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Abstract
Natural gas, as a very important source of energy and chemical feedstock, can be used in place of coal to lower net carbon dioxide emissions.
Membrane separation technology is an attractive alternative for natural gas purification where the impurities represented by acid gases (CO2 and
H2S) as well as inert gases (N2) must be removed to meet the transportation and usage specifications. From the economic benefits viewpoint,
asymmetric membranes are required for industrial manufacture and applications. This paper aims to review the latest development of various
kinds of asymmetric membranes for natural gas purification, mainly focusing on CO2 removal from CH4, including H2S and N2 separation from
CH4 as well. According to material types, polymeric, inorganic, mixed-matrix and carbon molecular sieve membranes are introduced. The
associated fabrication approaches and transport properties are discussed for each kinds of asymmetric membranes. Towards the practical
implementation, an emphasis is placed on hollow fiber asymmetric structure for these polymeric, mixed-matrix and carbon molecular sieve
membranes.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Natural gas is a very important hydrocarbon used as a source
of energy and a chemical feedstock in the manufacture of
plastics and other commercially important organic chemicals.
Natural gas can be used in place of coal, for example, to generate
electricity, which may lower net carbon dioxide emissions in
absence of carbon capture. Theworld usesmore than 100 trillion
scf (standard cubic feet) of natural gas every year. Composed of
methane (typically 70%–90% of the total component) andmany
other impurities (such as: CO2, H2S, N2, H2O and other higher
hydrocarbons), the crude natural gas extracted from wells
cannot be transported directly to the pipelines before purifica-
tion [1]. Tomeet the U.S. natural gas pipeline specifications, the
contents of CO2 and H2S have to be decreased to less than 2%
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and below 4 ppm, respectively [2]. Additionally, the existence of
inert gases (like N2) dilutes the heating value of natural gas
undoubtedly.

Nowadays, natural gas purification has become the largest gas
separation process since the wide usage of natural gas. As shown
in Fig. 1, though the conventional amine absorption process by far
accounts for an absolutely large percentage of acid impurities
removal, it still has some drawbacks such as enormous energy
consumption, complicated operation, high capital cost and
equipment corrosion etc. [3–5]. Similarly, the processes devel-
oped for N2 separation like cryogenic distillation and pressure
swing adsorption (PSA) also confront energy-consuming prob-
lems. Fortunately, the rapid development of membrane technol-
ogy tends to provide an energy-saving, convenient and economic
separation process.

Generally, attentions are particularly focused on both the
productivity (permeance) and efficiency (selectivity) of a
membrane to a specific gas separation process [6]. To achieve
high permeance and selectivity, various membrane materials
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
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Fig. 1. (a) Typical natural gas absorber-stripper treatment process using amine absorbents to remove carbon dioxide; (b) Typical membrane/amine hybrid plant for

the treatment of associated natural gas produced in carbon dioxide/enhanced oil projects. Reprinted with permission from Ref. [2]. (Permitted by: American

Chemical Society) Copyright (2008) American Chemical Society.
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have been studied that can be classified to as follows: poly-
meric membranes, inorganic membranes, mixed-matrix
membranes and carbon molecular sieve membranes. Further-
more, it should be noted that asymmetric configuration enables
membrane suitable for industry applications. This paper aims
to review recent advances in fabrication methods, membrane
structures, separation performance and transport mechanism
of asymmetric membranes made by the four materials
mentioned above for natural gas purification, especially for
CO2 removal, since CO2 acts as the main contaminant of
natural gas. Furthermore, the H2S and N2 separation are dis-
cussed briefly.

2. Polymeric membranes
2.1. Structures and fabrication approaches
As the first successful asymmetric membrane in practical
applications, anisotropic Loeb-Sourirajan membrane was
initially fabricated to decrease the transport resistance by a
precipitation method. As a result, a porous support layer
providing mechanical strength and a dense surface layer per-
forming selectivity ability can be formed simultaneously from
the same membrane material. Taking polymeric membrane as
an example, the material cost is elevated to 50 g polymer per
m2 of membrane for the reason that the same polymer is used
in the two parts [7]. Hence, when the material is expensive, the
Loeb-Sourirajan membrane has a low economic competence.
In contrast, composite membranes consisting of a porous
support and a thin selective layer could overcome the limita-
tion of Loeb-Sourirajan membranes, since the two layers can
be derived from different materials and optimized separately
[2]. As a consequence, composite membranes play an impor-
tant role in practical gas separation process. Composite
membranes include two types: flat sheet and hollow fiber.
According to these two different types, related membrane
modules: spiral wound and hollow fiber modules were
designed to assemble them, respectively (Fig. 2).

The spiral wound modules contain many flat sheets to enlarge
the contact area with feed gases. To obtain a low-resistant and
defect-free separation layer, several fabrication approaches were
developed, such as interfacial polymerization, solution casting,
dip-coating and spin-coating. For interfacial polymerization
(Fig. 3a), following a gutter layer formation, the selective layer is
able to be formed at the substrate interface after the reaction be-
tween the monomers dissolved in aqueous and organic solutions,
respectively [8]. In contrast, solution-casting technique directly
casts the polymeric layer on the substrate with a casting knife
(Fig. 3b). Other coating techniques, typically represented by dip-
coating and spin-coating, enable polymers first distributed on the
substrate via external force and subsequently fixed on it after
evaporation of the solvent [9]. These two coating approaches are
often used for fundamental study with lab-scale.

Hollow fiber membrane is more popular than spiral wound
membrane in gas separation applications due to its lower
production cost [10]. During the spinning process (Fig. 3c),
the dope and bore fluid are simultaneously extruded from the
spinneret into the air gap (“dry-jet”) under the pressure pro-
vided by the pumps, after which the fiber is immersed in the
quench bath (“wet-quench”). The specific formation process of
hollow fiber can be depicted in a ternary phase diagram. In the
“dry-jet” step, the outer solvent evaporates so that the dope
follows to the vitrified region and then the skin layer forms. In
the “wet-quench” step, the water induces the phase separation
in the underlying porous support. Finally, the hollow fiber is
collected on the rolling take-up drum and need to be rinsed
and dried. Fabrication approaches of inorganic membranes are
more or less different from those mentioned above. The
relevant fabrication methods will be discussed later.
2.2. Conventional polymeric membranes
At present, polymeric membranes dominate the membrane
market due to its low material cost and ease of large-scale
manufacture. For example, a natural gas sweetening system
was facilitated with cellulose triacetate hollow fiber modules in
theMalaysia Thailand Joint DevelopmentArea,which lowers the
CO2 content from 36 to 16% to meet the relevant specifications
[11,12]. PRISM membranes developed by Air products are also
regarded as an alternative candidate forCO2 removal fromnatural
gas [11,13].Additionally, itwas commercially proven thatMTR's
NitroSep™ system was able to separate N2 from natural gas
economically via multi membrane units [11,14]. In principle, the
mechanism of polymeric membranes in gas separation mainly



Fig. 2. Schematic illustration of (a) membrane materials, (b) asymmetric membrane structures, (c) asymmetric membrane modules.
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follows a solution-diffusion process [15]. To date, cellulose
acetate (CA) is the most widely-used polymer in carbon
dioxide separation platforms, which is originally designed to
fabricate reverse osmosis membranes for water desalination
[16]. Under the industry conditions, CAmembrane exhibits 100–

200 GPU (Gas Permeation Unit: 1 GPU ¼ 3.348 �
10�10 mol m�2 s�1 Pa�1) of CO2 and a CO2/CH4 selectivity of
10–15, assuming the thickness is less than 0.1 mm [7]. The
separation performance of CA membrane is lower than the
“upper-bound” proposed by Robeson, which is plotted according
to a series of versatile membrane materials in CO2/CH4

separation [17].
In order to overcome the low separation performance of CA

membranes, polyimide (PI) was developed and commercialized
by DuPont and Ube for CO2/CH4 separation [18]. In contrast to
conventional CA membranes, PI membranes show higher sepa-
ration performance due to the high rigidity, good stability and
convenient processability. Among the PImaterials studied by far,
fluorinated PI containing 2, 20-bis(3, 40dicarboxyphenyl) hexa-
fluoropropane dianhydride (6FDA) exhibits attractive perfor-
mance because of the existence of –C(CF3)2- groups that hinder
intrasegmentalmobility and disrupt inter-chain packing aswell as
stiffen backbones [19,20]. Koros’s group successfully translated
the high-performing PI polymer, 6FDA-DAM (DAM: diamine 2,
4, 6-trimethyl-1, 3-diaminobenzene) to asymmetric hollow fibers
via controlling the dope formation and spinning parameters. The
6FDA-DAM hollow fiber membrane had CO2/CH4 selectivity of
22.7 that was even 29% higher than that of dense film probably
due to polymer chain alignment during the spinning process [21].

For practical natural gas purification, plasticization is of
great concern for the reason that it results in low selectivity of
the membranes. Plasticized by the highly concentrated CO2,
polymer chains pack loosely so that the CH4 permeance ac-
celerates and the related selectivity is deteriorated as well [22].
To solve this problem, various methods have been developed,
among which crosslinking (realized by thermal, UV and
chemical treatments) is recognized as one of the most effective
approaches via inhibiting swelling and segmental mobility
[23]. Immersed in p-xylenediamine methanol solution, 6FDA-
2, 6-DAT (2, 6-DAT: 2, 6-diamino toluene) hollow fiber
membranes were chemically crosslinked, showing favorable
plasticization resistance and reasonable separation perfor-
mance [24]. The 6FDA-2, 6-DAT fibers after 3 min p-xyle-
nediamine modification separated CO2 from CH4 with CO2

permeance of 31 GPU and selectivity of 56 as well as doubled
plasticization pressure of 13.79 bar. This crosslinking is based
on the reaction between amino groups of p-xylenediamine and
imide groups of 6FDA-2, 6-DAT. Besides, crosslinking the
groups (such as –COOH) on diamines is also an available
strategy. Qiu et al. [25,26] crosslinked 6FDA-DAM:DABA
(3:2) (DAM: diamine 2,4,6-trimethyl-1,3-diaminobenzene;
DABA: 3,5-diaminobenzoic acid) via decarboxylation of
–COOH groups at sub-Tg and the resultant membrane
exhibited higher plasticization resistance that the plasticization
pressure is up to 48.27 bar for pure CO2 and 68.96 bar for
CO2/CH4 (50/50 mol%) mixtures. As shown in Fig. 4a, the
crosslinking mechanism can be divided into 3 steps: 1) for-
mation of anhydride; 2) formation of two free phenyl radicals;
3) crosslinking of two free phenyl radicals. Thermal oxidation
technique is demonstrated as another useful method to cross-
link the polymers but usually compromises the gas perme-
ability due to high temperature. To overcome this drawback,
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Fig. 3. Fabrication approaches of asymmetric membranes for gas separation: (a) interfacial polymerization, (b) solution-casting, (c) dry-jet/wet-quench spinning.
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Li and co-workers proposed sub-Tg oxidative crosslinking
technique by incorporating monomers with low Tg and
crosslinkable groups. As shown in Fig. 4b, the crosslinking
process includes lactone rings breakdown, peroxy radicals
generation, peroxide groups (ROOH or ROOR) formation and
decomposition into two free radicals as well as reactions be-
tween free radicals and potential crosslinkable sites, subse-
quently. It was demonstrated that the 6FDA-Durene/MPP (3:2)
(Durene: 3, 5, 6-tetramethyl-1, 4-phenylene diamine; MPP: 3,
3-bis [4-(4-amino-3-methyl phenoxy) phenyl] phthalide)
membranes treated at 275–400 �C have no plasticization effect
in the CO2 pressure range of 1–30 bar [27].

In most cases, thermal crosslinking may not appropriate to
asymmetric hollow fiber membranes, attributing to low per-
meance caused by the densification of porous transition layer
and substrate layer. To reduce this effect, esterification cross-
link with diol was proposed by Koros’s group, aiming to lower
the treatment temperature [28]. Typically, 6FDA-DAM:DABA
(3:2) reacted with 1,3-propanediol and formed the crosslinked
polyimide, namely PDMC (propanediol monoesterified cross-
linkable polyimide). After that, the PDMC was spun into
hollow fibers and then underwent transesterification and
crosslinking under 200 �C. The ester-crosslinked PDMC hol-
low fibers showed improved CO2 permeance of 117 GPU with
CO2/CH4 selectivity of 37 for 50/50 CO2/CH4 mixture at
13.79 bar and 35 �C [29].

Although the separation performance is improved, the
nanoporous transition layer does collapse which lies between
the dense skin layer and underlying porous support [30]. The
transport resistance of the membrane is improved so that the
CO2 permeance is reduced. Recently, Koros’s group designed
a new kind of PI copolymers by introducing the –CF3-diamine
into PDMC to inhibit the collapse of nanoporous transition
layer during crosslinking treatment [31,32]. Attributing to the
presence of –CF3 groups, the thickness of the PDMC-CF3
membrane (also denoted as TFM-PI-CF3) was basically pre-
served after crosslinking, which implies absence of collapse
(Fig. 5a). The bulky –CF3 also provided the backbone with
additional rigidity that pronounced the selectivity of PDMC-
CF3. As a result, the crosslinked PDMC-CF3 fibers showed



Fig. 4. (a) Decarboxylation-induced crosslink mechanism and possible crosslink sites of DABA-based polyimide. Reprinted with permission from Ref. [25].

Copyright (2011) American Chemical Society. (b) The thermal oxidative crosslinking mechanism of 6FDA-Durene/MPP (3:2). Reprinted with permission from

Ref. [27]. Copyright (2019) Elsevier. (c) Crosslinked structure of PDMC. Reprinted with permission from Ref. [28]. (Permitted by: American Chemical Society)

Copyright (2008) Elsevier.
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outstanding permeance and selectivity compared to the
counterpart derived from pristine PDMC (also denoted as
TFM-PI-0) (Fig. 5b). Impressively, the crosslinked PDMC-
CF3 fibers maintained attractive performance without CO2

plasticization effect even under 55 bar (Fig. 5c).
Apart from CO2, H2S is another acid contaminant

encountered in natural gas and has to be treated properly for
the reason that the high toxicity and combustion could lead to
serious safety and environmental troubles [33]. Recently, it
was demonstrated that hollow fiber membranes derived from
crosslinkable 6FDA-based polyimide, i.e., Glycol Mono-
esterified Crosslinkable 6FDA-DAM:DABA(3:2), were
capable of realizing simultaneous removal of CO2 and H2S
from CH4 [34]. To suppress swelling and plasticization, pol-
ydimethylsiloxane (PDMS) was employed as sealing layer.
Whereas reduced performance under aggressive conditions,
the PDMS treated crosslinked TEGMC fibers had H2S/CH4

permselectivity over 20 for all test pressures and CO2/CH4

selectivity as high as 47 for the 20% H2S, 20% CO2 and 60%
CH4 in the feed [34]. Another crosslinkable 6FDA-based
polyimide, PDMC-CF3, was also demonstrated to enable
simultaneous removal of CO2 and H2S. Under harsh sour gas
conditions (25% H2S, 5% CO2, 70% CH4 and 20% H2S, 20%
CO2, 60% CH4), the crosslinked PDMC-CF3 hollow fiber
membranes suppressed plasticization effect thus showing sta-
ble separation performance (Fig. 6) [35]. Because of the much
stronger affinity membranes towards H2S than CH4, the H2S/
CH4 selectivity is dominated by the sorption factor during
separation process. Crosslinking reduced the membrane free
volume and thus caused the decline of H2S sorption sites. On
the other hand, the decline of free volume strengthens mo-
lecular discrimination ability to enhance the CO2/CH4 selec-
tivity to some extent. The CO2/CH4 selectivity eventually
decreases with increasing the feed pressure due to the
competitive sorption effects.
2.3. Emerging polymeric membranes
Thermally rearranged (TR) polymers and polymers of
intrinsic microporosity (PIMs) are now recognized as the third



Fig. 5. (a) Structure schematic and cross-sectional SEM images of PDMC or PDMC-CF3 hollow fiber membranes before and after thermally crosslinking at 200 �C
for 2 h under vacuum. Reprinted with permission from Ref. [32]. Copyright (2019) Wiley. (b) Comparison between TFM-PI-0 and TFM-PI-CF3 hollow fiber

membrane before and after cross-linking, non-cross-linked (NXL), cross-linked (XL), feed conditions: 50:50 CO2/CH4 mixtures, 14 bar, 35 �C. (c) Cross-linked
TFM-PI-CF3 hollow fiber membrane tested under feed pressure up to 55 bar with or without hydrocarbon in 50:50 CO2/CH4 mixtures at 35 �C. Reprinted with

permission from Ref. [31]. (Permitted by: John Wiley and Sons) Copyright (2016) Wiley.

Fig. 6. H2S and CO2 separation performance of PDMC-CF3 hollow fiber membranes at 35 �C with a 20% H2S, 20% CO2, 60% CH4 ternary mixture gas. Reprinted

with permission from Ref. [35]. (Permitted by: American Chemical Society) Copyright (2020) American Chemical Society.
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generation of polymeric materials for gas separation membranes
followingCAandPI, both ofwhich intrinsically possess high free
volume in the range of 10–20% [36]. TR polymers, first proposed
by Park and Lee, are aromatic highly-rigid polymers with
heterocyclic rings. After the irreversible molecular rearrange-
ment at ~350–450 �C, the aromatic PIs containing ortho-
positioned functional groups (e.g., –OH and –SH) are formed
into TR polymers (Fig. 7a) of which both physical and chemical



Fig. 7. (a) TR-PBO synthetic scheme. Cross-section SEM images of TR-PBO hollow fiber membranes: (b) overall hollow fiber, (c) morphology at wall, and (d)

outer skin layer. Reprinted with permission from Ref. [38]. (Permitted by: Elsevier) Copyright (2012) Elsevier.

182 X. Chen et al. / Green Energy & Environment 6 (2021) 176–192
properties are stable [37]. Furthermore, TR-polymers are able to
be fabricated into hollow fibers since the precursors are intrinsi-
cally soluble and spinnable. The TR-PBO hollow fiber mem-
branes thermally treated at 450 �Cexhibited highCO2 permeance
of 1938 GPU with CO2/CH4 selectivity of 14 under 1–2 bar and
25 �C [38].

Attributing to highly rigid and contorted molecular struc-
tures, PIMs possess large free volume so that the PIMs
membranes display appealing performance in CO2 separations
[36]. Defect-free PIM-1 hollow fibers were fabricated via a
modified dual-bath method of spinning, in which an immis-
cible liquid protective layer was used to overcome the lack of
suitable nonvolatile solvents for PIM-1 [39]. The resultant fi-
bers with skin thickness from 3 to 6 mm showed an attractive
CO2 permeance of 360 GPU and CO2/CH4 selectivity of 23
[39]. The past several years have witnessed the rapid devel-
opment of triptycene-based PIMs membrane materials for
natural gas purification. Two of the crucial challenges for these
membranes are plasticization and physical aging. Li et al. [40]
adopted sub-Tg decarboxylation to crosslink 6FDA-DAT/
DATCA (9:1) (DATCA: 2,6-diaminotriptycene- 14-carboxylic
acid) and 6FDA-DAT/DATCA (8:2), both of which exhibited
undetectable plasticization at a CO2 pressure up to 30 bar for
pure gas and a partial CO2 pressure up to 20 bar for
(CO2:CH4 ¼ 1:1) mixture as well as significantly reduced
physical aging rate. Additionally, the long-term stability of TR
and PIMs asymmetric membranes is expected to be studied in
future work.

Different from conventional polymeric membranes
following solution-diffusion transport mechanism, facilitated
transport membranes (FTM) are also influenced by the
reversible reactions between the CO2 and carriers, such as
–NH2, F

�, PO4
3�, CO3

2�, -COO� [41]. The synergistic effect of
these mechanisms enhances the membrane permselectivity
significantly. Li et al. [42] developed a multi-permselective
membrane composed of trimesoyl chloride (TMC), dieth-
ylene glycol bis(3-aminopropyl) ether (DGBAmE) and 3,30-
diamino-N-methyldipropylamine (DNMDAm) monomers that
contributes to diffusivity-selectivity, reactivity-selectivity and
solubility-selectivity, respectively. The best membrane showed
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CO2 permeance of ~1225 GPU with CO2/CH4 selectivity of 51
for the CO2/CH4 (10/90 vol%) mixture at 1.1 bar and 22 �C.
Nevertheless, the performance was deteriorated as increasing
the feed pressure. At high pressure, the Langmuir sorption
decreased and the reactive sites were saturated with CO2, both
of which caused the decreasing CO2 permeance. On the con-
trary, CH4 was only controlled by solution-diffusion mecha-
nism so that the membrane selectivity was lowered as well.
Considering the harsh conditions in natural gas purification,
more efforts need to be made to reduce the negative impact of
increasing pressure on FTMs.

Though CA still dominates the commercial polymeric mem-
brane materials for natural gas purification, the PIs membranes
seem to be available in the near feature. Specially, the crosslinked
6FDA-based PIs (like PDMC) that exhibit significant plasticiza-
tion resistance will undertake the natural gas purification tasks
when the large-scale manufacture of defect-free asymmetric
membrane issues are solvedproperly.Rigid structure providesTR
polymers with superior anti-plasticization effect and high sepa-
ration performance. In the future, more attentions should be paid
on the relationship between the TR polymer structures and sep-
aration performance. PIMs membranes are demonstrated to
exhibit remarkable thermal and chemical stabilities under harsh
conditions. However, the physical aging issue may impede the
application progress if not solved properly. It is possible that
crosslinking may help to solve this problem and produce mem-
branes that can function reliably over their expected lifetime (3–5
years) [36]. Based on the delicate combination of different
transport mechanisms, FTMs are demonstrated to exhibit
attractive natural gas purification performance under low pres-
sure. Nevertheless, the harsh industrial requirements prefer FTM
with high performance under high pressure.

3. Inorganic membranes

Under aggressive conditions (e.g., high temperature, high
pressure), inorganic membranes are believed to exhibit higher
performance than polymeric membranes [43]. In general,
inorganic membranes can be divided into two categories:
porous or nonporous type. Porous inorganic membranes
typically include zeolite membranes and metal–organic
frameworks (MOFs) membranes, both of which contain
nanometer sized pores. In-situ growth and secondary growth
are widely-used strategies for the fabrication of crystalline
zeolite and MOFs membranes [43,44]. Since the nucleation
and growth occur at the same time, the resultant membrane is
prone to have defects by the in-situ growth method. On the
contrary, the secondary growth separates these two steps in
order to optimize the microstructure. The crystalline seeds are
synthesized and subsequently deposited on the substrate by
various approaches, such as dip-coating, spin-coating and
rubbing. After that, the seeds grow in-situ to form a defect-free
membrane. Nevertheless, scalable manufacture of inorganic
membrane for gas separation remains a challenge, which is a
great obstacle to its practical applications [45].

Nonporous inorganic membrane materials typically refer to
dual-phase composite containing mixed-conducting oxide
ceramic and molten carbonate phases. Such nonporous inor-
ganic membranes usually have absolute CO2/CH4 selectivity
but low CO2 permeance, which is not attractive for practical
requirements [46]. Therefore, our attentions will be mainly
focused on the porous inorganic membranes, namely zeolite
and MOFs membranes.
3.1. Zeolite membranes
Owing to remarkable chemical resistance to CO2 plastici-
zation effect, zeolite membranes exhibit higher performance in
natural gas purification than polymeric membranes. Generally,
zeolite membranes depend on two mechanisms, namely
preferential adsorption and molecular sieving, to separate CO2

from CH4. MFI-type zeolite membranes possessing 5.5 Å
pore, mainly rely on the preferential adsorption of CO2 to
separate it from CH4. However, the CO2/CH4 selectivity is
only in the range of 2.3–8.2 [47]. CO2 separation in FAU- and
T-type zeolite membranes also follows the adsorption mech-
anism but these membranes show reduced permeance under
high pressure because of the saturation of adsorption sites
[48]. Considering highly CO2-selective adsorption abilities
over CH4, defect-free high-silica or all-silica CHA-type zeolite
membranes are desirable. To avoid defects formation during
calcination step, Zhou and co-workers [49] reported organic
structural directing agents (OSDA)-free gels having cesium
and fluoride salts to fabricate CHA zeolite membranes on
tubular alumina supports via secondary growth method
(Fig. 8a). After 72 h synthesis, the CHA zeolites intergrew
well and eventually formed a continuous membrane layer with
the thickness of ~6 mm. For the dry CO2/CH4 mixtures at
473 K, the CO2 permeance and selectivity was ~300 GPU and
46, respectively. Notably, both permeance and selectivity are
the function of pressure no matter for pure gas or mixture.
With the increasing pressure, CO2 permeance drops more
obviously than CH4 permeance, thus the CO2/CH4 selectivity
gets deteriorated for pure or mixed feed. Additionally, the
mixture selectivity is slightly higher than ideal selectivity for
the reason that CO2 permeance in mixture is 17–29% lower
than pure CO2 permeance and CH4 permeance in mixture is
23–40% lower than pure CH4 permeance. Moreover, the
resultant membrane remained high and stable performance
even under hot and humid conditions for 4 days.

In comparison to the competitive adsorption of CO2 over
CH4, the molecular sieving effect plays a more significant role
in the gas separation process. As shown in Fig. 9, SAPO-34
and DDR zeolite membranes are more promising candidates
for natural gas purification for the reason that both of the pore
diameters of SAPO-34 (3.8 Å) and DDR (3.6 Å) lie between
the kinetic diameters of CO2 (3.3 Å) and CH4 (3.8 Å). Noble’s
group has systematically studied the fabrication and applica-
tion of SAPO-34 zeolite membranes. Supported on porous
stainless steel or a-Al2O3 tube, continuous SAPO-34 mem-
brane removed CO2 from CH4 with selectivity of 67 and
permeance of 480 GPU for a 50/50 (mol%) feed at 2.2 bar and
24 �C [50]. Prepared by secondary growth method, improved
SAPO-34 membrane with Si/Al ratio of 0.15 had a higher CO2



Fig. 8. (a) Schematic illustration of CHA zeolite membrane fabrication with OSDA-free gel containing cesium and fluoride salts via secondary growth. (b) Surface

and (c) cross-sectional SEM images of the CHA membrane (72 h synthesis). (d) Selectivity and permeances through the CHA membrane for an equimolar dry CO2/

CH4 mixture as a function of pressure drop at 303K. (e) Evaluation of long-term stability of the CHA membrane in equimolar wet CO2/CH4 binary mixtures (8% in

mole of water vapor) at 373 K for 4 days. Reprinted with permission from Ref. [49]. (Permitted by: Elsevier) Copyright (2019) Elsevier.
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permeance of 1200 GPU and CO2/CH4 selectivity of 115 [51].
Carreon et al. prepared SAPO-34 crystal seeds with multiple
SDAs (structure directing agents) and fabricated the
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membranes by utilizing these seeds and SDAs during growth
process, leading to CO2 permeance of 1080 GPU and CO2/
CH4 selectivity of 227 [52]. Another SAPO material, SAPO-
17, also attracted attentions to form defect-free membranes
due to its sharply uniform effective pore size of 0.36 nm. Zhou
and co-workers [53] successfully prepared SAPO-17 crystal
seeds by using nano-sized T-type zeolite crystals as silica
precursor, prior to the secondary growth of the membrane by a
single-step hydrothermal treatment. The SAPO-17 membrane
exhibited CO2 permeance of 3285 GPU and selectivity of 53
for equimolar CO2/CH4 at 298 K and 2 bar.

Compared with SAPO-34, DDR membranes separate CO2

from CH4 with higher selectivity but lower CO2 permeance,
attributing to smaller zeolite pores that are estimated as
0.36 � 0.44 nm. The separation performance of DDR mem-
branes was slightly affected by moisture because DDR is
composed of silicon and oxygen atoms that are hydrophobic
[47]. The DDR membrane supported on porous alumina tube
via hydrothermal approach exhibited CO2 permeance of 896
GPU and CO2/CH4 selectivity of 200 for a feed with CO2/CH4

(50/50 mol%) at 2 bar and 25 �C [54]. It was reported that the
DDR zeolite membranes were prone to crack because of high
temperature (> 873 K) during template removal procedure.
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Thus, Gu and co-workers [55] employed ozone environment
for membranes activation at low temperature (473 K) to pre-
vent the formation of cracks. The resulting DDR membranes,
supported by a-Al2O3 four-channel hollow fibers, separated
CO2 from CH4 with CO2 permeance of 105 GPU and CO2/
CH4 selectivity of 500 for a feed with CO2/CH4 (50/50 vol%)
at 2 bar and 25 �C.

Current advances achieved in zeolite membranes for CO2

removal from natural gas are summarized in Fig. 9. Apart from
the noted types, NAY, KY, MFI, CHA, zeolite T and SAPO-17
are also covered and most of them exhibit remarkable per-
formance (CO2 permeance above 1000 GPU and CO2/CH4

selectivity above 100). Impressively, DDR and SAPO-34
zeolite membranes remain the most attractive inorganic al-
ternatives for CO2/CH4 separation.

Furthermore, zeolite membranes have great potential to reject
N2 from CH4 using the excellent size-sieving effect. Recent
progresses have been achieved mainly in SAPO-34 membranes.
Prepared by high-aspect-ratio zeolite seeds, a thin SAPO-34
membrane supported on porous tubular Al2O3 had N2 per-
meance of 812–902 GPU and N2/CH4 selectivity of 9–11.2 for
equimolar mixture [57]. Moreover, the permeance can be further
improved by 1.4 times with tuning the crystal composition.
Synthesized in stainless steel autoclaves with an ice/water bath
cooling, the optimized SAPO-34 membrane displayed N2 per-
meance of ~2150 GPU and N2/CH4 selectivity of 8.6 [58]. In
contrast to Teflon autoclaves, the higher heat flux rate in stainless
steel autoclaves slowed crystal growth rate, leading to the for-
mation of more permeable membrane.
3.2. MOFs membranes
In recent years, MOFs membranes have become an
appealing candidate for gas separation, which possess various
kinds of pore structures and surface chemistry properties.
Venna and Carreon summarized the MOFs membranes that
had ability to separate CO2 from CH4, including MOF-5, MIL-
53, HKUST-1, ZIF-8, ZIF-7, ZIF-22, ZIF-69, ZIF-95 and ZIF-
90 [56]. In spite of various pore sizes and structures, the state-
of-the-arts MOF membranes showed unsatisfying results for
CO2/CH4 separation, in which selectivity was generally below
10, lower than that of polymeric membranes and zeolite
membranes. It was demonstrated that the flexibility of MOFs
is responsible for this phenomenon.

Overall, zeolite membranes with excellent molecular
sieving properties exhibited much higher natural gas purifi-
cation performance than MOF membranes mainly based on
preferential adsorption separation. Up to now, scalable and
cost-effective fabricating defect-free crystalline nanoporous
membranes for gas separation remains a great challenge,
including poor intergrowth at the membrane–support interface
and formation of cracks during membrane activation or sol-
vent removal procedure. The interfacial bonding force and
high-packing density substrate should be taken into consid-
eration before designing an inorganic asymmetric membrane
for natural gas purification. Apart from the challenges in
fabrication and separation performance, the long-term stability
is another issue for MOF membranes operating under harsh
conditions encountered in natural gas purification.

4. Mixed-matrix membranes

Constrained to the trade-off relationship between perme-
ability and selectivity, polymeric membranes need to be further
improved to achieve higher performance. In the past three de-
cades, mixed-matrix membranes (MMMs) have caught exten-
sive attentions and emerged as a promising approach to solve
this problem. By introducing nanomaterials with finely-
controlled structures into the polymeric matrix, MMMs inte-
grate the processability of polymers with outstanding separation
properties of fillers [59]. To date, various nanomaterials have
been investigated as filler in MMMs, which can be divided into
1D, 2D and 3D. The CO2 transport channels constructed by the
incorporation of fillers have the advantages of lowering resis-
tance, expanding chain spacing of polymers and enhancing CO2

solubility as well as diffusion selectivity [60]. With the devel-
opment of MOFs that are more compatible with polymers than
zeolites, substantial progresses have been made in MMMs
study. Nevertheless, researchers mainly focus on the fabrication
of dense membranes rather than that of asymmetric membranes
due to the challenges of making a thin and defect-free mixed-
matrix membrane layer [61].
4.1. 1D-material mixed-matrix membranes
As a representative 1D-material, multiwalled carbon
nanotubes (MWCNTs) have continuous smooth internal
channels as well as well-defined interlayer spacing of ~3.4 A
that could provide additional pathways to strengthen CO2

separation [62,63]. The incorporation of MWCNTs inhabits
the polymer chain packing and thus increases the CO2 per-
meance [64,65]. On the other hand, the strong molecular
interaction between polar groups of MWCNTs and CO2

enhances the membrane selectivity. Nevertheless, MWCNTs
are prone to agglomerate because of the strong van der Waals
interaction that lead to poor dispersion in MMMs. To solve
this problem, OH-modified MWCNT (MWCNT-OH) and
NH2-modified MWCNT (MWCNT-NH2) were incorporated in
poly(vinylalcohol-co-vinylamine) (VA-co-VAm) [66]. The
MMMs fabricated on PSf, containing 2.0 wt% MWCNT-NH2

exhibited the most attractive performance with CO2 per-
meance of 130 GPU and selectivity over 100 for CO2/CH4 (10/
90 vol%) at 28 �C and 2 bar. In addition, –NH2 groups in-
crease the interaction between the filler and matrix meanwhile
act as CO2 carriers. However, 1D-material MMMs confronted
with challenges in constructing oriented channels as well as
avoiding inner channels blockage by polymer chains.
4.2. 2D-material mixed-matrix membranes
Possessing extended lateral dimensions as well as ultra-thin
thickness, 2D fillers can offer continuous transport channels to
gas molecules under precise control. As for graphene oxide
(GO) or montmorillonite (MT), the oxygen-containing



186 X. Chen et al. / Green Energy & Environment 6 (2021) 176–192
functional groups strengthen the interaction with polymer
matrix during membrane fabrication, as well as the interaction
with CO2 penetrants during separation process. Thus, the
performance enhancement for CO2/CH4 separation gets pro-
nounced. In order to form high-speed channels for CO2

molecules, Wang’s group facilitated Na-exchanged MT
onto the polysulfone (PSf) substrate utilizing 3-
aminopropyltriethoxysilane as a coupling agent as well as
polyvinylamineacid as a linker and an alignment agent [67].
The aligned MT (AMT) layers were arranged along the
stretching orientation of the polyvinylamineacid chains
(Fig. 10a). With these high-speed CO2 transport channels, the
AMT/PSf MMMs exhibited stable CO2 performance of ~800
GPU and CO2/CH4 selectivity of ~150 over a period of 600 h.
In comparison, with a similar adsorption property to AMT but
more tortuous transport path, the random MT (RMT)/PSf
MMMs displayed lower permeance and similar selectivity to
AMT/PSf MMMs.

2D MOF is another kind of attractive fillers in MMMs for
CO2 purification. The ultra-thin CuBDC nanosheet/PIM-1
mixed-matrix membrane was prepared by spin coating [68].
It was demonstrated that the ordered pores in MOFs per-
forming size selective effect on CO2/CH4 contributed to the
selectivity enhancement. Meanwhile, short diffusion path
generated by ultra-thin film resulted in low resistance thus
pronounced the CO2 permeance. The membrane containing
10 wt% CuBDC nanosheets with 660 nm thickness, out-
performed other PIM-1 based counterparts with CO2 per-
meance of 407 GPU and CO2/CH4 selectivity of 15.6. For 2D-
material MMMs, more efforts should be made to develop
Fig. 10. (a) Schematic illustration of an AMT layer segment, (b) CO2 permeance an

membranes tested with gas mixtures. Reprinted with permission from Ref. [67]. (
effective approaches to prevent accumulation and random
orientation of the channels.
4.3. 3D-material mixed-matrix membranes
In contrast to 1D- and 2D-material, 3D-nanofillers in
MMMs represented by zeolites, MOFs and COFs (covalent
organic frameworks) are not involved in orientation issues.
Nevertheless, problems still exist in MMMs fabrication as
follows: 1) selecting the filler and matrix properly; 2) elimi-
nating the interfacial defects and enhancing two phase
compatibility; 3) developing rational transport models; 4)
converting dense MMMs into hollow fibers. It was demon-
strated that polymer governed the minimum performance of
MMMs and selection of fillers having interaction with matrix
was reasonable [69,70]. Moore summarized the relationship
between the interface morphologies and transport properties
[71]. Currently, Maxwell Model as well as the modified three
phase Maxwell are regarded as the useful tools to predict the
MMMs performance [72].

Generally, zeolites suffer from surface modification to
improve the compatibility with polymer matrix [73,74].
Specially, it appears necessary forMMMshollowfibers to restrict
the nucleation of solvents and non-solvents at zeolite surface to
avoid defects [75]. To exploit the superior CO2 separation ability,
HSSZ-13was cappedwith hydrophobic Grignard regnant (called
as Grignard treated) and incorporated in Ultem® to form defect-
free MMMs hollow fibers. The resultant fibers displayed a
selectivity enhancement of 17% for CO2/CH4 pure gas pair and
25% for mixed gas CO2/CH4 than pure polymeric membrane.
d (c) selectivity of the AMT/PSf (filled symbols) and RMT/RSf (open symbols)

Permitted by: John Wiley and Sons) Copyright (2016) Wiley.
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Composed of inorganic metal ions or nodes connected by
organic ligands, MOFs have a much better compatibility with
polymers in contrast to zeolites [76]. Therefore, the MOFs
based MMMs for CO2 removal have attracted extensive at-
tentions [77,78]. [Cu3(BTC)2], ZIF-8 or MIL-53(Al) were
incorporated in Matrimid® to form three different MOFs/
Matrimid® MMMs by phase inversion approach [79]. Even
though an optimized priming technique was adopted, defects
still exist and have to be sealed by a silicone rubber coating on
the surface of the asymmetric membranes. Compared to pure
polymer membrane, the CO2 permeance and CO2/CH4 selec-
tivity improved simultaneously with increasing MOF loading.
The moderate enhancement in selectivity can be attributed to
the relatively large pores of MOFs. Very recently, Wang and
co-workers developed a “chemical bridging-crosslinking”
technique to strengthen compatibility between fillers and
matrix, in which nanofillers connected with bulk polymers via
macromolecule [80]. UiO-66-NH2 loading was attained
28.5 wt% in PVAm with the aid of poly(ethylene glycol)
diglycidyl ether (PEGDE). The MMM solution (denoted as
BUPP) was casted on the PDMS modified polysulfone (PSf)
substrate and a defect-free BUPP/mPSf composite membrane
was fabricated (Fig. 11a). The optimal BUPP/mPSf membrane
(28.5 wt%) exhibited CO2 permeance of 152 GPU and
selectivity of 20 for CO2/CH4 (10/90 vol%) mixed gases at
2 bar. The superior CO2 removal performance can be attrib-
uted to the following points: 1) amino groups on PVAm act as
CO2 reactive sites; 2) ether groups on PEGDE improve CO2

solubility; 3) UiO-66-NH2 construct CO2 fast transport chan-
nels; 4) “chemical bridging-crosslinking” technique optimizes
filler dispersion and interface compatibility.

In addition, covalent organic frameworks (COFs) have
emerged as versatile nanofillers in CO2 separation MMMs
[81–83]. To construct CO2-selective channels, MMMs con-
taining COFp fillers (PVAm immobilized onto COFs) and
PVAm matrix was fabricated on PDMS-modified PSf substrate
[84]. The polymer matrix penetrated the oversized COFp,
which led to an amino-environmental pore wall and appro-
priately sized CO2-selective channels dispersed in MMMs
[84]. The membrane displayed CO2 permeance of 1072 GPU
and selectivity of 24 for the mixture of CO2/CH4 (10/90 vol%)
at 10 bar and 25 �C.

MMMs combine the advantages of polymers and fillers with
different dimensions. For 1D- and 2D-fillers, the filler orienta-
tions in MMMs govern the separation performance especially
for the diffusion aspect. Therefore, approaches to arrange the
fillers orderly need to be carefully addressed. Rapid de-
velopments of novel nanoporous materials promote the ad-
vancements in 3D-material MMMs for natural gas purification.
Confronting hundreds of thousands of nanoporous candidates,
advanced evaluation tools (like high-throughput computational
technique) enable to identify promising fillers for CO2/CH4

separation quickly and rationally [85]. In the future, selection of
filler and matrix, elimination of defects between two phases,
proposing rational transport models as well as fabricating
MMMs hollow fibers will be the main topics of developing
MMMs. Additional attention should be paid on reducing the
MMMs thickness for the reason that industry processes prefer
high permeance but the fillers require polymeric matrix with a
certain thickness to fully include them.

5. Carbon molecular sieve membranes

Like zeolites and MOFs membranes, carbon molecular
sieve (CMS) membranes have been a promising candidate
based on the molecular sieving effect. Notably, there exist two
kinds of pores in CMS membranes: micropores (7–20 Å) and
ultra-micropores (< 7 Å), which can be described by bimodal
distribution (Fig. 12). In general, the micropores appear to
offer high sorption sites for penetrants meanwhile the ultra-
micropores enable entropically diffusion selectivity [59]. As a
result, the distribution of these two pores yields the amorphous
structure of CMS, which is different from the well-defined
pore dimensions materials like zeolites and MOFs. The
CMS membranes are reproducible via controlling the protocol
precisely [86].
5.1. CMS hollow fiber membranes
From the commercial perspective, CMS hollow fiber
membranes are desirable due to the remarkable separation
property. It was reported that a pilot-scale plant based on re-
generated CA carbon hollow fiber membranes was constructed
in Norway to upgrade the biogas into vehicle fuel. After H2S
and H2O removal in pretreatment, the CMS hollow fibers
displayed 97 mol% CH4 as well as 98% CH4 recovery in a
single stage process and performed stably in 8 days, which
indicates the feasibility of CMS hollow fibers for industrial
application [88].

So as to further promote the commercialization pace of
CMS hollow fiber membranes, many efforts have been made
to explore the relationship between the preparation conditions
with the microstructure and performance. Koros and co-
workers [89] investigated two kinds of CMS hollow fiber
membranes derived from 6FDA/BPDA-DAM and Matrimid
5218, respectively, for CO2/CH4 separation. It was found that
these two types of CMS fibers had different permeation results
even if under identical protocols. In addition, the properties of
CMS fibers can be changed by adjusting the manual param-
eters, such as pyrolysis temperature, inert gas atmosphere,
final temperature and thermal soak time etc. [89]. Particularly,
the CMS membrane with a high final pyrolysis temperature
exhibited an increasing CO2/CH4 selectivity (> 600) and a
lower CO2 permeance for the mixed-gas feed of 10/90 CO2/
CH4 at 68.96 bar. Furthermore, it was demonstrated that the
CMS hollow fibers derived from 6FDA/BPDA-DAM were
able to withstand small quantities of toluene and n-heptane for
the mixed-gas feed of 10/90 CO2/CH4 at 62.06 bar [90].

In the two works mentioned above, the CO2 partial pressures
were below 6.90 bar. However, some aggressive natural gas feeds
are predicted to comprise 89.65 bar CO2 [91]. Recently, Zhang
et al. [91] investigated the CO2/CH4 separation performance of
CMS hollow fiber membranes derived from 6FDA/BPDA (1:1)-
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Fig. 11. (a) Schematic diagram of the BUPP/mPSf composite membrane fabrication. (b) CO2 permeance and CO2/CH4 selectivity of BUPP/mPSf membranes

(28.5 wt%) for CO2/CH4 (10/90 vol%) mixed gases. Reprinted with permission from Ref. [80]. (Permitted by: Elsevier) Copyright (2019) Elsevier.

Fig. 12. (a) Structure of pyrolytic carbon material, (b) idealized pore structure

of CMS membrane, (c) idealized bimodal pore size distribution of CMS

membrane. Reprinted with permission from Ref. [87]. (Permitted by: Elsevier)

Copyright (2014) Elsevier.
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DAMby pressurizing the fiber shell side from 6.90 to 124.13 bar.
The CMS hollow fiber membranes showed CO2/CH4 selectivity
of ~60 and CO2 permeance of ~50 GPU stably under the
aggressive feed at 124.13 bar containing 50% CO2 and 500 ppm
of C7 hydrocarbons with balanced CH4 (Fig. 13).
5.2. Challenges in CMS hollow fiber membranes
As noted above, the permeance of the CMS fibers is not so
attractive, which was partially attributed to the densification of
porous substrate. Koros’s group developed “V-treatment” to
restrict the substrate collapse via a sol-gel crosslink reaction
between an organic-alkoxy silane (vinyltrimethoxysilane) and
moisture [87]. After V-treatment, the skin thickness of CMS
fibers reduced to 5–6 folds compared to CMS fibers from
untreated precursors, thus the CO2 permeance increased by 3–

4 folds for pure and mixed-gas CO2/CH4 feeds. Apart from V-
treatment technique, ultra-thin carbon CMS hollow fiber
membrane is another effective approach to address this chal-
lenge. A highly porous substrate resisting collapses and an
ultra-thin dense separation layer formed simultaneously by
dual-layer Matrimid®/Matrimid® spinning and subsequent
pyrolysis [92]. Without substrate collapse, the skin layer
thickness of the resultant fibers can be controlled by the dope
compositions and spin parameters.

6FDA-based polymers are outstanding precursors but their
cost is relatively high, which is not satisfying in large-scale
manufacture. To address this challenge, Zhang et al. utilized
dual-layer spinning technique [92] to prepare 6FDA/BPDA-
DAM/Matrimid® hollow fibers with minimal consumption of
6FDA-PIs (up to 98% less), allowing to reduce the cost and
strengthen gas transport [61]. The pyrolysis of the dual-layer
6FDA/BPDA-DAM/Matrimid® precursor hollow fiber gave
CMS hollow fiber membranes (ULT CMS-6F0.5) with highly
open substrate and crack-free ultra-thin skin-layer (~0.5 mm)
[61]. As a result, the ultra-thin 6FDA/BPDA-DAM/Matrimid®

CMShollowfibermembranes showed aCO2 permeance of 2546
GPU with an attractive CO2/CH4 separation factor of 24.1
(Fig. 14).

Additionally, it is imperative to pay attention to the
physical aging phenomenon that is observed in both dense



Fig. 13. Measured (a) CO2 permeance and (b) CO2/CH4 separation factors in CMS hollow fiber membranes under different feed compositions. The permeation

measurements were done at 35 �C. Reprinted with permission from Ref. [91]. (Permitted by: American Chemical Society) Copyright (2017) American Chemical

Society.

Fig. 14. (a) Schematic showing formation of ultra-thin CMS hollow fiber membranes using dual-layer precursor hollow fibers comprising different polymers in the

sheath and core layer. SEM images of (b) dual-layer 6F/Matrimid® precursor hollow fibers and (c) ultra-thin (skin layer ~0.5 mm) CMS hollow fiber membranes

(ULT CMS-6F0.5) derived thereof. (ULT: ultra-thin; 6F: 6FDA/BPDA-DAM). (d) Periodically measured CO2/CH4 separation performance of an ultra-thin CMS

hollow fiber membrane module within 275 days. The module was stored under 6.90 bar pure CO2 between permeation measurements. (e) Comparing CO2/CH4

separation performance of hollow fiber membranes and tubular membranes. The solid gray line represents the converted (assuming 1 mm skin layer) Robeson upper

bound for the CO2/CH4 pair. Solid squares represent ultra-thin CMS hollow fiber membranes reported in this work. (Hollow triangles: tubular zeolite membranes;

hollow squares: asymmetric CMS hollow fiber membranes derived from monolithic precursor hollow fibers; hollow circles: polymeric hollow fiber membranes).

Reprinted with permission from Ref. [61]. (Permitted by: John Wiley and Sons) Copyright (2019) Wiley.
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film and hollow fiber CMS membranes [93]. Similar to
“unrelaxed free volume” in glassy polymers, CMS pores
suffered from physical aging to achieve a thermodynamic
stable state [89]. As reported, the CMS fibers derived from
6FDA:BPDA-DAM with CO2 permeance of 273 GPU and
CO2/CH4 ideal selectivity of 32 originally, exhibited a higher
ideal selectivity of 71 as well as a lower permeance of 76
GPU after 120 days [94].

Based on the excellent molecular sieving effect, CMS
membranes have been demonstrated to display outstanding
performance in CO2/CH4 separation with remarkable repro-
ducibility by using controlled precursors and pyrolysis con-
ditions [59]. It is helpful to further understand the structure
evolution from the polymeric precursor to the high-performing
CMS [59]. For industrial application, it is necessary for CMS
asymmetric membranes to possess high mechanical strength
and maintain high performance under harsh operating condi-
tions. Furthermore, the production cost issues need to be
addressed properly to make the CMS membranes more
competitive for natural gas purification.



Table 1

Performance of asymmetric membranes for natural gas purification.

Membrane name Feed gas CO2/CH4 Feed pressure (bar) CO2 permeance (GPU) CO2/CH4 selectivity Ref.

Polymeric membranes

cross-linked 6FDA-2, 6-DAT HF 40/60 (mol%) 13.8 31 56 [24]

ester-crosslinked PDMC HF 50/50 (vol%) 13.8 117 37 [29]

PDMC-CF3 HF 50/50 (vol%) 6.9 117 43.1 [31]

TR-PBO HF pure gas 1.0e2.0 1938 14 [38]

PIM-1 HF pure gas 6.9 360 23 [39]

crosslinked TEGMC HF 20/20/60 H2S/CO2/CH4 6.9 43 CO2/CH4 ¼ 20

H2S/CH4 ¼ 47

[34]

crosslinked PDMC-CF3 HF 20/20/60 H2S/CO2/CH4 6.9 ~30 CO2/CH4 ¼ 40

H2S/CH4 ¼ 17

[35]

facilitate transport membrane 10/90 (vol%) 1.1 1225 51 [42]

Inorganic membranes

CHA zeolite membrane 50/50 (mol%) 1.0e7.0 300 46 [49]

SAPO-34 on porous stainless steel 50/50 (mol%) 2.2 480 67 [50]

SAPO-34 on porous stainless steel tube 50/50 (mol%) 11.0 1200 115 [51]

SAPO-34 on porous stainless steel tube 50/50 (mol%) 2.2 1080 227 [52]

SAPO-17 on tubular ceramic support 50/50 (mol%) 2.0 3285 53 [53]

DDR on porous a-alumina tube 50/50 (mol%) 2.0 200 220 [54]

DDR on a-alumina 4 channel HF 50/50 (vol%) 2.0 105 500 [55]

SAPO-34 on porous a-alumina tube 50/50 (mol%) N2/CH4 2.8 812e902 9e11.2 [56]

SAPO-34 on porous a-Al2O3 tube 50/50 (vol%) N2/CH4 2.2 2150 8.6 [58]

Mixed-matrix membranes

MWCNTs-NH2/VA-co-VAm 10/90 (vol%) 2.0 130 100 [66]

AMT/PSf 10/90 (vol%) 3.0 and 30.0 800 150 [67]

CuBDC-ns/PIM-1 50/50 (vol%) 1.0 407 15.6 [68]

BUPP/mPSf 10/90 (vol%) 2.0 152 20 [80]

COFp/PVAm 10/90 (vol%) 10.0 1072 24 [84]

Carbon molecular sieve membranes

6FDA/BPDA-DAM CMS HF 10/90 (vol%) 3.4 30 73 [89]

Matrimid 5218 CMS HF 10/90 (vol%) 3.4 12 69 [89]

6FDA/BPDA (1:1)-DAM CMS HF 50/50 (vol%) and 500 ppm C7 hydrocarbons 124.13 50 ~60 [91]

ULT CMS-6F0.5 HF 50/50 (mol%) 6.9 2546 24.1 [61]

6FDA:BPDA-DAM CMS HF pure gas 0.34 273 32 [94]
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6. Conclusions and perspectives

This paper reviewed recent asymmetricmembranes for natural
gas purification. Various kinds of membrane materials are
covered, the specific separation properties of each membrane are
summarized in Table 1. Currently, polymeric membranes still
dominate the market whether in flat sheet or hollow fiber asym-
metric membranes. Several challenges still exist on the devel-
opment of polymericmembranes. Improvements in plasticization
resistance and separationperformancewill further consolidate the
status of membrane technology in practical natural gas purifica-
tion. Represented by zeolites, inorganic membranes exhibited
higher performance than polymeric membranes. It is worthwhile
to modify the current preparation method to reduce the cost
meanwhile achieve large-scale fabrication. Ideally, MMMs
combine the advantages of polymeric and inorganic materials to
achieve outstanding properties. In the future, more efforts should
be made to eliminate the interphase defects and understand the
transport mechanism in the MMMs. As a promising alternative,
CMS membranes have remarkable balance between tunability,
scalability and separation performance. The physical aging of
CMS membranes will be a primary issue in this research area.

From an industrial viewpoint, manufacturing defect-free thin
asymmetric hollow fibers will effectively enhance productivity.
This development requires both progress in advanced materials
and excellent fabrication techniques. Perhaps, the emerging 2D
materials that is characterized with atomic thickness, such as
graphene oxide (GO) will contribute to fabricate these desirable
membranes with ultra-thin selective layers (< 10 nm) [95–97].
Moreover, the majority of researches in natural gas purification
mainly focus on CO2 separation. Nevertheless, the existence of
H2S and N2 would deteriorate the natural gas quality and cause a
series of problems in safety and environment. Therefore, versatile
membranes enabling simultaneous removal of CO2, H2S and N2

from natural gas under aggressive conditions will attract much
interest and some advances have been made in this domain
[98,99].
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