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various catalytic pathways have also been developed for CO2 utilization. Although widely
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researched and used in industry, these processes are energy-intensive and this challenge
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needs to be overcome. To realize further optimization, novel materials and processes are
continuously being developed. New generation materials such as ionic liquids (ILs) have
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Introduction
Globalwarming, as a result of greenhouse gas (e.g. CO2 ) emissions, has become an urgent issue that requires significant
mitigation. A special report  Global warming of 1.5°C was
published by Intergovernmental Panel on Climate Change
(IPCC) in 2018, and stated that global temperatures were

∗

already 1°C above pre-industrial levels and would reach 1.5°C
in 2030. This continuous increase of global temperatures will
effectively lead to climate deterioration and trigger a series of
ecological and social problems (Li et al., 2019; Sun et al., 2018a).
CO2 capture and utilization (CCU) has been widely recognized as an effective pathway to mitigate greenhouse gas
emissions on a global scale. Until now, a number of technologies have been developed for CCU, such as absorption,
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adsorption, cryogenic, membrane separation and biofixation,
etc. (Song et al., 2018). CO2 utilization has not only the ecological benefits of mitigating the greenhouse effect, but also
produces intuitive economic value. For example, production
of value-added chemicals by chemical or biological catalysis
reactions are effective pathways for CO2 utilization. However,
there are some challenges in existing CCU technologies that
need to be overcome for commercial application, such as the
energy intensity, material stability, toxicity, corrosion and
secondary pollution risk (Ren et al., 2018; Song et al., 2018).
In previous decades, many novelmaterials have been
designed and applied to improve the efficiency of the CO2
capture and utilization processes. Ionic liquids (ILs) are
considered one of the most promising materials for such
purposes. ILs are a class of room temperature molten salt
composed of anions and cations (Walden, 1914). Compared
with other liquids, ILs have several specific advantages, such
as good chemical and thermal stability, extremely low saturated vapor pressure, and a wide electrochemical window
(Fukaya et al., 2007; Gao et al., 2015; Huang et al., 2006).
Most importantly, ILs can exhibit intensified properties via
modification by functional groups, creating opportunities to
design functional and green ILs.
To improve the environmental impact and reduce the
synthesis costs of ILs, a new solvent, namely deep eutectic solvents (DES), with properties similar to ILs were developed (Abbott et al., 2003). With a lower melting point, they
were formed by quaternary ammonium salt and amide compounds. Compared to ILs, DES have the advantage of a simple
and fast synthesis process. DES are usually produced by a onestep synthesis of two or more substances; preparation is simple and less time consuming (Ruß and König, 2012). It should
be noted that the melting point of DES is generally lower than
the raw material for synthesizing it, which is very similar to
ILs. DES is formed by hydrogen bonding between a hydrogen
bond acceptor (HBA) and a hydrogen bond donor (HBD). The
special nature of the structure offers great potential with respect to cost-effective CCU processes.
The aim of this work is to systematically summarize the
application of ILs in different CCU processes and provide a
comprehensive overview, in particular the ILs hybridization
technology. The combination of ILs with other technologies
(namely hybrid processes) can potentially take advantage of
two or more standalone methods. Through integration of absorption, adsorption, membrane separation and catalytic conversion, some current bottlenecks in CCU of traditional processes have been overcome (e.g. reducing energy consumption, increasing capture and conversion efficiency). In addition
to the current status, the opportunities and challenges faced
by different technologies are also discussed.

1.
Ionic liquids hybrid with absorption for
CO2 capture
Despite increased diversity in the global energy mix of late,
fossil fuelsremain the dominant energy source. There are
three measures for CO2 reduction in fossil fuel combustion processes: pre-combustion capture, oxy-fuel combustion,
and post-combustion capture (Usman et al., 2016; Zhai and

Rubin, 2018). Among them, post-combustion capture is the
most widely used technology, and using solvents for CO2
absorption is a mature method for this. Alcohol ammonia
solution (such as monoethanolamine, MEA) is currently the
most widely used absorbent, but still faces the challenges
of high regeneration energy consumption and large solvent
loss (Bates et al., 2002; Ren et al., 2018; Yunus et al., 2012).
Therefore, there is an urgent need for the development of
new absorbents, and a large number of potential substances
have been designed. Among them, ILs are considered to be
one of the most promising substitutes for traditional absorbents due to their low solvent loss and strong absorption
capacity (Kanakubo et al., 2016; Valencia-Marquez et al., 2017;
Zhang et al., 2016b). Based on the composition of the absorbent, the integration of ILs and absorption (namely hybrid
processes) is primarily divided into two types. One method is
using ILs or ILs aqueous solution as solvent directly in absorption processes, including traditional ILs and new generation
ILs – deep eutectic solvents (DES). The other method is a biphasic solvent, which is a mixture of ILs and other substances. The
comparison of several generations of ILs absorbents is summarised in Table 1.

1.1.

Ionic liquids

1.1.1.

Traditional ionic liquids

In 1999, Blanchard et al. (1999) reported that CO2 has high
solubility in [BMIM][BF6 ] ILs. Subsequently, a large number of
studies investigated the application possibility of ILs in CO2
absorption processes. The properties of ILs can be adjusted
by changing the functional groups (such as amino groups)
of the precursor to develop "task-specific" ILs for CO2 capture. In previous studies, ILs based on imidazole or pyridine
were often used for CO2 capture (Yunus et al., 2012). Through
the physical or chemical interaction between amino functional group and CO2 , the absorption properties of the prepared ILs are not lower than the conventional MEA solution. Bates et al. (2002) proposed to prepare "task-specific"
ILs for CO2 consisting of an imidazolium ion, which has a
primary amine group. The functionalized ILs designed and
synthesized were exposed to CO2 for 3 hr and the level of
capture reached 0.5 mol CO2 /mol ILs, which was similar to
the MEA capture performance. Based on the mechanism of
CO2 capture by interaction with amine groups, ILs containing multiple amine sites have been developed. Among them,
amino acids are widely used in the preparation of ILs due to
their special chemical structure (Lv et al., 2016b). Sistla and
Khanna (2015) have proven that the amino acids-based ILs
with multiple amine sites have shown higher CO2 absorption
capacity than the ILs with only one primary amine group. Lv
et al. (2016a) achieved a CO2 solubility of 1.23 mol CO2 /mol
ILs by introducing amine groups into the anion and cation of
ILs simultaneously. The choline-amino acid ILs prepared by
Bhattacharyya and Shah (2016) not only had low viscosity, but
also had high CO2 solubility of up to 1.62 mol CO2 /mol ILs. The
mechanism of action between the amine group and CO2 was
also confirmed by density functional theory (DFT) calculation.
Several superbases have also been introduced into the
preparation of ILs, and their basicity had a positive effect on
CO2 capture. Zhu et al. (2017) developed a new class of ILs con-
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Table 1 – Comparison of several generations of CO2 absorbents.
Absorbents

Advantages

Disadvantages

References

MEA

Low price

High volatility, corrosion, high
energy consumption
Bio-toxicity, high price, high
viscosity
High viscosity

Zhang et al., 2016b

Complex equipment

Hasib-ur-Rahman et al., 2012

Ils

Non-volatile, low corrosion, high
solubility
DES
Non-volatile, low corrosion, high
solubility, non-toxicity, low price,
biodegradable nature
Biphasic solvents Low energy consumption, low viscosity

Elhamarnah et al., 2019; Sarmad et al.,
2017; Sistla and Khanna, 2015
Huang et al., 2017; Ren et al., 2019;
Zhang et al., 2018b

MEA: monoethanolamine; Ils: ionicliquids; DES: deep eutectic solvents.

taining 1,8-diazabicyclo[5.4.0]–undec–7-ene (DBU) as a cation
and substituted imidazole as anions. The addition of superbases makes the absorption capacity of ILs to CO2 reach 1 mol
CO2 /mol ILs. Xu (2017) demonstrated that the increase in the
ability of ILs to absorb CO2 is attributed to the strong alkalinity
of DBU based ILs.
In addition to the influence of functional groups, the alkyl
chain length and the anions also have a significant impact
on the CO2 absorption performance of ILs. Research results
of Aki et al. (2004) show that increasing the alkyl chain length
from butyl to octyl can increase CO2 solubility. Sharma et al.
(2012a, 2012b) studied the role of anions in the capture of CO2
in amino-functionalized ILs. The order of CO2 absorption of
ILs containing different anions was as follows: BF4 − < DCA−
< PF6 − < TfO− < Tf2 N− . Huang et al. (2018c) achieved a CO2
absorption molar ratio of more than 2 by introducing anions
at multiple reaction sites.
As a potential alternative to traditional organic alcohol ammonia solutions for CO2 capture, cost control is a key concern. To explore the economic value and feasibility of ILs as an
absorbent, Ma et al. (2018) investigated the difference of CO2
capture and storage processes for flue gas from a power plant
between an ILs-based process and a MEA-based process. The
conclusions from the simulation showed that the ILs-based
process was more economical for the entire process of CO2
capture and storage, saving 30.01% on energy consumption
and 29.99% in primary cost. Ma et al. (2017a) have also proved
that the energy consumption in 1–butyl–3-methyl imidazolium trafluoroborate ([Bmim][BF4 ]) and 1–butyl–3-methylimidazolium hexafluorophosphate ([Bmim][PF6 ]) based processes were lowered by 26.7% and 24.8% respectively than that
in MEA-based processes. de Rivaet al. (2017) reduced the energy consumption of the ILs CO2 capture process to 1.4 GJ/ton
CO2 through process optimization. The comparison of solubility and energy consumption in different ILs with aqueous
ammonia or MEA CO2 capture processes is listed in Table 2.
The use of ILs as a substitute for common absorbents in
the CO2 absorption process has significant advantages. The
problem of solvent loss has been effectively solved due to
the nature of the solvent itself. Furthermore, the cost control
during flue gas capture is also very optimistic (Zhang et al.,
2016b). However, there are still several problems that ILs need
to overcome before large-scale commercialization of CO2 capture can be achieved. Amino-functionalized ILs generally have
a higher viscosity, resulting in a longer absorption process
(Bhattacharyya and Shah, 2016; Zhang et al., 2020). Although

the high viscosity of ILs can be solved by increasing the water
content (Navarro et al., 2019; Ziobrowski and Rotkegel, 2017), it
will inevitably increase the volume accordingly. The cumbersome complexity of the preparation process also greatly limits large-scale applications. There is another problem that also
cannot be ignored. Although the amino acid is used as a component of ILs to replace toxic substances such as imidazole,
ILs can be considered as a green material to a certain extent,
but the preparation process is still not sufficiently green.

1.1.2.

Deep eutectic solvents

In order to overcome the problems encountered when ILs
are applied for CO2 capture, researchers developed DES for
further optimization. Generally speaking, the raw materials
used to synthesize DES exhibit desirable properties, such
as biocompatibility, low-price, biodegradability, recyclability,
non-toxicity (Liu et al., 2018a; Lv et al., 2016a; Sistla and
Khanna, 2015). DES are considered economical alternatives to
common ILs since they can be prepared simply with highpurity and cheap raw materials at a large-scale (Huang et al.,
2017; Liu et al., 2017; Sze et al., 2014; Trivedi et al., 2016). When
the compounds that constitute the DES are primary metabolites, namely, amino acids, organic acids, sugars, or choline
derivatives, the DES are called natural deep eutectic solvents
(NADES) (Paiva et al., 2014).
Originally, the raw material used to synthesize DES was
choline chloride (ChCl) with other substances (Abbott et al.,
2004; Chemat et al., 2016; Figueiredo et al., 2009; Leron et al.,
2013; Leron and Li, 2013a, 2013b; Lin et al., 2014; Zhang et al.,
2015). Dozens of combinations have been tried, and the ability of synthetic DES to capture CO2 has been confirmed to
be comparable to ILs, slightly higher than the normal absorption of MEA. It is worth mentioning that DES and ILs capture
CO2 by hydrogen bonding instead of alkaline, so the corrosion
of metal containers is also much less than MEA (Ullah et al.,
2015). In order to solve the problem of high viscosity, many
DES based on hydrophilic polyols with a substance containing
more nitrogen groups were synthesized. Ren et al. (2018) used
L-arginine and glycerol to prepare hydrophilic NADES with
strong ability to capture CO2 . The raw materials are completely biodegradable and can be consumed by humans. On
the other hand, by preparing hydrates, the viscosity of the system is greatly reduced without loss of absorption capacity. The
hydroxyl group of the polyol in DES is considered to be associated with the CO2 reaction.The work of Cui shows that when
hydroxyl of glycol and azide anions are present in DES simul-
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Table 2 – Comparison of solubility and energy consumption in different capture processes.
Solvents

CO2 solubility (mol CO2 /mol solvents) Energy consumption (GJ/ton CO2 ) References

MEA
Aqueous ammonia
[Bmim][BF4 ]
[Bmim][PF6 ]
[Bmim][Ac]
[Hmpy][Tf2 N]
[Bmim][Tf2 N]

0.5
0.45
0.444
0.513
0.498
0.2
0.681

4.195
4.07
2.63
2.70
3.2
0.991
1.194

Oh et al., 2016; Zhang et al., 2016b
Yu and Wang, 2015
Ma et al., 2017a
Ma et al., 2017a
Haghtalab and Kheiri, 2015; Shiflett et al., 2010
Aghaie et al., 2018; Zhang et al., 2016b
Aghaie et al., 2018; Zhang et al., 2016b

[Bmim][BF4 ]: 1-butyl-3-methyl imidazolium trafluoroborate; [Bmim][PF6 ]: 1-butyl-3-methyl-imidazolium hexafluorophosphate; [Bmim][Ac]:
1-butyl-3-methyl-imidazolium acetate; [Hmpy][Tf2 N]: bis((trifluormethyl)sulfonyl)imides; [Bmim][Tf2 N]: 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imid. The above five solvents are all Ils.

Table 3 – Comparison of CO2 solubility based on different biphasic solvents.
Solvents

Phase composition after absorbing

Capabilities

References

ILs + DEA
ILs + DMEE
ILs + Ethanol

Solid (CO2 rich) + Liquid
Solid (CO2 rich) + Liquid
Liquid (CO2 rich) + Liquid

0.5 mol CO2 /mol DEA
1.2 mol CO2 /mol ILs
˜2.3 mol CO2 /mol ILs

Hasib-ur-Rahman et al., 2012
Zhang et al., 2016a
Huang et al., 2018b

DEA: diethanolamine; DMEE: dimethyaminoethoxyethanol.

Table 4 – Comparison of CO2 capabilities of ILs based adsorbents.
Adsorbents

Capabilities (mmol/g)

References

ILs + PMMA
ILs + SBA-15
ILs + MCM-41
ILs + Mesoporous alumina
ILs + MCM-41
ILs + Titanate nanotubes

˜1.2
2.15
1.84
1.2
3.9 (5 MPa)
2.46

Uehara et al., 2019
Zhang et al., 2019
Wan et al., 2014
Wan et al., 2014
Nkinahamira et al., 2017
Yuan et al., 2017

PMMA: poly(methyl methacrylate).

Table 5 – Comparison of CO2 separation capabilities of different supporting ionic liquid membranes (SILMs).
Types of ILs

Temperature (K)

Pressure (bar)

CO2 permeability

α

[APTMS][Ac]
[Emim][Ac]
[C4 mim][Tf2 N]
[DMAPAH][TFA]
[Emim][B(CN)4 ]
[Bmim][B(CN)4 ]
[BMIM][BF4 ]
[Vbtma][Ac]
[BMIM][BF4 ]

298
313
373
303
298
298
298
298
273

0.45
0.45
0.7
0.2
0.35
0.35
1.4
10
1.6

1100 Barrer
1329 Barrer
734 Barrer
1500 Barrer
2040 Barrer
1755 Barrer
47.3 GPU
23 GPU
260 GPU

–
–
–
68
–
–
68
41
262

CO2 /CH4

α

CO2 /N2

39
32
36
90
53
40
153
–
529

References
Santos et al., 2014
Santos et al., 2014
Abdelrahim et al., 2017
Zhang et al., 2017e
Mahurin et al., 2012
Mahurin et al., 2012
Chen et al., 2018
Ilyas et al., 2017
Ying et al., 2019b

[APTMS][Ac]: 3-(trimethoxysilyl)propan-1-aminium acetate; [Emim][Ac]: 1-ethyl-3-methyl imidazolium acetate; [C4 mim][Tf2 N]: 1-butyl-3methyl-imidazolium bis(trifluoromethanesulfonyl)imide; [DMAPAH][TFA]: dimethylpropylenediamine methoxyacetate; [Emim][B(CN)4 ]: 3ethyl-1,2-dimethyl-1H-imidazol-3-ium bromide; [Bmim][B(CN)4 ]: 3-butyl-1-methyl-1H-imidazol-3-ium bromide; [Vbtma][Ac]: vinylbenzyl
trimethylammonium acetate; α CO2 /CH4 : CO2 /CH4 selectivity; α CO2 /N2 : CO2 /N2 selectivity; 1 GPU = 10−6 cm3 (STP)/(cm2 seccm Hg); 1 Barrer = 10−10 cm3 (STP)cmcm2 /(seccm Hg).

taneously, CO2 tends to react with hydroxyl groups to form
carbonates rather than react with azide anions to form carbamates (Cui et al., 2019).
The use of DES to capture CO2 is a relatively new concept
compared to ILs, and many aspects of research remain at a
theoretical stage. Yet, it still provides a promising approach to
large-scale CO2 capture.

1.2.

ILs based biphasic solvents

ILs biphasic solvents are also considered a promising method
for CO2 capture. These solvents are typically composed of two
or more solvents by hybridzation. In the process of absorbing CO2 , the absorption liquid will have a distinct CO2 -poor
phase and a CO2 -rich phase separation. Therefore, in the sol-
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Table 6 – Comparison of gas separation capabilities of different poly ionic liquid membranes (PILMs).
Types of ILs

Temperature (K)

Pressure (bar)

CO2 permeability (Barrer)

α CO2 /CH4

α CO2 /N2

References

[P888 VB][Tf2 N]
[Bmpy][TFSI]
[C2 py][Tf2 N]
[Voim][PF6 ]

298
298
293
293

–
1
1
1.2

186
11.8
20
18

–
–
25
–

15
35
20
70

Cowan et al., 2016
Vollas et al., 2018
Tomé et al., 2015
Zhang et al., 2017a

[P888 VB][Tf2 N]: poly([(tri-8-alkyl)vinylbenzylphosphonium][bis(trifluoromethylsulfonyl)imide]); [Bmpy][TFSI]: 1-butyl-1-methylpyrrolidinium
bis(trifuloromethanesulfonyl)imide;
[C2 py][Tf2 N]:
1-ethylpyridinium
bis[(trifluoromethyl)sulfonyl]imide;
[Voim][PF6 ]:
1-vinyl-3octylimidazolium hexafluorophosphate.

Table 7 – Comparison of gas separation capabilities of different mixed matrix membranes (MMMs).
Types of ILs in MMMs

Temperature (K)

Pressure (bar)

CO2 permeability

α CO2 /CH4

α CO2 /N2

References

[Bmim][BF4 ]
[Emim][Tf2 N]
[Emim][B(CN)4 ]
[Emim][BF4 ]
[Emim][Tf2 N]
[APMIm][Br]
[Emim][Tf2 N]

308
308
308
308
298
298
298

1
3.5
3.5
3.5
4
4
3.75

153 Barrer
694 Barrer
1062 Barrer
340 Barrer
–
900 GPU
7.24 GPU

–
12
12
17
37.23
–
20

64
20
24
29
–
45
19

Dai et al., 2019
Hao et al., 2013
Hao et al., 2013
Hao et al., 2013
Nasir et al., 2018
Huang et al., 2018a
Ahmad et al., 2017

[Emim][Tf2 N]: 1-ethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl) amide; [APMIm][Br]: 1-(3-aminopropyl)−3-methylimidazolium bromide.

Table 8 – Comparison of the yield of ILs directly as a catalyst for catalytic cycloaddition.
Ils

Substrates

Yield (%)

References

[P4444 ][bzim]
[N4444 ][bzim]
[Urea-Im]I
[Hmim]I
[(HOCH2 CH2 )3 NH]I
[(HOCH2 CH2 )3 NH]I
PS-ImHI
PS-ImHI
DEPzI
DamPzI
[TMTC2 H4 COOH]Br
[TMTC3 H6 OH]Br
DBPILs
[TMTC3 H6 OH]Br

Propylene oxide
Propylene oxide
Propylene oxide
Propylene oxide
Propylene oxide
1,2-Epoxybutane
Propylene oxide
Glycidyl phenyl ether
Propylene oxide
Propylene oxide
Propylene oxide
Propylene oxide
Epichlorohydrin
1,2-Epoxybutane

98.0
80.0
97.0
74.0
91.0
96.0
98.1
94.4
96.1
89.9
99.0
98.0
92.0
99.2

Goodrich et al., 2017
Goodrich et al., 2017
Liu et al., 2016b
Liu et al., 2016b
Liu et al., 2016a
Liu et al., 2016a
Zhang et al., 2017b
Zhang et al., 2017b
Ma et al., 2017b
Ma et al., 2017b
Dai et al., 2017
Dai et al., 2017
Meng et al., 2019
Dai et al., 2017

[P4444 ][bzim]: tetrabutylphosphonium benzimidazolate; [N4444 ][bzim]: tetrabutylammonium benzimidazolate; [Urea-Im]I: urea derivative-based
ionic liquids; [Hmim]I: 1-methylimidazoliumiodide; PS-ImHI: immobilized imidazolium hydroiodide; DEPzI: 1,2-diethylpyrazolium iodide;
DAmPzI: 1,2-diamylpyrazolium iodide; [TMTC2 H4 COOH]Br: [(CH3 NCH3 )2 CS(CH2 )2 COOH][Br]; [TMTC3 H6 OH]Br: [(CH3 NCH3 )2 CS(CH2 )3 OH][Br];
DBPILs: 1,8-diazabicyclo[5.4.0]undec–7-ene based bifunctional protic ionic liquids.

Table 9 – Performance comparison of ILs modified catalysts.
Ils

Catalysts

Substrates

Yield (%)

References

[HO2 CEtMlm]Cl
HEIMBr
Imidazolium-based
HPIL
[2-Aemim][Br]
TRILs
TRILs

MIL-101-NH2
Graphene oxide
UiO-67
EGDMA
MIL-101-SO3 H
SBA-15
SBA-15

Propylene oxide
Propylene oxide
Epichlorohydrin
Propylene oxide
Epichlorohydrin
Propylene oxide
Epoxy ethane

91.0
99.0
99.0
99.5
98
99
99

Wang et al., 2018
Lan et al., 2018
Ding et al., 2017
Dai et al., 2016a
Sun et al., 2018b
Cheng et al., 2013
Cheng et al., 2013

[HO2 CEtMlm]Cl: 1-carboxyethyl-3-methylimidazolium chloride; HEIMBr: 1-(2-hydroxyl-ethyl)-imidazolium-based ionic liquid; HPIL: hydroxylfunctionalized phosphonium-based ionic liquid; TRILs: 1,2,4-triazolium-based ionic liquids; EGDMA: ethylene glycol dimethylacrylate.

286

journal of environmental sciences 99 (2021) 281–295

vent regeneration process, only the CO2 -rich phase needs to
be desorbed, which significantly reduces the energy consumption for regeneration.
The combination of alkanolamine and ILs is a typical phase change solvent (Iliuta et al., 2014). Hasib-urRahman et al. (2012) used solvents composed of 1-alkyl-3methylimidazoliumbis (trifluoromethylsulfonyl) imide based
ILs and diethanolamine (DEA) for CO2 capture, and found that
a distinct solid phase appeared in the absorption liquid after
absorption of CO2 . DEA reacts with CO2 to form a carbonate,
which makes for easier separation of the two phases. Zhang
et al. (2016a) designed a new solvent consisting of tetramethylammonium glycinate ([N1111 ][Gly]) and dimethyaminoethoxyethanol (DMEE), and also observed the appearance of
solid-liquid two phases.
Huang et al. (2018a) prepared a highly efficient CO2 phase
separation solvent by simply blending amino functionalized
ILs with water and ethanol. By adjusting the ratio of the three
substances, the solvent separated into two phases after absorbing CO2 . The volume of the CO2 -rich phase was 1/3, and
the loading of the CO2 -rich phase contributed to approximately 93% of the total solvent.

ternary ammonium salt-based ILs onto the mesoporous material MCM-41 resulted in the loss of pores and reduced the
amount of adsorption, but the presence of ILs significantly
increased the adsorption selectivity. Similar trends have also
been obtained by Zhu et al. (2014), who indicated that grafting produces good retention for ILs, which allows ILs to have
a stable function as selective membranes during the adsorption process. Yuan et al. (2017) grafted amine-functionalized
ILs to titanate nanotubes, demonstrating the improvement in adsorption performance of hybridization (up to
2.46 mmol/g).
Preparation of ILs into solid materials can also be used for
CO2 adsorption. Soll et al. (2013) prepared mesoporous adsorption materials for CO2 adsorption through self-complexation
of ILs, and proposed that the adsorption process occurs on the
surface of the material and inside the copolymer matrix material. Ran et al. (2017) prepared solid poly-ILs by free radical
polymerization for CO2 adsorption, which has better adsorption performance than monomer ILs.

3.
Ionic liquids hybrid with membranes for
CO2 capture
2.
Ionic liquids hybrid with adsorption for
CO2 capture
As a common CO2 capture technology, adsorption has some
obvious advantages and disadvantages: (1) The adsorbent is
easier to regenerate and consumes less energy than the absorbing liquid; (2) Hybridizing ILs with adsorbents can reduce
the amount of ILs used and reduce costs; (3) When ILs hybridize with the adsorbent, it loses fluidity and avoids the disadvantage of the high viscosity of ILs; (4) The high affinity of
ILs for CO2 has the potential to enhance the performance of
the adsorbent.
Generally speaking, there are two types of ILs hybrid adsorbents. One method is to introduce ILs into the adsorbent by
impregnation. Uehara et al. (2019) prepared a CO2 adsorbent
by impregnation method through amino acid ILs 1-ethyl3-methylimidazolium lysine ([EMIM][Lys]) hybrid porous
silica material, which solved the gas mass transfer problem
caused by large viscosity, the CO2 capture capacities of ILsimpregnated (50 wt.%) poly(methyl methacrylate) (PMMA) was
up to 1.2 mmol/g. Zhang et al. (2019) also introduced ILs into
mesoporous silica by impregnation and revealed the interaction between CO2 and ILs on the adsorbent by DFT calculation,
indicating that the secondary amine group played an important role. Wan et al. (2014) prepared a series of CO2 adsorbents
based on different mesoporous materials by the impregnation method, MCM/ILs showed the best adsorption capacity
(1.84 mmol/g). They proposed that the electrostatic interaction between mesoporous materials and ILs had a significant
effect on the adsorption process. Cheng et al. (2016) loaded
ILs onto molecular sieves by an impregnation method
and compared the adsorption performance with unsupported ILs, proving that hybridization had significant
advantages.
The second method is to attach ILs to the adsorbent by
grafting. Nkinahamira et al. (2017) found that grafting qua-

Membranes are a relatively mature separation technology and
are widely used in CO2 separation for flue gases and biogas purification. Permeability and selectivity are two critical and mutually antagonistic factors in membrane separation (Tomé and Marrucho, 2016). Generally speaking, there
is a trade-off effect on the selectivity and permeability of
the membrane. Therefore, much research focuses on the development of new materials or modifying membrane materials to improve selectivity under the premise of ensuring
permeability for surpassing Robeson’s upper-bound (Robeson,
2008).
Although ILs are significantly superior to traditional amine
solutions in terms of CO2 solubility, the disadvantages of high
viscosity and slow mass transfer are difficult to overcome. It
is evident that ILs can selectively absorb CO2 from N2 or CH4
due to its affinity with CO2 molecules (Anderson et al., 2007;
Anthony et al., 2002), which gives potential for preparing CO2
separation membranes going forward (Dai et al., 2016b). There
are several advantages to hybridizing ILs to membranes. (1)
Due to the selective absorption of CO2 by ILs, the selectivity
of membrane materials will be significantly improved. (2) The
function of ILs is no longer to store CO2 after absorption, but to
diffuse it to the other side. Thus, the amount of ILs used in the
whole process is greatly reduced, which solves the problem
of complicated and expensive ILs preparation to some extent.
(3) The membrane material is generally thin, and the concentration difference of the solute acts as a driving force for CO2
transfer, so the disadvantage of slow diffusion of CO2 in ILs
is masked. As per existing forms of ILs in membrane materials, there are three types of hybridization patterns between
ILs and membranes:(1) ILs are supported by inorganic materials; (2) Self-polymerized or mixed with polymers formed by
self-polymerization; (3) Blended with other inorganic or organic phases. This section reviews the three types of ILs hybrid
membranes mentioned.
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3.1.

Supported ionic liquid membrane

The supporting ionic liquid membrane (SILM) is a membrane technology that covers the ILs onto the solid support
layer (such as anodized aluminum membrane, polycarbonate
membrane, polyacrylonitrile membrane) to achieve gas separation. The separation process by ILs is roughly divided into
three steps. In the first step, the gas molecules are absorbed
by the surface layer of the liquid on the gas side. Secondly,
the captured gas molecules diffuse inside the liquid layer to
the other side under the action of a concentration gradient.
Finally, the gas is desorbed on the side close to the support
layer, passing through the pores of the support layer to the
other side of the SLM. Not only are the capture and desorption achieved at the same time, but the solvent usage is also
greatly reduced. For this reason, SILM is expected to have good
application prospects.
Compared to ordinary liquid support membranes, the special properties of the ILs make them more suitable for the
preparation of membrane materials. ILs have almost all nonvolatile properties, meaning SILM has no problems related to
shortened service life due to solvent volatilization as in ordinary SLM membranes. In addition, higher viscous activation energy, larger molecular volume, and complex hydrogen
bonding networks make ILs more difficult to push into the
pores of the support. The thermal stability of ILs are generally
very good, providing the possibility to increase the operating
temperature of the SILM (Mohammadi et al., 2018). The hybridization gives SILM potential in high temperature flue gas
CO2 separation processes (Raeissi and Peters, 2009).
In the SILM preparation process, ILs are typically not covered on the support, porous materials act as additives to form
a selective layer with ILs. This combination not only helps the
membrane separation performance, but also plays a role in
fixing ILs. Doping porous materials in ILs can significantly improve the permeability of SILM. Karunakaran et al. (2017) prepared ultrathin membranes based on [EMIM][BF4 ] ILs and
graphene oxide for CO2 /N2 separation, which surpassed the
Robeson’s upper bound. The most critical step in the preparation of the support membrane is to immobilize the ILs into
the pores. There are two ways to implement this process. The
first is to drop the ILs onto the surface of the membrane under
vacuum filtration (Santos et al., 2014); the other is to autoclave
the membrane with the surface covered by ILs (Ilyas et al.,
2017). Ilyas et al. (2017) proved that membranes prepared by
the second method are still stable under high pressures of up
to 10 bar with no leaching of ILs observed. Lan et al. (2013) used
hollow fiber membranes as supports to prepare SILM materials for CO2 separation. The stability of the treated SILM by
soaking and vacuum under high pressure (0.7 bar) was significantly improved. Based on the good thermal stability of ILs,
the SILMs prepared by Abdelrahim et al. (2017) present good
permeability and selectivity towards CO2 against N2 at high
temperatures (up to 373 K), gas permeability increases with
temperature with a decrease in the CO2 /N2 selectivity.
After ILs are bound into the porous material, SILMs can
be used for gas separation under humid conditions, and
the selectivity will be significantly improved. Zhang et al.
(2017e) believed that the presence of water provides an additional transport mechanism for CO2 transfer, while N2 and
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CH4 can only be delivered based on a dissolution-diffusion
mechanism.
In order to further improve the stability and selectivity of
the support membranes, the ILs-nanoconfined concept was
proposed and used in the preparation process of SILM. Peng
and his team (Chen et al., 2018, 2017b; Ying et al., 2019a, 2018)
used 2D materials (such as WS2 , graphene oxide, MoS2 ) to
build membranes with 2D nanochannels, and the ILs were
confined as a filler into the nanochannels. The membrane
treated by the above method has high-temperature resistance,
long-term durability, and high-pressure stability in addition
to good separation effects. Liu et al. (2019) believed that 2D
nanosheets provides a platform to build facilitating delivery
channels for CO2 in membranes. The combination also provides new ideas for the development of CO2 separation membranes.
The separation performance of SILM can also be improved
by other means. Hwang et al. (2016) found that applying additional electric fields can further improve the performance (by
a factor of 2–5) of the hybrid membranes with nanoconfined
ILs. The action of external forces causes the structure of ILs
to reassemble, which changes the adsorption/desorption free
energy, free volume and interaction energy of the IL. Alternatively, grafting amine groups can also provide a new direction
for membrane upgrading (Jie et al., 2015), which is based on
the affinity of amine groups with CO2 .

3.2.

Poly ILs membranes

Although SILM has obvious advantages in CO2 capture, their
poor mechanical properties have affected large-scale utilization to some extent, and the stability of SILM membrane under
high pressure is also a potential threat (Zhang et al., 2017a).
Various means are used to keep ILs stable in the membrane
at high transmembrane pressure differences. In addition to
binding ILs into the nanochannels as mentioned above, it can
also be solved by preparing the poly-ILs membranes or polyILs (PILs)/ILs membranes. Poly-ILs combine the high CO2 affinity and stability of ILs, with the physical and mechanical properties of polymeric material (Nguyen et al., 2013). The processing of poly ILs membrane (PILM) is generally achieved by
casting, which is completely different from the support membrane. The poly-ILs are fully dissolved in a volatile solvent,
and then the ILs molecules self-assemble to form a thin membrane when the solvent is evaporated (Vollas et al., 2018).
In 2005, Tang et al. (2005) demonstrated that poly-ILs have
higher absorption capacities and faster absorption/desorption
rates than ILs monomers, and proposed poly ILs as a very
promising membrane material. Polymer-formed ILs maintain
the characteristics of having adjusting properties by changing
the type of anion or cation (Bhavsar et al., 2012). A vast number
of different types of poly-ILs were developed to prepare PILMs
for CO2 separation.
The membrane prepared by pure PILs is unsatisfactory in
the performance of CO2 separation. Therefore, the CO2 separation membrane is prepared by a combination of PIL and free
ILs. Vollas et al. (2018) prepared pyridinium based PILMs and
PILs-ILs composite membranes, the separation performance
of the composites membrane was significantly better than
that of the pure membrane; Tomé et al. (2013) evaluated mem-
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branes within a range of compositions, from pure ILs to pure
poly-ILs, and founded that the addition of free ILs to the polymer system was the primary factor in the permeability and
selectivity of the prepared composites.
Like pure ILs, the permeability and selectivity of the PILMs
can also be adjusted (Jeffrey Horne et al., 2015). By changing the length of the alkyl chain, Cowan et al. (2016) prepared phosphonium-based PILM with high CO2 permeability (186 barrers). The effect of different cations on membrane properties in composite membranes was studied by
Tomé et al. (2015). The best CO2 permselectivities were
obtained when ammonium-based PILs were used as opposed to imidazolium or pyridinium, illustrating that the
reaction sites theory when ILs are used as an absorption liquid is still established in the composites membrane.
Nellepalli et al. (2019) evaluated the effect of the PILs based
copolymers chemical structures in the stability of membranes, and imidazolium-based copolymers were proven to
have great thermal stabilities (up to 300°C).

3.3.

Ionic liquid-based composite membranes

ILs based composite membranes are membranes with good
mechanical properties and separation properties prepared by
using ILs as an additive and polymer as the matrix. According to the category of the component, it can be divided into
two types. The first is crosslinked membranes composed of
ILs and polymer, and the second is mixed matrix membranes
composed of ILs, polymer, and inorganic porous material.
There are many choices for ILs crosslinked membranes.
Cheng et al. (2017) introduced different CO2 absorbents
(MEA and ILs) into the Pebax membrane preparation process to prepare ILs blending membranes, and found that
the increasing range of CO2 permeability corresponded to
the solubility of CO2 in solvent. Halder et al. (2017) found
that ILs composite membranes consisting of 1-ethyl-3methyl imidazolium bis (trifluoromethylsulphonyl) imide
[C2 mim][Tf2 N] and copolymer had very good performance for
CO2 separation (6650 barrer permeability and 20 selectivity of
CO2 /N2 ). Lu et al. (2016) developed polysulfone with 1–butyl–
bis(trifuloromethanesulfonyl)imide
3-methyl-imidazolium
([Bmim][TFSI]) based membranes for CO2 separation, and
proposed that high selectivity was attributed to the high
affinity between ILs and CO2 .
Mixed matrix membranes (MMMs) have been extensively
studied due to the advantages of both inorganic membranes and polymeric membranes (Budhathoki et al., 2019;
Cheng et al., 2019; Ding et al., 2019). The MMM consists of a
dispersed particulate phase (filler) and a continuous polymer
phase (polymer matrix) through the interaction between the
filler and the matrix (Liu et al., 2018c). Due to the distinctive
nature of ILs and the affinity of functionalized ILs for CO2 , ILsbased MMMs have received widespread attention. There are
two main aspects to the introduction of ILs into MMMs. One is
using ILs or materials modified by ILs as the main component
of MMMs to improve the selectivity, the second is using ILs as
a tool to fix the surface defects of membrane materials.
The selectivity of membranes can be effectively improved
by blending a small amount of ILs with other polymers to
prepare a membrane material (Lu et al., 2016). This combina-

tion is similar to the poly-ILs/ILs composite membranes mentioned above. Dai et al. (2019) found that the separation ability of membranes prepared by blending ILs with polymers can
be further improved by humidification. Cheng et al. (2017) introduced different CO2 absorbents into the Pebax membrane
preparation process and found that an increasing range of CO2
permeability corresponded to the CO2 absorption capacity.
However, this combination still faces low transparency problems. Hao et al. (2013) prepared room temperature ILs/zeolite
imidazolate framework-8 (ZIF-8) mixed-matrix membranes
for natural gas sweetening and post-combustion CO2 capture.
In general, inorganic porous materials used in the synthesis of MMMs are silica, graphene oxide, zeolites, molecular sieves, and metal organic frameworks (Fam et al., 2018).
Thus, the better dispersion of the porous material in the
polymer matrix can give assurance to the membrane separation effect. Insufficient dispersion or aggregation will lead
to defects that cannot be ignored on the film (Nasir et al.,
2018). The degree of bonding between the filler and the matrix is another important factor affecting membrane performance (Hu et al., 2017; Hudiono et al., 2010). Huang et al.
(2018a) used ILs modified graphene oxide (GO) as a filler and
poly(ether-block-amide) (Pebax 1657) as a polymer matrix to
prepare new MMMs. The hydrogen bond between ILs and Pebax led to a more uniform system, which was conducive to
GO dispersion. Ahmad et al. (2017) also demonstrated the
satisfactory dispersion of SAPO-34 particles with IL modification for 6 hr due to the improved polymer/filler interface
morphology as shown by a scanning electron microscopy
analysis.
Interface defects can also be improved by hydrogen bonding of ILs. Otherwise, defects can cause undesired gas to pass
through the membrane. Ahmad et al. (2019, 2018) confirmed
that the introduction of ILs to MMMs can enhance the selectivity and permeability by improving the compatibility between
polymeric matrix (polysulfone) and inorganic filler (zeolite).
Vu et al. (2019) used ILs-coated micron-sized ZIF particles to
form MMMs with polymers, and ILs minimized the formation
of non-selective interface defects as an interface binder.

4.
Ionic liquids hybrid with catalysis for CO2
utilization
The ultimate goal of CCU is not the capture of CO2 , but
its utilization or storage. Only by converting CO2 into valuable chemicals or for it to be consumed by photosynthesis can greenhouse gas production be effectively mitigated.
CO2 can be considered as a resource rather than a waste
product as it can be catalytically reduced to simple organics
such as methanol (Ganesh, 2014; Studt et al., 2014), formic
acid (Moret et al., 2014) and methane (Swalus et al., 2012),
and can also form more complex organics by cycloaddition
reaction (Bobbink and Dyson, 2016). Considering the wide
range of sources of CO2 , most of these reactions are economical (Lu et al., 2004). However, the chemical stability of CO2
molecules is extremely strong. Utilizing CO2 in a reaction to
generate high-value chemicals requires a lot of energy to activate the molecules. Various catalysts have been developed to
try to reduce the difficulty of this reaction and reduce energy
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consumption (Song et al., 2017). ILs have played an important
role in a variety of CO2 conversion technologies (Zhang et al.,
2014).
Cyclic addition reaction with epoxide to prepare cyclic carbonate is one of the most atomic economic reactions, and
ILs have been extensively studied to catalyze such reactions
(Goodrich et al., 2017; Yang et al., 2018). The activation of CO2
and epoxide is the most critical step (Liu et al., 2016a). In addition, ILs also play an important role in the reaction of CO2
with amines to form carbamates (Zhang et al., 2017b).

Hydroxyl-functionalized pyrazolium-based ILs prepared by
Wang et al. (2019) had good suitability for most epoxides
with satisfactory product yields. Shang et al. (2019) used a
binary catalyst composed of morpholinium ILs and a metal
salt to obtain more than 99% conversion and selectivity under
mild conditions. Dai et al. (2017) used hydroxyl–and carboxylfunctionalized isothiouronium ILs as the catalysts for CO2
conversion, the selectivity was up to 100% without any cosolvent and co-catalyst.

4.2.
4.1.

Amino-based ILs

Amino-based ILs can easily activate CO2 molecules due
to the affinity of the amine group for CO2 . Dual aminofunctionalized ILs were prepared as efficient catalysts for
carbonate synthesis from carbon dioxide and epoxide by
Yue et al. (2017), and the plausible mechanism was proposed
as follows. In the first step, the amine group of ILs activates
the CO2 molecule and the epoxide molecule through hydrogen bonding. Subsequently, the carboxyl group in ILs opens
the ring of epoxide by nucleophilic attack. Finally, the intermediate product forms a cyclic carbonate. Liu et al. (2016b) developed a series of urea-based ILs with a good performance of
CO2 capture and outstanding catalytic activity for CO2 conversion, indicating that the amino functional group plays a
key role in these two processes. Meng et al. (2019) developed
functional ILs with amine groups for CO2 conversion reaction,
showing great performance (92% yield of products) under mild
conditions without any solvents, metal and co-catalyst.

4.1.2.

Imidazolium-based ILs

Wang et al. (2017) used benzyl substituted imidazolium ILs to
catalyze the cycloaddition of CO2 with epoxides, and the conversion yield reached 94.89% under solvent-free conditions. It
was proposed that the role of the hydrogen bonds and other
noncovalent interactions were critical in the catalytic process. The same conclusion was also confirmed by Chen et al.
(2017a). The hydrogen bond is confirmed to play a determining
role in the catalytic activity by density functional calculations
when the catalyst is an amino-functionalized imidazoliumbased ILs.

4.1.3.

ILs-modified catalyst

ILs catalyst

Compared with other catalysts (metal oxides, transition
metal oxides, molecular sieves (Xie et al., 2013), alkali metal
salts, quaternary ammonium salts, metal-organic frameworks
(Zalomaeva et al., 2013), Lewis acids or bases) used for CO2
conversion, functionally designed ILs not only spontaneously
capture CO2 molecules, but also activate CO2 molecules efficiently (Song et al., 2017). The ILs used to catalyze the conversion of CO2 mainly include for the following.

4.1.1.
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Pyrazolium-based ILs and others ILs

The pyridine-based ILs and other ILs that catalyze the cycloaddition reaction of CO2 with epoxides have also been
extensively studied. Ma et al. (2017b) developed dialkylpyrazolium ILs as a novel catalyst for efficient fixation of CO2 ,
which presented excellent catalytic activity with a product
yield of 96% and selectivity of 99% in benign conditions.

With ILs as a homogeneous catalyst, the reaction of epoxides with CO2 to form cyclic carbonates has the advantages
of a high yield, no by-products and no solvent conditions
(Sun et al., 2018b). However, the inherent homogeneous property of ILs makes them difficult to separate from the products
(Jadhav et al., 2016). In order to improve stability and recyclability, the production of high-efficiency heterogeneous catalysts based on ILs by means of heterogeneity has become a
more promising solution (Bobbink and Dyson, 2016; Dai et al.,
2016a).
There are many options for hybridizing ILs to porous materials such as molecular sieves, zeolites, graphene oxide,
metal-organic frameworks (MOFs), covalent organic frameworks (COFs), etc. (Ding et al., 2017). The composite catalyst
has both a high specific surface area of the porous material
due to anti-agglomeration and a high catalytic activity of ILs,
which makes the catalytic effect better. A series of molecular
sieve SBA-15 supported 1,2,4-triazolium-based ILs were prepared by Cheng et al. (2013) and employed to catalyze the synthesis of cyclic carbonates from CO2 and epoxides. An aminofunctionalized imidazolium-based ILs was grafted into porous
MOFs by Sun et al. (2018b), and the obtained composite catalyst exhibits a high catalytic activity for cyclizing CO2 with
epichlorohydrin under mild conditions without a co-catalyst.
Lan et al. (2018) used multi-cationic ILs modified graphene oxide as a metal-free catalyst to promote CO2 cycloaddition reaction. Compared to the combination of ILs and MOFs, the
problem of heavy metal polluting in the environment when
the catalyst life is exhausted is avoided. Metal-free composite catalyst can also be formed by immobilizing ILs on a polymer support. Zhang et al. (2017c) used polystyrene to immobilize ILs for catalytic CO2 conversion, which can work continuously for in excess of 120 hr. Catalysts consist of imidazoliumbased ILs and resin were prepared by Jadhav et al. (2016) and
illustrated good catalytic activity. Dai et al. (2016a) successfully
prepared a highly efficient catalyst by grafting ILs with polymer nanoparticles. The method of grafting ILs onto biopolymers was also used by Chen et al. (2014) in preparing catalysts to promote the cycloaddition reaction of CO2 with epoxides. Wang et al. (2018) immobilized ILs on MIL-101-NH2 to prepare acid-base bifunctional catalysts. Owing to the acid-base
synergetic interaction of a Lewis base (-NH2 ) and a brønsted
acid (-COOH), the novel catalyst exhibited high activity of up
to 91%. Shi et al. (2018) developed a very novel approach in
converting CO2 to organic carbonates. A polyacrylonitrile fiber
was used to make a support to fix ILs as a catalyst. Separation
of the catalyst becomes more straightforward, even without
filtration.
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Application of ILs in CO2 electrocatalytic conversion

Electrochemical reduction of CO2 has also had a significant effect on offsetting climate change and the production of greenhouse gas emissions. As ILs can effectively absorb CO2 and change the charge distribution on the surface
of the molecule through hydrogen bonding, the introduction of ILs into the electrochemical reduction process has attracted considerable interest from researchers (Cruz et al.,
2018). Iijima et al. (2018) modified the traditional Au electrode with ILs, changing the electron transfer in the reduction reaction and reducing the overpotential. This experimental design provided a new way to reduce the energy consumption of the reaction. For the electrochemical reduction
of CO2 process, ILs can improve the reaction by mixing with
electrolytes in addition to modifying the electrode. Zhang
et al. (2017d) introduced an imidazolyl-based ILs (1-ethyl-3methylimidazolium dicyanamide) into the aqueous solution
as an additive. Due to their special nature, the introduction of
ILs not only improves the electrochemical reduction activity
of CO2 to formic acid, increasing the solubility of CO2 in solution, but also inhibits the competitive hydrogen evolution
reaction.

5.

Challenges and prospects

Ionic liquids are identified as promising materials that have
been widely used in CO2 capture and conversion processes.
Although the introduction of ILs significantly improves the
CCU process, there are still significant improvements to be
made. ILs face many challenges in becoming the new generation of green materials. Firstly, the majority of ILs used in the
mature binding process are based on imidazole or pyridinebased. Such ILs have been proven to have non-negligible biological toxicity (Liu et al., 2018b; Wan et al., 2018; Xia et al.,
2018; Zhang et al., 2018a). Although DES is considered to be
an alternative to ILs with the advantages of good biocompatibility, low cost, and easy preparation, more efforts should be
paid to CO2 absorption. Currently few studies focus on the hybridization of DES with adsorption, membrane, and catalysis,
etc.
In addition, considering the biocompatibility of DES as a
new generation of ILs, the combination of DES and biology
may be a promising development pathway for chemical absorption and microalgae conversion hyrbid CCU. In this process, DES could be used to absorb CO2 from flue gas, and then
provided it as a nutrition source for microalgae. It should be
noted that the development of CCU materials/processes based
on ILs is still one of the most potential directions for CO2 capture and utlization. Thus, the following aspects deserve attention: (1) To better understand the mechanism of action between ILs and different CCU materials, and provide further
optimizition of the structural design of functionalized ILs. (2)
Explore the application of DES in CO2 adsorption, membrane
separation, and catalytic conversion to build a more environmentally friendly CCU process. (3) Carry out relevant research
on the design and synthesis of functionalized DES for the hybrid process of chemical absorption and microalgae transformation.

6.

Conclusions

This work reviews the application of hybrid ILs technology in
CO2 capture and utilization processes. Functional design can
greatly increase the CO2 affinity of ILs, which leads to ILs playing a key role in CCU processes. In addition, the special properties of ILs (extremely low saturated vapor pressure, chemical
stability, and thermal stability) makes them have a wide application potential. Hybridization with other technologies has
largely solved the disadvantages of ILs (large viscosity, complicated preparation process, high cost, etc.), and has provided
significant optimization and improvement of the original process. For the absorption process, ILs can directly absorb CO2 as
a solution, or they can be mixed with other absorbents to synergistically absorb. For the adsorption process, ILs can modify the porous material to improve the adsorption effect by
changing the pore size of the porous material and enriching
the surface functional groups. For the membrane separation
process, ILs can not only be used as the main component of
the membrane material to prepare efficient separation membranes, but can also improve the separation performance by
reducing the interface defects of the mixed matrix membrane
as a repair agent. When ILs are used as catalysts or used to
modify catalysts, their main role is to use their inherently high
affinity to activate CO2 molecules. In general, ILs have greatly
promoted the development of CCU technology and will continue to have a profound impact.
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