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• Ventilation Air Methane (VAM) is emit-
ted in low concentration 0.1–1%.

• CH4 capture could generate an addi-
tional energy source or a chemical feed-
stock.

• Temperature swing adsorption with
MOFs as adsorbents could separate the
methane.

• Specific surface area and open metal
sites are critical features for MOFs.

• Engineering aspects (shaping, pressure
drop) are still challenging.
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Ventilation Air Methane emissions (VAM) from coal mines lead to environmental concern because their high
global warming potential and the loss of methane resources. VAM upgrading requires pre-concentration pro-
cesses dealing with high flow rates of very diluted streams (<1% methane). Therefore, methane separation
and concentration is technically challenging and has important environmental and safety concerns. Among the
alternatives, adsorption on Metal-Organic Frameworks (MOFs) could be an interesting option to methane selec-
tive separation, due to its tuneable character and outstanding physical properties.
Most of the works devoted to the methane adsorption on MOFs deal with methane storage. Therefore, these
workswere reviewed to determine the properties governingmethane-MOF interactions. In addition, themetallic
ions and organic linkers roles have been identified. With these premises, decisive effects in themethane adsorp-
tion selectivity in nitrogen/methane leanmixtures have been discussed, since nitrogen is the most concentrated
gas in the VAM stream, and it is very similar to methane molecule.
In order to fulfill this overview, the effect of other aspects, such as the presence of polar compounds (moisture
and carbon dioxide), was also considered. In addition, engineering considerations in the operation of fixed bed
adsorption units and the main challenges associated to MOFs as adsorbents were also discussed.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Adsorption processes for methane recovery

Methane fugitive emissions from coalmining constitute a significant
contribution to greenhouse gases, even after exploitation closure
(Pavloudakis et al., 2020; Gao et al., 2020). Typically,methane is emitted
discontinuously through mining ventilation air in concentrations be-
tween 0.1 and 1% (Su et al., 2005). Theflow rates of ventilation airmeth-
ane (VAM) emissions vary fromalmost steady-state, through cycles that
follow mineral production rates, to the hazardous phenomena of gas
outburst or sudden large emissions (Szlazak et al., 2020). Around 70%
of the worldwide methane emissions from underground coal mines
consist of VAM from coal mine shafts (Borowski et al., 2020). In these
emissions, methane concentration is fixed by safety constraints. The
flammability limit for methane/air mixtures is between 5 and 15% of
methane. Therefore, within the limits, methane could explode, being
the explosion expanded in presence of combustible coal dust
(Erdogan et al., 2014). In addition to the safety risks, the environmental
concern is also remarkable since methane is a powerful greenhouse gas
(GHG). Methane global warming potential (GWP) is about thirty times
higher than that of carbon dioxide (Derwent, 2020). In this way, a study
about the environmental impact of mining exploitations, using both
carbon and ecological footprint, demonstrated that the most important
contribution to the environmental impact corresponds to the ventila-
tion of the gases generated in the shafts (Díaz et al., 2012).

Despite its importance, the removal of methane from VAM is still a
technological challenge. The most common practice is the combustion
of exhaust mining emissions (Shah et al., 2015; Qin et al., 2016). How-
ever, this technique has two important drawbacks, the requirement of
auxiliary fuel, and the low energy efficiency. In order to overcome
those drawbacks, it is possible either to implement catalytic combustion
or regenerative catalytic oxidation (RCO). The first has low energy con-
sumption and insignificant formation of noxious by-products such as
thermal NOx (Niu et al., 2019a). In the second case, the feed flow direc-
tion is periodically reversed, achieving an autothermal operation (Li
et al., 2017). Another possibility is to capture and utilize the stream,
generating an additional energy source (Oboirien et al., 2018; Singh
and Kumar, 2016), with better yields for higher methane concentration
in a rotary kiln or in a gas turbine combustion, or a chemical
feedstockfor ethylene or methanol manufacture through catalytic reac-
tions (Xie et al., 2018; Álvarez et al., 2020). Due to thementioned intrin-
sic features of these streams, diluted gases in large flowswith important
variations of concentration (Yin et al., 2020; Cluff et al., 2015; Zheng
et al., 2015; Baris, 2013), a previous concentration step is required
2

(Karakurt et al., 2011). The removal of nitrogen, carbon dioxide, oxygen
andwater from themain stream is needed to effectively concentrate the
methane of these emissions (Goraya et al., 2019). The challenge is to
separate methane (<1%) from a mixture of mainly nitrogen (78.1%)
and oxygen (20.9%), combined with high relative values of humidity
and traces of carbon dioxide (near 0.1%), at ambient temperature and
pressure with flowrates of even 45 m3/s (Fernández et al., 2016; Su
et al., 2008).

In general, the most important techniques for these separations are
absorption, membrane separation and adsorption. Absorption is a
mass transfer operation that uses specific solvents with different ab-
sorption capacities for different gas molecules. This operation is usually
employed in the removal of impurities, instead of in the concentration
of a minority compound. For example, natural gas sweetening, in
which adsorbents such as di-ethylene (DE) or tri-ethylene (TE) glycol
dimethyl ethers selectively remove carbon dioxide from the main
stream (Henni et al., 2006). Regarding membrane separation, the sim-
plest purificationway is to let selectively themethane pass through. Sat-
isfactory results have been achieved by this technique for both carbon
dioxide and nitrogen separations from methane (Anderson et al.,
2012; Lokhandwala et al., 2010). However, one of the most important
limitations of membrane technology is the scaling up of its modules,
since the pressure drop, and the module risk of damage are directly re-
lated to its size (Koc et al., 2013). Therefore, the large-scalemanufactur-
ing of selective membranes is still not technologically mature (Mi,
2019). Concerning the third proposed option, adsorption is one of the
major technologies that is promising for increasingmethane concentra-
tion in exhaust ventilation conducts, Fig. 1. This technique can achieve
the minimum methane required to operate, e.g., in a gas turbine. In
fact, Saleman et al. (2015) reached enrichments up to 51.3% of methane
from streams containing initially 2.4% of methane.

The typical adsorption equipment consists of a column packed with
an adsorbent material. At the adsorption stage, it is obtained a stream
enriched in themost weakly retained component. In this case, methane
is supposed to be one of the most strongly adsorbed components, so
subsequent desorption allows obtaining a methane enriched stream
Fig. 2. Occasionally, other individual separations of vapours and gases
(water, carbon dioxide, etc.) or particles (to avoid erosion, adsorbent
fouling, compressor damage and explosion risk) should be previously
implemented (Su et al., 2008). The most common possibilities for ad-
sorption/desorption processes at large scale are the swing adsorption
methods. These processes use a cyclic variation of temperature (tem-
perature swing adsorption, TSA) or pressure (pressure swing



Fig. 1. Simple methane enrichment technologies selection: a) absorption, b) membrane separation and c) adsorption.
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adsorption, PSA), alternating operation conditions between two or
more available beds. In TSA processes, desorption is performed by in-
creasing the temperature of the gas stream during the regeneration.
On the other hand, PSA cycles are carried out either by lowering the par-
tial pressures of the adsorbates or by reducing the total pressure by
flowing a portion of the product gas over the adsorbent (Li et al.,
2009). Usually, for gas purification processes inwhich the concentration
of the component of the gas stream to be removed is lower than 2%, TSA
is recommended (Yang, 2003; Ghoshal et al., 2002).

To reach its scope, the adsorption process profits the different affin-
ities of the multicomponent gaseous mixture components and the ad-
sorbent. Therefore, selected adsorbent materials are a key parameter
in the adsorption process. In fact, the main features of the adsorbents
can greatly influence the yield of the process both at large and small
scale. Among the different available adsorbent materials, inorganic mo-
lecular sieves and carbonaceous materials are the most common, being
reported several experiences of methane storage and separation from
other gases on these adsorbents (Kacem et al., 2015; Delgado et al.,
2007; Cavenati et al., 2004). In this way, Kim et al. (2013) have pub-
lished a comprehensive manuscript about methane separation from di-
luted and medium-concentrated sources on these materials.
Concerning the inorganic materials, the authors have researched exper-
imentally 190 samples and over 87,000 simulations ordered by crystal-
lographic structures, with the aim of looking for a material with
adequate structural characteristics for the methane separation [37].
For thesematerials, adsorption and selectivity are usually characterized
by steric effects, depending on the size of the adsorbate molecule and
the pore, and also by the cationic nature of the surface (Gholipour and
Fig. 2. Schematic figure of an adsorption unit. Alternatively, one bed is in adsorption (grey
line), whereas the other one is in regeneration mode (black line).
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Mofarahi, 2016). In general, adsorbate molecules with high quadrupole
moments are preferentially adsorbed if they fit in structural pores.
Hence, for methane separations from mixtures with low methane and
carbon dioxide concentrations in nitrogen (CH4/CO2/N2 = 1/1/98),
scarce structures were identified with CH4/CO2 separation ratios of 1.5
onwards. Therefore, inorganic materials are not optimal for methane
separation from carbon dioxide, since the strong interaction of carbon
dioxide molecule on the structural cations leads to poor selectivity
values. In addition, similarities between molecular size of methane
and nitrogen difficult to separate them through typical steric effects
(Ghazvini et al., 2021). Further, methane adsorption capabilities are
rather low (Kim et al., 2013; Javani et al., 2020). On the other hand, car-
bonaceousmaterials have also shown lowCH4/N2 selectivities for differ-
ent kinds of coal-based activated carbons, in addition to poor total
adsorption capacity results (Yi et al., 2013; Yuan et al., 2018; Zheng
et al., 2019). In general, the adsorption capacity of these materials de-
pends on the accessibility of the adsorbate to the porous structure,
due to their large specific surface area (Hou et al., 2020). Thesematerials
have shown larger adsorption capacity for carbon dioxide than for nitro-
gen, methane and oxygen (Esteves et al., 2008; Carrott et al., 2006). The
higher polarizability of CO2 promotes its adsorption. Then, some addi-
tional difficulties in the implementation of thesematerials for themeth-
ane separation could appear. These are mainly related to their fixed
structure, porosity and specific surface area of inorganic molecular
sieves and carbonaceous materials (Lin et al., 2017).

Therefore, the usual adsorbents present serious limitations in low-
concentrated methane adsorption and concentration. These materials
show low methane adsorption capacity compared to carbon dioxide,
and a very similar adsorption capacity compared to nitrogen. In addi-
tion, selectivity is mainly based on the molecular size differences,
which in case of methane and nitrogen is very low. In fact, many of
thesematerials require structuralmodifications for improving their per-
formance, which would greatly make the process more expensive
(Zhang et al., 2018; Wang and Yang, 2019). Due to these limitations,
the use of the materials known as Metal-Organic Frameworks (MOFs)
has emerged as an alternative for overcoming the previous problems.
The interest in these materials was initially focused on developing gas
storage systems for different purposes, such as hydrogen storage for au-
tomotive applications or carbon dioxide capture due to concerns over
greenhouse emissions (Sridhar and Kaisare, 2020). In the case of the
methane, as alternative to compressed natural gas, it consists of gas
storing as and adsorbed phase in a porous solid (Düren et al., 2004).
These materials are constituted by two main building blocks: a metal
ion or metal oxide and an organic linker. The structures formed by
thesematerials are diverse, sincemanydifferent combinations ofmetal-
lic ions and the organic linkers can be made. In addition, the variety of
linker molecules, whichmay be functionalized to introduce changes di-
rectly into the framework, offers the possibility of turning the host/
guest interactions and tailoring the materials rationally for a determi-
nate separation (Düren et al., 2004; Ghanbari et al., 2020). A vast

Image of Fig. 1
Image of Fig. 2


Fig. 3.Distribution ofmethane adsorbed onto HKUST-1 structure (Mason et al., 2014). The
arrows point towards the higher mass methane load in the structure.
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number of works have related the surface area, pore size, adsorption
heat, open metal sites and ligand functionalization with methane stor-
age performance (Zhou, 2010; Wu et al., 2009). Consequently, finding
the most effective features of MOFs for the storage and separation of
methane from diluted streams can be a turning point in the methane
emissions recovery process.

MOFs are then considered as an interesting alternative for methane
concentration from VAM emissions. In order to explore this possibility,
we will firstly discuss the mechanism of the methane adsorption on
these materials (using available data in methane storage). The charac-
teristics of the best materials will be described by families, in order to
determine the most suitable features for the adsorption of methane.
After this, the selectivity for methane adsorption in inert mixtures will
be studied, determining those factors limiting the adsorption perfor-
mance in gas mixtures. Finally, the effect of other reactive gases (such
as humidity or CO2) in the MOF performance and stability will be
discussed. In the last part of the review,wewill focus on the engineering
aspects linked to the use of MOFs as methane adsorbent in practical ap-
plications. Aspects as pressure drop or adsorbent conformation, very
scarcely treated in the open literature, will be considered at this point.

2. Adsorption of pure methane on MOF materials: insights from
methane storage

Adsorption is an equilibrium-limited process, in which the different
physical and chemical interactions between the adsorbent and the gas
stream components allow the gas separation or storage (Yang, 2003).
Therefore, in addition to convenient mechanical properties, both meth-
ane total adsorption capacity and its selective adsorption are decisive in
the adsorbent material selection. Besides, favourable adsorption kinet-
ics and high regenerability are desirable properties. These properties
are usually related to the specific surface area, pore size, material com-
position and the existence of preferential active sites for adsorption, in
addition to the surface characteristic polarity (Li et al., 2009).

From the point of view of methane-MOF interaction, MOFs present
two main sites for methane adsorption: 1) coordinatively unsaturated
metal ions (CUS), also called openmetal sites (OMS), in whichmethane
binds directly with themetallic ions of the structure through an electro-
static interaction, and 2) enhanced Van der Waals (VdW) potential
pockets, in which there is a much weaker interaction, mainly related
to the pore size (Zhou, 2010). These features lead to adsorption capaci-
ties largely higher than the corresponding to carbonaceous materials
and zeolites, being this difference more marked at mild conditions
(Rother and Fieback, 2013). The adsorption isotherms of MOFs usually
follow a type I trend, reaching saturation at high pressures. Dietzel
et al. (2009) presented the adsorption isotherms for different MOFs
and adsorbates, evidencing the existence of these two main adsorption
sites. Moreover, it is observed a decrease of the adsorption isosteric heat
once the open metal sites are fully saturated with methane. In this way,
Wu et al. (2010)) have described the two adsorption sites in the struc-
ture of different MOFs for methane adsorption (Fig. 3).

In recent years, many experiments and molecular simulations have
dealt withmethane and natural gas storage inMOFs. Themain objective
is to achieve a high density of methane at charge pressure, and be al-
most completely released at discharge pressure, thus boosting the
working capacity. Computational screening has enabled the study of
thousands of MOFs and suggested the existence of a physical limitation
on methane storage with a maximum working capacity of 200 cm3

(STP) cm−3 (Li et al., 2016a). Most of these experiments were devel-
oped at high pressures, with the uptake measured by two methods:
1) gravimetric, with a microbalance recording the change in weight of
a sample at different methane pressures, and 2) volumetric, with a
Sievert's equipmentmeasuring the pressure changewhen dosingmeth-
ane into a cell filled with the adsorbent [59]. In Table 1, a compilation of
MOFs is classified at intervals of pressure by total methane adsorption
capacity. For each one, information about their physical features, such
4

as specific surface area or open metal sites presence, as well as the
mechanism of methane adsorption, is collected. Subsequently, it is car-
ried out a family classification. Someof these features alongwith the ad-
sorption capacity will be very useful for selecting the best materials for
the gas separation process. The vast number of materials tested at pres-
sures equal or lower than 35 bar is due to that pressure is themaximum
achievable by a one-step compressor (Ramos-Fernández, 2014). There-
fore, a large number of experiments were performed to further extrap-
olation to higher pressures, trying to meet more easily DOE's objective:
350 cm3 (STP) cm−3 (Li et al., 2016b). In addition, it is possible to ob-
serve great discrepancies among adsorption capacities obtained for
the same materials and at similar conditions. At this point, it is impor-
tant to remark that both experimental, by different techniques, and sim-
ulated values are included. Likewise, Chowdhury et al. (2009) pointed
out that impurities or defects on the crystalline structure of MOFs
could be responsible of large differences in the adsorption behaviour,
being the point especially relevant since most of the reported MOFs
have been synthetized at small scale in the laboratory.

2.1. DUT MOFs

Four DUT (Dresden University of Technology)MOFswere presented
for methane adsorption at 298 K and different pressures. DUT-49, the
material with the highest methane adsorption capacity, is formed by a
carbazole derived and metallic ions of copper (Stoeck et al., 2012).
This material is an example of a pressure-amplifying material (Fig. 4),
which enhances methane adsorption capacity at high pressures
(Krause et al., 2018; Polyukhov et al., 2020). It presents a BET specific
surface area of 5480 m2/g and a total pore volume of 2.91 cm3/g
(Zhang et al., 2020). DUT-6, formed by metallic ions of zinc, presents a
high methane adsorption capacity at 100 bar. Its high methane adsorp-
tion capacity at high pressures is attributed to its mesoporous character,
combined with a high BET specific surface area of 2874m2/g and a total
pore volume of 2.02 cm3/g (Gedrich et al., 2010; Sahoo, 2016).

DUT-9 is formed by benzene-1,3,5-tribenzoate linkers and nickel
clusters. It has a BET specific surface area of 3400m2/g and two different
pore sizes (13 and 25 Å) (Gedrich et al., 2010). It presents a remarkable
methane adsorption capacity of 203 mg/g at 35 bar, which is attributed
to its high specific surface area and the presence of open metal sites in
its structure. In contrast, DUT-52, formed by the link of 2,6-
naphtalenedicarboxylate and metallic ions of zinc, presents a poor
total methane adsorption capacity at 40 bar, which is related to its low
BET specific surface area (1399 m2/g) and accessibility, with a pore
size of 8.6 Å (Krause et al., 2018). Therefore, these materials confirm

Image of Fig. 3


Table 1
Methane storage capacity at different pressures. Shaded areas facilitate the reading between pressures.

Adsorbent Uptake (mg/g) Pressure (bar) Temperature (K) Technique Reference

Al-BTC 139.2 200 303 Volumetric Knyazena et al. (2019)
DUT-49 308 110 298 Gravimetry Bon (2017)
DUT-6 230 100 298 Volumetric Gedrich et al. (2010)
MOF-177 221 100 298 Volumetric Saha et al. (2010)
DUT-9 188 100 298 Gravimetry Gedrich et al. (2010)
MOF-5 172 100 298 Volumetric Saha et al. (2010)
Mg-MOF-74 120 100 298 Volumetric Dietzel et al. (2009)
Ni-MOF-74 100 100 298 Volumetric Dietzel et al. (2009)
MIL-101(Cr) 239 80 298 Volumetric Llewellyn et al. (2008)
Al-soc-MOF-1 510 65 270 Simulation Li et al. (2016a)
Al-soc-MOF-1 420 65 298 Volumetric Alezi et al. (2015)
Al-soc-MOF-1 414 65 298 Simulation Li et al. (2016a)
MOF-210 410 65 298 Simulation Li et al. (2016a)
UTSA-76 263 65 298 Simulation Li et al. (2014a)
MAF-38 246.4 65 298 Simulation Li et al. (2018a)
HKUST-1 216 65 298 Simulation Li et al. (2016a)
Ni-MOF-74 148 65 298 Simulation Li et al. (2016a)
NU-111 320 60 298 Volumetric Peng et al. (2013)
NU-125 250 60 298 Volumetric Peng et al. (2013)
HKUST-1 200 60 298 Volumetric Peng et al. (2013)
PCN-14 180 60 298 Volumetric Peng et al. (2013)
UTSA-20 130 60 298 Volumetric Peng et al. (2013)
Ni-MOF-74 110 60 298 Volumetric Peng et al. (2013)
MIL-101(Cr) 122 50 303 Gravimetry Wiersum et al. (2013)
MIL-125(Ti) 116 50 303 Gravimetry Wiersum et al. (2013)
MIL-100(Fe) 104 50 303 Gravimetry Wiersum et al. (2013)
UiO-66 80 50 303 Gravimetry Wiersum et al. (2013)
MOF-177 170 40 298 Volumetric Furukawa et al. (2010)
UiO-67 83.2 40 298 Simulation Vandenbrande et al. (2017)
UiO-66 80 40 298 Simulation Vandenbrande et al. (2017)
DUT-52 76.8 40 298 Simulation Vandenbrande et al. (2017)
Mg-MOF-74 363 35 298 Volumetric Alonso et al. (2017)
Ni-MOF-74 283.4 35 298 Volumetric Alonso et al. (2017)
MOF-210 237 35 298 Volumetric Mason et al. (2014)
DUT-9 203 35 298 Volumetric Mason et al. (2014)
ZJU-5 200 35 298 Volumetric Mason et al. (2014)
NJU-Bai10 199 35 290 Volumetric Lu et al. (2013)
IRMOF-14 194 35 298 Simulation Düren et al. (2004)
PCN-16 190 35 298 Volumetric Mason et al. (2014)
IRMOF-14 186 35 298 Gravimetry Senkovska and Kaskel (2008)
HKUST-1 183 35 298 Volumetric Mason et al. (2014)
PCN-14 181 35 298 Volumetric Wu et al. (2009)
Cu-tbo-MOF-5 175 35 298 Volumetric Spanopoulos et al. (2016)
IRMOF-6 172 35 298 Gravimetry Senkovska and Kaskel (2008)
IRMOF-6 171 35 298 Gravimetry Ma and Zhou (2010)
IRMOF-1 165 35 298 Gravimetry Spanopoulos et al. (2016)
PCN-11 163 35 298 Volumetric Lovas et al. (2004)
IRMOF-993 160 35 298 Simulation Wu et al. (2009)
Mg-MOF-74 158 35 298 Volumetric Bao et al. (2011)
IRMOF-1 156 35 298 Simulation Wu et al. (2009)
UTSA-20 155 35 298 Volumetric Bao et al. (2011)
IRMOF-6 149 35 298 Simulation Wu et al. (2009)
Cu-BTC 144 35 298 Gravimetry Hamon et al. (2010)
Fe(bdp) 144 35 298 Volumetric Mason et al. (2015)
Ni-MOF-74 138 35 298 Volumetric Mason et al. (2014)
Co-MOF-74 135 35 298 Volumetric Mason et al. (2014)
MOF-5 133 35 298 Volumetric Wu et al. (2009)
HKUST-1 130 35 298 Volumetric Zhou (2010)
Co(bdp) 128 35 298 Volumetric Mason et al. (2015)
Zn2(BDC)2(dabco) 125 35 298 Volumetric Hamon et al. (2010)
IRMOF-991 121 35 298 Simulation Düren et al. (2004)
Mg2(dhtp) 118 35 298 Volumetric Wu et al. (2009)
MIL-53-Cr 114 35 304 Volumetric Zhou (2010)
Ni-MOF-74 113 35 298 Volumetric Zhou (2010)
Ni2(dhtp) 113 35 298 Volumetric Zhou (2010)
CuSiF6(4,4′-byp) 108 35 298 Gravimetry Senkovska and Kaskel (2008)
Co2(dhtp) 107 35 298 Volumetric Wu et al. (2009)
Mn2(dhtp) 105 35 298 Volumetric Wu et al. (2009)
Zn2(dhtp) 100 35 298 Volumetric Hamon et al. (2010)
IRMOF-0 96 35 298 Simulation Düren et al. (2004)
IRMOF-992 92 35 298 Simulation Düren et al. (2004)
MOF-205 120 20 298 Simulation Tahmooresi and Sabzi (2014)
MOF-177 100 20 298 Simulation Tahmooresi and Sabzi (2014)
MIL-125(Ti) 84 20 303 Gravimetry Wiersum et al. (2013)

(continued on next page)
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Table 1 (continued)

Adsorbent Uptake (mg/g) Pressure (bar) Temperature (K) Technique Reference

MOF-210 80 20 298 Simulation Tahmooresi and Sabzi (2014)
MOF-200 80 20 298 Simulation Tahmooresi and Sabzi (2014)
MOF-5 70 20 298 Simulation Tahmooresi and Sabzi (2014)
Mg-MOF-74 93 10 298 Simulation Becker et al. (2017)
Zn-MOF-74 77 10 298 Simulation Becker et al. (2017)
Co-MOF-74 64 10 298 Simulation Becker et al. (2017)
Ni-MOF-74 64 10 298 Simulation Becker et al. (2017)
Ni-MOF-74 60 4 298 Volumetric Dietzel et al. (2009)
Mg-MOF-74 50 4 298 Volumetric Dietzel et al. (2009)
Basolite F300 110 1 130 Gravimetry Sun et al. (2014)
HKUST-1 30.4 1 298 Volumetric Wu et al. (2015)
Mg-MOF-74 28.8 1 278 Volumetric Deng (2011)
Ni-MOF-74 20.4 1 298 Gravimetry Li et al. (2014b)
Mg-MOF-74 17.6 1 298 Volumetric Deng (2011)
HKUST-1 16 1 278 Volumetric Wu et al. (2014)
Mg-MOF-74 16 1 298 Volumetric Deng (2011)
HKUST-1 14.4 1 288 Volumetric García et al. (2016)
HKUST-1 12 1 278 Volumetric Wu et al. (2014)
HKUST-1 11.2 1 298 Volumetric García et al. (2016)
MIL-53 11.2 1 278 Volumetric García et al. (2016)
MIL-53 9.6 1 288 Volumetric García et al. (2016)
Mg-MOF-74 9.6 1 318 Volumetric Deng (2011)
MOF-177 9 1 298 Volumetric Saha et al. (2010)
UTSA-16/GO 8 1 296 Volumetric Szczęśniak et al. (2018)
HKUST-1 6.4 1 323 Volumetric García et al. (2016)
MIL-53 6.4 1 298 Volumetric García et al. (2016)
ZIF-8 6.4 1 278 Volumetric García et al. (2016)
ZIF-8 4.8 1 288 Volumetric García et al. (2016)
Fe(bdp) 4.8 1 273 Volumetric Mason et al. (2015)
Fe(bdp) 4 1 285 Volumetric Mason et al. (2015)
ZIF-90 3.5 1 303 Simulation Phuong et al. (2016)
Fe(bdp) 3.2 1 298 Volumetric Mason et al. (2015)
Co(bdp) 3.2 1 273 Volumetric Mason et al. (2015)
MIL-53 3.2 1 323 Volumetric García et al. (2016)
ZIF-8 3.2 1 278 Volumetric García et al. (2016)
Co(bdp) 2.4 1 285 Volumetric Mason et al. (2015)
MOF-5 2 1 298 Volumetric Saha et al. (2010)
Co(bdp) 1.6 1 298 Volumetric Mason et al. (2015)
ZIF-8 1.6 1 323 Volumetric García et al. (2016)
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that, at high pressures, high specific surface area materials and pore ac-
cessibility ensure the good behaviour as methane adsorbent.

2.2. Metal azolate frameworks (MAFs)

In this case, the same statement is applicable as for the DUT MOFs.
MAF-38 is a metal azolate framework conformed by metallic zinc ions,
and 4-(1H-pyrazol-4-yl)pyridine and 1,3,5-benzenetricarboxylic acid
as organic ligands, Fig. 5. Although its methane adsorption capacity
(246.4mg/g) at 65 bar is considerable (SBET= 2229m2/g), it is in an in-
termediate position to MOF-210/UTSA-76 and Ni-MOF-74,
Fig. 4. Structure of DUT-49 in open and closed pore states: op and cp, respectively
(Polyukhov et al., 2020). Cu, blue; O, red; C, grey.
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characterized by its high density of open metal sites (Li et al., 2018a).
Thus, its reduced pore sizes (6.2 and 8.6 Å) and total pore volume
(0.808 cm3/g) could reduce its adsorbent potential (Lin et al., 2016).

2.3. Zn4O based MOFs

This group of MOFs is one of the most important, in terms of the
number of materials, including the isoreticular metal-organic-frame-
works (IRMOFs). The IRMOF structure is made of Zn4O tetranuclear
clusters connected by rigid dicarboxylic linkers to create a cubic frame-
work, with square channels, which are connected in the three dimen-
sions (Xiong et al., 2010; Wong-Foy et al., 2006), Fig. 6. MOF-210, with
biphenyl-4,4′-dicarboxylate as organic linker, presents a BET specific
surface area of 6240 m2/g and a maximum pore size of 48.3 Å, with an
aperture pore of 26.9 Å (Furukawa et al., 2010). This specific surface
area is one of the largest surfaces ever reported for a crystallinematerial
[73]. In addition, MOF-177 is formed by benzene-1,3,5-tribenzoate as
organic linker, and presents a BET specific surface area of 4630 m2/g,
with a pore size of 12.7 Å (Saha and Deng, 2010a; Saha and Deng,
2010b). The great adsorption capacity of MOF-177 at 100 bar, 221 mg/
g, remarks the role of surface area in methane storage at high pressures
(Saha and Deng, 2010a).

Following the order of Table 1, IRMOF-14, with pyrene-2,7-
dicarboxylate molecule as organic linker, presents one of the highest
methane uptakes, attributed to its BET specific surface area of 4923
m2/g and a pore size of 14.7 Å (Yang et al., 2012). IRMOF-6 and
IRMOF-1, also called MOF-5, exhibit decreasing surface areas of 3025
m2/g (Zhang et al., 2018; Vandenbrande et al., 2017) and 3100 m2/g
(Kaye et al., 2007), respectively, as well as decreasing pore volume, 9.1

Image of Fig. 4


Fig. 5. Large quasi-cuboctahedral cage of MAF-38 (Lin et al., 2016). Zn, violet; C, grey; N,
blue; O, red.

Fig. 7. Relationship between morphological properties and methane adsorption capacity
at 35 bar for different MOFs.
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Å (Zhang et al., 2018; Vandenbrande et al., 2017) and 10 Å [104]. Addi-
tionally, Cu-tbo-MOF-5, a modification of IRMOF-1, was synthetized
with the aim to improve methane storage (Spanopoulos et al., 2016),
from 165 to 175 mg/g at 35 bar and 298 K. Also in this group, and
with more reduced adsorption values, there are other materials that
have in common its lower specific surface areas and reduced accessible
pore diameters, conditioning in this way the methane uptake at these
conditions. IRMOF-991, with ethinedicarboxylate as organic linker, pre-
sents a BET specific surface area of 3179 m2/g and a pore size of 11.7 Å.
IRMOF-993, with anthracene-9,10-dicarboxylate (ADC) as organic
linker [105], presents a BET specific surface area of 1529 m2/g and a
pore size of 6.3 Å. This last material keeps a relevant methane uptake
Fig. 6. Structure of IRMOF-1 (Kaye et al., 2007). The structure is common for the rest of the
materials of the group.
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due to the increment of the number of interaction sites and the reduc-
tion of the pore size near to the optimum value (Düren et al., 2004).
Contrary, IRMOF-0, with a BET specific surface area of 1994 m2/g and
pore sizes of 8.5 and 9.7 Å and IRMOF-992, with 1381m2/g and 11 Å, re-
spectively, have the poorest results [51], being attributed to the reduc-
tion of carbon atoms per cavity, which decrease the number of
available active centers [51].

Fig. 7 shows a direct relationship between the morphological prop-
erties of Zn4O basedMOFs and their adsorption capacity at 35 bar. Con-
sequently with previous discussions, at high pressures, methane total
adsorption capacity increases with both specific surface area and pore
size.

At 20 bar of pressure, most of the MOFs summarized in Table 1 be-
long to this group. As it is observed, methane adsorption capacity de-
creases significantly to values between 120 and 70 mg/g. MOF-205,
with 2,6-naphtalenedicarboxylic acid as organic linker, exhibits a BET
specific surface area of 4460 m2/g and a pore size of 30 Å (Furukawa
et al., 2010), what could be causing the highest adsorption capacity at
these conditions. In the same way, MOF-200, formed by 4,4′,4″-(ben-
zene-1,3,5-triyl-tris(ethyne-2,1-diyl)) tribenzoate as organic linker,
presents a BET specific surface area of 4530 m2/g and a pore size of 28
Å [73], with an adsorption capacity identical to MOF-210.

2.4. Square-octahedral (soc) based MOFs

MOFs based on the square-octahedral (soc) topology are expanded
isoreticular structures (Alezi et al., 2015), and present themaximum ca-
pacities at 65 bar. Among them, Al-soc-MOF is formed by
carboxyphenyl derived linkers and metallic ions of aluminium (Fig. 8).
It has more than 2 cm3/g of total pore volume and a BET specific surface
area of 5585 m2/g (Alezi et al., 2015; Wang et al., 2020). The structure
encloses cubic-shaped cages of 14.3 Å, and exhibits either enhanced

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7


Fig. 8. Structure of Al-soc-MOF-1 (Alezi et al., 2015).
Fig. 9. Structure of NU-125 (Farha et al., 2012). C, grey; H, white; O, red; N, blue; Cu, cyan.
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volumetric or gravimetric uptake equilibrium [68], with a strong influ-
ence of the temperature for constant pressures.

Alezi et al. (2015) aimed that this material exhibits a pore size near
to the optimum for methane adsorption at high pressure. The same au-
thors have done experiments maintaining the Al-soc-MOF platform,
varying the MOF number (MOF-1,2,3). MOF-1 resulted the material
with the highest BET specific surface area and the highest uptake capac-
ity, surpassing at certain pressures DOE's objective. Therefore, the high
capacity of this material at high pressures, even above other materials
with a larger specific surface area, reveals that the total pore volume
and the pore size are also very influential parameters in the adsorption.

2.5. NU-MOFs

The NU-MOFs (Northwestern University) series belong to rht-
type‑copper-hexacarboxylate frameworks. These materials arose from
the search for greater adsorption capacitywithout compromising stabil-
ity. NU-111 presents four different pore sizes (14, 17, 19 and 24 Å),
which together with its large BET specific surface area (6140 m2/g),
make it an excellent adsorbent (Farha et al., 2012). Another NU-MOF,
NU-125 (Fig. 9), formed by the link of hexacarboxylic acid and metallic
ions of copper (Fig. 9), presents a BET specific surface area of 3105m2/g
and good adsorption values at very low temperatures (Wilmer et al.,
2013). These materials confirm the previously exposed theory, they
are the best materials at 65 bar due to their high specific surface area.
In addition, NU-111 presents about 50% more specific surface area
than NU-125, which corresponds to an increase in methane adsorption
capacity of 22% at 65 bar (Peng et al., 2013).

2.6. MIL-MOFs

MIL-MOFs (Materials Institute Lavoisier) are formed by terephtalic
acid and different metallic ions with many possible combinations,
Fig. 10. All the materials reported from this group presented similar up-
take capacities despite its different structure.MIL-101(Cr) has a pore di-
ameter of 16 Å and a BET specific surface area of 4000m2/g (Zhao et al.,
2015). This material presents terminal water molecules connected to
the octahedral trinuclear Cr(III)3O building units, creating potential
Lewis acid sites, which conferees remarkable stability towards water
(Hwang et al., 2008; Hong et al., 2009; Liu et al., 2013).

On the other hand, MIL-125(Ti) has titanium as metallic ions, a BET
specific surface area of 1469m2/g and aminimumpore size of about 6 Å
8

(Rahmani et al., 2018; Ramsahye et al., 2014). MIL-100(Fe) has iron as
metallic ions, and a BET specific surface area of 1500 m2/g (Tan et al.,
2015). It presents two sets of mesoporous cages that are accessible
through microporous windows of 5.5 and 8.6 Å (Dhakshinamoorthy
et al., 2012). These results evidence the dominant role of surface area
and pore volume in the methane adsorption capacity, as Lee et al.
(2009) have demonstrated for these materials. The same authors
remarked that MOFs should have high porosity for being applied as
methane adsorbents.

2.7. UiO-MOFs

UiO-MOFs (Universitetet i Oslo) are made of Zr6O4(OH)4 clusters.
UiO-66 consists of a cubic framework with a BET specific surface area
of 1100 m2/g and pores of 10 and 7 Å. It is one of the adsorbents most
widely used, due to its high chemical and thermal resistance
(Ahmadijokani et al., 2020). UiO-67 presents biphenyl-4,4′-
dicarboxylate organic linkers, a BET specific surface area of 2583 m2/g
and pores of 23 and 11.5 Å (Rahmani et al., 2018; Katz et al., 2013;
Øien-Ødegaard et al., 2016). Similarly to MIL-MOF structures, UiO-
MOFs present large octahedral and small tetrahedral pores (Fig. 11).
Likewise, a significant amount of zirconium Lewis acid sites were ob-
served on these materials (Ramsahye et al., 2014). These characteristics
provide excellent thermal, chemical and mechanical stability to these
structures.

Cavka et al. (2008) and Al-Jadir and Siperstein (2018) have studied
the influence of thepore size andBET specific surface area on the perfor-
mance of the UiO MOFs. It was observed that methane adsorption ca-
pacity is governed by the specific surface area, in agreement with
previous observations at high pressures. In addition, it was concluded
that the effect of the organic linker on macroscopic properties, such as
pore size, is negligible at low pressures, becoming evident at higher
ones.

2.8. M-MOF-74

These materials are formed by the link of 2,5-dihydroxyterephthalic
acid as organic linker and different metallic ions. These MOFs exhibit a
honeycomb-type structure in which the metal cations occupy the cor-
ners of hexagons formed by the organic linker (Fig. 12). The difference

Image of Fig. 8
Image of Fig. 9


Fig. 10. Structure of MIL-MOFs (A: MIL-53(Al), B: MIL-68(Al)) (Embrechts et al., 2020).
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in metallic ion (Mg, Ni, Zn, Mn, Co) can influence themorphology of the
material, varying, e.g., from around 1500 m2/g for Mg-MOF-74 to 500
m2/g for Zn-MOF-74 (Glover et al., 2011). The pore size is about
11–12 Å, conditioning in this way their applications (Valvekens et al.,
2014). In addition, the strength of the Lewis acid sites ofMOF-74, arising
from the presence of openmetal sites, decreases in the order:Mg-MOF-
74>Ni-MOF-74> Co-MOF-74> Cu-MOF-74 (Cabello et al., 2016). This
order is not the same in case of the concentration of open metal sites,
which is between 2.9 and 3.4 mmol/g: Ni-MOF-74 > Co-MOF-74 >
Mg-MOF-74 > Cu-MOF-74 [127]. Therefore, it is observed that, at low
pressures, the concentration of openmetal sites takes more importance
than its strength, since Ni-MOF-74 presents higher methane adsorption
capacity values than Mg-MOF-74. In addition, the presence of open
metal sites provokes that the one-dimensional channels of the structure
are easily filled with water, which can be removed by a mild thermal
treatment (Bonino et al., 2008).

These results point out the strong impact of the metal site since the
order in the adsorption capacity is not possible to be explained just by
the morphology. For example, MIL-125(Ti), with a similar specific sur-
face area thanMg-MOF-74, presents slightly lower adsorption capacity.
Although the accessibility of MIL-125(Ti) is favoured, with a medium
pore aperture of 69.8 Å versus to 11 to 12 Å for Mg-MOF-74, its higher
strength and concentration of open metal sites make a difference
(Cabello et al., 2016). Likewise, a decrease in the adsorption pressure
from 10 to 4 bar just reduces in a 6% the methane uptake for Ni-MOF-
Fig. 11. Structure of UiO-66 (Lázaro et al., 2020). Zr, light blue.
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74, whereas in case of Mg-MOF-74, this reduction value increases to
35%. Therefore, it is again demonstrated that the methane adsorption
at reduced pressures is specially favoured by the concentration of
openmetal sites, instead of by its strength. In fact, openmetal sites con-
centration at room temperature for Ni-MOF-74 is around 3.5mmol/g for
Ni-MOF-74, and 3 mmol/g for Mg-MOF-74 (Cabello et al., 2016; He
et al., 2014).

2.9. PCN-MOFs

PCN-MOFs (Porous CoordinationNetwork) is a sub-group formed by
the link of different organic ligands and copper asmetallic ions (Fig. 13).
PCN-16 presents a NbO-type structure designated as theα-phase, a BET
specific surface area of 2273 m2/g and a pore size of 11 Å (Sun et al.,
2010). On the other hand, PCN-14, with dinuclear Cu2(CO2)4
addlewheel clusters, presents open metal sites that intensify the ad-
sorption of gas molecules (Lucena et al., 2011). Copper metallic ions
are linked by 5,5′-(9,10-anthracenedyil)diisophthalate (Mason et al.,
2014). It has a BET specific surface area of 1984 m2/g and a pore size
of 8.3 Å. For a long time, it was one of the best materials for methane
storage, so it was studied widely in several manuscripts (Peng et al.,
2013; Ma et al., 2008). Finally, PCN-11 contains trans-stilbene-
3,3′,5,5′-tetracarboxylate as organic linker. It has a BET specific surface
area of 1931 m2/g and a pore size of 12.5 Å [58]. These materials follow
the same rule at high pressures as those discussed above. In this case, at
35 bar, the order of adsorption capacity is the same as the BET specific
surface area.
Fig. 12. Structure of M-MOF-74 (Wang et al., 2014).

Image of Fig. 10
Image of Fig. 11
Image of Fig. 12


Fig. 13. Structure of PCN-14 (Pham et al., 2016). C, cyan; H, white; O, red; Cu, tan.
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2.10. Basolite MOFs

Basolite is the commercial name of different adsorbent materials
commercialized by BASF. Al-BTC, commercially available under the
name Basolite A520, is formed by trimesic acid (1,3,5-
benzenetricarboxylic acid) as organic linker and aluminium metallic
ions. The structure presents a significant pore volume (0.59 cm3/g)
and a BET specific surface area of 1422 m2/g, in addition to a large vol-
ume of mesopores of 50 Å (Knyazena et al., 2019). HKUST-1, also called
Basolite C300, is formedby trimesic acid and coppermetallic ions. It pre-
sents a BET specific surface area of 2100m2/g and a structurewith small
cages of 4, 10 and 11 Å (Peng et al., 2013). After removal of the axial
water molecules typically linked to the structure, the copper atoms
Fig. 14. Paddle-wheel unit of HKUST-1 (Kokçam et al., 2020).
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become coordinatively unsaturated for binding other gas molecules
(Ghazvini et al., 2021). Only the cube-octahedral cage has open copper
coordination sites into the pore (Fig. 14) (Kokçam et al., 2020). Simi-
larly, Fe-BTC, also called Basolite F300, is formed by iron ions and
trimesic acid. It has a BET specific surface area of 1600 m2/g and a
pore size of 21.7 Å (Dhakshinamoorthy et al., 2012), and presents avail-
able iron metal sites for methane adsorption. On the other hand, ZIF-8,
also called Basolite Z1200, is a zinc-based material, with a BET specific
surface area of 1947 m2/g and a pore size of 3.4 Å (Park et al., 2006).
As seen in the compilation, these materials follow the same previously
described rule: the open metal sites enhance the adsorption capacity
at low pressures, whereas the limited specific surface areas, in compar-
ison to other MOFs, cause poor yields at high pressures. Likewise, ZIF-8,
with narrow pore size of difficult accessibility, is one of the worst mate-
rials of the list.

2.11. UTSA MOFs

UTSA-20 (University of Texas San Antonio) is formed by
triylhexabenzoic acid andmetallic ions of copper. It presents amoderate
BET specific surface area of 1150 m2/g. The structure is formed by two
different types of one-dimensional channels: one formedby rectangular
pores (3.4 × 4.8 Å) and another cylindrical of 8.5 Å, with high density of
open metal sites (Guo et al., 2011). On the other hand, UTSA-16, which
is formed by the link of cobalt citrate and potassium ions, has a BET spe-
cific surface area of 687m2/g, and a pore size of 33 Å (Fig. 15). Its scarce
surface available reduces considerably themethane uptake. However, it
presents an impressive CO2/CH4 selectivity, with a ratio of 114.4
(Masala et al., 2016).

UTSA-76 is formed by metallic ions of copper and the semi-rigid or-
ganic linker H4L. It presents a BET specific surface area of 2820m2/g and
pore volume of 1.09 cm3/g (Li et al., 2014a). In this case, despite the high
density of open metal sites present in UTSA-20, at high pressures, the
much larger specific surface area shown by UTSA-76 enhances the
methane adsorption capacity.

2.12. Other MOFs

In addition to the families presented above, other MOFs have been
included in Table 1. Two structures with copper as metallic ion present
values ofmethane adsorption capacity, at 35 bar, around 200mg/g, NJU-
Bai10 (Nanjing University Bai's Group) and ZJU-5 (ZhejiangUniversity),
both also with pyridine-derived organic linkers. The former has a BET
specific surface area of 2883 m2/g, and three different pore sizes (11,
13 and 7 Å) (Lu et al., 2013). In addition, the latter has a BET specific sur-
face area of 2823 m2/g and it is characterized by its Lewis basic pyridyl
sites and its suitable pore space (10.5 Å) (Rao et al., 2013). As seen, at
high pressures, materials with similar BET specific surface area and
pore size, present similar methane uptake capacities.

On the other hand, CuSiF6(4,4′-byp) presents copper as metallic ion,
and an adsorption capacity of around 100 mg/g at high pressures. Its
lower adsorptive capacity can be attributed to the low BET specific sur-
face area (1100m2/g) (Li et al., 2018a). Finally, concerning ZIF-90, it is a
zinc based MOF. It possesses a BET specific surface area of 1270 m2/g
and a pore size of 3.5 Å (Nosike et al., 2020). Its lowmethane adsorption
capacity may be due to its narrow pore size.

2.13. Other materials

Other materials were tested for methane adsorption, under similar
conditions, with the aim of comparison. Following the pressure order,
zeolite 5A has presented an uptake capacity of 144 mg/g at 100 bar
and 298 K (Saha et al., 2010; Alonso et al., 2017), and 99.2 mg/g at
50 bar and 302 K (Wiersum et al., 2013). This material presents a pore
size similar to the size of the methane molecule, which eases the ad-
sorption process (Triebe et al., 1996). Here, it is pointed out a great

Image of Fig. 13
Image of Fig. 14


Fig. 15. Structure of UTSA-16 along x-axis (Masala et al., 2016). C, grey; H, white; O, red;
Co, light blue for tetrahedral Co2+ and violet for octahedral Co2+, K, yellow.

Fig. 16. Relation betweenmethane uptake and BET specific surface area depending on the
presence of open metal sites in the structure. A: 35 bar, B: 1 bar.
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difference on the adsorption process between zeolites andMOFs. In the
former, the adsorption could occur until filling the pore, whereas in the
latter, it occurs a stronger interactionwithmetal centers combinedwith
Van derWaals forces, or only Van derWaals forces in case of absence of
open metal sites (Becker et al., 2017).

Kizzie et al. (2014), working with a porous polymer network (PPN),
PPN-4, have observed an uptake of 150 mg/g at 50 bar and 298 K. The
good properties of PPN: high adsorption capacity, low cost, ease of pro-
cessing and high thermal stability (Lu et al., 2010), are just limited by
the specificity of the interaction, which could limit their subsequent ap-
plication for selective separations. Likewise, Alonso et al. (2017) raised
the use of activated carbon, with an uptake of 224 mg/g at 47 bar and
298 K, whereas Wiersum et al. (2013) proposed the NaX zeolite, with
an uptake of 56 mg/g at 40 bar and 303 K. Furukawa et al. (2010), in a
compilation about covalent organic frameworks (COFs), organic linkers
held together by boron oxide clusters by means of covalent bonds, offer
very different adsorption capacities (Liu et al., 2010). In this way, COF-
102, with an adsorption capacity of 187 mg/g at 35 bar and 298 K, pre-
sents the best performance. Likewise, mesoporous materials, such as
MSM-41, have demonstrated poorer results at the same conditions: 41
mg/g (Wu et al., 2009).

2.14. Suitable features for methane adsorption

From the reviewed data, it is deduced that pure methane adsorption
in MOFs upon 60 bar and 270 K is mainly proportional to the specific
surface area and pore volume, whereas other features are less relevant.
In the 40–60 bar range, the influence of the available surface area and
pore volume is also significant, although the surface chemistry becomes
more important. In the 30–40 bar interval, a change of the key factor is
observed: add to the high surface area, the presence of openmetal sites
(main contributors to Lewis acidity), as well as metal atoms density
within the cavity, contribute to enhance the methane uptake. This
trend is more evident at atmospheric pressure. The positive influence
of the concentration of active sites versus the strength of its interaction
being also evident. In fact, the interaction strength decreases the ad-
sorption capacity and hinders the subsequent desorption. Besides, the
size of the cavities in which adsorption occurs and the size of the adsor-
batemolecule should be as close as possible, to increase the relevance of
Van der Waals forces. Fig. 16 shows the influence of the surface area of
the MOFs in the methane uptake. At atmospheric pressure, a clear
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benefit of the presence of open metal sites is observed for methane ad-
sorption, especially for MOF-74 and HKUST-1.

From the point of view of operation, in addition to a high adsorption
capacity, it is desirable that the adsorbent is easily regenerable. In TSA
configuration, where thermal regeneration occurs, it is convenient
that low temperatures increments promote adsorbate desorption. At
this point, Fig. 17 shows the appropriate behaviour of Mg-MOF-74, for
which an increment of 20 K decreases in a 40% the methane storage.
Its high concentration of open metal sites – instead of the strength – is
determinant for the methane uptake and regeneration process. Similar
reduction percentage (40%) is observed for the MIL-53 structure, but
for a lower methane uptake value. In the case of HKUST-1, the material
with the largest methane adsorption capacity at atmospheric pressure,
the uptake reduction is around 30%. Therefore, here it is shown that
the selection of adsorbent requires taking into account not only the ad-
sorption capacity at the working conditions, but also the ease of
regeneration.

3. Methane adsorption in gas mixtures

The scope of the previous section about pure methane adsorption
was studying MOF properties determining methane adsorption perfor-
mance: pure methane adsorption data provide information about the
maximum adsorption capacity. However, diluted methane streams
also require the study of selective adsorption from a multicomponent
mixture (Tagliabue et al., 2009). In the case of VAM,methane separation
fromnitrogen is challenging because of the physicochemical similarities
between methane and nitrogen molecules (Table 2). The dominant
presence of nitrogen and the similarmolecular radiuswithmethane, re-
quire a separation based on the different affinities between both mole-
cules to the adsorbent. Open metal sites act as the primary adsorption

Image of Fig. 15
Image of Fig. 16


Fig. 17.Methane uptake profilewith temperature for adsorption at 1 bar for differentMOF
structures. ZIF-8 (filled blue circles), MIL-53 (filled orange triangles), HKUST-1 (filled grey
rhombus), Mg-MOF-74 (filled yellow squares), Co(bdp) (black flakes), Fe(bdp) (empty
green circles).
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site for methane. However, a strong interaction of adsorbate on these
sites will avoid methane desorption, therefore, the work capacity will
decrease while a higher desorption temperature will be required.

Similarly to the previous section, Table 3 summarizes the scarce
works dealing with methane selective adsorption on MOFs from mix-
tures with nitrogen at low pressures. The first materials presented in
Table 3 were either specifically synthesized for methane‑nitrogen sepa-
rations, or typical MOFs tailored with the same purpose. Al-CDC is
formed by the link of trans-1,4-cyclohexanedicarboxylic acid andmetal-
lic ions of aluminium. It presents a BET specific surface area of 380m2/g
and a pore size of 5.4 Å (Chang et al., 2020). The presence of a specific
zone for methane adsorption in the structure increases the selectivity
over nitrogen. In addition, the open metal sites promote the high ad-
sorption capacity at low pressures even with a low specific surface
area [148]. Li et al. (2018b) synthesized an ultramicroporous MOF
with a BET specific surface area of 75.6 m2/g and pore dimensions of
4.1 × 4.3 Å, Co3(C4O4)2(OH)2. It is formed by enhanced negative oxygen
binding sites, which add to high methane selectivity, it shows a low
methane uptake.

In the structure, both molecules interact with the framework
throughmultiple VanderWaals interactions, O↔H-C in case ofmethane
and N↔O for nitrogen. The higher selectivity to methane is due to the
more suitable pore size and the higher polarizability of the molecule
(Li et al., 2018b). It is remarkable that the absence of important coulom-
bic forces, due to the absence of open metallic sites, enhances the Van
der Waals forces, which improves the separation efficiency, but de-
creases the total adsorption capacity.

Cu-MOF is a modification of the Basolite C300 (HKUST-1) with a
distorted structure. This material presents a BET specific surface area
of 110 m2/g and pore sizes of 7 and 5 Å (Chang et al., 2019). In this
case, the copper openmetal sites are not exposed [150]. This disposition
leads to two new types of micropores. The link distance of methane and
Table 2
Properties of the different molecules present in a VAM stream (Lovas et al., 2004).

Compound Molecular diameter (Å) Dipole moment (D) Polarizability (Å3)

CH4 3.82a 0 2.448
N2 3.65b 0 1.710
CO2 3.33c 0 2.507
O2 3.47b 0 1.562
H2O 2.80d 1.855 1.501

a Bao et al. (2011).
b Niwa et al. (1991).
c Anderson et al. (2012).
d Bunker (1994).
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nitrogen with these micropores is lower for methane, indicating a
higher attraction. As previously, the Van derWaals forces ensure the se-
lectivity; however, both the low specific surface area and the absence of
openmetal sites, lead to lowmethane adsorption capacities. In addition,
ATC-Cu is synthetized by 1,3,5,7-adamantane tetracarboxylic acid as or-
ganic linker and copper as metallic ions. It possesses a BET specific sur-
face area of 600 m2/g and 0.23 cm3/g of total pore volume. The
arrangement of the atoms forms two cavities in which methane is
adsorbed: 4.4 × 5.4 Å and 3.5 Å (Niu et al., 2019b). In this material,
both attractive forces have an important role, since it has two zones
for the adsorption of methane with very high adsorption enthalpies. In
fact, selectivity and adsorption capacity are two of the highest of all
the materials compiled. Other material is Cu(INA)2, which consists of
isonicotinic acid and metallic ions of copper. It presents a BET specific
surface area of 251.8 m2/g and a total pore volume of 0.12 cm3/g. Its
pores are rectangular channels of 4.7 Å (Hu et al., 2016). In this case,
equal than for Co3(C4O4)2(OH)2, Van der Waals forces have more im-
portance, increasing the selectivity ratio. Finally, Kim et al. (2020) dem-
onstrated that the incorporation of functional groups with high
polarizability can enhance the methane uptake and the selectivity. It is
the case of UiO-66, with the addition of Br2. It presents a BET specific
surface area of 622 m2/g and a pore size between 7 and 8 Å. It presents
a high desorption improvement in comparison with pristine UiO-66.
This knowledge about the main characteristics in order to tailor the
MOFs to improve methane separation was used by several authors to
selectively separate methane from very diluted streams. For example,
Chanajaree et al. (2019)) and Li et al. (2014c) have done Monte Carlo
simulations for methane separation on ZIF MOFs. In case of a stream
with 10% of methane in nitrogen at 298 K and atmospheric pressure, it
was achieved a selectivity of 4.1 for the ZIF-78 MOF [157].

Concerning materials already described in methane storage section
(Ni-MOF-74, Mg-MOF-74, MIL-100(Cr), HKUST-1 and MIL-100 V), the
adsorption mechanisms are really similar, that is, the interaction be-
tween the adsorbate molecules and the open metal sites of the adsor-
bent (Li et al., 2014b). MOF-5 and MOF-177 adsorption is based
mainly on its high BET specific surface area values in absence of open
metal sites. Fig. 18 shows as the highest uptake capacities are for mate-
rials with open metal sites, whereas the highest selectivities are more
related with pore size and the existence of specific zones for methane
adsorption. Therefore, at low pressures, the pore size and the presence
of both adsorptive forces (coulombic and Van der Waals) are more im-
portant than the BET specific surface area or total pore volume. There-
fore, to achieve an efficient methane/nitrogen separation, materials
must be designed with a pore size adjusted to the adsorbate, with the
presence of not very strong open metal sites and with cavities in
which Van der Waals forces are generated between the oxygen of the
structure and the four hydrogens of the methane molecule.

4. Effect of other components of the emissions on MOF adsorption
properties

The comparison of the properties of the main VAM components,
shows that all the molecules are non-polar, except water, and that car-
bon dioxide has the highest polarizability (Table 2). Concerning water,
the presence of open metal sites hinders the performance of these ma-
terials in presence ofmoisture (Wang et al., 2019). Differentworks have
obtained results that indicate that materials with highmetallic valences
(tri- or tetravalent metallic ions) are active water adsorbents (Inamdar
et al., 2020). The polarity of the water molecule causes this attraction,
enhancing the coverage of all the adsorption active sites, which hinders
methane adsorption. In fact, Gonçalves et al. (Gonçalves et al., 2019)
have studied the effect of the presence of water on themethane adsorp-
tion capacity of some of the most common MOFs (Cu-BTC, IRMOF-1,
Mg-MOF-74, etc.), observing that the MOFs with open metal sites are
the most affected by water. Cu-BTC presented a decrease of 2.2% in the
total amount of methane adsorbed between pure methane and

Image of Fig. 17


Table 3
MOFs performance for selective adsorption.

Adsorbent CH4/N2 selectivity Uptake (mg CH4/g) Pressure (bar) Temperature (K) Reference

Al-CDC 13 20.96 1 298 Chang et al. (2020)
CO3(C4O4)2(OH)2 12.5 5.92 1 298 Li et al. (2018b)
Cu-MOF 11 9.82 1 298 Chang et al. (2019)
ATC-Cu 9 44.8 1 298 Niu et al. (2019b)
Cu(INA)2 8.3 13.23 1 298 Hu et al. (2016)
UiO-66-Br2 5.1 11.52 1 298 Kim et al. (2020)
MOF-177 4 8.18 1 298 Saha et al. (2010)
Ni-MOF-74 3.8 22.75 1 298 Li et al. (2014b)
HKUST-1 3.7 13.15 1 298 Wang et al. (2002)
ZIF-8 3.1 5.2 1 196 Eyer et al. (2014)
MIL-100(Cr) 3 8.83 1 298 Li et al. (2014b)
MIL-100 V 3 3.57 1 298 Yang et al. (2015)
Ni-MOF-74 3 20.48 4 298 Li et al. (2014b)
Mg-MOF-74 1.5 24.27 1 298 Li et al. (2014b)
MOF-5 1.1 1.23 1 298 Saha et al. (2010)
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methane with 140 ppm of water, whereas Mg-MOF-74 presented a de-
crease of 20% at the same conditions. On the other hand,materials with-
out openmetal sites do not present remarkable performance decreases.
Likewise, the relative humidity influence was studied by demonstrated
by Chidambaram et al. (2021). Accordingly, Rogacka et al. (2021) have
made a screening of the best MOFmaterials for the separation of meth-
ane and carbon dioxide in presence of water. Some of the proposed
MOFs are really hydrophilic, since the carbon dioxide adsorbed is
displaced from open metal sites due to the presence of water. Most of
theMOFs have been really affected by relative humidity over 30%. Like-
wise, García and Navalón (2018) have done a comprehensive compila-
tion about the differences in adsorption depending on the moisture in
theMOF structure. In order to avoid effectiveness losses, several authors
have studied the different pathways to increase the hydrophobicity of
the materials (Xie et al., 2020). Some of them have achieved good re-
sults, even largely retaining the original adsorptive properties of the
materials. In spite of this, the techniques are not fully developed yet,
so it would be recommended to perform a prior separation of moisture
from the streams.

Concerning the other gases, the interaction strength on a polar ad-
sorbent is CO2 > CH4 > N2 > O2 (Sui and Han, 2015). The higher polar-
izability of carbon dioxide than methane makes stronger the link with
the open metal sites of the adsorbent (Li et al., 2020). In fact, carbon di-
oxide adsorption enthalpy is above 30 kJ/mol in some cases, which indi-
cates an elevated bond strength (Lin et al., 2020). The same than in
separation from nitrogen, some authors like Duan et al. (2018) have
treated to enhance gas molecule-framework interaction by adjusting
Fig. 18. Relation between methane uptake and CH4/N2 selectivity for different MOF
materials.
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the cage size through changing the metal cluster, organic linker or syn-
thesis conditions. In recent times, there are several manuscripts that
deal with the CO2/CH4 separation (Awadallah and Al-Muhtaseb, 2021;
Chen et al., 2020; Sheng et al., 2020; Mozafari et al., 2020). All themate-
rials studied, includingMOFs, presented higher affinity for carbon diox-
ide than formethane. The nonpolar covalent bonds inmethane promote
lower uptakes, due to the hydrophilic walls of these frameworks
(Mohan et al., 2020). Hence, the importance carbon dioxide of pre-
separation from the stream, avoiding the poisoning of the adsorbent.
It should also be noted that, in ventilation streams, the concentration
of carbon dioxide is low, sometimes even at trace level.

5. Engineering aspects of the adsorption processes using MOFs

Concerning the packing of the solid adsorbent, conventional concen-
trators usually perform using fixed beds of granular adsorbents. In this
way, the associated pressure drop leads to larger gas pumping costs.
The pressure drop in a packed bed is usually described by the Ergun
equation (Eq. (1).

ΔP ¼ 150 � μ � L
Dp

2

1−εð Þ2
ε3

u0 þ 1:75 � L � ρ
Dp

1−εð Þ
ε3

u0
2 ð1Þ

where u0 is the surface velocity, ρ and μ are the density and viscosity of
the gas, respectively, Dp the particle diameter, L the length of the bed,
and ε, the bed porosity. In a typical operation, for a surface velocity of
0.125m/s and particle diameters of 162.5 and 520 μm, the pressure drop
is of 172.5 and 53.7 Pa/m, respectively. This example illustrates the im-
portance of the particle diameter both in the adsorption process and,
hence, in energy consumption. Rezaei and Webley (2010) remarked
that, in the case of structured adsorbents, monoliths or laminate struc-
tures ease suitable values of bed porosity (ε). In this way, Hong et al.
(2015) proposed aMIL-101(Cr)monolith for carbon dioxide adsorption
working at high pressure and low temperatures. Likewise, Rezaei et al.
(2017) immobilized two MOFs, Ni-MOF-74 and UTSA-16 on commer-
cial cordierite monolith for carbon dioxide capture, obtainingmoderate
adsorption capacities and fast kinetics. Several MOFs present high ad-
sorption capacity losses after the shaping process, especially if these
are modifications made by mechanical pressurization (Ursueguía
et al., 2020). Therefore, the MOF shaping is a challenge for decreasing
the pressure drop in concentrator units. These shaping processes should
consider the relatively low thermal, chemical and mechanical stability
of the materials, ensuring that adsorption properties of the material re-
main unaltered.

Concerning MOFs shaping, different approaches have been consid-
ered. Stable slurries formation, using organic binders such as polyvinyl
alcohol aqueous solution, allows further material shaping by granula-
tion or extrusion (Rubio-Martínez et al., 2017). Other approaches deal

Image of Fig. 18
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with the milling of the MOF with a solid binder, such as graphite,
followed by a pressure-driven pelletization of the mixture. In this case,
the effect of the pelletizing pressure on the morphological properties
of the MOFs must be considered. Finally, another possibility is the 3D
printing technique. In fact, 3D-printed Ni-MOF-74 and UTSA-16 mono-
liths were tested for CO adsorption (Thakkar et al., 2017), with adsorp-
tion capacities of 1.35 and 1.31 mmol/g at 298 K, respectively, which
represent the 79 and 87% of the capacities of their analogues MOF
under the same conditions.

Another important issue, in order to achieve that MOFs will be used
at large-scale applications, consists of its production. Since the first pat-
ent in 1995, MOFs production has progressed gradually, but a key point
is the possibility of synthesizing thesematerials in large quantities with
high efficiency. In this way, several efforts were made based on the
solvent-free approach and water-based synthesis (Rubio-Martínez
et al., 2017). However, add to the synthesis route, the downstream pro-
cessing should be also improved, so large-scale application ofMOFswill
be limited by their commercial availability. Efforts in MOF commercial-
ization have led to the creation of several spin off companies, such as
MOF Apps, MOF Technologies and ProMOF. Likewise, among the MOF
distributors, it is possible to find STREM Chemicals and Sigma Aldrich,
the latter from BASF.

In summary, chemically suitable materials (adequate organic ligand
and metal sites) are required, but without neglecting the engineering
aspects. In this way, the ideal material would involve a low pressure
drop design, resistant to humidity and high temperatures, and that
could be manufactured on a large scale.

6. Conclusions and future recommendations

Methane separation fromVAM streams by adsorptionwas discussed
in this work. The features of these streams are: lowmethane concentra-
tion (<1%) in air, combined with high relative values of humidity and
traces of carbon dioxide, at ambient temperature and pressure with
high flowrates. With these conditions, MOFs are considered as an inter-
esting choice for overcoming the limitations of the common adsorbents.
In this review, a vast revision on the behaviour for methane storage at
different pressures, and on different MOF structures was carried out.
Pure methane adsorption in MOFs is mainly proportional to the specific
surface area and pore volumeat high pressures,whereas the presence of
open metal sites (main contributors to Lewis acidity), as well as metal
atoms density within the cavity, contribute to enhance themethane up-
take at low pressures. Thus, structures like HKUST-1 andMOF-74 stand
out for theirmethane storage capacity at atmospheric pressure, and also
with ease of thermal regeneration.

The main challenge is the methane/nitrogen separation, for which
combination of Van der Waals and coulombic forces are required. The
first depends on the attraction between oxygen atoms of the adsorbent
structure and the adsorbatemolecules, being increasedwith amore tai-
lored pore topology. The second effect depends on the presence of open
metal sites in the structure. Likewise, an equilibrium between the num-
ber of open metal sites and their strength, which could lead to irrevers-
ible adsorption, is advisable. Materials presenting the best results are
the ones specifically synthesized for this separation: (Al-CDC, CO3

(C4O4)2(OH)2, Cu-MOF and ATC-Cu).
The ideal material for the processmust gather the features discussed

above: high adsorption capacity (presence of a high concentration of
open metal sites), hydrophobicity (low metallic oxidation states and
as low as possible relative humidity conditions), easy regenerability by
temperature increment and good methane selectivity values (high im-
portance of Van der Waals forces).based on discussion here presented,
future research studies should rely on these characteristics for the de-
sign of newmaterials applied to actual gas separation cases. In addition
to the effectiveness of separation under ideal conditions,material stabil-
ity at operation conditions should be also considered, thus shaping is a
key point.
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