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ABSTRACT: The design and discovery of novel porous materials that can
efficiently capture volatile organic compounds (VOCs) from air are critical
to address one of the most important challenges of our world, air pollution.
In this work, we studied a recently introduced metal−organic framework
(MOF) database, namely, quantum MOF (QMOF) database, to unlock the
potential of both experimentally synthesized and hypothetically generated
structures for adsorption-based n-butane (C4H10) capture from air.
Configurational Bias Monte Carlo (CBMC) simulations were used to
study the adsorption of a quaternary gas mixture of N2, O2, Ar, and C4H10 in
QMOFs for two different processes, pressure swing adsorption (PSA) and
vacuum-swing adsorption (VSA). Several adsorbent performance evaluation
metrics, such as C4H10 selectivity, working capacity, the adsorbent
performance score, and percent regenerability, were used to identify the
best adsorbent candidates, which were then further studied by molecular
simulations for C4H10 capture from a more realistic seven-component air mixture consisting of N2, O2, Ar, C4H10, C3H8, C3H6, and
C2H6. Results showed that the top five QMOFs have C4H10 selectivities between 6.3 × 103 and 9 × 103 (3.8 × 103 and 5 × 103) at 1
bar (10 bar). Detailed analysis of the structure−performance relations showed that low/mediocre porosity (0.4−0.6) and narrow
pore sizes (6−9 Å) of QMOFs lead to high C4H10 selectivities. Radial distribution function analyses of the top materials revealed
that C4H10 molecules tend to confine close to the organic parts of MOFs. Our results provided the first information in the literature
about the VOC capture potential of a large variety and number of MOFs, which will be useful to direct the experimental efforts to
the most promising adsorbent materials for C4H10 capture from air.
KEYWORDS: metal−organic framework (MOF), volatile organic compounds (VOCs), adsorption, selectivity, molecular simulation

1. INTRODUCTION
Along with the growth in the industrial production, the
increase of volatile organic compound (VOC) emissions in the
atmosphere, even in trace amounts, poses a significant threat to
human and environmental health.1−3 While oxidation,
biofiltration, and catalytic methods are commonly utilized to
address VOC-based air pollution, these approaches have
limitations such as secondary pollution, cost-effectiveness,
and low energy efficiency.4,5 Adsorption-based separation of
VOCs from air using novel porous materials offers an
environmentally friendly and energy-efficient solution.6 A
large variety of porous materials, such as activated carbons
and zeolites, have been widely used for VOC capture to date.6

A unique class of porous materials, namely, metal−organic
frameworks (MOFs), has recently emerged as very strong
candidates to traditional porous materials for the adsorption of
a large variety of gas molecules. MOFs, which are composed of
metal nodes and organic linkers, have distinct advantages such

as tunable physicochemical properties, record surface areas,
tailorable pore sizes, and ultrahigh porosities.6−8 Owing to
these features, they have been widely studied for selective gas
capture, mostly for CO2 separation from CH4, N2, and air.

9−11

MOFs have also been widely investigated for air pollution
control as discussed in several reviews.7,10 Early promising
results accelerated the efforts toward the design of new MOFs,
leading to a continuous increase in the number of synthesized
MOFs, which already exceeded hundreds of thousands of
distinct materials. However, studying thousands of MOFs
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using purely experimental methods is not feasible due to time
and resource limitations.
Molecular simulations have been very useful to assess the

performance of MOFs for a target application to direct
experimental efforts to the most promising materials and to
complement experimental studies by providing molecular-level
insights into the materials’ structure−performance relations.
For capturing VOCs using MOFs, Severino et al.12 utilized
Grand Canonical Monte Carlo (GCMC) simulations to reveal
the adsorption mechanism of acetic acid inside functionalized
MIL-53(Al). GCMC simulations were used to determine the
adsorption sites of the VOCs benzene (C6H6) and toluene
(C6H5CH3) in a MOF decorated with acidic and basic
groups.13 Gonzaĺez-Galań et al.14 combined GCMC simu-
lations with breakthrough experiments to investigate the
performance of TAMOF-1 for various VOC separations and
also reported o-xylene/m-xylene selectivities of up to ∼2.5 at
393 K and benzene/cyclohexane selectivity of up to 8 at 298 K.
Development of experimental and hypothetical MOF

(hMOF) databases such as the Cambridge Structural Database
(CSD, 121,093 MOFs),15,16 Computation-Ready and Exper-
imental MOF database (CoRE MOF, 14,142 MOFs),17,18

Boyd’s database (BW-DB, 325,000 hMOFs),19,20 Genomic
MOF database (GMOF, 303,991 hMOFs),21 and Topologi-
cally Based Crystal Constructor database (ToBaCCo, 13,512
hMOFs)22 accelerated the high-throughput computational
screening (HTCS) studies that have generally focused on
CH4 and H2 storage and CO2 capture.

23−26 While numerous
molecular simulation studies screened these databases for
adsorption-based separation of gas mixtures,27,28 research
focusing on VOC capture remains very limited. Gulcay-
Ozcan et al.29 examined the toluene capture performance of
459 CoRE MOFs using continuous-fractional component
Monte Carlo (CFCMC) simulations, computed toluene
uptakes up to 8 mmol/g, and toluene selectivities in the
range of 103−108 for the separation of C6H5CH3/N2/O2
mixtures at 1 bar and 298 K. Small pore sizes (between 6
and 10 Å), high accessible surface areas (>1,600 m2/g), and
high porosities (>0.6) were found to be the common
properties of the promising MOFs with high C6H5CH3
selectivity. Liu et al.30 performed GCMC simulations to
compute C6H5CH3 adsorption capacities of 2,500 CoRE
MOFs at 1,900 Pa and 298 K, revealing that 802 MOFs
exhibited higher C6H5CH3 adsorption capacities compared to
the promising MOF, HKUST-1 (6.34 mmol/g). Top MOFs
with the highest C6H5CH3 adsorption capacities tend to have
high gravimetric surface areas (>4,600 m2/g) and void
fractions (>0.8). Yuan et al.31 screened 2,179 hMOFs by
performing GCMC simulations at 1 bar, 298 K for capturing
formaldehyde (HCHO) from air and computed HCHO
selectivities of hMOFs up to 1.2 × 103 as hMOFs with pore
sizes of ∼5 Å offered high selectivities. The same group
followed a similar approach using GCMC simulations to assess
the potential of 31,399 hMOFs in capturing C3−C4 alkanes
from an air mixture mimicking VOC/N2/O2 and calculated
propane (C3H8) selectivities between 10−3 and 7.3 × 105 and
butane (C4H10) selectivities between 0.1 and 5.7 × 106 at 1 bar
and 298 K.32

The hybrid quantum-MOF database (QMOF, 20,375
MOFs),33,34 which consists of experimental and hypothetical
computation-ready MOFs collected from previously men-
tioned databases, has been recently introduced to offer a
diverse collection of structurally optimized structures with a

comprehensive range of chemical and physical properties.22

This database was studied for predicting several properties of
MOFs such as band gaps33,35 and heat capacities,36 but it has
not been screened for a gas separation application to the best
of our knowledge. Motivated by this, we aimed to screen this
diverse material space for VOC capture and unlock the
potential of QMOFs for adsorption-based C4H10 separation
from air for the first time in the literature. A total of 3,496
structurally optimized QMOFs were studied for two different
adsorption-based processes, vacuum swing adsorption (VSA),
and pressure swing adsorption (PSA). We mimicked air as a
quaternary gas mixture consisting of N2, O2, Ar, and C4H10 and
performed configurational bias Monte Carlo (CBMC)
simulations to compute several adsorbent performance
evaluation metrics of MOFs including the selectivity, working
capacity, adsorbent performance score, and percent regener-
ability. The most promising materials identified based on these
metrics were further examined for C4H10 separation from a
more realistic seven-component air mixture composed of N2,
O2, Ar, C4H10, C3H8, propene (C3H6), and ethane (C2H6).
The high-performing materials identified under VSA and PSA
conditions were studied in detail to understand the impact of
their structural and chemical properties, such as linker subunits
and metal types on their gas adsorption performances by
performing radial distribution function (RDF) analyses.
Computational screening of this recent hybrid MOF database
for VOC capture and generation of structure-performance
relations for high-performing materials will provide valuable
molecular insights into the rational design of new materials
that will address one of the most important challenges of the
world, namely, air pollution.

2. COMPUTATIONAL DETAILS
Figure 1 represents the computational methodology that we
proposed to study MOF adsorbents for direct VOC capture
from air. Crystallographic structures of MOFs, which were
relaxed and optimized by density functional theory (DFT)
calculations, were obtained from the QMOF database.33,34 The
QMOF database consists of 20,375 different types of non-
disordered, unbounded solvent-free structures where 16,884
MOFs are synthesized and 3,491 of them are hypothetical.
Structural features of all QMOFs, such as the accessible surface
area (Sacc), porosity (ϕ), largest cavity diameter (LCD), and
pore limiting diameter (PLD), were calculated using Zeo++
software (version 0.3).37 A probe diameter of 3.72 Å
representing the N2 molecule was used to compute the surface
area, whereas a zero probe was used for the geometric pore
volume calculations. We focused on the QMOFs having PLDs
greater than the kinetic diameter of the largest molecule in our
air mixture (C3H8, 5 Å)

38,39 and ended up with 3,496
materials, including 671 experimentally synthesized and 2,825
hypothetical QMOFs.
Configurational bias Monte Carlo (CBMC)40 simulations

were performed using the RASPA41 simulation package to
compute the adsorption of a 4-component air mixture
(77.922% N2, 20.979% O2, 0.999% Ar, and 0.1% C4H10) in
QMOFs. This composition was set to represent an ambient air
mixture with trace amounts of VOCs.42 In order to determine
the number of cycles required for our CBMC simulations, we
compared the gas uptakes of 100 QMOFs acquired by a total
of 106 and 105 simulation cycles. Figure S1 shows that the
simulation results obtained with 106 and 105 cycles for the
uptakes of N2, O2, Ar, and C4H10 in QMOFs are very close.
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Therefore, a total of 105 cycles were found to be sufficient to
avoid excessive usage of the computational time. Transferable
potentials for phase equilibria (TraPPE) force field was used
for all gas models, that is, C4H10, C3H8, C3H6, C2H6, N2, and
O2.
43 All VOCs (C4H10, C3H8, C3H6, and C2H6) were

modeled as flexible molecules.43 N2 and O2 were modeled
using rigid, three-site models, including one site at the center
of the molecule and one site on each side of the molecule.44−46

Ar was modeled as a single Lennard-Jones (LJ) site.47

Dreiding48 force field was used for QMOFs, and parameters
of metals that are not available in Dreiding were taken from the
Universal Force Field (UFF).49 LJ 12−6 interactions were
considered for all gas molecules, while Coulombic interactions
were considered only for N2 and O2. The cross-interaction
parameters were obtained using the Lorentz−Berthelot mixing
rule. The Coulombic interactions for N2 and O2 were
calculated using the Ewald summation.50 Density-derived
electrostatic and chemical (DDEC6)51,52 point charges
available in the QMOF database were used to compute the
Coulombic interactions. A cutoff distance of 12 Å was used for
the LJ interactions, and simulation boxes were ensured to have
at least twice the specified cutoff distance in each direction.
The coordinates of all framework atoms were frozen to save
computational time following the literature.53

Simulations were performed mimicking PSA (adsorption
pressure: 10 bar; desorption pressure: 1 bar) and VSA
(adsorption pressure: 1 bar; desorption pressure: 0.1 bar)
processes at 298 K. A Peng−Robinson equation of state was
used to convert the fugacity to pressure. Figure S2a shows the
good agreement between our simulation results performed
using these parameters and the results of previous works,
which reported single-component C4H10 uptakes in three
MOFs, namely, IRMOF-154 (at 300 K), Cu-BTC55 (at 298 K),
and ZIF-856 (at 273 K), at 0.1, 1, and 10 bar. Our simulation
results for equimolar C4H10/C4H8 and C3H8/C3H6 mixture
adsorption in Cu-BTC were also shown to be in a good
agreement with the previously reported values55 in Figure S2b
at various pressures at 298 K, suggesting that our computa-
tional methodology is valid.
Gas uptakes obtained from the results of molecular

simulations for the four-component (quaternary) mixture
adsorption were used to compute several adsorbent perform-
ance evaluation metrics such as the adsorption selectivity
(SC4H10,quat), working capacity (ΔNC4H10,quat), adsorbent
performance score (APSC4H10,quat), and percent regenerability
(R%C4H10,quat) of QMOFs for the selective capture of C4H10
from air. The selectivity of QMOFs for the separation of C4H10
was calculated as follows: SC4H10,quat = (NCd4Hd10

/(NOd2
+ NAr +

NNd2
))/(yCd4Hd10

/(yOd2
+ yAr + yNd2

)) where Ni and yi demonstrate
the adsorbed gas amount and the mole fraction for gas species i
in the bulk mixture, respectively. The working capacity was
defined as the difference between the adsorbed amounts of
C4H10 at adsorption and desorption pressures, ΔNC4H10,quat =
Nads, Cd4Hd10

− Ndes, Cd4Hd10
. The adsorbent performance score

APSC4H10,quat was described as the product of ΔNC4H10,quat
and SC4H10,quat at the adsorption pressure. The percent
regenerability (R%C4H10,quat) was calculated as the ratio of
ΔNC4H10,quat to NC4H10,quat. Adsorbents offering high selectivity,
high working capacity, and high regenerability are desired for
an efficient gas separation process. Therefore, we focused on
the materials offering R%C4H10,quat > 80% and APSC4H10,quat >
103 mol/kg and identified a total of 1,182 MOFs (536 QMOFs
at VSA condition, 569 QMOFs at PSA condition, and 77
common QMOFs of VSA and PSA conditions) for further
examination.
Water vapor (H2O) might also be present in the VOC-

including air mixtures, and there might be competitive
adsorption between C4H10 and H2O, which may adversely
affect the C4H10 separation performance of MOFs.

28,32

Therefore, potentially promising 1,182 QMOFs identified in
the previous step were further filtered to focus on presumably
hydrophobic structures. We used the Henry’s constant of H2O
(KH,H2O) for a well-known hydrophobic MOF, namely, ZIF-8,
as a criterion.57 To compute KH,H2O values of QMOFs, Widom
insertion simulations were performed at 298 K with 106 cycles
using RASPA,41 where a five-site TIP5P/201858 model was
used for H2O. Based on the reference KH,H2O value computed
for ZIF-8 (2.5 × 10−6 mmol/g/Pa), 37 hydrophobic QMOFs
having a KH,H2O < 2.5 × 10−6 mmol/g/Pa, a R%C4H10,quat >
80%, and the highest APSC4H10,quat were selected among 1,182
QMOFs. These 37 promising QMOFs were then studied for
the adsorption of a more realistic seven-component air mixture
(77.922% N2, 20.979% O2, 0.999% Ar, 0.025% C4H10, 0.025%
C3H8, 0.025% C3H6, and 0.025% C2H6)

59−61 both at VSA and
PSA conditions. In this case, 105 initialization and 105
production cycles were employed during the CBMC

Figure 1. Hierarchical computational screening methodology used in
this work.
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simulations. The selectivity of QMOFs for separating C4H10
from the seven-component air mixture was calculated using the
formula SC4H10,7‑comp = (NCd4Hd10

/(NOd2
+ NAr + NNd2

+NCd3Hd8
+

NCd3Hd6
+ NCd2Hd6

))/(yCd4Hd10
/(yOd2

+ yAr + yNd2
+ yCd3Hd8

+ yCd3Hd6
+

yCd2Hd6
)).

Other adsorbent performance metrics, namely, the
APSC4H10,7‑comp, ΔNC4H10,7‑comp, and R%C4H10,7‑comp, were
calculated using their corresponding definitions given above
but using the gas uptakes obtained from the simulations for the
seven-component air mixture.
The top five QMOFs that exhibit the highest APSC4H10,7‑comp

with R%C4H10,7‑comp > 80% were identified separately for VSA
and PSA processes, and their structural and chemical
properties were examined in detail to understand what types
of features are important to obtain high-performing adsorbents
for VOC capture. We utilized MOFseek software version 1.062

for linker subunit and metal-type analyses of the high-
performing QMOFs. Functional groups connected to the
linkers were first removed to obtain linker subunits, and six
different types of linker subunits were identified, as listed in
Table S1. We also retrieved information from the QMOF
database regarding the metal node information, topology of
structures, and whether the QMOFs are hypothetical or
synthesized.33,34 To better understand the gas adsorption
behavior, RDF analyses were performed for the top 2 materials,
in addition to the visualization of the snapshots taken from the
CBMC simulations showing the distribution of gas molecules
in the framework during adsorption obtained via Mercury
software.63

3. RESULTS AND DISCUSSION
Figure 2 represents the performance of QMOFs for the
adsorption-based separation of a quaternary air mixture under
PSA and VSA conditions. Figure 2a shows that C4H10
selectivities (SC4H10,quat) of hypothetical QMOFs at 1 bar are

ranging from 2.6 to 1.8 × 105 and their working capacities
ΔNC4H10,quat vary from 1 × 10−3 to 4.6 mol/kg at VSA
conditions. Many synthesized QMOFs were computed to have
higher selectivities, that is, 18−4.2 × 105, and similar working
capacities, that is, 3.2 × 10−3 to 3.9 mol/kg, compared to the
hypothetical QMOFs, as shown in Figure 2b. The butane
separation performance of hypothetical and synthesized
QMOFs at PSA condition are shown in Figure 2c,d. Butane
working capacities of hypothetical and synthesized QMOFs
were computed as 0.01−6.8 and 7.4 × 10−3 to 5.3 mol/kg
under PSA condition, respectively, which are higher than the
values obtained under VSA condition. Butane selectivities of
adsorbents at 10 bar vary in a large range, that is, between 3.1
and 5.2 × 104 and 20−1.3 × 105 for hypothetical and
synthesized QMOFs, respectively, indicating that the large
chemical and structural diversity of this material space results
in wide varieties in their separation potentials. We note that
the QMOFs with very high selectivities suffer from low
working capacities. For example, 15 QMOFs offering
selectivities of >105 at VSA condition have working capacities
in the range of 0.05−0.37 mol/kg as shown in Figure 2a,b and
128 QMOFs having selectivities of >104 at PSA condition offer
working capacities between 7.4 × 10−3 and 0.71 mol/kg in
Figure 2c,d.
In Figure 2, gray data points show the QMOFs with

APSC4H10,quat < 103 mol/kg, which are potentially unpromising
adsorbents suffering from either low selectivity or low working
capacity, while blue data points show QMOFs having 103 <
APSC4H10,quat< 104 mol/kg with mediocre performance. Red
data points represent the QMOFs offering the highest
APSC4H10,quat (>104 mol/kg), which generally provide a
combination of high selectivity and high working capacity. At
VSA (PSA) condition, 221 (54) synthesized and 410 (172)
hypothetical QMOFs have APSC4H10,quat > 104 mol/kg.
Although working capacity values are lower at VSA condition,
the number of QMOFs with APSC4H10,quat > 104 mol/kg is
higher compared to those at PSA conditions, which signals that
SC4H10,quat has a more pronounced effect in determining the
APSC4H10,quat at VSA conditions. We also compared the
separation performance of QMOFs with commercial zeolite
MFI. To have a more balanced comparison, we computed the
selectivity of MFI for the separation of C4H10 from a
quaternary air mixture (1.3 × 103 at 1 bar and 1.4 × 103 at
10 bar, 298 K) using the reported gas uptakes for the
separation of the same quaternary air mixture.42 We concluded
that more than one-third of 3,496 QMOFs (1,403 QMOFs at
1 bar and 1,514 QMOFs at 10 bar) have higher C4H10
selectivities than MFI. This highlights the significant potential
of utilizing MOFs for adsorption-based C4H10 separation from
air.
To identify high-performing adsorbents, we used

APSC4H10,quat as the main performance metric; however,
many other metrics also exist. For example, trade-off between
the selectivity and uptake (TSN),28 which is the product of the
gas uptake and logarithm of selectivity, was proposed to
determine whether a material has both high selectivity and
high uptake. We computed the TSN values of all QMOFs for
VSA and PSA processes and compared the rankings of
materials based on TSN with the rankings based on
APSC4H10,quat. Results showed that 959 (831) of the QMOFs
are common in the first 1,000 MOFs with the highest APS and
TSN at VSA (PSA) conditions, indicating that either one of

Figure 2. Selectivities and working capacities of hypothetical and
synthesized QMOFs calculated for the separation of C4H10 from the
quaternary air mixture at (a, b) VSA and (c, d) PSA conditions.
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these metrics can be used to identify high-performing
materials.
Figure 3 shows the categorization of QMOFs in four regions

with respect to their R%C4H10,quat and APSC4H10,quat. In the low

R%C4H10,quat (<80%)-low APSC4H10,quat (<103 mol/kg) region,
there are 10 (154) QMOFs at VSA (PSA) condition,
considered to be unpromising. In the low R%C4H10,quat−high
APSC4H10,quat region, there are 567 (1,044) QMOFs for the
VSA (PSA) process, exhibiting APSC4H10,quat > 103 mol/kg but
suffering from low R%C4H10,quat values (<80%). Since
regenerating the adsorbents is important for the economic
efficiency of the separation processes, these QMOFs were also
considered to be potentially unpromising. In the high R
%C4H10,quat−low APSC4H10,quat region, a total of 2,306 (1,652)
QMOFs were identified at VSA (PSA) condition, achieving
sufficiently high RC4H10,quat values (>80%) but with relatively
low APSC4H10,quat (<103 mol/kg). In the high R%C4H10,quat−high
APSC4H10,quat region (red region), 613 (646) QMOFs exist for
the VSA (PSA) process with R%C4H10,quat > 80% and
APSC4H10,quat > 103 mol/kg, and these are promising adsorbent
candidates for VOC capture from a mixture of N2, O2, Ar, and
C4H10.
To identify the structural features leading to adsorbents

having different R%C4H10,quat−APSC4H10,quat combinations, we
investigated the relationship between the structural properties

and separation performances of QMOFs. Figures S3 and S4
demonstrate the impact of the PLD, ϕ, and Sacc on the
performance of QMOFs at VSA and PSA conditions,
respectively. Generally, QMOFs with narrow PLD (5−10 Å),
low ϕ (0.3−0.6), and low Sacc (146−1,000 m2/g) exhibit high
selectivities (>103) at 1 bar, as depicted in Figure S3a,b along
with a moderate ΔNCd4Hd10,quat

(up to 2 mol/kg), as shown in
Figure S3c,d at VSA condition. QMOFs achieving
APSC4H10,quat > 103 mol/kg at VSA condition typically possess
PLD < 15 Å, ϕ < 0.8, and Sacc < 4,000 m2/g, as shown in
Figure S3e,f. There is no distinct trend between R% and
structural properties, except that QMOFs with Sacc > 4,000
m2/g mostly exhibit an R% > 80%, as observed in Figure S3g,h.
QMOFs achieving APSC4H10,quat > 103 mol/kg with an R
%C4H10,quat > 80% at VSA condition have PLD, ϕ, and Sacc
values in between 5 and 15 Å, 0.4−0.8, and 297−3,812 m2/g,
respectively. Similarly, as illustrated in Figure S4, QMOFs
possessing PLD in the range of 5−15 Å, ϕ between 0.5 and
0.8, and Sacc between 508 and 4,631 m2/g tend to exhibit
APSC4H10,quat > 103 mol/kg and R%C4H10,quat > 80% at PSA
conditions. Overall, structures with narrow pores and moderate
porosities enable the efficient confinement of C4H10 molecules
within the pores, resulting in a higher SC4H10,quat and
APSC4H10,quat.
Until this point, we assessed the VOC capture performances

of QMOFs considering that the air mixture is pre-dried.
However, water vapor may be present in the air mixture and
compete with VOCs for adsorption in MOFs.28 Therefore,
before proceeding with the more realistic seven-component
mixture simulations, we identified the hydrophobic QMOFs by
computing KH,H2O values of the promising QMOFs offering R
%C4H10,quat > 80% and APSC4H10,quat > 103 mol/kg. Thirty-seven
QMOFs were classified as hydrophobic since they have KH,H2O
values of <2.5 × 10−6 mmol/g/Pa. Most of the QMOFs
identified to have a very high APSC4H10,quat were found to be
hydrophilic (KH,H2O > 2.5 × 10−6 mmol/g/Pa), and they were
eliminated. The 37 promising QMOFs were further studied for
the adsorption-based separation of C4H10 from a more realistic
seven-component air mixture, that is, N2/O2/Ar/C4H10/
C3H8/C3H6/C2H6. Figure 4a,b shows the C4H10 selectivities
(SC4H10,7‑comp) and working capacities (ΔNCd4Hd10,7−comp) of the
37 promising QMOFs obtained for the separation of the seven-
component air mixture at VSA and PSA conditions. The seven-
component butane selectivities and working capacities of 37
QMOFs were calculated in between 596 and 9 × 103 (637−5.6
× 103) and 0.03−0.45 (0.23−1.45) mol/kg at VSA (PSA)
condition, respectively.
We also calculated APSC4H10,7‑comp of 37 QMOFs in between

17.9 and 3.6 × 103 mol/kg (226−7.5 × 103 mol/kg) at VSA
(PSA) condition. Blue curves in Figure 4a,b denote an
APSC4H10,7‑comp of 103 mol/kg as an upper bound for
identifying the most promising materials. There are six (23)
QMOFs that can exceed the upper bound at VSA (PSA)
conditions. We note that APSs of QMOFs computed for the
separation of the seven-component air mixture were lower than
those computed for the separation of a quaternary mixture.
This can be explained by the lower C4H10 working capacities
both at VSA and PSA conditions due to the competitive
adsorption between C4H10 and other VOC molecules (C3H8,
C3H6, and C2H6) in the seven-component mixture. Figure 4c,d
represents the classification of QMOFs based on R%C4H10,7‑comp
and APSC4H10,7‑comp under VSA and PSA conditions. All

Figure 3. Calculated APSC4H10,quat and R%C4H10,quat of 3,496 QMOF
adsorbents for the separation of C4H10 from the quaternary air
mixture at (a) VSA and (b) PSA conditions. Data points were colored
based on SC4H10,quat at 1 and 10 bar, respectively.
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QMOFs offered high R%C4H10,7‑comp values between 88 and
92% at VSA condition. In contrast, R%C4H10,7‑comp values vary
between 62 and 95%, and six QMOFs with APSC4H10,7‑comp >
103 mol/kg suffer from moderate R%C4H10,7‑comp values (62−
75%) at PSA condition. The high APSC4H10,7‑comp of QMOFs
having an R%C4H10,7‑comp > 80% can be attributed to their high
SC4H10,7‑comp (>5.0 × 103 (1.0 × 103) at VSA (PSA) condition),
as indicated by the red region in Figure 4c,d.
We then investigated structural and chemical properties of

the top-performing QMOFs for the separation of C4H10 from
the seven-component air mixture. Figure 5 illustrates the
distribution of the materials’ characteristics in our initial set
composed of 3,496 QMOFs and 37 promising QMOFs that
we identified after computational screening of the initial set.
Figure 5a demonstrates that QMOFs in our initial set were
collected from nine distinct MOF databases, while the 37
promising QMOFs were sourced from only three different

databases, namely, CoRE, CSD, and GMOF, and most of these
structures were from the hypothetical GMOF database,21

consisting of more than 300,000 materials. Figure 5b shows
that the initial set of 3,496 QMOFs and the 37 promising
QMOFs exhibit similar distributions concerning the number of
synthesized and hypothetical structures, and the majority in
both sets comprises the hypothetical structures. Previous
studies emphasized the substantial influence of the type of
linkers and metal nodes of MOFs on their adsorption
properties for linear C4−C6 alkanes and their isomers.64 To
focus on these features, we identified the top five QMOFs,
which offered the highest APSC4H10,7‑comp with R%C4H10,7‑comp >
80% at VSA and PSA conditions, as listed in Table S2. Six
different linker subunits, shown in Table S1, were identified in
these top QMOFs. We searched through our initial set of
3,496 QMOFs and the set of 37 promising QMOFs for these
linker subunit types and presented their distribution in Figure

Figure 4. Butane selectivities and working capacities of 37 promising QMOFs for the separation of a seven-component air mixture calculated at (a)
VSA and (b) PSA conditions. Closed (open) symbols represent synthesized (hypothetical) QMOFs. Calculated APSC4H10,7‑comp and R%C4H10,7‑comp
of QMOFs under (c) VSA and (d) PSA conditions. Data points in (c) and (d) were colored based on SC4H10,7‑comp at 1 and 10 bar, respectively.

Figure 5. (a) Number of QMOFs retrieved from each MOF database, (b) number of synthesized and hypothetical QMOFs, and (c) number of
QMOFs that contain L1-L6 linker subunits. The red column represents the QMOFs in the initial set of 3,496 QMOFs and blue column represents
QMOFs in the final set of 37 promising QMOFs.
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5c. Labeling of linker subunits as L-1 to L-6 was made based
on the occurrence frequency of these linkers in our initial
QMOF set: L-1:4,4′-(1,2-ethynediyl)dibenzoic acid, L-2:1,4-
naphthalenedicarboxylic acid, L-3: bicyclo[4.2.0]octa-1,3,5-
triene-2,5-dicarboxylic acid, L-4:1,3,5-tris(4-carboxyphenyl)-
benzene, L-5:2,4,6-tris(4-carboxyphenyl)-1,3,5-triazine, and L-
6:3-(2-pyridyl)-5-(4-pyridyl)-1,2,4-triazole. For example, L-1
was found in 379 of the QMOFs but L-6 was found in only five
of the QMOFs in the initial set, as shown in red columns in
Figure 5c.
We found at least one of the L1-L6 linker subunits in 845

structures among 3,496 QMOFs in our initial set, while for the
set of 37 promising QMOFs, at least one of these linkers was
found in 24 distinct QMOFs. Among the set of promising
QMOFs, 10 of them feature the linker subunit L-3, while linker
subunits L-1 to L-5 are present in 23 QMOFs derived from the
hypothetical GMOF database. L-6, which contains a triazolate
group, is unique to a QMOF that has been obtained from the
CSD database. As shown in Table S1, linker subunits of L-1 to
L-6 feature aromatic rings, while linker subunits L-1 to L-5
additionally contain carboxylic acid groups. These results from
the analysis of high-performance materials are in good
agreement with experimental reports on the potential of
MOFs containing aromatic rings for VOC separation.32,65

The interaction with the metal site and the accessibility of
the metal site are also important factors for the adsorption of
VOCs.30 Figure S5 indicates the distribution of linker subunit
types, topologies, and metal types in the set of 37 promising
QMOFs. Among 38 metal types and 87 topologies reported in
our initial set,33,34 Al metal and tsg topology together with an
L-1 linker are the most frequently observed properties in the
37 promising QMOFs. The top QMOFs have two different
metals (alumina (Al) and cobalt (Co)) and four different
topologies (tsg, ttp, rna, and nbo) as shown in Table S2. Finally,
the top QMOFs have PLDs of 6−9 Å, ϕ of 0.4−0.6, and Sacc <
∼1,300 m2/g. We note that these structural and chemical
properties are important, but they alone are not sufficient for a

QMOF to be identified as a top adsorbent for C4H10
separation since the overall performance of a material is
influenced by a combination of various properties, and the
presence of other VOCs competing for the available adsorption
sites also impacts the materials’ performance.
We finally investigated the preferential adsorption sites of

the top two QMOFs, namely, qmof-d9ca2be and qmof-
7559c55, offering the highest APSC4H10,7‑comp together with R
%C4H10,7‑comp > 80% for VSA and PSA processes, respectively,
by performing RDF analysis at 1 bar, 298 K. Figure 6 illustrates
that C4H10 molecules tend to locate near the organic part of
the QMOF structure. In both qmof-7559c55 and qmof-
d9ca2be, H, which is found in the organic part of the QMOFs,
is the first atom with which C4H10 molecules interact. Figure
6a shows that C4H10 molecules tend to locate ∼3 Å near H
atoms in qmof-d9ca2be since the pore environment consists of
H atoms of the methyl groups connected to organic linkers in
this QMOF. Overall, these results indicate that C4H10
molecules mostly prefer linker parts of the QMOFs as
favorable adsorption sites. Figure 6b represents that C4H10
molecules can be found within ∼3 Å distance to the linker
atoms of qmof-7559c55, such as Br and F. The strongest peak
belongs to the C4H10 and Br interaction at an ∼4 Å distance,
indicating that Br atoms provide the most favorable adsorption
sites for C4H10.
We note that the accuracy and reliability of our computa-

tional work are defined by the validity of the assumptions we
used. We assumed that all QMOFs will exhibit rigid behavior
during gas adsorption, although it may not be valid for all
MOFs, which may have breathing behavior upon exposure to
an external stimuli such as pressure or temperature or upon
adsorption of some gases.66 We identified the top QMOFs for
C4H10 capture from a realistic seven-component air mixture,
and the stability and synthesizability of these materials need to
be further studied to use them in real applications. For
example, one of the top QMOFs that we identified was already
synthesized (qmof-4b1ef88, reported as BUSMUY in CSD)65

Figure 6. RDF plots and snapshots of C4H10 molecules generated at 1 bar and 298 K for the separation of a seven-component air mixture with (a)
qmof-d9ca2be and (b) qmof-7559c55. Gray, white, red, orange, green, and rose spheres represent C, H, O, Br, F, and Al atoms, respectively. Butane
molecules are shown with gray space-filled models.
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and reported to be thermally stable until 643 K in the air
environment, which exceeds the temperature we studied, that
is, 298 K. Several of the top QMOFs identified in this work are
hypothetical and subjected to further experimental inves-
tigation. However, considering that most of the linkers and
metal nodes utilized in constructing these hypothetical
structures have been experimentally observed in existing
MOFs,21 their synthesis through novel synthetic approaches
would be feasible. Finally, we would like to emphasize that the
intracrystalline diffusivity of gas molecules was negligible66 in
our approach of using CBMC simulations for studying gas
adsorption behavior of MOFs at equilibrium at the atomic
scale. In the future steps of evaluating the most promising
adsorbent candidates, kinetic effects and diffusional constraints
resulting from the difference in the intracrystalline diffusivity of
gas molecules during adsorption in a fixed bed can studied.67,68

This involves utilizing process modeling tools to further
analyze the effect of design parameters such as the MOF pellet
size and orientation, column length and diameter, bed height,
and packing density at the macro scale to minimize or
eliminate diffusional limitations in the separation columns
filled with adsorbents. We believe that further studies
considering these effects and identifying design parameters
for modeling an adsorption column filled with high-performing
MOFs would be of utmost importance in future research.

4. CONCLUSIONS
In this study, we examined a total of 3,496 different
experimental and hypothetical QMOFs for selective capture
of C4H10 from ambient air at VSA and PSA conditions using
CBMC simulations. Selectivities reaching a maximum of 4.2 ×
105 (1.3 × 105) at 1 bar (10 bar) and working capacities
reaching 4.6 (6.8) mol/kg at VSA (PSA) conditions were
computed for the separation of C4H10 from a quaternary N2/
O2/Ar/C4H10 mixture, leading to 1,180 (1,691) QMOFs with
APSC4H10,quat higher than 103 mol/kg at VSA (PSA) conditions.
A total of 1,403 and 1,514 QMOFs were shown to have
superior C4H10 selectivity than the famous zeolite MFI at 1 and
10 bar, respectively. Thirty-seven promising QMOFs, which
comply with the criteria of R%C4H10,quat > 80% and
APSC4H10,quat > 103 mol/kg and are also hydrophobic, were
further studied for the separation of C4H10 from a more
realistic seven-component N2/O2/Ar/C4H10/C3H8/C3H6/
C2H6 mixture. They were computed to have butane
selectivities in the range of 596−9 × 103 at 1 bar (between
637 and 5.6 × 103 at 10 bar) and their working capacities
varied between 0.03 and 0.45 mol/kg (0.23−1.45) at VSA
(PSA) conditions. The detailed investigation of structural,
chemical, and topological properties using different computa-
tional tools highlighted that the low porosity (0.4−0.6),
narrow pore sizes (6−9 Å), presence of linker subunits
containing aromatic rings, Al and Co metal sites, and tsg, ttp,
rna, and nbo topologies are the common features of the high-
performing QMOFs. The hierarchical computational screening
methodology that we proposed and used in this study will
guide the design and discovery of new MOFs specifically
tailored for direct C4H10 capture from air.
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