION
3.1. Comparing Simulation Results with Experiments.

Figure 1 shows the comparison of our simulation results with the
experiments for single-component H2O adsorption in different
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types of MOFs including Cu-BTC,21 MOF-5,22 MIL-53(Cr),23

Mg-MOF-74,24 Ni-CPO-27,25 UiO-66,26 and ZIF-826 at 298 K,
and H2O uptake in CO2/N2/H2O mixture in Cu-BTC27 and
MOF-527 at 313 K. Details of experimental measurement
conditions and our simulations are given in Table S6.
Measurements for H2O adsorption isotherms were reported as
a function of P/P0 that corresponds to the relative humidity at
298 K. Simulations were performed at the same conditions with
experiments and the saturated H2O uptakes were reported at
0.03 bar that corresponds to the saturated vapor pressure of H2O

at 298 K. H2O uptakes of MOF-5, Ni-CPO-27, and UiO-66 did
not reach saturation at 0.03 bar; therefore, H2O adsorption
isotherms of these three MOFs were computed up to 0.1 bar. As
shown in Figure 1, predictions of molecular simulations are in a
good agreement with the experimentally reported data of both
single-component H2O adsorption and H2O uptake in ternary
CO2/N2/H2O mixture in these MOFs. Simulations slightly
underestimated single-component H2O uptake in Mg-MOF-74,
Ni-CPO-27, MIL-53(Cr), and UiO-66 at 298 K. For example,
Schoenecker et al.24 measured 0.62 g H2O/g of Mg-MOF-74 at
298 K, 80% relative humidity, whereas we predicted H2O uptake
as 0.53 g/g at the same conditions. Canivet et al.26 measured
0.36 g H2O/g of UiO-66 at 298 K, 90% relative humidity and we
computed the saturated H2O uptake of UiO-66 as 0.30 g/g. It is
important to note that slight deviations between simulations and
experiments can be attributed to several reasons such as purity of
structures, activation techniques, partial removal of solvent
molecules, defects in crystal structures (experimental reasons),
inadequacy of the potential models, and parameters used in
molecular simulations (modeling reasons). Among theseMOFs,
Cu-BTC exhibited the highest H2O uptake (∼0.7 g/g) at 298
K.24 On the other hand, a quite lowH2O uptake inMOF-5 (0.16
g/g) and negligible H2O uptake in ZIF-8 (2.3 × 10−4 g/g) were
calculated by our simulations which were also in a good
agreement with experiments as shown in Figure 1. Multi-
component H2O adsorption experiments are less common than
the single-component H2O adsorption experiments in the
literature as it is difficult to accurately determine the
composition and relative partial pressures of the gas phase at
equilibrium.27 We compared our simulation results with the
experiments27 for H2O adsorption in the CO2/N2/H2Omixture
in MOF-5 and Cu-BTC at 313 K and as shown in Figure 1,

Figure 1. Comparison of our simulations with the experiments for
single-component H2O uptake in Cu-BTC,21 Mg-MOF-74,24 MIL-
53(Cr),23 MOF-5,22 Ni-CPO-27,25 UiO-66,26 and ZIF-826 at 298 K
and for multicomponent adsorption of H2O in Cu-BTC27 and MOF-
527 at 313 K.

Figure 2. Comparison of (a) CO2, (b) CH4 uptakes in CO2/CH4 and CO2/CH4/H2O mixtures, and (c) CO2, (d) N2 uptakes in CO2/N2 and CO2/
N2/H2O mixtures. Empty black and red symbols represent the gas uptake results for FIRMUQ, AFEJOK, and DATKIU obtained from simulations in
which electrostatic interactions between the adsorbates−adsorbent were neglected at 0.1 and 1 bar, respectively.
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simulations agreed well with the experiments for both Cu-BTC
and MOF-5. Overall, these comparisons showed that molecular
simulations can be used to accurately estimate both the single-
component and multicomponent adsorption of H2O in MOFs.
3.2. Effect of H2O on CO2/CH4 and CO2/N2 Separation

Performances of MOFs. H2O vapor can dramatically change
the CO2 uptake in MOF adsorbents because of the competition
of gas molecules with the H2O molecules for the same
adsorption sites of materials. Therefore, it is important to
examine the impact of H2O on the natural gas and flue gas
separation performances of the best MOF candidates. We
focused on AFEHUO,CIFCEB, FIRMUQ, KOSLUB, SUTBIT,
and WONZIJ, which were identified as the top candidates for
CO2/CH4 separation, and AFEJOK, DATKIU, GUKYUI,
HISJIE, LICCOQ, NIDBOS, and RIGVOU, which were
identified as the top materials for CO2/N2 separation in our
previous work where we also showed the good agreement
between simulated CO2 selectivities and available experimental
data of some of these promising MOFs.17 GCMC simulations
were performed for these 13 MOFs at 0.1 and 1 bar, 298 K to
compute the adsorption of CO2/CH4: 50/50 and CO2/N2: 15/
85 mixtures. In order to show how the presence of H2O affects
the adsorption of CO2, CH4, and N2 in MOFs, we compared
binary mixture (CO2/CH4 and CO2/N2) adsorption data with
the ternary mixture (CO2/CH4/H2O and CO2/N2/H2O)
adsorption data in Figure 2. Figure 2a shows that CO2 uptakes
of MOFs except for FIRMUQ do not dramatically change when
H2O was introduced as the ternary component into CO2/CH4
mixture at 0.1 and 1 bar. For FIRMUQ, CO2 uptake significantly
decreased from 9.82 to 4.93 mol/kg at 1 bar when H2O was
present in the mixture. This decrease can be attributed to the
competition between H2O and CO2 molecules for the fluorine-
functionalized adsorption sites of the framework, which have a

strong affinity toward guest molecules because of the electro-
static interactions with the adsorbates. Similar results were also
observed in the literature44 for fluorinated porous organic
frameworks. Introduction of the fluorine groups in frameworks
enhanced CO2 adsorption compared to their nonfluorinated
counterparts because of the increase of the heat of adsorption for
CO2 driven by the strong electrostatic interactions among C−F
dipoles. In order to unlock the impact of the electrostatic
interactions between CO2 molecules and the fluorine-function-
alized adsorption sites of FIRMUQ, we switched off the
electrostatic interactions between the adsorbate molecules and
adsorbent in molecular simulations and recomputed the gas
uptakes. As shown in Figure 2a, CO2 uptake in the binary CO2/
CH4 mixture (1.78 mol/kg) and CO2 uptake in the ternary
CO2/CH4/H2Omixture (1.72mol/kg) were found to be almost
the same at 1 bar. This indicates that in the absence of
electrostatic interactions between adsorbates and adsorbent,
H2O has almost no effect on the CO2 uptake of FIRMUQ. On
the other hand, when the electrostatic interactions were
considered in molecular simulations, co-adsorption of H2O
significantly reduced the CO2 uptake capacity of FIRMUQ.
Figure 2b shows the change in CH4 uptakes of MOFs in the

presence of H2O in the CO2/CH4 mixture. CH4 uptakes of
CIFCEB, KOSLUB, and SUTBIT slightly decreased in the
presence of H2O, whereas the decreases were more pronounced
for AFEHUO, FIRMUQ, and WONZIJ. For example, CH4
uptake of WONZIJ decreased from 0.64 to 0.50 mol/kg at 1 bar.
Similarly, in the presence of H2O, CH4 uptake of FIRMUQ
(AFEHUO) decreased from 0.37 to 0.14 mol/kg (0.74−0.59
mol/kg) at 1 bar. These three MOFs, AFEHUO, FIRMUQ, and
WONZIJ, have fluorine-functionalized adsorption sites, which
enhance guest affinities of the frameworks because of the strong
electrostatic interactions with the adsorbate molecules as we

Figure 3. Comparison of (a) SCO2/CH4
, (b) ΔNCO2

(mol/kg) and APS (mol/kg), (c) R % of MOFs calculated for separation of CO2/CH4 and CO2/
CH4/H2O mixtures.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.9b05487
Ind. Eng. Chem. Res. 2020, 59, 3141−3152

3145

https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig3&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.9b05487?ref=pdf


discussed above. When the electrostatic interactions between
adsorbates and FIRMUQ were neglected in simulations, CH4
uptakes of FIRMUQ in the CO2/CH4 mixture (0.07 and 0.70
mol/kg at 0.1 and 1 bar, respectively) and those in the CO2/
CH4/H2O mixture (0.05 and 0.66 mol/kg at 0.1 and 1 bar,
respectively) were found to be similar. This result indicates that
co-adsorption of H2O has no effect on CH4 uptake of FIRMUQ
when the electrostatic interactions are omitted. Overall, results
revealed that the presence of H2O in the gas mixture has a strong
impact on the gas uptakes of MOFs having fluorine-functional
groups.
A comparison of Figure 2a,c represents that the presence of

H2O in the CO2/N2 mixture has a more pronounced effect on
the CO2 adsorption compared to the presence of H2O in the
CO2/CH4 mixture. Especially for AFEJOK, DATKIU, LIC-
COQ, and NIDBOS, CO2 uptake significantly decreased in the
presence of H2O at 1 bar as shown in Figure 2c. Similarly, N2
uptake in AFEJOK and DATKIU significantly decreased in the
presence of H2O as shown in Figure 2d. The decreases in CO2
and N2 uptakes in these MOFs can be attributed to the presence
of extra framework anions including hexafluorophosphates
(PF6

−) and tetrafluoroborates (BF4
−), which enhance the

electrostatic interactions between adsorbates and MOFs in
these structures. We observed that Cu atoms of AFEJOK that
are bonded to PF6

− have high partial charges (+4.06 e−), which
enhance the electrostatic interactions between CO2-MOF and
N2-MOF. When the adsorbate−adsorbent electrostatic inter-
actions were switched off for AFEJOK and DATKIU, CO2 and
N2 uptakes did not significantly change at 0.1 and 1 bar in the
presence of H2O as shown in Figure 2c,d. For example, when the
adsorbate−adsorbent electrostatic interactions were neglected
in binary and ternary mixture adsorption simulations, CO2 (N2)

uptake in DATKIU very slightly decreased from 0.29 (0.22) to
0.28 (0.21) mol/kg in the presence of H2O vapor at 1 bar.
Similar to DATKIU, CO2 (N2) uptake in AFEJOK slightly
decreased from 0.73 (0.33) to 0.72 (0.32) mol/kg in the
presence of H2O at 1 bar. It is also important to note that H2O
uptake of these MOFs in the CO2/N2/H2O mixture remarkably
decreased when the adsorbate−MOF electrostatic interactions
were omitted. For example, if the adsorbent−adsorbate
electrostatic interactions were neglected in simulations, H2O
uptake of DATKIU in the CO2/N2/H2O mixture significantly
decreased from 15.53 to 0.01 mol/kg at 1 bar. Therefore, we can
conclude that strong adsorption of H2O molecules within the
pores of AFEJOK and DATKIU is mainly driven by the
electrostatic interactions.
We so far examined the effect of H2O on the gas uptakes of

MOFs and now turn to the impact of H2O on the calculated
adsorbent performance evaluation metrics of MOFs such as
CO2 selectivity, CO2 working capacity, APS, and R %. The
results obtained from the ternary CO2/CH4/H2O mixture
simulations were compared with those obtained from binary
CO2/CH4 mixture simulations in Figure 3. CO2 uptakes of all
MOFs except FIRMUQ increased in the presence of H2O at 1
bar, whereas CH4 uptakes of all MOFs decreased at the same
condition as we discussed above. This leads to increased CO2
selectivities for all MOFs except KOSLUB at 1 bar as shown in
Figure 3a. Both CO2 and CH4 uptakes of KOSLUB slightly
decreased, resulting in an almost unchanged CO2 selectivity at 1
bar. CO2 selectivities of FIRMUQ and WONZIJ computed for
the CO2/CH4/H2O mixture at 1 bar were 35 and 44% higher
than that those computed for the binary CO2/CH4 mixture,
respectively. The increase in the selectivity of WONZIJ was
because of the increase in CO2 uptake in the presence of H2O at

Figure 4. Comparison of (a) SCO2/N2
, (b) ΔNCO2

(mol/kg) and APS (mol/kg), (c) R % of MOFs calculated for separation of CO2/N2 and CO2/N2/
H2O mixtures.
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1 bar. On the other hand, the increase in CO2 selectivity of
FIRMUQ in the presence of H2O can be explained by the higher
rate of decrease in CH4 uptake compared to the decrease in CO2
uptake. As shown in Figure 3b, CO2 working capacities and APS
values of all MOFs except FIRMUQ increased in the presence of
H2O. Similarly, R % of all MOFs increased in the presence of
H2O in Figure 3c because of the increase in CO2 working
capacities. Although CO2 working capacity and CO2 uptake of
FIRMUQ decreased at 1 bar, its regenerability increased
because of the increase in the ratio of working capacity to
CO2 uptake.
Figure 4 shows the change in adsorbent performance

evaluation metrics of AFEJOK, DATKIU, GUKYUI, HISJIE,
LICCOQ, NIDBOS, and RIGVOU for CO2/N2 separations in
the presence of H2O. There are significant changes in the
predicted CO2/N2 separation performances of MOFs in the
presence of H2O. A comparison of Figures 3 and 4 presents that
CO2 selectivities, working capacities, APSs, and R % values
computed for CO2/N2mixtures were muchmore affected by the
presence of H2O than those calculated for CO2/CH4 mixtures.
As shown in Figure 4a, CO2 selectivities computed for the
ternary CO2/N2/H2O mixture were much higher than those
calculated for the binary CO2/N2 mixture except for GUKYUI.
The most remarkable increases in CO2 selectivities were
observed for AFEJOK (almost tripled in the presence of H2O)
and DATKIU (almost doubled in the presence of H2O). The
numbers of adsorbed H2O molecules in these two MOFs were
significantly higher than those observed in the rest of the MOFs
both at 0.1 and 1 bar. For example, H2O uptake of AFEJOK
(DATKIU) in the CO2/N2/H2O mixture was calculated as 7.24
(15.53) mol/kg at 1 bar, whereas H2O uptake of the rest of the
MOFs in the CO2/N2/H2O mixture was calculated as ∼3 mol/
kg at 1 bar. The H2O affinity of AFEJOK and DATKIU can be

attributed to the presence of nonbonded fluorine-containing
anions (PF6

− and BF4
−) in their frameworks. In order to support

the strong H2O affinity of AFEJOK and DATKIU, we also
calculated Henry’s constants of H2O in MOFs as listed in Table
S4. Henry’s constants of H2O in AFEJOK (6.9 × 102 mmol/g/
bar) and DATKIU (1.5 × 105 mmol/g/bar) were found to be
much higher than that of ZIF-8 (2.7× 10−1 mmol/g/bar), which
was reported as a hydrophobic MOF in the literature because of
its low Henry’s constant.45 Snapshots taken from the GCMC
simulations of AFEJOK and DATKIU with the adsorbed CO2,
N2, and H2O molecules at 1 bar, 298 K, are given in Figure S3.
Nonbonded fluorine-containing anions of both AFEJOK and
DATKIU were surrounded with CO2 molecules in the
adsorption simulations of the binary CO2/N2 mixture. When
H2O was introduced into the gas mixture, these sites were
primarily surrounded by the H2O molecules. Because of the
strong affinity toward H2O and the competition between H2O
molecules and other adsorbates, the number of adsorbed N2

molecules in these MOFs dramatically decreased, resulting in
higher CO2 selectivities in the ternary mixture separation. As
shown in Figure 4b, CO2 working capacities (APSs) of all
(most) MOFs decreased in the presence of H2O. Similar to
CO2/CH4 separation, R % of all MOFs studied for CO2/N2

separation increased in the presence of H2O as shown in Figure
4c. Overall, the presence of H2O as the third component in the
flue gas mixture significantly affects the predicted adsorbent
performance evaluation metrics of MOFs, which have high
Henry’s constants of H2O. This result hints that computing
Henry’s constants of H2O in MOFs can be a useful initial
screening strategy to quantify the H2O affinity of MOFs before
performing GCMC simulations to compute adsorption of flue
gas mixture.

Figure 5.Comparison of (a) CO2, (b) CH4 uptakes in pristineMOFs andH2O-loadedMOFs and (c) CO2, (b)N2 uptakes in pristineMOFs andH2O-
loaded MOFs for the CO2/N2 mixture.
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3.3. Effect of PreadsorbedH2O on CO2/CH4 and CO2/N2
Separation Performances of MOFs. In order to mimic
experimental measurements in which H2O is first injected into
the adsorbent and then gas molecules are injected with
increasing pressure, we computed CO2/CH4 and CO2/N2
mixture uptakes in H2O-loaded MOFs. Adsorbed H2O loadings
were computed at 0.025 bar corresponding to 80% of the vapor
pressure of H2O from the single-component H2O adsorption
isotherms of MOFs as shown in Figure S2. Type I isotherm is
dominant for adsorption of H2O in these MOFs and the more
rectangular type I saturated H2O adsorption isotherms of
FIRMUQ, DATKIU, and AFEJOK can be attributed to the
strong adsorption of H2O molecules at low pressures because of
the favorable fluorine-functionalized adsorption sites of these
MOFs as we discussed above. Similar adsorption isotherm types
were also discussed in the literature for zeolites 5A and 13X,
which have calcium and sodium cations providing strong
adsorption sites for H2O molecules.46

Figure 5 compares CO2, CH4, and N2 uptakes of pristine
MOFs with those ofMOFs that were preloaded with H2O at 298
K. Figure 5a demonstrates that CO2 uptake in H2O-loaded
MOFs, AFEHUO,CIFCEB, KOSLUB, and SUTBIT, was found
to be almost the samewith their unloaded counterparts. This can
be attributed to low H2O uptakes of these MOFs at 0.025 bar as
shown in Figure S2. As FIRMUQ has a strong affinity toward
H2O, which was also supported by high Henry’s constant of
H2O (7.5 × 107 mmol/g/bar), CO2 uptake in this MOF
dramatically decreased from 9.82 to 0.14 mol/kg at 1 bar when
the framework was preloaded with H2O. We provided the
average adsorbedH2O density maps taken from the snapshots of
GCMC simulations of FIRMUQ in Figure S4 at 0.005 and 0.04
bar. Even at very low pressures such as 0.005 bar, the most
favorable adsorption sites of FIRMUQ were occupied by the
H2Omolecules and when the pressure was increased to 0.04 bar,

energetically less favorable adsorption sites became available.
Furthermore, the decrease in the adsorbed H2O density was
clearly observed in Figure S4 when the framework charges were
omitted in molecular simulations resulting in low H2O uptake in
FIRMUQ as we discussed before. Figure 5b shows that except
for FIRMUQ and WONZIJ, CH4 uptakes in pre-H2O-loaded
MOFs were found to be almost the same with those in pristine
MOFs.
The top MOF adsorbents identified for CO2/N2 separation

exhibited stronger H2O affinity than those identified for CO2/
CH4 separation. As shown in Table S4, Henry’s constants of
H2O of the MOFs studied for CO2/CH4 separation were found
to be much lower than those of the MOFs studied for CO2/N2
separation. Therefore, the number of adsorbed H2O molecules
in AFEJOK, DATKIU, GUKYUI, HISJIE, LICCOQ, NIDBOS,
and RIGVOU was computed to be much higher than that of
AFEHUO, CIFCEB, KOSLUB, and SUTBIT at 0.025 bar.
Because of the high number of adsorbed H2O molecules, both
CO2 and N2 uptakes significantly decreased in the H2O-loaded
MOFs as shown in Figure 5c,d. For example, when H2O
molecules were loaded into DATKIU, simulated CO2 (N2)
uptake of this MOF drastically dropped to 0.03 (∼4 × 10−3)
mol/kg at 1 bar, compared to the corresponding gas uptake in
pristine MOF, 4.61 (0.19) mol/kg. Similarly, simulated CO2
(N2) uptake of AFEJOK significantly decreased to 0.07 (∼8 ×
10−4) mol/kg at 1 bar, compared to the corresponding gas
uptake in pristine AFEJOK, 3.48 (0.23) mol/kg. Because of the
high adsorbed number of H2O molecules in AFEJOK (15.8
mol/kg) and DATKIU (22.6 mol/kg) at 0.025 bar, CO2 and N2
molecules could not find enough space for adsorption, resulting
in significant decreases in CO2 and N2 uptakes of these MOFs.
We then computed selectivity, working capacity, APS, and R

% of pre-H2O-loaded MOFs for both CO2/CH4 and CO2/N2
separations. Figure 6a shows that CO2 selectivities of MOFs,

Figure 6. Comparison of (a) SCO2/CH4
, (b) ΔNCO2

(mol/kg) and APS (mol/kg), (c) R % of H2O-loaded MOFs and pristine MOFs.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.9b05487
Ind. Eng. Chem. Res. 2020, 59, 3141−3152

3148

http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.9b05487/suppl_file/ie9b05487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.9b05487/suppl_file/ie9b05487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.9b05487/suppl_file/ie9b05487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.9b05487/suppl_file/ie9b05487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.9b05487/suppl_file/ie9b05487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.9b05487?fig=fig6&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.9b05487?ref=pdf


except FIRMUQ andWONZIJ, did not change as both CO2 and
CH4 uptakes decreased in H2O-loaded MOFs. Similarly, CO2

working capacity, APS, and R % values of AFEHUO, CIFCEB,
KOSLUB, and SUTBIT were almost the same for pristine
MOFs and H2O-loadedMOFs as shown in Figure 6b,c. As these
MOFs have weak affinities towardH2O, the number of adsorbed
H2O molecules was calculated to be low, resulting in an almost
negligible effect on the CO2, CH4 uptakes and calculated
adsorbent performance evaluation metrics of MOFs. The weak
H2O affinities of these MOFs were also supported by Henry’s
constants we computed for H2O as given in Table S4. KOSLUB
and SUTBIT can be considered as hydrophobic materials
because of their negligible H2O uptakes (∼0.07 mol/kg) at
0.025 bar and their lowHenry’s constants of H2O (2.4 mmol/g/
bar and 8.9 × 10−1 mmol/g/bar for KOSLUB and SUTBIT,
respectively). CO2 selectivities of FIRMUQ and WONZIJ
significantly increased (Figure 6a) although their CO2 working
capacities decreased (Figure 6b). This was attributed to
negligible CH4 uptakes in these MOFs. As the CO2 working
capacity of FIRMUQ considerably decreased compared to that
of WONZIJ as shown in Figure 6b, the APS value of FIRMUQ,
which was calculated as the multiplication of the CO2 working
capacity by CO2 selectivity at 1 bar decreased. On the other
hand, the increase in CO2 selectivity and the decrease in CO2
working capacity of WONZIJ compensated each other and
resulted in almost an unchanged APS. It is important to note that
calculated R % values dropped below 80% for both FIRMUQ
and WONZIJ as shown in Figure 6c as both CO2 working
capacities and CO2 uptakes of these MOFs remarkably
decreased compared to those of their pristine counterparts.
Considering the fact that R % is an important criterion in
screening of MOF adsorbents to eliminate the ones having R %
<85%, our results revealed that exposure of an MOF adsorbent

to H2O prior to CO2/CH4 should be carefully considered in the
material selection process.
Figure 7 shows how the predicted CO2/N2 separation

performances of MOFs change in the presence of different
H2O loadings in the frameworks. CO2 selectivities of AFEJOK,
HISJIE, LICCOQ, NIDBOS, and RIGVOU increased, whereas
CO2 selectivities of DATKIU and GUKYUI decreased at 1 bar
when pre-H2O-loaded MOFs were considered in binary CO2/
N2 mixture adsorption simulations as shown in Figure 7a. The
increase in CO2 selectivity of HISJIE at both pressures was quite
remarkable. N2 uptake in this MOF dramatically decreased
when H2O-loaded HISJIE was used; therefore, CO2 selectivity
of H2O-loaded HISJIE was calculated to be very high. Similarly,
both CO2 andN2 uptakes significantly decreased whenH2Owas
loaded into NIDBOS. As the CO2 uptake of NIDBOS at 0.1 bar
was found to be almost zero, we could not report its CO2
selectivity at that pressure in Figure 7a. It is important to note
that both HISJIE and NIDBOS have low PVs (0.31 and 0.36
cm3/g, respectively) and low accessible SAs (361.15 and 539.12
m2/g, respectively). Because of the high H2O loadings, N2
molecules could not be adsorbed in these MOFs. Figure 7b
shows that both CO2 working capacities and APSs of MOFs
decreased in the pre-H2O-loaded case for CO2/N2 separation.
The decrease in CO2 working capacities significantly affected R
% predictions as shown in Figure 7c. R % values of only
DATKIU and NIDBOS increased in the H2O-loaded case,
which can be attributed to their negligible CO2 uptakes at 0.1
bar. Overall, results so far revealed that exposure of MOFs to
H2O prior to gas adsorption significantly alter selectivity,
working capacity, regenerability of the promising MOFs for
CO2/N2 separation, whereas the presence of H2O within the
frameworks was found to have a less pronounced effect on the
predicted CO2/CH4 separation performances of the promising
MOFs.

Figure 7. Comparison of (a) SCO2/N2
, (b) ΔNCO2

(mol/kg) and APS (mol/kg), (c) R % of H2O-loaded MOFs and pristine MOFs.
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The promising MOF adsorbents are generally selected based
on the combination of APS andR%values as we discussed in our
previous works.17,47,48 We showed that the presence of H2O in
the feed gas mixture or preloading of H2O into the MOF may
significantly alter the calculated APS and R % values of the top-
performing MOFs in some cases. As identification of the top
material candidates strongly depends on these metrics, we
computed the coefficient of determination (R2) for all metrics
for (i) binary and ternary mixture separations and (ii) pristine
andH2O-loadedMOFs for binary mixture separations. Values of
R2 are listed in Table 1. For the CO2/CH4 mixture, R2 values for

CO2 selectivities were found to be almost 1, indicating that
separation performances of the top MOFs based on CO2
selectivities are not strongly affected by the presence of H2O.
Similarly, R2 values for APS and R % were high, 0.98 and 0.95,
respectively, indicating that results of binary CO2/CH4 mixture
adsorption simulations can be used to predict adsorbent
performances of MOFs for ternary CO2/CH4/H2O mixtures.
However, R2 value forΔNCO2

was found to be low, 0.51, because
of the remarkable changes in CO2 uptakes of FIRMUQ in the
presence of H2O. When FIRMUQwas neglected in the analysis,
the R2 value increased from 0.51 to 0.98, suggesting that results
of binary CO2/CH4 mixture adsorption simulations can be also
used to predict ΔNCO2

of MOFs for ternary CO2/CH4/H2O
separation if MOFs do not have specific functional groups
showing high affinity for H2O. For CO2/N2 separation,R

2 values
for CO2 selectivities and APS were found to be high (>0.85 and
0.79, respectively). However, R2 values forΔNCO2

and R% were
low, 0.46 and 0.08, respectively. The very low R2 value for R %
was attributed to the remarkable increases in the R % values of
LICCOQ (∼14%) and AFEJOK (∼9%) when a ternary CO2/
N2/H2O mixture was considered. An important message of
these results is that adsorbent performance evaluation metrics of
promisingMOFs identified for CO2/CH4 separation exhibit less
sensitivity to the presence of H2O in the gas mixture than those
of promising MOFs identified for CO2/N2 separations. When
H2O was preloaded in MOFs prior to binary mixture GCMC
simulations, calculated R2 values for all metrics as shown in
Table 1 were found to be very low, indicating that there is a weak
correlation between the results obtained for pristine MOF and
those obtained for H2O-loaded MOFs. For example, selectivity
did not significantly change but both APS and R % of H2O-
loaded MOFs were found to be very different than those
calculated for pristine MOFs for CO2/CH4 separation, resulting
in lower R2 values. In the case of CO2/N2 separations, the
calculated R2 values for pristine and H2O-loaded MOFs were
very low, showing the impact of the presence of H2O in the

framework on the separation performances of MOFs. We finally
note that the number of top-performing MOFs studied in this
work is quite low; hence, R2 values may change if a high number
of materials is considered.
We so far solely focused on the effect of H2O on the gas

separation performances of the topMOFs. Choosing an efficient
adsorbent which is stable under humid conditions is important
for practical CO2 capture applications. The H2O stability of a
small number ofMOFs such Cu-BTC and ZIF-8 was reported in
the literature.49 We examined the experimental synthesis papers
of the MOFs we considered in this work and found information
about the H2O stability of two MOFs. KOSLUB50 and
SUTBIT51 were reported to be H2O-stable. Liu et al.

25 showed
that Ni/DOBDC, the structural isomer of KOSLUB, can
maintain its CO2 uptake capacity after multiple exposures to
H2O vapor, consistent with our results. SUTBIT was also
reported to have a moisture-insensitive nature and very high
thermal stability.51 Further experimental studies are required to
assess the CO2 separation performances of the rest of promising
MOFs under humid conditions.
Finally, it is important to note that an approximate partial

charge assignment method and a generic force field were used in
this work. We recently showed that adsorbent performance
evaluation metrics of MOFs such as selectivities computed for
CO2/CH4 and CO2/N2 separation using Qeq and DDEC (the
density-derived electrostatic and chemical) charges were
similar.17 The role of partial charge assignment methods on
CO2 capture under humid conditions was previously discussed
in the literature. For example, Li et al.18 observed that the
difference between EQeq (the extended charge equilibration)
and REPEAT (the repeating electrostatic potential extracted
atomic) charges is small for Henry’s constants of N2 and CO2,
whereas Henry’s constant of H2O was found to be more
sensitive to the partial charge assignment method. They
reported that the EQeq method underestimates the interaction
strength between H2O and MOF atoms, resulting in high CO2/
H2O selectivities. The ranking of the top 15 MOFs based on
their CO2/H2O selectivities was found to be almost insensitive
to the partial charge assignment method. Li et al.19 reported that
8 out of the top 15 MOFs identified from computational
screening ofMOFs using DDEC and EQeq charges based on the
ratios of Henry’s constant of CO2 and H2O were identical.
Performing more detailed quantum chemistry calculations in
future studies would be very useful to accurately describe the
electrostatic interactions between CO2, N2, and H2O molecules
and the frameworks considering a large number of diverse MOF
structures.

4. CONCLUSIONS
Performing molecular simulations for adsorption of CO2/CH4/
H2O and CO2/N2/H2O mixtures for several thousands of
MOFs is computationally very demanding because of the very
low acceptance ratios for insertions and deletions of H2O
molecules in the GCMC simulations. In this work, we examined
the effects of the presence of H2O in the natural gas and flue gas
mixtures on the predicted adsorbent evaluation metrics of the
top promising MOF adsorbents that were previously identified
as the best adsorbents among 54808 MOFs. CO2 selectivity,
CO2 working capacity, APS, and R % of the top-performing
MOFs were computed considering adsorption of ternary CO2/
CH4/H2O and CO2/N2/H2O mixtures and compared with
those computed considering adsorption of binary CO2/CH4 and
CO2/N2 mixtures. The results showed that introduction of H2O

Table 1. Calculated R2 for the Adsorbent Performance
Evaluation Metrics of MOFs

CO2/CH4 separation CO2/N2 separation

binary vs
ternary
mixture

separation

pristine MOFs
vs H2O-loaded

MOFs

binary vs
ternary
mixture

separation

pristine MOFs
vs H2O-loaded

MOFs

S at
0.1 bar

0.996 0.987 0.852 0.067

S at 1 bar 0.996 0.987 0.889 0.001
APS 0.984 0.034 0.788 0.016
ΔNCO2

0.505 0.031 0.461 0.219

R % 0.945 0.504 0.077 0.056
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as the third component in CO2/CH4 and CO2/N2 mixtures
significantly affected the adsorbent evaluation metrics of the top
promising MOF adsorbents that have strong affinity toward
H2O because of the presence of specific functional groups and/
or extra framework anions. As the MOFs identified as promising
for CO2/N2 separation exhibited stronger H2O affinity than
those identified for CO2/CH4 separation, CO2 separation
performance metrics computed for those MOFs were much
more affected by the presence of H2O. Our molecular
simulations on H2O pre-loaded MOFs showed that exposure
of an MOF to H2O prior to gas adsorption can cause drastic
decreases in their calculated CO2 working capacities, APSs, and
R % for CO2/N2 separation. The presence of H2O within the
pores of MOFs prior to adsorption increased their CO2/N2
selectivities. Overall, results of this work will be highly useful to
guide the future studies on the design and development of new
MOF adsorbents that can achieve high-performance CO2
separations under humidity.
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