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Methane (CH4) is the second most important greenhouse gas after carbon dioxide (CO2), but its global

warming potential is 21–28 times that of CO2. Coal mining accounts for 9% of global CH4 emissions,

among which 60–70% is contributed by ventilation air methane (VAM). Currently the simplest way to

reduce CH4 emissions from ventilation air is to thermally oxidize it to CO2; however the low and

changeable CH4 concentrations (0.1–1.5% CH4) and the large volume of ventilation air make it

a challenge since conventional technologies used for CH4 separation/purification in natural gas (CH4

concentration 55–98%) are not suitable for VAM enrichment. It is therefore highly desirable to

concentrate VAM up to levels for further harnessing, as the utilization of VAM can not only reduce CH4

emissions but also provide extra economic benefits to relevant industries. Herein, for the first time, we

present a review on both unconventional technologies and materials for VAM enrichment. The feasibility

of technologies including vortex tubes, mechanical towers, gas hydrates, membranes and adsorption-

based processes has been discussed, with focus on adsorption-based processes. Given that the

adsorbents used in adsorption-based processes are one of the key factors for gas enrichment

performance, materials including zeolites, porous carbon materials and metal–organic frameworks for

methane separation have been critically analyzed and overviewed, covering the summary of the textural
huxian Yang received her BSc
rom East China Normal
niversity in 1995 and her MSc
rom Fudan University, China in
998. She earned her PhD in
007 from the School of Chem-
stry at the University of Not-
ingham in the United Kingdom,
orking on the synthesis, char-
cterization and application of
icro/mesoporous carbon mate-
ials. She is now a Research
ellow in the College of Engi-
Sciences, University of Exeter,
carbon dioxide to dimethyl
s include the applications of
d separation, as catalysts and

Yanqiu Zhu has been a Chair of
Functional Materials at the
University of Exeter since 2010.
He obtained his BSc, MSc and
PhD in China, in 1989, 1992
and 1996, respectively. He has
research experience in China,
Japan and the UK. He worked at
the University of Sussex and
University of Nottingham, prior
to joining Exeter. His research
covers a wide range of materials
science and engineering, with

special interest in functional nanomaterials and nanocomposites.
He is an author/co-author of over 200 journal publications.

Physical Sciences, University of Exeter,

r.ac.uk; y.xia@exeter.ac.uk

Group (CRC), Department of Chemical

of Oviedo, Facultad de Qúımica, Julián

ture Functional Ceramics, Zhengzhou

dGuangxi Institute for Fullerene Technology (GIFT), Key Laboratory of New

Processing Technology for Nonferrous Metals and Materials, Ministry of

Education, School of Resources, Environment and Materials, Guangxi University,

Guangxi, 530004, China

f Chemistry 2022 J. Mater. Chem. A, 2022, 10, 6397–6413 | 6397

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta08804a&domain=pdf&date_stamp=2022-03-19
http://orcid.org/0000-0002-1642-2051
http://orcid.org/0000-0002-6529-7066
http://orcid.org/0000-0003-3659-5643
http://orcid.org/0000-0001-9686-8688
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta08804a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010012


Y
F
o
r
I
n
U
h
w
t
F
2
i

College of Engineering, Mathemat
University of Exeter. His main r
porous materials for energy, elec
conversion, photocatalysis and ad

6398 | J. Mater. Chem. A, 2022, 10, 6

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:4

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
properties, CH4 adsorption capacity, CH4/N2 equilibrium selectivity and CO2/CH4 equilibrium selectivity of

these materials under ambient conditions and highlighting some new synthesis strategies to achieve high

CH4 adsorption capacity and CH4/N2 equilibrium selectivity. This review not only provides state-of-the-

art technologies and materials for VAM enrichment (also applicable to other low grade CH4), which will

inspire further studies to better mitigate and utilize VAM and other low grade CH4, but also supports the

upcoming low-carbon economy.
1. Introduction

It is more urgent than ever to cut down on greenhouse emis-
sions given that we are confronting frequent extreme weather
events. As the second most important greenhouse gas aer
carbon dioxide (CO2), methane (CH4) possesses global warming
potential (GWP) 21–28 times that of CO2 for a 100 year time
horizon.1 CH4 is released mainly from enteric fermentation
(livestock), energy industry, landlls, wastewater treatment, rice
cultivation, etc. The estimated global anthropogenic CH4

emissions by the source in 2020 is 9390 million metric tons of
CO2 equivalent, of which 9% is contributed by coal mining.
Fig. 1 shows the estimated global anthropogenic CH4 emissions
by sources.2 The global CH4 emissions from coal mining
continue growing even with the declining coal production.3

Coal production releases CH4 trapped in coal seams and
surrounding strata, which can be categorized into three types of
CH4: CH4 drained from the seam before mining (60–95% CH4),
CH4 drained from worked areas of the mine (30–95% CH4) and
CH4 diluted through ventilation fans (0.1–1.5% CH4) while
extracting coal.4,5 Drained gas with CH4 concentration more
than 30% normally can be upgraded for pipeline quality gases
or readily used by industries for heating or power generation.6

The diluted CH4 through ventilation fans is discharged to the
atmosphere via mine exhausts and is called ventilation air
methane (VAM). The VAM gas mixture is characterized by large
volume (200–385 m3 s�1), the majority being air (nitrogen
�79%, oxygen �20%, carbon dioxide 0.13–0.19% and small
amounts of other gases), low and changeable VAM concentra-
tion (0.1–1.5%), high relative humidity (70–100%) and high
ongde Xia earned his PhD from
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dust loading (0.13–4.47 mg m�3).4,7 VAM contributes about 60–
70% of total CH4 emissions from coal mining activities.6,8

Therefore, the utilization of VAM can not only reduce green-
house gas emissions, but also provide extra economic benets
to the mining industry.

The key challenges of VAMmitigation and utilization are the
low and changeable CH4 concentrations (0.1–1.5% CH4), the
large volume, the high relative humidity, and the high dust
loading of ventilation air.4 Currently the simplest way to reduce
CH4 emissions from ventilation air is to thermally oxidize it via
the reaction CH4 + 2O2 / CO2 + 2H2O.9 In the oxidation
processes, VAM is used as either an ancillary fuel or the prin-
cipal fuel in lean-burn gas turbines, recuperative gas turbines,
thermal ow reversal reactors (TFRRs) and catalytic ow
reversal reactors (CFRRs).8,10–12

By converting CH4 into CO2, the effect of CH4 on climate
change can be signicantly reduced given that the GWP of CH4

is 21–28 times that of CO2. In addition, the thermal energy
produced from the CH4 oxidation process can be readily utilized
for domestic or industrial applications. Technologies for energy
recovery are commercially available, but they are not very
effective when the CH4 concentration is less than 0.5%.13 In
addition, for lean-burn gas turbines, a CH4 concentration of
0.8–2% (a minimum CH4 concentration of 0.8%) is required for
self-sustaining operation.8,10,14 Therefore, it is highly desirable
to concentrate VAM up to levels for further harnessing. If CH4

can be concentrated to approximately 30% or higher, it can be
used for conventional gas turbines without signicant modi-
cations to generate electricity.8

There have been excellent reviews on the emission sources
and mitigation options for the major CH4 sources,6,8,15–17 in
addition, the latest developments and opportunities in CH4

mitigation technologies have been presented by Pratt et al.
recently.18 However, to the best of our knowledge, there has
been no comprehensive analysis and overview on the enrich-
ment and mitigation of VAM. Given that VAM contributes about
60–70% of total CH4 emissions from coal mining activities,6,8 it
is of great importance to present a dedicated review on the
enrichment of VAM, to discuss the current advance in tech-
nologies and materials for VAM enrichment and to inspire
further studies in relevant areas, and consequently to better
mitigate and utilize VAM, which will not only cut down on the
VAM emission, but also provide extra economic benets to the
mining industry.

Herein, for the rst time, we present a review to discuss and
analyze the technologies and materials for VAM enrichment.
Because the conventional technologies widely used for CH4

separation/purication from natural gas (CH4 concentration of
55–98%) are not suitable for VAM enrichment, we rst discuss
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Estimated global anthropogenic CH4 emissions by sources. Adapted with permission.2 Copyright 2020, Global Methane Initiative website.
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the unconventional technologies including vortex tubes,19–23

mechanical towers,24,25 gas hydrates,26–28 membranes29,30 and
adsorption based processes,31–35 with focus on adsorption-based
processes. Since the adsorbents used in adsorption-based
processes are one of the key factors for gas separation/enrich-
ment performance, we then discuss various materials including
zeolites, porous carbon materials and metal–organic frame-
works (MOFs) that are potentially useful as adsorbents for VAM
and other low grade CH4 enrichment, with focus on porous
carbon materials and MOFs. Apart from the summary on the
textural properties, CH4 adsorption capacity, CH4/N2 equilib-
rium selectivity and CO2/CH4 equilibrium selectivity of these
materials under ambient conditions, new synthesis strategies
for materials with high CH4 adsorption capacity and high CH4/
N2 equilibrium selectivity have been highlighted. Finally, we
draw conclusions and provide prospective research directions
in this eld.
2. Technologies for CH4 separation
from ventilation air

Generally, gas separation may involve one of the following
mechanisms: phase creation by heat transfer to or from the
mixture, absorption in a liquid solvent, adsorption on a solid
adsorbent or permeation through a membrane. The differences
in gas properties, such as the kinetic diameter, polarizability,
quadrupole and dipole moments, could be harnessed for gas
separation.36 The key challenge to separate CH4 from ventilation
air is the similar chemical and physical properties of CH4, CO2

and N2, as listed in Table 1.37 Due to these similar properties,
the adsorbents with high CH4 uptake capacities also exhibit
high CO2 uptake capacities.29,36 The signicant difference in the
Table 1 Properties of CH4, N2 and CO2 gases. Reproduced with permis

Gas
Molecular weight
(g mol�1)

Kinetic diameter
(nm)

Po
(�

CH4 16 0.38 26
N2 28 0.364 17
CO2 44 0.33 26

This journal is © The Royal Society of Chemistry 2022
polarizability between CH4 and N2 could be exploited to sepa-
rate CH4 from N2, which has been demonstrated by some
MOFs.38–40

Conventional technologies for natural gas (containing 55–
98% CH4) separation include cryogenic distillation to remove
N2 and higher hydrocarbons, dehydration by adsorption to
remove H2O, and gas sweetening by amine absorption to
remove acidic gases (CO2 and H2S). Cryogenic distillation
requires a gas–liquid phase change, which will add a signicant
energy cost. These processes become uneconomic or imprac-
tical when the CH4 content is below about 40%. In the case of
VAM where the CH4 concentration varies in the range of 0.1–
1.5%, it is highly desirable to separate or selectively adsorb CH4

itself from the gas mixture (the majority is air), so as to
concentrate or enrich CH4 for further utilization.41 In this
section, we will rst discuss the feasibility of unconventional
technologies for CH4 separation/enrichment from ventilation
air.

Unconventional technologies that have been investigated for
gas separation include vortex tubes,19–23 mechanical towers,24,25

gas hydrates,26–28 membranes29,30 and adsorption based separa-
tion.31–35 The rst three (vortex tubes, gas hydrates and
mechanical towers) are technologies/concepts without
commercial applications currently, but the last two (membrane
separation and adsorption-based separation) have been used on
a commercial scale for natural gas and other gas separation. We
will discuss the feasibility of these technologies in the applica-
tion of VAM enrichment in the following part.
2.1. Vortex tubes

A vortex tube, also known as a Ranque–Hilsch vortex tube, is
a simple mechanical device. It separates a compressed uid that
sion.37 Copyright 1994, Elsevier

larizability
10�25 cm3)

Dipole moment
(� 1018 esu cm)

Quadrupole moment
(�10�26 esu cm2)

.0 0.00 0.00

.6 0.00 1.52

.5 0.00 4.30

J. Mater. Chem. A, 2022, 10, 6397–6413 | 6399
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tangentially enters the vortex chamber through inlet nozzles
into two streams, the cold one at one end of the tube and the hot
one at the other end. It was hypothesized that a stream of
a compressed gas mixture ew into the vortex tube could be
separated into individual gas streams based on the differential
centrifugal forces acting on them.19 Linderstrom-Lang experi-
mentally studied the gas separation of three gas mixtures (O2/
N2, O2/CO2, and O2/He) in a vortex tube in detail. They found
that gas separation was created by centrifugation, supporting
the centrifugation hypothesis.20 Gas separation by using
a vortex tube is relatively less investigated.19–23

Kulkarni et al. studied the separation of a gas mixture of CH4

and N2 with a vortex tube to verify if gas separation occurs. Fig. 2
shows the schematic experimental setup. The two gases were
mixed before passing through the vortex tube. Gas samples at
the exits of the vortex tube were collected in gas sampling bags
and were injected into a gas chromatograph for analysis. The
two parameters including the inlet pressure and cold ow
fraction (the ratio of mass of gases exiting the cold exit to the
mass of gases entering the vortex tube) were studied. The results
showed that gas separation took place in the vortex tube as
evidenced by the CH4 concentration at the cold and hot ends.
Moreover, the experimental values and the calculated ones of
gas separation were comparable. The inlet pressure was iden-
tied to be the most dominant factor affecting the separative
power of a vortex tube of xed geometry, and the higher the inlet
pressure, the higher the separative power of the vortex tube.19

The advantage of a vortex tube is that it has no moving parts
and does not break or wear, so it requires little maintenance.
However, this technique does demand the inlet gas stream to be
pressurized (165–248 kPa was used in the above study).19 Given
that the volume of ventilation air is huge, pressurizing it is a big
issue. Further feasibility studies on CH4 separation/enrichment
from ventilation air via a vortex tube are very much needed.
Fig. 2 Schematic experimental setup for the separation of a gas
mixture of CH4 and N2 with a vortex tube. Adapted with permission.19

Copyright 2002, American Society of Civil Engineers.
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2.2. Mechanical towers

Wang et al. designed a mechanical tower for the enrichment of
VAM by using CH4 buoyancy under free diffusion conditions
(namely, the gas mixture moves freely under the force of gravity)
based on the fact that the density of CH4 is lower than that of
air.24 The enrichment characteristics of segregated (CH4 and N2

enter the system separately) and non-segregated (CH4 and N2

are pre-mixed before entering the system) mixtures under free
diffusion conditions were studied. For a CH4/N2 mixture with
0.5% CH4, a CH4 concentration of 0.54% was monitored for the
non-segregated mixture, which is not promising.

Recently Wang et al. carried out a follow up study using
a similar mechanical tower for the VAM (0.5% CH4) enrichment,
under free diffusion conditions and weak eddy conditions,
respectively. For a non-segregated mixture, under weak eddy
eld conditions, the maximum CH4 concentration is 0.54%
(0.55%) in the top (middle) tower.25 This enrichment from 0.5%
to 0.55% is far from enough for lean-burn gas turbines, which
require a minimum CH4 concentration of 0.8% for self-
sustaining operation.8,10,14 Since this technique is based on the
difference in the density of the gases to be separated, signicant
improvement in the CH4 enrichment performance with this
technique seems difficult.
2.3. Gas hydrates

Gas hydrates (clathrate hydrates) are crystalline solid structures
formed via the inclusion of gas molecules (such as CH4, N2, O2,
CO2, H2, etc.) into cavities of the frame built from hydrogen-
bound water molecules without forming a chemical bond
between the gas molecules and the water molecules. Generally,
low temperature and high pressure are required for the
formation of gas hydrates.42 However, the use of thermody-
namic promoters, such as tetra-n-butyl ammonium bromide
(TBAB), tetra-n-butyl ammonium chloride (TBAC), tetrabutyl
phosphonium bromide (TBPB) etc., has been reported to be able
to reduce the hydrate formation pressure.43–45

CH4 separation from coal mine methane (CMM) via hydrate
formation has been extensively investigated,44,46,47 but only a few
studies on CH4 separation from ventilation air via hydrate
formation have been reported. In particular, Adamova et al.
theoretically calculated the hydrate formation of VAM (0.5%
CH4, 75% N2, and 24.5% O2) in the temperature range of 258 to
273 K and the pressure range of 0.1 to 35.5 MPa.26 At 273 K and
17.96 MPa, CH4 concentration in the gas clathrate is 1.9%,
nearly 4 times that in the gas phase (0.5%). Based on this
theoretical study and the formation of methane hydrate under
milder conditions (282.7–291.5 K and 0.15–5.10 MPa) achieved
with the addition of TBPB,45 Du et al. investigated phase equi-
librium conditions for gas hydrates formed from simulated
mine ventilation air in the presence of TBPB,27 tri-n-butyl
phosphine oxide (TBPO) or TBAB.28 With 37.1 wt% TBPB, at 278
K and 4 MPa, CH4 was enriched from 0.5% to 1.75% in the
hydrate phase,27 and with an addition of 5 wt% TBPO, approx-
imately 3-fold CH4 enrichment could be achieved in the hydrate
phase.28 They also proposed the concept of a hydrate-based CH4

concentrator shown in Fig. 3, in which with 5 wt% TBPO, at 281
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Conceptual diagram of CH4 enrichment via hydrate crystallization. The product gas released from hydrate decomposition can be fed to
lean-burn turbines. Adapted with permission.28 Copyright 2015, Elsevier.
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K and pressure higher than 0.91 MPa, CH4 could be enriched to
a level meeting the requirements of lean-burn CH4 utilization
technologies.

Although the results of CH4 separation from coal mine
methane via hydrate formation are promising, the conditions
(281 K and >0.91 MPa) for the formation of VAM hydrate are still
a concern, because it would be a great challenge to cool and
pressurize a large volume of ventilation air. Further studies on
the energy cost and feasibility of VAM enrichment via a gas
hydrate are urgently needed. Breakthroughs in the improve-
ment of VAM hydrate formation conditions could make this
method viable for practical application.
2.4. Membrane separation

Gas separation using membranes can offer the advantages of
lower cost and smaller equipment size, lower energy
consumption and ease of operation compared to conventional
processes.48 The usage of membranes has been widely employed
for natural gas separation in industry for the removal of acidic
gases, such as CO2 and H2S.29,30 However, currently, membranes
are not suitable for separating low concentration CH4 from
ventilation air because of the high costs of initial capital
investment and membrane maintenance or replacement due to
fouling.13 Advances to make membrane separation systems
commercially viable for VAM are highly demanded.49
2.5. Adsorption based processes

2.5.1. Basics of adsorption-based separation. Adsorption is
a physical phenomenon in which molecules of a gas, vapor, or
liquid become trapped within the nanosized pores of a solid
material, which is called the adsorbent, and the trapped mate-
rial is termed the adsorbate. The reverse of the adsorption
process is called desorption. Different molecules interact with
the adsorbents differently, which can be harnessed for separa-
tion. There are two types of separation mechanisms: equilib-
rium separation and kinetic separation, with the rst one being
more common and widely employed. In equilibrium separation,
the adsorbent preferably adsorbs one type of molecule over
others in the gas mixture, which depends either on the
This journal is © The Royal Society of Chemistry 2022
molecular size or kinetic diameter or affinity.50–54 In kinetic
separation, the adsorption rate of one component is faster than
that of others in the gas mixture, which is very useful in the
cases when the equilibrium uptakes of components are similar
or when the size of the adsorbent pore is close to the size of the
molecules to be separated.29,55,56

Accordingly, there are two types of selectivity, equilibrium
selectivity and kinetic selectivity. Equilibrium selectivity (or
thermodynamic selectivity) depends on the difference in
adsorption at equilibrium, and kinetic selectivity depends on
the difference in adsorption rates.

The equilibrium selectivity for a binary gas mixture of
components i and j is dened as:

ai=j ¼
xi

�
xj

yi
�
yj

(1)

where xi and xj are the mole fractions of components i and j in
the adsorbed phase, and yi and yj are the mole fractions in the
gas phase, respectively; the equilibrium selectivity can be
calculated from adsorption data measured with pure compo-
nent gases using an equilibrium thermodynamic model, such
as ideal adsorption solution theory (IAST) or by computer
modelling.29,41,57 The value in eqn (1) changes depending on the
mole fractions of components. Values greater than unity mean
that component i is more strongly adsorbed than component
j.

The equilibrium selectivity for a binary gas mixture of
components i and j can be estimated by using eqn (2). The value
in eqn (2) is a constant and only valid at a very low gas pressure
and low adsorption loading on the adsorbent.58

ai=j z
Ki

Kj

z
qmibi

qmjbj
(2)

where Ki and Kj are Henry's law constants of components i and j,
respectively; qmi, bi, qmj and bj are the Langmuir equation
constants for components i and j, respectively.29,41,58

In a kinetically controlled separation process, both the
kinetic and equilibrium effects determine the actual kinetic
selectivity, which is given by the following equation in the linear
range of the isotherms:59,60
J. Mater. Chem. A, 2022, 10, 6397–6413 | 6401
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SK ¼ KHi

KHj

ffiffiffiffiffiffi
kmi

kmj

s
(3)

where KHi and KHj are Henry's law constants of components i
and j, and kmi and kmj are the overall mass-transfer coefficients of
components i and j.

2.5.2. Adsorption-based separation processes. Typically,
two types of adsorption-based separation processes have been
studied for VAM enrichment: the uid bed concentrator and the
swing mode process that includes both pressure swing
adsorption and temperature swing adsorption.

Fluid bed concentrators, widely used for volatile organic
compounds, were proposed to concentrate CH4 of very dilute
VAM ows up to levels that might be benecial as a fuel in a gas
turbine, reciprocating engine, or support oxidation in a TFRR or
CFRR.61 The concentration principle is as follows: the bed
concentrator consists of a series of perforated plates or trays
supporting an adsorbent medium (e.g., activated carbon beads).
The VAM stream enters from the bottom of the concentrator
and passes upward through the trays where it uidizes the
adsorbent medium to enhance the capture of CH4. The CH4

saturated adsorbent drops to the bottom of the concentrator,
where it can be discharged to the storage vessel and then the
desorber. The adsorbent is regenerated by increasing the
temperature to release the adsorbed CH4 into a stream of
a lower ow rate and higher CH4 concentration.61 However,
experimental results on a uidized bed concentrator using
simulated ventilation air with 0.5% CH4 from Environmental C
& C, Inc. in 2003 were not promising, and the trials were
stopped.8,61,62 It is worth mentioning that a lot of new and
advanced adsorbents with high CH4 adsorption capacities (up
to 2.90 mmol g�1) and high CH4/N2 selectivity (up to 12.5) have
been prepared and studied since the trial.38,63–71 Studies on the
performance of concentrators with these newly developed
adsorbents are highly desirable, which could lead to high
performance and cost-effective concentrators.

In swing mode adsorption processes, at least two columns
packed with adsorbents are required to carry out the separation
process. The feed gas mixture passes through the rst column,
and the adsorbent selectively adsorbs one of the components
till it is saturated. Then, the feed gas mixture is directed to the
second column. Meanwhile, the rst column is regenerated by
desorbing the adsorbed component. When the second column
is saturated, the feed gas mixture is directed toward the rst
column and the second column is regenerated.29 In practice,
multiple columns are employed in a swing-mode to make the
process continuous and additional steps are added to maximize
the productivity and reduce the energy consumption.72 The
adsorbed component is desorbed from the adsorbent in the
regeneration process, which results in the enrichment of the
adsorbed component. When the adsorbent is regenerated by
desorption at a lower pressure than that used for the adsorption
phase of the cycle, the process is termed pressure swing
adsorption (PSA).73 In the case of regeneration that takes place
under vacuum, it is called vacuum pressure swing adsorption
(VPSA) or vacuum swing adsorption (VSA).74,75 When the
6402 | J. Mater. Chem. A, 2022, 10, 6397–6413
adsorbent is regenerated by desorption at a higher temperature
than that used for the adsorption phase of the cycle, it is called
temperature swing adsorption (TSA).76 Normally the feed gas is
pressurized in the adsorption step, but in the case of VAM
enrichment, given the large volume of the ventilation air ow, it
would not be practical to pressurize the feed gas ow. Therefore,
the operating pressure close to atmospheric pressure is
preferred.77

Due to their low operational costs, high separation efficiency
and exibility compared to mature separation technologies,
such as absorption and distillation, swing mode separation
processes are widely used for natural gas separation and puri-
cation, the production of hydrogen, the separation of O2 and
N2 from air, etc.33 Recently, these processes have been exten-
sively studied for the enrichment of low-grade CH4 gas78–80 and
VAM7,77,81–87 too. VAM enrichment has been investigated by
several research groups, including University of Science and
Technology Beijing,81–84 Dalian University of Technology,85 East
China University of Science and Technology,88 and Common-
wealth Scientic and Industrial Research Organization
(CSIRO).7,77,86

2.5.2.1. VPSA process. Early studies on VAM enrichment
were carried out via the VPSA process.81,82,85 For example, Liu
et al. used coconut shell-based activated carbon as an adsorbent
via the VPSA process at an adsorption pressure of 150 to 250
kPa, and the CH4 concentration was improved from 0.3% to
0.73%.87 Although the enriched VAM concentration was still
below 1% in these early reports, it triggered further investiga-
tions in VAM enrichment via PSA processes. Later Quyang et al.
studied VAM enrichment using a coconut shell-based activated
carbon adsorbent (CH4/N2 selectivity of 6.18) via the VPSA
process with a feed gas of 0.42% CH4 and 99.58% N2.85 The
concentration of CH4 was enriched from 0.42% to 1.09%, which
can satisfy the requirements of ow-reversal reactors or lean-
burn combustion turbines to generate power.

Based on their early study,87 Yang et al. recently carried out
the VAM enrichment via a three-bed VPSA process unit which
was equipped with a new vacuum exhaust step for the VPSA
process.84 The coconut shell-based active carbon with an equi-
librium CH4/N2 selectivity of 5 was used as the adsorbent. On
a lab scale, the VAM was enriched from 0.2% to 0.4% and 0.69%
as the vacuum exhaust ratio increased from 0 to 3.1, respec-
tively. Moreover, a pilot-scale test system has been built at
Julong Mine, Jizhong Energy Handan Mig., Handan, China.84 It
uses a two-stage three-bed separation unit which can handle
a ow rate of 500 m3 h�1. As shown in Fig. 4, the feed gas is
compressed with a Roots blower (P1) and transferred to the
adsorption bed of the rst stage–stage separation unit. The
CH4-rich gas is vacuumed with a vacuum pump (VP1) and
transferred to the second separation unit with a Roots blower
(P2). The product is collected from the vacuum pump (VP2). The
VAM was enriched from 0.2% to over 1.2% in this system, which
is well above the minimum CH4 concentration of 0.8% required
for self-sustaining operation of lean-burn gas turbines,8,10,14

making it promising for VAM enrichment. Further studies are
expected to evaluate the cost, efficiency, etc. for commercial
possibility.
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Process diagram for the pilot plant. BED-adsorber; PT-pressure transmitter; TT-temperature transmitter; V-gas buffer; KV-pneumatic
valve; FT-flowmeter; MV-gas-manual control valve; P1/P2-pump; VP1/VP2-vacuum pump; A-methane sensor.84
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2.5.2.2. Vacuum swing (VS) followed by a temperature and
vacuum swing adsorption (TVSA) process. Bae et al. developed
a prototype VAM capture unit with a honeycomb monolithic
carbon ber composite (HMCFC) adsorbent and employed it in
a large-scale test for VAM capture under various conditions in
2014.5,77 In the regeneration stage, a new vacuum and temper-
ature swing process is employed to desorb CH4 from the
adsorbent, involving initial VS followed by TVSA. The initial VS
was found to be vital for the nal CH4 concentration. A VAM of
less than 1% can be enriched by 5 or 11 times by one-step
adsorption, and a CH4 concentration of more than 25% can be
achieved by two-step adsorption, as shown in Fig. 5. A VAM of
less than 5% obtained from the one-step adsorption can be
utilized as a principal fuel for lean burn turbines.

Based on the above study,77 Bae et al. built up a two-stage
prototype VAM enrichment unit with VTVSA in accordance with
relevant Australian Standards and local mine site regulations.
The enrichment of simulated ventilation air from 0.30%, 0.60%,
Fig. 5 Enrichment of simulated VAM with monolithic carbon fiber
composites (MCFCs) by vacuum swing (VS) followed by combined
temperature and vacuum swing adsorption (TVSA). Adapted with
permission.77 Copyright 2014, American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
and 0.98% CH4 up to 19.28%, 24.24%, and 36.92% CH4,
respectively was demonstrated, avoiding the explosion range of
5–15% CH4.86 Very recently they have successfully carried out
site trials of a two-stage VTVSA process using carbon ber
composites for VAM enrichment at an Australian coal mine.7

The schematic diagram of the prototype VAM enrichment
unit is shown in Fig. 6. About 22–60 L min�1 VAM from the
outlet of an oxidation unit was fed to the prototype unit by using
a blower with a variable speed drive, until CH4 was detected in
the exhaust stream of the rst column. Then the rst column
was vacuumed until a predetermined pressure was reached. The
HMCFC in the rst column was then heated up to 383 K by
circulating a heated thermal uid (about 20 L min�1), followed
by vacuuming to desorb gas out of the column. The desorbed
gas stream was fed to the second column. The hot thermal uid
in the rst column was drained and cooled down to ambient
temperature for the next test. These processes were repeated
until the second column was saturated, which has undergone
the same regeneration processes to produce the nal product.
The inlet VAM was enriched from 0.54–0.73% to 4.34–4.94%
aer the rst stage and 27.62–35.89% aer the second stage.7 As
mentioned by the authors, these VTVSA processes were scalable
and portable to cope with changes in mine site operation and
specications, but the involvement of the energy intensive step
of the temperature swing adsorption (TSA) process is an issue
for practical applications. In this regard, the VPSA with CO2

displacement process (VPSA-CO2DIS) (discussed below) could
be a solution to tackle this energy consultation issue.

2.5.2.3. VPSA with CO2 displacement process (VPSA-CO2DIS).
Compared to CH4, CO2 is more strongly adsorbed by activated
carbon, so in the VPSA-CO2DIS process, aer the column has
adsorbed CH4, the feed gas is switched to CO2 and the adsorbed
CH4 is displaced and pushed out of the column by CO2.89 In
2011, Liu et al. studied the VPSA-CO2DIS process with activated
carbon as the adsorbent for coal bed CH4 enrichment (CH4/N2

mixture of 17% CH4). The results demonstrated a CH4 enrich-
ment from 17% up to 90%with CH4 recovery higher than 98%.89
J. Mater. Chem. A, 2022, 10, 6397–6413 | 6403
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Fig. 6 Schematic diagram of the prototype VAM enrichment unit equipped with two-stage adsorption processes and installed at an Australian
coal mine site. Adapted with permission.7 Copyright 2020, American Chemical Society.
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Based on this study, Yang et al. investigated the VPSA-CO2DIS
process with activated carbon beads as the adsorbent for the
enrichment of VAM in 2016.88 CH4 enrichment from 1% to
53.5% was achieved, demonstrating that the VPSA-CO2DIS
process is promising for VAM enrichment. More studies on the
cost, efficiency, scalability, etc. of the VPSA-CO2DIS process for
real VAM enrichment are highly demanded.
2.6. Summary on technologies for VAM enrichment

Among various technologies investigated for VAM enrichment,
pressure swing adsorption (PSA)-based process has been the
most studied and the most promising technology for VAM
enrichment. Specically, a pilot-scale study with the VPSA
process and a site trial with the VTVSA process for VAM
enrichment have been carried out by two research groups,
respectively. Nevertheless, further studies on the cost, effi-
ciency, scalability, etc., are needed. Meanwhile, as discussed in
the following part, many adsorbents with high CH4 adsorption
capacities (up to 2.90 mmol g�1) and high CH4/N2 selectivity (up
to 12.5) have been reported recently.38,63–71 The use of some of
these highly efficient adsorbents in PSA and/or TSA processes is
expected to lead to improved VAM enrichment performance.
3. Materials for selective adsorption
of CH4 from CH4–N2 mixtures

The performance of PSA and TSA units for the enrichment of
VAM is mainly determined by the adsorbents employed for the
separation process, though the engineering of PSA and TSA
6404 | J. Mater. Chem. A, 2022, 10, 6397–6413
units is also very important.90 Adsorbents with simultaneously
high CH4/N2 selectivity and high CH4 adsorption capacity are
preferred, as the former can reduce the number of cycles for the
treatment of an input stream to reach a desired CH4 concen-
tration and the latter may lower the overall cost.70 Therefore,
information on the adsorption equilibrium and kinetic data of
adsorbents is essential for the design of adsorption
columns.59,91

Due to their porous nature, zeolites, carbon materials and
metal–organic frameworks (MOFs) have been extensively
studied as adsorbents for gas storage and separation.29,36,92–96

For natural gas purication, studies have been devoted to the
separation of N2 and CO2 from CH4, in which case CH4 is the
major component and N2 and CO2 are impurities, so adsorbents
with high N2 or CO2 adsorption capacities and high N2/CH4

selectivity or CO2/CH4 selectivity are preferred. Excellent reviews
on natural gas separation/purication and related adsorbents
can be found in the literature.29,36,72

In the case of VAM (and other low concentration CH4)
enrichment, the above adsorbents are naturally good candi-
dates. However, adsorbents with high CH4 adsorption capacity
and high CH4/N2 selectivity are prerequisites given the low
concentration of CH4 (0.1–1.5%) in ventilation air and the large
volume of ventilation air. It has been demonstrated that the
CH4 uptake amount is almost linearly related to the surface area
of the adsorbent;90,97 meanwhile, it has also been revealed that
the optimum pore diameter for CH4 adsorption is within the
range of 0.7–1.0 nm.98–100 Therefore, an adsorbent with a high
surface area associated with an optimal pore size is the key
prerequisite for high CH4 adsorption capacity. Given that N2
This journal is © The Royal Society of Chemistry 2022
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and CO2 are present in ventilation air, low CO2/CH4 selectivity of
the adsorbent is also important. In addition, due to the high
relative humidity (70–100%) of ventilation air, the effect of water
on the performance of the adsorbents also needs to be taken into
account. Therefore, in the following part, we discuss the textural
properties, CH4 adsorption capacity, CH4/N2 equilibrium selec-
tivity and CO2/CH4 equilibrium selectivity of these materials
under ambient conditions unless otherwise specied, the effect
of water on the adsorbents, and the advantages and disadvan-
tages of the widely studied three types of adsorbents (zeolites,
carbon materials and MOFs). In addition, we highlight new
synthesis strategies to achieve high CH4 adsorption capacity and
high CH4/N2 equilibrium selectivity, including the combination
of the advantages of zeolites and MOFs, or the advantages of
carbon and MOFs, heteroatom (N or S) doping, and the surface
property modication for porous carbons, the creation of coor-
dinatively unsaturated metal centers for MOFs and the pore wall
environment control of MOFs. It is worth noting that materials
with relatively lower CH4 adsorption capacity or lower CH4/N2

selectivity (compared to those listed in the tables) are excluded
from the tables; if several samples were studied in the same
paper, only some of them are listed in the tables.
3.1. Zeolites

Zeolites are 3-dimensional aluminosilicate frameworks consti-
tuted by Si and Al tetrahedra linked through bridged oxygen
atoms giving rise to a regular distribution of pores and cavities
of molecular dimensions. In the case of VAM separation, due to
the close kinetic diameters of CH4 (0.38 nm) and N2 (0.364 nm),
it is extremely difficult to separate them by using the molecular
sieving effect; therefore the separation of CH4 from N2 by using
the adsorption equilibrium difference between CH4 and N2

would be a better choice. Consequently, zeolites with high CH4

adsorption capacity and high CH4/N2 selectivity are required.
The polarizability, dipole and quadrupole moments of a gas

determine the strength of the interaction between the gas and
the zeolite surface. Due to their large dipole and quadrupole
moments, H2O and CO2 are usually the strongest adsorbed
species on hydrophilic zeolites.101 Given that ventilation air is
usually saturated with H2O and contains CO2, zeolites with high
CH4/CO2 selectivity are preferred for the separation of CH4 from
ventilation air. Kim et al. studied the CH4 capture effectiveness
of two classes of materials by computer modelling, including
liquid solvents and zeolites, for a low-quality natural gas and
VAM, respectively. Among the 190 experimentally realized
International Zeolite Association (IZA) structures and over
87 000 predicted crystallography open database (PCOD) struc-
tures, they found that zeolites ZON and FER with the largest
adsorbed CH4/CO2 ratio and KH(CH4) (Henry's constant) of 1.29
and 1.12 mol kg�1 kPa�1, respectively, are excellent candidates
for concentrating a dilute CH4 stream into moderate
concentration.41

Wu et al. introduced the subunits of ZIFs into zeolite Y and
zeolite ZSM-5 for CH4/N2 separation, based on a theoretical
study that the preferential adsorption sites for CH4 on ZIF-8 are
in specic regions close to the organic imidazolate. The results
This journal is © The Royal Society of Chemistry 2022
showed that the CH4/N2 selectivity of the zeolites was greatly
improved to above 8 at 100 kPa and 298 K, which was higher
than that of zeolites and even better than that of ZIFs.102

However, the CH4 adsorption capacity is low, only 0.11–0.27
mmol g�1. Nevertheless, this strategy provides a way to combine
the advantages of the low cost and mature synthesis technology
of zeolites and the high CH4/N2 selectivity of MOFs, avoiding the
complicated and high costs of synthesis processes of MOFs.
Other combinations of zeolites and MOFs could result in both
high CH4/N2 selectivity and high CH4 adsorption capacity.

Table 2 summarizes the textural properties, CH4 adsorption
capacities, CH4/N2 selectivity and CO2/CH4 selectivity of zeolites
under ambient conditions. As shown in Table 2, the CH4/N2

selectivity of commercial zeolites 5A and 13X is less than 3.2 and
the CH4 adsorption capacities are less than 0.82 mmol
g�1.50,58,103,104 The majority of zeolites in Table 2 show CH4

adsorption capacities below 1 mmol g�1, but ion-exchanged CHA
(Li-CHA) shows a high CH4 adsorption capacity of 1.47 mmol g�1

with a CH4/N2 selectivity of 4.7 and a CO2/CH4 selectivity of 32.105

All the zeolites with available CO2/CH4 selectivity listed in Table 2
show that their CO2/CH4 selectivity is higher than their CH4/N2

selectivity, except for silicalite-I reported by Yang et al. with
a CH4/N2 selectivity of 3.60 and a CO2/CH4 selectivity of 2.55.
However, its CH4 adsorption capacity is only 0.65 mmol g�1.106 A
theoretical study using silicalite-I as the adsorbent for the
concentration of CH4 from low concentration CH4/N2mixtures by
a concentration thermal swing adsorption (CTSA) process has
been reported by Delgado et al.107 It would be interesting to see
similar simulation work for VAM concentration with silicalite-I as
the adsorbent for PSA processes.

The disadvantages of zeolites as sorbents for methane
adsorption include low surface area, low CH4 adsorption
capacities and hydrophilic surface. As mentioned above, an
adsorbent with high surface area associated with optimal pore
size is the key prerequisite for methane adsorption, but the
surface area of zeolites is generally low compared to porous
carbon materials, which results in a low CH4 adsorption
capacity. In addition, the hydrophilic surface of zeolites will
reduce the adsorption capacity in the presence of moisture
(given the high relative humidity in ventilation air methane).
Furthermore, zeolites with polar surfaces that possess high
electric-eld gradients have stronger interaction with CO2 than
with the non-polar CH4 and N2 molecules.113 As can be observed
from Table 2, most zeolites have a tendency to adsorb CO2 over
CH4. The advantages of zeolites as the adsorbents are the low
cost and mature synthesis technology of zeolites compared to
MOFs. A new synthesis strategy that combines the advantages of
zeolites (low cost and mature synthesis technology) and MOFs
(high CH4/N2 selectivity), avoiding the complexity and high
costs of synthesis processes of MOFs, is highly preferred to
generate zeolites with both high CH4/N2 selectivity and high
CH4 adsorption capacity.
3.2. Porous carbon materials

Porous carbon materials, including high surface area activated
carbons (ACs),114,115 activated carbon bers (ACFs),92,116 and
J. Mater. Chem. A, 2022, 10, 6397–6413 | 6405
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Table 2 Textural properties, CH4 adsorption capacity, CH4/N2 equilibrium selectivity and CO2/CH4 equilibrium selectivity of zeolites at 298 K
and 100 kPa unless otherwise specified

Zeolites
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

CH4 uptake
(mmol g�1)

Equilibrium selectivity
CH4/N2

Equilibrium selectivity
CO2/CH4 Ref.

Silicalite-I 439 0.19 0.65 3.60a 2.55a 106
Silicalite-I-H 323 0.137 0.67 3.9a 5.63a 108
Silicalite-I-M 342 0.130 0.67 3.9a 5.83a 108
K-KFI 430.4b 0.10b 0.78 8.5 35 105
Na-KFI 556.2b 0.15b 0.79 4.1 92 105
Li-KFI 550.6b 0.14b 0.71 3.0 80 105
Ca-KFI 333.5b 0.07b 0.72 3.0 19 105
K-CHA 278.5b 0.07b 0.85 14.5 24 105
Na-CHA 594.8b 0.16b 1.35 4.3 42 105
Li-CHA 638.0b 0.17b 1.47 4.7 32 105
5A — — 0.81 0.94c 256.47c 58
5A — — 0.69f 1.96f — 103
13X — — 0.59 2.36e 14.9e 50
Linde 4A — 0.108 0.95g 3.4g 6.5g 109
H-ZSM-5 — — 0.71h 3.28d,h 6.11d,h 110
H-clinoptilolite — — 0.93 3.91e,i — 111
K/Na (50 : 50)-clinoptilolite — — 1.05 3.27e,i — 111
Zeolite X/AC composite 802 0.64 0.77 3.4j — 112

a Calculated from the IAST model and values in brackets are the gas mixture ratio used for the calculation. b Measured by CO2 adsorption at 273 K.
c Calculated from Henry's selectivity. d Obtained at 303 K. e Calculated from Langmuir equation parameters. f Obtained at 305 K. g Obtained at 302
K. h Obtained at 313 K. i Obtained at 295 K. j Calculated from the ratio of adsorption amounts at 273 K.
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carbon molecular sieves (CMSs),117,118 have been extensively
studied as the adsorbents in adsorption based processes for low
concentration CH4 recovery from unconventional natural
gases115,119,120 and VAM enrichment.7,77,84–86 Table 3 summarizes
the textural properties, CH4 adsorption capacity, CH4/N2 selec-
tivity and CO2/CH4 selectivity of porous carbon materials under
ambient conditions unless otherwise specied.

3.2.1. Activated carbons (ACs). Due to their advantages,
such as high CH4 adsorption capacity, CH4/N2 selectivity, easy
scale up and low price, ACs are the most studied carbon
materials for CH4 separation from CH4 and N2 gas mixtures.
Much attention has been devoted to the investigation of the
effect of the textural properties of ACs on the CH4 adsorption
capacity and the CH4/N2 selectivity. Optimal pore sizes of 0.7–
0.9 nm,121 0.758–0.776 nm,119 0.7–1.3 nm,122 0.5–0.8 nm (ref.
120) and 0.55–0.85 nm (ref. 123) for high CH4/N2 selectivity have
been suggested.

In addition, heteroatom-doped (N or S) porous carbons have
also been extensively studied, and some N-doped carbons show
very high CH4/N2 selectivity up to 8.6 for a 50 : 50
mixture.64,124–126 Most of the reported N-doped porous carbons
showed CH4/N2 selectivity lower than CO2/CH4 selectivity.
However, N-doped AC with a high N content (>10 wt%) reported
by Yao et al. showed a high CH4 adsorption capacity of up to
1.47 mmol g�1 at 298 K and 100 kPa and high CH4/N2 selectivity
up to 8.6, which was attributed to the unusually high N content
as well as the suitably narrow ultramicropore size distribution.64

In addition, it is worth pointing out that Li et al. reported that
a N-doped AC (14.48 wt% N content) derived from waste wool
showed a high CH4/N2 selectivity of 7.6 for a 50 : 50 mixture and
6406 | J. Mater. Chem. A, 2022, 10, 6397–6413
13.7 for a 5 : 95 mixture with a decent CH4 adsorption of 1.01
mmol g�1.63

Apart from the textural properties and N-doping, the surface
chemistry properties of the porous carbons have also been
found to be important for the gas separation performance.127,128

For example, Tang et al. prepared binderless particle rice-based
carbon materials (PRCs) with narrow micropore distribution by
carbonization of rice followed by CO2 activation, which showed
a high CH4 uptake of 1.12 mmol g�1 and a CH4/N2 selectivity of
5.7 at 298 K and 100 kPa.128 Simulation calculations showed that
the surface carboxyl groups played an important role in the
improvement of the CH4/N2 selectivity. Fixed-bed experiments
demonstrated that this carbon material can greatly separate
CH4/N2 mixtures under ambient conditions.

3.2.2. Carbon molecular sieves (CMSs). Carbon molecular
sieves (CMSs) are activated carbons with a relatively narrow
micropore size distribution. As mentioned earlier, gas separa-
tion can be achieved by different equilibrium capacities (equi-
librium separation) or by differences in the transport rate
(kinetic separation). CMSs have been demonstrated to be able
to separate CH4 and N2 by kinetic separation.59,129,130 For
example, Zhang et al. prepared a CMS by deposition and
carbonization of benzene on activated carbon.130 A CH4

adsorption capacity of 1.33 mmol g�1, an equilibrium CH4/N2

selectivity of 4.74 and a very high N2/CH4 kinetic selectivity of
35.26 were achieved. PSA results demonstrated a better perfor-
mance in the separation of feed mixtures with a low concen-
tration of CH4.

3.2.3. Activated carbon bers (ACFs). ACFs have a long
history for gas separation and purication92,116 and have fast
intraparticle adsorption kinetics compared with pelletized or
This journal is © The Royal Society of Chemistry 2022
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Table 3 Textural properties, CH4 adsorption capacity, CH4/N2 equilibrium selectivity and CO2/CH4 equilibrium selectivity of porous carbons at
298 K and 100 kPa unless otherwise specified

Carbon materials
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

CH4 uptake
(mmol g�1)

Equilibrium
selectivity CH4/N2

Equilibrium
selectivity CO2/CH4 Ref.

ACa (from coconut shell) 329 0.145 — 6.18c (50 : 50) — 84 and 85
ACF compositesa 577 0.135d — 5.9e/4.2f 3.29f 77
AC (GCTAC) 700 — 1.21 9.8c (2.5 : 97.5) — 67
BPL AC — — — 4.5e 2.5e 31
AC (CGUC-1-6) 624 0.267 1.01 5.9c (50 : 50) 16.9c (40 : 60) 134
AC (CGUC-1-8) 1071 0.439 1.34 5.0c (50 : 50) 9.4c (40 : 60) 134
AC (PRCs) 776 — 1.12 5.7c (15 : 85) — 128
AC beads 1457 0.57 1.06 5.5c,g (50 : 50) 3.6c,g (50 : 50) 135
Granular AC 1227 0.505 1.59 3.2g — 136
AC (SCs) 914 0.35 1.86 5.7c (50 : 50) — 137
ACb (N-WAPC) 862 0.5 1.01 7.62c (50 : 50) 11.76c

(15 : 85) 13.71c (5 : 95)
3.19c (50 : 50) 5.98c

(15 : 85) 8.66c (5 : 95)
63

ACb (ClCTF-1-650) 974 0.37 1.47 8.6c (50 : 50) 8.1c (1 : 99) 64
ACb (ClCTF-1-550) 986 0.37 1.27 8.1c (50 : 50) 7.8c (1 : 99) 64
ACb (NAPC-2-6) 1247 0.69 1.3 4.1c (50 : 50) 10.1c (50 : 50) 124
ACb (OTSS-1-550) 778 0.31 1.49 5.22c (50 : 50) 8.15c (10 : 90) 138
ACb (SNMC-1-600) 1021 0.43 1.45 5.1c (50 : 50) 6.9c (40 : 60) 139
ACb (SNMC-2-600) 1884 0.78 1.57 4.2c (50 : 50) 4.3c (40 : 60) 139
ACb (SNMC-3-600) 3049 1.4 1.17 3.6c (50 : 50) 3.2c (40 : 60) 139
ACb (ACSs-N) 697 0.46 1.30 3.76c 7.49c 125
S-doped AC (CSK-7) 1324 0.81 1.23 2.92c 2.3c 126
CMS (1023) 389 0.182d 1.33 4.74h — 130
Mesoporous carbon 599 0.66 1.05 5.8e — 133
Mesoporous carbon (sOMC) 2255 2.17 0.90 3.7c (10 : 90) 2.8c (10 : 90) 132
Carbon composite (MNS-derived) — — 1.48 6.3e/10.4i — 65
Carbon nanoplates (PCNPs) 690 — 1.17 10c (30 : 70) — 66

a Carbon has been studied for VAM enrichment. b N-doped carbon. c Calculated from the IAST model and values in brackets are the gas mixture
ratio used for the calculation. d Micropore volume. e Calculated from Henry's law constants. f Calculated from the initial slopes of adsorption
isotherms at very low pressures. g Calculated at 303 K. h Calculated from Langmuir equation parameters. i Calculated from the initial slopes of
adsorption isotherms at relevant pressures (CH4 0.69 kPa and N2 79.99 kPa).
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granular ACs.131 Honeycomb monolithic carbon ber compos-
ites have been extensively studied as an adsorbent for the
enrichment of VAM via a PSA process by Bae et al. They
exhibited a CH4/N2 selectivity of 4.2 and 5.9 at 298 K obtained
from the initial slopes of adsorption isotherms at very low
pressures and from Henry's law constants, respectively, and
have been applied in a prototype VAM enrichment unit.7,77,86 It is
important to develop other ACFs to improve the VAM enrich-
ment performance.

3.2.4. Other carbon materials. Other carbon materials
studied for CH4/N2 gas mixture separation include mesoporous
carbon, carbon composites, carbon nanoplates, etc.65,66,132,133 For
example, Bae et al. reported new carbon composites which
showed a CH4/N2 selectivity of about 10.4 calculated at each
relevant partial pressure CH4 0.69 kPa (0.66 vol%) and N2 79.99
kPa (78.95 vol%) 79.99 kPa or 6.5 calculated at very low pres-
sures.65 Very recently, Xu et al. reported self-pillared ultra-
microporous carbon nanoplates (PCNPs) with a CH4/N2

selectivity of 10 at 100 kPa and 298 K for a 30CH4 : 70N2

mixture.66 Further studies on the CO2/CH4 selectivity of these
carbon nanoplates and their performance of VAM enrichment
with SPA processes are highly needed.

As shown in Table 3, a lot of carbon materials with high CH4

adsorption capacity and high CH4/N2 selectivity have been
This journal is © The Royal Society of Chemistry 2022
reported recently. So far the highest CH4 adsorption capacity of
1.86 mmol g�1 with a CH4/N2 selectivity of 5.7 (for a 50 : 50 gas
mixture) has been reported by Du et al.137 and the highest CH4/
N2 selectivity of 13.7 (for a 5 : 95 mixture) with a CH4 adsorption
capacity of 0.5 mmol g�1 has been reported by Li et al.63 It is
noteworthy that some of these ACs show CH4/N2 selectivity
higher than the CO2/CH4 selectivity.31,63,64,132,139 Given that
ventilation air usually contains CO2, it is highly desirable to
study the VAM enrichment with SPA processes using these
adsorbents. In addition, those carbon materials without avail-
able data on CO2/CH4 selectivity but with high CH4 adsorption
capacity and high CH4/N2 selectivity are potentially attractive
too for VAM enrichment studies.65–67,128,130

Although porous carbon materials are generally hydro-
phobic, both experimental and theoretical studies show that
microporous carbons can adsorb a large amount of water
vapor.140–142 Different from non-polar uids, the adsorption
mechanism of water in the micropores of carbon is determined
by the balance between uid–solid and uid–uid interactions,
and it has been observed that the adsorption of water occurs via
cluster formation.142 It has also been demonstrated that the
presence of water vapor adversely affects the adsorption
capacity of microporous carbon and limits its effectiveness as
an adsorbent material in humid environments.140 Considering
J. Mater. Chem. A, 2022, 10, 6397–6413 | 6407
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the high relative humidity of ventilation air, it is important to
study the effect of humidity on the adsorption capacities and
selectivity of adsorbents in humid environments. In this
respect, the adsorbent (carbon ber composites) used in the site
study for VAM enrichment by Bae et al. shows that the presence
of moisture in ventilation air has no effect on CH4 capture.7 It is
important to investigate the effect of water vapor on the
adsorption performance of other porous carbon materials (with
high CH4 adsorption capacity and high CH4/N2 selectivity) that
are potentially useful for VAM enrichment.

Compared to zeolites and MOFs, the downside of porous
carbon materials would be the less control over the pore size
distribution. However, porous carbon materials possess the
advantages including high CH4 adsorption capacity, high CH4/
N2 selectivity, hydrophobicity, excellent chemical stability, low
cost and ease of production. So far porous carbon materials
have been the only adsorbents that have been used for site
studies, demonstrating their potential in practical VAM
enrichment.7,84
3.3. MOFs

MOFs, formed by coordination bonds between metal clusters
and organic linkers, have great potential for gas adsorption and
separation because of their high surface areas, tunable pore
sizes, and versatile chemistry. Some MOFs have been investi-
gated by molecular simulation studies, while plenty of MOFs
have been experimentally studied for CH4 separation from
a CH4/N2 gas mixture. Table 4 summarizes the textural prop-
erties, CH4 adsorption capacity, CH4/N2 selectivity and CO2/CH4

selectivity of MOFs at 100 kPa and 298 K unless otherwise
specied.

Liu et al. carried out molecular simulation studies on the
separation of CH4/N2 mixtures by using MOFs including Cu-
BTC, MIL-47 (V), IRMOF-1, IRMOF-12, IRMOF-14, IRMOF-11,
Table 4 Textural properties, CH4 adsorption capacity, CH4/N2 equilibriu
100 kPa unless otherwise specified

Carbon materials
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

[Co3(C4O4)2(OH)2] 76 —
Cu-MOF [Cu(hpbb)(H2hpbb)0.5] 105 —
Cu-MOF 110 —
[Ni3(HCOO)6] 293 0.097c

Ni(DOBDC) 1018 0.49
3D Ni-MOF 1168 0.807
[Cu(INA)2] 252 0.12
Cu(Me-4py-trz-ia) 1473 0.586
ATC-Cu 600 0.23
CAU-21-BPDC (Al based MOF) 523 0.38
Co(DOBDC) 1089 0.50
ZIF-94 597 —
ROD-8 (CdII-MOF) 369 —
ACF@[Ni3(HCOO)6] 1053 0.453
Ni-MA-BPY 464 0.160cc

a Calculated from the IAST model and values in brackets are the gas mixt
parameters. c Micropore volume. d Calculated from Henry's law constants
are the gas mixture ratio used for the calculation.

6408 | J. Mater. Chem. A, 2022, 10, 6397–6413
and IRMOF-13,143 and ZIFs including ZIF-68 and ZIF-69.144 The
highest CH4/N2 selectivity of 4.7 was achieved for MIL-47 (V).143

Peng et al. studied the adsorption and separation of CH4/N2 and
CO2/CH4 of UMCM-1 and UMCM-2 using a hybrid method of
computer simulation and adsorption theory.145 A CH4/N2

selectivity of 2 was achieved for both MOF materials, which was
insensitive to the pressure.

As listed in Table 4, for those frequently studied MOFs, so far
the highest CH4/N2 selectivity of 12.5 has been reported by Li
et al.69 for an ultramicroporous squarate-based MOF, [Co3(C4-
O4)2(OH)2] (C4O4

2� ¼ squarate); however, the CH4 adsorption
capacity is low (0.40 mmol g�1). In addition, a number of MOFs
with very high CH4/N2 selectivity (6–12.5) have been reported in
recent years,38,40,68–71,146–152 with some of them also showing
decent or extremely high CH4 adsorption capacity (up to 2.9
mmol g�1), making them very promising candidates for VAM or
low grade CH4 enrichment. Further studies on VAM enrichment
using these MOFs with high CH4/N2 selectivity and decent or
high CH4 adsorption capacity are very much demanded.

The high CH4/N2 selectivity of those MOFs has been ascribed
to the properties of the MOFs under study, including the
uniform ultra-micropores and optimal polarizability,39,40 or the
suitable SOD cage size (0.84 nm) acting as a strong adsorption
potential,148 or the optimal coupling of the polarizability and
structure of the MOF framework,153 or strong interactions
between CH4 molecules and their coordinatively unsaturated
metal sites,68,151 or an increased number of polar sites,38 etc. For
example, it is known that coordinatively unsaturated metal
centers can bind CH4 signicantly.151 Niu et al. reported a CH4

nano-trap that features oppositely adjacent open metal sites
and dense alkyl groups in a MOF, ATC-Cu.68 As illustrated in
Fig. 7, when two opposite coordinatively unsaturated metal
centers are adjacent to each other, a nano-trap for CH4 can be
generated based on the cooperative coulombic interaction
between the CH4 molecules and the two metal centers. This
m selectivity and CO2/CH4 equilibrium selectivity of MOFs at 298 K and

CH4 uptake
(mmol g�1) Selectivity CH4/N2 Selectivity CO2/CH4 Ref.

0.40 12.5a (50 : 50) — 69
0.46 6.9b 3.1b 146
0.63 11.18e — 70
0.82 6.18d — 40
1.90 3.80a (50 : 50) 30a (50 : 50) 151
1.76 7.0 — 152
0.80 8.34d — 147
1.12 4.2d — 156
2.90 9.7a (50 : 50) — 68
0.99 11.9a (50 : 50) — 38
1.95 3.2a (50 : 50) 40a (50 : 50) 151
1.5 7a (30 : 70) (50 : 50) — 148
0.77 9.1e (50 : 50) 3.3e (50 : 50) 71
1.10 6.22 — 149
1.01 7.4 — 150

ure ratio used for the calculation. b Calculated from Langmuir equation
. e Calculated with the dual-site Langmuir model and values in brackets

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 The schematic comparison of a traditional CH4 adsorbent and
nano-trap. The purple and green ellipsoids represent coordinatively
unsaturated metal centers and alkyl groups, respectively. Adapted with
permission.68 Copyright 2019, Wiley-VCH.
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MOF showed a record-high CH4 adsorption capacity of 2.90
mmol g�1 and a high CH4/N2 selectivity of 9.7 at 298 K and 100
kPa. Breakthrough experiments showed a complete separation
of mixtures of 50CH4 : 50N2 and 30CH4 : 70N2 and good results
for a 15CH4 : 85N2 gas mixture.

Given that CH4 has a greater polarizability than N2, Lv et al.
demonstrated a strategy to improve CH4/N2 selectivity by
controlling the pore wall environment of two isomeric Al-based
metal–organic frameworks (MOFs) with four highly symmetric
polar sites for strengthened adsorption affinity toward CH4 over
N2. At 298 K and 100 kPa, CAU-21-BPDC with four highly
symmetric polar sites in the pore walls showed a CH4 uptake
capacity of 0.99 mmol g�1 and a CH4/N2 selectivity of 11.9,
which was 2.4 times higher than that of the MOF without four
highly symmetric polar sites.38

Apart from high CH4/N2 selectivity and high CH4 adsorption
capacity, considering that ventilation air is saturated with water,
good water stability is also important for MOFs to be used as
adsorbents for VAM separation/enrichment. It has been re-
ported that one of the decisive factors in determining the water
stability of MOFs is their metal clusters, with trinuclear chro-
mium clusters more stable than copper paddlewheel clusters,
which are more stable than basic zinc acetate clusters.154 Other
factors that affect the water stability including the strength of
the bond between the metal oxide cluster and the bridging
linker, the functionality of the ligand (hydrophilic or hydro-
phobic), the intrinsic textual properties, etc., have been
proposed.155 Water stable MOFs with high CH4/N2 selectivity,
such as [Ni3(HCOO)6], three-dimensional Cu-MOF, squarate-
based MOFs, Co-MA-BPY and Ni-MA-BPY, have been re-
ported.40,69,70,150 Moreover, due to the high relative humidity of
ventilation air, apart from the water stability of MOFs, it is
highly desirable to investigate the effect of water vapor on the
adsorption performance of VAM for those promising MOF
candidates with high CH4 adsorption capacity and high CH4/N2

selectivity.
In addition, it is worth mentioning that Liu et al. prepared

a formate metal–organic framework and activated carbon ber
composite, ACF@[Ni3(HCOO)6], with a CH4/N2 selectivity of 6.22
and a CH4 adsorption capacity of 1.10mmol g�1.149 This strategy
could be adopted for the preparation of other carbon/MOF
This journal is © The Royal Society of Chemistry 2022
composites with desired CH4/N2 selectivity and CH4 adsorption
capacity for gas separation/enrichment.

For most of the MOFs with CO2/CH4 selectivity available
listed in Table 4, their CH4/N2 selectivities are lower than their
CO2/CH4 selectivities, except in a few cases. In particular, Cu-
MOF [Cu(hpbb)(H2hpbb)0.5] showed a CH4/N2 selectivity of
6.9, CO2/CH4 selectivity of 3.1, and adsorption capacity of 0.46
mmol g�1,146 and ROD-8 (CdII-MOF) showed a CH4/N2 selectivity
of 9.1, CO2/CH4 selectivity of 3.3 and adsorption capacity of 0.77
mmol g�1.71 Considering the presence of CO2 in ventilation air,
these MOFs with CH4/N2 selectivity higher than their CO2/CH4

selectivity are very promising candidates for VAM enrichment.
The disadvantages of MOFs lie in the complexity and high

cost of synthesis processes. On the other hand, MOFs havemore
exibility in tuning the pore size and surface properties to
achieve adsorbents with desired properties (e.g., high CH4

adsorption capacity, high CH4/N2 selectivity, and water
stability). Some MOFs (in Table 4) show the highest CH4

adsorption capacity among the widely studied three types of
adsorbents (zeolites, porous carbon materials and MOFs),
making them promising candidates for VAM enrichment.

3.4. Combination of adsorbents

Given that zeolites have stronger adsorption for CO2 than for
CH4 and N2, while carbon molecular sieves (CMSs) can kineti-
cally separate CH4 from N2, a combination of zeolites and CMSs
in a PSA system has been employed to separate the ternary
mixtures of CH4/CO2/N2. For example, ACs, CMS, and zeolite
13X in a specially designed PSA has shown that CO2, CH4 and N2

could apparently be enriched in the top, side and bottom
product streams, respectively.157 In addition, a layered pressure
swing adsorption (LPSA) system based on the assumption that
CO2 would be almost completely adsorbed in 13X followed by
kinetic separation of CH4/N2 in the CMS layer has been
demonstrated to be able to enrich CH4 from 60% to 86%.35 The
combination of different types of adsorbents in PSA processes
for VAM enrichment could be a choice to simultaneously collect
CH4, CO2 and N2 separately, which could add value to the
processes.

3.5. Summary of adsorption materials

In general, the limitation of zeolites as the adsorbent for CH4

separation lies in the low CH4/N2 selectivity and low CH4

adsorption capacity compared to porous carbons and MOFs,
and the hydrophilic surface. A number of porous carbons and
MOFs exhibiting both high CH4/N2 selectivity and high CH4

adsorption capacity are very promising candidates for VAM
enrichment, especially those with CH4/N2 selectivity higher
than CO2/CH4 selectivity, and someMOFs show the highest CH4

adsorption capacity among the widely studied three types of
adsorbents. So far porous carbon materials have been the only
sorbents that have been used in site studies for VAM ventilation.
However, further studies on the VAM enrichment performance,
regenerability, kinetics, compatibility and cost are highly
desirable for their practical applications. Porous carbons have
the advantages of excellent chemical stability, low cost and ease
J. Mater. Chem. A, 2022, 10, 6397–6413 | 6409
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of production, while MOFs have more exibilities on the pore
size, surface property, etc. New strategies to produce novel
porous materials that combine the advantages of zeolites and
MOFs or the advantages of carbon and MOFs could lead to
promising adsorbents with desired properties for gas enrich-
ment, such as high CH4/N2 selectivity, high CH4 adsorption
capacity, easy regenerability, good chemical stability, etc.

4. Conclusions and prospects

We have presented an overview on the technologies and mate-
rials for VAM enrichment with focus on adsorption-based
processes (PSA and TSA). PSA processes have been the most
studied and the most promising technology for VAM enrich-
ment so far. A pilot-scale study with VPSA and a site trial with
VTSA for VAM enrichment have been carried out, respectively.
Further studies on the cost, efficiency, scalability etc. of these
technologies are needed.

The adsorbents used in the adsorption processes (PSA and
TSA) are one of the key factors for gas separation/enrichment
performance. We have summarized materials that are poten-
tially useful for VAM enrichment, including zeolites, porous
carbon materials and MOFs with focus on those with high CH4/
N2 selectivity and high CH4 adsorption capacity and highlighted
new synthesis strategies to achieve high CH4 adsorption
capacity and CH4/N2 equilibrium selectivity. In general, zeolites
exhibit low CH4/N2 selectivity and low CH4 adsorption capacity
compared to porous carbons and MOFs. Several porous carbons
and MOFs exhibiting both high CH4/N2 selectivity (up to 12.5)
and high CH4 adsorption capacity (up to 2.90mmol g�1) are very
promising candidates for VAM enrichment,38,63–71 especially
those with CH4/N2 selectivity higher than CO2/CH4 selectivity.
Making use of these adsorbents in PSA and/or TSA processes is
likely to result in desirable VAM enrichment performance.

New synthesis strategies including the combination of the
advantages of zeolites and MOFs, or the advantages of carbon
and MOFs, heteroatom (N or S) doping, and surface property
modication for porous carbons, the creation of coordinatively
unsaturated metal centers for MOFs and the pore wall envi-
ronment control of MOFs could lead to novel adsorbents with
desirable properties such as high CH4/N2 selectivity, high CH4

adsorption capacity, easy regenerability, good chemical
stability, etc. for VAM enrichment.

This review will inspire further studies and advances for
VAM enrichment to better mitigate and utilize VAM or other low
grade CH4, which will not only cut down on CH4 emissions, but
also provide extra economic benets to the mining industry and
ultimately contribute to the future low carbon economy.
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49 P. Maŕın, Z. Yang, Y. Xia and S. Ordóñez, J. Nat. Gas Sci.
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