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a b s t r a c t 

CO2 separation plays a crucial role in tackling the climate change induced by the greenhouse effects and im- 
proving the energy quality of natural gas and biogas. The efficient CO2 separation technology is highly required. 
Membrane separation technology is particularly attractive in CO2 separation processes owing to its advantages. 
However, the trade-off relationship limited the gas separation efficiency of polymeric membranes in gas sepa- 
ration processes. Therefore, it is necessary to prepare the high-performance membranes such as mixed matrix 
membranes (MMMs) for CO2 separation. This review mainly focuses on the preparation methods, the material 
properties and the CO2 separation efficiency of the MMMs containing various fillers such as modified ZIFs, MOFs, 
and GO, and the emerging MOF-based composites, 2D MOFs and 2D MXene. The modified fillers demonstrated 
higher compatibility with polymer matrix, resulting in enhanced mechanical stability and CO2 separation effi- 
ciency of MMMs. 2D materials could significantly enhance the CO2 separation efficiency of MMMs, owing to their 
layered structure and the effective regulation of gas transport ways. Finally, the future direction and conclusions 
of fillers and MMMs in gas separation processes are provided. 
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. Introduction 

The increase of global population, the fast development of the world
conomy, and the rapid industrialization process have led to a signifi-
ant demand for energy ( Jana & Modi, 2024 ). The majority of energy
s from burning fossil fuels, which results in flue gas emissions into the
Abbreviations: [Bmim][Tf2 N], 1-butyl-3-methylimidazolium bis(trifluoromethan
yrrolidinium dicyanamide; [P(3)HIm][Tf2 N], 1-allyl-3H-imidazolium bis(trifluorom
uced graphene oxide; APTMS, (3-Aminopropyl)trimethoxysilane; APTS, 3-Aminopro
eller; bPEI, Branched polyethyleneimine; BTC, Trimesic acid, Benzene-1,3,5-tricarb
ispersive X-ray spectroscopy; FSM, Flat sheet membrane; FS-MMM, Flat sheet mixe
ttenuated Total Reflectance; GMA, Epoxy-containing glycidyl methacrylate; GO, Gra

rix membrane; HKUST, Hong Kong University of Science and Technology; ICA, Imid
IL, Materials of Institute Lavoisier; MMM, Mixed matrix membrane; MOF, Metal o

arbon nanotubes; NM, Maleic anhydride; PA, Polyamide; PDMS, Poly(dimethylsiloxa
ethylene glycol); PEGDE, Poly(ethylene glycol) diglycidyl ether; PEI, Polyetherimide
ethacrylate); PHNZ, Polystyrene-acrylate (PSA) modified hollow NH2 -ZIF-8 nanosph

roporosity; POEM, Poly(oxyethylene methacrylate); POSS, Polyhedral oligomeric sils
SS, Poly(4-styrene sulfonate); PTMSP, Poly(1-trimethylsilyl-1-propyne); PTO, Poly 
U, Polyurethane; PVA, Poly (vinyl alcohol); PVAc, Polyvinly acetate; PVAm, Poly
oom temperature ionic liquids; SEM, Scanning electron microscope; STEM, Scanning
embrane; TFN, Thin film nanocomposite; TGA, Thermogravimetric analysis; UiO, U
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tmosphere ( Jana & Modi, 2024 ). Flue gas mainly consists of N2 , and
O2 , along with a small amount of NOx , and SOx , etc ., which is the

argest source of CO2 emissions ( Dai & Deng, 2024 ). The greenhouse
as emissions, e.g ., CO2 , have caused climate change and global warm-
ng. In recent years, more and more extreme weather, wildfires, severe
roughts, and floods have frequently appeared ( Dai & Deng, 2024 ). The
esulfonyl)imide; [MPPyr][DCA], Pyrrolidinium-based IL, 1-methyl-1-propyl 
ethanesulfonyl)imide; 2D, Two dimensional; A-prGO, Aminated partially re- 

pyltriethoxysilane; BDC, 1,4-benzenedicarboxylic acid; BET, Brunauer-Emmett- 
oxylic acid; CA, Cellulose acetate; DLS, Dynamic light scattering; EDX, Energy- 
d matrix membrane; FTIR-ATR, Fourier Transform Infrared Spectroscopy with 
phene oxide; HFM, Hollow fiber membrane; HF-MMM, Hollow fiber mixed ma- 
azole-2-carbaldehyde; IL, Ionic liquid; MCNs, Microporous carbon nanoplates; 
rganic framework; MUF, Massey University Framework; MWCNT, Multi-wall 
ne); Pebax, Poly(ether block amide); PEEK, Poly(ether ether ketone); PEG, Poly 
; PES, polyethersulfone; PGO, Poly(glycidyl methacrylate-co-poly(oxyethylene 
eres; PI, Polyimide; PIL, Polymerized ionic liquid; PIM, Polymers of intrinsic mi- 
esquioxane; PP, Polypropylene; PPO, Poly(p-phenylene oxide); PSf, Polysulfone; 
(tetrahydrofurfuryl methacrylate)–co–poly (poly (oxyethylene methacrylate)); 
vinylamine; PVDF, Polyvinylidene fluoride; PVP, Polyvinylpyrrolidone; RTIL, 
 transmission electron microscopy; TFC-HFM, Thin film composite hollow fiber 
niversity of Oslo; XRD, X-ray diffraction; ZIF, Zeolitic imidazolate framework. 
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eduction of CO2 emissions is important to tackle the environmental
roblems related to global warming ( Zhang et al., 2022 ). The separa-
ion of CO2 from flue gas is crucial for reducing CO2 emissions. 

Besides the separation of CO2 from flue gas, the separation of CO2 
rom natural gas and biogas is another industrial CO2 separation appli-
ation. Natural gas mainly contains methane and some other gas impu-
ities ( e.g ., CO2 , and H2 S). The presence of gas impurities undermines
he energy quality of natural gas and creates pipeline corrosion in the
ransporting process, which is problematic for its practical applications.
herefore, the gas impurities must be removed to purify the natural
as ( Biondo et al., 2018 ; George et al., 2016 ). Biogas contains 50–70
ol% CH4 and 30–50 vol% CO2 , which is crucial for obtaining renew-
ble energy since the limited fossil fuels are under depletion. However,
o improve the energy quality and prevent the transporting pipelines’
orrosion, CO2 must be removed to purify biogas ( Gong et al., 2020 ). 

Chemical absorption ( Ji et al., 2021 ), adsorption ( Abd et al., 2021 ),
nd cryogenic separation ( Yousef et al., 2018 ) are widely used tech-
ologies for CO2 separation. However, these separation processes are
ither energy-consuming or unfriendly to the environment. Therefore,
ore efficient CO2 capture technology is highly needed. Membrane sep-

ration technology is developed for CO2 separation process. Comparing
o the conventional technologies for CO2 separation, e.g ., chemical ab-
orption and cryogenic process, membrane-based technologies for CO2 
eparation have shown many advantages, such as lower capital and pro-
essing cost, high compactness and light weight, easy upscaling, low
aintenance, lower energy consumption, and environmental friendli-
ess ( Xu et al., 2018 ; Li et al., 2015 ; Li et al., 2021 ). Therefore, mem-
rane technology shows great potential and practical merit in the indus-
rial CO2 separation processes ( Pasichnyk et al., 2023 ). 

In the CO2 separation processes, the gas transport properties of
olymeric membranes was restricted by the Robeson upper bound
 Fig. 1 ) ( Robeson, 2008 ). The gas permeability and selectivity of poly-
eric membranes cannot be increased simultaneously. In order to break

he trade-off relationship, the fabrication of mixed matrix membranes
MMMs) is considered as a desirable method since it can combine the
erits of polymers and nanofillers ( Al-Rowaili et al., 2023 ). However,

o prepare defect-free MMMs, some issues must be considered and tack-
ed. For example, filler agglomeration and poor dispersion might occur
n the fabrication process of MMMs, which creates non-selective voids
n MMMs. The particle size, the filler content, the interfacial interaction
etween fillers and polymer matrix, the dispersion of fillers in solvents,
ig. 1. The Robeson upper bound correlation for CO2 /N2 separation and CO2 /CH4 se
008. 

2

nd the polymer chain rigidification must be considered when preparing
MMs since they can influence the gas transport properties of MMMs

 Kamble et al., 2021 ). Therefore, the functionalization of fillers is cru-
ial to strengthen the compatibility between fillers and polymer matrix
nd simultaneously increase gas permeance and selectivity. 

In this work, the CO2 capture properties of MMMs containing mod-
fied ZIFs and MOFs, MOF-based composites, and emerging 2D materi-
ls, such as the functionalized GO, g-C3 N4 , 2D MOF nanosheets, and 2D
Xene nanosheets will be comprehensively summarized and discussed.
he modification methods for ZIFs, MOFs, and GO will be presented.
he effects of modified ZIFs, MOFs, and GO on the membrane mate-
ial properties and the CO2 separation performance of MMMs will be
iscussed. In addition, the synthesis of emerging MOF-based compos-
tes and 2D fillers, e.g., 2D MOF nanosheets and 2D MXene nanosheets,
nd their effects on the membrane characteristics and gas permeability
nd selectivity of MMMs will be discussed. Finally, the perspectives and
onclusions of CO2 separation using MMMs are presented. 

. MMMs containing ZIFs and MOFs 

ZIFs and MOFs are porous crystals consisting of metal nodes and
rganic ligands ( Kujawa et al., 2021 ). ZIFs and MOFs possess uniform
ore sizes, various topologies, high surface areas, small aperture size,
igh CO2 affinity, connected channels for the transport of molecules, ad-
ustable chemical and physical properties, and tailored functionalities,
hich makes ZIFs and MOFs suitable for various separation processes,

specially for CO2 separation using membranes ( Zhu et al., 2021 ). For
xample, ZIF-8 possesses a small aperture equal to 3.4 Å, which is bigger
han the kinetic diameter of CO2 (3.3 Å) but smaller than the kinetic
iameter of N2 (3.6 Å) and CH4 (3.8 Å) ( Li et al., 2022 ). The porous
tructure of ZIF-8 can provide additional pathways for CO2 molecules
hile inhibiting the transport of larger gas molecules, which allows the

elective transport of CO2 molecules through MMMs ( Li et al., 2022 ).
oreover, ZIFs and MOFs showed higher CO2 affinity and CO2 adsorp-

ion capacity, which can further enhance the solubility of CO2 molecules
n MMMs ( Mahajan & Lahtinen, 2022 ). Compared with other types of
norganic fillers, ZIFs, and MOFs have shown better compatibility and
nteraction with polymer matrix owing to their organic ligands, which
s crucial for the preparation of defect-free MMMs ( Kamble et al., 2021 ;
zcan et al., 2024 ). The structures of some ZIFs and MOFs used in the
reparation of MMMs are shown in Fig. 2 ( Al-Rowaili et al., 2023 ). In
paration ( Robeson, 2008 ). Reprinted with permission from Elsevier. Copyright 
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Fig. 2. The structure of some ZIFs and MOFs used in MMMs ( Al-Rowaili et al., 2023 ). Reprinted with permission from Elsevier. Copyright 2023. 
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8  
he preparation of MMMs for gas separation, the pore size and surface
unctionality of ZIFs and MOFs can be tuned via physical and chemi-
al modification, endowing ZIFs and MOFs with precise molecular size
ieving effect and high adsorption affinity for the target gas molecules
 Kamble et al., 2021 ; Zhu et al., 2021 ). As a result, the modification of
IFs and MOFs could further enhance the separation efficiency of gas
olecules of MMMs. The modification of MOFs can be realized by two
ays which are the post-synthetic modification (PSM), e.g., functional-

zation with amine group, functionalization with COOH group, function-
lization using amino acid, ILs modified MOFs, and impregnation, and
n situ modification e.g. the utilization of dual organic linkers or metal
enters ( Zhu et al., 2021 ). A PSM strategy can be conducted to modify
etal clusters and organic ligands of MOFs and ZIFs, which enables the

ontrol of the cavity micro-environment and the crystal structure. More-
ver, the PSM strategy can be used to prepare new MOFs and ZIFs which
re difficult to synthesize via direct nucleation-growth method owing to
he high energy barrier ( Zhu et al., 2021 ; Li et al., 2022 ). In the in situ
odification process, ions, molecules, or polymers were introduced into
OFs and ZIFs during the crystallization process. As a result, the in situ
odification is more homogeneous, and the functionalities are well dis-

ributed with MOFs and ZIFs ( Zhu et al., 2021 ). Therefore, the effects of
arious pristine and modified ZIFs and MOFs on the membrane proper-
ies and separation efficiency of gas molecules of MMMs are discussed
n section 2. 

.1. MMMs containing ZIFs 

ZIFs are caged crystalline compounds consisting of tetrahedrally co-
rdinated metal center, i.e. , Zn or Co divalent cations and imidazolate
inkers. ZIFs have various structures, high specific surface area, tunable
ore channels, small pore size (less than 0.5 nm), and the feasibility of
asy functionalization ( Imtiaz et al., 2022 ). Therefore, ZIFs have been
3

ntensively investigated in MMMs for gas separation since they are able
o enhance the separation efficiency of gas molecules of membranes. 

Wang et al. (2021) synthesized ZIF-301 and incorporated it into the
FDA-DAM polyimide matrix to fabricate ZIF-301/6FDA-DAM MMMs
or CO2 /CH4 separation. The synthesized ZIF-301 possessed a Langmuir
ET surface equal to 623.5 m2 /g and a higher adsorption capacity for
O2 (25.31 cm3 /g) over CH4 (9.30 cm3 /g). ZIF-301 was homogeneously
ispersed in a polyimide matrix without agglomeration with filler con-
ent up to 20 wt%. The MMMs containing 20 wt% of ZIF-301 showed
he highest CO2 permeability, equal to 891 Barrer, and CO2 /CH4 selec-
ivity equal to 29.3, which is attributed to the high CO2 affinity and the
olecular sieving effect of ZIFs. 

In an effort to improve ZIFs’ compatibility with polymer ma-
rix, the in situ modification strategy can be applied to modify ZIFs.

ang et al. (2020) synthesized nanoporous NH2 -ZIF-7 by partially re-
lacing benzimidazole with 2-aminobenzimidazole in ZIF-7. The synthe-
ized NH2 -ZIF-7 nanoparticles were incorporated into PIM-1 to prepare
MMs for biogas upgrading. It was found that NH2 -ZIF-7 possesses a

igger window size than ZIF-7, which is beneficial for CO2 transport.
oreover, NH2 -ZIF-7 showed a high specific surface area and the abil-

ty of forming hydrogen bonds with polymer chains, which is helpful
o inhibit the formation of defects in MMMs. As a result, the mechan-
cal properties and the aging resistance of MMMs were improved. In
omparison to the pristine PIM membranes, 20 wt% NH2 -ZIF-7/PIM-1
MMs demonstrated CO2 permeability of 2953 Barrer and 65 % higher
O2 /CH4 selectivity of 21. The improvement of gas transport properties
an be attributed to the intrinsic properties of NH2 -ZIF-7, resulting in
he increased diffusion selectivity of MMMs. 

Besides the in situ modification, the post-synthetic modification
PSM) strategy was used to modify ZIF-8 by Li et al. (2022) . ZIF-
 was firstly functionalized by branched polyethyleneimie (bPEI) and
hen modified with an ionic liquid (IL) ( Fig. 3 ). Subsequently, ZIF-
@IL/Pebax MMMs were fabricated. It was discovered that ZIF-8 ′ s crys-
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Fig. 3. The synthesis of ZIF-8, ZIF-8-PEI, and ZIF-8-PEI@[P(3)HIm][Tf2 N] ( Li et al., 2022 ). Reprinted with permission from Elsevier. Copyright 2022. 

Table 1 

Summary of separation efficiency of CO2 molecules of MMMs containing ZIFs (SG - single gas, MG - mixed gas). 

Polymers MOFs 
MOF content 
[wt%] Gas pairs PCO2 [Barrer] Selectivity Testing conditions Refs. 

Matrimid® ZIF-68 20 CO2 /N2 27 30 35 °C, 10 bar, MG van Essen et al. (2021) 
20 CO2 /CH4 25 35 

6FDA-DAM ZIF-301 20 CO2 /CH4 891 29 25 °C, 4 bar, SG Wang et al. (2021) 
Polyimide (6FBDA) ZIF-8-NH2 50 CO2 /CH4 81 89 35 °C, 4.5 bar, SG Zhao et al. (2024) 

50 CO2 /N2 81 81 
P84 ZIF-8 27 CO2 /CH4 11 93 25 °C, 3 bar, MG Guo et al. (2018) 
PES Etched ZIF-8 10 CO2 /N2 16 7 25 °C, 1 bar, SG Zhou et al. (2020) 
PIM-1 NH2 -ZIF-7 20 CO2 /CH4 2953 21 30 °C, 2 bar, SG Wang et al. (2020) 

ZIF-7 2662 18 
PIM-1 ZIF-67 15 CO2 /CH4 2800 21 30 °C, 2 bar, SG Ye et al. (2020) 
PIM-1 TSILs@ZIF-67 10 CO2 /CH4 12848 11 23 °C, 1 bar, SG Han et al. (2021) 
PSf ZIF-11 24 CO2 /CH4 23 43 25 °C, 3 bar, MG Guo et al. (2020) 
PSf ZIF-8 0.5 CO2 /CH4 16 GPU 36 25 °C, 4 bar, SG Kamaludin et al. (2023) 
PSf ZIF-78 10 CO2 /N2 13 54 30 °C, SG Wu & Chang, 2024 
PSf ZIF-8 5 CO2 /CH4 420 19 30 °C, 6 bar, MG Ban et al. (2015) 

CO2 /N2 464 30 
[bmim][Tf2 N]@ZIF-8 CO2 /CH4 312 38 

CO2 /N2 351 116 
Pebax 1657 [bmim][Tf2 N]@ZIF-8 15 CO2 /N2 105 84 25 °C, 1 bar, SG Li et al. (2016) 

CO2 /CH4 105 35 
ZIF-8 CO2 /N2 78 40 

CO2 /CH4 78 20 
Pebax 1657 NH2 -ZIF-8 10 CO2 /N2 115 60 25 °C, SG Ding et al. (2022) 

PHNZ-2 122 97 
Pebax 1657 ZIF-8 7 CO2 /CH4 450 32 25 °C, 2 bar, MG Liang et al. (2023) 

PSS-ZIF-8 528 36 
Pebax 2533 ZIF-8 10 CO2 /N2 266 34 25 °C, 2 bar, SG Zhang et al. (2018) 

Zn/Ni-ZIF-8 321 43 
Pebax 2533 ZIF-8- 

PEI@[P(3)HIm][Tf2 N] 
15 CO2 /N2 285 76 24 °C, 2 bar, SG Li et al. (2022) 

CO2 /CH4 25 
Pebax 2533 ZIF-67 16 CO2 /N2 191 40 25 °C, 4 bar, SG Maleh & Raisi, 2023 

CO2 /CH4 23 
Pebax 1657 ZIF-8 5 CO2 /N2 80 57 25 °C, 2 bar, SG Wang et al. (2021) 

ZnO@ZIF-8 hollow 

nanotubes 
140 67 25 °C, 5 bar, MG 

Maltitol modified 
Pebax 1657 

ZIF-8 5 CO2 /N2 400 69 30 °C, 10 bar, SG Nobakht & Abedini, 2023 
CO2 /CH4 2 

6FDA-Durene ZIF-67 20 CO2 /CH4 1250 25 35 °C, MG Chen et al. (2021) 
Veiled ZIF-67 30 1210 33 
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al structure was entirely conserved upon modification. What is also es-
ential, ZIF-8@IL was homogeneously dispersed in the polymer matrix
wing to the formation of hydrogen bonds between amino groups and
ebax chains. As a result, the gas separation efficiency was dramatically
nhanced in the fabricated MMMs. The size-sieving effects of ZIF-8@IL,
he facilitated transport channels for CO2 , and the increased CO2 affinity
o fillers contributed to the improvements in CO2 separation efficiency.
4

As it is shown in Table 1 , ZIF-7, ZIF-8, and ZIF-67 are the most stud-
ed ZIFs in the preparation of MMMs for CO2 separation. Pebax, PIM-
, polysulfone, and polyimide are the commonly used polymers in the
abrication of MMMs containing ZIFs. The optimal filler content is be-
ween 5 and 50 wt%. It can be found the MMMs containing modified
IFs showed higher CO2 separation efficiency than MMMs containing
ristine ZIFs. 
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.2. MMMs containing UiO MOFs 

UiO-66 is a type of MOF developed by the University of Oslo ( Zou
 Liu, 2019 ). The Zr6 O4 (OH)4 nodes contain six Zr4 + ions in an oc-

ahedral geometry coordinated with four hydroxyl atoms ( Rego et al.,
022 ). UiO-66 MOFs have high hydrothermal stability, high chemical
tability, high surface area and tunable pore size, making them promis-
ng in preparing MMMs for gas separation. Furthermore, UiO-66-NH2 ,
 derivative of UiO-66, exhibits a high capacity for CO2 adsorption be-
ause of the base-acid and dipole-quadrupole interactions that occur
etween amino groups and CO2 molecules ( Jiang et al., 2019 ). Owing
o the presence of an active -NH2 group, UiO-66-NH2 can be easily mod-
fied with other functional groups. 

Thür et al. (2019) synthesized UiO-67 by partially substituting
he biphenyl-4,4 ′ -dicarboxylic acid (bpdc) linker with 2,2 ′ -bipyridine-
,5 ′ -dicarboxylic acid (bpydc) linker. The prepared UiO-67 nanoparti-
les were incorporated into a polyimide matrix to prepare MMMs for
O2 /CH4 separation. The synthesized UiO-67 containing 33 % bpydc
howed 100 % higher CO2 /CH4 selectivity and 63 % higher CO2 per-
eability, comparing with the pristine polyimide membranes. This is

ecause the UiO-67-33 showed higher CO2 affinity resulting from the
ewis acid-base interaction between the N sites in bpydc and CO2 
olecules. MMMs containing UiO-67-33 nanoparticles demonstrated a

acilitated transport mechanism for CO2 permeation. MMMs with 10
t% of UiO-67-33 nanoparticles exhibited CO2 permeability of 26 Bar-

er and CO2 /CH4 selectivity of 75. 
Liu et al. (2020) modified UiO-66 with branched polyethyleneimine

PEI) and ionic liquid [bmim][Tf2 N] to improve the CO2 /CH4 separa-
ion efficiency and the interfacial morphology of MMMs. The fabricated
MMs with 15 wt% UiO-66-PEI@[bmim][Tf2 N] showed 100 % higher
O2 permeability of 26 Barrer and 71 % higher CO2 /CH4 selectivity of
0, comparing with the pristine Matrimid membranes, comparing with
he pristine membranes. This is because the presence of amino groups
nd the formation of hydrogen bonds improved the compatibility be-
ween MOF fillers and polymer matrix. The IL could provide CO2 ad-
orption, which enhanced the CO2 affinity of MMMs. The amino groups
romoted the CO2 permeation via the reversible reaction. 
Fig. 4. The preparation process of UiO-66-NH2 @IL/PIM-1MMM 

5

Lu et al. (2021) modified UiO-66-NH2 with [bmim][Tf2 N] ionic liq-
id (IL) by using the solvent immersion method. Subsequently, the UiO-
6-NH2 @IL was incorporated into PIM-1 matrix to prepare MMMs for
O2 /N2 separation ( Fig. 4 ). The IL can act as a regulator between poly-
er and fillers, significantly improving their compatibility. The UiO-66-
H2 @IL was homogeneously dispersed in PIM-1 matrix. The fabricated
iO-66-NH2 @IL/PIM-1 MMMs exhibited high CO2 permeability of 8283
arrer and CO2 /N2 selectivity of 23. The additional pathways for CO2 
rom the microporous UiO-66-NH2 and the high affinity of IL and amino
roups from UiO-66-NH2 @IL contributed to the high efficiency of gas
eparation. 

As it is shown in Table 2 , UiO-66 and UiO-66-NH2 are often used as
llers in MMMs for CO2 separation. Pebax, PIM-1, and polyimide are
he commonly used polymers in the fabrication of MMMs containing
iO. The filler content is between 10 wt% and 30 wt%. MMMs contain-

ng modified UiO showed higher CO2 capture properties than MMMs
ontaining unmodified UiO. 

.3. MMMs containing MIL MOFs 

MIL is a type of MOF firstly reported by the Materials Institute
avoisier ( Loiseau et al., 2004 ). For example, the MIL-53 consists of
rivalent metal cations such as In3 + , Cr3 + , Ga3 + , Al3 + , and Fe3 + and
he coordinated linear dicarboxylate linkers such as NH2 -BDC and BDC
 Schneemann et al., 2014 ). MILs have exhibited outstanding properties,
.g. , high hydrothermal and chemical stability, high flexibility, tunable
eometry, and pore size. These properties are desirable for the utiliza-
ion of MIL MOFs in membrane separation, especially in gas separation
y using MMMs ( Al-Rowaili et al., 2023 ). 

Habib et al. (2023) synthesized [MPPyr][DCA]/MIL-101(Cr) com-
osite by using the wet impregnation method. Subsequently, the syn-
hesized composite was utilized to fabricate Pebax-based MMMs for CO2 
eparation. [MPPyr][DCA] ionic liquid was used as a modifier because it
as high CO2 solubility and less toxicity in comparison to imidazolium-
ased ionic liquids. It was found that the crystal structure of MIL-101(Cr)
id not change after the modification with ionic liquid. The surface mor-
hology of MIL-101(Cr) was barely affected ( Fig. 5 ). However, the sur-
( Lu et al., 2021 ). Copyright 2021 MDPI. CC BY 4.0 License. 
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Table 2 

Summary of separation efficiency of CO2 molecules of MMMs containing UiO MOFs (SG - single gas, MG - mixed gas). 

Polymers MOFs 
MOF content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

Matrimid® UiO-66-NH2 10 CO2 /CH4 52 45 25 °C, 3 bar, MG Jiang et al. (2019) 
UiO-66-NH2 @ICA 40 65 

6FDA-ODA UiO-66-PEI@[bmim][Tf2 N] 15 CO2 /CH4 26 60 35 °C, 1 bar, MG Liu et al. (2020) 
ODPA-TMPDA UiO-66 20 CO2 /N2 169 32 35 °C, 1 bar, MG Chuah et al. (2020) 

UiO-66-NH2 142 37 
UiO-66-Br 200 35 
UiO-66-(OH)2 125 39 

6FDA-DAM UiO-66 14 CO2 /CH4 1912 31 35 °C, 2 bar, MG Ahmad et al. (2018) 
UiO-66-NH2 16 CO2 /CH4 1223 30 
UiO-66-NH-COCH3 16 CO2 /CH4 1263 33 

PIM-1 [bmim][Tf2 N]@UiO-66-NH2 10 CO2 /N2 8283 23 20 °C, 1 bar, SG Lu et al. (2021) 
PVA + PVAm/PS PEGDE-UiO-66-NH2 28.5 CO2 /N2 1295 GPU 91 25 °C, 3 bar, MG Xu et al. (2019) 
PEI UiO-66-NH2 -PVP 18 CO2 /H2 394 13 25 °C, MG Ashtiani et al. (2021) 
PEI UiO-66 10 CO2 /CH4 400 33 25 °C, 1 bar, SG Cui et al. (2024) 

UiO-66-NH2 440 47 
Pebax PIM-grafted-UiO-66-NH2 1 CO2 /N2 247 56 30 °C, 1 bar, SG Husna et al. (2022) 
Polyurethane UiO-66-IL− ClO4 50 CO2 /N2 3GPU 32 25 °C, 6 bar, MG Yao et al. (2017) 

CO2 /CH4 18 
Matrimid 5218 Bipyridine-based UiO-67 10 CO2 /CH4 26 75 30 °C, 5 bar, MG Thür et al. (2019) 
Pebax 1657 UiO-66@IL 30 CO2 /N2 143 61 25 °C, 10 bar, SG Iqbal et al. (2022) 

CO2 /CH4 28 
Pebax 1657 UiO-66-(OH)2 @PIL 20 CO2 /N2 132 71 25 °C, 2 bar, SG Yang et al. (2022) 

UiO-66-(OH)2 5 128 59 
PIM-1 Ag+ @UiO-66-NH2 30 CO2 /N2 15000 30 25 °C, 2 bar, MG Lin et al. (2023) 
PIM-1 UiO-66-(CF3 )2 8 CO2 /N2 5242 34 60 °C, 1 bar, SG Zhou et al. (2024) 
PIM-1 UiO-66 7.5 CO2 /CH4 8995 13 35 °C, 3 bar, MG Yahia et al. (2024) 
PIM-1 UiO-66 15 CO2 /N2 7212 26 30 °C, 1 bar, SG Wang et al. (2024) 
PVDF UiO-66-NM@PEG 18.75 CO2 /N2 538 48 25 °C, 1 bar, SG Li et al. (2023) 
PDMS 724 21 
Pebax 307 31 
PIM-PU UiO-66-NH2 10 CO2 /N2 333 138 35 °C, 1 bar, SG Fan et al. (2022) 
Cellulose UiO-66 10 CO2 /CH4 257 71 85 °C, 3 bar, SG Jia et al. (2024) 
Pebax 1657 CS-UiO-66-NH2 5 CO2 /CH4 590 41 25 °C, 2 bar, SG Wang et al. (2024) 
Pebax 1657 CeZrUiO66-NH2 3 CO2 /N2 101 76 35 °C, 1 bar, SG Du et al. (2023) 

Fig. 5. SEM images of (a, b) MIL-101(Cr) and (c, d) [MPPyr][DCA]/MIL- 
101(Cr) composite ( Habib et al., 2023 ). Reprinted with permission from Else- 
vier. Copyright 2023. 
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ace area and total pore volume of MIL-101(Cr) decreased after the ionic
iquid modification, which resulted from the pore occupation with ionic
iquid. The synthesized composite showed much higher CO2 adsorption
apacity than the pristine MIL-101(Cr). As a result, the manufactured
MMs with modified MIL-101(Cr) had a much higher CO2 separation

fficiency. 
Sasikumar and Arthanareeswaran (2022) synthesized MIL-53(Al)

nd modified it with ionic liquid (IL) [bmim][NTf ] by using the post-
2 

6

ynthetic modification strategy to improve the compatibility between
IL-53(Al) filler and polysulfone (PSf) matrix. The IL@ MIL-53(Al)/PSf
MMs were prepared by using the solution casting and phase inversion
ethod. The crystal structure of MIL-53(Al) was perfectly preserved af-

er the IL modification. The mechanical stability of membranes was en-
anced owing to the enhanced compatibility between fillers and poly-
er chains. The maximum CO2 /N2 selectivity of 31 and CO2 /CH4 of 28,

s well as the highest CO2 permeance of 34 GPU, were found in MMMs
aving 2 wt% IL@MIL-53(Al). 

As presented in Table 3 , MIL-101, MIL-53, MIL101-NH2 and MIL53-
H2 are generally used MIL-type MOFs for the fabrication of CO2 selec-

ive MMMs. Pebax, PIM-1, PSf, PVDF, Tröger’s base polymer, cellulose
cetate, and polyimide are used as polymer matrix. The filler content is
etween 4 wt% and 20 wt%. It can be found the MMMs containing mod-
fied MIL MOFs showed higher separation efficiency of CO2 molecules
han MMMs containing pristine MIL MOFs. 

.4. MMMs containing other types of MOFs 

In addition to the abovementioned ZIFs, UiOs, and MILs, various
ypes of other MOFs have been synthesized and utilized in the fabri-
ation of CO2 selective MMMs. Table 4 has summarized the CO2 /N2 
nd CO2 /CH4 separation properties of MMMs containing other types of
OFs. Among these various types of MOFs, the selected examples will

e discussed and summarized in the following sections. 
Chuah et al. (2019) modified HKUST-1 by using the post-synthetic

ethod. The synthesized HKUST-1 was modified with 3-picolylamine.
ubsequently, modified HKUST-1/Matrimid MMMs were fabricated. It
as found that the BET surface area and the total micropore volume
ecreased after amine modification. The prepared MMMs containing
0 wt% amine modified HKUST-1 showed 25 % higher CO perme-
2 
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Table 3 

Summary of separation efficiency of CO2 molecules of MMMs containing MIL MOFs (SG - single gas, MG - mixed gas). 

Polymers MOFs 
MOF content 
[wt%] Gas pairs PCO2 [Barrer] Selectivity Testing conditions Refs. 

6FDA–durene NH2 -MIL-125 (Ti) 7 CO2 /CH4 1116 37 25 °C, 3.5 bar, SG Suhaimi et al. (2020) 
Pebax-1657 MIL-101 15 CO2 /N2 28 89 -20 °C, 3.5 bar, SG Song et al. (2020) 
Pebax-1657 NH2 -MIL-101 5 CO2 /N2 30 96 -20 °C, 2 bar, SG Song et al. (2020) 
PIM-1 MIL-53 4 CO2 /CH4 953 13 30 °C, 0.5 bar, SG Aliyev et al. (2021) 

MIL-53 4 CO2 /N2 953 17 
PIM-EA-TB MIL-101(Cr) 25 CO2 /CH4 10000 11 35 °C, 1 bar, SG Esposito et al. (2024) 

MIL-177(Ti) 7000 11 
Pebax-1657 Azo@NH2 -MIL-53 20 SO2 /N2 2570 (SO2 ) 717 35 °C, 2 bar, MG Xin et al. (2022) 
Ultem®1000 APTMS modified MIL-53 15 CO2 /N2 31 GPU 36 35 °C, 25 bar, SG Zhu et al. (2018) 
Cellulose acetate NH2 -MIL-53(Al) 15 CO2 /CH4 2.9 GPU 12 30 °C, 3 bar, MG Mubashir et al. (2020) 
Tröger’s base polymer NH2 -MIL-53 (Al) 20 CO2 /N2 325 20 35 °C, 4 bar, SG Fan et al. (2019) 

CO2 /CH4 325 19 
PVDF NH2 -MIL-125 (Ti) 2 CO2 /CH4 822 GPU 8 25 °C, 2 bar, SG Ding et al. (2023) 
PGO/PSf MIL-140C 20 CO2 /N2 1768 GPU 38 25 °C, 1 bar, SG Kang et al. (2022) 
Pebax-3533 MIL-178(Fe) 5 CO2 /N2 312 25 35 °C, 1 bar, MG Hasan et al. (2022) 
PSf [bmim][NTf2 ]@ MIL-53 2 CO2 /N2 34 GPU 31 30 °C, 4 bar, SG Sasikumar & Arthana- 

reeswaran, 2022 CO2 /CH4 28 
Pebax-1657 [MPPyr][DCA]@ MIL-101(Cr) 15 CO2 /CH4 148 122 35 °C, 1 bar, SG Habib et al. (2023) 

CO2 /N2 148 1348 

Table 4 

Separation efficiency of CO2 molecules of MMMs containing other types of MOFs (SG - single gas, MG - mixed gas). 

Polymers MOFs 
MOF content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

PIM-1 Mg-MOF-74 8 CO2 /CH4 1935 12 30 °C, 0.5 bar, SG Aliyev et al. (2021) 
Mg-MOF-74 8 CO2 /N2 1935 17 
TIFSIX-3 4 CO2 /CH4 1000 14 
TIFSIX-3 4 CO2 /N2 1000 19 

PIM-1 MUF-15 15 CO2 /N2 23000 15 20 °C, 1 bar, SG Yin et al. (2020) 
PIM-1 MOF-801 5 CO2 /N2 9686 27 35 °C, 4 bar, SG Chen et al. (2020) 
PIM-1 MOF-808 10 CO2 /CH4 9090 16 35 °C, 3 bar, MG Yahia et al. (2024) 
PIM-1 MOF-303 30 CO2 /CH4 7528 28 35 °C, 2 bar, MG Chen et al. (2023) 

PIM-1 [Bmim][NTf2 ]@MOF-801 5 CO2 /N2 9420 29 35 °C, 4 bar, SG Chen et al. (2021) 
PS Bio-MOF-1 30 CO2 /CH4 17 43 25 °C, 10 bar, SG Ishaq et al. (2019) 

CO2 /N2 17 46 
PVAc Mg-MOF-74 20 CO2 /CH4 5 25 25 °C, 6 bar, MG Majumdar et al. (2020) 
PTO/PTMSP/PSf UTSA-16 10 CO2 /N2 1070 GPU 41 30 °C, 1 bar, SG Min et al. (2023) 

CO2 /CH4 17 
Pebax-1657 NOTT-300 40 CO2 /N2 395 61 25 °C, 10 bar, SG Habib et al. (2020) 

CO2 /CH4 36 
Matrimid La-BTC 30 CO2 /N2 21 48 25 °C, 10 bar, SG Bano et al. (2022) 

CO2 /CH4 55 
Matrimid ZnO@ZnBDC 0.75 CO2 /CH4 12 40 35 °C, 1 bar, SG Li et al. (2022) 
6FDA-DAM:DABA CAU-10-H 25 CO2 /CH4 29 67 35 °C, 2 bar, SG Yu et al. (2022) 
Matrimi® 5218 MOF [Co(AzDC)] 10 CO2 /N2 156 78 30 °C, 1 bar, MG Xin et al. (2022) 
Matrimid® HKUST-1-25NH2 20 CO2 /N2 13 43 35 °C, 1 bar, MG Chuah et al. (2019) 
6FDA− durene HKUST-Emim[Tf2 N] 10 CO2 /N2 1102 27 25 °C, 2 bar, SG Lin et al. (2016) 

10 CO2 /CH4 1102 29 
PSf Cu-BTC/[Dmim][Cl] 1 CO2 /N2 29 GPU 26 30 °C, 4 bar, SG Sasikumar & Arthanareeswaran, 

2022 CO2 /CH4 24 
Pebax 1657 Gly@CuBTC 5 CO2 /CH4 175 29 25 °C, 20 bar, SG Wu et al. (2022) 

CuBTC 3 165 23 
Gly@CuBTC 5 175 32 25 °C, 20 bar, MG 

PEI HKUST-1 50 CO2 /CH4 28 6 25 °C, 1.5 bar, SG Wang et al. (2022) 
PVAm MOF-808@PVAm 33.33 CO2 /N2 399 181 25 °C, 3 bar, MG Ge et al. (2024) 
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bility and 38 % higher CO2 /N2 selectivity comparing with the pris-
ine Matrimid membranes. This is because the amine-modified HKUST-
 could suppress the diffusivity and solubility of N2 but increase the
iffusivity of CO2 significantly. 

Majumdar et al. (2020) synthesized Mg-MOF-74 and fabricated
MMs for CO2 /CH4 separation by incorporating Mg-MOF-74 into

olyvinyl acetate (PVAc) matrix. The synthesized Mg-MOF-74 showed a
trong interaction with CO2 molecules while a rather weak interaction
ith CH4 molecules, which is revealed by the high CO2 adsorption ca-
acity of 20.6 cm3 /g and the low CH4 adsorption capacity of 2.0 cm3 /g.
he MMMs showed much greater CO2 permeability and CO2 /CH4 se-
7

ectivity when compared to the pristine membranes. This is explained
y the Mg-MOF-74 crystals’ high porosity, strong CO2 adsorption affin-
ty, and uniform distribution throughout the PVAc matrix. Moreover,
he CO2 permeability and CO2 /CH4 selectivity were barely changed at
igh pressure, indicating that the plasticization effect of polymeric mem-
ranes was significantly inhibited due to the incorporation of Mg-MOF-
4 crystals. 

Chen et al. (2021) modified MOF-801 with [bmim][Tf2 N] via wet
mpregnation because [bmim][Tf2 N] possesses high CO2 affinity. Sub-
equently, the [bmim][Tf2 N]@MOF-801 nanocomposite was incorpo-
ated into the PIM matrix to prepare MMMs with enhanced gas sepa-
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Fig. 6. The comparison of ( a ) CO2 /N2 separation performance and ( b ) CO2 /CH4 separation performance of MMMs containing pristine MOFs and functionalized 
MOFs (data are from Tables 1–4 ). 

Fig. 7. Schematic illustration of 2-D MOFs/PIM- 
PMDA-OH MMMs ( Ma et al., 2022 ). Reprinted with 
permission from Elsevier. Copyright 2022. 
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ation performance. MMMs containing 5 wt% of [bmim][Tf2 N]@MOF-
01 exhibited 129 % higher CO2 permeability (9420 Barrer) and 45 %
igher CO2 /N2 selectivity (29), comparing with pristine PIM-1 mem-
ranes. This is because more active sites in [bmim][Tf2 N]@MOF-801
ere exposed, resulting in the improvement of CO2 adsorption since

bmim][Tf2 N]@MOF-801 could be well dispersed in the polymer ma-
rix. MMMs showed desirable anti-plasticization and anti-aging features
ue to the good chemical stability of [bmim][Tf2 N]@MOF-801. 

Tables 1–4 summarize the CO2 separation efficiency of MMMs con-
aining ZIFs and MOFs. Various types of ZIFs and MOFs were synthe-
ized and used as fillers in MMMs for CO2 separation, such as UiO, ZIF,
KUST, and MIL. These MOFs used for CO2 separation usually possess

elatively high BET surface area, high CO2 adsorption capacity, ease of
unctionalization, and size-sieving effects. According to the aforemen-
ioned discussion and data gathered in Table 1–4 , MOFs could be di-
ectly incorporated into a polymer matrix for the fabrication of MMMs
or gas separation. This is because MOFs could increase the gas per-
eability without decreasing the gas selectivity, owing to its porous

tructure and high affinity to CO2 molecules. Moreover, the material
roperties of MMMs were also enhanced. For example, the MMMs usu-
lly possess high mechanical and thermal stability and good anti-aging
nd anti-plasticization properties. In order to further enhance the com-
8

atibility between MOFs and polymer chains and obtain a more ho-
ogeneous distribution of MOFs in a polymer matrix, MOFs could be
odified by using the in situ modification method ( Wang et al., 2020 ;
hür et al., 2019 ) and the post-synthetic modification method ( Liu et al.,
020 ; Chuah et al., 2019 ). The surface modification also tunes the pore
ize, surface area, and the CO2 affinity of MOFs. As a result, the fabri-
ated MMMs possess a uniform distribution of MOFs and enhanced CO2 
eparation efficiency. 

The comparison between Robeson upper bound 2008 and the CO2 
eparation efficiency of MMMs containing ZIFs or MOFs is presented
n Fig. 6 . It was found that the utilization of ZIFs and MOFs could sig-
ificantly improve the CO2 separation efficiency of MMMs since their
erformance was either close to or over the Robeson upper bound 2008.
owever, the MMMs containing modified ZIFs or MOFs showed higher
O2 separation efficiency, indicating that the modification of ZIFs and
OFs is a promising way to enhance the CO2 separation efficiency of
MMs. 

. 2D materials as fillers in MMMs 

2D materials have shown intriguing properties in the fabrication of
MMs for CO separation due to their nanometer thickness, layered
2 
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Fig. 8. Illustration of the synthesis of Ni-MOFs by 
using the liquid-liquid interface synthesis method 
( Zhu et al., 2023 ). Reprinted with permission from El- 
sevier. Copyright 2023. 

Table 5 

Separation efficiency of CO2 molecules of MMMs containing 2D MOFs (SG - single gas, MG - mixed gas). 

Polymers 2D MOFs 
Filler content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

Pebax 1657 CuBDC-ns@MoS2 2.5 CO2 /N2 123 69 35 °C, 4 bar, SG Liu et al. (2022) 
CO2 /CH4 18 
CO2 /N2 108 50 35 °C, 4 bar, MG 
CO2 /CH4 110 13 

Pebax 1657 ZIF-67 nanosheets 5 CO2 /N2 139 73 25 °C, 1 bar, SG Feng et al. (2020) 
118 58 25 °C, 1 bar, MG 

Pebax 1657 Cu(BPY)2 (OTF)2 4 CO2 /CH4 84 14 25 °C, 1 bar, MG Gou et al. (2021) 
Polyimide C-axis oriented ZIF-95 

sheets 
40 H2 /CO2 967 (H2 ) 58 100 °C, 1 bar, SG Pang et al. (2023) 

Polyimide ZIF-L 45 H2 /CO2 369 (H2 ) 19 25 °C, 1.5 bar, MG Jia et al. (2024) 
PIM-1 BCoC-ZIF 10 CO2 /N2 7326 33 25 °C, 2 bar, MG Sun et al. (2022) 
PIM-1 NUS-8-NH2 10 CO2 /N2 14638 29 25 °C, 2 bar, MG Pu et al. (2022) 
PIM-1 MUF-15 nanosheets 5 CO2 /N2 16000 20 20 °C, 1 bar, SG Yin et al. (2020) 

CO2 /CH4 8 
Tröger’s base 
polymer 

ZIF-L-Zn 20 CO2 /N2 475 13 24 °C, 2 bar, SG Deng et al. (2020) 
CO2 /CH4 12 

ZIF-L-Co CO2 /N2 552 12 
CO2 /CH4 11 

Pebax 1657 Ni-MOF nanosheets 6 CO2 /CH4 436 33 25 °C, 2 bar, MG Zhu et al. (2023) 
PIM-PMDA-OH Zn2 (bim)4 nanosheets 22 CO2 /N2 342 55 35 °C, 1 bar, SG Ma et al. (2022) 

CO2 /CH4 49 
17 CO2 /N2 173 58 35 °C, 1 bar, MG 

CO2 /CH4 54 
Pebax 1657 ZIF-67-L 10 CO2 /N2 92 52 30 °C, 2 bar, SG Zhao et al. (2023) 
Pebax 1657 2D ZIF-8 10 CO2 /N2 350 94 25 °C, 2 bar, SG Jeong et al. (2024) 
Pebax-3533 PEI-ZIF-L 2 CO2 /N2 639 27 35 °C, 2 bar, MG Qin et al. (2024) 

PAMAM-ZIF-L 703 24 
Pebax-3533 SUM-9 1 CO2 /N2 539 25 35 °C, 2 bar, SG Feng et al. (2023) 
PEGMEA Cu-TCPP 0.1 CO2 /N2 1183 76 25 °C, 1.5 bar, SG Wang et al. (2023) 
PIM-1 NUS-8-COOH 2 CO2 /N2 10400 31 25 °C, 2 bar, MG Wang et al. (2022) 

CO2 /CH4 11050 14 
Pebax 1657 MFI 5 CO2 /CH4 190 30 25 °C, 2 bar, MG Zhang et al. (2021) 
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heet structure, and micro-scale lateral dimensions ( Dai et al., 2023 ).
enerally, the atomic layered 2D nanosheets have a large amount of
xposed surface atoms and active sites. Moreover, the edge effects of
D nanosheets can also enhance their chemical activity. The adjustable
pace between layers, the unique properties, the feasibility of surface
odification, and the lateral structure of 2D nanosheets provide special
erformance in transporting and separating molecules in membrane pro-
esses ( Duan et al., 2019 ). For example, when gas molecules are trans-
orted through MMMs containing graphene oxide (GO) nanosheets, the
as molecules transporting pathways can be effectively regulated. The
D nanosheets align parallel to the membrane surface, creating dis-
orted diffusion pathways for larger gas molecules (CH4 and N2 ) and
nhancing their transporting resistance. The interlayer spacing between
D nanosheets created highly selective and permeable 2D nanochannels
or smaller gas molecules (CO2 ) ( Shi et al., 2021 ). As a result, MMMs
ontaining 2D materials showed enhanced CO2 /N2 and CO2 /CH4 sep-
ration performance. Therefore, the synthesis and modification of 2D
aterials such as 2D MOFs, 2D carbon-based materials, and MXene
9

nd their applications in MMMs for CO2 separation is discussed in this
ection. 

.1. MMMs containing 2D MOFs 

2D MOFs combine the advantages of both MOFs and 2D nanosheets,
.g ., the high surface area, the short diffusion path, the tunable structure,
he high amount of exposed active sites, the unique molecular arrays,
nd the ordered porous structures ( Duan et al., 2019 ; Ma et al., 2022 ).
D MOFs show great potential in nanotechnology applications that can-
ot be fulfilled by using other 2D materials and 3D MOFs ( Duan et al.,
019 ). In particular, 2D MOFs can improve the phase integration and
ller orientation of polymer matrix, resulting in a significant improve-
ent in CO2 separation efficiency ( Weng et al., 2016 ). 

Ma et al. (2022) synthesized 2D MOF Zn2 (bim)4 via hydrothermal
ransformation of ZIF-7 in boiling water. Subsequently, PIM-PMDA-
H/2D MOF MMMs were prepared for CO2 separation ( Fig. 7 ). The MOF
anosheets were homogeneously distributed in a polymer matrix with-



G. Li, J. Kujawa, K. Knozowska et al. Carbon Capture Science & Technology 13 (2024) 100267

o  

h  

t  

t  

a  

2  

f  

r  

t  

s
 

(  

2  

T  

M  

m  

p  

e  

w  

t  

p  

1  

h  

c  

p  

t  

 

M  

a  

t  

2  

M  

w  

i  

s  

u  

c

3

 

u  

t  

e  

h
m  

t  

m  

a  

c  

T  

b  

t  

b  

s  

g  

2
 

n  

m  

w  

C  

F

p

ut defects inside the MMMs. The high compatibility of MOF nanosheets
as resulted from the hydrogen bond between the amino groups from
he benzimidazole ligand and the hydroxyl groups from the polymer ma-
rix. The high CO2 permeability was attributed to the higher free volume
nd short diffusion path ways for CO2 molecules provided by the porous
D MOF nanosheets. However, the lateral size of 2D MOFs nanosheets
orced the bigger molecules N2 and CH4 to travel in a tortuous pathway,
esulting in increased transport resistance. Therefore, the CO2 separa-
ion efficiency of MMMs was enhanced owing to the excellent molecular
ieving effects and chemical stability of 2D MOF Zn2 (bim)4 . 

Besides the preparation of 2D MOFs from bulk MOFs, Zhu et al.
2023) synthesized a 2D layered Ni-MOF ([Ni3 (OH)2 (1,4-BDC)2 (H2 O)4 ]
H2 O) by using the liquid-liquid interface synthesis method ( Fig. 8 ).
he interlayer distance of the layered-structure Ni-MOF was 0.928 nm.
oreover, the defective Ni-MOF was also synthesized by controlling the
olar ratio of metal ions to the organic linker. The defective Ni-MOF
ossessed a larger pore size than that of pristine Ni-MOF, which allowed
asier transport of CO2 molecules. The defective Ni-MOF nanosheets
ere homogeneously distributed in the Pebax 1657 matrix owing to

heir good compatibility with the polymer matrix. Comparing with the
ristine membranes, MMMs with 6 wt% of defective Ni-MOF showed
15 % higher CO2 permeability and 18 % higher selectivity. The en-
anced CO2 separation efficiency resulted from the increased polymer
hain spacing, the low mass transfer resistance resulted from the meso-
orous structure of defective Ni-MOF, and the enhanced interaction be-
ween CO2 molecules and the active metal sites from defective Ni-MOF.

Table 5 summarizes the separation efficiency of CO2 molecules of
MMs containing 2D MOFs. It can be found that ZIF-based 2D MOFs

re the most studied fillers in MMMs for gas separation. In addition
o ZIF-based 2D MOFs, 2D MOFs, such as CuBDC nanosheets ( Liu et al.,
022 ), Cu(BPY)2 (OTF)2 ( Gou et al., 2021 ), NUS-8-NH2 ( Pu et al., 2022 ),
ig. 9. Synthesis of (a) PIM-1, (b) g-C3 N4 nanosheets, and (c) amine modification
ermission from Elsevier. Copyright 2022. 

10
UF-15 nanosheets ( Yin et al., 2020 ) and SUM-9 ( Feng et al., 2023 )
ere also synthesized and used as fillers for MMMs fabrication. Except

n some cases, the low content ( ≤ 10 wt%) of 2D MOFs in MMMs showed
ignificant improvement in the gas separation efficiency owing to their
nique properties and advantages. 2D MOFs are promising in the fabri-
ation of MMMs for gas separation. 

.2. MMMs containing 2D carbon-based materials 

The 2D layered material graphene and graphene oxide (GO) were
sed to fabricate membranes for various separation processes due to
heir tunable surface chemistry and the feasibility of preparation. For
xample, GO contains many chemical groups, e.g ., carboxyl, epoxy,
ydroxyl, and carbonyl groups, which improve the affinity to CO2 
olecules. Moreover, the high aspect ratio of GO can regulate the gas

ransport pathways, which increases the diffusivity selectivity of gas
olecules ( Dai et al., 2023 ). Graphite carbon nitride (g-C3 N4 ) is also

ttractive in the preparation of membranes due to its special physico-
hemical features, high chemical stability, and thin layered structure.
he structure unit of g-C3 N4 consists of 6-membered rings connected
y the sp2 hybridization of C and N atoms ( Cui et al., 2018 ). Moreover,
he pore size of g -C3 N4 is in the range of 0.31 nm–0.34 nm, which is
igger than the kinetic diameter of hydrogen and carbon dioxide but
maller than that of other gas molecules. As a result, g -C3 N4 possesses
reat potential in preparing membranes for gas separation ( Dai et al.,
023 ). 

Chen et al. (2022) modified GO with amino acids, e.g ., cysteine, argi-
ine, and histidine via crosslinking. Subsequently, MMMs containing
odified GO were fabricated for CO2 separation. All the amino acids
ere grafted on the GO, and the loading content was more than 20 %.
omparing with GO/Pebax MMMs, modified GO showed more homo-
 and sulfonation on g-C3 N4 nanosheets ( Voon et al., 2022 ). Reprinted with 
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Table 6 

Separation efficiency of CO2 molecules of MMMs containing 2D carbon-based fillers (SG - single gas, MG - mixed gas). 

Polymers 2D carbon-based materials 
Filler content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

POEM GO-GMA - CO2 /N2 3169 GPU 37 25 °C, 1 bar, SG Lee et al. (2023) 
CO2 /CH4 16 

Pebax 1657 Arginine@GO 0.4 CO2 /N2 169 70 25 °C, 1 bar, SG Chen et al. (2022) 
Histidine@GO 149 50 

PIM-1 GO-POSS 0.05 CO2 /N2 12000 20 25 °C, 1 bar, SG Mohsenpour et al. (2022) 
CO2 /CH4 13944 14 

Pebax 1657 2D MCNs 0.5 CO2 /N2 123 76 25 °C, 4 bar, SG Yang et al. (2021) 
CO2 /CH4 20 
CO2 /N2 161 61 25 °C, 4 bar, MG 

Pebax 2533 GO 0.02 CO2 /N2 400 25 35 °C, 1 bar, MG Casadei et al. (2020) 
Pebax 
1657/PAN 

g-C3 N4 nanosheets 0.25 CO2 /N2 33 GPU 68 25 °C, 3 bar, SG Cheng et al. (2020) 

PIM-1 APTS-GO 0.5 CO2 /CH4 5600 12 25 °C, 1.5 bar, MG Luque-Alled et al. (2021) 
Matrimid® 5218 Nitrogen-doped graphene 0.07 CO2 /N2 10 GPU 42 35 °C, 1 bar, MG Yang et al. (2020) 
PEEK Sulfonated polymer brush 

modified GO 

8 CO2 /N2 1300 88 25 °C, 1 bar, SG Xin et al. (2019) 
CO2 /CH4 73 

Pebax 1657/PSf A-prGO 0.1 CO2 /N2 48 106 25 °C, 4 bar, SG Mohammed et al. (2019) 
CO2 /CH4 24 

Pebax 1657 APTS-GO 0.9 CO2 /N2 934 71 35 °C, 2 bar, MG Zhang et al. (2019) 
CO2 /CH4 910 41 

Pebax 1657 GO-mPD 0.7 CO2 /N2 30 142 25 °C, 4 bar, SG Mehdinia Lichaei et al. (2022) 
Pebax 1657 GO 1 CO2 /N2 114 69 30 °C, 2 bar, SG Shi et al. (2021) 
Pebax 1657 GO 1 CO2 /N2 56 121 25 °C, 4 bar, SG Pazani & Aroujalian, 2020 
PVDF GO 0.5 CO2 /N2 1 41 27 °C, 5 bar, SG Feijani et al. (2018) 
PIM-1 Sulfonated g-C3 N4 1 CO2 /N2 3740 20 35 °C, 3.5 bar, SG Voon et al. (2022) 

CO2 /CH4 12 

Table 7 

Separation efficiency of CO2 molecules of MMMs containing MXene (SG - single gas, MG - mixed gas). 

Polymers MXene 
Filler content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

PEG-600 Ti3 C2 Tx 75 CO2 /N2 814 32 25 °C, 1 bar, SG Luo et al. (2022) 
CO2 /CH4 28 
CO2 /N2 956 31 25 °C, 1 bar, MG 
CO2 /CH4 27 

Pebax 1657/PAN Ti3 C2 Tx 0.15 CO2 /N2 22 GPU 73 25 °C, 1 bar, MG Liu et al. (2020) 
Pebax 1657 Ti3 C2 Tx 10 CO2 /N2 584 59 30 °C, 2 bar, SG Shi et al. (2021) 
Pebax 1657 Ti3 C2 Tx 0.05 CO2 /N2 1987 GPU 42 25 °C, 4 bar, SG Shamsabadi et al. (2020) 

CO2 /CH4 15 
PDMS Ti3 C2 Tx 1 CO2 /N2 13917 14 35 °C, 1 bar, MG Ahmad et al. (2023) 
Pebax 1657 Ti3 C2 Tx 1 CO2 /N2 148 63 30 °C, 2 bar, SG Shi et al. (2021) 
Pebax 1657 Ti3 AlC2 0.5 CO2 /N2 70 93 25 °C, 4 bar, SG Guan et al. (2021) 

CO2 /CH4 29 
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eneous distribution in the polymer matrix owing to the better com-
atibility of amino acids modified GO with Pebax matrix. The prepared
MMs containing arg@GO or his@GO showed much higher CO2 /N2 

eparation performance than GO/Pebax MMMs. The high CO2 separa-
ion efficiency of MMMs containing arg@GO or his@GO resulted from
he increased both the solubility selectivity and the diffusivity selec-
ivity. The amine groups from amino acids enhanced the CO2 solubility
oefficient owing to the enhanced interaction between modified GO and
O2 molecules via the reversible reaction and quadrupole moment in-
eraction. The layered structure of GO increased the transport resistance
or bigger N2 molecules. The CO2 permeability for arg@GO/Pebax and
is@GO/Pebax MMMs was 169 Barrer and 149 Barrer, respectively. The
etermined CO2 /N2 selectivity was 70 and 50, respectively. 

Voon et al. (2022) synthesized g-C3 N4 nanosheets and modified
hem with 4 types of functional groups. Fig. 9 shows the process of
he preparation and modification of g-C3 N4 nanosheets. The modified g-

3 N4 /PIM-1 MMMs were fabricated for CO2 separation. The unmodified
-C3 N4 could be homogeneously dispersed in the PIM-1 matrix when
he filler loading was no more than 1 wt%, while the sulfonic group
unctionalized g-C3 N4 could be homogeneously dispersed in the PIM-1
atrix when the filler loading was no more than 10 wt%. This is because

he sulfonic group functionalized g-C N possessed better compatibility
3 4 

11
ith the polymer matrix. Among the fabricated MMMs, PIM-1/g-C3 N4 
1 wt%) MMMs exhibited the highest CO2 permeability and selectiv-
ty. The ultramicro pores (0.31 – 0.34 nm) from g-C3 N4 provided the
dditional pathways for smaller gas molecules such as CO2 while in-
ibiting the transport of bigger gas molecules such as N2 and CH4 . In
ddition, the amine modification and sulfonation on g-C3 N4 nanosheets
nhanced their affinity to CO2 molecules, which increased the solubility
oefficient of CO2 molecules in MMMs. 

Table 6 summarizes the separation efficiency of CO2 molecules of
MMs containing 2D carbon-based materials. It can be found that GO

nd g-C3 N4 are usually modified and used as fillers in MMMs for gas
eparation. The filler content of 2D carbon-based materials is usually no
ore than 1 wt%, indicating the effectiveness of 2D carbon-based ma-

erials for the enhancement of CO2 separation efficiency of MMMs. The
ost-synthetic modification strategy was often used to modify GO and
-C3 N4 with polar groups such as amine groups, and sulfonic groups. 

.3. MMMs containing Mxene 

As an emerging material, 2D MXenes are promising fillers for the
abrication of MMMs for gas separation owing to their distinct prop-
rties such as the single atomic thickness, high mechanical stability,
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Fig. 10. (a) Synthesis of Ti3 C2 Tx -MXenes from MAX phase (Ti3 AlC2 ) and (b) Illustration of the fabrication of PDMS/Ti3 C2 Tx -MXene MMMs ( Ahmad et al., 2023 ). 
Reprinted with permission from Elsevier. Copyright 2021. 

Fig. 11. The comparison of ( a ) CO2 /N2 separation performance and ( b ) CO2 /CH4 separation performance of MMMs containing 2D materials (data are from 

Tables 5–7 ). 
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nd easy surface functionalization ( Ahmad et al., 2023 ; Ramanavicius
 Ramanavicius, 2020 ; Ahmed et al., 2021 ). MXenes are usually syn-

hesized from 3D layered MAX phases. The synthesis methods of MXene
anosheets, the fabrication methods of MXene membranes, and their
eparation performance have been reviewed elsewhere ( Ahmad et al.,
023 ; Ahmed et al., 2021 ). However, the review and discussion on the
MMs containing 2D MXene nanosheets is still lacking. As it is shown in
able 7 , only a limited number of publications on MXene MMMs is avail-
ble. To date, the most studied MXene in MMMs fabrication is Ti3 C2 Tx ,
ven more than 150 various types of MAX phase have been reported
 Mathis et al., 2021 ). 
12
Ahmad et al. (2023) synthesized multi-layer MXene (ML-MXene) and
ingle layer MXene (D-MXene) from the MAX phase Ti3 AlC2 by using the
op-down synthesis method ( Fig. 10 a). Subsequently, the synthesized
L-MXene and D-MXene were incorporated into PDMS ( Fig. 10 b). The
MMs containing 1 wt% of D-MXene exhibited the highest CO2 sepa-

ation efficiency. The oxygen-functional groups of MXene show higher
nteraction with CO2 molecules comparing with N2 molecules, which
acilitate the transport of CO2 molecules. 

Shi et al. (2021) prepared Ti3 C2 Tx MXene/Pebax 1657 and
O/Pebax 1657 MMMs and comparatively studied their effects on the
embrane properties and gas permeation behavior. Ti C T MXene
3 2 x 
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Fig. 12. (a) The pristine GO and the prepared ZIF-8@GO fillers with different ZIF-8/GO ratio (L, M, H-ZIF-8@GO); (b) The mechanism of GO stretching according 
to the ZIF-8 armor suit synthesis process ( Yang et al., 2020 ). Reprinted with permission from Elsevier. Copyright 2020. 

13



G. Li, J. Kujawa, K. Knozowska et al. Carbon Capture Science & Technology 13 (2024) 100267

Fig. 13. The synthesis of UiO-66-NH2 @GO by the formation of UiO-66-NH2 particles on the GO nanosheets ( Jia et al., 2019 ). Reprinted with permission from 

Elsevier. Copyright 2019. 
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ould be incorporated into the Pebax 1657 matrix as high as 20 wt%
hile the maximum GO content was 5 wt%. This is because the abun-
ant polar groups on MXene improved the interfacial interactions with
he polymer matrix. MMMs containing 10 wt% of MXene exhibited CO2 
ermeability of 584 Barrer and CO2 /N2 selectivity of 59 under humid-
fied conditions. The high CO2 separation efficiency under humidified
onditions has resulted from the fast and selective CO2 transport through
he interlamellar channels of MXene in MMMs. 

Fig. 11 shows the comparison between Robeson upper bound 2008
nd the CO2 separation efficiency of MMMs containing 2D MOFs, 2D
arbon-based materials, and 2D MXene. All the MMMs containing 2D
aterials were located near or over the Robeson upper bound (2008).
D materials possess a high potential to enhance the gas transport prop-
rties of MMMs. 

. MMMs containing MOF based composite nanomaterials 

The solution-diffusion and size-sieving mechanisms are mainly used
o explain the gas transport behavior in MMMs ( Yang et al., 2020 ;
ardian et al., 2024 ). To enhance the CO2 separation performance of
MMs, the solubility and diffusivity of CO2 molecules in MMMs should

e enhanced to increase the CO2 permeability. On the other hand, the
ize-sieving effect of MMMs should be enhanced to increase the selec-
ivity further. MOFs possess high porosity, surface area, high affinity to
O2 molecules, and good thermal stability ( Kujawa et al., 2021 ). The

ncorporation of MOFs in MMMs could increase the solubility and diffu-
ivity of CO2 molecules, owing to their porous structure and high affin-
ty to CO2 molecules. Incorporating 2D materials such as GO in MMMs
ould create more tortuous diffusion pathways for bigger gas molecules
N2 and CH4 ), slowing down the transport of bigger gas molecules and
nhancing the CO2 selectivity of membranes ( Yang et al., 2020 ; Jia et al.,
019 ). Moreover, the MOF@GO composite fillers showed higher com-
atibility with the polymer matrix and can be homogeneously dispersed
n the polymer matrix, owing to the nature of MOFs and the steric effect
f GO. MOF@GO composite fillers combine the advantages of individual
aterials. Therefore, the incorporation of MOF@GO composite fillers

ould effectively enhance the CO separation efficiency of MMMs. 
2 

14
Yang et al. (2020) prepared ZIF-8@GO by growing ZIF-8 crystal on
he GO surface, as shown in Fig. 12 . Subsequently, the ZIF-8@GO/Pebax
MMs were fabricated. When the content of ZIF-8@GO was 20 wt%,
MMs demonstrated the highest CO2 separation efficiency (CO2 perme-

bility of 136 Barrer and CO2 /N2 ideal selectivity of 78). This is because
he additional CO2 transporting channels were provided by porous ZIF-
. As a result, the CO2 permeability increased. The CO2 /N2 selectivity
as enhanced by abundant oxy-groups on the GO surface. 

Jia et al. (2019) synthesized UiO-66-NH2 @GO composite by grow-
ng UiO-66-NH2 crystals on GO nanosheets, as shown in Fig. 13 .
ubsequently, UiO-66-NH2 @GO/polyimide MMMs were fabricated for
O2 /N2 separation. The composite filler was homogeneously dispersed

n a polyimide matrix owing to the high-aspect GO nanosheets. The CO2 
eparation efficiency of MMMs was enhanced owing to the high porosity
nd the high CO2 adsorption capacity of UiO-66-NH2 @GO composite
ller. Castarlenas et al. ( Castarlenas et al., 2017 ) synthesized UiO-66-
O composite by growing UiO-66 on GO nanosheets via hydrothermal

ynthesis. Subsequently, UiO-66-GO/polyimide MMMs were prepared.
iO-66-GO composite showed good compatibility with polymer chains.
he CO2 separation efficiency of MMMs was enhanced owing to the
arrier effect of GO and the porosity of UiO-66. 

Besides the utilization of GO as carriers for the growth of MOFs, car-
on nanotubes (CNTs) can be also used. CNTs could enhance the gas
ransport properties of MMMs since the CNT tunnels possess smooth in-
ernal walls. However, CNTs can easily aggregate, which makes it diffi-
ult to disperse them in the polymer matrix. The decoration of MOFs on
NTs can enhance the dispersion ability and compatibility in the poly-
er matrix ( Lin et al., 2015 ). Lin et al. (2015) synthesized MIL@CNTs

ia the in situ growth of NH2 -MIL-101(Al) on the external surface of
NTs. MIL@CNTs/polyimide MMMs were fabricated. CO2 permeabil-

ty and CO2 /CH4 selectivity of MMMs were increased comparing with
he pristine membranes. The gas separation performance surpassed the
obeson upper bound. This is because the decoration of NH2 -MIL-
01(Al) on CNTs significantly increased the dispersion of CNTs in the
olyimide matrix and the adsorption capacity of CO2 and the CO2 /CH4 
dsorption selectivity owing to the presence of amine groups. As a result,
he membrane solubility coefficient of CO2 was dramatically increased
 Lin et al., 2015 ). 
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Table 8 

Separation efficiency of CO2 molecules of MMMs containing MOF-based composite nanomaterials (SG - single gas, MG - mixed gas). 

Polymers MOF composites 
Filler content 
[wt%] Gas pairs 

PCO2 

[Barrer] Selectivity Testing conditions Refs. 

Matrimid® UiO-66-NH2 @GO 5 CO2 /N2 7 52 25 °C, 3 bar, SG Jia et al. (2019) 
PEDM ZIF-8@GO 6 CO2 /N2 475 58 25 °C, 1 bar, SG Chen et al. (2019) 
Matrimid® NiDOBDC/GO 20 CO2 /CH4 10 58 25 °C, 1 bar, MG Li et al. (2019) 
Pebax MWCNTs@ZIF-8 8 CO2 /N2 186 61 35 °C, 5 bar, SG Li et al. (2020) 
Matrimid® UiO-66-GO 24 CO2 /CH4 21 51 35 °C, -, MG Castarlenas et al. (2017) 
6FDA-durene NH2 -MIL-101@CNT 10 CO2 /CH4 1037 25 25 °C, 2 bar, SG Lin et al. (2015) 
PES rGO-ZIF-8 2 CO2 /CH4 8955 GPU 14 25 °C, 4 bar, SG Jamil et al. (2019) 
Pebax ZIF-8@GO 20 CO2 /N2 136 78 25 °C, 3 bar, SG Yang et al. (2020) 
Cellulose acetate MWCNTs@ UiO-66-NH2 10 CO2 /CH4 32 17 30 °C, -, MG Tanvidkar et al. (2023) 
Pebax 1657 ZIF-90@C3 N4 8 CO2 /N2 110 84 25 °C, 2 bar, SG Guo et al. (2022) 
Pebax 1657 ZIF-67@ZIF-L(Zn) 2 CO2 /N2 73 103 25 °C, 4 bar, SG Maleh & Raisi, 2023 ) 
Pebax 1657 TA-ZIF-8/TCOH 0.184 CO2 /N2 1178 GPU 63 25 °C, 1 bar, MG Wang et al. (2024) 

CO2 /CH4 1097 GPU 59 

Fig. 14. The comparison of ( a ) CO2 /N2 separation performance and ( b ) CO2 /CH4 separation performance of MMMs containing MOF composites (data are from 

Table 8 ). 
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According to the aforementioned discussion, the incorporation of
OF-based composite materials could enhance the CO2 separation ef-
ciency of MMMs owing to the synergistic effects of MOFs and car-
on nanomaterials, e.g ., GO and CNTs. Table 8 summarizes the CO2 
eparation efficiency of MMMs containing MOF-based composite nano-
aterials. For the synthesis of MOF composite nanomaterials, ZIF-8

 Yang et al., 2020 ; Chen et al., 2019 ; Li et al., 2020 ; Jamil et al.,
019 ), UiO-66 ( Jia et al., 2019 ; Castarlenas et al., 2017 ), and MIL-101
 Lin et al., 2015 ) are the commonly used MOFs and GO ( Yang et al.,
020 ; Jia et al., 2019 , Castarlenas et al., 2017 ; Jamil et al., 2019 ), and
NT ( Lin et al., 2015 ; Li et al., 2020 ) are the commonly used carbon
anomaterials. As it is shown in Fig. 14 , the incorporation of MOF com-
osites in MMMs could significantly improve the CO2 /N2 separation
erformance since most of the MMMs containing MOF composites sur-
assed the 2008 Robeson upper bound. However, the CO2 /CH4 separa-
ion performance was moderately improved since the MMMs containing
OF composites are close to but still below the 2008 Robeson upper

ound. 

. Concluding remarks and future directions 

This review provided a comprehensive summary on the modifica-
ion of ZIFs, MOFs, and GO to prepare MMMs for CO2 separation. Af-
er modification, the compatibility of fillers was significantly enhanced,
esulting in homogeneous dispersion of fillers and enhanced mechan-
cal stability and gas separation performance. Moreover, the modified
15
llers could endow the MMMs with molecular sieving effects and facil-
tated transport mechanisms, which further increased the CO2 perme-
bility and selectivity simultaneously. In addition, this review provided
n overview of the recent development of MMMs for CO2 separation
ontaining the emerging 2D MOFs, 2D MXene, and MOF composites.
D materials could effectively regulate the gas transport pathways ow-
ng to their special layered structure and the size-sieving effect of the
ores and space between layers. Moreover, the functional groups on the
urface of 2D nanosheets provide active sites for further modification
nd improve the affinity to CO2 molecules. As a result, MMMs contain-
ng modified ZIFs, MOFs and GO, 2D MOFs, 2D MXene, and MOF com-
osites show high CO2 separation performance since they are usually
lose to or above the Robeson upper bound. 

This review shows that MMMs containing pristine and modified ZIFs,
OFs, and GO have been intensively studied for gas separation pro-

esses. However, in order to fully demonstrate the potential and capa-
ilities of MMMs in CO2 separation processes, the following directions
till need more attention: 

1. As the emerging 2D materials, 2D MOFs and 2D MXene needs more
attention in the fabrication of MMMs for gas separation. Even though
various types of 2D MOFs have been synthesized and used in MMMs
for gas separation, further modification of the existing 2D MOFs and
the synthesis of new 2D MOFs are required. The most studied MXene
in membrane fabrication is Ti3 C2 Tx , and the synthesis and utilization
of other types of MXene nanosheets in membrane preparation are
highly needed. 
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2. The MOF@2D composites demonstrate positive effects on the im-
provement of gas separation performance of MMMs since they com-
bined the advantages of 3D (MOFs) and 2D nanosheets. The syn-
thesis and investigation of MOF@2D composites for the fabrication
of MMMs is still limited in the literature. Therefore, further explo-
ration of MOF@2D composites in MMMs for gas separation is highly
needed. 

3. In the industrial CO2 separation processes, gas impurities and water
vapor exist in CO2 /N2 and CO2 /CH4 mixtures. For example, flue
gas mainly contains CO2 and N2 , along with impurities such as NOx ,
SOx , and volatile organic compounds. Besides the main components
CO2 and CH4 , natural gas also contains impurities such as water
vapor, He, and H2 S. Most of research works from the literature focus
on the study of CO2 separation from a dual-component gas mixture
rather than the multicomponent gas mixture. Therefore, the effect of
gas impurities on the CO2 separation performance and the structure
change of MMMs should be investigated more in detail. 
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