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Chapter 1

Chapter |
General Introduction

[-1 Carbon dioxide (CO2) emission

Due to the rapid development of industry and the massive use of fossil fuels, the emission of
greenhouse gases (GHGs), especially CO», is rapidly increasing. The large amount of CO» emissions
would cause a series of problems to the ecological environment such as global warming, glaciers
melting, sea levels rising, etc., and even threatens the survival and development of human beings [1-
5]. Power plants using fossil fuels such as coal and natural gas are the largest source of carbon dioxide
emissions. In 1850, global CO; emissions from fossil fuels is 0.197 billion tons, and the number in
2020 is sharply raised to 34.81 billion tons [6]. The results from the recent Intergovernmental Panel
on Climate Change (IPCC) reports suggested that the CO2 emissions should be reduced by 55% before
2030 in order to limit the increase of the global temperature within 1.5 °C [7, 8]. To prevent further
damage to the environment caused by CO; emissions, the development of efficient and stable carbon

capture technologies has attracted widespread attention [9].

[-2 CO2 capture technology

I-2-1 COz2 capture system

The carbon capture can be divided into three systems according to different fuel combustion process:
the pre-combustion CO: capture system, the oxy-combustion CO» capture system, and the post-
combustion CO; capture system [10-13]. The fossil fuel, water vapor and oxygen (O2) could react to
generate hydrogen (Hz) and CO,, CO» generally accounts for 15-60% of the volume in the mixture.
The separation of the CO» from this CO2/H, mixture was called pre-combustion CO; capture. As for
oxy-combustion system, O is used instead of air to support the combustion of the fuel, and the products
are the flue gas with water vapor and high concentration of CO2 (over 80% of the volume). The gas
separation in this process 1s oxy-combustion CO; capture. The post-combustion CO> capture is that
separating the CO» from the flue gas produced by the combustion of the primary fuel in air. The flue
gas produced in this process is mainly composed of CO» (typically 3-15% by volume) and No.

1
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I-2-2 COz2 separation method

At present, the most widely used CO> separation methods mainly include absorption method,
adsorption method, and membrane separation method [5, 9, 14].

The absorption method realizes the separation of CO2 due to the different solubility of the CO; and
other gases in the absorbent. Absorption is currently one of the most mature CO» separation methods
in industries [9, 15], and can be operated in either physical or chemical way. Physical absorption is
generally carried out under high pressure and low temperature conditions, and desorption is carried
out by means of decompression or heating. The process does not involve any chemical reactions and
is normally governed by Henry’s law [16, 17]. Typical physical CO; absorbents are pyrrolidone,
propylene carbonate, methanol, N-methylpyrrolidone, etc [18, 19]. For the chemical absorption
method, the absorbed gas could react with the absorbent. The reaction will effectively reduce the partial
pressure of the absorbed gas on the surface of the absorbent and generate a strong driving force to
promote the absorption of the gas thus improving the absorption efficiency. Typical chemical CO;
absorbents include monoethanolamine (MEA), diethanolamine (DEA) and potassium carbonate, etc
[5, 20]. The absorption method is a well-established separation method with high CO; capture
efficiency, but the use of absorbents containing amines has serious disadvantages, such as the
formation of corrosive by-products from amine degradation and the associated environmental
problems caused by the evaporation of volatile amines. The high energy consumption for the solvent
regeneration also restricts its development [21-23].

Adsorption is another commonly used CO» separation method, and the principle is based on the van
der Waals forces between adsorbate and adsorbent molecules [24-26]. Due to the intermolecular van
der Waals forces, the gas to be captured can be immobilized on the adsorbent with a porous structure.
Commonly used CO; adsorbents include calcium oxide, zeolite, carbon-based materials (activated
carbon, carbon nanotubes, carbon nanofibers, graphene) and molecular sieves, etc [23, 27, 28]. The
practical application of currently developed and proposed adsorption technologies is mainly limited
by the problems such as insufficient CO capacity and high cost [29, 30].

Membrane separation is a technology that uses the selective permeability of the gases through the
membrane to separate CO; from other gases. The separation process is shown by a schematic

illustration in Figure I-1. Due to the outstanding advantages such as low energy consumption, low cost,



Chapter 1

simple process, small footprint, and less pollution, membrane separation method has attracted

extensive attention [31].

o .
N,yH.@ Q@ 99
QO

o
oL, o @

Feed side Permeation side

Membrane

Figure I-1. Schematic illustration of the membrane separation method for CO> separation.

[-3 CO- separation membrane

Currently, CO> capture from the flue gas in cogeneration power plants mainly use chemical
absorption such as amine solutions at a cost of about $40 — $100/ton CO». Merkel et al. estimated the
gas separation performance needed for membrane separation methods to replace the existing chemical

absorption methods [32]. As shown in Figure I-2, the minimum CO> permeance of 1000 GPU (1 GPU
= 3.35x107'° mol/(m?-s-Pa)) and CO2/N, permselectivity of 20 are needed to reduce the cost to 40

$/ton CO; or less. However, most of the membrane materials currently developed still cannot meet the
requirements of industrial applications. Development of high-performance CO> separation membrane

materials thus is the major focus of the researches in membrane separation field [33].
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Figure 1-2. Effect of the CO2/N; selectivity and the CO, permeance of membranes on the cost of

capturing 90% of the CO> from flue gas using membrane separation method [32].

Based on membrane materials, CO; separation membranes usually can be classified as polymeric

membranes, inorganic membranes, and polymer-inorganic hybrid membranes.

[-3-1 Polymeric membrane

Polymeric CO; separation membranes have the advantages of low cost, easy mass production and
good membrane formation performance. Polymeric CO> separation membranes include glassy
polymer membrane and rubbery polymer membrane. Glassy polymer membranes possess high gas
permselectivity and high mechanical strength, but generally exhibit low gas permeability. Additionally,
the gas separation performance of glassy polymer membranes is easily limited by plasticization and
aging problems. Commonly used glassy polymer membrane materials for gas separation are polyimide
(PI), cellulose acetate (CA), polycarbonate (PC), polyacetylene, and polyethersulfone (PES), etc. The
properties of the rubbery polymer membrane are opposite to that of the glassy polymer membrane.
The rubbery polymer membrane usually has high gas permeability, but its gas permselectivity is
generally low. This difference between glassy and rubbery polymeric membranes is related to the
flexibility of the polymer segment. The rubbery polymer membrane materials for gas separation
include polydimethylsiloxane (PDMS), polyoxyethylene, polyether block amide (Pebax), etc.

However, polymer membranes are constrained by the trade-off restriction between membrane
4
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permeability and selectivity, i.e., increased gas permeability is accompanied by decreasing gas
permselectivity, and increased gas permselectivity is accompanied by decreasing gas permeability. The
trade-off theory was first proposed by Robeson in 1991 and the Robeson upper bound diagram was

developed through extensive statistical analysis as shown in Figure I-3 [34, 35].

1000

100

ALPHA
CO./N
22

0.0001 0.01 1 100 10
P(COQ) Barrers

Figure I-3. Robeson upper bound of polymeric membranes for CO2/N; separation in 2008 [34].

[-3-2 Inorganic membrane

Inorganic membranes are prepared using inorganic materials. The widely studied inorganic
membrane materials for gas separation include zeolites, ceramics, metal organic frameworks (MOFs),
carbon molecular sieves, graphene oxide, etc.

Inorganic membranes have the advantages such as good physical and chemical stability, high
mechanical strength, high resistance to acid and alkali, wide operating temperature and pressure range.
In addition, the inorganic membrane is not limited by the trade-off effect between the gas permeability
and gas permselectivity as the polymeric membranes. Therefore, compared with polymeric membranes,
inorganic membranes can be used in harsher environments and usually exhibit higher CO> separation
performance. However, the inorganic membrane also has some significant disadvantages, such as high
brittleness, poor processability and high cost, which make it difficult to be applied in the mass

production.
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I-3-3 Polymer-inorganic hybrid membrane

The polymer-inorganic hybrid membrane is fabricated by introducing the inorganic fillers into the
polymer matrix, also named as mixed matrixed membranes (MMMs). The good processability of
polymeric membranes could be maintained in the polymer-inorganic hybrid membrane. In addition,
the introduced inorganic fillers could improve the mechanical properties and increase the gas
separation performance of the composite membranes. However, some problems of the polymer-
inorganic hybrid membranes such as high costs, difficulties in mass production, and interfacial defects

between polymer matrix and inorganic fillers still should be addressed before practical application.

I-4 lonic Liquids (ILs)-based membrane
I-4-1 ILs

ILs are non-volatile and thermally stable liquid salts consisting of organic cation and various kinds
of anions (Figure I-4). In 1914, Paul Walden synthesized the earliest ionic liquid, ethyl ammonium
nitrate [36]. Since then, the investigations of ionic liquids have grown significantly, with applications
in biology, electrochemistry, physical chemistry, engineering, solvents, and catalysis, etc. ILs own the
characteristic properties of non-volatility, high thermal and chemical stability, tunable molecular
structures and properties. In 1999, Blanchard et al. reported that CO» could be effectively dissolved in
some ILs [37]. This discovery started the application of ILs in the field of CO; separation, and offered

a new alternative material for the preparation of high-performance CO, separation membranes.
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Cations

/\ _R, N+/ \\_/ Q O O Ho/\/l<

\_/ N
/ \Rn
[R,mim]* [R,mthiaz]* [Rymiriaz]* [R.pyl* [anpyrr [R,mpip]* [Ch]*
R, R,
N N* Ry N N— N N N N N R,—P*—R, R,——N*—R,
Rn er
Rn[mim]2+ [(N11)ZCH]+ [(NH‘I)ZN]+ [Pm,n,o,p]+ [Nm,n,o,p]+
Anions
| | i
o = AN CaFs | _~C2Fs -
\\S/N\ //0 Cst\ //0 0\\S CoFs |< F/T\F F_||3_|:
~
[NTf,] [BETIT [PFS] [FAP] [BF,I
0
I i i
HoN
e \ // R,—S—O P R ? OH
Ry n n
// \ ” Rn\o/ |\o/
o o R, o R,
RSO, RSO, [R\R,PO,I [R,COOT [R,.NH,COO]
N
|N| Il
N N=—B—=N N .
¢-
S—C=—7/N N// \\N N/// \N |I\I| \ /
[SCNJ [N(CN),I [C(CN),] [B(CN),I [2-CNpyr]
Cl Cl Cl Cl
| 2 | 2- cl_|s.ci -
) ) Cl—Co—clI Cl—Mn—cClI o /G|d\ Cl—Fe—cClI
Br Cl cl Ci Cl Ci
[Br [CI) [CoCl, )= [MnCl, = [GdCIg)* [FeCl,]

Figure I-4. Cation and anion chemical structures and abbreviations of ILs for CO; separation [38].

[-4-2 Supported ionic liquid membranes (SILMs)

SILMs is one of supported liquid membranes, normally fabricated by impregnating the IL into a
porous support membrane. Since 2002, Scovazzo et al. had been systematically investigating the
SILMs for CO» separation, and the prepared SILMs displayed high CO> permeability [39-41]. The

preparation of SILMs is simple and the CO» separation performance of the SILMs could be easily
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tuned by changing the type of ILs. But the poor stability is the main problem that restricts the
application of SILMs. Especially at high transmembrane pressure, the IL would be pushed out from
the pores of the support membrane. Due to this issue, some research efforts have been devoted to other

forms of IL-based membranes.

[-4-3 Poly (ionic liquid) (PIL) membrane

In 2005, Tang et al. first reported a new material which was fabricated by the polymerizable IL
monomers and showed high CO; sorption capacities, named poly (ionic liquids) (PILs) (Figure 1-5)
[42, 43]. PILs provide a new option to applied the IL for gas separation, and overcome the problem of
the poor stability of SILMs. Bara et al. fabricated a series of PILs and fabricated them into membranes
for CO2/N; separation and CO»/CHj4 separation [44, 45]. Early developed PIL membranes have lower
CO; permeability compared to SILMs. Therefore, based on the neat PIL membrane, the PIL/IL
composite membrane [46], PIL copolymer membrane [47] and PIL/IL/inorganic particle mixed matrix

membrane [48] are developed to improve the mechanical strength and gas separation performance of

LT

_ BF4
BF4
+
/ / \
:BF, P[VBBI[BF] e: P[MABI|[BF
a: PIVBTMA[BF,] b: PIMATMAI[BF] ¢ ' HIBFd & PIVABIEE
d: TEN™  P[VBBI[TEN]

PIL membranes.

Figure I-5. Chemical structures of some poly (ionic liquids) (PILs) [42].

I-4-4 lonic liquid gel (ion gel) membrane
Ion gel membrane is normally formed by a small amount of three-dimensional networks and a large

amount of an IL (Figure 1-6). Due to the high IL content of ion gels, the CO> permeability of ion gel
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membranes could be comparatable or even higher than that of SILMs. The solid state endows ion gel
membranes with the better stability under the high pressure and the long-time operation for CO»
separation compared with SILMs. In addition, the physicochemical properties and gas separation
performance of ion gel membranes could be tuned by changing the type of ILs. Some ion gel

membranes containing CO»-phlic ILs could easily exceed the Robeson upper bound [49, 50].

lonic liquid gel (lon gel)

Figure I-6. Photographs and schematics of an ionic liquid and ion gel.

[-5 Challenges of ion gel membrane for CO- separation

The ion gel membranes combine the good stability of PIL membranes and the high gas permeability
of SILMs. But there are still some challenges that restrict the development of high-performance ion
gel membanes.

The poor mechanical property is the major challenge for the application of ion gel membranes in
the current stage. Different from polymeric membranes restricted by the trade-off restriction between
the gas permeability and gas permselectivity, ion gel membranes show a trade-off between the gas
permeability and mechanical strength (Figure I-7). On the one hand, the polymer network could be the
resistance for gas transport. Hence, the gas permeability of ion gel membranes could be effectively

increased by increasing the IL content. On the other hand, however, the mechanical strength of ion gel
9
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mambrens would dramatically decrease when the IL content increases. Therefore, to obtain high gas
separation performance, ion gel membanes with good mechanical properties should be developed.
Several strategies has been proposed to improve the mechanical strength of ion gels, whichs will be

presented in the next section.

80 60 402 0 IL content
1000 s— —t—t - wt%)
1004
(. 3
(] ]
5 101
) -
@
> ]
= 13
e -
g A
- 3
ch’ ]
] Solubility control Diffusion control
0.001 T lll"": T '|||'”= ! ""'”} T 1T rrrrm
1 10 100 1000 10000

Young's modulus (MPa)

Figure I-7. Correlation of gas permeability and Young’s modulus of ion gel membranes containing

different IL contents [51].

To reduce the gas transport resistance through ion gel membranes and achieve high gas permeance,
ion gel membanes should be made into a thin film. However, preparation of thin ion gel membranes is
also restricted by the low mechanical strength of ion gels. It is hard to develop a thin ion gel membrane
strong enough to hold a large amount of an IL. In addition, the polymer network of many ion gels are
formed from volatile raw materials or the polymerization of monomers that can only be performed in
a closed space, making the ion gels can hardly be prepared by conventional thin-film preparation
method normally conducted in an open space. Restrected by such difficulties, the thin ion gel

membranes has rarely been reported.

10
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[-6 Tough ion gels

As described in last section, the weak mechanical strength is a big challenge for the preparation of
high-performance ion gel membranes. Therefore, the development of tough ion gels has drawn lots of
attention and been extensively investigated in recent years.

Several strategies have been carried out to fabricate tough ion gels with well-designed polymer
networks. Polymer networks of some tough ion gels are shown in Figure 1-8. Fuijii et al. prepared a
tough ion gel consisting of the homogeneous tetra-arm poly(ethylene glycol) (tetra-PEG) cross-linking

network as shown in Figure 1-8(a) and an IL. The Tetra-PEG ion gel membrane with IL content of 94
wit% showed a high CO, permeability of 877 barrer (1 barrer = 3.35x10°2¢ mol-m/(m?-s-Pa)) [52, 53].

Lodge et al. introduced a self-assembled triblock copolymer network as shown in Figure 1-8(b) into an
IL and the fabricated ion gel membranes exhibited good toughness and high CO: separation
performance [47, 54-58]. Some other tough ion gels were developed based on the double-network (DN)
principle [59, 60], such as DN ion gels containing organic/organic double network as shown in Figure
1-8(c) [49, 50, 61-65] and DN ion gels containing inorganic/organic double network as shown in Figure
I-8(d) [66-70]. For example, Kamio et al. developed an inorganic/organic double-network ion gel
membrane with excellent mechanical properties, and the CO. permeability of the ion gel membrane
effectively increased from 146 to 1380 barrer when the IL content was increased from 51 to 95.2 wt%

[71]. Overall, tough ion gels have proven to be an excellent membrane material for gas separation.

1
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(a) (b)

ABA triblock
copolymer network

Tetra-PEG network

Organic/organic Inorganic/organic
double network double network

Figure I-8. Schematic illustration of (a) tetra-PEG network, (b) ABA triblock copolymer network [55],

(c) organic/organic double network (DN), and (d) inorganic/organic double network (DN) [68].

[-7 Gas transport through an ion gel membrane

I-7-1 Solution-diffusion

In general, gas transport through a dense membranes is mainly dominated by the solution-diffusion
mechanism [33]. The gas transport through an ion gel membrane is also governed by the solution-
diffusion mechanism [72]. The schematic illustration of gas permeation through an ion gel membrane
governed by solution-diffusion mechanism is shown in Figure 1-9. The gas is first absorbed by the IL
in ion gel membranes from the feed gas side. For the ionic liquid with no functional group which can
react with the gas species, the gas absorption isotherm follows the Henry’s law [73]. Then the gas
diffused through the ion gel membrane to the permeation side under the action of the concentration
difference, and desorbed on the membrane surface of the permeation side. The diffusion process of gas

in the ion gel membrane follows the Fick’s law [74, 75].

12
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Membrane

Figure I-9. Schematic illustration of gas permeation through an ion gel membrane governed by

solution-diffusion mechanism. C; feeq, Ciperm are the dissolved gas concentrations of gas i at the
membrane surfaces of the feed side and permeation side, respectively. pjfeed> Piperm are the partial

pressures of gas i in the feed side and permeation side, respectively.

I-7-2 Permeance, permeability and selectivity
According to Fick’s law, the flux (J;; unit: mol/(s-m?)) of gas i transporting through an ion gel
membrane could be expressed by Equation I-1.

Ci,feed - Ci,perm ACi

. =D - =D, — [—-1
Ji i 5 S ( )

Cifeed> Ciperm are the dissolved gas concentrations (mol/m®) of gas i at the membrane surfaces of the

feed side and permeation side, respectively. § is the membrane thickness. D;i (unit: m?/s) is the

diffusivity coefficient of gas i through the ion gel membrane.
Gas permeance (R;; unit: 1 GPU = 3.35x10°'? mol/(m?-s-Pa)), which indicates the gas permeation

rates through a membrane, is defined as the gas flux per unit trans-membrane pressure and could be
expressed as Equation I-2.

o D; AC,  D; AG i-2)
' Pifeed — Piperm 6 6 Api

Difeed and pjperm are the partial pressures of gas i in the feed side and permeation side, respectively.

13



Chapter 1

Gas permeability (Pi; unit: 1 barrer = 3.35x107' mol - m/(m?- s - Pa)) is the gas permeance normalized

by the membrane thickness. Permeability is usually used to indicates the gas permeation ability of

membrane materials. The calculation of gas permeability could be expressed by Equation 1-3.

AG;
Pi=Rix5=Di-A—Pf (1-3)
1

ACi/AP; is the gas solubility coefficient (Si; unit: mol/(m?- Pa)), therefore, this equation could be

updated to Equation 1-4.
Py =D;-S; (I-4)
Another important parameter of the gas separation membrane is the gas permselectivity (o), which
indicates the selective permeability of gas i over gas j. The gas permselectivity could be calculated by

Equation I-5.

R;
iy =5 =

R;

d 1-5)
P

I-7-3 Theoretically estimation about the effect of the IL content on the gas permeability of an
ion gel membrane

The gas permeation through an ion gel membrane is governed by the solution-diffusion mechanism.
Therefore, the CO, permeability (P) of an ion gel membrane can be calculated using the solubility
coefficient (S) and the diffusivity coefficient (D) of CO- in the ion gel membrane. The diffusivity

coefficient of CO in an ion gel membrane can be estimated using Ogston’s model (Equation 1-6) [76].
R 2
D = D, X exp (—anLng x(£+1) x (p) (1-6)

where Dy is the diffusivity coefficient of the gas molecules (COy) in the IL; z is the average number
of rods (polymer chains) per unit volume; L, and Ls are respectively the half-lengths of the rod in the

long and short axis directions; d is the radius of the particle (CO2 molecule); and, ¢ is the volume

2
fraction of a rod. The 3, L1, Ls, and d are constants; therefore, 2mzL, L% X (Li + 1) in Equation 1-6

can be replaced by a constant K:

D =D, X exp(—K X ¢) aT-17
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Subsequently, the solubility coefficient (S) can be obtained by dividing the molar amount of the
absorbed CO> in the ion gel (nco,ge1) by the volume of the ion gel (Vger). In an ion gel, the IL can

absorb while the polymer network can hardly absorb CO>; hence, S can be described as follows:

SiLX(Vgerx(1—¢)
5 = neouget _ st _ Sw(VgexC=0) _ o s (1-8)

Vgel Vgel Vgel
where Sy is the solubility coefficient of CO- in the IL, and V. is the volume of the IL in the ion gel
membrane.

According to Equation I1-4, Equation I-7, and Equation I-8, the CO, permeability (P) of the ion

gel membrane can be described as follows:
P =Dy Xexp(—K X @) x5, x(1—¢) (1-9

The diffusion coefficient (Do) and Henry’s law constant of CO2 in pure ILs could be obtained
from experiments. The Si. can be calculated from Henry’s law constant. When the IL content of the
ion gel (1 - ) is increased, the theoretical CO permeability of ion gel membranes can be estimated
to be increased. When the IL content (1 - ¢) approaches to 100 wt%, the gas permeability of the ion

gel membrane would approach to the theoretical maximum CO- permeability as D, X S;;.

I-7-4 Thin film composite (TFC) membrane with a selective ion gel layer

Ion gel membranes could accommodate a large amount of an IL which usually leads to high CO»
permeability. However, according to Equation 1-2, to obtain high CO, permeance for high gas
separation efficiency of ion gel membranes, the thickness of the ion gel membrane should be reduced
to decrease the gas transport resistance. TFC membrane, normally composed of a porous support
membrane, an intermediate layer (gutter layer), and a selective layer, is a good preparation form of
thin membrane. The gutter layer is usually an intermediate layer with high gas fluxes and used to
prevent the precursor solution from penetrating into the support membrane pores during the
preparation of the selective layer.

The gas separation performance of the composite membrane, consisting of a selective ion gel layer
(layer 1), a dense gutter layer (layer 2) and a porous support membrane (layer 3), could be estimated

by the classical resistance models [69, 77-79]. The structure of the composite membrane was shown
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in Figure I-10.

1
|
1 A
1
1
1

Porous support layer

Selective Iayer'
Gutter layer

Figure I-10. Structure of composite membrane composed of an ion gel layer, a gutter layer, and a
porous support layer. Ci1, Ci2, and Ci3 are the dissolved gas i concentrations at respective positions.

Difeed> Piperm are the partial pressures of gas i in the feed side and permeation side, respectively. 3 is

the thickness of the selective layer.

The gas transport resistance of the porous support membrane could be ignored. When the gas
transport through this composite membrane become stable, the gas flux through the ion gel layer and
the gutter should be the same. The flux of gas i could be expressed as followed (Equation 1-10). R;;
and R;, are respectively the permeance of gas i through the IPN ion gel layer and the PDMS gutter

layer. pifeeq and pjperm are the partial pressures of gas i on the feed and permeation sides of the

composite membrane. p;, is partial pressure of gas i at the interface between the ion gel layer and the

gutter layer.

Ji = Ri,l X (pi,feed - pi,a) = Ri,z X (pi,a - pi,perm) (I - 10)

Equation I-11 could be obtained by eliminating p;, from Equation I-10.

1
Ji = ﬁ (pi,feed - pi,perm) (I - 11)

P + P
Ri1 R,

The total gas i permeance of the composite membrane could be expressed as Equation I-12.
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Ji 1

Ritotal = =
i,tota (pi,feed - pi,perm) (RL + RL)
i1 i,2

(1-12)

Replacing R;; with the gas permeability P;; and thickness §; of the ion gel layer using Equation

I-3, Equation I-13 was obtained.

1

Ritotal = 7o 1)
L
(P i1 Riy

(I-13)

Then, if the membrane is used for CO2/N; separation. The CO2/N; permselectivity of the composite

membrane (& tot51) could be calculated as follows.

G
RCOz,total _ PNz,l RNz,Z

X total = =
RNZ,total ( 61 + 1 >
Pco,1  Rco,2

(1-14)

Therefore, the CO> permeance and CO2/N> permselectivity of the composite membrane could be

estimated using Equation I-13 and Equation I-14, respectively.

[-8 Purpose of this study

Ion gel membrane is one of the promising forms of high-performance CO; separation membrane due
to the high CO: permeability. To obtain the high separation efficiency of ion gel membranes, the ion
gel membrane with high CO, permeance should be developed. From Equation I-3, high CO;
permeability and low thickness of ion gel membranes can lead to high CO2 permeance. Increasing IL
content of ion gel membranes could effectively increase the CO> permeability. However, ion gels are
generally weak material. It is hard to develop a thin ion gel membrane strong enough to hold a large
amount of an IL. Therefore, in this dissertation, targeting on the development of high-performance ion
gel membrane for CO; separation. Some fundamental investigations on the development of tough and

thin ion gel membranes were performed in this dissertation.

[-9 Scope of this thesis

This thesis includes 6 chapters as follows.
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Chapter I This chapter introduces the background of the CO, separation membranes and the
development of ionic liquid-based CO, separation membranes. The advantages and challenges of ion
gel membranes are introduced. The purpose and scope of this thesis are also given.

Chapter II A micro-double-network (u-DN) ion gel membrane was fabricated using non-volatile
network precursors consisting of a pre-synthesized cross-linkable polymer as the organic part, silica
nanoparticles as the inorganic part, and 80 wt% of an IL. To examine the potential of the p-DN ion gel
as a base material for developing CO; separation membranes, the mechanical properties and CO»
separation performance of the u-DN ion gel membrane were investigated. The effect of the p-DN
structure on the mechanical properties of the u-DN ion gel membrane was investigated. The CO>
permeability and CO2/N> permselectivity of the u-DN ion gel membrane under different temperatures,
different trans-membrane pressures, and different operation time were evaluated to confirm the
durability and stability of the p-DN ion gel membrane.

Chapter III In this chapter, a composite membrane with a p-DN ion gel selective layer was
developed. The mechanical properties and surface roughness of the p-DN ion gel fabricated in an open
space were optimized for the preparation of thin p-DN ion gel layer. The effect of the organic/inorganic
network ratios on the CO; permeance and CO2/N> permselectivity of the u-DN ion gel membranes
were evaluated. Using the optimized condition, the composite membrane consisting of a thin u-DN
ion gel layer, a porous support membrane and a dense intermediate layer was fabricated by spin coating.
The CO2 permeamce and CO2/N> permselectivity of the composite membrane were evaluated. The
long-term stability of the composite membrane for CO: separation was confirmed.

Chapter IV A novel tough ion gel with an interpenetrating polymer network (IPN), named IPN ion
gel, was developed in this chapter. The IPN structure is composed of semi-crystalline and cross-
linkable polymers. The low surface roughness of the IPN ion gel thin layer was confirmed. The
polymer network compositions and preparation temperatures of the IPN ion gels were adjusted to
optimize their mechanical properties and IL holding properties. Based on the optimized preparation
conditions, the IPN ion gels with increasing IL contents were prepared. The CO> permeability and
CO2/N2 permselectivity of IPN ion gel membranes prepared with different polymer network
compositions, different preparation temperatures, and different IL contents were measured to

investigate the gas separation performance of the IPN ion gel membranes.
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Chapter V The composite membrane with thin IPN ion gel layer was prepared in this chapter. The
IPN ion gel layer was fabricated on a poly(dimethylsiloxane) (PDMS) gutter layer by 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 degree of the IPN ion gel precursor solution. In addition,
the IL content of the IPN ion gel layer was increased to increase the CO; permeability of the ion gel
layer and thereby improve the CO, permeance of the composite membrane. Theoretical estimation of
the gas permeation performance was also performed to indicate that the IPN ion gel is a good material
as a selective layer of a composite membranes for efficient CO; separation.

Chapter VI The conclusions of this thesis are summarized in this chapter.
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Chapter Il
Development of a tough ion-gel-based CO;
separation membrane with the micro-double-
network formed from non-volatile network
precursors

[1-1 Introduction

Ion gels are generally weak material. It is hard to develop a thin ion gel membrane strong enough to
hold a large amount of an IL. To overcome the weak mechanical strength of ion gels, an
inorganic/organic double-network (DN) ion gel was developed by our group and exhibited high
mechanical strength [68, 71]. The DN ion gel was prepared using volatile network precursors in a
closed space. However, conventional thin-film preparation methods such as dip coating, casting, roll-
to-roll, and spin coating are normally performed in an open space. Therefore, it is hard to prepare thin
DN ion gel membranes using such thin-film preparation methods.

Recently, an inorganic/organic double-network (DN) tough ion gel was developed by our group,
designated as micro-double-network (u-DN) ion gels [66]. u-DN ion gel was prepared from non-
volatile network precursors using silica nanoparticles and the pre-synthesized cross-linkable polymer
poly(dimethylacrylamine-co-N-succinimidyl acrylate) (poly(DMAAm-co-NSA)) as the inorganic
network precursor and the organic network precursor, respectively. The p-DN ion gel provided the
possibility of controlling the mechanical properties and CO2 permeability via the network structure
using pre-synthesized network precursors as building blocks. Importantly, the u-DN ion gel shows a
potential to be prepared into a thin film using the conventional thin-film preparation methods
performed in an open space. However, before the preparation of thin p-DN ion gel membrane, the CO»
separation performance of the p-DN ion gel should be checked.

In this chapter, the potential of the u-DN ion gel as a membrane material for CO2 separation was
examined. To optimize the mechanical strength of p-DN ion gel membranes, the mechanical properties
of the pu-DN ion gel were firstly investigated. The effects of the molecular weight (M,) of
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poly(DMAAm-co-NSA) and organic/inorganic network compositions on the mechanical properties of
the u-DN ion gel membrane were studied. The CO2/N; separation performance of the u-DN ion gel
membrane under different temperatures and different trans-membrane pressures was evaluated. The
long-term gas separation test was performed under the trans-membrane pressure of 600 kPa at 70 °C

to confirm the durability and stability of the p-DN ion gel membrane.

[I-2 Experimental Section

lI-2-1 Materials
The IL 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Csmim][Tf2N]) was

purchased from Sigma-Aldrich Co. and used for the ion gel preparation. The SiO; nanoparticles
(Aerosil 200; particle diameter of 12 nm) were supplied by Nippon Aerosil Co., Ltd., Japan. N,N-
dimethylacrylamide (DMAAm), N-succinimidyl acrylate (NSA) and diethylene glycol bis(3-
aminopropyl)ether (DGBE) were purchased from Tokyo Chemical Industry Co., Ltd., and the
polymerization inhibitor in DMAAm was removed by activated alumina before using. 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (Sigma-Aldrich Co.) and 2,2’-azobis(2,4-
dimethylvaleronitrile) (ADVN) (FUJIFILM Wako Pure Chemical Co., Japan) were the chain transfer
agent (CTA) and initiator for the polymerization, respectively. Tetrahydrofuran (THF), super
dehydrated 1,4-dioxane, ethanol, dimethyl sulfoxide-ds (dsDMSO), n-hexane and maleic acid were
purchased from FUJIFILM Wako Pure Chemical Co.. DMAAmM, tetraethyl orthosilicate (TEOS)
(Sigma-Aldrich Co.) and formic acid (FUJIFILM Wako Pure Chemical Co.) were used to fabricate the

DN ion gel membrane.

[I-2-2 Synthesis and characterization of poly(DMAAmM-co-NSA)
Poly(DMAAm-co-NSA), a cross-linkable polymer with different molecular weights (M) and

different NSA molar ratios, was synthesized by the reversible addition-fragmentation chain-transfer
(RAFT) polymerization, in which the NSA is the cross-linking point for crosslinkers. Here, we
controlled the molecular weight of the polymer by changing the amount of ADVN and CTA used in
the polymerization reaction. First, a sealed three-necked flask was purged with N> for 10 min five times.
Then, a certain amount of ADVN (0.032, 0.016, 0.012, 0.0080, 0.0053, 0.0040 mmol) was dissolved

in 20.0 g of 1,4-dioxane. The solution was injected into a three-necked flask using a syringe. In another
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vessel, a mixture of 100 mmol DMAAm, 5.30 mmol NSA, and a certain amount of CTA (0.32, 0.16,
0.12, 0.080, 0.053, 0.040 mmol) was prepared. The mixture was injected into a three-necked flask
using a syringe. The obtained solution was purged with N> bubbling for 30 min under magnetic stirring.
Subsequently, the three-necked flask with the solution was heated in an oil bath at 333 K and
continuously agitated by magnetic stirring for 24 h. The reaction product was dissolved in 100 g of
THF and transferred into a 200 mL eggplant flask for evaporation at 333 K for 2 h. The white
precipitate was purified 2 times by reprecipitation using THF and hexane as the good and poor solvents,
respectively. After drying for 24 h at 373 K in a vacuum oven, the synthesized cross-linkable
copolymer was obtained. Poly(DMAAm-co-NSA) samples with different NSA molar ratios were
synthesized by controlling the NSA/DMAAm molar ratios. The purities of all the polymer samples
were determined by '"H NMR measurements (ECZ-400S, JEOL) [66]. The purity results are presented
in Table I1-1.

The synthesized poly(DMAAm-co-NSA) (20 mg) was dissolved in 5 mL THF to prepare the sample
for SEC (GPCmax, TDA305, Malvern Panalytical Ltd.) measurement. The measurement was carried
out at 313 K with a mobile phase flow rate of 1.0 mL/min. A refractometer (Abbemat-550, Anton Paar)
was used to determine the refractive index increment (dn/dc) of the sample under a wavelength of 598
nm at 313 K. The obtained molecular weights of poly(DMAAmM-co-NSA) are shown in Table 1I-1.
The NSA molar ratio in poly(DMAAmM-co-NSA) was determined using a method described in the

literature [66]. The determined NSA ratios for each polymer are also shown in Table I1-1.

Table 11-1. Characterization results of poly(DMAAm-co-NSA)

Molar ratio of . Molecular weight (kg/mol)

NSA (mol%) Purity (wt%%) M, M Mu/My
Sample 1 4.99 95.3 32 41 1.3
Sample 2 4.76 94.9 54 71 1.3
Sample 3 4.31 98.2 65 93 1.4
Sample 4 4.99 97.9 92 133 1.5
Sample 5 521 95.2 116 185 1.6
Sample 6 5.08 93.5 126 248 2.0
Sample 7 3.84 95.5 102 131 1.3
Sample 8 291 95.4 121 186 1.5
Sample 9 2.08 95.5 140 239 1.5
Sample 10 1.18 97.1 127 220 1.7
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[I-2-3 Fabrication of y-DN and single network (SN) ion gel membranes using non-volatile
network precursors

In this study, we prepared a series of u-DN ion gel membranes using poly(DMAAm-co-NSA) with
different M, and with different organic/inorganic network compositions. The p-DN ion gel membranes
were also fabricated using poly(DMAAm-co-NSA) with different NSA molar ratios to endow the
micro-double-network with different cross-linking degrees. The IL content of the p-DN ion gels was
adjusted to be 80 wt%. In addition, single-network (SN) ion gels containing 80 wt% IL were fabricated
by crosslinked poly(DMAAm-co-NSA) network without silica nanoparticles.

The p-DN and SN ion gel membranes were prepared using the following three solutions. The first
one was the [L/ethanol solution with silica nanoparticles (u-DN ion gel) or without silica nanoparticles
(SN ion gel). In 3.2 g of ethanol, 5.12 g of [C4smim][Tf2N] was dissolved, and then a certain amount
of Aerosil 200 was suspended by vortex mixing for 1 min followed by ultrasonication for 20 min. The
second solution was a polymer solution, which was prepared by dissolving a certain amount of
poly(DMAAm-co-NSA) in 3.84 g of ethanol by magnetic stirring for 30 min. The third solution was
a cross-linker solution. A certain amount of the cross-linker was dissolved in 3.2 g of ethanol by
magnetic stirring for 30 min.

To prepare the precursor solutions of the ion gels, first, the cross-linker solution was added to the
[Csmim][Tfo2N]/ethanol solution and mixed up by vortex for 1min and ultrasonication for 3 min. The
mixture was added to a poly(DMAAm-co-NSA) solution under agitation for 1 min. The prepared
precursor solution was poured into a closed mold. The mold containing the precursor solution was put
in an oven at 333 K for 24 h. After 24 h, the ion gel was obtained and was dried at 333 K for 24 h.

More detailed preparation conditions are provided in Table 11-2.
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Table II-2. Preparation conditions of u-DN and SN ion gel membranes.

(@) u-DN ion gel membranes fabricated with cross-linkable poly(DMAAm-co-NSA) with different
molecular weights

Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6
[Camim][TH:N] (g) 5.12 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.32 0.32 0.32 0.32 0.32 0.32
Organic network (g) 0.96 0.96 0.96 0.96 0.96 0.96
Poly(DMAAm-co-NSA) (g) 0.91 0.91 0.92 0.91 0.91 0.91
M, (kg/mol) 32 54 65 92 116 126
NSA ratio (mol%) 4.99 4.76 431 4.99 5.21 5.08
Cross-linker; DGBE (g) 0.049 0.046 0.042 0.049 0.050 0.050
Ethanol (g) 10.24 10.24 10.24 10.24 10.24 10.24
(b) u-DN ion gel membranes fabricated with different organic/inorganic network precursor weight
ratios
Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6
Organic/inorganic ratios 1.0 1.5 2.0 3.0 5.0 7.0
[Camim][THN] (g) 5.12 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.64 0.51 0.43 0.32 0.21 0.16
Organic network (g) 0.64 0.77 0.85 0.96 1.07 1.12
Poly(DMAAm-co-NSA) (g) 0.61 0.73 0.81 0.91 1.01 1.06
M (kg/mol) 126 126 126 126 126 126
NSA ratio (mol%) 5.08 5.08 5.08 5.08 5.08 5.08
Cross-linker; DGBE (g) 0.033 0.037 0.044 0.050 0.055 0.058
Ethanol (g) 10.24 10.24 10.24 10.24 10.24 10.24

(c) SN ion gel membranes fabricated with cross-linkable poly(DMAAm-co-NSA) with different

molecular weights
Sample I  Sample2 Sample3 Sample4 Sample 5
[C4smim][T2N] (g) 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0 0 0 0 0
Organic network (g) 1.28 1.28 1.28 1.28 1.28
Poly(DMAAm-co-NSA) (g) 1.22 1.22 1.22 1.22 1.21
M (kg/mol) 54 65 92 116 126
NSA ratio (mol%) 4.76 431 4.99 5.21 5.08
Cross-linker; DGBE (g) 0.062 0.057 0.065 0.068 0.050
Ethanol (g) 10.24 10.24 10.24 10.24 10.24

25



Chapter 11

(d) u-DN ion gel membranes fabricated with cross-linkable poly(DMAAm-co-NSA) with different
NSA molar ratios.

Sample 1 Sample2 Sample3 Sample4 Sample 5

[Bmim][TH>2N] (g) 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.425 0.425 0.425 0.425 0.425
Organic network (g) 0.85 0.85 0.85 0.85 0.85
Poly(DMAAm-co-NSA) (g) 0.84 0.83 0.82 0.82 0.81
M, (kg/mol) 127 140 121 102 126
NSA ratio (mol%) 1.18 2.08 291 3.84 5.08
Cross-linker; DGBE (g) 0.011 0.019 0.026 0.034 0.044
Ethanol (g) 10.24 10.24 10.24 10.24 10.24

[I-2-4 Fabrication of DN ion gel membranes using volatile network precursors

To compare the CO> permeabilities between ion gel membranes fabricated using non-volatile and
volatile inorganic/organic network precursors, the DN ion gel membrane was prepared using DMAAm
and TEOS as the volatile network precursors. The DN ion gel membranes were prepared according to
the one-pot/two-step method described in our previous work [68, 71]. Herein, the TEOS/DMAAmM

ratio and the IL content of the DN ion gel were fixed at 0.35 mol/mol and 80 wt%, respectively.

[I-2-5 Fabrication of supported ionic liquid membrane
A hydrophilic PTFE membrane (Toyo Roshi Kaisha, Ltd. (Japan)) with pore size of 0.1 um and

thickness of 30 pm was immersed in [C4mim][Tf2N] for 1 h. Then, the obtained membrane was taken

out of the IL, and the excess IL on the membrane surface was wiped off.

[I-2-6 Mechanical property test of the ion gel membranes

The mechanical properties of the fabricated ion gels were measured by a universal testing instrument
(EZ-LX, Shimadzu Co., Japan) at ambient temperature (~ 298 K). The sample was made into a
dumbbell-shaped specimen with a length of 17.0 mm and a width of 2.0 mm. The thickness of each
ion gel membrane was determined from the average of at least 10 different spots by a micrometer
(IP65, Mitsutoyo Co., Japan). The sample was uniaxially stretched at a fixed strain rate of 100 mm/min.
The measurements were taken at least three times.

The cyclic stretching test was conducted to investigate the hysteresis and energy dissipation of the
samples. The cyclic stretching operations are performed by gradually increasing the tensile strain in

steps of 0.5 until the ion gel was broken.

26



Chapter 11

[I-2-7 Swelling ratio measurements

The cross-linkage degree of the ion gel membranes was characterized by their swelling ratio in pure
water. The experimental procedures for the swelling ratio measurement are as follows:

Approximately 0.1 g of the ion gel was placed in a vial with a lid. Ethanol (40 g) was added to the
vial and shaken at room temperature for 1 day to extract the IL from the ion gel. Ethanol was then
removed from the vial, and Milli-Q water (40 g) was added. The mixture was shaken at room
temperature for 24 h to form a hydrogel. The weight of the hydrogels formed from the SN ion gel (Wh1)
and the pu-DN ion gel (Wh2) were measured after gently wiping away the excess water on the surface.
The hydrogels were dried in an oven, first at 80 °C for 3 h, and then at 100 °C under vacuum for 1 h.
The weight of the dried hydrogel network skeletons formed from the SN ion gel (Wa1) and the u-DN
ion gel (Wq4) were measured after cooling at room temperature for more than 30 min. The swelling
ratios of the SN ion gel (Osn) and p-DN ion gel (Q (.-pn)) were calculated using Equations II-1 and II-
2, respectively. Wyater in the equations is the weight of the Milli-Q water in the hydrogel and Wpolymer
is the weight of the organic network in the hydrogel. Corganic in Equations II-1 and II-2 implies the

organic network weight ratio in the organic/inorganic network skeleton of the u-DN ion gel.

Wwater _ Whl - Wdl

Q = (-1
sn (8/8) Woorymer Wor

w, Wi, — Wy
Qupn) (8/g) = — = 12 (11— 2)

Wpolymer Corganic * WdZ

[I-2-8 Evaluation of CO2 permeation performance of the ion gel membranes

The sweep method was taken to evaluate the gas separation performance of the ion gel membranes
[71]. A schematic illustration of the gas permeation apparatus used in this experiment is shown in
Figure II-1. The effective permeation surface area of the permeation cell is 12.5 cm?. A thermostat
oven (Yamato Scientific Co., Japan) is used to control the temperature of the gas permeation process.
The feed gas consists of 50 vol% CO2 and 50 vol% No». The flow rates of CO2 and N> were 100 mL/min.
The total pressure on the feed side can be adjusted from 100 kPa to 700 kPa by controlling a
backpressure valve. Pure helium was used as the sweep gas. The flow rate and pressure of the sweep

gas were 40 mL/min and the atmospheric pressure, respectively. The mass flow controllers (Hemmi
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Slide Rule Co., Ltd., Japan) were used to control the flow rates of all gases. A gas chromatograph (GC-
8A, Shimadzu Co.) was used to measure the composition of the sweep gases containing the permeated
gases from the membrane. The attainment of the steady state was confirmed by having less than 1%

of the peak area difference between adjacent measurements.

thermostat oven

(a) ' .
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Figure II-1. Schematic illustrations of (a) the gas permeation measurement apparatus and (b) the
membrane cell used in this study [71].

[1-3 Results and discussion

[1-3-1 Optimization of the mechanical properties of the y-DN ion gel membranes prepared
using non-volatile network precursors

The p-DN ion gel membranes consists of brittle silica nanoparticle clusters as the first network and

a loosely cross-linked polymer network as the second network [66]. The mechanical strength of the
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classic DN ion gel membranes prepared from volatile network precursors were reported to be
dependent on the molecular weight of the polymer network. That means a higher molecular weight of
the polymer network tended to yield higher mechanical strength [71]. In this study, the pre-synthesized
polymer was used as the organic network precursor to prepare the p-DN ion gel membranes, hence,
the molecular weight of the polymer network can be easily controlled. Therefore, we investigated the
mechanical properties of the u-DN ion gel membranes and the corresponding SN ion gel membranes
as a function of the M, values of the cross-linkable poly(DMAAm-co-NSA). The results of the uniaxial
tensile tests of the u-DN and SN ion gel membranes are presented in Figure II-2, indicating that the

mechanical strength of the p-DN ion gel membranes is significantly affected by the M, of the cross-

linkable polymers.
500 500
[ (a) —126 kg/mol [ (b) —126 kg/mol
[ —116 kg/mol y i —116 kg/mol
e 400 r —92 kg/mol - 400 i ——92 kg/mol
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Figure II-2. Uniaxial tensile stress-strain curves of the (a) u-DN and (b) SN ion gel membranes
prepared by poly(DMAAm-co-NSA) with different M,. The u-DN ion gel membranes were prepared

using the precursor solution with organic/inorganic network precursor ratio of 3 g/g.

The specific mechanical properties of the ion gel membranes were determined from the uniaxial
stress-strain curves in Figure II-2, and the results are presented in Figure II-3. When the M, of the
poly(DMAAm-co-NSA) increased, the Young’s modulus, fracture stress, and fracture energy of the
SN ion gel membranes only slightly increased. However, the mechanical properties of the p-DN ion
gel membranes are largely depended on the M, of the cross-linkable polymer. This could be due to the
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contribution of the inorganic network in the p-DN ion gel membranes. A further explanation is that the
silica nanoparticle clusters could entangle with the polymer network and sustain the load applied to

the u-DN ion gel membrane. The detailed mechanism would be introduced in the following content.
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Figure I1-3. (a) Young’s modulus (b) fracture strain (c) fracture stress (d) fracture energy of the u-DN
and SN ion gel membranes prepared by poly(DMAAm-co-NSA) with different M,. The u-DN ion gel
membranes were prepared using the precursor solution with organic/inorganic network precursor ratio

of 3 g/g.

The cyclic tensile stress-strain curves were used to investigate how the inorganic network
contributes to the mechanical strength of the p-DN ion gel membranes [66-68]. The resulting cyclic
tensile stress-strain curves for the p-DN and SN ion gel membranes are presented in Figure 11-4 and

II-5, respectively. Typical examples are shown in Figure II-6(a). As shown in these figures, clear
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hysteresis could be found for the u-DN ion gel membranes. However, no hysteresis was observed for
the SN ion gel membranes. The hysteresis indicates an energy dissipation of the u-DN ion gel
membranes by the internal rupture of the inorganic network during the stretching process. Therefore,
it can be said that the inorganic network acted as a sacrificial bond to dissipate the load energy applied

to the u-DN ion gel membranes.
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Figure II-4. Cyclic stress—strain curves of the p-DN ion gel membranes prepared using
poly(DMAAm-co-NSA) with different M,. The ion gel membranes were prepared using the precursor

solution with organic/inorganic network precursor ratio of 3 g/g.
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Figure II-5. Cyclic stress—strain curves of the SN ion gel membranes prepared using poly(DMAAm-
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Figure 1I-6. (a) Cyclic tensile stress-strain curves of the pu-DN ion gel membrane and SN ion gel

membrane fabricated using poly(DMAAm-co-NSA) with M, of 126 kg/mol, and (b) the dissipated

energy of the u-DN ion gel membranes fabricated by poly(DMAAm-co-NSA) with different M,. The

u-DN ion gel membranes were fabricated using the precursor solution with organic/inorganic network

precursor ratio of 3 g/g.
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To further investigate how the inorganic part contributed to toughening the p-DN ion gel membrane
fabricated by cross-linkable polymers with different M, the cross-linking degree of the p-DN network
formed in the u-DN ion gel and the organic network formed in the SN ion gel were compared. The
cross-linking degree of the networks can be evaluated by the swelling ratio of the cross-linking network
skeleton in pure water, that is, a higher swelling ratio indicates a lower cross-linking degree. Therefore,
the cross-linking structures of the network formed in the p-DN and SN ion gel membranes were
evaluated from the swelling ratios of the network skeletons of the u-DN and SN ion gel membranes in
pure water. As shown in Figure II-7, both the swelling ratios of the p-DN and SN ion gel membranes
decreased slightly with the increasing molecular weight of the poly(DMAAm-co-NSA). This implies
that the poly(DMAAm-co-NSA) with a higher M, tends to form a polymer network with a higher
crosslinking degree. When the crosslinking degree of the polymer network increases, many inorganic
clusters get caught by the highly cross-linked polymer network. Therefore, the inorganic cluster
formed in the highly cross-linked polymer network could better sustain the applied load during the
stretching process. As a result, the Young’s modulus and fracture stress of the u-DN ion gel membranes
increased dramatically as the molecular weight of the cross-linkable polymer increased, whereas those

of the SN 1on gel hardly increased (Figure 11-3 (a) and (c)).
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Figure I1-7. Swelling ratios of the network skeletons of the pt-DN and SN ion gel membranes in pure
water. Effect of molecular weight of poly(DMAAm-co-NSA). The pu-DN ion gel membranes were
prepared with organic/inorganic network precursor ratio of 3 g/g.
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The fracture strains of the ion gels can hardly be changed by changing the M, of poly(DMAAm-co-
NSA), as shown in Figure 2(b). The fracture strains of the SN ion gel membranes were lower than
those of the u-DN ion gel membranes. This might be due to the multifunctional cross-linking effect of
the inorganic part. The silica nanoparticle clusters could entangle with the cross-linkable polymer and
acted as multifunctional cross-linkers, resulting in a higher fracture strain (Figure II-3(b)) [66]. That
indicates the inorganic network has a positive effect not only on the Young’s modulus and fracture
stress but also on the fracture strain.

The origin of energy dissipation of the u-DN ion gel during the tensile test was the destruction of
inorganic networks; however, the polymer networks had a significant influence on the amount of
dissipated energy as well. Figure II-6(b) shows the dissipated energy of the u-DN ion gel membranes
at each elongation cycle. In particular, the dissipated energy increases significantly with increasing M,
of poly(DMAAm-co-NSA) in larger stretching cycles. This reveals that the poly(DMAAm-co-NSA)
with higher M, could rupture larger numbers of silica nanoparticle network clusters under a highly
stretched state because the cross-linking degree could be increased with increasing molecular weight.
Therefore, the fracture energy of the u-DN ion gel membranes was improved by increasing the M, of
poly(DMAAm-co-NSA).

The results above indicate that the high toughness of the p-DN ion gel prepared with the cross-
linkable polymer having a high M, is due to the large contribution of the inorganic network. In the p-
DN ion gel, the polymer network acted as the hidden length to sustain large deformations and triggered
the destruction of the inorganic network cluster. Therefore, it can be expected that the mechanical
properties of the u-DN ion gel membranes can be further improved by optimizing the organic/inorganic
network composition of the u-DN ion gel membrane fabricated using poly(DMAAm-co-NSA) with a
high M.

Subsequently, the organic/inorganic network ratio was investigated to optimize the mechanical
properties of the u-DN ion gel membranes. In this investigation, for the preparation of the p-DN ion
gel membranes, the M, of poly(DMAAm-co-NSA) was fixed at 126 kg/mol. The p-DN ion gel
membranes with different organic/inorganic network ratios were fabricated, the uniaxial tensile stress-
strain curves of the fabricated ion gel membranes are presented in Figure I1-8. The cyclic tensile stress-

strain curves of the p-DN ion gel membranes were measured and presented in Figure I1-9. A larger
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hysteresis circle was obtained when the inorganic network content of the ion gel membranes is higher,
indicating the positive effect of the inorganic network on strengthening the prepared pu-DN ion gel
membranes by energy dissipation. The mechanical properties of the u-DN ion gel membranes
determined from the uniaxial stretching tests are shown in Figure I1-10. As expected, the mechanical

strength strongly depended on the ratio of organic/inorganic networks.
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Figure II-8. Uniaxial tensile stress-strain curves of the u-DN ion gel membranes prepared with
different organic/inorganic network precursor ratios. The 1on gel membranes were fabricated using

poly(DMAAm-co-NSA) with M, = 126 kg/mol.
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Figure II-9. Cyclic stress—strain curves of the p-DN ion gel membranes prepared with different
organic/inorganic network precursor ratios (a-f; organic/inorganic = 1, 1.5, 2, 3, 5 and 7 g/g). The ion

gel membranes were all prepared in a closed mold by poly(DMAAm-co-NSA) with My=126 kg/mol.
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Figure II-10. Mechanical properties of the pu-DN ion gel membranes as a function of the
organic/inorganic network precursor ratios, (a) Young’s modulus (b) fracture strain (c) fracture stress
and (d) fracture energy. The ion gel membranes were fabricated using poly(DMAAm-co-NSA) with
M, =126 kg/mol.

As shown in Figure II-10(a), the Young’s modulus monotonically increases with the decreasing
organic/inorganic network ratios. This is because the inorganic network sustained most of the load
applied to the p-DN ion gel membrane. On the other hand, as indicated in Figures 1I-10 (b), (¢), and
(d), the fracture strain, fracture stress, and fracture energy show the maximum value at an
organic/inorganic network ratio of 2 g/g. As for the fracture strain and fracture stress, because the
content of silica nanoparticles decreased with an increase in the organic/inorganic network ratio, the
multi-functional cross-linking effect of the inorganic network also decreased. This is the reason for the

decrease in the fracture strain and fracture stress from the network ratio of 2 g/g to 7 g/g. In contrast,
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at a low organic/inorganic network ratio (less than 2 g/g), the fracture strain and fracture stress tend to
decrease. This is because when the organic/inorganic network ratio is less than 2 g/g, the amount of
the organic network in the p-DN ion gel is small. The organic network acted as a hidden length to
sustain a large deformation, the u-DN ion gel could not sustain a high load when the polymer network
content was very low. As a result, the fracture strain and fracture stress showed maximum values at an
organic/inorganic network ratio of 2 g/g. Because of the maximum fracture strain and stress, the
dissipated energy and fracture energy of the u-DN ion gel membranes also reached a maximum at 2
g/g organic/inorganic network ratio. Therefore, it can be concluded that 2 g/g organic/inorganic
network ratio using a high-molecular-weight organic network is the optimal condition for

strengthening the p-DN ion gel membranes.

[I-3-2 CO2/N2 permeability of the ion gel membranes prepared using non-volatile network
precursors

The inorganic/organic DN ion gel membrane prepared using volatile network precursors had high
CO; permeability due to the low network content [71]. It is expected that the u-DN ion gel membrane
prepared using non-volatile network precursors could also have high CO; permeability. The CO>
separation performance and separation stability of the u-DN ion gel membrane prepared using non-
volatile network precursors were investigated in this section. The p-DN ion gel membrane used for the
gas separation test was fabricated under the optimized conditions obtained in the former section, and
the gas separation test results are presented in Figure II-11.

First, the durability of the u-DN ion gel membrane for CO> separation was evaluated by increasing
the trans-membrane pressure differences. As shown in Figure II-11(a), the CO; separation performance
of the p-DN ion gel membrane did not depend on the trans-membrane pressure difference. Even under
a transmembrane pressure difference of 600 kPa, the CO2/N> selectivity was maintained the same as
that measured under the trans-membrane pressure difference of 0 kPa. Additionally, the CO; separation
performance of the pu-DN ion gel membrane showed good reversibility when the trans-membrane

pressure decreases from 600 kPa to 0 kPa as shown in Figure II-12(a).
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Figure II-11. Effects of (a) trans-membrane pressure differences, (b) temperatures, and (c) swelling

ratios on the CO»/N> separation performance of ion gel membranes and the SILM. The pu-DN ion gel

membrane was prepared under the optimized condition of the organic/inorganic network precursor

ratio of 2 g/g using poly(DMAAm-co-NSA) with M, of 126 kg/mol. The DN ion gel membrane was

fabricated from the precursor solution with the optimized TEOS/DMA Am ratio of 0.35 mol/mol [71].

The IL content in the u-DN and DN ion gel membrane was the same (80 wt%). The SILM was formed

by the same IL ([Csmim][Tf2N]). “dp” in the plots represents trans-membrane pressure difference. The

gas permeation was measured with 50 vol%/50 vol% of CO2/N> and the permeate side was under

atmospheric pressure.
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Figure II-12. Reversibility of the CO2/Nz separation performance of the u-DN ion gel membrane under
different (a) transmembrane pressure differences, (b) temperatures. The p-DN ion gel membrane was
prepared under the optimized condition of the organic/inorganic network precursor ratio of 2 g/g using
the cross-linkable polymer with M, of 126 kg/mol. The gas permeation was measured with 50 vol%/50

vol% of CO2/Nz and the permeate side pressure was maintained at atmospheric pressure.

The long-term stability of the membrane separation was also performed to evaluate the high
mechanical strength and good IL holding property of the u-DN ion gel membrane. The result is
presented in Figure II-13(a). The test was performed at 30 °C under a pressure difference of 600 kPa
for 100 h. Both CO: permeability and CO2/N: selectivity were maintained at constant levels, indicating
the good stability of the u-DN ion gel membrane for CO> separation.

To further prove the good durability of the u-DN ion gel membrane resulted from the non-volatility

and high thermal stability of the IL, the CO: separation performance of the u-DN ion gel membrane
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was evaluated at elevated temperatures. As shown in Figure [I-11(b), the CO> and N> permeabilities of
the ion gel membrane monotonically increased with increasing temperature. When the temperature
decreases from 70 °C to 30 °C at the trans-membrane pressure of 0 kPa, the gas permeability and
permselectivity of the u-DN ion gel membrane showed good reversibility as shown in Figure II-12(b).
Furthermore, even at elevated temperatures, the CO2/N> selectivity of the u-DN ion gel membrane
under the transmembrane pressure difference of 600 kPa was almost the same as that of the SILM
measured under no transmembrane pressure difference. This result indicated that the u-DN structure
was not broken, no IL brew out from the u-DN ion gel, and no defects were formed in the p-DN ion
gel membrane at elevated temperatures. In addition, the CO; permeability of the p-DN ion gel
membrane was higher than that of the SILM at all temperatures investigated here. The long-term
stability measured under the conditions of trans-membrane pressure of 600 kPa at 70 °C was shown in
Figure II-13(b). These results highlight the good thermal stability of the u-DN ion gel membrane. The
good thermal stability of the p-DN ion gel membrane is important for practical applications such as

CO; capture in flue gas at approximately 70 °C from thermal power plants [80].
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Figure I1-13. Long-term stability of the pu-DN ion gel membrane prepared using non-volatile network
precursors. (a) Trans-membrane pressure difference was 600 kPa and temperature was 30°C. (b) Trans-
membrane pressure difference was 600 kPa and temperature was 70°C. The organic/inorganic network
ratio of the membrane was 2 g/g. The M, of poly(DMAAm-co-NSA) used was 126 kg/mol. The gas
permeation was measured with 50 vol%/50 vol% of CO2/N; and the permeate side pressure was

maintained at atmospheric pressure.
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Subsequently, we compared the CO, separation performance of the u-DN ion gel membrane with
that of the DN ion gel membrane prepared using volatile network precursors. As shown in Figure II-
11(a) and (b), the u-DN ion gel membrane showed much higher CO> and N> permeabilities than those
of the DN ion gel membrane. Because the IL in these u-DN and DN ion gel membranes was the same,
the differences in the CO, and N> permeabilities were solely due to the different diffusivities of the
dissolved gas molecules in these gel membranes. In general, the solute diffusivity in gels strongly
depends on the liquid content of the gel and the cross-linking degree of the gel network [81]. Thus, to
investigate the higher CO> permeability of the u-DN ion gel membrane, the swelling ratios of the p-
DN and DN ion gel membranes were compared. The IL contents of these ion gel membranes were the
same (ca. 80 wt%), but the swelling ratio of the u-DN ion gel membrane was higher than that of the
DN ion gel membrane (Table II-3). This indicates that the organic network in the p-DN ion gel
membrane was cross-linked more loosely than that in the DN ion gel membrane, which might be the

reason for the higher CO2 and N> permeabilities of the p-DN ion gel membrane.

Table II-3. Swelling ratios of the crosslinking network skeletons of the DN and the pu-DN ion gel

membranes.
NSA ratio of cross-linkable . .
Membranes polymer (mol%) Swelling ratio (g/g)
DN ion gel - 14.3
u-DN ion gel 5.08 21.4
pu-DN ion gel 3.84 18.1
u-DN ion gel 2.91 22.1
p-DN ion gel 2.08 30.7
u-DN ion gel 1.18 49.2

pu-DN ion gel membranes with the cross-linking networks having different swelling ratios were
successfully fabricated to investigate the effect of the cross-linking degree on the gas permeability.
NSA is the cross-linking point in the cross-linkable polymer for the crosslinkers, so that
poly(DMAAm-co-NSA) with different NSA molar ratios (1-5 mol%) were synthesized and used for
the ion gel preparation to achieve the different crosslinking degrees of the crosslinking networks. The
swelling ratios of the crosslinking network of the ion gels are listed in Table II-3. The gas separation
performance of the membrane formed by poly(DMAAm-co-NSA) with different NSA molar ratios

was measured, as shown in Figure II-11(c). The CO2 and N> gas permeabilities tended to increase with
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an increase in the swelling ratio, and the CO2/N> permselectivity was nearly constant. This indicates
that the gas permeability of the ion gel membranes significantly depended on the cross-linking degree
of the gel network, that is, the lower cross-linkage degree tended to have a higher gas permeability.
The pu-DN ion gel membrane fabricated using poly(DMAAm-co-NSA) with an NSA ratio of 1.18
mol% showed the highest CO; permeability of approximately 920 Barrer.

In our previous research, we demonstrated that the toughness of the p-DN ion gels increased using
a cross-linkable polymer with a lower NSA ratio [66]. Therefore, poly(DMAAm-co-NSA) with a low
NSA ratio is preferable for fabricating u-DN ion gel membranes with both high CO permeability and
high mechanical strength. As a result, the preparation conditions of the u-DN ion gel membrane could
be optimized. It was also confirmed that the u-DN ion gel prepared under optimized conditions has
great potential as a base material for high-performance CO> separation membranes. It can be said that
the u-DN ion gel membrane is a promising material to develop IL-based CO; separation membranes

for practical applications.

I1-4 Conclusion

In this study, a p-DN ion gel-based CO: separation membrane fabricated using non-volatile network
precursors was developed. The network structure of the u-DN ion gel was optimized via adjusting the
M, of the cross-linkable polymer and the organic/inorganic network compositions. The p-DN ion gel
membrane prepared under the optimized condition showed excellent mechanical properties with a
fracture energy of 765 kJ/m?, Young’s modulus of 146 kPa, and fracture stress of 631 kPa. As for the
gas separation performance, the p-DN ion gel membrane fabricated using the poly(DMAAm-co-NSA)
with the NSA ratio of 1.18 mol% exhibited the CO» permeability of approximately 920 barrer, which
was much higher than that of the classic DN membrane fabricated using volatile network precursors
and the SILM. In addition, the p-DN ion gel membrane showed good durability under high-pressure
conditions and elevated temperatures. Due to such good mechanical properties and high CO»
separation performance, the u-DN ion gel displayed the great potential to be used as the base material

of high-performance CO; separation membranes.
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Chapter Il
Preparation of a composite membrane with
an inorganic/organic micro-double-network
lon gel layer

[11-1 Introduction

Preparing thin ion gel membranes with high CO; permeance is difficult due to the poor mechanical
properties of ion gels. The p-DN ion gel membrane developed in Chapter II displayed good mechanical
properties and high CO; separation performance. Additionally, the p-DN ion gel membrane showed
good durability under high-pressure conditions at elevated temperatures. Importantly, the u-DN ion
gel was fabricated using non-volatile network precursors, which make it possible to prepare thin u-DN
ion gel membrane using thin-film preparation methods normally performed in an open space.
Therefore, the u-DN ion gel has the good potential as a base material for developing high-permeance
thin ion gel membranes. The next target is to fabricate thin p-DN ion gel membrane with high CO»
permeance.

In this study, first, we fabricated the u-DN ion gel membrane in an open space and investigated the
effects of the specific inorganic/organic u-DN network on the mechanical properties and surface
roughness of the u-DN ion gel thin layer. The preparation condition for high mechanical properties,
suitable surface roughness and high gas permeability was optimized for thin ion gel membrane
preparation. Based on the optimized conditions, a composite membrane consisting of a thin u-DN ion
gel layer and a support membrane with an intermediate layer was developed by spin coating. The
structure of the composite membrane is as illustrated in Scheme III-1. The CO; permeance and CO2/N>
selectivity of the prepared composite membranes were evaluated. The long-term stability of the

composite membrane for CO separation was confirmed.
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Scheme III-1. Schematic illustrations of the composite membrane and the u-DN ion gel layer, and the

composition of the p-DN ion gel layer
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I11-2 Experimental section
[11-2-1 Materials

The materials used in this chapter to prepare the p-DN ion gel membrane is the same as those

described in Chapter II.

[1I-2-2 Synthesis and characterization of the poly(DMAAmM-co-NSA)
The cross-linkable polymer poly(DMAAm-co-NSA) was synthesized by the RAFT polymerization.

NSA is the crosslinking point of poly(DMAAm-co-NSA). The synthesis procedures and materials
were the same as those described in Chapter II. The preparation conditions are listed in Table III-1.
Poly(DMAAm-co-NSA) with different molecular weights (M,) and different NSA molar ratios were
successfully synthesized. The M, and NSA ratio of poly(DMAAm-co-NSA) were measured using size
exclusion chromatography (SEC) and nuclear magnetic resonance spectroscopy (NMR) following the
procedures from a reported work [66]. The results of the M, and NSA ratio are presented in Table III-
2.
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Table I11-1. Amount of reagents used for the synthesis of poly(DMAAmM-co-NSA).

CTA (mmol) | DMAAmM (mmol) | NSA (mmol) | ADVN (mmol) | 1,4 dioxane (g)
Sample 1 0.32 100 5.30 0.032 20
Sample 2 0.16 100 5.30 0.016 20
Sample 3 0.12 100 5.30 0.012 20
Sample 4 0.08 100 5.30 0.008 20
Sample 5 0.053 100 5.30 0.0053 20
Sample 6 0.040 100 5.30 0.0040 20
Sample 7 0.040 100 4.20 0.0040 20
Sample 8 0.040 100 3.12 0.0040 20
Sample 9 0.040 100 2.06 0.0040 20
Sample 10 0.040 100 1.02 0.0040 20

Table 111-2. Characterization results of poly(DMAAmM-co-NSA)

Molar ratio of . Molecular weight (kg/mol)

NSA (mol%) Purity (wt%) M My Mu/My
Sample 1 4.99 95.3 32 41 1.3
Sample 2 4.76 94.9 54 71 1.3
Sample 3 4.31 98.2 65 93 1.4
Sample 4 4.99 97.9 92 133 1.5
Sample 5 521 95.2 116 185 1.6
Sample 6 5.08 93.5 126 248 2.0
Sample 7 3.84 95.5 102 131 1.3
Sample 8 2.91 95.4 121 186 15
Sample 9 2.08 95.5 140 239 15
Sample 10 1.18 97.1 127 220 1.7

[11-2-3 Fabrication of the u-DN ion gel membrane in open space

The inorganic/organic p-DN ion gel membrane was fabricated by a one-pot/one-step method in open

space under mild conditions. The IL content of the u-DN ion gel membrane used in this study was

fixed at 80 wt%. For the preparation of the p-DN ion gel membrane, poly(DMAAm-co-NSA) with

different M, and NSA molar ratios were used. p-DN ion gels with different organic/inorganic network

compositions were also prepared. The preparation conditions are listed in Table I1I-3. The preparation

procedures of the precursor solution are the same as those of the p-DN ion gel membrane described in

Chapter II. The ion gel membrane precursor solution was added to an open mold. The mold with the

precursor solution was placed in an oven at 60 °C for 24 h, and the obtained ion gel membrane was

dried on a hot plate at 60 °C for 24 h.
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Table I11-3. Reagents used for the preparation of the u-DN ion gel membrane.

(@) u-DN ion gel membranes formed by poly(DMAAmM-co-NSA) with different molecular weights

Sample Sample Sample Sample  Sample  Sample
1 2 3 4 5 6

[Camim][Tf2N] (9) 5.12 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.32 0.32 0.32 0.32 0.32 0.32
Organic network (g) 0.96 0.96 0.96 0.96 0.96 0.96
Poly(DMAAmM-co-NSA) (9) 0.91 0.91 0.92 0.91 0.91 0.91
Mn (kg/mol) 32 54 65 92 116 126
NSA ratio (mol%) 4.99 4.76 431 4.99 5.21 5.08
Cross-linker; DGBE (g) 0.049 0.046 0.042 0.049 0.050 0.050
Ethanol (g) 10.24  10.24 10.24 10.24 10.24 10.24

(b) u-DN ion gel membranes formed with different organic/inorganic network weight ratios.

Sample  Sample  Sample  Sample  Sample  Sample
1 2 3 4 5 6

Organic/inorganic ratios 1.0 1.5 2.0 3.0 5.0 7.0
[Csmim][TF2N] (9) 5.12 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.64 0.51 0.43 0.32 0.21 0.16
Organic network (g) 0.64 0.77 0.85 0.96 1.07 1.12
Poly(DMAAmM-co-NSA) (9) 0.61 0.73 0.81 0.91 1.01 1.06
Mn (kg/mol) 126 126 126 126 126 126
NSA ratio (mol%) 5.08 5.08 5.08 5.08 5.08 5.08
Cross-linker; DGBE (Q) 0.033 0.037 0.044 0.050 0.055 0.058
Ethanol (g) 10.24 10.24 10.24 10.24 10.24 10.24

(c) u-DN ion gel membrane formed by poly(DMAAmM-co-NSA) with different NSA molar ratios

Samplel Sample2 Sample3 Sample4 Sample5

[Bmim][Tf2N] (g) 5.12 5.12 5.12 5.12 5.12
Aerosil 200 (g) 0.32 0.32 0.32 0.32 0.32
Organic network (g) 0.96 0.96 0.96 0.96 0.96
Poly(DMAAmM-co-NSA) (9) 0.948 0.939 0.931 0.922 0.913
Mhn (kg/mol) 127 140 121 102 126
NSA ratio (mol%) 1.18 2.08 2.91 3.84 5.08
Cross-linker; DGBE (g) 0.012 0.021 0.029 0.038 0.050
Ethanol (g) 10.24 10.24 10.24 10.24 10.24

[1I-2-4 Fabrication of y-DN ion gel-based composite membrane

The composite membrane was fabricated by spin-coating the u-DN ion gel precursor solution on a
support membrane with dimethylpolysiloxane (PDMS)-based intermediate layer (Nitto Denko

Corporation). The precursor solution was prepared according to the conditions shown in Table I1I-3(c)
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(“Sample 17). A poly(DMAAmM-co-NSA) with an NSA ratio of 1.18 mol% and M, of 127 kg/mol was
used, and the organic/inorganic network ratio was set to 3 g/g. The spin-coater (MS-A100, Mikasa Co.,
Ltd.) was used to fabricate the composite membrane. The rotation speed was changed from 500 to
1000, 1500, 2000, 3000, 5000, or 7000 rpm for the preparation of ion gel layers with different

thicknesses. After spin coating, the composite membrane was dried in an oven at 60 °C for 24 h.

[11-2-5 Mechanical strength measurements

For mechanical strength measurement, self-standing pu-DN ion gel membranes were prepared and

used. The measurement method is the same as that described in Chapter II.

[11-2-6 CO2/N2 separation performance evaluation

The CO2/N; separation performance of the u-DN ion gel membranes was measured by the sweep
method. The feed gases were CO2 (100 mL/min) and N> (100 mL/min). The sweep gas was pure helium
with a flow rate of 40 mL/min, and the sweep-side absolute pressure was fixed at atmospheric pressure.
The flow rates of the gases were controlled using mass flow controllers (Hemmi Slide Rule Co., Ltd.,
Japan). The ion gel membrane was sandwiched between two porous PTFE support membranes (pore
size, 0.1 pm) (Toyo Roshi Kaisha, Ltd., Japan) and fixed in the membrane cell for gas separation
measurements. The composition of the gases was measured using a gas chromatograph (GC-8A,
Shimadzu Co., Japan) at a steady state. The data were selected when the peak area difference between
adjacent measurements was less than 1%. The gas permeation measurement apparatus used in this

chapter is the same as that used in Chapter II.

[11-3 Results and discussion

For the preparation of the composite membrane, the high mechanical strength of the ion gel would
facilitates the preparation of the much thinner and more stable u-DN ion gel layer. Therefore, the
mechanical properties of the pu-DN ion gel formed in open space were investigated and optimized by

first.

[11-3-1 Mechanical properties of the y-DN ion gel membrane prepared in open space
The pu-DN ion gel membrane was developed based on the DN principle. When the p-DN ion gel
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membrane was subjected to tensile stress, the cluster formed by SiO» nanoparticles acted as a sacrificial
bond to dissipate the energy, and the polymeric network formed by cross-linked poly(DMAAm-co-
NSA) acted as the hidden length to toughen the ion gel [67, 68, 82]. Therefore, the cross-linking
network structure and network proportion are crucial factors for improving the mechanical properties
of the u-DN ion gel membrane.

First, the effect of the cross-linkable polymer M, on the mechanical properties of the p-DN ion gel
membrane was investigated. The uniaxial tensile stress-strain curves of the p-DN ion gel membrane
prepared in an open space are presented in Figure III-1(a). The p-DN ion gel membranes were
fabricated using poly(DMAAm-co-NSA) with different M, while the organic/inorganic network ratio
is fixed at 3 g/g and the NSA ratio of poly(DMAAmM-co-NSA) is fixed 5 mol%. As shown in Figure
III-1(a), the mechanical strength of the p-DN ion gel membranes is nearly the same at a poor level.
The detailed mechanical properties of the u-DN ion gel membranes obtained from Figure I11-1(a) are
presented in Figure III-2. In Figure III-2, it can be found that the Young’s modulus, fracture stress,
fracture strain, and fracture energy of the p-DN ion gel membranes are nearly constant when the M,
of the polymer poly(DMAAm-co-NSA) changes. This implies that for the u-DN ion gel membrane
prepared in open space, the mechanical properties don’t depend on the M, of the cross-linkable polymer.
The cross-linking degree of the p-DN structure was characterized by the swelling ratio of the u-DN
ion gel network skeleton in pure water. The measurement procedures for the swelling ratio were the
same as described in Chapter II. A lower swelling ratio usually indicates a higher degree of the cross-
linking. As shown in Figure III-1(d), the swelling ratio of the u-DN ion gel network skeleton fabricated
by the cross-linkable polymer with different M, in an open space is constant at a low level. The low
swelling ratio indicates the high cross-linking degree of the network which results in a high Young’s
modulus of more than 250 kPa (Figure I1I-2(a)) and a low fracture strain of approximately 0.9 (Figure
[II-2(b)). Owing to the constant Young’s modulus and fracture strain, the fracture stress is also nearly
constant, as shown in Figure I1I-2(c). In Figure III-2 (d), the p-DN ion gel membrane shows a low

fracture energy (ca. 100 kJ/m?®), which indicates a low mechanical strength.
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Figure III-1. Uniaxial tensile stress-strain curves (a-c) and swelling ratio (d-f) of the p-DN ion gel

membranes prepared in an open system. (a, d) effect of molecular weight of poly(DMAAm-co-NSA),

(b, e) effect of organic/inorganic network ratio, and (c, f) effect of cross-linkable NSA ratio in the

poly(DMAAm-co-NSA). Preparation conditions of the p-DN ion gel membranes: (a, d) NSA ratio of

the poly(DMAAm-co-NSA) was 5 mol% and the organic/inorganic network ratio was 3 g/g, (b, €) My

and the NSA ratio of the poly(DMAAm-co-NSA) were 126 kg/mol and 5 mol%, respectively, and (c,

f) M, of the poly(DMAAm-co-NSA) was 126 kg/mol and the organic/inorganic network ratio was 3

glg.
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Figure II1-2. (a) Young’s modulus, (b) fracture strain, (c) fracture stress, and (d) fracture energy of the
u-DN ion gel membranes prepared in open space by poly(DMAAm-co-NSA) (NSA=5.08 mol%) with

different M, and an organic/inorganic network ratio of 3 g/g.

The fracture energy of the u-DN ion gel membrane was strongly dependent on the energy dissipation
of the inorganic part. Therefore, the organic/inorganic network ratio of the u-DN ion gel membrane
was adjusted and was expected to improve the fracture energy. As shown in Figure III-1(b), the
mechanical properties were significantly changed by changing the network ratios. The Young’s
modulus, fracture strain, fracture stress, and fracture energy effectively increase as the
organic/inorganic network ratio decreases (Figure III-3). The load applied to the u-DN ion gel
membrane was mainly sustained by the inorganic network, so that the Young’s modulus of the ion gel
dramatically decreased as the inorganic content decreased (Figure I1I-3(a)). It is worthy to mention
that the fracture strain of the pu-DN ion gel membrane increases with the decrease of the
organic/inorganic network ratio (Figure I1I-3(b)). In the double-network system, it has been reported
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that the 1st network cluster acts as a multi-functional cross-linking point to connect the 2nd networks
and suppresses macro-destruction of the DN gel [59]. In our inorganic/organic pu-DN ion gel, silica
nanoparticle network cluster plays a similar role as the 1st network cluster of the double-network
hydrogel. Therefore, if the amount of the inorganic network cluster decreases as the organic/inorganic
network ratio increases, the multi-functional cross-linking point of the organic network would decrease.
As a result, the fracture strain of u-DN ion gel decreased as the organic/inorganic network ratio
increased. The decreased fracture stress (Figure III-3(c)) is attributed to the decreased Young’s
modulus and fracture strain. Figure I1I-4 shows the cyclic tensile stress-strain curves of the u-DN ion
gel membranes, the result shows that the area of the hysteresis, which represents the dissipated energy
of the inorganic network, decreases significantly as the inorganic content decreases. This indicates that
the decrease in the inorganic content would decrease the energy dissipation of the inorganic network,
which results in a decrease in the fracture energy (Figure I1I-3(d)). The pu-DN ion gel shows a much
higher mechanical strength (fracture energy of 327 kJ/m?) at an organic/inorganic network ratio of 1

g/g than that at 3g/g.
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Figure III-3. (a) Young’s modulus, (b) fracture strain, (c) fracture stress, and (d) fracture energy of the
p-DN ion gel membranes prepared in open space with different organic/inorganic network mass ratios.
The p-DN ion gel was prepared by poly(DMAAm-co-NSA) (NSA = 5.08 mol%) with a molecular
weight (M,) of 126 kg/mol.
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Figure III-4. Cyclic tensile stress—strain curves of the pu-DN ion gel membranes prepared with
different organic/inorganic network mass ratios: (a) 1 g/g, (b) 1.5 g/g, (c) 2 g/g, (d) 3 g/g, (e) 5 g/g and
(f) 7 g/g. The pu-DN ion gel was prepared by poly(DMAAm-co-NSA) (NSA=5.08 mol%) with M, of
126 kg/mol.

As well as high mechanical strength, low surface roughness is also vital for thin p-DN 1on gel layer
preparation. The surface roughness strongly affects to the mechanical strength of the gel membrane
because the applied force concentrates to the thin part of the gel membrane and make the thin part
easily broken. The u-DN ion gel membrane with smooth surface had much higher mechanical strength
[83]. Thus, it can be said that the surface roughness is important to give high mechanical strength to
the p-DN ion gel membrane.

The inorganic content in the p-DN ion gel strongly affects the surface roughness. Hence, thin p-DN
ion gel layers with different organic/inorganic network ratios were fabricated by spin coating at the
rotation speed of 1000 rpm for 20 s on the glass plate, and their roughness was measured using a laser
microscope (KEYENCE, VK-X3000); the results are shown in Figure III-5. From Figure I1I-5, the
arithmetic mean height (Sa) of the u-DN ion gel surface decreases dramatically with decreasing
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inorganic content, which indicates a decreased surface roughness, and remains constant at
organic/inorganic ratios greater than 3 g/g. Figure I11-6 shows the surface morphology of the samples.
The surface roughness of the u-DN ion gel layer with an organic/inorganic ratio of 3 g/g was much
smoother than that with a ratio of 1 g/g. Therefore, considering both the surface roughness and
mechanical properties, the suitable organic/inorganic network ratio for thin membrane preparation is
3 g/g. However, it worth noting that even when the organic/inorganic network ratio is higher than 3
g/g, the surface of the u-DN ion gel layer is not highly smooth. This should be due to the micron-sized
particles formed on the surface of the u-DN ion gel layer as shown in Figure I11-6. These micron-sized
particles might be formed from the aggregation of the inorganic nanoparticles during spin-coating,

which should be the disadvantage of the u-DN ion gel for thin ion gel membrane preparation.
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Figure III-5. Arithmetic mean height Sa. the u-DN 1on gel prepared by spin coating with different

organic/inorganic network ratios.
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Figure II1-6. Surface morphology of the u-DN ion gel layer prepared by spin coating with different

organic/inorganic network ratios: (a) 1 g/g, (b) 1.5 g/g, (¢) 2 g/g, (d) 3 g/g, (e) 5 g/g, and (f) 7 g/g.

Therefore, restricted by the surface roughness, the organic/inorganic network ratio of the p-DN ion

gel membrane cannot be decreased to improve the mechanical strength. Another factor that restricted

the mechanical strength of the u-DN ion gel membrane is the low fracture strain, which attributes to

the very high cross-linking degree indicated by the low swelling ratio (Figure III-1(d) and (e)). The

excessively high cross-linking degree reduces the stretchability, and under a small deformation the

amount of the ruptured inorganic network for energy dissipation is low so that the mechanical strength

would be restricted. To decrease the cross-linking degree, a more ductile organic network should be

formed.
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NSA is the cross-linking point of the organic network; thus, decreasing the NSA molar ratio could
be expected to form a more ductile and loosely cross-linked network. We fabricated p-DN ion gel
membranes by cross-linkable polymers with NSA molar ratios from 1.18% to 5.08%, and the
mechanical property was strongly affected by the NSA molar ratio (Figure I1I-1(c)). The swelling ratio
was also measured (Figure III-1(f)) to show the crosslinking degree. As the NSA molar ratio decreased,
the swelling ratio was effectively increased from approximately 10 to 25 g/g, which indicates that the
cross-linking degree of the u-DN structure is significantly decreased. As a result, with the NSA molar
ratio decreased, the Young’s modulus decreased (Figure I1I-7(a)) while the fracture strain significantly
increased (Figure III-7(b)). With the increased fracture strain, more inorganic clusters were ruptured
to dissipate more energy during the stretching process. Therefore, the fracture energy of the u-DN ion
gel increased from 105 to 636 kJ/m? as the NSA ratio of the cross-linkable polymer was changed from
5 to 1.18 mol% (Figure I1I-7(d)). This indicates that a sufficiently high fracture strain was achieved by
decreasing the NSA molar ratio of poly(DMAAm-co-NSA). With the improved mechanical property
under the optimized preparation conditions, a thin p-DN ion gel layer-based composite membrane was

expected to be fabricated by spin coating.
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Figure II1-7. (a) Young’s modulus, (b) fracture strain, (c) fracture stress, and (d) fracture energy of the
p-DN ion gels prepared in open space by poly(DMAAm-co-NSA) with different NSA molar ratios,

molecular weight (My) of approximately 126 kg/mol, and organic/inorganic network ratio of 3 g/g.

[11-3-2 Effect of the inorganic ratio on the gas separation performance of the u-DN ion gel
membrane

Before preparing the p-DN ion gel-based composite membrane by spin coating on a support
membrane, the gas permeabilities of the self-standing p-DN ion gel membranes fabricated with
different organic/inorganic network weight ratios were evaluated to investigate whether the inorganic
part would be resistant to gas transport in the membrane. The results are presented in Figure I1I-8. The
results displays a constant trend of the gas permeabilities under different organic/inorganic network
ratios, which indicates the inorganic part has no significant resistance to the gas transport in the u-DN

ion gel membrane at the organic/inorganic ratio from 2 g/gto 7 g/g.
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Figure III-8. Gas separation performance of the self-standing pu-DN ion gel membranes fabricated
with different organic/inorganic network weight ratios. The NSA ratio of the used poly(DMAAm-co-
NSA) is 1.18 mol% and the IL contents are fixed at 80 wt%. The gas separation performance was
evaluated using 50/50 mol/mol CO2/N> mixed gas at 30 °C under dry and atmospheric pressure

conditions.

[11-3-3 lon-gel-based composite membrane

Subsequently, the p-DN ion gel precursor solution prepared using the optimized condition was spin
coated on a support membrane composed of a porous support and a dense intermediate layer, and
formed the composite membrane [84]. The thickness of the u-DN ion gel layer of the composite
membrane was decreased by increasing the rotation speed of the spin coater. The CO»/N> separation
performances of the composite membranes with u-DN ion gel layers having different thicknesses were
measured and the results were shown in Figures II11-9(a) and (b). The CO2 permeance significantly
increased with a decrease in the ion gel layer thickness. The maximum value of the CO> permeance
obtained was 119 GPU, which is 53 times higher than that of the DN ion gel membrane formed by
conventional volatile network precursors. The estimated curves in Figures I1I-9 were calculated using
Equations I-13 and I-14. For the calculations, the CO> permeance (R, 2, 750 GPU) and N2 permeance
(Rn,,2, 68 GPU) of the intermediate layer were measured from the support membrane, and the CO>
permeability (Pco,, 1, 564 barrer) and N> permeability (Py, 1, 24 barrer) of the u-DN ion gel layer were

measured from the self-standing pu-DN ion gel membrane. It was confirmed that the CO2/N; separation
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performance of the composite membrane was in good agreement with the estimated values. The
performance of the self-standing p-DN ion gel membrane with high thickness are also in good
agreement with the estimated curve of the composite membrane. This indicates that when the ion gel

layer thickness is high, the permeation resistance of the intermediate layer can be ignored.
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Figure I11-9. CO; permeation performance of the composite membrane with thin u-DN ion gel layer
and self-standing p-DN ion gel membranes: (a) CO: permeance and (b) CO2/N: selectivity. The
estimated curves were calculated by Equations 1-13 and I-14 with CO> and N> permeabilities of p-DN
ion gel layer fixed at 564 barrer and 24 barrer, respectively, and CO; and N permeance of the support
membrane fixed at 750 GPU and 68 GPU, respectively. The gas separation performance of the
composite membranes was from a published work [84] and used with permission. The gas separation
performance was evaluated using 50/50 mol/mol CO2/N, mixed gas at 30 °C under dry and

atmospheric pressure conditions.

In addition, as shown in Figures III-10, the long-term stability of the u-DN ion gel-based composite
membrane at 30 °C under dry and atmospheric pressure conditions was also evaluated. The constant
gas permeance and permselectivity within 100 h indicates a good long-term stability of the composite

membrane with the p-DN ion gel layer.
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Figure II1-10. Long-term stability of the u-DN ion gel-based composite membrane. The p-DN ion gel
layer with 80 wt% of IL content formed on the support membrane by spin-coating at the rotation speed
of 7000 rpm. The organic/inorganic network ratio of the pu-DN ion gel layer was 3 g/g. The
poly(DMAAm-co-NSA) with 1 mol% of NSA ratio was used to form the organic network in the u-DN
ion gel layer. The gas separation performance was evaluated using 50/50 mol/mol CO2/N2 mixed gas

at 30 °C under dry and atmospheric pressure conditions.

I11-4 Conclusion

We optimized the preparation conditions of the u-DN ion gel prepared in an open space. The high
mechanical properties and good surface morphology was obtained by investigating the network
materials and network compositions. The spin-coating method was used to fabricate a composite
membrane with a p-DN ion gel layer. The composite membrane prepared using the optimized
conditions presents the highly improved CO, permeance. However, micron-sized particles found on
the surface of the u-DN ion gel layer, which contribute mostly to the high roughness of the surface of

the u-DN ion gel layer, is the disadvantage of the u-DN i1on gel for thin ion gel membrane preparation.
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Chapter IV
Novel tough ion-gel-based CO2 separation
membrane with interpenetrating polymer
network composed of semi-crystalline and
cross-linkable polymers

V-1 Introduction

The composite membrane with a p-DN ion gel layer developed in Chapter III displayed the high
CO; permeance of 119 GPU and remained CO2/N; selectivity of 23. However, some micron-sized
particles were found on the surface of the u-DN ion gel layer (Figure I11-6). The micron-sized particles
caused the high roughness of surface of the p-DN ion gel layer, which will result in poor mechanical
properties of the ion gel layer [83]. This is detrimental to the thin ion gel membrane preparation. It was
considered that the micron-sized particles were formed from the agglomeration of the inorganic silica
nanoparticles during spin-coating. Therefore, replacing the inorganic network with an organic network
and developing a new tough ion gel was considered as a strategy to solve this problem.

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), a semi-crystalline polymer, is a
material which has attracted extensive attention due to its high chemical and thermal stabilities [85-
87]. The PVDF-HFP could be physically cross-linked by the crystallization of the VDF segments, and
it was widely utilized as the network material for tough ion gel preparation. In this chapter, a novel
tough ion gel constructed from an interpenetrating polymer network (IPN) and high IL content was
developed using a one-pot/one-step method in an open space. The IPN structure was composed of the
physically cross-linked PVDF-HFP network and the chemically cross-linked poly(DMAAm-co-NSA)
network (Scheme IV-1). The polymer network compositions and preparation temperatures of the IPN
ion gels were optimized for better mechanical properties and IL holding properties. Using the
optimized preparation conditions, the IPN ion gels with increasing IL contents were prepared. The CO»
permeabilities and CO2/Nz permselectivities of IPN ion gel membranes prepared with different
polymer network compositions, different preparation temperatures, and different IL contents were

measured to investigate the gas separation performance of the IPN ion gel membranes.
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Scheme IV-1. Schematic illustrations of the structure of the PVDF-HFP/poly(DMAAmM-co-NSA)

interpenetrating polymer network (IPN) ion gel membrane.

~—PDVF-HFP ~—~— Poly(DMAAm-co-NSA) Crosslinker  @® [Emim][Tf,N]
Semi-crystalline region of PVDF-HFP @ Chemically cross-linking point

IV-2 Experimental section

IV-2-1 Materials
PVDF-HFP purchased from Sigma-Aldrich (M~ 400000 g/mol, M, ~ 130000 g/mol, pellets) was

used as received. Poly(DMAAm-co-NSA) with an NSA molar ratio of 2.91 mol%, a molecular weight
of approximately 121 kg/mol and purity of 91.13 wt% was synthesized following the method described
elsewhere [66, 70]. Diethylene glycol bis(3-aminopropyl) ether (DGBE) and I-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide ([Emim][Tf2N]) were purchased from Tokyo
Chemical Industry Co., Ltd. DGBE was used as the cross-linker of poly(DMAAm-co-NSA). In this
study, we selected [Emim][Tf2N] because of the following reasons; (1) [Emim][Tf2N] could be gelled
by PVDF-HFP, and the gel had high mechanical strength [51, 61, 88], and (2) [Emim][Tf2N] is one of
the widely used ILs for the CO» separation membrane [89]. All ion gels, in this study, were fabricated
using [Emim][Tf2N] as the IL. Acetone (99.5 wt%, FUJIFILM Wako Pure Chemical Co.) was used as
the diluent of the IPN ion gel precursor solution. The chemical structures of the [Emim][Tf2N] and

network precursors used for the IPN ion gel preparation are shown in Figure IV-1(a).
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Figure I'V-1. [llustrations of (a) the chemical structures of the IL and network precursors used for IPN
ion gel preparation, (b) the preparation procedures of IPN ion gels, and (c) the cross-linking reaction

of the poly(DMAAm-co-NSA) network.

IV-2-2 lon gel preparation
The preparation procedure for the PVDF-HFP/poly(DMAAm-co-NSA) IPN ion gel is shown in

Figure IV-1(b). A certain amount of PVDF-HFP was first added into 9.24 g of acetone and stirred for
3 h until completely dissolved. Then, a certain amount of poly(DMAAm-co-NSA) was added to the
PVDF-HFP solution and stirred for 1 h to completely dissolve the poly(DMAAm-co-NSA). For the
preparation of the IPN ion gel with 80 wt% IL content, the total weight of the polymer networks was
fixed at 1.28 g, and each polymer weight was determined by the PVDF-HFP/poly(DMAAm-co-NSA)

network weight ratio. Subsequently, 5.12 g of IL was added and stirred for 30 min. Finally, the cross-
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linker solution, which was composed of DGBE and acetone (1.0 g), was added to the mixture. After
stirring for 3 min, the IPN ion gel precursor solution was prepared. As shown in Figure V-2, PVDF-
HFP and poly(DMAAm-co-NSA) could be dissolved in the precursor solution and formed a
transparent and homogeneous solution, which indicates the good miscibility of these two polymers in
the solution. Therefore, PVDF-HFP and poly(DMAAm-co-NSA) polymer chains could be easily
entangled in the precursor solution. In the precursor solution, the DGBE/NSA molar ratio was fixed at
0.5 mol/mol. By one minute of sonication, the air bubbles in the precursor solution were removed and
the bubble-free solution was poured into a mold. The acetone in the precursor solution was evaporated
in an oven for 24 h at a temperature described hereafter as the “evaporation temperature”. During this
heating process, an amide crosslinking reaction between N-hydroxysuccinimide (NHS) ester from the
poly(DMAAm-co-NSA) and a primary amine from DGBE took place (Figure IV-1(c)). The obtained

ion gel was completely dried by a hot plate at 70 °C for 24 h.

Figure IV-2. The IPN ion gel precursor solution composed of PVDF-HFP, poly(DMAAm-co-NSA),
DGBE, [Emin][Tf:N], and acetone.

The single-network (SN) ion gel with the poly(DMAAm-co-NSA) network was prepared in the
same way as IPN ion gels, except for the use of PVDF-HFP. In 9.24 g of acetone, 1.24 g of
poly(DMAAm-co-NSA) and 5.12 g of IL were dissolved sequentially as described above. Acetone
DGBE solution (0.04 g of DGBE dissolved in 1.0 g of acetone) was then added into the solution and
stirred for 3 min to prepare the precursor solution. For the SN ion gel with PVDF-HFP network, 1.28
g of PVDF-HFP was dissolved in 10.24 g of acetone; then, 5.12 g of IL was added, and the solution
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was stirred for 30 min to form the precursor solution. Both precursor solutions of the SN ion gels were
degassed by ultrasonication for 1 min, poured into a mold, and heated in an oven at evaporation
temperature for 24 h. The obtained SN ion gels (poly(DMAAm-co-NSA) SN ion gel and PVDF-HFP
SN ion gel) were completely dried on a hot plate at 70 °C for 24 h.

In this study, IPN ion gels with different polymer network compositions were fabricated at 50 °C by
changing the PVDF-HFP weight ratios in the IPN (0, 0.25, 0.5, 0.75, and 1 g/g) so that a PVDF—
HFP/IPN ratio of 0.25 g/g indicates that the IPN structure is composed of 25 wt% of the PVDF-HFP
network and 75 wt% of the poly(DMAAm-co-NSA) network. Therefore, the ion gel with the PVDF—
HFP/IPN weight ratio of 0 g/g corresponds to the poly(DMAAm-co-NSA) SN ion gel, while the
PVDF-HFP/IPN w