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Molecular simulations were performed to study a diverse collection of 105 metal-organic frameworks (MOFs) for their
ability to remove CH4 from CH4/H2 mixture. To investigate the practical industrial application in a pressure swing
adsorption (PSA) process, working capacity was also considered in addition to selectivity. The results show that MOFs are
promising candidate for this separation, which give higher adsorption selectivity with similar working capacity and higher
working capacity with similar selectivity than the traditional nanoporous materials such as carbonaceous materials and
zeolites. To quantitatively describe the structure–property relationship for CH4/H2 mixture separation in MOFs, a new
concept named ‘‘adsorbility’’ was defined, which shows strong correlation with limiting selectivity, with a correlation
coefficient (r2) of 0.86. This work shows that although MOFs are promising materials for CH4/H2 mixture separation, more
investigations that consider both selectivity and working capacity are necessary to screen MOFs in practical PSA
application. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 2078–2084, 2012
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Introduction

Hydrogen, regarded as a renewable and ecologically clean
energy source, is increasing demanded in various fields
including fuel cells, semiconductor processing, and petro-
chemical industry. To produce hydrogen, steam reforming is
one of the widely used technologies.1 In this process, it is
very important to remove other impurities, such as methane,
and adsorption separation, which is generally considered to
be low in energy consumption, is an attractive technology to
handle this. In the past decades, a variety of nanoporous
materials, such as carbonaceous materials and zeolites, have
been investigated for the adsorptive separation of CH4/H2,

2–5

but the reported selectivities are not sufficiently high for
practical applications up to now. Therefore, significant
research efforts are being paid toward designing new materi-
als for the separation of this binary mixture.

Recently, metal-organic frameworks (MOFs) are receiving
increasing attention,6–9 which have shown potential applica-

tions in many fields, such as gas storage,10,11 catalysis,12–14

and separation.15,16 Particularly, a series of MOFs have been
explored for CH4/H2 separation, which exhibit higher selective
adsorption capability compared with traditional porous materi-
als,2–5,17 indicating this kind of materials to be the most attrac-
tive candidate for CH4/H2 adsorptive separation. To date,
thousands of MOFs have been synthesized, and this number is
nearly infinite due to the large variety of possible metal corner
units and organic linkers.18 They are much richer in the variety
of chemical composition, pore size, and topology. Therefore,
the structure–property relationships for MOFs are not very
clear, hampering the development of new MOFs for this spe-
cific application. In this aspect, a purely experimental method
for designing optimal MOFs is inefficient at best, for which
molecular simulation provides a useful complement or alterna-
tive. Compared with experiment, molecular simulation is most
convenient in isolating influencing factors to quantify their
separate contributions to the behaviors of MOFs, as well as
the cooperative effects of a set of selected factors; this infor-
mation is very important in understanding the relationships
between structure and property. On the other hand, molecular
simulation is also an efficient way for large-scale screening of
MOFs for a targeted application.

Although several computational studies have been
performed on the adsorptive separation of CH4/H2 in
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MOFs,19–21 the MOFs considered in one study is small and
usually limited to the well-known species. Therefore, in this
work a large-scale computational screening study was per-
formed on a diverse collection of 105 MOFs for their ad-
sorptive separation performance on CH4/H2; the information
obtained based on such a large database will allow us to find
out the structure–property relationship for CH4/H2 adsorptive
separation in MOFs, as well as to identify the key influenc-
ing factor. On the other hand, in the practical operation of
the pressure swing adsorption (PSA) technology, working
capacity is an important factor in addition to the adsorption
selectivity, the working capacity for the MOFs with high
selectivities screened was also studied. One goal of this
work is to try to screen MOFs for practical applications by
considering both adsorption selectivity and working capacity
for CH4/H2 separation.

Model and Computational Details

MOF structures

In this work, 105 MOFs were considered with large diver-
sity in chemistry and structure, including IRMOFs, Cu-BTC,
PCNs, MILs, ZIFs, and some newly synthesized MOFs. The
guest-free framework structures were constructed from their
corresponding experimental single-crystal X-ray diffraction
data using Materials Studio Visualizer.22 The names of the
MOFs and their structural properties are shown in Table S1
in the Supporting Information.

Force fields

CH4 was modeled as a single Lennard–Jones (LJ) interac-
tion site, and the potential parameters were taken from
TraPPE force field, which was able to reproduce the critical
parameters and liquid densities of alkanes.23 The H2 mole-
cule was modeled as a two-site LJ molecule with the param-
eters obtained in our previous work by fitting the experimen-
tal PVT curve of bulk H2 and validated with H2 adsorption
in IRMOFs.24 For the MOFs, the Dreiding force field was
adopted to calculate the interactions between adsorbates and
frameworks.25 The parameters were taken from the UFF
force field for the metals that are not tabulated for the Dreid-
ing force field.26 All the LJ cross interaction parameters
were determined by the Lorentz–Berthelot mixing rules. The
above set of potential models has been successfully used to
describe the adsorption,24,27,28 separation,29,30 and diffu-
sion24,31 of CH4 and H2 in MOFs. The potential parameters
are listed in Table S2 in the Supporting Information.

Simulation details

Grand canonical Monte Carlo (GCMC) simulations were
used to calculate the adsorption of CH4/H2 mixtures in the
MOFs at 298 K. Similar to previous works,24,27,30,32 all the
MOFs were treated as rigid frameworks with atoms frozen at
their crystallographic positions, because the effects of the
dynamics of MOFs become significant only when the guests
are large and/or strong guest–host interactions exist in the
system at room temperature. The numbers of the unit cells
contained in the simulation box are MOF-dependent, ranging
from 1 � 1 � 1 to 7 � 7 � 7 so that enough molecules are
accommodated to guarantee the simulation accuracy. Peri-
odic boundary conditions have been applied in all three
dimensions. A cutoff radius was set to 1.28 nm for the LJ
interactions. For each state point, the number of steps in
GCMC simulation was 2.0 � 107, where the first 107 steps

were used for equilibration and the subsequent 107 steps for
sampling the desired thermodynamics properties. A detailed
description of the simulation methods can be found in
Ref. 33.

The isosteric heat of adsorption Qst was calculated from34

Qst ¼ RT � UffNh i � Uffh i Nh i
N2h i � Nh i Nh i � UsfNh i � Usfh i Nh i

N2h i � Nh i Nh i ; (1)

where R is the gas constant, N is the number of molecules
adsorbed, and hi indicates the ensemble average. The first and
second terms are the contributions from the molecular thermal
energy and adsorbate–adsorbate interaction energy Uff,
respectively. The third term is the contribution from the
adsorbent–adsorbate interaction energy, Usf. It should be noted
that this form of the equation is only true if the gas phase
behaves ideally.

In separation processes, a good measure of the ability for
separation is the selectivity of a porous material for different
components in mixtures. The selectivity for component A
relative to component B is defined by S ¼ (xA/xB)(yB/yA),
where x and y are the mole fractions of two components in
the adsorbed and bulk phases, respectively.

Results and Discussions

Selectivity of CH4/H2 mixture in MOFs

In this work, 105 MOF materials were collected from lit-
erature, covering the most well-known subfamilies and some
newly synthesized ones. We expect a systematic computa-
tional study based on such a large MOF database can give
further insight into structure–property relationships for
MOFs and general conclusions can be derived. Also, such a
systematic study may lead to new findings. The equimolar
CH4/H2 mixture was considered in this work for the conven-
ience of comparing with existing works, and all the simula-
tions were performed at 298 K.

The adsorption selectivities for CH4 from the equimolar
CH4/H2 mixture are shown in Figure 1, as a function of the
bulk pressure up to 4.0 MPa. In all the MOFs, CH4 is more
preferentially adsorbed than H2 due to the stronger disper-
sion interactions with the framework, and CUK-2, PCN-13,
MOF-114, and MIL-102 show obvious higher selectivity
than other MOFs. Generally speaking, there are two different
trends in the pressure dependence of selectivity: one is the
selectivity decreases monotonously with increasing pressure
up to 4.0 MPa, and the other is that it is nearly pressure-in-
dependent or slightly increases with increasing pressure at
low-pressure region, followed by a nearly pressure-independ-
ent or a slight decrease step at high pressures. The first trend
of the pressure dependence behavior of selectivity can be
attributed to the existence of different types of pores with
small sizes in those MOFs, leading to strong confinement
effects, and thus the packing effects start to work at low
pressures, that is, the existence of small pores together with
the heterogeneity in pore size results in a decrease of meth-
ane selectivity with increasing pressure in the pressure range
studied. For example, there are two kinds of pores in ZIF-81
(0.39/0.74 nm) and four kinds of pores in IRMOF-9 (0.45/
0.63/0.81/1.07 nm), respectively. In addition, the difference
in the degree of confinement effect may induce that for
some of the MOFs, the selectivity decreases rapidly with
pressure (e.g., MOP-14), whereas for others, the decrease is
much slower (e.g., IRMOF-9). On the other hand, in the
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other MOFs showing the second trend, there is enough
space in the pores of MOFs at low pressure, making the
packing effect that favors hydrogen adsorption insignifi-
cant, leading to a nearly pressure-independent or slight
increase of methane selectivity with increasing pressure.
Among these MOFs, the packing effect becomes evident
at moderate pressure in the materials with relative small
pores, such as MOF-222, and the selectivity goes through

a maximum followed by a slight decrease with further
increasing pressure.

Separation of CH4 from CH4/H2 mixture has also been
performed in other porous materials, for example, at 303 K,
the selectivity of CH4 is 58.3 in Coconut carbon, 37.9 in 5A
zeolite, 34.1 in Coal carbon, and 13.0 in Activated alu-
mina17; all the above selectivites are the limiting selectivities
estimated from the Henry’s law constants (initial isotherm

Figure 1. Selectivity for CH4 in the equimolar CH4/H2 mixture at 298 K. Dots are connected by straight lines to
guide the eye.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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slope) for CH4 and H2 adsorption. Obviously, Figure 1 dem-
onstrates that several MOFs studied in this work, including
CUK-2, PCN-13, MOF-114, and MIL-102, show much
higher selectivity than these traditional materials, indicating
that MOFs may be the most attractive candidate for CH4/H2

adsorptive separation.

Correlation with commonly used properties

To quantitatively understand the structure-selectivity rela-
tionships for MOFs, we have tried to correlate the selectivity
of CH4/H2 mixture in the 105 MOFs at 0.001 MPa (mimic
the infinite dilution), which is the limiting selectivity of a
MOF, reflecting the intrinsic separation capability of the ma-
terial. The correlations between the limiting selectivity and
the difference of isosteric heats of adsorption of the two
components are shown in Figure 2. Furthermore, correlations
with porosity (/) and specific accessible surface area (Sacc)

were also tried. The results are also shown in Figure 2.
Obviously, no good correlation is found.

The correlation between selectivity and pore size was not
tried, because some MOFs have either more than one kind of
pores with different sizes, as shown in Supporting Information
Table S1. Based on the above calculations, this work might
come to a conclusion that the selectivity of MOFs does not
show good correlations with the commonly used single prop-
erty, such as the difference of isosteric heats of adsorption of
the two components, porosity, and specific accessible surface
area, which should be the interplay of various properties.

There are quite limited experimental works on the correlation
of selectivity with property. The only one we know is the work
of Banerjee et al.35 Their experimental observations show that
even for MOFs with similar pore shape and topology, such as
ZIFs, there is no good correlation between selectivity and the
structure of MOFs, such as specific surface area. These agree
with the general conclusions obtained in this work.

Development of a new concept to characterize MOFs

The above correlations show that the selectivity of MOFs
for a given mixture is affected by the interplay of various fac-
tors and cannot correlate strongly with the available single
property. As the various influencing factors may have conflict
contributions to selectivity, making the structure–selectivity
relationships for MOFs are not well-understood to date, and
the design of MOFs for the separation of a given system based,
to large extent, on a trial-and-error procedure. On the other
hand, if a single parameter is developed that can characterize
the main feature of a gas/MOF system, quantitative structure–
property relationships models may be established for MOFs,
contributing to the further understanding of structure–

Figure 2. Limiting selectivity for CH4 in the equimolar
CH4/H2 mixture vs. the difference of isosteric
heats of adsorption, porosity (/) and specific
accessible surface area (Sacc).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. Limiting selectivity (a) and selectivity at 2.0
MPa (b) vs. 1/DAD from the equimolar mixture
CH4/H2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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selectivity relationships for MOFs, as well as future design of
MOFs with tailored separation performance.

In solution theory, solubility parameter d (also denoted by
SP) plays an important role,36 which can be used as an esti-
mate of the compatibility of two components in solution.
Can we develop a similar concept named ‘‘adsorbility’’ (AD)
to describe the ‘‘compatibility’’ of the two components
adsorbed in a MOF? The ‘‘compatibility’’ here should be
identical to ‘‘selectivity.’’

Solubility parameter is defined as the square root of cohe-
sive energy density (Ecoh ¼ Hvap/vL), the energy of vaporiza-
tion per unit liquid volume. Therefore, we propose a similar
concept for nanoporous materials defined as:

Ead ¼ Q0
st

u
(2)

where Q0
st is the isosteric heat of adsorption at infinite dilution

in kJ/mol for an adsorbate, and / is the free volume per unit
volume of the material in cm3/cm3, also known as porosity.
Therefore, Ead is the adsorption energy density based on
specific free volume, having a similar physical meaning to
cohesive energy density. In this work, instead of defining the
AD as the square root of Ead, we make them identical (AD ¼
Ead) so that the physical meaning of parameter AD is more
clear, that is, a measure of adsorption energy density for a gas
in a given nanoporous material.

As the concept of AD is similar to solubility parameter, it
is expected the new parameter can also serve as a measure
of the ‘‘compatibility’’ of the two gases adsorbed in a nano-
porous material, and thus the difference in AD (DAD) of the
components can be used to characterize the selectivity. It
should be pointed out that the new concept is general for
any nanoporous materials, while in this work, we will apply
it to MOFs.

Correlation between selectivity and AD

The limiting selectivities of CH4 from the CH4/H2 mixture
as a function of 1/DAD of the two components are shown in
Figure 3a. A comparison with the correlations in Figure 2
shows that limiting selectivity correlates much better with
AD, indicating that AD can grasp the main feature of a gas/
MOF system, approximately representing the interplay of
various influencing factors. Furthermore, the selectivity at
2.0 MPa, representing higher pressure, was further correlated
with DAD as shown in Figure 3b. It can be seen that good
correlation still hold, although a little worse than that of lim-
iting selectivity; this means DAD may also be useful in cor-
relating selectivity at high pressures.

From the above discussion, synthesizing MOFs with large
DAD can serve as a general design criterion for the develop-
ment of MOFs as well as for preliminary screening MOFs
for separation applications. In order to obtain large DAD, the
differences in the interactions between the two adsorbates
and the MOF should be as large as possible, and the MOF
should have small porosity. For example, in CUK-2, the dif-
ference of the interactions between the adsorbates (CH4 and
H2) and material is large with smaller porosity than most
MOFs considered in this work. Thus, it shows high selectiv-
ities over the whole pressure range. However, the interaction
between adsorbate and MOFs is determined by the interplay
of several MOF structural properties, such as surface area,
pore volume, chemical composition, topology and so on, and
the relationship between them is not very clear at the
moment that deserves further study.

Further screening of MOFs based on working capacity

In the PSA process, working capacity, defined as the dif-
ference between the capacity at the high intake pressure and
at the lower purge pressure, is an important factor to evalu-
ate the efficiency of the process,37–39 and an ideal adsorbent
should have both high adsorption selectivity and working
capacity.40 Therefore, we further calculated the working
capacities of CH4 in the CH4/H2 mixture for the 10 MOFs
showing highest limiting selectivity (Table 1) assuming a
purge pressure of 0.1 MPa. The pressure dependence of the
working capacities is shown in Figure 4.

Table 1. The Simulated Selectivities at Different Pressures for the 10 Selected MOFs with Highest Limiting Selectivities
for the Equimolar CH4/H2 at 298 K

MOF Limiting selectivity 0.1 MPa 1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa

CUK-2 267.10 251.53 126.07 94.33 79.06 69.82
PCN-13 158.50 114.21 72.75 58.49 50.02 44.45
MOF-114 127.21 118.19 80.90 63.06 52.21 50.12
MIL-102 87.89 80.57 51.80 38.56 30.62 25.39
MOF-116 83.32 82.58 65.54 45.75 39.19 35.51
ZIF-1 82.68 76.23 50.60 39.03 33.00 28.79
MOF-2 79.96 77.83 68.00 56.81 47.20 41.12
Zn(L3)(L9)2 79.78 74.76 50.63 38.21 32.33 28.51
Ni(pyz)[Ni(CN)4] 67.63 70.89 68.35 61.50 56.01 52.25
MOF-604 59.53 59.93 53.29 44.59 38.92 34.99

Figure 4. CH4 working capacities for the ten selected
MOFs with highest limiting selectivities at 298 K.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The results in Figure 4 show that the two efficiency fac-
tors may have conflict for a given MOF, that is, a MOF with
high selectivity may show small working capacity; this is
particularly clear if we consider CUK-2 with highest limiting
selectivity as well as selectivities at various pressures among
the 10 MOFs shown in Table 1; however, it shows nearly
lowest working capacity at various working pressures. There-
fore, evaluations based solely on adsorption selectivity are
not enough to assess properly a PSA process, and a reasona-
ble evaluation must also consider the working capacity.
However, in the previous studies, only adsorption selectivity
was considered. Therefore, further studies taking into
account the two influencing factors are needed for practical
applications.

The CH4 working capacity between 0.3 and 0.05 MPa at
303 K were investigated in some traditional porous materi-
als, such as Coconut carbon, Coal carbon, 5A zeolite, Silica
gel, and Activated alumina,17 as shown in Table 2. To make
a comparison, the CH4 working capacities between 0.3 and
0.05 MPa in MOFs were also calculated, and the results are
listed in Table 2, taking CPL-2, MOF-604, ZIF-11, PCN-14,
ZIF-67, and PCN-10 as examples. Obviously, the MOFs ex-
hibit higher limiting selectivity on the condition of similar
working capacity (such as, CPL-2 and 5A zeolite), while
higher working capacity with similar limiting selectivity
(such as, PCN-14 and Coal carbon). It should be noted that
the limiting selectivity and working capacities at different
pressures was chosen to make a comparison because only
this set of experimental results for traditional materials can
be found in literature as far as we know.17 To make a more
reasonable comparison, the selectivity at the pressure work-
ing capacity was calculated was given in Table 3, where the
values for the traditional materials were taken from the liter-
ature.41 Similar conclusion can be obtained. These results
further indicate that MOFs are promising materials for CH4/
H2 separation using PSA process compared to other porous
adsorbents.

Conclusions

The large-scale computational study based on a diverse
collection of 105 MOFs shows that MOFs are promising
candidates for CH4/H2 mixture separation, which give
higher adsorption selectivity with similar working capacity
and higher working capacity with similar selectivity than
the traditional adsorbents such as carbonaceous materials
and zeolites. The new parameter, AD, defined in this
work shows strong correlation with the limiting selectivity
of CH4/H2 mixture in the 105 MOFs considered. The
results on the working capacities for the 10 MOFs with
highest limiting selectivity illustrate that the two effi-
ciency factors that describe a real PSA process may have
conflict, and a proper assessment of a PSA process
should consider the both factors. This work shows that
although MOFs are promising candidates for CH4/H2 mix-
ture separation, more investigations that consider the real
operating conditions applied in a PSA process should be
performed.
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