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ABSTRACT: Metal−organic frameworks (MOFs) are potential adsorbents for CO2 capture.
Because thousands of MOFs exist, computational studies become very useful in identifying the top
performing materials for target applications in a time-effective manner. In this study, molecular
simulations were performed to screen the MOF database to identify the best materials for CO2
separation from flue gas (CO2/N2) and landfill gas (CO2/CH4) under realistic operating
conditions. We validated the accuracy of our computational approach by comparing the simulation
results for the CO2 uptakes, CO2/N2 and CO2/CH4 selectivities of various types of MOFs with the
available experimental data. Binary CO2/N2 and CO2/CH4 mixture adsorption data were then
calculated for the entire MOF database. These data were then used to predict selectivity, working
capacity, regenerability, and separation potential of MOFs. The top performing MOF adsorbents
that can separate CO2/N2 and CO2/CH4 with high performance were identified. Molecular
simulations for the adsorption of a ternary CO2/N2/CH4 mixture were performed for these top
materials to provide a more realistic performance assessment of MOF adsorbents. The structure−
performance analysis showed that MOFs with ΔQst

0 > 30 kJ/mol, 3.8 Å < pore-limiting diameter < 5
Å, 5 Å < largest cavity diameter < 7.5 Å, 0.5 < ϕ < 0.75, surface area < 1000 m2/g, and ρ > 1 g/cm3 are the best candidates for
selective separation of CO2 from flue gas and landfill gas. This information will be very useful to design novel MOFs exhibiting
high CO2 separation potentials. Finally, an online, freely accessible database https://cosmoserc.ku.edu.tr was established, for the
first time in the literature, which reports all of the computed adsorbent metrics of 3816 MOFs for CO2/N2, CO2/CH4, and CO2/
N2/CH4 separations in addition to various structural properties of MOFs.
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1. INTRODUCTION

Metal−organic frameworks (MOFs) are crystalline nanoporous
materials with various physical and chemical properties.1 MOFs
are made of metal ions connected by organic linkers to generate
porous structures, and they have many interesting properties,
such as ultrahigh surface areas (SAs) and very large porosities.
The wide range of possibilities for the choice of metals and
organic linkers has led to the development of a large number
and variety of MOFs. The structural tunability of MOFs allows
tailoring materials with predetermined functionalities for
specific applications. MOFs have been considered to be
promising for various chemical and biological applications
including gas storage and separation,2 catalysis,3 drug storage,
and delivery.4 Among these, CO2 separation has received
significant interest because MOFs offer various pore sizes,
shapes, and topologies that can be suitable for CO2 capture.

5,6

Development of energy-effective technologies to capture
CO2 is essential. Two separations are significant in mitigating
the CO2 emissions: (1) Flue gas separation: CO2 capture from
power plant flue gas composed mainly of N2. (2) Landfill gas
separation: CO2 capture from natural gas composed mainly of
CH4. This purification is not only essential to increase the

energy density of natural gas but also to prevent corrosion
caused by the acidic CO2 in the pipelines used to transport
CH4.

7 Activated carbons and zeolites have been tested for
adsorption-based CO2 separations. However, low selectivity
and/or low regenerability of these materials caused the
continuous search for new adsorbents with better perform-
ances.8 MOFs are recently accepted as promising materials for
CO2 capture and many reviews exist on CO2 separation using
MOF adsorbents.9−12 Several studies presented that MOFs
have higher CO2 selectivities and higher CO2 working
capacities than zeolites and carbon-based adsorbents.13

Thousands of MOFs exist, and this large material space is an
opportunity to find many appropriate MOFs that can achieve
target CO2 separations with high performance. Considering the
effort, time, and resources required for the synthesis, character-
ization, and testing of even a single material, it is not possible to
identify the best MOFs among thousands via only experimental
techniques.
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Molecular simulations have been shown to be useful to
accurately predict the adsorption-based CO2 separation
potentials of MOFs.14,15 We recently reviewed the large-scale
simulation studies that aim to examine MOF adsorbents for
CO2 separations.16 Watanabe and Sholl17 performed grand
canonical Monte Carlo (GCMC) simulations to calculate the
adsorption isotherms of pure CO2 and N2 in 359 MOFs and
presented ideal CO2/N2 selectivities at infinite dilution.
Haldoupis et al.18 studied 489 MOFs using GCMC simulations
and reported ideal CO2/N2 selectivities at infinite dilution,
which was the biggest set of estimations for adsorption-based
CO2/N2 separation in MOFs at that time. They also examined
the relations between the Henry’s constants of gases and
structural characteristics of MOFs. Wilmer et al.19 calculated
the adsorption of pure gases, CO2, N2, and CH4, in 130 000
hypothetical MOFs using GCMC simulations. They presented
the structural property−performance relations for hypothetical
MOFs, which were not clearly shown for real MOFs before.
Fernandez et al.20 used machine-learning algorithms to screen
the hypothetical MOFs to identify materials with enhanced
CO2 adsorption capacity. The challenge of working with
hypothetical MOFs is that they may not be synthesizable in
reality, and designing a synthesis procedure to make them may
be very complicated. Jiang’s group21 recently used GCMC
simulations to screen the CoRE MOF database (computation-
ready experimental MOFs)22 for CO2 separation from N2 and
CH4. They examined the quantitative relations between
adsorption selectivities of MOFs and their metal types.
Jimenez’s group23 recently reported a MOF database that is
retained by the Cambridge Structural Database (CSD).24 They
discussed that a certain number of MOFs are missing in the
CoRE MOF database and a small quantity of non-MOF
materials is present. We recently screened this database using
molecular simulations to recognize the best candidates for
adsorption-based CH4/H2 separation

25 and combined GCMC
simulations with molecular dynamics to identify the H2
selective MOF membranes.26 As far as we know, the
aforementioned MOF database has not been examined for
CO2 separations.
Molecular simulations were carried out in this study to

screen this most recent MOF database for identifying the most
useful MOFs for CO2 capture from flue gas and landfill gas.
Adsorption data of CO2/N2 and CO2/CH4 mixtures were
computed using GCMC simulations by mimicking industrial
operating conditions. Binary mixture adsorption data were used
to estimate well-known adsorbent selection metrics including
selectivity, working capacity, adsorbent performance score
(APS), sorbent selection parameter, and percent regenerability,
in addition to a recently introduced metric named as the
separation potential.27 MOFs were then ranked using the
combination of these metrics both for CO2/N2 and CO2/CH4
separations. Thirty top performing MOFs that can achieve CO2
separation from these two gas mixtures with high performance
were determined. GCMC simulations were then performed for
these top MOFs considering ternary CO2/N2/CH4 mixture to
provide a more realistic performance assessment of MOF
adsorbents. Relationships between pore size, porosity, surface
area, density, lattice structure, metal type, and adsorbent
selection metrics, such as selectivity and adsorbent performance
score of MOFs, were investigated. These quantitative
structure−performance relations are useful to make MOFs
with improved CO2/N2 and CO2/CH4 separation abilities.
Finally, we established an online database (https://cosmoserc.

ku.edu.tr/) that reports the adsorbent selection metrics
computed for every MOF for CO2/N2, CO2/CH4, and CO2/
N2/CH4 separations, in addition to CSD names and structural
properties of MOFs. This database can be freely accessed and
used by a large community of scientists working on MOFs for
CO2 separations. For example, experimentalists can select the
MOFs by ranking the materials based on various metrics to
achieve the desired CO2 separation performances. Theoret-
icians can use the quantitative structure−performance
information given in the database to computationally propose
novel MOFs having extraordinarily good CO2 separation
capacities.

2. COMPUTATIONAL WORK
2.1. Metal−Organic Frameworks. We used the most

recent MOF database integrated within the CSD.23 This
database is consisted of 54 808 non-disordered MOFs. We used
a Python script from the literature23 to clean the solvent
molecules from the structures. Pore-limiting diameter (PLD),
the largest cavity diameter (LCD), accessible gravimetric
surface area (SA), porosity (ϕ), and density (ρ) of MOFs
were computed using Zeo++ software.28 For the pore volume
and surface area calculations, a probe diameter of 0 and 3.72 Å
was used, respectively. This MOF database was finally refined
to eliminate MOFs having zero accessible gravimetric SAs and
PLDs < 3.8 Å so that all three molecules (namely, CO2, N2,
CH4) can be adsorbed within the MOFs’ pores. As a result, we
ended up with 3816 MOFs representing extensive chemical and
physical properties. Lattice and metal types of MOFs were
characterized using the CSD24 information.

2.2. Simulations Details. Grand canonical Monte Carlo
(GCMC) simulations accurately compute gas uptakes in
porous materials.29 We used GCMC to calculate the adsorption
data for CO2/N2, CO2/CH4, and CO2/N2/CH4 mixtures in
MOFs as implemented in the RASPA simulation code.30 We
considered CO2/N2: 15:85, CO2/CH4: 50:50, and CO2/N2/
CH4: 10:70:20 mixtures in the simulations. Compositions of
the CO2/N2 and CO2/CH4 mixtures represent flue gas
separation and landfill gas separation, respectively. Composi-
tion of the ternary CO2/N2/CH4 mixture was set following the
literature to represent a process for natural gas production.31

Adsorption and desorption pressures were set as 1 and 0.1 bar,
respectively, in GCMC simulations to mimic vacuum swing
adsorption process.32 The Peng−Robinson equation of state
was utilized to change the pressure to the fugacity. The
Lorentz−Berthelot mixing rules were used. The cutoff distance
for truncation of the intermolecular interactions was set to 13
Å, and simulation cell lengths were set to at least 26 Å. Periodic
boundary conditions were applied. Adsorbate−adsorbate and
adsorbate−MOF interactions were defined using the Lennard-
Jones (LJ) potential. In addition to LJ interactions, electrostatic
interactions were considered using the Coulomb potential. To
consider the electrostatic interactions between adsorbates
(CO2, N2) having multipole moments and MOFs, partial
point charges were assigned to frameworks using charge
equilibration method (QEq)33 as implemented in RASPA. The
Ewald summation was implemented.34 Ten thousand cycles
were used in which the first 5000 cycles were used for
initialization, and the last 5000 cycles were performed for taking
ensemble averages. CO2 molecule was modeled using a three-
site rigid molecule with LJ 12−6 potential, and locations of
partial point charges were set as the center of each side.35 A
three-site molecule was used for N2, wherein two sites were

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b04600
ACS Appl. Mater. Interfaces 2018, 10, 17257−17268

17258

https://cosmoserc.ku.edu.tr/
https://cosmoserc.ku.edu.tr/
http://dx.doi.org/10.1021/acsami.8b04600


located at the N atoms and the third site was located at the
center of the mass with partial point charges.36 Single-site
spherical LJ 12−6 potential was used to model CH4

37

molecules. Potential parameters used to describe the gas
molecules can be seen in Table S1. Universal force field38 was
used for the potential parameters of MOF atoms. The good
agreement between predictions of molecular simulations and
experimentally reported CO2, CH4, and N2 adsorptions was
presented in many MOFs in our previous reports,14,39,40

validating the accuracy of this force field. We also provided
additional validations by comparing the predictions of our
simulations with the experimental CO2 uptakes and CO2
selectivities of several MOFs, as we will discuss below. The
values of isosteric heat of adsorption of gas molecules were also
computed at the infinite dilution (Qst

0 ) using the Widom
particle insertion method.29 We assumed rigid MOF structures
in all of our molecular simulations to save computational time.
Because the adsorbates we considered in this work are
comparatively small with respect to the pore sizes of MOFs,
flexibility is anticipated to have an insignificant impact on gas
uptake results.41

2.3. Adsorbent Selection Metrics. Several different
adsorbent selection metrics exist. Among these, adsorption
selectivity (S), working capacity (ΔN), adsorbent performance
score (APS), and percent regenerability (R%) are extensively
used. These metrics were computed using the results of mixture
GCMC simulations as shown in the equations given in Table 1.

The separation potential (ΔQ) was also integrated to our
methodology as a new material selection criteria, which
combines S and capacity in a way to demonstrate the fixed-
bed adsorption process.27 We recently showed that although
selectivity has been widely used to identify the best adsorbents,
MOFs with high selectivities generally have a low R%.14 We
focused on the MOFs having R% > 85% and then ranked the
remaining structures based on their APSs. We focused on the
top 15 MOFs having the highest APSs for CO2/N2 and the top
15 MOFs for CO2/CH4 separations. CO2/N2/CH4 mixture
simulations were only carried out for the top 30 MOFs. In this
way, the best MOFs recognized in this study possess the finest
combinations of S, ΔN, and R% for separation of CO2 from
both flue gas and landfill gas. This computational methodology
to find the best adsorbents for binary and ternary CO2
separation processes is shown in Figure 1. The CSD names
of the MOFs together with their calculated selectivity, APS, and
R% are available in our online database (https://cosmoserc.ku.

edu.tr/), and users can rank the MOFs based on either of these
metrics to identify the best candidates.

3. RESULTS AND DISCUSSION
3.1. CO2 Separation Using MOFs. Comparison of our

simulation results with the existing experiments for CO2
uptakes, CO2/N2 selectivities, and CO2/CH4 selectivities of a
large variety of MOFs including the extensively examined
materials, such as IRMOF-1, CuBTC, MIL-53, MIL-100, Ni-
MOF-74, UiO-66, ZIF-8, ZIF-68, and ZIF-69, is given in Figure
2. Experimental measurement conditions (pressure and
temperature) for the CO2 uptakes of MOFs, the methods
used to report experimental selectivities (single-component
gas/mixture/ideal adsorption theory42) and corresponding
experimental references are given in Table S2. Figure 2
demonstrates that molecular simulations can be used to
accurately define the adsorption properties of gases in various
MOFs. Motivated from this, we studied the MOF database that
consists of 3816 materials to examine their CO2 separation
potentials from flue gas and landfill gas mixtures. We
investigated S and ΔN of MOFs for CO2/N2 and CO2/CH4
separations in Figure 3. Because CO2 is more strongly adsorbed
than CH4 and N2 (CO2 > CH4 > N2), we reported selectivities
and working capacities of MOFs for CO2. CO2 selectivities of
MOFs are between 1.6−15 488 and 1.0−13 074 for CO2/N2
and CO2/CH4 mixtures, respectively. CO2 working capacities
are in the range of 0.01−4.47 and 0.02−9.57 mol/kg for CO2/
N2 and CO2/CH4 mixtures, respectively. Efficient adsorbents
are expected to exhibit high selectivity and high working
capacity. Therefore, we used the multiplication of selectivity
and working capacity as the adsorbent performance score
(APS) (as described in Table 1) to describe promising MOFs.
The blue curves in Figure 3a,b represent APS = 100 and 20

for CO2/N2 and CO2/CH4 separations, respectively. Three

Table 1. Metrics Used to Evaluate the MOF Adsorbentsa

parameter formula

selectivity =S
x x

y y

/

/CO /i
CO i

CO i
2

2

2

working capacity Δ = −N N Nads des

adsorbent performance score = × ΔS NAPS ads,CO /i CO2 2

percent regenerability =
Δ

×R
N

N
% 100%CO

ads,CO

2

2

separation potential Δ = × −Q N
y

y
Nads,CO

i

CO
ads,i2

2

ai is either CH4 or N2 in the binary mixture. des: desorption.

Figure 1. Computational screening methodology used in this work.
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hundred fifty MOFs for CO2/N2 and 560 MOFs for CO2/CH4
separations exceed these curves, indicating that there are several
hundreds of good adsorbent candidates. The red curves in

Figure 3a,b represent APS = 500 and 100 for CO2/N2 and
CO2/CH4 separations, respectively, and the MOFs that are
above the red curves are the most promising materials that

Figure 2. Comparison of our molecular simulations and experimental data for (a) CO2 uptake (b) CO2/CH4 and CO2/N2 selectivities of MOFs.
Details of the experimental data are given in Table S2a,b.

Figure 3. Selectivity (S), working capacity (ΔN), and adsorbent performance score (APS) of MOFs computed at an adsorption (desorption)
pressure of 1 (0.1) bar at 298 K for (a) CO2/N2: 15:85 (b) CO2/CH4: 50:50 mixtures.

Table 2. Comparison of Zeolites and MOFs for Flue Gas and Landfill Gas Separations

material
S

(CO2/N2)
ΔNCO2

(mol/kg)
S

(CO2/CH4)
ΔNCO2

(mol/kg) selectivity data ref

CHA 27 3.6a 5.4 3.6a molecular simulation: ideal selectivity, 1 bar, 300 K 52
Hβ 11.33 1.43 4.35 1.43 experiment: ideal selectivity, 1 bar, 303 K 61
ISV 6.5 molecular simulation: CO2/N2: 10:90, 1 bar, 308 K 52
ITE 4.8 molecular simulation: CO2/N2: 50:50, 1 bar, 498 K 52
MFI 20.2 2.77 0.65 molecular simulation:

50:50 for both, 1 bar, 308 K for CO2/N2, 303 K for CO2/CH4

52

MOR 35.1 0.75 10 0.8 molecular simulation: CO2/N2: 5:95, CO2/CH4: 50:50, 1 bar, 300 K 52
NaX 3000 1.2a 40 1.05a molecular simulation: CO2/N2: 15:85, CO2/CH4: 50:50, 1 bar, 300 K 62
NaY 500 2.6a 30 1.7a molecular simulation: CO2/N2: 15:85 CO2/CH4, 1 bar, 300 K 62
Naβ 6.34 1.15 4.12 1.15 experiment: ideal selectivity, 1 bar, 303 K 61
zeolite 13X 17.45 2.3 8.3 2.3 experiment: ideal selectivity, 1 bar, 298 K 63
zeolite 13X 14.4 1.1 6 1.3 molecular simulation: 50:50 for both, 1 bar, 298 K 64
zeolite 5A 46.5 4.18 23.5 4.18 experiment: ideal selectivity, 1 bar, 298 K 65
aWorking capacity is calculated between 10 and 1 bar.
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exhibit the finest combination of selectivity and working
capacity. Selectivities (working capacities) of these MOFs are
between 162−15 488 (0.12−4.47 mol/kg) for CO2/N2 and
25−13 074 (0.29−9.57 mol/kg) for CO2/CH4 separations.
Some of the MOFs are able to exceed the red curves due to
their very high CO2/N2 selectivities (>1000), although they
have low CO2 working capacities (<0.6 mol/kg), as shown in
Figure 3a. Similarly, several MOFs identified to be above the
red curves have high CO2/CH4 selectivities (>300), but they
have low CO2 working capacities (<0.4 mol/kg). On the other
hand, many MOFs exceed the red curves due to their moderate
CO2 selectivities (162−217 for CO2/N2 and 43−56 for CO2/
CH4) and high working capacities (>4 mol/kg for CO2/N2 and
>5 mol/kg for CO2/CH4). To evaluate MOFs’ performance
with respect to porous adsorbents, experimental and simulated
gas uptakes of zeolites were found from the literature, and we
reported their CO2 selectivities and working capacities under
similar operating conditions in Table 2. CO2/N2 selectivities of
zeolites range from 3 to 3000 for CO2/N2 and 3 to 40 for CO2/
CH4 separations depending on pressure, temperature, and type
of measurement (single-component gas or mixture). Many
MOFs outperform traditional zeolites, MFI, MOR, and zeolite
13X, in terms of CO2/N2 and CO2/CH4 selectivities. MOFs
that have similar CO2 selectivities with zeolites exhibit
significantly higher working capacities, indicating that MOFs
may replace zeolites in adsorption-based CO2 separations.
We discussed that R% is crucial to screen MOFs in detecting

the best adsorbents because many MOFs with high CO2
selectivities have a low R%, which limits their practical usage
in cyclic adsorption processes.14 Therefore, we computed R%

values for all MOFs and showed them as a function of APSs in
Figure 4a,b for CO2/N2 and CO2/CH4 separations. The red
dotted line in Figure 4 represents the minimum desired R% =
85%. Results showed that 66% of MOFs have R% > 85% for
CO2/N2 separations and 45% of MOFs have R% > 85% for
CO2/CH4 separations. MOFs with the highest CO2/N2
selectivities (>1000) suffer from low R% (<60%) and highly
selective MOFs for CO2/CH4 separations (>500) have low R%
(<40%). To efficiently identify the best adsorbents, we focused
on the MOFs with R% > 85% and ranked them based on their
APSs. Red colors represent 15 MOFs with the highest APSs
and R% > 85% for CO2/N2 and CO2/CH4 separations in
Figure 4c,d. Among these, 3 MOFs (EGELUY, OJONOQ, and
YIZWUZ) are common for both gas separations. These 30
MOFs have the best combinations of selectivity, working
capacity, and regenerability for efficient separation of flue gas
and landfill gas.
MOFs we identified as top promising adsorbents have been

already synthesized, but all of them have not been
experimentally tested as adsorbents. We did a detailed literature
search for the top promising materials identified in Figure 4 and
found that 4 MOFs have common names together with the
experimental gas adsorption data. References for experimental
synthesis reports of the top materials together with the
common names can be seen in Table S3. SUTBIT is known
as Ni(bpb), and our simulated ideal CO2/CH4 selectivity of
4.82 agrees with the selectivity of ∼3 calculated from the
experimental single-component adsorption isotherms of CO2
and CH4 in that MOF at 1 bar, 273 K.43 SABVUN corresponds
to MIL-53(Al). Our molecular simulations predicted ideal

Figure 4. R% and APS of MOFs computed at an adsorption (desorption) pressure of 1 (0.1) bar at 298 K for (a) CO2/N2: 15:85 and (b) CO2/CH4:
50:50 mixtures. The red dotted line shows the minimum desired R% = 85% for (a) and (b). The red data points represent the MOFs with the
highest APS and R% > 85 for (c) CO2/N2: 15:85 and (d) CO2/CH4: 50:50 separations.
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CO2/N2 selectivity of this MOF as 15.8 at 1 bar, 298 K, which
agrees with the experimentally reported selectivities in the
literature varying between 6 and 15 at 1 bar, 298 K.44−47 The
molecular simulations predicted CO2 selectivity of SABVUN as
13 from an equimolar CO2/CH4 mixture at 5 bar, 298 K, which
agrees with the experimentally reported selectivity of 7 at 5 bar,
303 K.48 The common name of FIRMUQ is TKL-107, and our
simulated CO2/N2 selectivity of 20 quantitatively agrees with
the experimentally reported ideal selectivity of ∼11 at 1 bar,
298 K.49 KOSLUB is known as Ni-MOF-74. Experimental
CO2/N2 selectivity of this MOF was reported as 30 by dividing
the ratio of adsorbed mass of CO2 to N2.

50 This corresponds to
a molar selectivity of 47, which agrees well with our simulated
CO2 selectivity of 55. These comparisons showed that
molecular simulations tend to slightly overestimate the
experimentally reported selectivities; however, this does not
alter our evaluation about CO2 separation potential of MOFs.
This comparison and the good agreement shown in Figure 2
are the direct evidences of validity of our computational
screening methodology.
We also used the separation potential, ΔQ, which was

recently suggested as a screening tool to choose adsorbents for
multicomponent gas separations. In most of the separations
analyzed by Krishna,27 zeolite adsorbent with the highest ΔQ is
not the one that has the highest selectivity. We examined the
relation between ΔQ, CO2 uptake capacity, and selectivity in
Figure 5, where the size of the bubbles represents the CO2
selectivities of MOFs. Results show that there is a correlation
between these adsorbent selection metrics; ΔQ increases as the
CO2 uptake capacity of MOFs increases. Similar to zeolites,
several MOFs that have very high ΔQ do not have high
selectivities. For example, the MOF that offers the highest ΔQ
(63 mol/L) for CO2/N2 separation has a high CO2/N2
selectivity (2321), but it is not the most selective MOF as
shown in Figure 5a. The most selective MOF (HESJOE) for
CO2/N2 separation has a lower ΔQ (40.6 mol/L) and CO2
uptake capacity (7.17 mol/L) compared to the MOFs that have
lower selectivities. Similarly, the MOF that offers the highest
ΔQ (13 mol/L) and CO2 uptake capacity (13 mol/L) for
CO2/CH4 separation has a high selectivity (1041), but it is not
the most selective MOF as presented in Figure 5b. ΔQ and
CO2 uptake capacity of zeolite NaX were reported to be the
highest, 42 and 7.6 mol/L, for the separation of CO2/N2: 15:85
mixtures at 10 bar.51 There are 4 MOFs that have higher ΔQ
(>40 mol/L) and higher CO2 uptake capacities (>8 mol/L)
than the best-performing zeolite, indicating the potential of
MOFs to replace zeolites in flue gas separations. We then
examined the rankings of MOFs based on APS and ΔQ. We
specifically focused on the MOFs with R% > 85% (2531 MOFs
for CO2/N2 and 1716 MOFs for CO2/CH4 separations) and
ranked them based on (a) APS and (b) ΔQ. To understand
how well the two rankings agree with each other, the Spearman
rank correlation coefficient (−1 ≤ SRCC ≤ +1) was computed.
As the SRCC increases, the two rankings get closer and SRCC
becomes unity when there is a perfect correlation between the
two rankings. SRCC between the ranking of MOFs based on
APS and the ranking based on ΔQ is 0.97 for CO2/N2
separation and 0.95 for CO2/CH4 separation, respectively.
These results indicate that the two adsorbent selection metrics,
APS and ΔQ, are highly correlated and can be interchangeably
used to identify the best MOFs that can efficiently separate
CO2.

Once the best MOF adsorbents were identified using the
binary mixture GCMC simulations, we performed computa-
tionally demanding ternary CO2/N2/CH4 mixture simulations
for the top promising materials. Figure 6a compares the APSs
of MOFs computed for two binary mixtures. APSs of MOFs
computed for CO2/N2 mixture are generally higher than the
APSs computed for CO2/CH4 mixture because CO2/N2
selectivities are generally higher than the CO2/CH4 selectivities.
Red stars show top 12 MOFs (the ones with the highest APSs
and R% > 85) for CO2/N2, blue stars represent the top 12
MOFs for CO2/CH4 separations, and 3 green stars represent
the MOFs that are recognized as promising for both
separations. Ternary mixture simulations were performed for
these MOFs and the resulting APSs, selectivities, and working
capacities were compared with those computed for binary
mixtures in Figure 6b. The CO2 working capacities predicted
for ternary mixtures are lower than the ones predicted for
binary mixtures, whereas CO2 selectivities are almost the same.
As a result, the APSs computed for ternary mixtures are slightly
less than the ones computed for binary mixtures. The

Figure 5. ΔQ, CO2 uptake, and S of MOFs computed at an adsorption
pressure of 1 bar, 298 K for (a) CO2/N2: 15:85 and (b) CO2/CH4:
50:50 separations. The size of the bubbles represents the selectivity of
MOFs. The scaling factor is 0.015 in (a) and 0.075 in (b). Bubble size
of the MOF with the highest selectivity was scaled with 0.009 and
shown with an open circle both in (a) and (b).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b04600
ACS Appl. Mater. Interfaces 2018, 10, 17257−17268

17262

http://dx.doi.org/10.1021/acsami.8b04600


deviations between binary and ternary APSs of MOFs are more
distinct for CO2/CH4 due to the composition effect.
Composition of CO2 in CO2/N2: 15:85 mixture mimics the
composition of CO2 in ternary CO2/N2/CH4: 10:70:20
mixture, whereas the composition of CO2 in CO2/CH4:
50:50 mixture is significantly different. Ranking of the MOFs
based on APSs using the binary mixture data is similar to the
ranking made using the ternary mixture data. For example, the
top five MOFs have the same rankings based on the binary and
ternary mixture data for CO2/N2 mixture. For CO2/CH4
mixture, the first, second, third, fourth, and fifth ranked
MOFs based on the binary mixture simulations rank as the first,
fourth, second, third, and eight based on the ternary mixture
simulations. The SRCC between APS rankings for binary
mixtures and APS rankings for ternary mixtures is 0.84 for
CO2/N2 and 0.81 for CO2/CH4 separations. This means
molecular simulations performed for CO2 separations from
binary mixtures do a good job at estimating top MOFs for CO2
capture from ternary mixtures. We compared the CO2
separation performance of MOFs with zeolites for ternary
mixtures. Molecular simulations reported that CO2 uptake of
zeolites MOR, CHA, and MFI are 1.5, <0.5, and <0.5 mol/kg,
respectively, for a ternary CO2/N2/CH4: 5:90:5 mixture at 300
K, 1 bar.52 Our simulations computed CO2 uptakes of MOFs
from a CO2/N2/CH4: 5:90:5 mixture in the range of 0.3−1.8
mol/kg at 300 K, 1 bar. Among the zeolites, CHA was reported
to exhibit the highest selectivities for CO2/N2 (∼52) and CO2/
CH4 (∼160) for a ternary CO2/N2/CH4: 5:90:5 mixture at 10
bar, 300 K. To make a comparison, we performed ternary
mixture GCMC simulations for the top 30 MOFs at 10 bar and
calculated CO2/N2 selectivities of MOFs as 29.8−516.6 and
CO2/CH4 selectivities as 8.5−339 for CO2/N2/CH4: 5:90:5,
suggesting that MOFs can beat zeolites in CO2 separations
from ternary CO2/N2/CH4 mixtures.
3.2. Structure−Performance Relationships of MOFs.

One advantage of examining a large number of materials with
varying structural and topological properties is to analyze the
structure−performance relations. These relations can be helpful
to lead the development of novel MOFs with better
performances. In addition to easily computable structural
properties, such as PLDs, LCDs, ϕ, SA, and ρ, we also analyzed
the topological properties of MOFs, lattice types, and metal
types because information based on these properties can be

useful in directing the experimental synthesis of new MOFs.
Several studies in the past focused on the relations between
ΔQst

0 and MOFs’ selectivities.19,21,25,53 This property is an
indicator of the interaction power between the gases and
MOFs, so we included it also. We first examined the relations
between ΔQst

0 , PLD, LCD, ϕ, SA, ρ, and APSs of MOFs.
Results did not give a clear relation, as shown in Figure S1,
because APS includes both S and ΔN. MOFs with narrow
pores offer a high selectivity but a low working capacity.
Because APS is the multiplication of the selectivity and working
capacity, MOFs with moderate APSs are either having narrow
or large pores, which does not yield a clear relation between the
structural properties and APS. Therefore, we aimed to define
quantitative boundaries for the structural belongings of MOFs
resulting in high selectivities in Figure 7. The outer circles
represent all of the MOFs (3816) and the inner circles
represent the top 15 most selective MOFs that offer the highest
selectivity for CO2/N2 and CO2/CH4 separations at 1 bar in
Figure 7a,b, respectively. Results showed that MOFs with ΔQst

0

> 30 kJ/mol, 3.8 Å < PLD < 5 Å, 5 Å < LCD < 7.5 Å, 0.5 < ϕ <
0.75, SA < 1000 m2/g, and ρ > 1 g/cm3 are the best adsorbents
for separation of CO2 from N2 and CH4. Previous work on
hypothetical MOFs concluded that the most promising MOF
adsorbents for CO2/N2 separation have 4 Å < PLDs < 8 Å and
30 kJ/mol < ΔQst

0 < 40 kJ/mol.54 In our work, we considered
real, synthesized MOFs with PLDs between 3.8 and 31 Å, and
the highest selectivities for CO2/CH4 separation were also
found to be in the same PLD (3.8 Å < PLD < 5 Å) and ΔQst

0

(30 kJ/mol < ΔQst
0 < 49 kJ/mol) region as shown in Figure 7b,

indicating that there are some common structural factors
between hypothetical and real MOFs. Our analysis also
suggests that monoclinic MOFs are more promising. MOFs
have many different metals and the most selective ones possess
lanthanides and Cu for CO2/N2, alkali metals (Li, Na), and Cu
for CO2/CH4 separations.
Because LCD and ϕ of MOFs seem to be more correlated

with the selectivity compared to other structural properties, we
examined these relations in more detail. Figure 8a represents
the LCD, ϕ, and selectivity of all of the MOFs for CO2/N2
separations. As the porosity and LCD of MOFs decrease,
selectivity represented by the bubble sizes generally increases.
MOFs with selectivities >1000 are shown with open red circles
and their bubble sizes are scaled with a smaller factor to have a

Figure 6. (a) Comparison of APSs of MOFs calculated for CO2/N2: 15:85 and CO2/CH4: 50:50 mixtures. Stars represent the top MOFs with the
highest APSs. (b) Comparison of APS, ΔN, and S of MOFs calculated using binary mixture data with the ones calculated using ternary mixture data
of CO2/N2/CH4: 10:70:20.
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clear representation in Figure 8a. The most selective MOF,
HESJOE with a CO2/N2 selectivity of 15 488, has a low
porosity (0.51) and a small LCD (4.74 Å). MOFs with
selectivities >100 are shown in Figure 8b. Highly selective
MOFs shown by red and green colors are generally located at
the region where ϕ < 0.6 and LCD < 6 Å. As the ϕ and LCD of
MOFs decrease, the selectivities generally increase. This is due
to the strong confinement of adsorbates in the narrow pores.
There are a few examples that do not follow this general trend
and require a more detailed analysis. For example, DOMDAL
has a large LCD (18.4 Å) and a high porosity (0.79), but it
exhibits a considerably high CO2/N2 selectivity of 543.

VIHHIE, which has a relatively large LCD (6.1 Å) and a
high porosity (0.77), exhibits a high CO2/N2 selectivity of
2321. XALROT is highly selective (1230), although it has a
large LCD (7.85 Å) and a high porosity (0.65). The high
selectivities of DOMDAL, VIHHIE, and XALROT can be
explained by the presence of Cl− and Br− ions and amine
groups in their structures, respectively, which increase the
electrostatic interactions between the CO2 and framework. To
show this, we repeated the GCMC simulations by switching off
the adsorbate−adsorbent electrostatic interactions and ob-
served dramatic decreases in the selectivities of these MOFs.
For example, the CO2/N2 selectivity of XALROT decreased

Figure 7. Effect of structural properties on the (a) CO2/N2 and (b) CO2/CH4 separation performances of MOFs. Numbers on the circles represent
the number of MOFs. The outer circle represents all of the MOFs considered in this study (3816 MOFs), and the inner circle represents top 15
most promising MOFs in terms of the highest selectivities computed at 1 bar, 298 K.
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from 1230 to 73 and its CO2/CH4 selectivity decreased from
157 to 6.7. This was also supported by the decrease in ΔQst

0

values from 26 to 13 kJ/mol for CO2/N2 and 21 to 5 kJ/mol
for CO2/CH4 mixture when the electrostatic interactions were
neglected. Figure 8c represents all of the MOFs for CO2/CH4

separations and the red circles correspond to the highly
selective MOFs, >500. HESJOE is the most selective MOF (13
074) due to its low LCD and porosity as discussed above.
Figure 8d only shows the MOFs with CO2/CH4 selectivities
>25 and several MOFs with selectivities >100 are generally
located in the low-porosity (0.4−0.65) and narrow-LCD (4−8
Å) region, as shown with green and red colors, respectively.
Similar to Figure 8b, MOFs having low porosities and narrow
pores, such as HESJOE, and MOFs with specific functional
groups, such as VIHHIE and DOMDAL, exhibit a high
separation performance for CO2/CH4 separations.
Our findings indicate that it is not possible to simply

correlate MOFs’ CO2 selectivities with a few structural
properties. Other factors, such as the presence of specific
functional groups, may also strongly affect the selectivities of
MOFs. To gain more insights into the topological properties,
structural similarities of the top 15 MOFs were examined by
building a similarity matrix following the literature.55,56 A
similarity index was defined (0 ≤ SI ≤ 1) to provide a range of
similarity measure for all of the MOFs with respect to each

other. SI > 0.8 represents the most similar materials, 0.7 < SI <
0.8 shows very similar structures, 0.5 < SI < 0.7 corresponds to
similar structures, 0.3 < SI < 0.5 is for the least similar
structures, and 0 < SI < 0.3 shows the dissimilar MOFs. The SI
analysis given in Figure S2 showed that the average SI of the
top performing MOFs is 0.62 and 0.66 for flue gas and landfill
gas separations, respectively, supporting the previous discussion
that the top MOF adsorbents have some common structural
features.
Finally, discussing the selection of charge assignment method

and force fields used in our molecular simulations is important.
Many different methods exist to compute the atomic charges of
MOFs based on the quantum-level calculations, which are
computationally demanding to perform for hundreds of MOFs.
Approximate methods have been also established to assign
partial charges to framework atoms, but charges from these
methods are generally dissimilar.33 It was recently shown that
most of the top MOFs identified based on their CO2/H2O
selectivities are same irrespective of the charge method.57 We
used an approximate charge calculation method (QEq) readily
implemented within RASPA to screen the MOF database. The
good agreement between experiments and simulations for the
CO2 uptakes and CO2/N2 and CO2/CH4 selectivities of various
MOFs as we discussed above suggests that this charge
assignment method accurately predicts the gas adsorption

Figure 8. Relations between pore sizes, porosities, and selectivities of MOFs. The bubble size represents the selectivity of MOFs scaled with 0.06 in
(a) and 0.2 in (c). Empty red circles represent the MOFs with selectivity >1000 for CO2/N2 in (a) and >500 for CO2/CH4 in (c). MOFs with CO2/
N2 selectivities higher than 100 are shown in (b) and scaled with 0.015. MOFs with CO2/CH4 selectivities higher than 25 are shown in (d) and
scaled with 0.1.
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properties of MOFs. Highly accurate, density-derived electro-
static and chemical charge method (DDEC)58 was used to
report the partial charges of many MOFs. We repeated our
GCMC simulations for the two top performing MOFs for
which DDEC charges were available in the literature. Results
given in Table S4 show that adsorbent selection metrics
computed using QEq and DDEC are similar. For example, APS
and R% of SABVUN were calculated as 50.14 and 90% using
DDEC and 49.14 and 90.64% using QEq, respectively, for
CO2/N2 separations. The APS and R% of SABVUN were
calculated as 31.01 and 86.01% using DDEC and 55.08 and
89.44% using QEq for CO2/CH4 separations. We also
performed molecular simulations using DDEC charges for
additional 7 MOFs, which are not the top materials but for
which DDEC charges were available in the literature.
Selectivities computed with QEq and DDEC charges were
found to be similar for these MOFs. It is important to note that
the correlation between two charge assignment methods may
change as the number of materials considered is increased. For
example, Li et al.57 observed a weak correlation (the
Spearman’s ranking correlation) for CO2/N2 selectivity
between DDEC and EQEq charges. Overall, all of these results
show that QEq method can be considered as an accurate and
fast method for screening the MOF database to identify the
promising candidates for CO2 separations. Generic, off-the-
shelf force fields may not be good in estimating CO2 uptakes of
MOFs that have open metal sites.59,60 Specific force fields
obtained from quantum chemistry calculations are needed to
define the interactions between CO2 molecules and MOFs with
open metal sites. However, development of specific force fields
via quantum chemistry calculations is challenging due to the
computational expense and the large number of MOFs. In our
work, MOFs having open metal sites may exist and may exhibit
a strong CO2 uptake, but we did not describe a specific force
field for these MOFs. Throughout the article, we did not intend
to discuss superiority/accuracy of the force fields, but we only
aim to screen the MOF database using a generic, available force
field that is valid for all varieties of MOFs to efficiently identify
the best materials. Quantum chemistry calculations can be
carried out for these best materials to comprehend the
adsorption mechanism in detail in upcoming works. Finally,
to address the effect of humidity on the CO2 separation
performances of MOFs, we also performed CO2/N2/H2O
mixture simulations for the top 5 MOFs for flue gas
separations. A comparison of CO2/N2 selectivities computed
in the presence of humidity with the CO2/N2 selectivities
computed for binary gas mixtures is given in Table S5. The
results showed that the selectivities of MOFs computed for the
ternary gas mixtures are less than those computed for binary
gas mixtures, indicating that humidity decreases the CO2/N2
selectivities of MOFs.

4. CONCLUSIONS
In this study, the most recent and updated MOF database was
screened to classify the most promising materials for flue gas
and landfill gas separations. GCMC simulations were
performed for CO2/CH4 and CO2/N2 mixtures, and simulation
results were used to calculate important adsorbent selection
metrics, such as selectivity, APS, R%, and ΔQ. The most
promising MOFs were recognized using these metrics.
Molecular simulations were then performed for these best
materials to investigate the adsorption of ternary mixtures,
CO2/N2/CH4, to provide a more realistic performance

assessment of MOF adsorbents. We provided the first online,
freely accessible database (https://cosmoserc.ku.edu.tr/) in
which the adsorbent selection metrics of MOFs for binary and
ternary CO2 separations are given. This database will be very
useful to rank the MOFs based on various adsorbent selection
metrics and to select the materials with desired performances.
The structure−performance analysis was carried out for 3816
MOFs, and the results showed that MOFs with ΔQst

0 > 30 kJ/
mol, 3.8 Å < PLD < 5 Å, 5 Å < LCD < 7.5 Å, 0.5 < ϕ < 0.75, SA
< 1000 m2/g, and ρ > 1 g/cm3 are the best candidates for
selective separation of CO2 from flue gas and landfill gas under
vacuum swing operating conditions. This information will lead
the experimental design of new MOF adsorbents to accomplish
high-performance CO2 separations.
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