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Competitive adsorption of water is an important issue in the adsorption-based industrial processes of bio- and
flue gases separation. The dehumidification of gases prior to separation would increase process complexity and
lower its economic interest. In this work, large-scale computational screening was applied to identify Metal-
Organic Frameworks (MOFs) structures which exhibit high CO2/CH4 selectivity and total loading higher than
0.5 mol/kg (in the presence of water). High-throughput Grand Canonical Monte Carlo (GCMC) screening of
nearly 3000 existing MOF materials was carried out. Initial selection assumed fixed values of pore limiting
diameter (PLD) and Henry's constant for water and allowed one to preselect 764 structures. After GCMC si-
mulations carried for 50/50 CO2/CH4 mixture, at ambient conditions (p = 1 bar, T = 298 K), and variable gas
humidity (0%, 5%, 30% and 40%) the final selection revealed 13 most promising MOFs structures. We focused
on analysis of the correlations between the properties of the selected MOFs and the separation selectivity. We
show that the selectivity is a complex function of the porous materials characteristics and finding selective
sorbent, performing well in dry and wet conditions requires careful analysis of available MOFs.
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1. Introduction

According to International Energy Agency (IEA Statistics) [1], today
80 percent of the world’s energy comes from fossil fuels. As a result of
fossil fuel burning the atmospheric concentration of CO2, one of the
major greenhouse gases, has dangerously increased [2]. To reduce the
rapid changes of Earth atmosphere composition different CO2 capture
and storage (CCS) strategies have been proposed [2–9]. They address all
stages of fossil fuel exploitation, form pre-combustion treatment,
through combustion optimization and post-combustion CO2 capture
[2]. The post-combustion CO2 separation from other combustion gases
(by filtration or absorption) for its subsequent sequestration and/or
utilization has received a lot of interest [10–15]. The energy-efficient,
adsorption-based solutions are particularly promising
[10,12,14,16–20]. However, the generalized use of adsorption based
technologies requires the development of selective, high-performance
CO2 sorbents, withstanding variable working conditions [21]. For the
best outcome, they should enable guest molecules to diffuse rapidly into
the pore network and possess moderate heat of CO2 adsorption to en-
sure efficient gas separation and sorbent regeneration.

Various porous sorbents were proposed and analyzed in the past:
activated carbon [22–24], carbon molecular sieves (CMS) [25–27],
polymers [28–30], aluminophosphates (AlPOs) [31–33] and alumino-
silicates (zeolites) [24,34], covalent-organic frameworks (COFs) [35].
Recently [34], a new class of porous materials, metal–organic frame-
works (MOFs), has proved its potential to be used in the gas separation
or storage [17,36–46]. Due to their unique physical properties (tune-
ability of their crystalline structure, high porosity and ultra-high sur-
face area), MOFs are considered as a promising class of sorbents for
separation and storage of various gases, including carbon dioxide and
methane [41,47–50].

Numerical screenings of MOFs for selective adsorption of green-
house gases were performed in the past for various gases combinations:
CO2/H2O and CO2/H2O/N2 [51], CH4/N2, CH4/CO2, CH4/H2S, and
CH4/NH3 [49]. Huang et al. [52] investigated the capture of CO2 from
CH4/CO2 mixture in 25 well-known MOFs and showed that the pre-
ferential CO2 adsorption in a framework in humid conditions depends
on the relative strength of water and CO2 attraction by the framework.
When the interaction between H2O and MOF framework is strong,
water saturates the highly attractive adsorption sites, and the CO2 up-
take is low. Similarly, Yu et al. [53] showed that CO2 adsorption in Mg-
MOF-74 decreases with increased humidity; the density functional
theory (DFT) calculations showed that the reduction of CO2 adsorption
energy was caused by H2O binding to the unsaturated metal sites. Han
et al. [54] studied stability and CO2/N2 sorption selectivity of seven
MOFs, and showed that some of studied structures remain stable and
selective in humid conditions. Adsorption of small molecules (CO2,
H2O, H2 and CH4) in 25 different metal-substituted MOF-74 was studied
by Canepa et al. [55]. Using DFT calculations the authors demonstrated
the impact of humidity on the separation capacity of MOF structures.
Many works were devoted to identifying highly selective materials for
CO2 sorption in the presence of water. Li et al. [51] calculated the ratio
of Henry s constants kH for CO2 and H2O adsorption for large number of
MOF structures and selected 13 the most promising frameworks (for
which kH(CO2)/kH (H2O) ratio was the largest). For these structures
Grand Canonical Monte Carlo (GCMC) simulations of binary CO2/H2O
and ternary CO2/H2O/N2 mixtures adsorption were then carried out, in
highly humid environment (80% relative humidity). The authors
stressed that the partial charges distribution on MOF should be de-
termined very precisely to reach high quality, quantitative results in
simulations explicitly containing water molecules. The problem of
partial charges was also noted by Altintas et al. [56] in the context of
simulations of CO2 adsorption in MOFs. The authors concluded that to
avoid time consuming DFT calculations of partial charges (DDEC,
density-derived electrostatic and chemical method), extended Qeq
(charge equilibration method) can be used. However, both

methodologies produce different charge distributions that in turn lead
to different uptakes, working capacities and selectivity, especially in
MOFs with narrow pores. These differences can be neglected as long as
rapid screening of large number of structures is prospected; to narrow
down the analysis of sorption properties of down-selected structures
more accurate charges assignment is necessary.

An extensive review on water adsorption in MOFs, and stability of
MOFs after exposure to moisture was written by Canivet et al. [57]. The
authors concluded that to ensure the stability of MOF structure in
humid environment the ligands should tightly shield the MOFs’metallic
centers, and the interaction metal–ligand should be strong. This can be
achieved when very basic ligands are used together with very acidic
metals (as, for example, in Cr-MIL-101, where Cr3+ is used together
with azolates). Keskin group performed screening of 13 MOFs for CO2/
H2O/CH4 and CO2/H2O/N2 separations which showed that addition of
water to the binary mixtures significantly affects the separation per-
formance [58]. The same group synthesized 2 MOFs (Al-PMOF and Al-
PyrMOF) to check for CO2/N2 selectivity in wet flue gas, after first
finding the most promising structures with parallel aromatic rings via
reverse-screening of 8,325 MOF database [59]. Furthermore, Keskin
et al. published a series of papers on screening of a database containing
3857 MOF structures for capacity to separate CO2/H2 [60], H2/N2 [61]
and CO2/N2 [62] and CO2/CH4 [63] gas mixtures. The most promising
structures in each category were used as fillers in mixed matrix mem-
branes and the separation they provided was further investigated.

The largest screening of MOF structures was carried out by Ahmed
et al. who analyzed 493 459 frameworks to find the best material for
hydrogen storage [64]. The most promising structures: SNU-70, UMCM-
9 and NU-100 were further analyzed at 77 K and the pressure range
5–100 bar using GCMC methodology.

Experimental screenings of MOFs were also performed, although on
a much smaller scale. Evans et al. [65] performed binary gas break-
through measurements of dynamic capacity of CO and N2 adsorption in
10 MOFs, to verify their performance in CO/N2 separation, and ap-
plicability in petrochemical industry. Han et al. [66] investigated CO2

and N2 adsorption and diffusion in 8 selected MOFs, in dry and humid
conditions. The most promising material showed selectivity ratio (the
ratio of the adsorbed amount of CO2 with respect to N2) equal 152.
Chanut et al. [67] screened 45 MOFs for water impact on CO2 ad-
sorption, and identified four highly selective structures: UiO-66-NH2,
UiO-66-2Me, MIL-127(Fe) ad MIL-96(Al). These MOFs showed fairly
constant CO2 uptake with increasing relative gas humidity (2–14% RH).
Authors also show that the CO2 uptake decreases in wet samples pro-
portionally to the structure’s value of Henry constant kH for water. This
result indicated that strong framework affinity to water is not favorable
for high CO2 adsorption in the structure.

To the best of our knowledge the large-scale analysis of MOFs ca-
pacity to efficiently separate carbon dioxide and methane mixtures in
the presence of water was never performed. Therefore, to identify po-
tentially high-performing MOFs for biogas or flue gas purification in
humid conditions we scrutinized > 2,900 structures from the CoRE-
MOF database (version 2016) [68]. This library contains experimen-
tally determined MOF structures that are computation-ready. For 2932
structures that possesses pores large enough to adsorb CO2 the nu-
merical analysis of selective adsorption of CO2 from equimolar CO2/
CH4 mixture in dry and wet conditions has been carried out. The choice
of best (most selective) MOF structures was based on the results of a
two-steps procedure involving GCMC simulations of adsorption iso-
therms with RASPA code. This approach has allowed us to designate 13
structures that perform the best in variable humidity conditions. 3 of
them show at the same time high CO2 uptake during adsorption from
CO2/CH4 mixture.

2. Methodology

The adopted methodology is summarized in the Fig. 1. The
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Computational Ready (CoRE MOF 2014-DDEC) database [68] was used
as a reservoir of MOFs structures for the selection of materials with high
CO2/CH4 selectivity ratio. We considered only solvent-free structures
provided with charges calculated using DDEC method, ready to im-
plement in simulations of adsorption. The 2932 experimental MOFs
structures that fulfilled this condition were chosen for further analysis.

The initial selection was made with respect to the values of 2
parameters: the pore limiting diameter (PLD), and Henry constant (kH)
for water adsorption. PLD is defined as the maximum size of a sphere
that can move through the structure without hindrance. As the kinetic
diameter of carbon dioxide is σ = 3.3 Å, therefore only structures with
PLD > 3.3 Å were chosen for further study. This geometric selection is
essential, as optimal permeation and diffusion of gases through the
material must be ensured in any technological process. Water affinity of
the frameworks was chosen to be in the medium range, to eliminate
structures that are too hydrophilic or too hydrophobic. The notion of
the ‘medium range’ has been defined by Matito-Martos et al. [69] as
contained between the limiting values (5·10-6, 5·10-2) mol/kg·Pa. The
hydrophobic materials show the kH < 5·10-6 mol/kg·Pa, whereas for
hydrophilic materials kH > 5·10-2 mol/kg·Pa. Medium affinity towards
water guarantees that adsorption sites would not be occupied ex-
clusively by water at ambient conditions; at the same time water is not
totally excluded from the pore volume. These two criteria allowed a
limitation of the initially selected MOFs to 764 structures (after an
additional removing of structures referenced twice, especially when
they were imported from Cambridge Crystal Structure Database CCDS
[70], or containing erroneous data). The list of detected inconsistencies
is given in Supporting Information (SI).

The numerical screening protocol was based on the calculations of
adsorption isotherms using Grand Canonical Monte Carlo methodology
implemented in the state-of-the-art RASPA code [71]. The inter- and
intra- molecular interactions were calculated using 6–12 Lennard-Jones
(LJ) potentials, truncated at a cutoff distance of 12 Å. The LJ parameters
for MOFs were taken from DREIDING [72] (for organic linkers) and UFF
[71] (for metal sites) forcefields. For CO2 the all atoms model has been
used, whereas CH4 was represented as single united atom model. The LJ
parameters for both gases were taken from Ref. [73]. The all atom
TIP4p model [74] was used for water. MOFs’ structures were con-
sidered as rigid in the simulations. Lorentz-Berthelot mixing rules were
applied to parametrize adsorbate-adsorbent interactions. Coulomb po-
tential and Ewald summation were used to account for electrostatic
interactions in the systems. Each GCMC simulation contained 10 000
equilibration and 200 000 production cycles (number of MC steps per
cycle is equal to the total number of molecules in the system, however,
not< 20). The number of chosen production cycles guarantees that the
calculated mean values converge to an equilibrium loading for multi-
component adsorption simulations. In each cycle translation, rotation,
regrow, identity change and swap moves were performed.

The 1st stage of screening consisted in calculations of the adsorbed
amount at single (p, T) point (p = 1 bar, T = 298 K), to limit com-
putational time. First, adsorption of an equimolar mixture of CO2 and
CH4 (50:50) was calculated to obtain total loading (defined as a sum of
adsorbed amount of each gas, = +T n nloading CO CH2 4, in mol/kg), and
adsorption selectivity of each material of CO2 over CH4

( =S n n/A CO CH2 4). Then, water molecules have been added to the initial
gas mixture to reach 5%, 30% and 40% of humidity of the adsorbent.
Humidity in this work is defined as a fraction of the available pore
volume occupied by water molecules. This quantity was estimated for
each MOF structure in the following way: first, prior to simulations, the
number of water molecules that can fit the available pore volume (as
defined by helium void fraction) has been calculated, and the number
of water molecules necessary to achieve the desired humidity level was
determined. This amount of water molecules was then inserted into the
structure during simulations. Such procedure allowed for rapid eva-
luation of the potential evolution of selectivity of each framework with
increasing water content. More details about the process followed for
the addition of specific amount of solvent within the pores can be found
in literature [35]. In consequence, for the next step of screening we
have chosen 13 structures showing the total CO2/CH4 loading above
0.5 mol/kg, and the high selectivity ratio (above 80) at least at one of
the studied hydration degrees.

In the 2nd stage of screening, for the thirteen preselected MOFs
structures, the simulations of full adsorption isotherms were performed,
at ambient temperature (T = 298 K) and in the pressure range from 0 to
5 bar. Four series of simulations were carried out: for 0%, 5%, 30% and
40% of humidity. For all selected structures, the simulations of water
adsorption were also performed, to serve as reference for selectivity
analysis. From the simulations at low pressures the values of isosteric
heats of adsorption for CO2 and CH4 at 298 K were determined.

3. Results and discussion

3.1. 1st stage of screening.

Fig. 2 shows the variation of the total adsorption of the CO2/CH4

mixture in the function of PLD size of 764 preselected MOFs structures,
for different water content. The comparison of four graphs shows that
the adsorption capacity decreases as the content of moisture in the
material increases. The highest total adsorption of the dry gas mixture
is 8.93 mol/kg and decreases to only 3.73 mol/kg when the structure
contains 40% of humidity. It proves that in the last case the major part
of the available pore space is taken by inserted water molecules.
Moreover, for all water contents the highest total loadings were ob-
served not in the structures with biggest pores (PLD > 9), but in those
with the smaller ones (PLD < 9). This high total loading results from
stronger interactions with (closer) adsorption sites, and from additivity
of their values. We concluded that the sorbents with smaller pore dia-
meters are more suitable for CO2/CH4 adsorption at ambient tem-
perature and pressure; in consequence the large PLD structures
(PLD > 9) were removed from the further study.

Fig. 3 shows the total adsorbed amount/selectivity diagrams at
different humidity contents. The graphs illustrate the adopted criteria
of structures’ selection for the 2nd stage of screening. Only those
structure that simultaneously show very good selectivity (above 80),
and high total loading of CH4 + CO2 (> 0.5 mol/kg) have been se-
lected. This ensures that a non-negligible amount of both gases would
be adsorbed, and selectivity calculations would not be susceptible to
errors resulting from division of two very small numbers (as it is the

Fig. 1. Schematic representation of numerical screening protocol.
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case for NARTIL structure which has selectivity of 797 at 40% of hu-
midity, (see Fig. 3) resulting from almost negligible total loading). Al-
together, 13 MOF structures were selected for 2nd stage of screening,
even if they performed well in only one specific humidity condition.
Half of them (GUJPEG01, LOFZUB, KIDDOS, KINKAV, CEHVIX,
UDICAN) remain highly selective even if the humidity concentration in
the samples is high (30% and 40%).

It is important to stress out that not all of the materials that show
very good potential for separation were actually synthesized. CEHWIX
[75] was generated theoretically using machine learning protocol, and
UDICAN [76] is an intermediate structure in the crystallization process
of some of structures not selected by this screening. Although these
materials cannot be the sorbent candidates for real applications, the
present analysis reveals their potential and unique properties. We
continue analyzing them in the 2nd stage of screening.

3.2. 2nd stage of screening.

Table 1 gathers basic information about the 13 MOF structures se-
lected for the 2nd stage of screening for best sorbents for CO2/CH4

separation in presence of water. MOF structures are listed in order of
decreasing Henry’s constant kH for water adsorption. The dispersion of
kH is large, roughly 3 orders of magnitude. All materials also show a
large dispersion of the unit cell volumes. 5 out of 13 structures contain
Zn atom in the metallic center, but the structures with other metals (Er,
Ga, Cd, Bi) are present as well. Nitrogen atom is present in the linkers of
9 out of 13 structures. We relate this observation to the previous study
[19] showing that imprinting alkaline nitrogen groups on poly-
ethyleneimine improves separation quality and absorption capacity of

industrial CO2 storage tanks. The alkaline nitrogen group presence can
probably partially explain the high affinity of these selected MOF
structures towards CO2.

We noticed that LOFZUB structure deposited in the CoRE-MOF da-
tabase is actually not a MOF but an AlPO-type zeolite; however, as it
shows very high total loading and high selectivity (> 100) we decided
to include here the analysis of this material as well. GOMRAC structure
(Fig. 3) is an AlPO as well, but it was not included in further in-
vestigations due to poorer performance than LOFZUB structure.

For all selected structures, the affinity for water, characterized by kH
constant, does not impact the separation process. Theoretical water
capacity of each structure, calculated from geometrically available
space for adsorption, and simulated water uptake at T = 298 K and
maximal pressure of 5 bar are given in Table 1. The comparison of these
values shows that in most of the selected structures water fills< 40% of
the available space, even at pressure of 5 bar. As the pressures usually
applied in separation systems are much lower, the risk of overfilling
MOF structures with water during actual process is very low.

Fig. 4 presents the possible adsorption surfaces (in violet) in all
selected structures. They were generated using iRASPA software [88]
from the results of short-time simulations of single CH4 molecule ad-
sorption in the structures. Changing probing molecule to CO2 did not
change significantly neither the shape nor the size of adsorption sur-
face. This allowed for a visualization of both preferential adsorption
sites and the pathway for CO2/CH4 diffusion through the pores struc-
ture.

Fig. 5 shows pore size distribution for the selected structures. Most
of them have the pore diameter> 3.8 Å, the kinetic diameter of me-
thane. It proves that the selectivity is not defined by the geometric

Fig. 2. The variation of the total adsorption of the CO2/CH4 mixture in the function of PLD size of 764 preselected MOFs structures, for different water contents (0%,
5%, 30%, 40%).
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parameters of the structure only. LOFZUB structure that contains the
largest pores is highly selective at all humidity conditions.

Fig. 6a shows the heats of adsorption of CO2 and CH4 calculated
from energy fluctuations in simulations of the single gas adsorption at
very low pressure, for each selected structure [89]. The analysis of the
diagrams brings to the light two important facts. First, both methane

and carbon dioxide are strongly adsorbed by all structures (their ad-
sorption heats are> 15 kJ/mol). The heats of CO2 adsorption values
are in the same range as for other largely studied MOFs like HKUST-1
(30 kJ/mol), MIL-100 (62 kJ/mol), and for other porous structures like
zeolite 13X (34 kJ/mol), and MEA solution (84 kJ/mol) [90]. Second,
the difference in heats of adsorption between

Fig. 3. The variation of the selectivity of the CO2/CH4 mixture in the function of total adsorption of CO2 + CH4 for 764 preselected MOFs structures, for different
water contents (0%, 5%, 30%, 40%). Red lines indicate the reference levels for selection of structures for the second stage of screening. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Reference codes, chemical formulas and unit cell volume of MOFs selected for the 2nd stage of screening, presented in order of increasing values of Henry constant kH
for water. Theoretical (geometrical water capacity in (mol per unit cell, mol/uc) is compared to the calculated (GCMC) water amount adsorbed at 5 bar and 298 K.
The humidity at 5 bar is calculated as the ratio between calculated water amount at (5 bar, 298 K) and theoretical water capacity of the structure. Bolded numbers
indicate structures with humidity> 40% in these conditions.

Ref. code Chemical formula Unit cell volume kH Theoretical water capacity Calculated water amount adsorbed at 5 bar Humidity at 5 bar Ref
Å3 mol/kg·Pa mol/uc mol/uc %

KINKAV C40H36N6O7Zn 1987 −4.51·10 2 35 11.0 31.5 [77]

CEHWIX NiH3C5N2ClO2 929 −4.44·10 2 33 9.5 28.9 [75]
KIDDOS C66H92N14O37S6Zn6 4316 −2.34·10 2 149 52.5 35.2 [78]

YADQIF CdH16(C4O)8 3744 −2.18·10 2 70 49.2 70.3 [79]

UVEXAV Ga2H5C5O8 553 −2.09·10 2 55 5.8 10.5 [80]

FUDQIF ZnSiH8C8(N2F3)2 388 −8.64·10 3 31 3.3 10.6 [81]

UDICAN Bi6H6C18O17 3229 −3.62·10 3 70 28.5 40.7 [76]

LOFZUB AlPO4 3332 −3.55·10 3 142 59.0 41.5 [82]

TIRLIQ Zn3H22C34(NO6)2 4181 −1.45·10 3 54 35.7 66.2 [83]

XOMJUE ErH32C44N(ClO3)3 5417 −8.21·10 4 95 51.0 53.7 [84]

PURQEZ ZnH6(CO)8 1564 −1.19·10 4 58 20.5 35.3 [85]

IJASIW ErH14C24(NO3)2 1239 −6.43·10 5 41 8.5 20.7 [86]
GUPJEG01 MnH6C12(NO2)2 636 −4.88·10 5 32 3.9 12.2 [87]

5



Fig. 4. Atomic representations of 13 selected MOF structures. Purple ribbons represent surface available for adsorption, calculated using methane as a gas probe. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CO2 and CH4 indicates the structures more suitable for CO2/CH4

mixture separation. In dry conditions the largest differences are ob-
served for FUDQIF (24.9 kJ/mol), GUJPEG01 (20.8 kJ/mol), LOFZUB
(21.3 kJ/mol) and UVEXAW (21.0 kJ/mol). CEHWIX, GUJPEG01 and
FUDQIF also have the highest selectivity (> 230) in dry conditions
(Fig. 6b). The selectivity of UVEXAW is very low in dry conditions (of
the order of 6) but increases with humidity of the gas mixture (up to
32.5 for 5% of water content). It should be remembered that to ensure
efficient regeneration of the sorbent (desorption of the retained CO2),
the materials should show simultaneously high selectivity and mod-
erate heat of CO2 adsorption. When the heats of adsorption increases
above 17 kJ/mol, the liquefaction of CO2 inside the pores occurs,
making its desorption difficult [90]. Among selected MOFs, all present

the heat of CO2 adsorption above 30 kJ/mol, but for XOMUJE (34.5 kJ/
mol), GUJPEG01 (36.5 kJ/mol), IJASIW (36.9 kJ/mol) and PURQEZ
(36.9 kJ/mol) the values are the lowest. PURQEZ and GUJPEG01 ad-
ditionally show the largest difference between CO2 and CH4 adsorption
heats (16.4 kJ/mol and 20.8 kJ/mol, respectively). The total
(CH4 +CO2) loading in GUJPEG01 in the absence of water is 1.16 mol/
kg, almost 3 times smaller than in PURQEZ (3.71 mol/kg), but the se-
lectivity of GUJPEG01 is an order of magnitude higher. Therefore,
GUJPEG01 is the best candidate for an efficient selective sorbent of dry
CO2/CH4 mixture.

Humidity of the environment is an important aspect to account for
when choosing the best sorbent for gas separation in real industrial
conditions. Whereas SOx, NOx, and particulate matter are usually

Fig. 5. Pore size distribution for 13 selected MOF structures.

Fig. 6. a) Heat of adsorption for CO2 (light purple) and CH4 (dark purple), and b) total uptake (blue) and selectivity (turquoise) of selected structures in dry
conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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effectively removed from biogas by a variety of physical and chemical
methods and remaining mixture contains overwhelming majority of
CH4, CO2, O2, N2, and H2O are still present [91]. Flue gas from the bio-
methane production may contain between 3% and 20% of water in the
total volume of the stream, depending on its source [91,92]. That in-
troduces very specific working conditions for the adsorbent, and highly
selective requirement of stability in humid environment.

For all structures, as the humidity of the framework increases, the
total adsorbed amount decreases. It is mainly due to the fact that the
water inserted into the structure and maintained at the constant level
during simulations of CO2/CH4 mixture adsorption partially saturates
the adsorption sites, and occupies the space geometrically available for
adsorption; similar behavior was previously reported in Covalent-
Organic Frameworks by Vincent-Luna et. al. [35]. As an example,
Fig. 7a shows the isotherms of CO2 and CH4 adsorption from CO2/CH4

mixture in GUJPEG01. CO2 adsorbs in the structure at any water con-
tent, although its uptake decreases when the humidity increases. On the
contrary, CH4 is almost completely excluded from the structure, at any
water content. GUPJEG01 show extremely good separation properties
for each of the water contents tested here. The same highly selective
adsorption in humid conditions was observed in CEHWIX structure.

The impact of water content on selectivity in the chosen structures is
not the same. We identified three groups of behaviors. In the first group
of structures the selectivity is independent on structure humidity, but
slightly drops at higher gas pressures. Such behavior, observed for
GUPJEG01 and UDICAN frameworks (Fig. 7b and Fig. S1 in SI, re-
spectively), is forth seen by industry, as in industrial gas separation
processes a constant performance of sorbent in variable humidity con-
ditions is required. It should be noted that the MOFs from this group

possess pores of the diameter smaller than (or close to) 3.8 Å, from
which accommodation of CH4 molecules is geometrically excluded. At
the same time, however, only small amount of CO2 can be adsorbed in
the structure when the water content in the framework increases.

The second group of materials gather MOF structures in which the
selectivity is practically independent on the gas pressure but depends
on ambient humidity. Within this category of behaviors two subgroup
of structures were distinguished. The first one shows increasing se-
lectivity when the ambient humidity increases. A representative curve
of such behavior is shown in Fig. 7c for UVEXAV framework (and in Fig.
S2 in SI for PURQEZ). The second category, represented by YAQDIF
framework (Fig. 7d), shows lower selectivity in more humid conditions.
CEHWIX, another framework from this category, shows one of the
highest selectivity and high total uptake in dry conditions (Fig. 6b), and
performs well (selectivity> 50) even at 40% of humidity (see Fig. S3 in
SI). Therefore, it is one of the most promising candidates for selective
CO2 adsorption from humid CO2/CH4 mixture.

FUDQIF structure exhibits the characteristics totally different from
other selected MOFs. Its selectivity is strongly pressure dependent:
when the gas pressure increases the selectivity decreases (from ~ 350 at
0.5 bar to ~ 100 at 3 bar at dry conditions, see Fig. S4 in SI). This is
mainly due to the large amount of CH4 that the framework can adsorb.
As the size of the FUDQIF pores is centered on 4.1 Å (see Fig. 5), the
methane adsorption in the structure is not geometrically excluded. At
3 bar CH4 uptake reaches 0.18 mol/kg, which drastically decreases the
value of selectivity. The selectivity is also strongly reduced by humidity:
at the gas pressure of 3 bar it becomes negligible when humidity
reaches the level of 30%. This suggests that the framework interaction
with the dipole moment of water is stronger than its interaction with

Fig. 7. a) Isotherm of CO2 and CH4 adsorption from CO2/CH4 mixture in GUJPEG01 for different humidity conditions. b–d:. 3 groups of CO2/CH4 selectivity
evolution in a function of pressure and humidity: b) no evolution of selectivity with varying humidity (represented by GUJPEG01); c) selectivity increases with
increasing humidity (represented by UVEXAV); d) selectivity decreases with increasing humidity (represented by YAQDIF).
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CO2 quadrupole moment. In consequence, water molecules are pre-
ferentially adsorbed in the framework, and the volume available for
CO2 adsorption decreases.

Fig. 8 shows the distributions of CO2 (left panel) and H2O (right
panel) densities in LOFZUB structure for which the selectivity increases
with raising humidity (Fig. S5 in SI). This framework (actually, a zeo-
lite) contains 2 types of pores (see Fig. 4), of the largest diameters
between the selected structures, centered around 6 Å and 8 Å (see
Fig. 5). In the dry structure CO2 occupies mainly the highly adsorbing
sites located in the corners of larger pore, and the center of small pores,
where it can fit geometrically. At 5% of humidity the molecules of
water introduced to the structure adsorb preferentially in the smaller
pores, progressively excluding CO2 from them. When the humidity in-
creases up to 30% water starts to populate larger pores as well, together
with CO2 molecules. The adsorption selectivity of the system increases,
as methane is replaced for water molecules.

4. Conclusions

The results presented in this paper have shown that the numerical
screening is powerful methodology which allows one to rapidly select,
from a large structures database, systems having the desired separation
properties. Starting from nearly 3000 structures, we were able to make
a preliminary selection of over 700 potentially suitable MOFs for CO2/
CH4 separation in the presence of water and then, using GCMC simu-
lations, to refine the choice to 13 structures which perform the best in
variable humidity conditions.

The analysis of the selected structures revealed that even in dry
conditions the selectivity is not a simple function of the typical porous
materials characteristics: accessible volume, enthalpy of adsorption,
specific surface area, or pore size distribution. Most probably other
structural properties (e.g. specific chemistry of the adsorption sites,
particular charge distributions) have to be taken into account. The issue
of strong correlations between the separation selectivity and the spe-
cific adsorbent properties is an interesting field for more fundamental
studies. Therefore, massive numerical screening is the best choice of
structure selection method, before the detailed experimental verifica-
tion of structure’s properties starts.

We found that in general structures containing Zn ions in metallic

centers and nitrogen atoms in linkers, with ordered, small channels (of
the diameter < 8 Å) are more suitable for selective CO2 adsorption
from CO2/CH4 mixture at the studied conditions. The best selected
materials for the analyzed application are GUPJEG01, CEHWIX (espe-
cially in low humidity conditions), and the zeolite LOFZUB. They show
high selectivity and total adsorption uptake. In particular, GUPJEG01
show excellent separation properties, almost independent of the water
content.

A universal selective sorbent, performing well in dry and wet con-
ditions is difficult to designate. For the selected structures, the se-
lectivity of the framework either increased, decreased, or remained
unchanged when the structure humidity was varied between 0% and 40
% of the nominal storage capacity of the structure. The final choice of
the most appropriate MOF for the CO2/CH4 will depend then on the
level of humidity present in starting gas/environment during separation
process and in the (p, T) operational conditions.
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