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an ion gel-based CO2 separation
membrane composed of Pebax 1657 and a CO2-
philic ionic liquid†

Jo Muroga,ab Eiji Kamio, *ab Atsushi Matsuoka,ab Keizo Nakagawa, ac

Tomohisa Yoshioka ac and Hideto Matsuyama *ab

A tough ion gel membrane containing a CO2-philic ionic liquid, 1-ethyl-3-methylimidazolium

tricyanomethanide ([Emim][C(CN)3]), was developed, and its CO2 permeation properties were evaluated

under humid conditions at elevated temperatures. Pebax 1657, which is a diblock copolymer composed

of a polyamide block and a polyethylene oxide block, was used as the gel network of the ion gel

membrane to prepare a tough ion gel with good ionic liquid-holding properties. The polyamide block

formed a semicrystalline structure in [Emim][C(CN)3] to toughen the ion gel membrane via an energy

dissipation mechanism. The polyethylene oxide block exhibited good compatibility with [Emim][C(CN)3]

and contributed to the retention of the ionic liquid in the ion gel. The developed ion gel membrane

showed a good CO2 separation performance of 1677 barrer CO2 permeability and 37 CO2/N2

permselectivity under humid conditions of 75% relative humidity at an elevated temperature of 50 °C,

which corresponds to an exhaust gas from a coal-fired power plant.
1 Introduction

CO2 capture from signicant CO2 emission sources, such as
thermal power plants and chemical plants, is essential for
preventing increased atmospheric CO2 concentration.1–3

Carbon dioxide capture and storage (CCS) and carbon dioxide
capture and utilization (CCU) are key methodologies for
reduction of CO2 concentration in the atmosphere. However,
CCS and CCU are highly energy-consuming processes, and the
CO2 separation process accounts for 60–80% of the total energy
costs of CCS and CCU.4–6 Therefore, improving the efficiency of
the CO2 separation process is a bottleneck in realizing CCS and
CCU. Several technologies have been proposed for CO2 capture,
including absorption, adsorption, low-temperature distillation,
and membrane separation.2,7–9 Chemical absorption using an
amine solution is the most well-developed technology; however,
it is a vast process requiring large equipment costs and much
energy. In particular, high energy costs are a serious concern. If
the operational energy of the CO2 capture process is generated
from fossil fuels, high energy consumption means that a large
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amount of CO2 is emitted during operation. Therefore, it is
desirable to realize an energy-saving CO2 separation process.
The membrane separation process has attracted attention as
a technology that can achieve energy-saving CO2 separation.
Membrane separation also has many advantages, such as
a small footprint, low capital expenditure and operating
expenses, and easy integration into existing operating
processes.10–13 However, the CO2 separation efficiency of most
CO2 separation membranes developed thus far is still insuffi-
cient to effectively separate enough amounts of CO2 from ue
gases from large CO2 emission sources. Thus, feasible CCS and
CCU require highly CO2 selective and permeable membranes.14

Regarding the performance of CO2 separation membranes
for post-combustion CO2 capture, it is well known that CO2

permeance is more critical than CO2/N2 permselectivity for
reducing operational costs. It was reported that CO2 permeance
should be >1000 GPU (1 GPU = 3.35 × 10−10 mol (m−2 s−1

Pa−1)) for the feasible operation.15 Although CO2 permeance can
be increased by reducing the membrane thickness, it is chal-
lenging to fabricate a defect-free thin membrane of <1 mm
thickness. In order to satisfy the requirement of CO2 per-
meance, the CO2 separation membrane should have more than
1000 barrer of the CO2 permeability (1 barrer = 3.35 ×

10−16 mol m (m−2 s−1 Pa−1) because the CO2 permeance of the
membrane with 1000 barrer of CO2 permeability is 1000 GPU
when the thickness is 1 mm (1 GPU = 1 barrer per mm-
thickness). In addition, the CO2/N2 permselectivity must
exceed 30.15 The CO2/N2 permselectivity is determined by the
properties of the membrane material. It is well known that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of Pebax 1657.

Table 1 Weight of [Emim][C(CN)3] used to prepare Pebax ion gel
membranes with different IL contents

IL content of
Pebax ion gel (wt%)

Pebax solution
(g)

[Emim][C(CN)3]
(g)

85.0 5.0 2.83
82.5 5.0 2.36
80.0 5.0 2.00
75.0 5.0 1.50
70.0 5.0 1.17
65.0 5.0 0.93
60.0 5.0 0.75
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polyethylene oxide (PEO)-based polymers provide their
membranes with $30 CO2/N2 permselectivity.16–19 However,
most PEO-based polymer membranes have lower than 500
barrer of CO2 permeability. Thus, it is desirable to develop a CO2

separation membrane with a CO2/N2 permselectivity >30 and
a CO2 permeability >1000 barrer.

Since 2000, ionic liquids (ILs) have attracted signicant
attention as thematerial of CO2 separationmembranes because it
has been reported that some ILs can absorb a large amount of CO2

without evaporation.20 Some ILs have CO2/N2 solubility selectivity
>30.21 Especially, the ILs with cyano group in the anion, such as 1-
ethyl-3-methylimidazolium dicyanamide ([Emim][N(CN)2]), 1-
ethyl-3-methylimidazolium tricyanomethanide ([Emim][C(CN)3]),
and 1-ethyl-3-methylimidazolium tetracyanoborate ([Emim]
[B(CN)4]), have outstanding CO2/N2 solubility selectivity of
approximately 40. Thus, these ILs are potential candidates for use
in CO2 separation membrane. In addition, many types of gels
containing ILs, termed ion gels, have been developed22–27 and have
opened the possibility of developing high-performance CO2

separation membranes. In particular, tough ion gels with high IL
contents have great potential.28–32 Among the several tough ion
gels, those composed of semicrystalline polymers have the
potential to form thin membranes because they can be easily
prepared by removing the solvent by evaporation from the
precursor solution of the ion gel membrane.33,34 However, most
semicrystalline polymers that can form gel networks in IL exhibit
poor compatibility with IL. Thus, the IL leakage from the ion gel
with the semicrystalline polymer network was signicant. To
overcome IL leakage from the ion gel membrane with a semi-
crystalline polymer network, we proposed the interpenetration of
an IL-philic polymer with a semicrystalline polymer network. The
developed ion gel membrane with an interpenetrating polymer
network (IPN) composed of a semicrystalline polymer and a CO2-
philic polymer successfully prevented IL leakage and exhibited
high CO2 permeability and good CO2/N2 permselectivity.35–37 In
the developed IPN ion gels, high mechanical strength was
provided by the semicrystalline polymer network, which acted as
a sacricial bond to dissipate the loaded energy, and a reasonable
IL-holding property was provided by the IL-philic polymer
network. In principle, the same concept can be achieved by using
block copolymers. For example, Pebax 1657, a diblock copolymer
composed of a semicrystalline polyamide (nylon 6) block and
a PEO block with good compatibility with some ILs, can be used as
the gel network of a tough ion gel with good IL-holding properties.

In this study, we fabricated a tough ion gel membrane con-
taining [Emim][C(CN)3], which is a CO2-philic IL, by using Pebax
1657 as the ion gel membrane network. The mechanical
strength, IL holding properties, and CO2 permeation properties
of the ion gel membrane were evaluated to demonstrate the
potential of the developed ion gel as a material for CO2 separa-
tion membranes for post-combustion CO2 capture applications.

2 Experimental
2.1 Reagents

As a CO2-philic IL, [Emim][C(CN)3] purchased from Tokyo
Chemical Industry Co., Ltd was used in this study.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Commercially available Pebax 1657 was used as the gel network
for the ion gel membranes. The chemical structure of Pebax
1657 is shown in Fig. 1. It was purchased from Arkema, Inc.
Ethanol was purchased from Tokyo Chemical Industry Co., Ltd
and used to dissolve Pebax 1657.

2.2 Preparation of an ion gel membrane composed of
[Emim][C(CN)3] and Pebax 1657 (Pebax ion gel membrane)

A 10 wt% Pebax 1657 solution was prepared by dissolving Pebax
1657 (2.5 g of Pebax 1657 in 5.6/16.9 g g−1 of a water/ethanol
mixture at 100 °C under reux for approximately 2 h). The gel
precursor solution was prepared by adding a certain amount of
[Emim][C(CN)3] to 5 g of Pebax 1657 solution, followed by
vigorous agitation using a vortex mixer for 5 min to completely
dissolve [Emim][C(CN)3]. The weights of [Emim][C(CN)3] used to
prepare the precursor solution are listed in Table 1. Subse-
quently, 1.7 g of the prepared precursor solution was poured into
a mold consisting of a polytetrauoroethylene (PTFE) spacer
(1.0 mm thick) and a glass plate with a uorinated ethylene
propylene (FEP) lm. The spacer was prepared by cutting
a 60 mm square in the center of a PTFE lm (80 mm× 80 mm×

1.0mm thick). To create themold, the spacer was tightly adhered
to a glass plate with an FEP lm (80 × 80 mm) and a clip. The
mold containing the precursor solution was placed in a thermo-
static oven, and the water/ethanol mixture was completely
evaporated at 30 °C for 12 h to obtain a Pebax ion gel membrane.
The thickness of the obtained Pebax ion gel membrane was
approximately 250 mm. The membrane thickness was accurately
measured using a micrometer (IP65, Mitsutoyo, Inc.) and was
used to determine the tensile stress in the mechanical property
test and the gas permeability in the gas permeation test.

2.3 Evaluation of the mechanical properties of the Pebax ion
gel membranes

Uniaxial tensile tests were performed to evaluate the mechan-
ical properties of the Pebax ion gel membranes. Dumbbell-
RSC Adv., 2024, 14, 20786–20796 | 20787
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shaped specimens (2.0 mm wide, 17.0 mm test length) were
prepared by punching the prepared ion gel membrane using
a punching blade. The mechanical properties of the ion gel
membranes were evaluated using a universal testing instrument
(EZ-LX; Shimadzu Co.) at room temperature (298 K). The frac-
ture stress and strain were measured by stretching the spec-
imen at 100 mm min−1 speed until the sample broke. The
fracture energy was determined from the area under the uni-
axial stress–strain curve. In addition, cyclic tensile tests were
conducted to evaluate the toughening mechanism of ion gels.
The dumbbell-shaped specimens were stretched at a constant
strain of 100 mm min−1 and returned to their initial positions
several times. The strain was increased in increments of 0.5 in
every tensile–return cycle until the ion gel sample ruptured. The
dissipated energy was determined from the area of the hyster-
esis loop of the cyclic stress–strain curve.
2.4 Evaluation of the thermal stability of the ion gel
membrane

The thermal stability of the ion gel membranes was evaluated
based on the dynamic viscoelasticity of the gel samples using
a rheometer (MCR302, Anton Paar) at various temperatures. A
parallel plate with a diameter of 25 mm was used for the
measurements. The measurements were conducted at 1.0% of
the strain and 1.0 Hz of the rotational frequency. An ion gel
sample cut into 10 mm squares was used. The storage modulus
(G0) and loss modulus (G00) of the ion gel samples weremeasured
at various temperature from 25 °C to 200 °C. The temperature
was increased by 1 °C every 3 s. The decomposition temperature
of the ion gel was dened as the temperature at which G00

became higher than G0.
2.5 X-ray diffraction (XRD) measurement

The XRD measurement was conducted using an X-ray diffrac-
tometer (D2 PHASER Specications, Bruker) with Cu Ka radia-
tion (l = 0.15405 nm) to evaluate the formation of the
semicrystalline structure of the polyamide segments of the
Pebax 1657 in the ion gel membranes. The XRD patterns were
collected with 0.02 of 2q steps from 10° to 50°.
2.6 IL holding property

The IL-holding properties of the ion gels were examined using
compression tests. The ion gel was punched into a circular
shape (12 mm diameter) and compressed for 1 min at a specic
stress level using a universal testing instrument (EZ-LX, Shi-
madzu Co.) at room temperature (298 K). Aer compression, the
ion gel sample was removed from the apparatus, and the leaked
IL was wiped from the surface of the gel sample. The sample
weights were measured before and aer compression. The IL
leakage was determined using the following equation:

IL leakage ð%Þ ¼ m0 �m1

m0

� 100 (1)

where m0 and m1 are the weights of the ion gel samples before
and aer compression, respectively.
20788 | RSC Adv., 2024, 14, 20786–20796
2.7 Gas permeation test

A gas permeation test of the Pebax ion gel membrane was
conducted using a sweep method. The ion gel membrane was
placed in a stainless-steel-gas-permeation test cell, and a CO2/
N2 mixture and pure Ar were fed to the feed and permeate sides,
respectively. The effective membrane area of the gas permeation
test cell was 12.5 cm2. The volumetric ow rates of the feed and
sweep gases were maintained at 100 mL min−1 and 40
mLmin−1, respectively. The ow rate of each gas was controlled
using a mass-ow controller (Hemmi Slide Rule Co. Ltd). The
composition of CO2 and N2 in the feed gas was 50/50 mol mol−1

on a dry basis. For the humid gas permeation test, the humidity
was controlled by adding a certain amount of water vapor to the
feed gas before it was supplied to the gas permeation test cell.
The water vapor was made by superheating pure water using
a vaporizer at 200 °C. The humidity of the feed gas was
controlled by controlling the ow rate of pure water using
a double-head plunger pump (Nihon Seimitsu Kagaku Co., Ltd).

The gas permeance was determined from the composition of
the permeated gas using a gas chromatograph (GC-8A, Shi-
madzu Co). Gas permeability measurements were performed
under atmospheric pressure at a constant temperature
controlled by a thermostat oven (DKN302, Yamato Inc). It has
been reported that the thickness of a so ion gel membrane
decreases under pressurized conditions.36 Thus, we determined
correct CO2 and N2 permeabilities from the results obtained at
atmospheric pressure. In contrast, CO2/N2 permselectivity was
determined from the permeances of CO2 and N2 measured at
500 kPa of the feed side pressure. Because of the insufficient
sensitivity of N2 of the GC equipped in our gas permeation test
apparatus and the thick membrane thickness of the ion gel
membranes (approximately 250 mm), the GC area of the N2 peak
of the permeated gas obtained under low-pressure conditions
was below the reliable detection limit. Thus, 500 kPa of the feed
side pressure was applied to increase the CO2 and N2 uxes of
the ion gel membrane. As a result, reliable CO2 and N2 per-
meances and CO2/N2 permselectivities were determined under
pressurized conditions. It should be noted that the CO2 and N2

permeances of the ion gel membrane developed in this study
were not dependent on pressure because the Pebax ion gel
membrane permeated CO2 and N2 based on the solution-
diffusion mechanism.
3 Results and discussion
3.1 Preparation of the ion gel membrane

An ion gel membrane composed of [EMIM][C(CN)3] and Pebax
1657 was successfully prepared. An example of a prepared ion
gel membrane is shown in Fig. 2. The ion gel membrane
exhibited sufficient mechanical strength for manual manipu-
lation. In addition, it was transparent, indicating that the Pebax
1657 network was homogeneously developed without signi-
cant aggregation. Furthermore, the ion gel membrane surface
was not wet. This indicated that no [Emim][C(CN)3] leaked from
the ion gel membrane because of the high compatibility of the
PEO block with [Emim][C(CN)3]. Thus, it was suggested that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Examples of the prepared ion gel membrane composed of
[Emim][C(CN)3] and Pebax 1657.
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polyamide and PEO blocks in Pebax 1657 provided the desired
mechanical strength and [Emim][C(CN)3]-holding properties.
Fig. 4 Mechanical properties of the developed Pebax ion gels with
different [Emim][C(CN)3] content. RedB: Pebax ion gel (This work), D:
ion gel composed of PVDF-HFP and [Emim][C(CN)3] (this work), ,:
ion gel composed of PVDF-HFP/PDMAAm IPN and [Emim][Tf2N],35 >:
ion gel composed of triblock copolymer network and [Bmim][Tf2N],38

C: inorganic/organic double-network ion gel containing [Bmim]
[Tf2N],32 :: ion gel with tetra-PEG network and [Emim][Tf2N],39 -: ion
gel composed of PVDF-HFP/PDMAAm IPN and [Emim][B(CN)4],36 A:
ion gel composed of PVDF-HFP/PMA IPN and [Emim][B(CN)4],36 C:
ion gel composed of PVDF-HFP/PEA IPN and [Emim][B(CN)4],36 and:

ion gel composed of PVDF-HFP/PNIPAM IPN and [Emim][B(CN)4].36
3.2 Mechanical strength of the ion gel membrane

To evaluate the effect of the IL content on the mechanical
strength of the Pebax ion gel membrane, we prepared an ion gel
membrane with different [Emim][C(CN)3] contents and
measured the mechanical properties using a uniaxial tensile
test. In this experiment, the [Emim][C(CN)3] content of the ion
gel membrane changed from 60 to 82.5 wt%. The uniaxial
stress–strain curves of the ion gel membranes are shown in
Fig. 3. As shown in Fig. 3, the mechanical strength of the ion gel
membrane decreased with increasing [Emim][C(CN)3] content.
To evaluate the mechanical properties of the ion gel membrane
in detail, Young's modulus, fracture strain, fracture stress, and
fracture energy of the ion gel membranes were determined from
each stress–strain curve in Fig. 3 and summarized in Fig. 4(a),
(b), (c) and (d), respectively. In these gures, the mechanical
properties of ion gels composed of [Emim][C(CN)3] and a semi-
crystalline poly(vinylidene uoride-co-hexauoropropylen
(PVDF-HFP)) network, which is the polymer network used to
make tough ion gel membranes containing less CO2 permeable
[Emim][Tf2N] in our previous studies,35,36 are plotted for
comparison. In addition, the mechanical properties of some
tough ion gels reported elsewhere32,38,39 were also plotted. From
the comparison, it can be seen that the fracture energy of the
Fig. 3 Tensile stress–strain curves of the developed Pebax ion gel with
different contents of [Emim][C(CN)3].

© 2024 The Author(s). Published by the Royal Society of Chemistry
developed ion gel membrane with the Pebax 1657 network was
much higher than that of the ion gel membrane with the PVDF-
HFP network, and the mechanical properties of the developed
ion gel, except for the fracture strain, were comparable to those
of previously reported tough ion gels. Thus, it can be said that
the developed Pebax ion gel is a kind of tough ion gel. In
addition, it is worth mentioning that the IL contained in the
developed ion gel membrane was [Emim][C(CN)3] which is
much more CO2-philic than the ILs of the previously developed
tough ion gels. Therefore, tough Pebax ion gels are preferable
for high-performance CO2 separation membranes.

The toughening mechanism of the Pebax 1657 ion gel was
investigated and discussed. Because Pebax 1657 is a block
copolymer composed of an IL-philic PEO block and a polyamide
block with poor compatibility with the IL, the polyamide block
can effectively aggregate to form a semicrystalline structure. It
has been reported that the semicrystalline structure of a gel
network can dissipate loaded energy when a force is applied to
the gel.35,36 Thus, it was considered that the developed ion gel
had high mechanical strength because of the formation of
a semi-crystalline structure of the polyamide block in the Pebax
1657 network and the dissipation of the applied energy by the
decomposition of the semi-crystalline structure of the network.

XRD measurements were conducted on ion gels with various
[Emim][C(CN)3]/Pebax 1657 compositions. In Fig. 5(a), the XRD
patterns of the ion gels and those of PEO and nylon 6 (poly-
amide), which are components of Pebax 1657, were used as
RSC Adv., 2024, 14, 20786–20796 | 20789
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Fig. 5 XRD patterns of (a) Pebax ion gels with different [Emim][C(CN)3]
contents, (b) polyethylene oxide and Nylon 6, which are the compo-
nents of Pebax 1657, and (c) [Emim][C(CN)3].

Fig. 6 Cyclic tensile stress–strain curves of Pebax ion gel with
different contents of [Emim][C(CN)3]. [Emim][C(CN)3] content of the
ion gel: (a) 60 wt%, (b) 65 wt%, (c) 70 wt%, (d) 75 wt%, (e) 80 wt%, and (f)
82.5 wt%.
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references to identify the specic peaks of the ion gels. The XRD
patterns of the PEO and polyamide are shown in Fig. 5(b). The
XRD pattern of [EMIM][C(CN)3] is shown in Fig. 5(c). If the PEO
and polyamide blocks in Pebax 1657 form a crystalline structure
in the ion gel, their peaks would appear at both 19° and 23° and
20° and 24°, respectively (Fig. 5(b)). However, as shown in the
XRD patterns of the ion gels, although peaks are observed at 20°
and 24°, no clear peaks are observed at 19° or 23° (Fig. 5(a)).
This indicated that the polyamide block formed a semi-
crystalline structure in [Emim][C(CN)3], whereas the PEO
block did not form any crystalline structure. As expected,
because polyamide has poor compatibility with [Emim]
[C(CN)3], it aggregates and forms a semi-crystalline structure in
the ion gel. However, owing to the good compatibility of PEO
with the IL, the PEO segment cannot form a crystalline struc-
ture. To conrm the retention of the semi-crystalline structure
of the polyamide block and the destruction of the semi-
crystalline structure of PEO block in the Pebax ion gel
membrane, we measured the FT-IR spectra of the Pebax 1657
membrane without [Emim][C(CN)3] and the Pebax ion gel
membranes with different [Emim][C(CN)3] contents. The results
are shown in Fig. S1 in the ESI.† In Fig. S1(d),† it was clearly
found that the C–O–C stretching vibration peak of the PEO
chain of Pebax 1657 is red-shied from 1094 cm−1 to
1087 cm−1. This red shi would be due to the interaction of
[Emim][C(CN)3] with the O atom of the ether bond of the PEO
group, resulting in a decrease in the electron density on the O
atom and an increase in the C–O–C bond length. In other words,
it is considered that [Emim][C(CN)3] solvates to the ether bond
of the PEO group. On the other hand, as shown in Fig. S1(b),†
the peak at around 2860 cm−1, which is assigned to the
stretching vibration of the ethylene chain, was blue-shied to
2870 cm−1 in the ion gel. The ethylene chains of the PEO block
in the Pebax 1657 membrane without [Emim][C(CN)3] form
a semi-crystalline structure. Thus, it can be considered that the
thermal motion of the crystallized PEO block is low. However,
when [Emim][C(CN)3] solvated with the ether bonds of PEO
block in the ion gel, the semi-crystalline structure of the PEO
blocks destroyed. As a result, the thermal motion of the ethylene
chains increased in the ion gel. Therefore, the stretching
frequency of the ethylene chain increases, and the corre-
sponding peak was shied to a higher wave number. Regarding
the polyamide block, as indicated in Fig. S1(c),† the wave-
numbers of the peaks assigned to the C]O and NH groups of
the Pebax 1657 network in Pebax ion gel were not shied from
those of the Pebax 1657 membrane without [Emim][C(CN)3].
These results indicated that [Emim][C(CN)3] strongly interacted
with PEO chains but not with polyamide. In other words, the
results of the FT-IR analysis support the XRD results suggesting
that the semi-crystalline network structure of the polyamide
blocks is maintained in the ion gels. From these results, it was
suggested that the semi-crystalline structure of the polyamide
block in Pebax 1657 crosslinked the gel network and dissipated
the loaded energy when a force was applied to the ion gel. To
conrm the energy-dissipation-based toughening mechanism
of the Pebax ion gel, we conducted cyclic stress–strain
measurements on ion gels with different [Emim][C(CN)3]
20790 | RSC Adv., 2024, 14, 20786–20796
contents. As indicated in Fig. 6, the cyclic stress–strain curves
show a clear hysteresis loop. In addition, as shown in Fig. 7, the
dissipated energy at a certain strain increased with decreased
[Emim][C(CN)3] content. In other words, the higher the
composition of the Pebax 1657 network, the greater is the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Dissipated energy by elongation of the Pebax ion gels at
a certain tensile cycles.

Fig. 8 Leakage of [Emim][C(CN)3] from the Pebax ion gels with
different [Emim][C(CN)3] contents under various compressive
pressures.
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energy dissipation. This trend indicated that the Pebax 1657
network contributed to energy dissipation. Asmentioned above,
because of the poor compatibility of the polyamide in Pebax
1657 with [Emim][C(CN)3], the polyamide block in Pebax 1657
formed a semi-crystalline structure in the ion gel. It was re-
ported that a semi-crystalline polymer (polyvinyl alcohol) forms
a semi-crystalline structure in a hydrogel, dissipates the loaded
energy, and toughens the hydrogel in accordance with energy
dissipation mechanism.40 Similarly, in the case of the Pebax ion
gel system, the semi-crystalline structure of the polyamide block
may also be able to dissipate the applied energy. Thus, it is
strongly suggested that the destruction of the semi-crystalline
structure of the polyamide block of Pebax 1657 contributes to
the dissipation of the loaded energy and toughens the ion gel.
The schematic illustration of the speculated gel network struc-
ture and toughening mechanism of Pebax ion gel are presented
in Fig. S2.†
3.3 IL holding property of the Pebax ion gel membrane

As expected, Pebax 1657 has a positive effect not only on the
mechanical strength but also on the IL-holding properties of the
ion gel containing [Emim][C(CN)3]. In other words, in addition
to the positive contribution of the semicrystalline polyamide
segment of Pebax 1657 to the high mechanical strength of the
ion gels, the PEO segment of Pebax 1675, which has a high
affinity for [Emim][C(CN)3] could have a positive effect on the
[Emim][C(CN)3] retention of the ion gel.

The relationship between the IL-holding property and the
compatibility of the gel network with the IL in the ion gel was
evaluated by comparing the IL retention of several ion gels
composed of different IL/polymer network pairs. As an example
of an ion gel composed of a less compatible IL/polymer network
pair, the ion gel consisting of a semi-crystalline PVDF-HFP
network and [Emim][C(CN)3] had very poor [Emim][C(CN)3]
holding properties. As another example, we previously re-
ported35 that an ion gel composed of a less compatible [Emim]
[B(CN)4] and a PVDF-HFP network had very poor IL holding
properties. For the ion gel composed of [Emim][B(CN)4] and the
PVDF-HFP network, the IL holding properties were improved by
interpenetrating an IL-philic polymer network with a semi-
crystalline PVDF-HFP network.35 Although the interpenetra-
tion of an IL-philic polymer network with a semi-crystalline
© 2024 The Author(s). Published by the Royal Society of Chemistry
polymer network is a simple and effective way to improve the
IL-holding property of an ion gel, the interpenetration of
another polymer network usually signicantly decreases the
mechanical strength of the ion gel.35,36 The developed ion gel,
composed of [Emim][C(CN)3] and the Pebax 1657 network,
showed good mechanical strength and IL holding properties.
Fig. 8 shows the IL leakage of the developed ion gels with
various [EMIM][C(CN)3] contents and compressive pressures. As
shown in this gure, the IL leakage from the ion gel composed
of 80 wt% [Emim][C(CN)3] and 20 wt% Pebax 1657 at
a compressive pressure of 1 MPa was less than 4%. Thus, the IL-
holding property of the developed ion gel was equal to or better
than that of a previously developed ion gel with an inter-
penetrating polymer network composed of PVDF-HFP and
another IL-philic polymer.36 Favorable IL holding properties
were realized because of the PEO block of Pebax 1657, which has
good compatibility with [Emim][C(CN)3]. Thus, from the above-
mentioned characterization results of the ion gels, it was
concluded that a block copolymer consisting of a semi-
crystalline block with poor compatibility with the IL and an
IL-philic block is useful for fabricating an ion gel membrane
with both high mechanical strength and good IL-holding
properties without adding another CO2-philic polymer network.
3.4 CO2 separation performance of the Pebax ion gel
membrane

The CO2 permeability and CO2/N2 permselectivity of the devel-
oped Pebax 1657 ion gel membranes with various [Emim]
[C(CN)3] contents are shown in Fig. 9. These gures also show
the performances of ion gel membranes with different ILs for
comparison. The CO2 permeability of the developed ion gel
membrane was between those of ion gel membranes with
imidazolium-based ILs containing B(CN)4

− and Tf2N
− anions.

The order of CO2 permeability was determined by the properties
of the IL in the ion gel membranes, such as CO2 solubility and
viscosity. As shown in Table 2, due to the low Henry's law
constant for CO2 absorption and low viscosity of [Emim]
[B(CN)4], the ion gel membrane containing [Emim][B(CN)4] had
the highest CO2 permeability. In contrast, because [Emim]
[C(CN)3] has a relatively high Henry's law constant but low
viscosity, the CO2 permeability of the developed ion gel
RSC Adv., 2024, 14, 20786–20796 | 20791
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Fig. 9 CO2 separation properties of the Pebax ion gel membrane with
various [Emim][C(CN)3] content. Effect of [Emim][C(CN)3] content on
(a) CO2 permeability and (b) CO2/N2 permselectivity.

Table 2 Physico-chemical properties of several ILs used for CO2

separation membranes

IL
Viscosity
(mPa s)

Henry's
constant (MPa)

[Emim][C(CN)3] 14a,41 5a,41

[Emim][B(CN)4] 14.65b,41 3.94a,42

[Emim][Tf2N] 27.8b,43 3.45a,44

[Bmim][Tf2N] 45.6a,43 3.3a,45

a 298 K. b 303 K.

Fig. 10 Relationship between CO2/N2 permselectivity and CO2

permeability of IL-based CO2 separation membranes. Open circles:
previously reported IL-based CO2 separation membranes, red dia-
mond: Pebax ion gel membranes with different [Emim][C(CN)3]
contents (this work), and solid line: Robeson upper bound 2008.51
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membrane containing [Emim][C(CN)3] was second only to that
containing [Emim][B(CN)4]. The ion gel membranes with
[Emim][Tf2N] and [Bmim][Tf2N] showed lower CO2 permeabil-
ities because of their high viscosities. The CO2/N2 permse-
lectivity of the ion gel membranes containing [Emim][B(CN)4]
and [Emim][C(CN)3] was almost the same and much higher
than those of [Emim][Tf2N] and [Bmim][Tf2N] (Fig. 9(b)).35,36,46

The CO2 solubility of ILs is strongly affected by the type of
anion, and anions with cyano groups exhibit high CO2/N2

solubility selectivity.41,47,48 Thus, the higher CO2/N2 permse-
lectivity of the ion gel membranes containing [Emim][B(CN)4]
and [Emim][C(CN)3] could be due to the higher CO2/N2 solu-
bility selectivity of the ILs with cyano-based anions49 than that
of the ILs with Tf2N anions.50 From these results, it can be
conrmed that the selective CO2 permeation of tough ion gel
membranes with a high IL content is mainly determined by the
properties of the ILs in the gel membrane. To the best of our
knowledge, [Emim][C(CN)3] is the second-best IL for CO2

separation owing to its high CO2 solubility, high CO2/N2 solu-
bility selectivity, and low viscosity.
20792 | RSC Adv., 2024, 14, 20786–20796
The CO2 permeability and CO2/N2 permselectivity of the
developed Pebax 1657 ion gel membrane were compared with
those of previously developed IL-based CO2 separation
membranes and the upper bound of a polymeric CO2 separation
membrane.51 As shown in Fig. 10, the CO2 separation perfor-
mance of the Pebax 1657 ion gel membrane was on the Robeson
upper limit of 2008, even though the [Emim][C(CN)3] content in
the ion gel membrane was 60 wt%. Regarding the fabrication of
a thin-lm composite membrane with an ion gel-based selective
layer, a thin ion gel layer with a lower IL content can be prepared
more easily than one with a high IL content.

Therefore, the Pebax 1657 ion gel membrane with the IL
content ranging from 60 wt% to 82.5 wt% prepared in this study
could be useful to develop a thin lm composite membrane
with a thickness of such as 1 mm showing more than 1000 GPU
of the CO2 permeance and approximately 40 of the CO2/N2

permselectivity.
Considering the practical application, the feasible post-

combustion CO2 capture from an exhausted gas of a coal-red
power plant could be realized using a CO2 separation
membrane with the CO2 permeation performances of at least
1000 GPU of the CO2 permeance and more than 20 of the CO2/
N2 permselectivity for CO2/N2 mixture at an elevated tempera-
ture at 50 °C.15 Thus, the CO2 permeation performance of
a Pebax 1657 ion gel membrane with 80 wt% [Emim][C(CN)3]
was examined at various temperatures. Before the gas perme-
ation test, because the Pebax ion gel developed in this study was
made of a physically crosslinked gel network and would become
a sol state at elevated temperatures, the thermal stabilities of
the Pebax ion gel membranes with various [Emim][C(CN)3]
contents were evaluated from the viscoelastic properties of the
ion gels at elevated temperatures. As shown in Fig. 11(a), even
though the IL content was 82.5 wt%, the sol–gel transition
temperature of the Pebax ion gel membrane was higher than
140 °C. Therefore, it was conrmed that the Pebax ion gel
membrane has sufficient thermal stability for post-combustion
CO2 capture applications. Regarding the CO2 separation
performance, the CO2 permeability and CO2/N2 permselectivity
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Effect of temperature on (a) sol–gel transition of the Pebax ion
gels with various [Emim][C(CN)3] contents and (b) CO2 and N2

permeabilities and CO2/N2 permselectivity of the Pebax ion gel
membrane with 80 wt% of [Emim][C(CN)3]. (c) Plots based on eqn (5)
for the CO2 and N2 permeation through the Pebax ion gel membrane
with 80 wt% of [Emim][C(CN)3] and the Pebax 1657 membrane with no
ionic liquid.

Table 3 ED + DHs for CO2 and N2 permeation through the Pebax ion
gel membrane and Pebax 1657 membrane determined from the slope
of the straight line based on eqn (5) shown in Fig. 11(c)

Pebax ion gel
membrane

Pebax 1657
membrane

CO2 N2 CO2 N2

ED + DHs (kJ mol−1) 9.2 23.6 16.6 23.4
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of the Pebax 1657 ion gel membrane were evaluated. As shown
in Fig. 11(b), the Pebax ion gel membrane's CO2 permeability
and CO2/N2 permselectivity increased and decreased, respec-
tively, with increasing temperature. The increase in CO2

permeability was due to an increase in the diffusivity of CO2 in
[Emim][C(CN)3] of the Pebax 1657 ion gel membrane. The
increase in diffusivity resulted from a decrease in the viscosity
of [Emim][C(CN)3] at elevated temperatures. In contrast, the
decrease in CO2/N2 permselectivity with increasing temperature
is due to the more substantial effect of temperature on N2

solubility than CO2 solubility.36 Due to the high CO2/N2 solu-
bility selectivity of [Emim][C(CN)3], the Pebax 1657 ion gel
membrane showed 29 of the CO2/N2 permselectivity at 50 °C.
Thus, the Pebax 1657 ion gel membrane can be used to capture
CO2 from an exhaust gas with high temperatures.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To consider the effect of temperature more deeply, the
temperature dependence of the CO2 and N2 permeation
through the Pebax ion gel membrane were compared with the
Pebax 1657 membrane without [Emim][C(CN)3], and the ther-
modynamics was evaluated. As shown in Fig. S3,† both of the
CO2 and N2 permeabilities of the Pebax ion gel membrane was
higher than those of the pure Pebax 1657 membrane in whole of
the temperature range investigated in this study. The higher gas
permeability of the Pebax ion gel membrane is due to the high
diffusivity of solute in the gel membrane. In addition, as indi-
cated in Fig. S3,† the CO2/N2 permselectivity of the Pebax ion gel
membrane is higher than that of the Pebax 1657 membrane at
the temperature lower than 60 °C. The high CO2/N2 permse-
lectivity at low temperature means that the high CO2 solubility
of [Emim][C(CN)3] contributes to enhance the CO2 permeability.
To discuss the difference of the temperature dependences of the
CO2 permeabilities of the Pebax ion gel membrane and the
Pebax 1657 membrane, we analyzed the temperature depen-
dences. Because the permeation of CO2 and N2 through the
Pebax ion gel membrane containing [Emim][C(CN)3] is accord-
ing to solution-diffusion mechanism, the permeability, P, can
be expressed by the product of the diffusion coefficient, D, and
solubility coefficient, S, of CO2 and N2 in the ion gel.

P = D$S (2)

Additionally, D and S are dependent on temperature
according to Arrhenius relationship and van't Hoff relationship,
respectively.

D ¼ D0 exp

�
�ED

RT

�
(3)

S ¼ S0 exp

�
� DHs

RT

�
(4)

Thus, substituting eqn (3) and (4) to eqn (2), the following eqn
(5) can be derived.

ln P ¼ �ED þ DHs

RT
þ lnðD0$S0Þ (5)

The plots based on eqn (5) are shown in Fig. 11(c). From the
slope of the straight lines shown in Fig. 11(c), the ED + DHs for
CO2 andN2 permeation through the Pebax ion gelmembrane and
Pebax 1657 membrane were determined and listed in Table 3.

As indicated in Table 3, the determined ED + DHs for N2

permeation through the Pebax ion gel membrane and Pebax 1657
RSC Adv., 2024, 14, 20786–20796 | 20793
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Fig. 12 Effect of relative humidity on the CO2 and N2 permeabilities
and CO2/N2 permselectivity of the Pebax ion gel membrane with
80 wt% of [Emim][C(CN)3] at 50 °C.
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membrane were almost the same. Thus, for the gases with quite
small interaction with [Emim][C(CN)3] and Pebax 1657, it was
suggested that energy barrier for the gases to permeate through
Pebax ion gel membrane and Pebax 1657 membrane were also
almost the same. On the other hand, for both of the membranes,
the ED + DHs for CO2 permeation was smaller than that for N2

permeation. This is because the CO2 sorption is more exothermic
thanN2 sorption, and the system aer CO2 sorption ismore stable
than that aer N2 sorption. In addition, comparing the ED + DHs

for CO2 permeation, the ED +DHs for CO2 permeation through the
Pebax ion gel membrane was much lower than that through the
Pebax 1657 membrane. Therefore, due to the strong interaction
between [Emim][C(CN)3] and CO2, the Pebax ion gel membrane
containing [Emim][C(CN)3] has high CO2 permeability and high
CO2/N2 permselectivity at low temperature because of the strong
interaction between CO2 and [Emim][C(CN)3].

In addition to temperature, the effect of humidity on CO2

separation performance is also important for post-
commissioned CO2 capture applications because CO2 is
usually captured from humid exhaust gas aer desulfurization.
Thus, the effect of relative humidity on the CO2 permeation
property of the Pebax ion gel membrane containing 80 wt% of
[Emim][C(CN)3] was evaluated at 50 °C. The results are pre-
sented in Fig. 12. The CO2 permeability increased with
increasing relative humidity, and the CO2 permeability and
CO2/N2 permselectivity became 1677 barrer and 37, respectively,
at 75% of the relative humidity at 50 °C. The increase in CO2

permeability with increasing relative humidity was due to
a decrease in the viscosity of [Emim][C(CN)3] in the Pebax ion
gel membrane. Generally, the CO2 permeability and CO2/N2

permselectivity of polymeric membranes decrease or remain
constant with an increase in relative humidity.52–57 Therefore,
the increased CO2 permeability and CO2/N2 permselectivity with
increasing relative humidity is a specic property of Pebax ion
gel membranes. This property is preferable for CO2 capture
from humid exhaust gases from a coal-red power plant.
4 Conclusions

A tough ion gel membrane containing a CO2-philic IL was
fabricated using a diblock copolymer consisting of semi-
20794 | RSC Adv., 2024, 14, 20786–20796
crystalline polymer chain blocks and IL-philic polymer chain
blocks. As the diblock copolymer, Pebax 1657, consisting of
polyamide and PEO blocks, was used to prepare an ion gel
membrane containing [Emim][C(CN)3]. It was conrmed that
the polyamide block in Pebax 1657 formed a semicrystalline
structure in [Emim][C(CN)3] and dissipated the loaded energy to
toughen the ion gel membrane. In contrast, the PEO block in
Pebax 1657 helped to retain [Emim][C(CN)3] in the ion gel. Due
to the high affinity of [Emim][C(CN)3] for CO2, the ion gel
membrane had a high CO2 permeability of over 1230 barrer and
a high CO2/N2 permeation selectivity of 29 even at 50 °C. The
CO2 permeability and CO2/N2 permselectivity increased with
increasing humidity and were 1677 barrer and 37, respectively,
at 50 °C and 75% relative humidity. The high performance
under humid conditions at elevated temperatures indicates that
the Pebax ion gel membrane has good prospects as a CO2

separation membrane for post-combustion CO2 capture from
coal-red power plants.
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