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a b s t r a c t

This paper presents details of recent research progress on CO2 separation membranes and membrane
processes using ionic liquids (ILs) over the past few years, including supported ionic liquid membranes
(SILMs), poly(ionic liquid) membranes (PILMs), poly(ionic liquid)–ionic liquid (PIL–IL) composite mem-
branes, polymer-ionic liquid composite membranes, ion-gel membranes, and membrane absorption
processes based on ILs. Descriptions of different approaches to membrane preparation, use of gas
transport mechanisms, and state-of-the-art separation results are discussed in the context of break-
throughs and challenges. Furthermore, comprehensive assessment of recently improved membranes and
possible future R&D prospective are also discussed.
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1. Introduction

Increasing carbon dioxide (CO2) emissions in the environment
have contributed to global warming and climate change, which are
issues of great concern today. Excessive greenhouse gases in the
atmosphere are responsible for various environmental problems
including enhancing heat stress, increasing severity of tropical
storms, higher ocean acidity, rising sea levels, and the melting of
glaciers, snow pack and sea ice, etc. [1]. In the foreseeable future,
fossil fuels will continue to play a major role mainly in electrical
power generation and industrial manufacturing in many countries.
It has been reported by the International Energy Agency that the
emission of the primary greenhouse gas, CO2, increases by about
6% every year, due to the dependence of world economies on fossil
fuels as an energy source [2]. CO2 emissions from coal- or natural
gas-fired power plant are the major contributors to greenhouse
gas. A few other large point sources are energy intensive industries
and parts of the manufacturing and construction sector, including
cement manufacturing, iron and steel industry, oil refining, as well
as ammonia production and fermentation.

Carbon capture and storage (CCS) has been widely acknowl-
edged as an efficient and economical technique to regulate these
emissions. The removal of CO2 from post-combustion and pre-
combustion flue gas has been the main focus in CCS. In recent
years CO2 capture from industrial processes such as cement in-
dustry and steel manufacturing has also attracted great attention
[3,4]. Compared to the concept of CCS, CO2 separation from natural
gas has a much longer history with a large market [5], as CO2 must
be removed to increase the heating value of natural gas and to
reduce corrosion in pipelines.

The feed gas conditions of CO2 separation from various sources
are different. For example, post-combustion flue gas has a low CO2

concentration and low feed pressure, while natural gas or syngas
have much higher CO2 concentrations and feed pressures. In the
past few decades, a large number of methods for CO2 separation
from various gas mixture streams having different thermodynamic
and composition conditions have been investigated and devel-
oped, such as chemical and physical absorption [6–8], solid ad-
sorption [9,10], membrane separation [11–15], chemical looping
[16–18] and cryogenic separation [19]. New materials have
emerged with applications in these technologies, including ionic
liquids (ILs) [20–25], metal-organic frameworks [26,27], and gas
hydrates [28,29]. Among them, membrane separation is con-
sidered as an emerging technology, which has the potential to be
more environmentally friendly and energy saving, but yet not as
mature as compared to the currently leading technology, i.e.,
amine absorption. Amine absorption occupies 90% of the market
for CO2 separation, while membrane technology has only around
10% of the share, which is mainly in the natural gas sweetening
and biogas upgrading processes [30]. Membrane researchers have
been making great efforts to develop more efficient and robust
membranes for CO2 separation from various sources at different
separation conditions.
1.1. CO2 separation membranes and membrane absorption processes

CO2 separation is believed to have a large and ever-growing
market due to the strong need to deal with global warming and
rapidly-increasing energy consumption. However, membrane se-
paration currently only occupies a small share in this market
[30,31]. Membrane separation has been one of the most widely
studied and fastest growing separation techniques of the century.
Membrane separation processes have many advantages compared
to traditional separation processes (e.g., absorption), such as lower
capital and processing costs, smaller unit sizes, simpler operation,
simpler up- and down-scaling, better energy efficiency, and much
lower environmental impact. In addition, membrane separation is
well recognized to be more environmentally friendly and less
energy intensive. However, the cost of the separation using current
commercial membranes is much higher than amine-based ab-
sorption mainly due to the limited membrane separation perfor-
mance when using conventional membrane materials.

Innovative membranes are one of the most promising alter-
natives to meet the challenges, provided that membranes have
both high CO2 permeance and selectivity at the operating condi-
tions for a given application. Only then will membranes have the
potential to become economically competitive with the current
industrial amine-based processes.

In the past few years, various membranes have been developed
which targeted the attractive area above the so-called “Robeson
upper bound”, including mixed-matrix membranes (MMMs),
thermal-rearranged membranes (TR-membranes), inorganic
membranes (e.g. carbon membranes, metal-organic framework
(MOF) membranes and zeolite membranes) and facilitated trans-
port membranes. However, despite the numerous new materials
synthesized and developed, few of them found successful com-
mercial application in the gas separation market.

The combination of RTILs with membranes for CO2 separation
is a relatively new concept developed in the last 15 years [32,33].
Many different types of membranes and membrane processes
containing ILs have been reported, including supported IL mem-
branes (SILMs), polymerized ionic liquid (PIL) membranes, poly-
mer/IL gel membranes, as well as membrane absorption using
membrane contactors (MCs) using ILs as an absorbent. A com-
prehensive review on these research efforts is required to capture
details of the progresses that have already been achieved. In recent
years, a few review papers have been published concerning ILs and
membranes, but they were not specifically focused on CO2 se-
paration [34–36]. This review mainly focuses on IL-based-mem-
brane materials and membrane absorption processes for CO2 se-
paration from other light gases. Most of the latest results not in-
cluded in previous reviews are listed and discussed. Moreover,
some new IL-based membranes such as polymer/IL-based gel
membranes, PIL–IL composite membranes, and MCs using ILs as
absorbents are also highlighted in this review.

1.2. Ionic liquids (ILs) for CO2 capture

An IL is a salt with an organic cation and an inorganic or or-
ganic anion, normally with a melting point below 100 °C. ILs have



Fig. 2. Structures of commonly used RTIL cations and anions for CO2 physisorption
applications.
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a unique combination of physicochemical properties such as high
CO2 solubility (mole basis), high selectivity, low volatility and
designable structure to adjust chemical/physical properties. The
combination of these features can bring new opportunities in the
use of IL-based membranes and processes in CO2 separation ap-
plications, which are more energy efficient and environmentally
friendly compared with the current commercial separation tech-
nologies. The use of ILs in membrane and membrane processes has
been a research highlight in recent years.

Since ILs were proposed as a CO2 separation medium in 2001
by Blanchard and co-workers [37], a large number of researchers
have focused their attention on this application. By searching for
the keywords “ionic liquid CO2” and “ionic liquids membrane CO2”

in Web of Science, it was found that the number of publications of
related research articles has increased dramatically over the past
several years, as shown in Fig. 1.

CO2 capture using IL-based solvents has also been extensively
reviewed by several researchers in recent years [23–25,38,39],
where ILs have been proposed as alternative solvents for CO2 ab-
sorption [23,40]. Compared to traditional volatile organic solvents,
ILs have many advantages such as negligible vapor pressure, non-
flammability, higher thermal stability, ease of recycle with po-
tentially lower demand for energy in the solvent regeneration
step, etc. The disadvantages of ILs include high viscosity (especially
in TSIL after CO2 absorption), high production costs, unclear toxi-
cities, and potential environment effects (i.e., they are non-bio-
degradable), which limit their further industrial application.

ILs can be classified into two categories: room-temperature
ionic liquids (RTILs) and task-specific ionic liquids (TSILs, also
called functionalized ILs). RTILs are also considered to be con-
ventional ILs that demonstrate typical behavior of a physical sol-
vent in that the solubility of gases in RTILs increase with gas
pressure according to Henry's Law typically for gas pressures up to
10 bar. Henry's Law constant is widely used to represent gas so-
lubility in RTILs [41]. Similar to other physical solvents, most RTILs
show higher CO2 solubility than other light gases such as N2, CH4,
O2 and H2. Combining with other advantages, RTILs have been
widely researched to separate CO2 from flue gas, for natural gas
sweetening, and for H2 purification from syngas streams. Some
commonly used IL cations and anions are listed in Fig. 2. More
structures of ILs can be found in the Supporting information Table
S1.

Although CO2 shows high solubility in RTILs compared to other
light gases, CO2 absorption capacity can be further enhanced by
introducing suitable moieties in the ILs (e.g., to generate TSILs or
Fig. 1. Number of annual publications related to the search terms “ionic liquids
membrane CO2” over the past 20 years.
functionalized ILs). The CO2 absorption ability of TSILs can reach
up to three times that of corresponding alkyl-functionalized RTILs.
After Bates et al. proposed to use the TSIL [NH2p-bim][BF4]
(structure shown in Fig. 3) as a new absorbent for CO2 separation
in 2002 [20], various TSILs have been developed for CO2 separa-
tion, including amino-acid-based TSILs [42], amine-based TSILs
[43,44], and protic ILs [45]. Compared with conventional RTILs,
which are physical solvents for CO2 and prefer high pressure, TSILs
are able to absorb CO2 at low CO2 partial pressure through a
chemical reaction or chemical bonding (as shown in Fig. 3). If the
partial pressure of CO2 is further increased, there will be a steady
increase in gas loading with an increase in pressure, providing
evidence that both chemical and physical sorption are occurring at
high applied CO2 pressure [46]. The gas absorption capacities of
some typical physisorption ILs and chemisorption ILs are listed in
Table 1.

In spite of the attractive tunable properties of ILs, their high
viscosities and relatively high production costs are two big chal-
lenges for ILs to be applicable on the industrial scale. Therefore, in
order to integrate ILs into existing industrial processes, the com-
bination of ILs with one or more non-IL components may be in-
teresting to produce an optimal, IL-based hybrid solution amen-
able for use within an existing process. This approach may be
more efficient than to design/synthesize new IL for desired prop-
erties. Up to now, most of the studies have been reported were
related to the mixing of ILs with water [56], amines [58,59], or
other organic compounds [60–62] to improve the CO2 separation
performance.
2. Supported ionic liquid membranes (SILMs)

A supported (or immobilized) liquid membrane (SLM) is a non-
dispersive-type liquid membrane, in which the liquid-phase se-
lective material is immobilized in the pores of a porous support by
capillary forces. Generally, SLMs can be categorized into two major
classes: flat-sheet SLMs and hollow-fiber SLMs. The advantages of
SLMs include: (1) high interfacial area per unit volume for mass
transfer, especially for hollow fiber supported membranes; (2) low
solvent holding, which means an expensive but effective liquid can
be used in SLMs and (3) more efficient in application over other
liquid membrane techniques [63]. The primary drawback to SLMs
is that over time the liquid phase evaporates or is pushed out of
the membrane pores, resulting in a nonselective transport mate-
rial. In addition, thick membranes will exhibit improved stability
and reasonable lifetimes but lower gas flux [64].

Gas transport in an SLM involves three steps, as shown in Fig. 4:
gas molecules from feed side dissolve in the liquid phase of the
SLM, diffuse through the SLM, and release to the permeate side of



Fig. 3. Reaction schemes of CO2 with (a) an amine-based TSIL and (b) an amino-
acid-based TSIL, reproduced from Refs. [20,,47].

Fig. 4. Gas transport in SLMs.
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the SLM. Although faster transport of CO2 could be obtained in
SLMs, the large scale SLMs showed insufficient membrane stability
due to the loss of liquid phase mainly by dislocation of the liquid in
the membranes as the trans-membrane pressure difference in-
creased. If an IL is used in SLMs, the membranes are called SILMs.
Compared to traditional SLMs using amine-based aqueous sol-
vents (such as diethylenetriamine (DETA), diaminoethane (DAE)
[65], diglycolamine (DGA) and triethylene glycol (TEG) [66]), the
usage of ILs as the liquid separating phase enhances the stabili-
zation of the SLMs since ILs have negligible vapor pressure (lower
possibility of volatile loss) and relatively high viscosity (resistance
to blow-out by high pressure differentials) [67].

The most commonly used method of preparing SILMs is soak-
ing a porous support in the desired IL for a few hours. As ILs have
relatively high viscosity and negligible vapor pressure, application
of vacuum is commonly used to remove gas bubbles in resulting
membranes.

SILMs for CO2 separation were reported for the first time in
Table 1
Gas absorption capacities of some physisorption ILs and chemisorption ILs at around 1

IL Absorption type Gas absorption ca

CO2

[C4mim][Tf2N] Physisorptiona 0.0780 [48]
[ C4mim][PF6] Physisorption 0.0756 [49]
[ C4mim][BF4] Physisorption 0.0642 [51]
[C8mim][Tf2N] Physisorption 0.1069 [53]
[C2mim][eFAP] Physisorption 0.0864 [54]
[N1114][Tf2N] Chemisorption 0.0815 [48]
[C4mim][AC] Chemisorption 1.579 [55]
[P66614][Pro] Chemisorption 0.7613 [56]
[P66614][Ala] Chemisorption 0.9859 [57]
[P66614][Gly] Chemisorption 0.7156 [57]
[MTBDH][TFE] Chemisorption 2.326 [45]
[MTBDH][Im] Chemisorption 2.273 [45]

a CO2 solubility values for physisorption ILs and chemisorption ILs were measured a
2002 by Scovazzo et al. [32,33]. SILMs showed promising results
for the separation of both CO2/N2 [68,69] and CO2/CH4 gas pairs
[70]. The effects of different operational parameters (e.g., moisture,
temperature) on the separation performance of these SILMs have
been systematically investigated [71,72]. It has been found that in
general, SILMs have long-term stability performance at low feed
pressures but become unstable at high pressures. If the trans-
membrane pressure difference exceeds the capillary forces holding
the IL in the porous material, the SILM membrane may fail because
the ILs will be pushed out of the porous support.

2.1. SILMs based on RTILs

In early studies on SILMs, most researchers focused on con-
ventional ILs that utilized physical absorption. Gas transport in
these membranes is based on a solution-diffusion mechanism, and
their ideal selectivities are driven mainly by differences in the
physical solubility of the gases in the IL. The diffusion coefficient of
CO2 and other relevant gases in ILs often differs by less than a
factor of 2 [73]. Up to now, at room temperature, the highest CO2

permeability for SILMs with RTILs was approximately
2000 Barrers, with a CO2/N2 selectivity of about 40. It should be
noted that selectivity in this class can exceed 60 with permeability
still in excess of 1000 Barrers [74,75]. It was also reported that for
SILMs based on RTILs, the CO2 feed partial pressure had little in-
fluence on the permeability and selectivity. Moreover, the per-
meability of gases normally increased with increasing temperature
due to the strong temperature-dependency of the IL viscosity.
Additionally, CO2 solubility generally decreases dramatically with
increasing temperature compared to other gases like CH4 and N2,
leading to lower selectivity values at higher temperature. There-
fore, a low operating temperature is favored for SILMs. Gas se-
paration performances of some recently reported SILMs based on
RTILs and the respective support materials are summarized in
Table 2. Unless otherwise stated in the table (shown as (a)–(g)),
bar CO2 pressure.

pacity (mol/L)

O2 N2 H2

– – 0.0020 [48]
0.0039 [50] – 0.0024 [50]
0.0032 [52] 0.0027 [52] 0.0021 [52]
– – –

– – –

– – 0.0028 [48]
– – –

– – –

– – –-
– – –

– – –

– – –

t 313 K and room temperature, respectively.



Z. Dai et al. / Journal of Membrane Science 497 (2016) 1–20 5
the data were obtained at single gas feed conditions of approxi-
mately 2 bar pressure at room temperature.

The support porous materials include polymeric and inorganic
membranes. It is commonly accepted that the separation perfor-
mance of SILMs is mainly due to the characteristics of the im-
bedded ILs rather than to the membrane support. However, it is
interesting that some researchers have discovered interactions
between ILs and support has influences on the states of the ILs in
the support pores and the separation performance. Neves et al.
reported that SILMs prepared with a hydrophobic support were
more stable than those prepared with a hydrophilic membrane
[94]. Furthermore, Scovazzo et al. reported that the CO2 per-
meance of [C2mim][TfO] incorporated in a porous poly(ether sul-
fone) support was two times higher than the same IL impregnated
within a hydrophobic PVDF membrane [91].

As a higher porosity usually leads to a higher IL content in the
SILM, pore size is also one of the critical issues for membrane
Table 2
Supported ionic liquids membrane based on RTIL.

Support IL

Hydrophilic PES [P66614][Cl]
PES [C6mim][Tf2N]
Hydrophilic PTFE [C2mim][Tf2N]

[C2mim][BF4]
[C2mim] [TfO]

hydrophilic PES [C4mim][BF4]
[C4mim][PF6]
[C6mim][BF4]

hydrophobic PVDF Cyphos serials
PES [Cnmim][Tf2N]
PVDF [C4mim][BF4]
PES [C2mim][TCB]

[C4mim] [TCB]
[C2mim] [TCB]

Hydrophilic PTFE [C2mim][ TCB]
Hydrophilic PTFE Binary mixture of ILs
PVDF [C4mim][Tf2N] [C4mim][PF6]
PVDF/PTFE [C4mim][Tf2N] [C4mim][PF6]
Anodic alumina [C2mim][TCB]
Anodized alumina nanoporous membrane [C2mim][Tf2N]

[C6mim][Tf2N]
Ceramic NL filtration membrane [C2mim][TCM] [C4mim][TCM]
alumina membrane Geminal IL
mesoporous carbon imidazolium-based ILs
PVDF [C2mim][Ac]

[C4mim][Ac]
[Vbtma][Ac]

ZIF-69ZIF-71 [C4mim][SCN]
ZMOF [C4mim][SCN]
IRMOF-1 [C4mim][SCN]

Porous γ-alumina discs (3–5 nm pore size) dicationic ILs
hydrophilic-PVDF [C2mim][DCA]
hydrophilic PES [C2mim][Tf2N]

[C2mim][TfO]
Porous Al2O3/TiO2 tubes [C2mim][Ac]
Nanoporous TiO2 [C2mim][Ac]
Electrospun PVP [ C6mim][BF4]

[C6mim][PF6]

a Operating conditions: 37 °C, 15.7 psig.
b Operating conditions: 3 bar, 35 °C.
c Feed gas: mixture of 30/70 CO2/N2, flow rate 100 ml/min, trans-membrane pressu
d Wet feed stream at T¼333 K.
e Feed gas: mixture of CO2/N2 in the range of 10–50% v/v CO2.
f Operating conditions: 4535 °C, transmembrane pressure: 30 kPa.
g CO2 partial pressure 100 kPa. Simulation results.
h CO2/CH4 gas mixture as feed gas.
stability. Generally, membranes with a pore size of 100–200 nm
are used to prepare SILMs. However, some researchers have also
employed nanoporous inorganic membranes as the support to
prepare SILMs [68,92,95]. The main motivation of developing
SILMs using inorganic porous substrates is to enhance the high-
temperature stability of the resulting membrane and reduce the
possibility of swelling of the porous support by ILs in SILMs. Re-
ported gas separation results for inorganic-support-based SILMs
were in the same range as SILMs prepared with organic supports,
but the former SILMs show excellent thermal and mechanical
stability, which could be used in high-temperature applications.

According to the Young–Laplace equation, a smaller pore size
will ensure better SILM stability, as a higher pressure is needed to
push the ILs out of the pores. Interestingly, Banu et al. reported
that both CO2 solubility and diffusivity were enhanced in confined
ILs when compared to values observed in unconfined ILs. Imida-
zolium-based ILs and Al2O3 membranes with an average pore size
Gas permeability of SILM (Barrers) Ref.

CO2 N2 CH4

350720 2472 89 [33]
1200 – – [76]a

1702 73.6 – [77]
968.5 21.8 –

1171.4 28.9 –

460712 3772 5672 [78]
360715 2671 4972
520711 4572 6873
487–642 11–20 76–113 [79]
210–320 12–13 16–17 [80]
30–180 – 1.2–4 [81]b

2040760 3874 – [75]
1755750 4473 –

1721780 3874 –

742 15.1 – [82]
142–445 2.3–8.7 – [71]
6200 295 – [83]c

956 – – [84]d

2040 38 – [74]
26407190 12 37 9 – [85]
18007400 150733 –

100–300 o3 – [86]e

�300 – 18–28 [70]f

90–180 2.5–5 – [87]
852–1100 25–28 – [69]

42,795 8042 – [88]g

27,584 370 –

40,188 3090 – [89]

Gas permeance (GPU)
CO2 N2 CH4 Ref.
0.93–0.98 0.04 0.03 [90]
2.36 [91]h

5.58
4.88
83.2373.29 2.5270.10 – [68]
129.0473.89 4.1670.13 – [92]
�15 �3 – [93]

re 0.21 atm.



Fig. 5. Upper bound of SILMs for the CO2/N2 gas pair reported in 2009. Reproduced
from Ref. [77].
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of 20 nm were employed in their research. For the best case, a CO2

permeability 15.7 times higher was observed for confined ILs
compared with the bulk IL, which was believed due to the possible
reorganization of the cation and anion at the pore surface and the
consequent physical property changes of the ILs [96].

SILM separation performance was also tested under high-
temperature conditions. Apparently, increasing temperature will
enhance the diffusivity of CO2, while the Henry's Law constant will
increase (CO2 solubility decrease) with temperature. Wickrama-
nayake et al. prepared hollow-fiber SILMs using [C6mim][Tf2N]
and two commercially available polymers (Matrimids 5218, and
Torlon 4000T) [97]. The results showed that CO2 permeance in-
creased by 4 times as the temperature increased from 37 °C to
200 °C, while the CO2/H2 selectivity decreased from 6 to 1. The
decrease in selectivity may be due to the fact that gas diffusion
dominates at high temperatures. In addition, the increasing tem-
perature decreases the stability (i.e. by decreasing the surface
tension) and the membranes may have formed pinholes. Similar
correlation of CO2 permeance and temperature phenomena was
found for different gas pairs (CO2/N2 [98], CO2/He [76]) and dif-
ferent IL species.

Kang et al. tried to enhance CO2 transport in SILMs by in-
corporating small amounts of copper nanoparticles in different IL
species. Their results showed that by adding only about 0.3 wt%
copper nanoparticles in the ILs, both CO2 permeance and CO2/N2

selectivity could be enhanced by about 30% and 100%, respectively
[99,100]. Nevertheless, the CO2 separation performance fell under
the Robeson “upper bound” because of low CO2/N2 selectivity. Later,
they added small amounts of graphene oxide to the system, and
both permeability and selectivity were moderately enhanced [101].

Magnetic ILs (MILs) with different magnetic susceptibility va-
lues based on phosphonium cations were incorporated into hy-
drophobic and hydrophilic PVDF porous supports to give stable
supported magnetic ionic liquid membranes for CO2 separation
[102]. The CO2 permeabilities were in the range of 150–260 Barrers
and the CO2/N2 selectivity values were in the range of 21–41. With
an external magnetic field between 0 and 2 T applied to the SILMs,
the CO2 permeability was enhanced by up to 21.6% while the
CO2/N2 selectivity remained similar [103].

It is worth mentioning that under the different measurement
conditions, the use of different membrane supports as well as the
presence of water or other impurities in the ILs greatly affect the
SILMs gas permeation properties. Therefore, even for the same IL,
big differences in observed gas permeability have been reported.

A modeling and theoretical study was reported by Camper et al. to
predict the separation performance of the SILMs [104] in 2006. Ac-
cording to the most commonly used solution-diffusion model in
membrane gas separations, the potential gas permeability and se-
lectivity in RTIL-based membranes could be predicted from the gas
solubility and diffusivity data of the ILs. In 2009, Scovazzo et al. de-
veloped models for predicting CO2 selectivity and permeability ac-
cording to the viscosity and molar volume of ILs, as shown below [77]:

CO2 selectivity:

V
CO /N

2985

RTIL
2 2 0.865( )α =

( )

V
CO /CH

5483

RTIL
2 4 1.09( )α =

( )

CO2 permeability:

P
4953

CO
RTIL

0.388 0.032 μ
=

( ) ±

where VRTIL the molar volume of ILs in cm3/mol and RTILμ is the
viscosity in cP. This model indicates that the ILs species with
smaller molecular size and low viscosity tend to have both high
selectivity and high permeability. In this paper, Scovazzo also
made an “upper bound” for the SILMs (as shown in Fig. 5) to
compare with the Robeson upper bound for polymeric membrane
model.

As can be seen from Table 2, SILMs containing non-functiona-
lized RTILs with lower viscosity and smaller molar volume will
have better CO2 selectivity and permeability. For example, the
highest selectivity occurs with the smallest RTIL molar volumes
(e.g., [C2mim][BF4]) and the highest CO2-permeability occurs at
low viscosity RTILs (e.g., [C2mim][Tf2N]). However, attempts to
reduce the IL's molecular size/molecular weight face the challenge
that the ILs may not be a liquid at near ambient temperature; thus,
there may be little room for possible improvement in permeability
for non-functionalized RTILs compared to those already reported
in the literature. On the other hand, SILMs based on functionalized
ILs might have more room for improvement. By properly choosing
functional groups, there can be chemical interactions between the
gas species and the ILs. Sometimes a facilitated transport me-
chanism can also be involved, therefore increasing CO2 separation
performances.

2.2. Functionalized IL-based SILMs

SILMs based on functionalized ILs, or TSILs have also been de-
veloped. Different from SILMs based on RTILs, in which the solu-
tion-diffusion model is commonly used to express the gas trans-
port, in functionalized ILs-based SILMs, a facilitated transport
mechanism is also normally involved for gas transportation. In this
facilitated transport mechanism, first, the CO2 molecules that
dissolve on the feed side of the membrane can reversibly react
with the facilitated transport carrier (e.g. amino groups in TSILs)
and form CO2 complexes (bicarbonates or carbomates) with/
without the presence of water vapor. Then these CO2 complexes
can diffuse through the membrane, and eventually CO2 is dis-
sociated and released on the permeate side of the membrane.
Some latest results reported that water is needed when using
amines in the IL membranes in facilitated transport. As an ex-
ample, a proposed CO2 facilitated transport involving water and
HCO3

− forming is shown in Fig. 6.
Amine groups are commonly used to functionalize ILs for fa-

cilitated CO2 transport. Ideally, with water vapor in the feed
stream, amine groups in the TSILs will help to form complexes
with CO2 (bicarbonates), thus offering both enhanced CO2 per-
meability and selectivity over conventional non-functionalized



Fig. 6. Illustration of facilitated transport of CO2 in a membrane. Adapted from Ref.
[105].

Fig. 7. Effect of CO2 partial pressure on CO2 permeation properties for TSILs based
(P4444Gly, C2mim Gly, C2NH2mim Tf2N) and RTILs based (C2mim Tf2N) SILMs. Re-
produced from Refs. [112,,108].
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RTILs. However, this kind of SILM typically only shows moderate
enhancement in permeability/selectivity at high temperatures
[105]. This phenomenon could be ascribed to CO2 and TSIL forming
a pseudo-polymeric ionic network and becoming extremely vis-
cous, which reduces the diffusion of CO2 [106]. Another explana-
tion for this phenomenon is that CO2 rapidly forms carbomate
with the amine groups, leading to molecular Coulombic cross-
linking and hindered diffusion [77]. The gas permeability values of
some SILMs using TSILs are listed in Table 3.

Hanioka et al. developed TSIL-based SILMs that showed pro-
mising results at low CO2 partial pressure (o50 kPa) [112], but
both the membrane selectivity and CO2 permeance dramatically
decrease as the CO2 partial pressure increases, which is a typical
feature of the facilitated-transport mechanism. At low CO2 partial
pressure, amino acid TSILs can facilitate the transport of CO2 gas
molecules, but as the CO2 partial pressure increases, the carriers
(in this case, the amino acid anions) become saturated and lose the
facilitated transport effect [113].(Fig. 7).

Some amino acid-based TSILs were also employed in the SILMs
by the same group from Kobe University [108]. Similar to the re-
sults they reported previously [112], CO2 permeability and CO2/N2

selectivity were observed to rapidly decrease with increasing CO2

partial pressure (0–80 kPa), but an ultra-high CO2 permeability
(8300 Barrers) and CO2/N2 selectivity (48) were obtained at opti-
mized conditions. This membrane may be more appropriate for
Table 3
Supported ionic liquids membrane based on TSIL.

Support Functionalized IL or TSIL

PTFE [C3NH2mim][TfO]

[C3NH2mim][Tf2N]
PTFE [P4444][Gly]
PES [N2224]2[malonate]

[N2224]2[maleate]
[N2224][acetate]

PVDF [P66614]2þ[CoCl4]2� , [P66614]þ[FeCl4]� , [P66614]2þ[MnCl4]2� and [P66614
cholinium-based ILs

PVDF [C4mim][Tf2N]þCarbonic anhydrase enzyme

a Dry gas, 0.1 bar, 40 °C.
b 20% humidified gas, 0.02 bar, 100 °C.
c Saturated humidified gas, CO2 partial pressure: 0.1 bar, 40 °C, transmembrane pre
post-combustion CO2 capture, as the CO2/N2 mixture in these
feeds have low CO2 partial pressures and are processed at rela-
tively high temperatures.

Besides amine-tethered TSILs, carboxylate-based TSILs re-
present another class of TSILs that exhibit good affinity with acidic
gases [114,115]. Huang et al. investigated the performance of SILMs
prepared from carboxylate-based ILs (including monocarboxylates
and dicarboxylates) [109]. At low CO2 partial pressures (0.1 bar),
observed CO2 permeability values ranged from 2147 to
2840 Barrers with permselectivities of CO2/N2 and CO2/CH4 of
178–265 and 98–221, respectively.

Acetate-based TSILs were also applied in SILMs for CO2 se-
paration. A CO2 permeability of approximately 2000 Barrers was
reported with a CO2/N2 selectivity of around 27 at 333 K [69]. The
performance of [C2mim][Acetate]-based SILMs was tested for a
CO2/H2 feed mixture at a temperature as high as 373 K. A CO2

permeability of 3701 Barrers was obtained with a CO2/H2 se-
lectivity of 20 [116]. Although these results are attractive for syn-
gas separation, unfortunately, no stability data were reported.
According to these results, it was concluded that ILs with small
molar volume (leading to low H2 solubility) that interact with CO2

strongly (leading to high CO2 solubility) might be the best
Gas permeability of SILM (Barrer) Ref.

CO2 N2 CH4

�1500 – – [107]a

�1000 – – [122]
�12,000 �200 – [108]b

2147 12 10.8 [109]c

2840 10.7 12.8
�500 �10 �22

]3þ[GdCl6]3 147–259 2.7�10.9 – [102,103]
o10 – – [110]
�240 �4.8 – [111]

ssure difference of 0.3 bar.
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candidates for CO2 separations from mixtures containing H2. In
another study, Albo et al. reduced the SILM thickness to about
500 nm, and the CO2 permeance was observed to sharply increase
to (2.7870.11)�10�8 mol/(m2 s Pa) (about 80 GPU), with an ideal
(i.e., single gas) CO2/N2 selectivity of 30.7 [68]. The stability was
also tested and this membrane could hold the separation perfor-
mance for about 25 h. Some researchers tried to functionalize ILs
with CO2-phlic groups such as nitrile/glycol group [90,117], but the
results are not very promising.

It has been a concern that ILs (both RTILs and TSILs) have a
certain degree of toxicity and are poorly biodegradable. Therefore,
cholinium-based ILs were developed for use in SILMs for sus-
tainable CO2 capture [110]. The CO2 separation performance of
these membranes is not comparable to functionalized IL-based
membranes (i.e., the CO2 permeability is less than 10 Barrers), but
it offers the idea of developing new biodegradable and environ-
mental-friendly ILs for CO2 capture.

The concept of removing CO2 from flue gas streams using SILMs
with a thermal-resistant enzyme that enhances the selective
transport of CO2 has also been investigated [111]. The rather small
amount of enzyme (0.01 wt% of the IL) did enhance CO2 perme-
ability and selectivity by at least 20%. This improvement is not
significant; however, these results illustrate the potential of using
this approach to further enhance the performance of SLMs im-
pregnated with the proper enzyme for CO2 capture.

Very recently, Sun et al. used a mixture of PILs with RTILs in
SILMs [118]. By introducing a small amount (5–20 wt%) of PIL
particles in the RTILs, both the CO2 permeability and CO2/N2 and
CO2/CH4 selectivity were slightly increased. These researchers
believed that the positive charge on the polymer chains can in-
teract with the weakly acidic CO2 gas, and thus serves as a CO2

mobile carrier in SLMs via the facilitated transport mechanism to
enhance CO2 transport.

2.3. Stability of SILMs

Although the long-term mechanical/configurational stability of
an SILM is improved compared to a SLM containing volatile or-
ganic solvents, it is still one of the most critical issues in the de-
velopment of SILMs. Different methods to enhance the stability of
SILMs have been studied [34,119,85]. Zhao et al. systematically
investigated the liquid loss mechanism of SILMs [119], and they
found that the liquid loss of SILMs could be attributed to two
factors: membrane compression and IL extrusion from the large
pores. Therefore, by choosing a proper size of porous support, the
membrane system can tolerate a trans-membrane pressure up to
7.0 bar [85]. Several studies have investigated the long-term sta-
bility of SILMs. For example, Scovazzo et al. reported SILMs with-
out the loss of performance over more than 100 days [91], and
Hanioka et al. reported that their SILM showed 260 days of stable
operation [112]. Most of the reported SILMs were prepared using
microfiltration membranes and operated under relatively low
trans-membrane pressures. As reducing the pore size will enhance
SILM pressure resistance, nanofiltration membranes have also
been investigated as porous supports for SILMs. Experimental re-
sults showed that ILs do not discharge from the nanofiltration
membrane structure even under a trans-membrane pressure up to
10 bar, suggesting that SILMs based on nanofiltration supports
may be used for practical applications at relatively high pressures.

In summary, IL-based membranes have been demonstrated to
be capable of achieving gas separation via solution-diffusion or
facilitated transport mechanisms. The solution-diffusion mechan-
ism is mainly applied for RTIL-based SILMs. Different models can
predict the performance of this kind of SILM. Compared to RTILs,
functionalized ILs (aka TSILs) that have a facilitated transport effect
are more promising as membrane materials, but the limitations of
high viscosity and low CO2 partial pressure tolerance must be
overcome. For both cases, the stabilization of the ILs in SILMs is the
main challenge, especially in full-scale processes under real-world
operating conditions. Reducing the membrane thickness to have a
competitive gas permeance while maintaining membrane stability
is another challenge.
3. Poly(ionic liquid) (PIL) membranes

PILs, or polymerized ionic liquids, refer to a subclass of poly-
electrolytes prepared from polymerizable ionic liquid monomers.
PILs possess many of the unique combination properties of ILs,
such as ionic conductivity, thermal stability, tunable solution
properties, and chemical stability, together with intrinsic polymer
properties [120].

Initially, PILs were mainly considered to be a new type of
polymer electrolyte, as PILs are polymers whose repeating unit
bears an electrolyte group (cation or anion). In 2007, Tang et al.
first observed that several imidazolium-based PILs unexpectedly
exhibited significantly higher CO2 absorption capacities than the
corresponding IL monomers [121]. More importantly, when PILs
were used as absorbents for CO2 separation, they exhibited higher
CO2 sorption capacities and higher sorption and desorption rates
than the corresponding ionic monomers [122–124]. These inter-
esting results immediately attracted widespread attention and
triggered “explosive” interest in the application of PILs for CO2

separation [21,123,125–128]. The application of PILs as membrane
materials has become one of the fast-growing fields in recent
years.

Generally speaking, PILs can be synthesized via two basic
strategies: direct polymerization of IL monomers and chemical
modification of existing polymers. In each strategy, different
polymerization techniques are involved, such as conventional and
controlled radical polymerizations, ring-opening metathesis
polymerization, step-growth polymerization, and polycondensa-
tion polymerization. More details about PIL synthesis strategies
can be found in Refs. [129,,120].

Up to now, PILs with different structures have been developed
for membrane applications, including homo-PILs (also called io-
nenes) synthesized by radical polymerization, block copolymers
prepared by radical polymerization, followed a chemical mod-
ification process such as ion-exchange or grafting, as shown in
Fig. 8(a) and (b). Alternating copolymers (e.g., polybenzimidazole,
PBI) were also reported. Here, the benzimidazole unit was con-
sidered as a hypothetical monomer, and thus it could be con-
sidered as a homopolymer, as shown in Fig. 8(c). The copolymers
with ionic groups in the main polymer chain are shown in Fig. 8
(d). Detailed structures of PILs can be found in the Supporting
information Tables S2 and S3.

3.1. Homo-PIL membranes

In 2007, gas separation membranes made of homo-PILs were
firstly reported by Bara et al. [130]. These membranes showed
comparable results with traditional polymeric membranes. CO2

permeabilities were 10–30 Barrers and CO2/N2 selectivities were
around 30. Since then, these authors have intensively studied a
large number of membrane materials composed of imidazolium-
type polystyrene-, polyvinyl-, or polyacrylate-based PILs with
various anions and containing alkyl chains of varying lengths and
chemical compositions [131–135]. It is believed that the charged
PILs chains form a tight and more stable matrix, which can prevent
the membrane from excessive swelling and maintain the gas se-
paration performances even at increased temperature and pres-
sure conditions. Interestingly, Simons et al. found that the



Fig. 8. Schematic illustrations of several common types of homo-PILs and copo-
lymer-PILs: (a) ionenes; (b) grafted co-PIL; (c) alternating PIL-copolymer; (d) PIL-
copolymer with ionic group in the main chain. R represents different organic
groups.
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permeability of CO2 increases by more than 60% over a pressure
range of 40 bar, noting that CO2 is a strong plasticizer for the PIL
materials [135].

Homo-PIL membranes normally show small CO2 permeability
values that are still orders of magnitude lower than analogous ILs
and far below the 2008 Robeson Plot upper bound. Although the
overall separation performances for homogenous homo-PIL
membranes are not satisfactory for industrial applications, there
are certainly many functional groups that can be incorporated into
PILs. The designable structures of ILs give numerous possibilities to
prepare new polymer materials with desired properties.

Homo-PILs were also prepared from highly thermally stable PBI
[136–138]. The influences of polycation backbone variation, ca-
tion–anion variation on their physical properties were system-
atically investigated. According to experimental results, the poly-
cation and anion play a crucial role in governing the gas per-
meation properties of these PILs, indicating further tuning of PIL
structure and proper choice of an IL with a CO2-philic anion may
bring beneficial effects. It is worth noting that many of these PBI-
based PIL membranes exhibited high CO2/CH4 selectivity values of
around 69–98 at a pressure of 20 atm, which are higher than those
of reported PILs and conventional polymers used as the gas se-
paration membrane material. This phenomenon suggests no or
little plasticization happening in the membranes from the ab-
sorbed CO2. If the permeability could be further increased while
the selectivity could be maintained at this range, this membrane
will be promising material for natural gas sweetening, which in-
volves high-pressure operating conditions.

Inspired by the structure of poly[1-(trimethylsilyl)-1-propyne]
(PTMSP), Sakaguchi et al. synthesized high-free-volume polymers
with ionic groups to enhance CO2 gas separation selectivity [139].
By introducing the ionic groups into the poly(diphenylacetylene)
polymer chain, the resulting membrane had a one order of mag-
nitude reduction in CO2 permeability but a doubled or even tripled
selectivity. Similar to a PTMSP-like polymer, the permeability
could profit from bulky counter anions as it prevents polymer
chains from packing together.

Most of the PILs membranes reported were based on imida-
zolium-based PILs. In 2013, Tomé et al. developed pyrrolidinium-
based PILs membranes for CO2 separation [140]. Compared with
imidazolium-based PILs, which involve a number of organic
syntheses and purification steps at the monomer level as well as
the requirement to control polymerization conditions, the pyrro-
lidinium-based PIL synthesis process was relatively easy and less
expensive. The latter polymers can be synthesized by carrying out
anion-exchange directly on commercially available poly(diallyldi-
methylammonium) chloride.
Homo-PILs based on poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) were also reported by Cong and co-workers [141]. The
overall performance of these membranes was not satisfactory with
only one of the selected ILs slightly enhancing CO2/N2 selectivity
with sacrificing of permeability. This effect was attributed to the
incorporation of these ionic groups in the polymer dramatically
reducing the CO2 diffusion coefficient.

3.2. PIL-copolymer membranes

Although homo-PILs combine the many of the advantageous
properties of ILs, the CO2 permeability of homo-PILs membranes is
typically relatively low. Homo-PILs materials were thus modified
to have better gas separation performance. Incorporation of
functional groups to PILs backbones or sidechains to prepare co-
polymer-PILs are effective ways of improving PIL properties, and
many promising results have been found by this method. Normally
PILs are brittle and mechanically weak; thus, copolymerization is
an effective way to improve the mechanical properties and ensure
the material can be tested in a flat-film module. As shown in Fig. 8,
most of these co-polymers are block-copolymers (PIL-BCP).

The first IL-BCP was prepared by Hu et al. in 2006. Free-
standing membranes were successfully prepared using two graf-
ted copolymers, P[VBTMA][BF4] and P[MATMA][BF4] poly(ionic
liquids), and their CO2 separation performance as well as thermal
stabilities were systematically investigated [128].

Later on, a co-PI-based PIL-BCP was synthesized by Li et al.
[142,143]. Incorporation of ionic groups in the PI chain resulted in
decreases in the polymer fractional free volume and increases in
density, leading to gas permeability deduction and selectivity
elevation compared with the pure PI material. In 2013, Gu et al.
synthesized PIL-triblock copolymer by RAFT polymerization [144].
Free-standing membranes were successfully prepared, and they
also mixed the polymer with ILs to prepare ion gel membranes. By
introducing the nanoscale phase-separation of the two blocks in
the PIL-BCP membrane, CO2 diffusivity was enhanced by two
magnitudes, and CO2 permeability increased to up to 9300 Barrers
[145] (as shown in Fig. 9). Although the selectivity of this PIL-BCP
membrane is low (CO2/N2 selectivity lower than 10), it could be an
excellent candidate for CO2/light gas separations if the CO2 se-
lectivity could be improved by adding RTILs or other CO2-selective
additives such as amines, inorganic nanoparticles etc., or by tuning
the different polymer blocks.

PIL-BCPs with really low permeability and selectivity were also
reported by Adzima et al. [146]. The highlight point of their re-
search was the PIL-BCP offered the possibility of cast thinner films
on a porous support layer for preparing high-flux composite
membranes. In 2013, Wiesenauer et al. proved this idea, and de-
fect-free, supported composite membranes with nanostructured,
r20 μm-thick top coatings were successfully fabricated with a
PIL-BCP [147].

In the same year, Wiesenauer et al. developed a new type of
imidazolium-based hydrophobic–ionic–hydrophilic ABC triblock
copolymers, and supported composite membranes of these tri-
block copolymers were successfully fabricated with defect-free,
r20 μm-thick top coatings [147]. The ABC triblock copolymers
were found to phase-separate into different nanostructures in
their pure melt states, resulting a CO2 permeability of 2340 Barrers
with CO2/N2 and CO2/H2 selectivities of 10.2 and 3.2, respectively.
The same group also investigated the influence of the block length
ratios, as well as incorporating added free IL and amines into these
triblock CP system to explore the possibility of improving CO2

permeability and selectivity for this ABC-BCP system.
Chi et al. incorporated IL groups to low-permeability poly(vinyl

chloride) (PVC) to change the gas separation properties of the PVC
[148]. Different IL groups were grafted to the Cl-sites via atom
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transfer radical polymerization (ATRP). As usual, introducing of ILs
groups to the polymer chain enhances the CO2 permeability, with
a slightly decreased CO2/N2 selectivity. The CO2 permeability was
further enhanced by introducing a small portion of free ILs. Their
work demonstrated the possibility of developing CO2-capture
membranes from low-cost materials with good chemical and
mechanical properties.

Cardo-based poly(ether ketone)s were also functionalized by
alkyl imidazolium-based ILs and further applied for separation
membranes [149]. The resulted membranes showed CO2/N2 and
O2/N2 selectivites of 66.1 and 15.5, respectively. The CO2/N2 se-
paration performance was not distinctive, but O2/N2 selectivity
was extraordinarily high compared to traditional polymeric
membranes [150].

Recently, a series of phenolate-containing polyelectrolytes
were prepared via post-polymerization treatment of poly(4-vi-
nylphenol) with ILs, and composite membranes with thicknesses
between 4 and 9 μm on the top of cross-linked polysiloxane sup-
ports were prepared via solvent casting [151]. In the best case, the
resulting composite membranes showed a CO2 permeability of
around 1200 Barrers with a CO2/N2 selectivity of 68, which ex-
ceeds the Robeson upper bound. If the membrane thickness could
be reduced to less than 1 μm, this membrane will be promising for
practical CO2 separation.

Very recently, Ansaloni et al. investigated the influence of water
vapor on the PIL membrane transport properties [152]. From their
results, despite the hydrophobic nature of their polymer, the
transport properties were positively affected by the presence of
water vapor in the feed stream, which is a phenomenon com-
monly observed in hydrophilic polymers. Interestingly, as the hy-
drophobic nature of the polymer containing Tf2N- anion, the water
uptake for both the homo-PIL and block co-PIL were lower than
2.5 wt% under 90% relative humidity condition, but a 80% and 40%
enhancement of CO2 permeability were observed with negligible
effect on selectivity for the two polymers, respectively.

3.3. PIL–IL composite membranes

Another relatively easy way of improving PIL properties is
blending free ILs with PILs to make PIL–IL composite membranes.
As mentioned above, the earlier reported CO2 permeabilities of
homo-PIL membranes were in the range of 5–50 Barrers. (There
are some exceptions, with proper functionalization of side group,
some of the homo-PIL membrane can have a CO2 permeability of
about 130 Barrers [153]). The CO2 permeabilities of the SILMs were
in the range of 200–1700 Barrers. To further increase the CO2

permeability of homo-PIL membranes, incorporation of a “free”
(i.e., non-reactive) IL component into the PIL matrix to increase gas
diffusivity was first proposed by Bara et al. [153]. Generally, the
interactions between PILs and free ILs are considered to be much
stronger than those between ILs and conventional uncharged
polymers due to the additional Coulombic attractions present
between IL and PIL [154] (as shown in Fig. 10). Thus, PILs serve as
effective stabilizers, and PIL–IL composite membrane should re-
main stable under very high pressures. Simultaneously, the ILs
serves as a plasticizer in the PIL matrix, which enhances the dif-
fusivity of gas species. Because CO2 diffuses much faster in the IL
phase than in the solid PILs phase, it is assumed that most of the
CO2 permeability is governed by the amount of free IL in the PIL–IL
composite membranes [155]. An increase of IL loading in the PIL
matrix can lead to higher permeability without decrease or in-
crease of selectivity. For example, it has been reported that in-
corporation of 20 mol% free IL in a PIL membrane yields a stable
composite material with a CO2 permeability increase of �400%,
with a 33% improvement in CO2/N2 selectivity relative to the
analogous PIL membrane lacking any added IL [153]. These results
suggest that in PIL–IL composite membranes, the amount of free IL
should be maximized to reach a higher permeability, while me-
chanical integrity should also be maintained.

The influence of the anions on gas separation performance of
PIL–IL composite membranes was also investigated by Bara et al.
[156]. Their results showed that the permeabilities of CO2, N2, and
CH4 in these PIL–IL composites increase by 2�5 times relative to
those in the neat PIL without a “free” IL component. PIL–IL com-
posites with bigger IL molar volume shows higher CO2 perme-
ability. The effect of “free” IL cation substituent on gas separation
performance of PIL–IL composite membranes was also tested by
the same group [157]. The presence of IL in the PIL matrix had a
larger influence on the diffusivity, though. It was reported that
20 mol% of “free” IL within the PIL matrix increases CO2 perme-
ability by 100–250% relative to the neat PIL membrane, while the
CO2/N2 selectivity was reduced less than 20%.

PILs with different backbones (i.e., poly(ethylene), poly(styr-
ene), and poly(acrylate)) and different functional cationic sub-
stituent (e.g., alkyl, fluoroalkyl, oligo(ethylene glycol), and dis-
iloxane) were developed, and their gas separation performances as
membranes were investigated by Carlisle et al. [133]. It is found
that the longer n-hexyl group contributed to substantially higher
CO2 permeability than shorter alkyl chain sidegroups. The com-
posite materials also followed a traditional trade-off in that the
membranes with higher permeability have lower selectivity and
vice-versa. Again, rather dramatic improvements in both CO2

permeability and selectivity were observed upon blending
20 mol% IL in the PIL matrix.

As a result of the inherently strong ion–ion attractive interac-
tions between the solid and liquid charged components, the PIL
and IL can form miscible blends at a molecular level with IL
loadings as high as 60 wt%. These membranes were mechanically
stable at a trans-membrane pressure of 20 atm [158]. PILs–ILs
homogenous composite membranes were also developed by the
same group with CO2/N2 separation performance close to the 2008
“Robeson Upper Bound” [159].

The general procedure for preparing the aforementioned PIL–IL
composite membranes is really straightforward, i.e. mixing them
together, followed by casting the solution either on a porous
substrate (composite membrane) or on a flat plate (self-standing
membrane). Another easy way of preparing PIL–IL composite
membranes is to blend together a cross-linkable IL monomers and
non-reactive ILs, followed by UV-initiated radical cross-linking
in situ [158,160].

McDanel and coworkers recently developed cross-linked ionic
resins and gels from epoxide-functionalized imidazolium IL
monomers [161]. Resulting materials have CO2/N2 and CO2/CH4

permeability and selectivity values near the Robeson upper bound.
Interestingly, the membranes showed inverse CO2/CH4 diffusion
selectivity (DCO2oDCH4), but this diffusivity selectivity is balanced
by an increase in CO2 solubility in the ionic resin. Thus the
membrane still showed a CO2/CH4 permselectivity close to 20.

In a recent report, Zhou et al. fabricated thin-film composite
(TFC) PIL–IL membranes with an active layer thickness of around
100 nm on porous substrates for the first time [162]. The resulting
membranes showed a CO2 permeance of 61007400 GPU and an
ideal CO2/N2 selectivity of 2272. The membrane suggests that
PIL–IL TFC composite membranes are promising for post-com-
bustion CO2 separation applications and could significantly reduce
the cost for capturing CO2 and make membrane-based CO2 capture
technology more competitive.

Overall, homo-PIL membranes normally show lower CO2 per-
meability and selectivity, which are considered to be “not attractive”
for industrial applications. However, many efforts have been made
to incorporate functional groups onto PIL backbones or side-chains
(block co-polymer) to enhance their separation performances.
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Another way of improving gas separation performances is adding
free ILs into the polymeric matrix. By designing new PIL materials
and blending in free ILs with high permeability and selectivity, PIL–
IL composite membranes have the potential to achieve excellent
separation performance, although the results of most current PIL–IL
composite membranes are still not satisfactory. Preparing thin-film
membranes using PIL–IL composite materials on porous supports is
also an approach.
4. IL-gel membranes

Physically gelled IL membranes have also been proposed, and
different gas separation performances were investigated by Gin
and Noble and co-workers [163,164]. IL-gel materials are attractive
because they maintain liquid-like gas transport properties in a
solid state, which is easier to handle and to prepare membrane
modules for industrial applications.

Typically, an IL-gel membrane is prepared by mixing small
amount of a low-molecular-weight organic gelator (LMOG, 2–
5 wt%) with the chosen IL at elevated temperatures. When the
samples were cooled down, a physical gel forms because of either
hydrogen-bonding or/and van der Waals forces from the LMOG
and IL to generate a dilute non-covalent network throughout the
sample. Table 4 shows commonly used LMOGs and their corre-
sponding ILs.

The physically gelled ILs retain relatively high permeability
compared to the neat liquid IL (50–90%) (∼500 Barrers) and also
show improvements in burst pressure of SILMs prepared from
them (up to 5 atm). Different from polymeric membranes that
normally follow the permeability–selectivity trade-off illustrated
by Robeson ([150,166,167]), the IL-gel membranes appear to suffer
from a “flux–mechanical stability trade-off”, which means in-
creasing the weight fraction of the LMOG will improve the
membrane mechanical stability but will sacrifice the permeability
[164]. For example, increasing the LMOG loading from 20 mg/mL
to 80 mg/mL, the storage modulus (E′), which represents the
stiffness of the material, increases about 20 times. However, the
CO2 permeability decreases from about 640 Barrers to about
440 Barrers.

Physically gelled IL-based composite membranes with a thick-
nesses ranging from 10.3 to 20.7 μm were prepared by Bara et al.
[164]. They also systematically investigated the effect of LMOG
loading and operational temperatures on the separation perfor-
mance of the gel membranes. Although the membranes showed a
CO2 permeance of only 50 GPU, which is far from industrial tar-
gets, they displayed superior thermal and mechanical stability
even at 80 °C. If the thickness of the IL-gel active layer can be
fabricated to less than 1 μm without defects, the resulting mem-
brane will be more attractive and might be commercially viable.
Table 4
IL-Gel membrane.

LMOG IL Gas permeability
(Barrers)

Ref.

CO2 N2

12-hydroxystearic acid [C6mim][Tf2N] 650710 2971 [163]
Cyclo(L-β-3,7-dimethyloctylas-
paraginyl-L-phenylalanyl)

[C6mim][Tf2N] 930720a – [164]
[C2mim][Tf2N] 690720a –

Gelatin [C2mim][DCA] 482 72 [165]
[C4mim][DCA] 120 12
[BMPyr][DCA] 72 36

a LMOG loading: 20 mg/ml; N2 permeability tested but not shown in the lit-
erature.
Couto et al. developed a gel membrane called an Ion-Jellys

membrane from a biodegradable biopolymer (gelatine) and RTILs
[165]. Comparing with other gel membranes and SILMs, the Ion-
Jellys membranes showed much lower permeability and ideal
selectivity for CO2.

Although some of the separation performance of IL-gel mem-
branes is promising, the number of LMOGs known to gel RTILs is
limited, and the thermal stability of the IL-gel membrane is limited
by the temperature at which the gel reversibly becomes a fluid
(i.e., the gelation temperature). Therefore, new gelators that could
gel IL with higher thermal stability and have the ability to gel
functionalized RTILs with enhanced CO2 affinity are required for
further development of the IL-gel membrane platform.
5. Polymer-IL composite membranes

In addition to employing an LMOG to form an IL-gel, gel-like IL-
based membranes have also been reported for gas separations (i.e.,
by blending a polymer with ILs to prepare polymer-IL composite
membrane, in which the interactions between the polymer and ILs
could be both physical and chemical). By choosing proper ILs,
different polymers such as polyether–polyamide block-copolymer
(Pebax), poly(vinylidene fluoride)-hexafluoropropylene P(VDF-
HFP), poly(vinylidene difluoride) (PVDF) and PI can be used to
form polymer-IL composite membranes. More details can be found
in Table 5.

The most widely studied polymer for the preparation of poly-
mer-based IL gel membranes is the uncharged copolymer PVDF-
HFP. The structure of PVDF-HFP is shown in Fig. 11. Initially,
polymer/IL gels were considered to be solid electrolytes, and re-
search was mainly focused on the ion conductivity of the gels.
Later, these types of materials were also found to be suitable for
CO2/light gas separations. Until now, several ILs have been applied
to mix with PVDF-HFP to prepare membranes for gas separation
applications.

Generally, mass transport in ILs is much faster than in solid
polymer materials. Thus, higher gas fluxes and faster separation
can be obtained in polymer/IL gel membranes with higher IL
loadings. For example, by adding about 75 vol% of [C2mim][ TCB]
to a PVDF matrix, CO2 permeability was found to increase from
about 400 Barrers to about 1800 Barrers, with a slight increase in
both CO2/H2 and CO2/N2 selectivity [168]. For most cases, the
membrane Young's modulus (i.e., the maximum breaking
strength) and the melting temperature of the gel will dramatically
decrease with increasing IL content in the membrane. This effect
indicates that membrane mechanical strength and thermal stabi-
lity are two issues that need to be considered for further appli-
cation of these polymer-IL gel membranes.

The PVDF-HFP copolymer, a fluoroelastomer with the trade
name of Viton, is commonly used as sealing O-rings in industry,
denoting the desired slow gas transport properties of this material.
Interestingly, the incorporation of ILs into the PVDF-HFP polymer
matrix dramatically changes the transport properties of the ma-
terial. The CO2 permeability of the composite membrane is ex-
pected to be between that of the pure polymer and the neat added
IL. However, the CO2 permeability of the polymer-IL composite
membrane with 70 wt% of [C6mim][Tf2N] was found to be almost
thousand times higher than that of the pure polymer, and hundred
times higher than that of the neat added IL [181]. It is believed that
new transport channels were created between the polymer chains
and the IL in generating this unexpected gas transport behavior.

Apparently, the permeability of different gas species (including
CO2, N2, CH4, H2, and O2) in PVDF-HFP-based polymer-IL gel
membranes increases with increasing IL content. Friess et al. re-
ported that CO2 permeability increased by 3 orders of magnitude



Table 5
Polymer-IL composite membrane.

Polymer IL Gas permeability (Barrers) Ref.

CO2 N2

PVDF-HFP [C2mim][BF4] 400 6.7 [169]a

PVDF-HFP [C2mim][Tf2N] 212 14 [170]b

[C6mim][ Tf2N]
PVDF-HFP [C2mim][ Tf2N] 533 18 [171]c

PVDF-HFP [C2mim][ Tf2N] 545 23 [172]d

PBI [C4mim][Tf2N] 7 – [173]e

PI [C4mim][ Tf2N] 95 – [173]e

PI [C4mim][Tf2N] 501750 18.471.8 [174]e

Pebax 1657 [C4mim][TfO] 330 8 [175]f

Pebax 2533 [C4mim][ TfO ] 240 7 [175]f

Pebax 1657 [C2mim][BF4] 350 7 [176]g

PVDF [C2mim][ TCB] 1778 43.3 [168]h

SEOS [C6mim][Tf2N] – – [177]i

[C6mim][BF4] [C6mim][PF6]
SOS [C2mim][Tf2N] 710 17 [178]j

SMS [C2mim][Tf2N] 840 35 [178]k

PS–PIL–PS [C2mim][Tf2N] 980 25 [178]
SOS [C2mim][Tf2N] 740 19 [178]
SMS [C2mim][Tf2N] 820 37 [178]
PS–PIL–PS [C2mim][Tf2N] 1040 26 [178]l

PVP [P4444][Gly] [P4444][Ser] [P4444][Lys] [P4444][Pro] 6700 – [179]m

Tetra-PEG-NH2 [C2ImH][Tf2N] 4000 400 [180]n

Tetra-PEG-NHS

a Membrane contains 50 wt% IL. Data were extrapolated from permeation experimental results at 35–45 °C using a CO2/N2 (50/50 v/v) mixture.
b Membrane contains 40 wt% of the [C2mim][Tf2N]/[Hdmim][ Tf2N] mixture (50/50 wt%), feed gas pressure 1 bar at 60 °C;
c Pure feed gas, pressure 1 bar, membrane contains 80 wt% IL;
d Pure feed gas, pressure 1 bar, membrane contains 80 wt% IL;
e Pure feed gas, membrane contains 40 wt% IL, temperature 200 °C;
f Pure feed gas at 35 °C; membrane contains 83 wt% IL;
g Pure feed gas at RT (25 °C), 1 bar, membrane contains 80 wt% IL, data estimated from literature graph;
h Pure feed gas at RT (25 °C), 2 bar, membrane contains 80 wt% IL, data estimated from literature graph;
i Pure feed gas at 35 °C and 2 atm, membrane contains 66.7 wt% IL;
j Permeances were reported, but exact membrane thicknesses were not offered, thus no permeability data;
k Pure feed gas, membrane contains 85 wt% IL;
l Mix gas permeation results (50/50 mol/mol mixture of CO2/N2), membrane contains 85 wt% IL;
m Mix gas permeation results for [P4444][Pro]- PVP gel film, membrane contains 70 wt% ILs. Test temperature at 100 °C, mixed feed gas: CO2/N2 (2.5/97.5, volume ratio),

Helium used as sweep gas, both feed-side and sweep-side pressures were atmospheric pressure, relative humidity¼0%.
n Pure gas test at 100 °C, membrane contains 94 wt% IL, data estimated from literature graph.

Fig. 9. Robeson plot comparing PILs, PIL–IL composites, ion gels, and PIL-BCPs.
Reproduced from Ref. [146].

Fig. 10. Representation of PIL–IL composite. Red circles are free [C2mim] cations,
green circles are [Tf2N] anions, and blue circles are polymer-bound imidazolium
cations. Reproduced from Ref. [153]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Structure of PVDF-HFP.
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with added IL in the polymer matrix [171]. For many gas pairs (e.g.,
CO2/N2, CO2/CH4, and O2/N2), the selectivities slightly decrease as
the IL content increases. But interestingly, CO2/H2 selectivity has
positive correlation with added IL content (i.e., it increases with
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higher IL loadings). A correlation of the transport properties with
the Young's modulus of the resulting composite membrane ma-
terial was innovatively proposed to explain this phenomenon as
shown in Fig. 12. As Young's modules decreases (i.e., lower added
IL content), the membrane switches from a diffusion-controlled
region to a solubility-controlled region, which enhances CO2/H2

selectivity.
When high free volume polymers such as a 6FDA-TeMPD PI

were used, the permeability of CO2 first decreased with increasing
IL content and then started to increase at a certain IL loading level
[174]. A possible reason for this behavior is that the IL introduced to
the polymer matrix first occupies the free volume in the pure PI,
which reduces the CO2 diffusion coefficient. However, as the IL
content increases further, micro-sized domains of the IL are formed
in the PI matrix. Thus, gases transport through these new domains
is easier, leading to high permeability. It is worth mentioning that
many of the polymer-IL gel membranes listed above are self-
standing membranes. If high IL contents are desired, porous sup-
ports could be employed to offer mechanical strength. Yoon et al.
prepared mechanically-stable composite membranes made with
three different ion gels prepared by the self-assembly of IL/poly
(styrene-b-ethylene oxide-b-styrene) (SEOS) triblock copolymer on
the surface of a nylon support membrane [177]. Other block copo-
lymer-based ion gel membranes have also been developed by Gu
et al. [178]. Their membranes show favorable separation perfor-
mance relative to the corresponding “upper bound” on the Robeson
plots for both CO2/N2 and CO2/CH4 gas pairs.

Poly(ether-b-amide), a family of elastomeric multiblock copoly-
mers commercially available with the trademark Pebaxs, normally
exhibits a high permeability to hydrocarbons and a high selectivity
for CO2 over many nonpolar gases (e.g., CO2/N2 and CO2/H2) [182–
184]. In 2012, Bernardo et al. prepared an ion-gel membrane using
Pebaxs 2533 and Pebaxs 1657 and added IL [175]. Gas permeation
measurements showed that the permeability and selectivity of Pe-
baxs 2533 were not notably affected by the addition of IL, whereas
Pebaxs1657 showed a significant increase in gas permeability and a
slight decrease of selectivity for most gas pairs with addition of IL.
In 2014, ion-gel membranes were fabricated using Pebaxs 1657 and
[C2mim][BF4] by Rabiee et al. for CO2 separations [176]. Similar to
the trend reported in Ref. [171], the permeabilities of tested gases
increases with increasing IL content, while the CO2/H2 selectivity of
Fig. 12. Correlation of the gas permeability with Young's modulus of a PVDF-HFP-
based polymer-IL gel membrane. Reproduced from Ref. [171].
the membrane was enhanced remarkably with a slight decrease in
CO2/N2 and CO2/CH4 selectivity. The behavior suggests that solubi-
lity selectivity dominates at high IL content in these composite
membranes.

Different from the straightforward method of mixing polymers
with ILs to prepare ion-gels, polymeric ion-gels have also been
prepared by blending reactive monomers with targeted ILs, fol-
lowed with a free radical polymerization step. Ion-gel films con-
taining amino acid ILs were successfully fabricated by Kasahara
et al. [179]. Results showed both CO2 permeability and CO2/N2

selectivity increased with increasing IL content. However, gas
permeation tests were only performed with a low CO2 feed partial
pressure (2.5 kPa). As in a facilitated transport membrane, CO2

permeability usually decreases with increasing CO2 partial pres-
sure. Thus, this kind of membrane is more attractive for low CO2

partial pressure applications such as CO2 capture from flue gas
where CO2 concentration is low.

Most polymer-IL composite membranes exhibit relatively poor
mechanical and thermal stabilities at high temperatures. However,
thermally stable polymer-IL composite membranes have been
developed [173,180]. In Ref. [173], two thermally-stable polymers,
poly(pyromellitimide-co-4,4′-oxydianiline) (PMDA-ODA PI) and
polybenzimidazole (PBI) were mixed with [C4mim][Tf2N] to fab-
ricate composite membranes (named CILPMs-composite IL/poly-
mer membranes). These membranes could withstand 2–6 bar
pressure gradients and temperatures as high as 100–200 °C.
However, even at under high operating temperatures (200 °C),
which is favored for transport of a small gas like H2, the H2 per-
meability is around 50 Barrers while the CO2 permeability is only
about 7 Barrers.

Very recently, Kenta et al. developed high-toughness polymer-
IL composite membranes by blending a tetra-armed polymer
network with ILs [180]. The resulting membranes were an ion-gel
containing a large fraction of IL (94 wt%) that showed doubled CO2

permeability and similar selectivity compared to neat ILs over high
temperatures up to 100 °C. Therefore, it is anticipated that these
two kinds of membranes hold significant potential for CO2 se-
paration applications at high temperatures.

Many PIL–IL composite membranes as well as polymer-IL
composite membranes are referred to as “ion-gel” membranes
because of the gel-like state of the membranes. Normally, adding
ILs into either the charged PIL or traditional uncharged polymer
matrix will swell the polymeric chains and thus enhance gas dif-
fusion. Also, addition of CO2-favorable ILs will enhance the CO2

solubility. Many attractive properties of polymer-IL composite
membranes have been reported, especially for IL-block copolymer
composite membranes. Nevertheless, it is still a big challenge to
find comparable polymers and ILs to prepare membranes without
phase separation. In addition, preparing membranes with a thin
active layer and good thermal stability is also critical.
6. Three-component mixed-matrix membranes (MMMs)

MMMs composed of polymer and inorganic/organic particles
have been one of the most studied topics in membrane research. A
wide range of polymers and solid fillers (e.g., zeolites [185,186],
fumed silica [187,188], metal-organic frameworks (MOFs) [189–
191], carbon nanotubes [192,193], carbon molecular sieves (CMS)
[194], graphite [195] etc.) have been investigated in MMM fabri-
cation. More state-of-the-art information on MMMs for CO2 se-
parations can be found in a recent review article by Rezakazemi
et al. [196].

It is well-accepted that there is an interfacial layer presents in
the MMM because of poor polymer/fillers adhesion or compat-
ibility. The voids between the polymer matrix and fillers are
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normally non-selective, and thus MMMs typically show higher
permeability with relatively lower selectivity compared to pure
polymeric membranes. ILs offer a new possibility of improving the
separation performance of MMMs, since ILs can increase the per-
meability of the polymer matrix and offer better interfacial wet-
ting between the polymer matrix and inorganic particles [197].
This approach to MMMs was initially investigated by Hudiono
et al. [198]. They confirmed that non-volatile IL coated on the
surface of the SAPO-34 particles improved the compatibility be-
tween the ionic zeolite particles and the surrounding PIL matrix. In
addition, the ILs created a selective layer around the SAPO-34
particles, which then increases the CO2 permeability as well as
CO2/CH4 and CO2/N2 selectivity. Moreover, the ILs plasticized the
ionic PIL matrix, allowing the polymer chains to better interact
with the ionic zeolite particle surfaces. All of these benefits allow
the polymer matrix to be more flexible and better interact/adhere
with the surface of zeolite particles without void formation, thus
enhancing MMM gas separation performance. Noble further ex-
plained the behavior of these new IL-based three-component
MMMs [199].

Hao et al. reported ZIF-8-incorporated membranes that exhibit
significantly enhanced permeability for CO2 than in PIL/IL mem-
branes, while the CO2/N2 and CO2/CH4 selectivity were only
slightly reduced [200].

Very recently, acetate-based ILs were used to improve the
performance of microporous titanosilicate ETS-10/chitosan MMMs
for CO2/N2 permeation, by addition of only small amount of ILs to
the MMMs. Both permeability and selectivity were sharply en-
hanced. Most importantly, the added ILs increase the flexibility of
the resulting MMMs, thus offering better processability [201].

ILs based three component MMMs has been demonstrated to
improve the polymer/fillers adhesion or compatibility, and con-
sequently enhance the gas separation performances of the MMMs.
However, it is critical to find out the best combination of the host
polymer and the selected ILs to avoid phase separation.
7. Membrane contactors using ILs as absorbents

CO2 separation using membrane contactors is not new. In the
1980s, Cussler and Zhang first reported membrane absorption (i.e.,
a membrane contactor) for CO2 capture [202,203]. Membrane
absorption is a hybrid process that integrates the advantages of
membrane separation and absorption, where liquid absorbents
provide the selectivity and the porous/unselective membrane acts
as the contacting interface between liquid and gas phases. Mem-
brane contactors offer advantages such as determined interfacial
area, independent control of gas and liquid flow rates, liner up-
scaling, and avoidance of drop dragging. For most of the cases,
membrane contactor is applied for CO2 capture at relatively low
pressure and temperature. Various aqueous absorbents have been
investigated in membrane contactors for CO2 capture [204–207],
such as aqueous amine solutions, amino acid salt solutions, alka-
line solutions, enzyme solutions, and ammonia solutions. Hydro-
phobic polymeric materials like polypropylene (PP) [208–211],
polyvinylidenefluoride (PVDF) [212,213] and polytetra-
fluoroethylene (PTFE) [214,215] are commonly used as the mem-
brane materials in membrane contactors to prevent pore wetting
and maintain a high separation performance. In some cases,
membranes with a highly permeable dense top layer have also
been applied [216–225].

IL-based membrane contactors are currently a new concept
that needs to be demonstrated. Compared with traditional absor-
bents, the excellent thermal stability of the IL component will
enable higher temperature applications (e.g., syngas separation),
and the negligible vapor pressure of the IL will sharply reduce
solvent loss and regeneration energy. However, there are also
many challenges for IL-based membrane contactors that still need
to be overcome. The first challenge is the high viscosity of ILs,
especially when the ILs are loaded with dissolved CO2. Another
challenge is that ILs have relatively low surface tension, which
leads to easy membrane pore-wetting. In addition, the ILs are
generally good solvents also for polymers, which means ILs may
gradually dissolve some polymeric membranes or polymer-based
sealing materials. Moreover, although ILs are commonly accepted
as green solvents, the toxicity and potential environmental impact
of many ILs are still not clear. The high price of ILs is also a
drawback. So far, there are only a few reports on CO2 capture using
ILs in membrane contactors.

To develop the “zero solvent emission process” concept, ILs for
the first time were used as an absorbent to capture SO2 in a
membrane contactor by Luis et al. [226]. Shortly after that, CO2

capture using membrane contactors employing ILs as the absor-
bent were reported by the same group [227]. In their reports, a
commercially available cross-flow membrane contactor offered by
Liqui-Cel was used, and 1-ethyl-3-methylimidazolium ethylsulfate
[C2mim][EtSO4] was chosen as the IL solvent. Under their operat-
ing conditions, the observed separation factor (Koverall*a) of the
cross-flow contactors was similar to that of the parallel contactors,
meaning that the overall mass transfer resistance showed little
difference in the two modules. This group also compared the
performance of different membranes in the membrane contactors
using the same ILs [228]. In 2012, they systematically compared
the separation of CO2 by using 1-ethyl-3-methylimidazolium
ethylsulfate [C2mim][EtSO4] in parallel-flow and cross-flow
membrane contactors [229]. Different from the results in [227],
the overall mass-transfer coefficients were higher in the cross-
flow membrane contactors than in the parallel-flow units. Com-
pared with a traditional absorbent (e.g., 1 M aq. MDEA, Glycin salt),
the overall mass-transfer coefficient of Koverall with the ILs was still
one to two orders of magnitudes lower. In their report, they
claimed that the bottleneck step of the membrane absorption
process was the slow interfacial chemical CO2-IL reaction. There-
fore, to enhance the membrane absorption process, high-reactivity
ILs have to be used to increase the absorption rate.

Lu et al. investigated a membrane absorption/desorption pro-
cess by employing two types of IL aqueous solutions [230,231].
They found that chemical-absorption ILs showed much higher CO2

absorption capacity, but they were much more difficult to re-
generate compared to the physical-absorption ILs.

The influence of temperature on membrane contactor separa-
tion performance was studied by Gómez-Coma et al. [232]. As
expected, the mass-transfer coefficient of IL-containing membrane
contactor is lower than that of membrane contactors using aqu-
eous absorbents, presumably due to the high viscosity of ILs be-
cause the resistance in liquid phase is usually the main limitation
to overall mass transfer. In addition, membrane contactors using
chemical absorbents show better separation efficiency. According
to their study, temperature is a key variable in the process, since
increasing the operating temperature could reduce IL viscosity and
also enhance the chemical reaction with CO2.

To deal with the negative influence of the highly viscous che-
misorption ILs, Jie et al. developed a pressure swing membrane
absorption (PSMAB) process for pre-combustion CO2 capture
[233,234]. Their process is shown in Fig. 13. For safety, Helium gas
was used instead of H2 gas in their experiments.

Different from common membrane contactors discussed above,
in the PSMAB process, the absorbent (i.e., a mixture of ILs and
generation–zero poly(amido amine) (PAMAM) dendrimer) were
kept stationary in the shell side of the membrane module. This
PSMAB process was controlled by a 3-valve or 5-valve control
system to simulate the flow of the liquid phase and to achieve the



Fig. 13. Schematic diagram of the five-valve pressure swing membrane absorption
process. Reproduced from Ref. [233].

Fig. 14. Illustration of a closed-cycle PSMAB process.
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CO2 absorption and desorption. The feed gas was introduced into
tube side of the membrane module for a certain time. Because the
absorbent preferably absorbs CO2, the He-rich product was re-
leased from one side of the membrane module, and the CO2-rich
product was released from the opposite side of the membrane
module. High temperature (about 100 °C) and high pressure
(250 psig) were applied. Under optimized operation conditions, an
88.2% CO2-enriched gas product and a He product with CO2 con-
centration as low as 4.2–5.8% were produced. The effect of various
parameters on the separation performances of this PSMAB process
have also been intensively studied by the same group [235], in-
cluding membrane module configuration design, solvent con-
centration, operating temperature, and operating pressure. How-
ever, as no energy consumption and operation cost data could be
found from their report, it is hard to compare this process with
other technologies.

Deng et al. also reported a PSMAB process using IL-based ab-
sorbents with relatively low viscosity. This is a continuous process
in a closed loop with recirculation of the IL-based absorbents
[236]. The membranes used in the membrane absorber and des-
orber are different. A schematic illustration of the process is shown
in Fig. 14.

In this process, the syngas is first sent to the membrane ab-
sorber, in which the feed gas stream with a simulated pre-com-
bustion syngas at elevated pressure (20 bar) and temperature (60–
140 °C) flows counter-currently with the IL absorbents through the
tube and shell sides of the membrane contactor, respectively.
Purified H2 is kept at elevated pressure, while the pressure of
CO2-enriched ILs is reduced to a low pressure (e.g., 3 bar) before it
passes through the stripper. The released CO2 is collected from one
side of the stripper, and clean IL is recirculated to the absorber.
Compared with post-combustion and oxy-combustion, CO2 se-
paration is relatively easier and cheaper in a pre-combustion
process because of the higher operating pressure (about 20 bar)
and higher CO2 concentration (about 45%). This pressure swing
process has high separation efficiency, and it is environmentally
friendly and energy saving because the solvent has undetectable
vapor pressure and high thermal and chemical stability. Also, the
emission of solvent is negligible, and there is no solvent eva-
poration during the stripping/desorption step.

Some simulation and modeling of this process have also been
studied [237]. The mass transfer of CO2 through the membrane
absorber was studied using 2D and 3D mathematic models. The
influence of membrane parameters (e.g., diameter, length, thick-
ness, porosity and pore size) and various process parameters (e.g.,
gas/liquid flow rates, operating temperature, and composition of
the gas phase) on the mass transfer were investigated. Two-di-
mensional concentration/velocity distributions of the gas inside
the lumen, through the membrane, and in the shell side were
obtained. According to the results, membrane resistance has a
significant contribution to mass transfer in the chemical absorp-
tion step. Membranes with high porosity and small thickness
could apparently reduce the membrane resistance and thus in-
crease separation efficiency. Compared to porosity and thickness,
membrane diameter and length have a relatively small influence
on separation performance within a certain range.

To summarize, a CO2 gas separation process using ILs as the
absorbent in membrane contactors has many challenges but with
great potential for being highly efficient and energy saving. The
rapidly growing numbers of new IL-based absorbents reported
with low viscosities, high absorption capacities and fast absorption
rates, coupled with smart design of the processes and develop-
ment of more compatible membrane materials offer a bright fu-
ture to this young technology.
8. Conclusions and perspectives

The large number of publications relating to the use of ILs in
membranes for CO2 gas separations clearly shows that research in
this field has grown dramatically over the last decade. This IL-
based platform has opened a new door for exploring next-gen-
eration CO2 separation membrane materials and membrane pro-
cesses, which give a nearly infinite range of possibilities with re-
spect to membrane design.

Some reported ILs-based membranes exhibit better separation
performance than current commercial materials (e.g. cellulose acet-
ate) [238]. The gas permeability is, however, relatively lower com-
pared with the state-of-the-art highly permeable membrane mate-
rials (e.g. PTMSP, PMP, TR polymers and PIMs). Nevertheless, ILs
based membrane materials are advantageous considering most of
these highly permeable (high free volume) materials lead to serious
physical aging over time, especially when the polymer is prepared as
thin-film composite membranes. Many of these ILs based materials
are very stable, easy to process with excellent film-forming proper-
ties. For example, although the intrinsic CO2 permeability of a PIL–IL
(poly(vinylhexylimidazolium
bis(trifluoromethylsulfonyl)imide))-[C2mim][Tf2N] membrane is only
around 600 Barrers, a thin-film composite membrane of this material
with a 100 nm active top layer was reported with a CO2 permeance
of 6100 GPU while maintaining a good CO2/N2 selectivity. This IL-
based membrane represents the state-of-the-art CO2 separation
membrane with the currently best separation performance. Fur-
thermore, the nearly infinite combinations of cations and anions
make it possible to design ILs with desired properties for the de-
velopment of gas separation membranes with even better CO2 se-
paration performance.

Despite the rapid development of ILs-based membranes in re-
cent years, there is still a big margin for the further improvement.
In addition, research must be done to tackle the challenges asso-
ciated with some of the IL-based membranes, such as the trade-off
between the separation performance and mechanical strength.
Thus, the following aspects deserve attention:
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(1) Better understanding of structure-property relationship of ILs
and the desired properties suitable for IL-based membranes
(e.g. high CO2 absorption capacity, low viscosity and fast ab-
sorption kinetics) to define new task-specific ILs as membrane
materials;

(2) Development of PIL block-copolymer with different functional
groups, preferably those lead to self-assembly or micro-phase
separation, thus to enhance the gas separation performances
[147];

(3) Developing PIL with robust mechanical strength, easy pro-
cessing properties and strong interaction with free ILs;

(4) Preparation of thin-film composite membranes consisting of a
thin IL-based layer (o1 μm) on a porous/multilayer highly gas
permeable support.

(5) Investigating the stability of ILs-based membrane at more-
realistic operating conditions (i.e., elevated temperatures and
mixed-gas feeds).

To conclude, the combination of ILs with membrane technology
provides a new way to make membrane-based separations a more
competitive technology in CO2 separation. Although there are still
many challenges that need to be addressed in order to transfer IL-
based membranes from the laboratory to operation in the field,
many novel materials, novel methods and interesting results have
been documented in recent years to show the promise of this
coupled approach.
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