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ABSTRACT

A composite membrane with a thin defect-free ion gel layer was developed in this study.
The ion gel layer containing an interpenetrating polymer network (IPN) and high ionic
liquid (IL) content (80 — 90wt.%) was prepared on a poly(dimethylsiloxane) gutter layer
by spin coating. The thickness of the IPN ion gel layer was reduced from 20 um to 600
nm by increasing the dilution ratio of the ion gel precursor solution, and the CO»
permeance of the composite membrane was increased from 45 to 613 GPU. By increasing
the IL content of the IPN ion gel layer to 90 wt.%, the prepared composite membrane
exhibited the CO, permeance of 778 GPU and CO»/N» selectivity of 15. The CO>
permeance and CO2/N; permselectivity of the IPN ion gel layer alone having 90 wt.% IL
were respectively estimated to be 1860 GPU and 27. The excellent gas permeation
performance proves that IPN ion gel is a good optional material as a selective layer of a

composite membrane for efficient CO, separation.

Keywords: Ion gel membrane, CO, separation, Composite membrane, Thin film

preparation, High CO, permeance
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1. Introduction

The prevention of global warming caused by the increase in the concentration of
greenhouse gases, particularly CO», is an urgent issue for the mankind [1, 2]. To prevent
the increase in the CO> concentration in the atmosphere, various CO> separation
technologies have been developed. One promising technology is the membrane
separation method, which requires less energy and cost for the operation than the other
COs separation methods such as absorption and adsorption [3-5].

However, for practical use, the CO, permeance of most CO; separation membranes
remains insufficient. Therefore, the development of the membranes with high CO»
permeance is highly desirable. One of the main restrictions for the development of the
membrane with high CO> permeance is the insufficient CO> permeability of the
membrane material. Thus far, significant efforts have been devoted to develop the
membrane material with high CO, permeability, including polymer membranes with
highly designed network configurations such as polymers with intrinsic microporosity
and thermal rearrangement polymers, mixed matrix membranes, facilitated transport
membranes, and ionic liquid (IL)-based membranes [6—16]. Among these membranes,
IL-based membranes usually show excellent CO; permeability and have the advantage of
easy tuning of the membrane performance by the selection of suitable IL for the
application [13, 17]. If [L-based membranes could be fabricated in to thin films, very high
CO; permeance of the membrane would be achieved.

ILs are nonvolatile and thermally stable liquid salts consisting of organic cations and
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various kinds of anions. The physicochemical properties of an IL can be tuned by the
design of the chemical structure as well as the selection of the cation and anion. By
introducing some special structures such as fluoroalkyl groups in anions, alkyl-side chains
and imidazolium groups in cations, some ILs are designed to have high CO, solubility
[18-24]. For example, 1-ethyl-3-methylimidazolium bis-(trifluoromethanesulfonyl)imide
([Emim][Tf2N]), 1-ethyl-3-methylimidazolium dicyanamide ([Emim][DCA]), and 1-
ethyl-3-methylimidazolium tetracyanoborate ([Emim][B(CN)4]), have a high solubility
selectivity of CO; [24—-26]. Additionally, ILs maintain a liquid state in a wide temperature
range. It has been reported that the CO» diffusivity in an IL is normally higher than that
in polymer materials [27-31]. Because the CO diffusivity in polymer materials is
strongly affected by the polymer chain motion, rigidity, entanglement and crosslinking of
the polymer chains limit the polymer chain motion and the molecular motion of CO;. On
the other hand, because ILs are usually small molecule, the IL molecules easily move and
the dissolved CO> can move together with the IL molecules. Therefore, the CO-
diffusivity in an IL is generally higher than that in polymer materials. This high CO>
solubility and diffusivity enables us to use the ILs as prospective candidates for high-
performance CO; separation membranes [13, 32, 33]. An ion gel, which is a gel
containing a large amount of an IL, is a quasi-solid material that can maximize the
attractive properties of the ILs. The gas permeation property through an ion gel membrane
with high IL content is determined by the property of the IL in the gel. As mentioned

above, some ILs designed for CO; separation have high CO> solubility and diffusivity.
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Thus, the ion gel-based CO» separation membranes have high CO; permeability and good
permselectivity of CO> over other light gases [10—12, 34-38].

For the practical application of ion-gel-based membranes, ion gels should be made into
a thin film to decrease the gas transport resistance and improve the gas permeance [14,
39, 40]. Until now, the fabrication of thin ion gel membranes has been challenging,
because ion gels are generally weak materials with poor mechanical strength. Recently,
however, tough ion gels, such as double-network ion gels [10-12, 35, 41-46], tetra-PEG
ion gels [34, 47], ion gels with self-assembled copolymer networks [36, 37, 48], and ion
gels with interpenetrating polymer networks (IPN) [49—51], have been developed. Among
these tough ion gels, in this research, we focused on the use of our previously developed
ion gel with IPN structure [51] because [Emim][TfoN], which is one of the CO»-philic
ionic liquids [24], can be used to prepare the tough ion gel. The prepared IPN ion gel
membrane is composed of the poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) network, the poly(N,N-dimethylacrylamide-co-N-succinimidyl acrylate)
(poly(DMAAm-co-NSA)) network, and over 80 wt.% of [Emim][Tf2N].

In this study, a composite membrane with an ultra-thin IPN ion gel layer (600 nm) was
prepared. The IPN ion gel layer was prepared on a poly(dimethylsiloxane) (PDMS) gutter
layer using the spin-coating method. To increase the gas permeance of the composite
membrane, the thickness of the IPN ion gel layer was reduced by increasing the dilution
ratio of the IPN ion gel precursor solution. Additionally, the IL content of the IPN ion gel

layer was increased to increase the CO; permeability of the ion gel layer, thereby
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improving the separation performance of the composite membrane. A theoretical
estimation of the gas permeation performance was also performed to demonstrate the

excellent performance of the thin IPN ion gel layer of the developed composite membrane.

2. Experimental
2.1 Materials

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) pellets (Sigma-
Aldrich) with My of 400000 g/mol and M, of 130000 g/mol were used as the network
material of the IPN ion gel. The other network material is poly(N,N-dimethylacrylamide-
co-N-succinimidyl acrylate) (poly(DMAAm-co-NSA)) with N-succinimidyl acrylate
(NSA) ratio of 2.91 mol% and M, of 121 kg/mol, which was synthesized in accordance
with the method described in our reported work [42, 46]. Diethylene glycol bis(3-
aminopropyl) ether (DGBE) purchased from Tokyo Chemical Industry Co., Ltd. was used
as the crosslinker of the poly(DMAAm-co-NSA). The IL 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([Emim][Tfz;N]) was purchased from Tokyo
Chemical Industry Co., Ltd. and used as received. It should be noted that the used ionic
liquid ([Emim][Tf2N]) cannot react with CO, so that the prepared IPN ion gel membrane
is not the CO, facilitated transport membrane. Acetone (99.5 wt.%) purchased from
FUJIFILM Wako Pure Chemical Co., Ltd. was used as the diluent for the IPN ion gel
precursor solution. Sylgard 184 silicone elastomer base and curing agent purchased from

Dow Silicones Co., Ltd. were used to prepare the PDMS gutter layer. Poly(sodium 4-
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styrenesulfonate) (average My of ~70000, Sigma-Aldrich Co.) was used as a sacrificial
layer for the preparation of the gutter layer.
2.2 Preparation of the IPN ion gel precursor solution

The precursor solution for the PVDF-HFP/poly(DMAAm-co-NSA) IPN ion gel was
prepared by dissolving PVDF-HFP, poly(DMAAm-co-NSA), DGBE and [Emim][Tf2N]
in acetone. The schematic illustration of the preparation of the precursor solution is shown
in Scheme 1. The detailed preparation procedures are described elsewhere [51]. In this
study, the weight ratio of PVDF-HFP to the sum of IPN precursors (PVDF-HFP,
poly(DMAAm-co-NSA), and DGBE) was fixed at 0.5 g/g, and the molar ratio of
DGBE/NSA was fixed at 0.5 mol/mol. The precursor solutions of the IPN ion gels with
different dilution ratios were prepared by changing the weight ratio of acetone to the sum
of the IL and network precursors. This ratio was defined as 7 to indicate the dilution degree
of the IPN ion gel precursor solution. A higher r value indicates a higher dilution ratio of

the IPN ion gel precursor solution.
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Scheme 1. Schematic illustrations of the preparation of the self-standing IPN ion gel membrane and
the composite membrane containing the thin IPN ion gel layer.

2.3 Preparation of the support membrane

In the current stage, it is difficult to prepare a free-standing ion gel membrane with a
thickness less than 100 um. Therefore, in this study, a support membrane composed of a
porous polytetrafluoroethylene (PTFE) membrane and a dense PDMS gutter layer was
used as the substrate for the preparation of the thin ion gel membrane. The function of the
PDMS gutter layer is to prevent the ion gel precursor solution from entering the pores of
the PTFE membrane. The PDMS gutter layer was prepared by following the previously
reported method [52, 53]. First, the glass plate was cleaned and treated for 5 min by air
plasma (YHS-R, Kai Semi-conductor Co., Ltd.). Poly(sodium 4-styrenesulfonate)

aqueous solution (30 wt.%) was spin-coated on the plasma-treated glass plate at the
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rotation speed of 3000 rpm for 1 min using a spin-coater (MS-A100, Mikasa Co., Ltd.).
The glass plate with the poly(sodium 4-styrenesulfonate) layer was dried on a hot plate at
120 °C for 5 min. The base and curing agent of Sylgard 184 were mixed at a 10 : 1 mass
ratio and diluted by hexane to adjust the concentration to 5 wt.%. This solution was spin-
coated onto the glass plate with the poly(sodium 4-styrenesulfonate) layer at the rotation
speed of 4000 rpm for 1 min. It was then dried on a hot plate at 120 °C for 30 min to
perform the crosslinking reaction of the PDMS layer. A polytetrafluoroethylene (PTFE)
porous membrane (Toyo Roshi Kaisha, Ltd., Japan; pore size: 0.1 um) was pasted onto
the PDMS layer and they were immersed in pure water. Because the poly(sodium 4-
styrenesulfonate) layer was dissolved in water, the PTFE membrane with the PDMS
gutter layer separated from the glass plate. The PDMS layer surface was then washed
with pure water to completely remove the residual poly(sodium 4-styrenesulfonate).
Finally, it was dried at ambient temperature. The prepared PDMS gutter layer without any

treatment had a CO» permeance of 1600 GPU and a CO»/N; permselectivity of 5.61.

2.4 Preparation and characterization of the self-standing IPN ion gel membrane
The mechanical strength, surface morphology, and CO> and N> permeability of the IPN
ion gel membrane prepared with the precursor solution with different dilution ratios were
evaluated using thick self-standing IPN ion gel membranes. The schematic illustration of
the preparation of the self-standing IPN ion gel membrane is shown in Scheme 1. The

precursor solution was poured into an open mold and placed in an oven at 50 °C for 24 h
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to roughly evaporate the diluent (acetone). Subsequently, the prepared self-standing IPN
ion gel membrane was dried completely on a hot plate at 70 °C for 24 h. The thickness of
the IPN ion gel membrane was determined by observing the cross-section of the
membrane using a digital microscope system (LEICA DMS300). The tensile strength of
the self-standing IPN ion gel was measured using a universal testing instrument (EZ-LX,
Shimadzu Co., Japan). The thickness of dumbbell-shaped IPN ion gel samples, measured
using the digital microscope system, was used to calculate the tensile stress. The tensile
strain was increased at the rate of 100 mm/min. The loading-unloading cyclic tensile test
was performed to evaluate the dissipated energy in response to the force application. In

the cyclic tensile tests, the strain increased by 0.5 mm/mm per cycle.

2.5 Preparation of the composite membrane with thin IPN ion gel layer

The thin-film preparation methods such as casting and roll-to-roll coating are simple
and easy for large-scale application. However, in the current stage of our research, it is
hard for us to prepare a large-scale composite membrane with a thin and defect-free ion
gel layer. The main target of this research is to confirm the CO, permeation performance
of the composite membrane with a thin and defect-free ion gel layer. Therefore, we
adopted a spin-coating method because it is a facile method to prepare a thin membrane
in a lab scale.

The CO> permeation performance of the thin IPN ion gel membrane was evaluated
using the composite membrane composed of thin IPN ion gel layer, PDMS gutter layer,

10
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and porous PTFE support. The schematic illustration of the preparation of the composite
membrane is shown in Scheme 1. The IPN ion gel precursor solution was spin-coated
onto the support membrane with PDMS gutter layer at the rotation speed of 1000 rpm for
20 s. In this study, just before the use, the PDMS gutter layer was pre-treated by the air
plasma for 2 s to improve the wettability of the precursor solution. After spin-coating the
precursor solution, the composite membrane was dried in an oven at 50 °C for 24 h. The
surface morphology and roughness of the IPN ion gel were measured using a laser
microscope (KEYENCE, VK-X3000). The thickness of the IPN ion gel layer was
measured using a field-emission scanning electron microscopy (FE-SEM JSM-7500F,
JEOL Ltd., Japan). To control the thickness of the IPN ion gel layer, the precursor
solutions with different dilution ratios were used. In addition, the precursor solution with
large IL content was used to increase the IL content of the IPN ion gel layer. The

compositions of the precursor solutions are shown in Table S1.

2.6 Evaluation of the gas separation performance

The CO2/N» separation performance of the IPN ion gel membranes (self-standing and
composite membranes) was evaluated using the sweep method with a permeation
apparatus described elsewhere [35, 46]. The feed gas was a mixture of 50/50 mol/mol of
CO2 and N». It was fed into the gas permeation cell at the constant flow rate of 200
mL/min. The sweep gas (Helium) was fed to the permeation side of the gas permeation
cell at the constant flow rate of 40 mL/min. The flow rates of the feed and sweep gases

11
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were controlled using a mass flow controller (Hemmi Slide Rule Co., Ltd., Japan). The
gas permeation test was conducted at 30 °C under atmospheric pressure. The
compositions of the permeated CO; and N> in the sweep gas, measured using gas
chromatograph (GC-8A, Shimadzu Co., Japan), were used to calculate the CO> and N>

permeances.

3. Results and discussion
3.1 Effects of dilution ratio of the precursor solution on the mechanical properties
and surface roughness of the IPN ion gel membranes

To prepare an ultra-thin ion gel layer, the ion gel should have a sufficiently high
mechanical strength and low surface roughness [45]. In this study, an ultra-thin ion gel
layer was prepared using a highly diluted precursor solution of the IPN ion gel. Prior to
the preparation and evaluation of the composite membrane with an ultra-thin IPN ion gel
layer, the effects of the dilution ratio of the precursor solution on the mechanical strength
and surface roughness of the IPN ion gel were investigated. Self-standing IPN ion gel
membranes were used for this investigation.

The mechanical properties of the IPN ion gels prepared using the precursor solutions
with different » values were evaluated through uniaxial tensile tests. It should be
mentioned that when the » values were higher than 12.8 g/g the prepared free-standing
IPN ion gels were too thin to be measured for the uniaxial tensile test. The stress-strain
curves of the IPN ion gels are presented in Fig. 1. As shown in Fig. 1, no clear dependence

12
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of the mechanical properties on the » values was found. To further confirm this result, the
Young’s modulus, fracture stress, fracture strain, and fracture energy of the IPN ion gels
were determined from uniaxial tensile stress—strain curves. At each » value, at least 4 ion
gel samples were measured and the average values of the Young’s modulus, fracture stress,
fracture strain, and fracture energy were calculated and presented in Fig. S1. The results
in Fig. S1 show that the mechanical properties are not dependent on the » value and
approximately the same. This indicates that the dilution ratio of the precursor solution

does not significantly affect the mechanical strength of the IPN ion gel.
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Fig. 1. Uniaxial tensile stress—strain curves of IPN ion gels as a function of the dilution ratio of the ion
gel precursor solution. 7 is the weight ratio of acetone to the sum of the IL and network precursors in
the precursor solution of the IPN ion gel. The IL content of the IPN ion gels was 80 wt.%.

Evaluating the surface roughness of the IPN ion gel prepared using a diluted precursor
solution is also essential. When an external force is applied to an ion gel thin film, the

stress 1s concentrated on the thin parts, leading the defect formation and making the ion
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gel break easily. To avoid the defect formation in an ultra-thin ion gel layer of the
composite membrane, the ion gel layer should have a low surface roughness. Therefore,
the effects of the dilution ratio of the precursor solution on the surface roughness of the
IPN ion gel layer were investigated.

In this investigation, the IPN ion gel layer was prepared on a glass plate using the spin-
coating method. The IPN ion gel precursor solution was spin-coated at a rotation speed
of 1000 rpm for 20 s, then dried in an oven at 50 °C for 24 h. The surface roughness of
the prepared IPN ion gel layer is presented in Fig. 2. As shown in Fig. 2(a), the arithmetic
mean height (S.) of the IPN ion gel thin layer decreases with increasing » values. A lower
Sa means that the gel surface is smoother. Therefore, when the dilution ratio of the IPN
ion gel precursor solution increases, the surface of the IPN ion gel layer tends to be
smoother (Fig. S2). The IPN ion gel layer prepared using the highly diluted precursor
solution with » equal to 24 g/g had a smooth surface, as shown in Fig. 2(b). This

characteristic is preferred for the preparation of a thin ion gel layer.

14
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Fig. 2. Effects of dilution ratios of precursor solution on the surface roughness of IPN ion gel
containing 80 wt.% of the IL. (a) Relationship between the arithmetic mean height (Ss) of the IPN ion
gel layer and the dilution ratio (r) of the precursor solution. (b) Surface morphology and roughness
curves in horizontal and vertical directions of the IPN ion gel layer prepared using the precursor
solution with r equal to 24 g/g.

3.2 Effects of dilution ratio of precursor solution on the gas permeation property of
IPN ion gel membranes

To develop a highly and selectively CO» permeable composite membrane with an ultra-
thin IPN ion gel layer, the ion gel layer should have high CO» permeability and high
CO2/N; selectivity. Regarding the CO; permeation property, it was concerned that the
dilution of the precursor solution of the IPN ion gel layer would affect to the CO>
permeability and CO2/N; selectivity. Therefore, the effect of the dilution ratio of the
precursor solution on the gas separation performance of IPN ion gel membranes was
investigated. In this investigation, the CO, and N> permeabilities were evaluated using
thick self-standing IPN ion gel membranes prepared from precursor solutions with
different dilution ratios. The results are presented in Fig. 3. As shown in Fig. 3(a), the

15
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COs permeabilities and CO2/N> selectivities are almost constant at different » values. This
indicates that the dilution ratio of the precursor solution does not significantly affect the
gas permeation property of the IPN ion gel. This result is preferable for the preparation
of ultra-thin IPN ion gel layers using diluted precursor solutions. Additionally, the CO>
permeance exhibits proportional relationship with the inversed thickness of the IPN ion
gel membrane (Fig. 3(b)). From the slope of the straight line in Fig. 3(b), the CO>

permeability of the IPN ion gel membrane was determined as 747.2 barrer.
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Fig. 3. CO, permeation properties of IPN ion gel membranes prepared using precursor solutions with
different dilution ratios. (a) Effects of dilution ratio on the CO> permeability and CO2/N»
permselectivity and (b) Relationship between the CO, permeance and inversed thickness of the IPN
ion gel membrane. The IL contents of the IPN ion gel membranes were 80 wt.%. The gas permeation

performance was evaluated at 30 °C under dry and atmospheric pressure condition.

3.3 Optimization of the gutter layer for the preparation of the composite membrane
As indicated previously, the IPN ion gel membrane provides the high mechanical
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strength, low surface roughness, and high and selective CO» permeability even when a
highly diluted precursor solution is used. Hence, subsequently, the composite membrane
composed of porous support membrane, PDMS gutter layer, and the thin IPN ion gel layer
was prepared using the highly diluted precursor solution of the IPN ion gel. The IPN ion
gel precursor solutions with different » values were spin-coated onto the PDMS gutter
layers of the support membranes to prepare the composite membranes. The IL content of
the IPN ion gel layer was 80 wt.%.

First, the composite membrane was prepared by spin-coating the precursor solution
onto the as-prepared PDMS gutter layer without any surface treatment. The gas
permeation performance of the composite membranes is presented in Fig. S3(a). The CO»
and N, permeances of the composite membrane increase with increasing r values, but the
CO2/N; permselectivity dramatically decreases as a result of severe defect formation, as
shown in Fig. S3(b).

It was considered that the defect formation was attributed to the poor wettability
between the surface of the as-prepared PDMS gutter layer and the precursor solution of
the IPN ion gel. As shown in Fig. 4, at the data point corresponding to a plasma treatment
time of 0 seconds, the contact angle of [Emim][Tf2N] on the as-prepared PDMS gutter
layer is very high (approximately 80°). Because the diluent (acetone) is highly volatile, it
was removed rapidly from the precursor solution after spin-coating onto the PDMS gutter
layer. The evaporation of the diluent caused the deterioration of the surface wettability,
resulting in the defect formation in the IPN ion gel layer. Therefore, to improve the
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wettability, the PDMS gutter layer was treated by air plasma before the formation of the
IPN ion gel layer. As shown in Fig. 4(a), the contact angles of not only the precursor
solution of the IPN ion gel but also [Emim][Tf2N] on the PDMS gutter layer effectively
decreased with increasing plasma treatment time. As shown in Fig. 4(b), even when the
plasma treatment was conducted at only 2 s, the visible defects disappeared. Therefore, it
is confirmed that the plasma treatment is effective in preventing the defect formation in
the thin IPN ion gel layer.

However, on the other hand, it is well known that the plasma treatment affects the gas
permeation performance of the PDMS gutter layer [45, 54]. Thus, to determine the
optimal plasma treatment time in terms of wettability and gas permeation property, the
effects of plasma treatment time on the CO; and N> permeation properties of the PDMS
gutter layer and composite membrane were evaluated. The results are presented in Figs.
4(c) and (d). Regarding the PDMS gutter layer, along with the increase in the plasma
treatment time, the CO, permeance decreased, but the CO2/N, permselectivity slightly
increased. This is because of the decrease in the free volume in the gutter layer caused by
the conversion of the polysiloxane structure into the SiOx structure following plasma
treatment [55-57].

It has been reported that the CO»/N> permselectivity of PDMS membranes is between
5 and 10 [58, 59]. Thus, the CO2/N» permselectivity of the PDMS gutter layers presented
in Fig. 4(d) indicates that no significant defects were formed in the PDMS gutter layer as
a result of the plasma irradiation. On the other hand, as for the composite membrane, the
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CO2/N; permselectivity significantly increases from 12 for the as-prepared membrane to
20 after 2 s of the plasma treatment. This improvement in the CO»/N> permselectivity of
the composite membrane was because no defects were formed in the IPN ion gel layer
fabricated on the plasma-treated PDMS gutter layer. When the plasma treatment time
exceeds 2 s, the CO2/N> permselectivity remains almost constant. Therefore, it was
determined that 2 s of the plasma treatment is sufficient to form the defect-free IPN ion
gel layer on the PDMS gutter layer. The CO; permeance of the composite membranes
monotonically decreases with increasing plasma treatment time. This is because the CO»
permeance of the PDMS gutter layer decreases with increasing plasma treatment time,
indicating that the diffusion of the dissolved gases in the PDMS gutter layer strongly
affects to the overall gas permeation of the composite membrane. Therefore, from the
perspective of CO; permeability, a shorter plasma treatment duration is preferable. Based

on these results, the optimal plasma treatment time of the PDMS gutter layer should be 2
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Fig. 4. Effects of the plasma treatment time on the PDMS gutter layer. (a) The contact angles of the
[Emim][TEN], acetone, and ion gel precursor solution on the PDMS gutter layer, (b) Surface
morphology of the composite membrane prepared on the PDMS gutter layer treated by air plasma for
2s, and (¢) CO, permeance and (d) CO2/N, permselectivity of the PDMS gutter layer and the composite
membrane. The precursor solution with » equal to 12.8 g/g was used. The weight percentage of the
IL/(polymers and IL) in the precursor solution and IPN ion gel was 80 wt.%. The gas permeation
performance was evaluated at 30 °C under dry and atmospheric pressure condition.

3.4 Gas permeation performance of the composite membrane with the thin IPN ion
gel layer prepared using highly diluent precursor solution

A composite membrane with the thin IPN ion gel layer was fabricated using the PDMS
gutter layer treated by plasma for 2 s, and the CO> and N, permeances and CO2/N»
permselectivities were evaluated. To prepare the composite membrane, the IPN ion gel
precursor solutions with different » values were used to control the gel layer thickness. It
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should be noted that when the » values were higher than 24 g/g, obvious defects were
formed on the surface of the ion gel layer. Thus the highest » value investigated in this
experiment was 24 g/g. The results of the gas permeation test are presented in Fig. 5. As
shown in Fig. 5(a), the CO; permeance effectively increases from 45 to 613 GPU as the
dilution ratio of the precursor solution increases. This monotonic increase would be due
to the decrease of the ion gel layer thickness. On the other hand, the CO»/N»
permselectivity decreases slightly with increasing dilution ratios. Although the decrease
in the CO2/N> permselectivity might be caused by the defect formation in the IPN ion gel
layer, the surface morphology of the IPN ion gel layer formed using the precursor solution
with » = 24 g/g was very smooth and free of defects (Fig. 5(b)). Thus, it was considered
that the defect formation in the IPN ion gel layer was not the reason of the decrease of the
CO2/N; permselectivity. The other possible reason for the decrease in the CO2/N»
permselectivity is the increment of the contribution of the PDMS gutter layer to total gas
permeation resistance of the composite membrane along with the decrease in the IPN ion
gel layer thickness. To assess the validity of this assumption, we conducted theoretical

investigation of the decline of the CO»/N» permselectivity.
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Fig. 5. CO; and N permeation performances of the composite membrane with plasma treated PDMS
gutter layer and IPN ion gel layer. (a) Effect of dilution ratio on the CO> and N> permeances and
CO2/N; permselectivity and (b) surface morphology of the composite membrane with the IPN ion gel
layer prepared using the precursor solution with r equal to 24 g/g. The PDMS gutter layer treated by
air plasma for 2 s was used. The IL content of the IPN ion gel layer was 80 wt.%.

The gas permeation performance of a composite membrane can be estimated using
resistance model [60]. The composite membrane fabricated in this study is composed of
a selective IPN ion gel layer (layer 1), a PDMS gutter layer (layer 2) and a porous PTFE
support membrane (layer 3). In these diffusion resistance layers, the gas transport

resistance of the porous support membrane can be ignored. Therefore, the permeance of

)
1

gas species through the composite membrane, denoted as R;tota1, can be expressed

by Eq. 1 [45].

1
R total = m (1)

+
Pi1  Ri»
Here R and P are the permeance and permeability, respectively. J§; is the thickness of the

[13%4]

IPN ion gel layer. The subscript “i” represents the gas permeate (i.e., CO2 or N2). The

subscripts “total”, “1”, and “2” represent the composite layer of the PDMS and IPN ion
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gel layers, IPN ion gel layer, and PDMS layer, respectively. The permselectivity of the

composite membrane, denoted as S;,t41, can be expressed by Eq. 2.

(e 2o)
S _ RCOz,tOtal _ PN2,1 RN2,2 (2)
total RNZ,total ( 51 + 1 )

Pco,1 Rco,2

From Egs. 1 and 2, Eq. 3 can be derived.

(3)

Rco,t R
— 2,total CO,,total
Stotal = Sl ’ (1 -

Rco,, 2 RN, 2

Here S isthe CO2/N; permselectivity of the IPN ion gel layer (S1 = Pco, 1/Pn,1 =27).
The CO; permeance Rco,, and N2 permeance Ry, , of the PDMS gutter layer treated
by plasma for 2 s were 1400 GPU and 238 GPU, respectively (See Figs. 4(c) and (d)).
Therefore, if both the ion gel layer and the gutter layer are defect-free, the relationship
between Rco, total aNd Sioral can be estimated using Eq. 3.

The estimated result is presented in Fig. 6 along with the experimental data shown in
Fig. 5(a). As shown in this figure, the estimated curve is in good agreement with the
experimental results. It is worth noting that the theoretically estimated CO2/N»
permselectivity of the composite membrane decreases with the increase in the CO»
permeance of the composite membrane Rco,total- In other words, the theoretical
calculation indicates that the permselectivity decreases with the increasing Rco, totals
even if the IPN ion gel layer has no defects. The reason for the decrease in the estimated
permselectivity is because the permselectivity of the PDMS gutter layer is as low as

approximately 6 (Fig. 4(d)) and the contribution of the PDMS gutter layer resistance to
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the total resistance becomes large with the increase in the IPN ion gel layer permeance.
Therefore, based on the analysis by the theoretical model (Eq. 3), it is strongly suggested
that the IPN ion gel layer formed on the plasma treated PDMS gutter layer were defect-
free. In other words, it is confirmed that a composite membrane with defect-free IPN ion

gel layer was successfully formed using a highly diluted precursor solution.
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Fig. 6. Theoretically estimated relationship between the CO2/N» permselectivity and the CO-
permeance of the composite membrane. The experimental data are also plotted to compare the
correlation between the estimated result with the experimental data. The composite membranes were
prepared by spin-coating the precursor solutions with different dilution ratios onto the PDMS gutter

layer treated by plasma for 2 s. The experimental results are the same as those shown in Fig. 5(a). The

estimated curve was calculated by Eq. 3.

The ion gel layer thicknesses of the composite membranes were measured using SEM
and are presented in Figs. 7(a) and 7(b). The thickness significantly decreases from 20

um to 600 nm when the r value increases from 1.6 to 24 g/g. This result indicates that
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increasing the dilution ratio of the precursor solution effectively reduces the thickness of
the IPN ion gel layer. To confirm the reliability of the thickness of the thin ion gel layer
formed using highly diluted precursor solution, we also conducted theoretical
investigation. Based on Egs. 1 and 2, we can estimate the CO» permeance and CO2/N»
permselectivity of the composite membrane with the ion gel layer with different thickness
01. The relationships between the CO, permeance and CO»/N; permselectivity, and the
ion gel layer thickness are presented in Figs. 7(c) and 7(d). In the calculation, it was
considered that both the ion gel layer and gutter layer are defect-free. In addition, it is
considered that the gas permeabilities of the IPN ion gel layer are independent on the gel
layer thickness, because the IPN ion gel membrane is not a facilitated transport membrane.
The CO> and N> permeabilities of the IPN ion gel layer were respectively fixed at 747.2
barrer and 27.67 barrer, which were determined for the self-standing thick ion gel
membranes (see Fig. 3). The CO; and N> permeances of the PDMS gutter layer were
respectively fixed at 1400 and 238 GPU (see Figs. 4(c) and 4(d)). In Figs. 7(c) and 7(d),
the experimentally determined CO> permeances and CO»/N, permselectivities of the
composite membranes shown in Figs. 7(a) and 7(b) are plotted, respectively. The
estimated results are in good agreement with the experimental data, indicating that the
thicknesses of the IPN ion gel layers measured in Figs. 7(a) and 7(b) are reasonable.
Therefore, it is confirmed that a composite membrane with an ultrathin and defect-free

IPN ion gel layer can be successfully formed using a highly diluted precursor solution.
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464  Fig. 7. The IPN ion gel layer thickness of the composite membrane. SEM images of the cross section
465  of the composite membranes with the IPN ion gel layer prepared using the precursor solution with »
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470  parts (c) and (d) were calculated from Egs. 1 and 2, respectively.

471

472 3.5 Gas permeation performance of the composite membrane having thin IPN ion
473  gel layer with high IL content

474 Reducing the thickness of the IPN ion gel layer is an effective method for increasing

26



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

the CO; permeance of the composite membrane. On the other hand, increasing the CO»
permeability of the ion gel layer is another promising method for increasing the CO»
permeance of the composite membrane. The gas permeability of the IPN ion gel
membrane can be increased by increasing the IL content [51]. Therefore, to improve the
gas permeation performance of the composite membrane, the IL content of the IPN ion
gel layer was increased from 80 to 90 wt.%. The effect of the IL content of the IPN ion
gel layer on the gas permeation performance of the composite membrane is presented in
Figs. 8(a) and (b). As shown in Fig. 8(a), the CO, permeance of the composite membrane
effectively increases with the increasing IL content and dilution ratio. In contrast, the
CO2/N; permselectivity decreases with the increasing IL content and the dilution ratio
(Fig. 8(b)). The effects of the dilution ratio on the CO, permeance and CO2/N>
permselectivity are the same as those for the composite membrane having the IPN ion gel
layer with the IL content of 80 wt.%.

Regarding the effect of the IL content on the CO; permeance, the CO> permeance of
the composite membrane increases due to the increase in the CO, permeability of the IPN
ion gel layer with the increasing IL content. The CO2/N> permselectivity decreases with
the increasing IL content when the » value was over 12.8 g/g. This decrease was caused
by the increasing contribution of the PDMS gutter layer resistance to the total resistance
as a result of the increasing CO, permeability of the IPN ion gel layer (Eq. 3). The
experimental CO»/N> permselectivities and the CO» permeances of the composite
membranes with different IL contents prepared using the precursor solutions with
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different dilution ratios were compared with those estimated using Eq. 3 (Fig. 8(c)). The
results clearly show that the experimental and theoretically estimated results are in good
agreement. The good agreement indicates that the formed IPN ion gel layer with 90 wt.%
of the IL content had no defect, which was also confirmed by the surface observation of
the composite membrane (Fig. 8(d)). Therefore, it is demonstrated that increasing the IL
content of the IPN ion gel layer is effective in increasing the CO> permeance of the
composite membrane.

The thickness of the gel layer with 90 wt.% IL could be determined from the
experimental result and Eq. 1. The CO> permeance of the composite membrane having
the IPN ion gel layer with 90 wt.% of the IL were 778 GPU (Fig. 8(a)). In our previous
work, we determined the CO; permeability and the CO»/N» permselectivity of the self-
standing IPN ion gel membrane with 90 wt.% of the IL as 1116 barrer and 27, respectively
[51]. The CO; permeance of the plasma treated PDMS gutter layer was 1400 GPU (Fig.
4(c)). Using these values and Eq. 1, the thickness of the IPN ion gel layer of the composite
membrane having the IPN ion gel layer with 90 wt.% of the IL was determined to be 600
nm. In addition, long-term stability test of the composite membrane was performed. The
result is presented in Fig. 9. As shown in Fig. 9, the composite membrane with the very
thin ion gel layer exhibited a good long-term stability. Thus, it was confirmed that an
ultra-thin IPN ion gel layer having sufficient stability was successfully prepared even if

the IL content in the gel layer was 90 wt.%.
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Fig. 8. Effect of the IL content of the IPN ion gel layer on the (a) CO, permeance and (b) CO2/N;
permselectivity of the composite membranes prepared using the precursor solution with different
values. The PDMS gutter layer treated by plasma for 2 s was used to prepare the composite membranes.
(c) Comparison between the experimental data and the theoretically estimated relationship between
the CO2/N; selectivity and the CO» permeance of the composite membranes with the IPN ion gel layer
having different IL contents. The estimated line was calculated by Eq. 3. (d) Surface morphology of
the composite membrane having the IPN ion gel layer with 90 wt.% of the IL prepared using the
precursor solution with » equal to 24 g/g.
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Fig. 9. Long-term stability of the IPN ion gel-based composite membrane. The IPN ion gel layer was
prepared using the precursor solution with » equal to 24 g/g. The PDMS gutter layer treated by air
plasma for 2 s was used. The IL content of the IPN ion gel layer was 90 wt.%. The gas permeation

performance was evaluated at 30 °C under dry and atmospheric pressure condition.

Using the determined thickness and the CO> permeability of the IPN ion gel layer, the
CO; permeance of the IPN ion gel layer was calculated to be 1860 GPU. The CO>
permeance of 1860 GPU and the CO2/N; permselectivity of 27 of the IPN ion gel layer
are higher than those of the gutter layer (1400 GPU and 6, respectively). This means the
insufficient CO> permeance of the PDMS gutter layer severely restricted the total CO»

separation performance of the composite membrane.

3.6 Estimation of the CO:2 permeation performance of the composite membrane with
a high-performance gutter layer

As mentioned above, the CO» permeance of the gutter layer considerably affects the
overall CO, permeance of the composite membrane with a highly CO, permeable thin
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IPN ion gel layer. Unfortunately, in the current stage, because it is difficult for us to
prepare a highly CO> permeable gutter layer, the highest CO> permeance of our developed
composite membrane was 778 GPU, which is still less than 1000 GPU. However, in
recent years, the development of gutter layers has been progressing, and some state-of-
the-art gutter layers have very high CO; permeance of even over 8000 GPU while the
CO2/N; permselectivity could be maintained from 7 to 11 [53, 61-69]. If a high-
performance gutter layer could have been used to prepare our proposed composite
membrane, there is no doubt that the CO» permeance of the composite membrane with
the best IPN ion gel layer developed in this work should be very high. Here, we estimated
the performance of the composite membrane with high performance gutter layer.

Fig. 10 presents the effects of the IPN ion gel layer thickness on the CO> permeance
and CO2/N; permselectivity of the composite membrane composed of the gutter layer
with different CO2 permeance and the IPN ion gel layer containing 90 wt.% of the IL.
The CO> permeance and the CO»/N» permselectivity of the composite membrane could
be effectively improved by increasing the CO» permeance of the gutter layer. If the CO»
permeance of the PDMS gutter layer is greater than 5000 GPU, then the CO, permeance
and CO2/N2 permselectivity of the composite membrane with an experimentally achieved
IPN ion gel layer with thickness of 600 nm could be more than 1355 GPU and over 22,
respectively. These performances satisfy the requirement of the CO; capture for the flue
gas from the coal-fired power plant (>1000 GPU CO, permeance and >20 CO»/N>
permselectivity [5]).
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Fig. 10. Effect of gel layer thickness on the CO, permeance and CO2/N; permselectivity of the
composite membrane composed of the gutter layer with different CO, permeance and the IPN ion gel
layer containing 90 wt.% of the IL. (a) CO, permeance estimated by Eq. 1 and (b) CO»/N»
permselectivity estimated by Eq. 2. For the calculation, the CO, permeability and CO2/N»
permselectivity of the IPN ion gel layer were fixed at 1116 barrer and 27, respectively. The CO2/N;
permselectivity of the PDMS gutter layer was fixed at 11.

Furthermore, using a CO»-philic ionic liquid is another effective way to improve the
performance of the composite membrane. For example, 1-ethyl-3-methylimidazolium
tetracyanoborate ([Emim][B(CN)4]) is a promising ionic liquid. It was reported that the
supported ionic liquid membrane (SILM) with [Emim][B(CN)4] had the high CO
permeability of 2040 barrer and CO»/N; selectivity of 53 [70]. If a [Emim][B(CN)4]-
based thin IPN ion gel layer (600 nm) with the similar CO; separation performance to the
SILM can be formed on the PDMS gutter layer with 5000 GPU of the CO» permeance
and 11 of the CO2/N; selectivity, it can be estimated that the composite membrane could
have 2000 GPU of the CO, permeance and 36 of the CO»/N; selectivity. In accordance
with the simulated result by Merkel ef al. [5], the performance of this hypothetical
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membrane is sufficient for the feasible process design of a CO; capture from a coal-fired
power plant exhaust gas. Thus, it can be considered that the ion gel-based composite
membrane has the potential to be used for the CO; capture application. However, it is true
the CO»/N; permselectivity of the composite membrane (36) is still insufficient to recover
the permeate with high CO; purity (e.g. more than 90%) at more than 90% of CO:
recovery. In other words, to establish an efficient carbon capture and storage (CCS)
system, a single-stage process using the hypothetical ion gel-based composite membrane
would be still insufficient; i.e. a multi-stage membrane process or a hybrid process
combining the membrane unit with another separation unit such as a cryogenic distillation,
absorption, or adsorption unit should be considered. Considering CCS, single-stage
membrane process would be insufficient, but still using high performance CO» separation
membrane is meaningful. Using a high performance CO, separation membrane enables
to reduce the total cost of the CO; capture process.

As mentioned above, many opportunities to improve the CO; separation performance
of the IPN ion gel-based composite membrane still remain. It is expected that the
optimization of the gutter layer and ion gel layer would provide feasible and desirable

CO, separation membranes for the practical CO, separation process.

4. Conclusion
A composite membrane with an ultra-thin (thickness of 600nm) and defect-free IPN
ion gel layer was prepared on a PDMS gutter layer via spin-coating. The thickness of the
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IPN ion gel layer was significantly reduced from 20 um to 600 nm by increasing the
dilution ratio of the IPN ion gel precursor solution. Based on the high mechanical strength
and good IL holding property of the IPN ion gel, the ultra-thin and defect-free IPN ion
gel layer with up to 90 wt.% of the IL was successfully prepared. The CO; permeance of
the composite membrane was effectively improved from 45 to 778 GPU by decreasing
the thickness and increasing the IL content of the IPN ion gel layer. Through theoretical
analysis, it was confirmed that the CO; permeance and the CO>/N3 selectivity of the [PN
ion gel layer with the thickness of 600 nm and the IL content of 90 wt.% were determined
as 1860 GPU and 27, respectively. The estimation of the CO; separation performance of
the composite membrane with a high-performance gutter layer and the IPN ion gel layer
indicated that the IPN gel is a good optional material as a selective layer of a composite

membranes for efficient CO» separation.
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