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ABSTRACT

Separation membranes, which have the possibility to develop energy-saving and compact proc-
esses, are expected to be applied in the field of CO, separation and capture and are attracting
considerable interest from both industries and academia. The purpose of this review is to provide
an overview of recent advances in both organic and inorganic materials for high-performance CO,
separation membranes from the viewpoint of molecular design to an engineering perspective. The
overview includes gas permeation theory for CO, capture and separation, controlled intrinsic
micropores and their size-sieving property, CO, diffusivity in the membrane matrix, selective CO,
solubility and selective permeability, functionalization using chemical reactions, etc. CO, separation
mechanisms and the effects of properties of membrane materials on both the CO, permeability
and permselectivity over other light gases are discussed, and the recent developments regarding
inorganic and glassy polymer membranes with intrinsic microporous structures, rubbery polymer
membranes, ionic liquid-based gel membranes, and facilitated-transport membranes are reviewed.
Taking into consideration the industrial applications, the characteristics of each membrane with
respect to process design, such as membrane thickness, and physical aging, and dependence of
CO, permeability on gas properties, are also discussed. Finally, future research challenges and per-
spectives for the commercialization of CO, capture and separation process using high-perform-
ance materials are proposed.
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1. Introduction difficult. To reduce CO, emissions, various efforts have been
made, and energy-saving technologies have been developed.
The reduction of energy used in our daily life and the devel-
opment of energy-saving devices and systems have contrib-
uted to the reduction of CO,. However, currently, the CO,
concentration in the atmosphere continues to increase. To
stop this increase, technologies to reduce the emission of
CO, derived from fossil fuels must be developed and
installed. Thus, the development of technologies to separate
and capture CO, from exhaust gases that are emitted from
various CO, sources is vital.

Carbon dioxide Capture and Storage (CCS), which is one

The release of large amounts of CO, into the atmosphere
has been recognized as a global problem for over 20 years.
The rapid increase in atmospheric CO, concentration since
the industrial revolution is undoubtedly one of the main
causes of the recent drastic climate change and severe global
warming. The increase in the average temperature on Earth
causes not only abnormal weather patterns and climate
change but also environmental destruction on a global scale;
this can be observed through phenomena such as rising sea
levels and impacts on the different ecosystems. Furthermore,
environmental destruction may cause problems directly

related to human life, such as adverse effects on agricultural
products and the depletion of water resources. For the sus-
tainable development of human beings and the conservation
of ecosystems, we must urgently stop the destruction of the
global environment caused by an increase in atmospheric
CO, concentration. The increase in the atmospheric CO,
concentration is primarily caused by the release of CO, dur-
ing industrial activities that use fossil fuels. However, owing
to the strong dependence of humans on the use of fossil
fuels for their comfort, immediately stopping their usage is

of the large-scale CO, reduction technologies, Carbon diox-
ide Capture, Utilization and Storage (CCUS), which is the
technology to reduce CO, emission by using the recovered
CO, as raw material, and Direct Air Capture (DAC), which
separates and captures CO, directly from the atmosphere,
are expected to be direct and effective methods for CO,
reduction. However, these CO, reduction technologies still
experience problems. The bottleneck in the effective oper-
ation of these technologies is the CO, separation process.
CO, separation technologies, such as chemical and physical
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absorption, temperature and pressure swing adsorption, and
cryogenic distillation, are well-established and effective but
are high-energy consumption processes. Among these CO,
separation technologies, amine absorption is a proven tech-
nology to treat industrial gas streams. However, it is esti-
mated that the cost for CO, capture would be $40-100/ton-
CO, when an amine absorption system is used to capture
90% of CO, in flue gas (Figueroa et al. 2008). Moreover,
these processes require significantly large equipment size
and hence incur large costs. The high CO, separation costs,
including energy, operation, and equipment costs, make it
difficult to achieve energy-effective CO, separation by con-
ventional CO, separation technologies. Furthermore, because
of the huge process size, conventional CO, separation proc-
esses have limited applicability to small-scale processes such
as chemical processes and biogas purification. Therefore, a
low-cost, energy-saving, and compact CO, separation pro-
cess is highly desired.

In recent years, the membrane separation method has
attracted considerable attention as a next-generation CO,
separation method to achieve a highly efficient and compact
CO, separation process. It is predicted that the cost of cap-
turing 90% of CO, in flue gas using a high-performance
CO, separation membrane could be lower than $40/ton-CO,
(Merkel et al. 2010). Furthermore, because membranes can
be used as a size-effective membrane module with high-
density membrane integration, the membrane separation
method can allow the establishment of a compact, onsite,
and on-demand process. To achieve a highly effective CO,
separation process using the membrane separation technol-
ogy, high-performance CO, separation membranes, which
have a much higher CO, permeation rate than other light
gases such as N, O,, H,, and CH,, must be used. However,
the performance of conventional CO, separation membranes
is still insufficient and does not meet practical requirements.
Therefore, several researchers are continuously expending
efforts to develop high-performance CO, separation mem-
branes and have achieved remarkable progress in recent
years.

Various types of CO, separation membranes have been
developed, including organic membranes such as polymer
membranes, ionic liquid (IL)-based membranes, facilitated
transport membranes, and inorganic membranes with crys-
talline and amorphous structures composed of inorganic
oxides, such as silica, alumina, and titania. In recent years,
several new concepts have been proposed to design the
structure and properties of membranes to improve CO, sep-
aration performance. For example, glassy polymer mem-
branes with intrinsic microporous structures have been
developed. To improve the CO, selective permeability, sub-
nanoscale control of the microporous structure is being
attempted by precise control of the free volume based on
molecular design. Conversely, ultrathin membranes with a
significantly high CO, permeation rate have been developed
for rubbery polymer membranes. IL-based membranes have
entered a new stage of development using gel technology.
For facilitated transport membranes, using an IL-type CO,
carrier was proposed to overcome the serious drawback. In

inorganic membranes, improvement in perm selectivity has
been achieved by designing the crystal structure of zeolite
membranes and by controlling the pore size of silica mem-
branes by incorporating coordinative chemical compounds.
While these types of CO, separation membranes are still
under development, some of them with high CO, separation
performance, which overcomes the tradeoff that exists
between CO,/light gas selectivity and CO, permeability,
according to the Robeson upper bound (Robeson 1991,
2008), have been successively reported. For organic-inor-
ganic composite membranes, only inorganic-based mem-
branes will be presented in this paper. Readers can consult
previous reviews for the Metal-organic framework (MOF)
membranes (Chakrabarty et al. 2022; Demir et al. 2022;
Kamble et al. 2021; Kang et al. 2022; Wong and Jawad
2019).

In this review, the performances and properties, theoret-
ical considerations for selective CO, permeation, and recent
noteworthy developments of each membrane are provided.
The remaining challenges for each membrane are also
discussed.

2. Organic CO, Separation Membranes
2.1 CO, separation mechanism

In general, gas permeation through polymer membranes
proceeds in the following three steps: (I) a gas molecule is
dissolved in a membrane at the surface in contact with a
feed gas; (II) the dissolved gas molecules diffuse within the
polymer matrix of the membrane; and (III) the dissolved gas
molecules reach the membrane surface at the permeate side
and are desorbed and removed from the membrane. This
permeation mechanism is called the solution-diffusion
mechanism. The gas permeation potential of the membrane
material is evaluated by the gas permeability, P, which is a
parameter expressing the number of gas molecules permeat-
ing through a unit area of the membrane at the unit time
under the condition that a unit partial pressure difference is
applied between the feed and permeate gases. Thus, the per-
meability coefficient is a scale expressing “how fast the
developed membrane material can permeate a gas molecule”
and is useful in material development. Gas permeability can
be expressed by the following equation based on Fick’s dif-
fusion law:

A
ac (1)

P=D x Ap

where D (m?/s) is the effective diffusion coefficient of a dis-
solved gas molecule in a membrane, AC (mol/m?) is the
concentration gradient of the dissolved gas between the
feed- and permeate-side surfaces of the membrane, and Ap
(Pa) is the transmembrane partial pressure difference
between the feed and permeate gases. The unit of P is
mol-m/(m?*s-Pa) in the SI system of measurement. In the
research field of gas separation membranes, “barrer” is often
used as the unit of gas permeability (1 barrer =
3.35 x 10~ "°*mol-m/(m*-s-Pa)). The parameter AC/Ap in Eq.
(1) is the solubility coefficient, which is expressed as



S (mol/(m> Pa)). Using S, Eq. (1) can be rewritten as
P=D-S. This equation indicates that gas permeability can be
determined from the diffusivity of the dissolved gas in the
membrane matrix and solubility of gas molecules in the
membrane matrix.

Conversely, the gas separation properties of membrane
materials are expressed by the perm selectivity, o;;, which is
a ratio of permeabilities of gas species i and j (a;; = Pi/P)).
Thus, o;; is a scale to evaluate “how fast the gas species i
permeates through the developed membrane compared to j.”

P D §

oy = = =2 2
Equation (2) is a formula that is rewritten using Eq. (1).
In Eq. (2), Di/Dj and Sy/S; denote the diffusion and solubility
selectivities, respectively. Thus, the gas separation properties
of a membrane can be improved in two ways: by increasing
the diffusivity and solubility differences. Therefore, the abil-
ity of membrane materials is evaluated using both ocoy
and Pco,. Materials that can permeate CO, faster and with
greater selectivity are suitable as high-performance CO, sep-
aration membranes. However, as is well known, there is a
tradeoff between ¢coz/; and Pco,. This tradeoff relationship
was recognized worldwide as the upper bound line by
Robeson (1991). The upper bound line is used as a reference
index for evaluating the performance of CO, separation
membrane materials and is updated with the creation of
high-performance CO, separation membranes.

2.2 Recently developed high-performance organic
membranes for CO, separation

2.2.1 Glassy polymer membranes

2.2.1.1 Novel glassy polymer membranes. Before the 1990s,
studies had empirically confirmed that glassy polymers with
a rigid main chain skeleton had high CO, separation per-
formance (Koros et al. 1988; Robeson 1991; Stern 1994).
Moreover, polymer membranes with a large free volume
fraction, such as polydimethylsiloxane (PDMS) and poly[1-
(trimethylsilyl)-1-propyne] (PTMSP), were confirmed to
have high gas permeability. In particular, it is well known
that PTMSP, which is a glassy polymer with a significantly
large free volume fraction, has a very high gas permeability.
PTMSP was first described by Masuda et al. (1983). The
Brunauer-Emmett-Teller surface area was reported to be
550 m>/g (Nagai et al. 2001). The free volume in freshly pre-
pared PTMSP (~30%) is interconnected, thus allowing rapid
diffusion and significantly high permeations of gases. Since
the discovery of the highest gas permeability of PTMSP,
various polyacetylene-based polymer membranes have been
developed and evaluated for gas separation performance,
including CO,/N, and CO,/CH, systems (Hu et al. 2008;
Masuda et al. 1988). However, because of the low solubility
selectivity of the polyacetylene-based polymer membranes,
the gas separation performance of PTMSP is severely limited
and below the upper bound. Besides, glassy polymer mem-
branes such as polyimide membranes (Al-Masri et al. 1999,
2000; Cho and Park 2011; de Abajo et al. 2003; Hiarayama
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et al. 1995; Kazama et al. 2002; Nagel et al. 2002; Sen and
Banerjee 2010), polyamide membranes (de Abajo et al.
2003), cellulose acetate membranes (Jami’an et al. 2016; Liu
et al. 2021b; Puleo et al. 1989; Raza et al. 2021), polysulfone
membranes (Aitken et al. 1992; Ghosal et al. 1996; Kim
et al. 2001; McHattie et al. 1991b, 1991a, 1992), and polye-
thersulfone membranes (Chiou et al. 1987; Naderi et al.
2018) have been studied; however, the CO, permeability of
these glassy polymer membranes is small and the CO, sep-
aration performance is below the upper bound line.

Besides the above, based on the platform of conventional
polymers, many attempts have been made to develop poly-
mers with high selectivity and high permeability. Although
developing polymers with not only high permeability but
also high selectivity that have a CO, separation performance
beyond the Robeson upper bound was difficult, from the
early 2000s, new polymer materials suitable for CO, separ-
ation were discovered. One is a microporous polymer with
rigid ladder-like backbone, termed polymer of intrinsic
microporosity (PIM), and the other is a microporous poly-
mer obtained by the thermal rearrangement of specified pol-
yimides, termed thermally rearranged (TR) polymer. In the
following sections, the properties, CO, permeation perform-
ance, and challenges of these polymer membranes are
discussed.

2.2.1.2 Polymers of intrinsic microporosity (PIMs) mem-
brane. PIMs are glassy polymers with intrinsic micropores.
The main chain of the PIMs has a rigid ladder-like struc-
ture. PIM-1, a representative PIM developed by Budd et al.
(2004a), was synthesized via condensation polymerization of
an aromatic monomer with four hydroxyl groups and an
aromatic monomer with four halogen groups (Figure 1(a)).
PIM-1 has no rotational single bonds in the backbone.
Thus, the backbone of PIM-1 is rigid. The rigid ladder-like
backbone limits intra-segmental mobility and prevents effi-
cient chain packing. The other feature of the main chain of
PIM-1 is the sharply bent spiro-center (i.e., a single tetrahe-
dral C atom shared by two rings), which provides a con-
torted backbone structure. The rigid and contorted structure
allows the formation of interconnected molecular-level
micro-void spaces in the PIM-1 matrix. Therefore, intercon-
nected micropores (less than 2nm) and ultra-micropores
(less than 0.7nm) are formed in the polymer membrane of
PIM-1 (Staiger et al. 2008). Owing to its highly developed
microporous structure, a separation membrane composed of
PIM-1 has a large surface area (>600m?/g)(Budd et al.
2004a) and a relatively large fractional free volume (FFV;
0.15) (Staiger et al. 2008). Therefore, the CO, diffusivity and
solubility of PIM-1 are greater than those of conventional
polymers (Budd et al. 2005). The outstanding CO, perme-
ability of the PIM-1 membrane (2300 barrer) was first dem-
onstrated by Budd et al. (2005). The CO,/CH, separation
performance of the PIM-1 membrane was found to be
beyond the Robeson upper bound that was reported in 1991
(Robeson 1991). Considering the high CO, separation per-
formance of the PIM-1 membrane, Robeson revised the
upper bound in 2008 (Robeson 2008). The CO,/N,
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Figure 1. Examples of PIMs: (a) Synthesis route and chemical structure of PIM-1; chemical structures of (b

Q n

) ehanoanthracene-based PIM, (c) benzotriptycene-based

PIM, (d) PIM-PI with spirobisindane structure (PIM-PI-1), and (e) PIM-PI with Troger's base structure.

separation performance was also good, which was located
on the upper bound in 2008 (Robeson 2008). Another sig-
nificant advantage of this material over other conventional
microporous materials is their solution processability. PIM-1
can be dissolved in several polar organic solvents. Therefore,
it has superior processability and can be shaped into a
membrane.

After demonstrating the superior CO, separation per-
formance of PIM-1, various studies have been performed on
PIM membranes. PIMs can be synthesized via a double aro-
matic nucleophilic substitution polycondensation reaction.
To improve the CO, separation performance, many PIMs
have been derived either by using various monomers with
different chemical structures or by post-functionalization of
the synthesized PIMs. For example, using PIM monomers
with different unit lengths, various PIMs with spiro-centers,
such as PIMs-2, 3, 7-9, were synthesized (Bezzu et al. 2018;
Budd et al. 2004b, Ghanem et al. 2008a). Post-functionaliza-
tion of PIM-1 has also been achieved by the conversion of
the nitrile group in PIM-1 to amine (Mason et al. 2014,
Satilmis et al. 2018), amide (Yanaranop et al. 2016), tetrazole
(Du et al. 2011), thioamide (Mason et al. 2011), methyl
tetrazole (Du et al. 2012), amidoxime (Patel and Yavuz
2012; Swaidan et al. 2014), hydroxyalkylaminoalkylamide

(Satilmis et al. 2015), and carboxylic acid (Du et al. 2009;
Jeon et al. 2017; Mizrahi Rodriguez et al. 2020; Weng et al.
2015; Wu et al. 2018) groups. Some of these functionaliza-
tions lead to the tightening of the microstructure owing to
the enhancement of intermolecular interactions such as
hydrogen bonding. The tightening microstructure allows for
an increase in the size-sieving effect, resulting in the diffu-
sion selectivity of CO, over CH, and N,. Recently, to make
PIM-1 more rigid, the formation of an intramolecular eight-
membered ring structure that connects the carbon atoms of
the spirobisindane structure and the nitrile group of PIM-1
has been proposed (Zhang et al. 2016). The formation of an
intermolecular crosslinked structure of PIM-1 by thermal
crosslinking has also been studied (Li et al. 2012a). On the
other hand, to synthesize PIMs with a more rigid main skel-
eton, various types of precursor monomers with cardo
(Ghanem et al. 2008a), iptycene (Carta et al. 2014;
Comesana-Gandara et al. 2019; Ghanem et al. 2014a, 2014b;
Rose et al. 2015, 2017), ethanoanthracene (Carta et al. 2013;
Ma and Pinnau 2018; Tocci et al. 2014), and Troger’s base
(Carta et al. 2013, 2014; Rose et al. 2015; Tocci et al. 2014;
Williams et al. 2018) were used instead of monomers with
spiro-centers. Figure 1(b,c) show examples of PIMs with
ethanoanthracene and  benzotriptycene structures,



respectively. In addition, studies have shown that polyimides
incorporating spirobisindane structures also have intrinsic
microporosity (Ghanem et al. 2008b, 2009; Weber et al.
2007; Zhang et al. 2007). Such polyimides are a type of PIM
and are called polyimides of intrinsic microporosity (PIM-
PIs). PIM-PIs with iptycene structures (Alghunaimi et al.
2015; Ghanem et al. 2014a), ethanoanthracene structures
(Rogan et al. 2014), and Troger’s base (Lee et al. 2016) can
also be synthesized by selecting monomers. Some examples
of PIM-PIs are shown in Figure 1(d,e). The synthetic meth-
ods and properties of PIMs and PIM-PIs with various struc-
tures have been summarized in detail in recent reviews
(Bandehali et al. 2021; Lee et al. 2020; Low et al. 2018;
McKeown and Budd 2006; Wang et al. 2016).

One of the problems of PIM membranes is the change in
the gas permeation performance over time, which is recog-
nized as physical aging. Owing to physical aging, the CO,
permeability drastically decreases and the CO,/N, and
CO,/CH, permselectivities increase. A previous study
reported that the CO, permeability of the as-prepared PIM
membranes decreased to 25-40% within one year. For
example, the CO, permeability of the PIM-1 membrane
declined by approximately 40% (from ca. 2500 barrer to ca.
1550 barrer) after 140h (Staiger et al. 2008). As another
example, benzotriptycene-based PIM (PIM-Btrip) mem-
brane, which is a state-of-the-art PIM membrane, showed a
63% reduction in CO, permeability from 21,500 to 8020
barrer after one year (Comesana-Gandara et al. 2019). The
CO, permeability continuously decreased and eventually
became 3770 barrer after 718 d. This reduction in CO, per-
meability is due to the reduction in the free volume of PIMs
(Staiger et al. 2008), which is similar to the physical aging
trend for other polymers such as PTMSP (Nagai et al. 2000;
Tiwari et al. 2014), amorphous fluoropolymers, i.e., Teflon
AF1600 and AF2400 (Tiwari et al. 2014), and poly(4-
methyl-2-pentyne) with a high free volume (Merkel et al.
2003). In contrast to the CO, permeability, the CO,/N, and
CO,/CH,; permselectivities of the PIM-Btrip membrane
increased from 18.1 and 12.7-33.7 and 33.4 after 718d,
respectively (Comesana-Gandara et al. 2019). A similar trend
in physical aging, i.e., a decrease in gas permeability and an
increase in the permselectivity of faster permeating gases,
was confirmed for all PIM membranes. For PIM-1 and
PIM-Btrip membranes, the decrease in the CO, permeability
and the increase in the CO,/N, and CO,/CH, permselectiv-
ities were due to the decrease in the diffusion coefficients of
each gas species over time (Bernardo et al. 2017; Longo
et al. 2020). Interestingly, the solubility of the gases did not
change significantly over time. Therefore, it was considered
that the increase in permselectivity improved the size-sieving
character during physical aging. Although the decrease in
CO, permeability has a negative effect, the increase in perm-
selectivity is positive because the not-so-significantly high
permselectivity is one of the drawbacks of the PIM mem-
branes. As shown in the example above, the CO, permeabil-
ity of the membranes composed of PIM-Btrip was still
sufficiently high after physical aging. Moreover, the CO,/N,
and CO,/CH, permselectivities significantly improved. After
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physical aging, the CO, separation performance, ie., the
relationships between CO,/N, and CO,/CH, permselectiv-
ities and CO, permeability, was still beyond the upper
bound lines that were reported in 2008. Thus, it cannot be
unconditionally stated that physical aging causes a reduction
in the CO, separation performance of PIM membranes.
However, in practical applications, the performance
change that occurs in the CO, permeation properties during
a separation process is not desirable. The use of membranes
with a constant permeation property, ie., equilibrated gas
permeation performance, is preferable for simplifying the
process design. To achieve a fast equilibration, the use of a
thin film is favorable because it was reported that the per-
formance change due to physical aging became faster when
the thickness of the PIM membrane was reduced (Tiwari
et al. 2017). Moreover, from the perspective of operation
cost, the use of thin membranes with sufficient CO, perme-
ance is vital. Here, CO, permeance is defined as the gas per-
meation rate through a membrane with a given thickness
and unit area per unit time. The unit of permeance is
mol/(m®-s-Pa) in the SI system of measurement. In the
research field of gas separation membranes, “GPU” is often
used as the unit of gas permeance (1 GPU =
3.35 x 10 '®mol/(m?*:s-Pa)). A thinner membrane has higher
CO, permeance. Therefore, in practical applications, the use
of significantly thin PIM membranes with equilibrated gas
permeation performances is favorable. However, the forma-
tion of thin and defect-free rigid-polymer-based films is
often difficult, i.e., the fabrication of thin PIM membranes
with sufficient CO, separation performance that meets the
requirements of practical applications is a big challenge.
There have been only a few reports on the fabrication of
thin PIM membranes. Jue et al. (2017) developed an asym-
metric PIM-1 hollow-fiber membrane. The thickness of the
dense layer formed at the outer surface of the hollow-fiber
membrane was ~2.8pum. After two months of physical
aging, the CO, permeance and CO,/CH,, CO,/N, permse-
lectivities were measured as 360 GPU and 23, 28, respect-
ively. As another thin PIM membrane, Liang et al. (2018)
prepared a thin-film composite (TFC) membrane with a
PIM layer on the outer surface of a hollow-fiber-type sup-
port membrane composed of a porous polyacrylonitrile
membrane coated with a thin PDMS gutter layer. They pre-
pared a TFC membrane using the dip-coating method. In
their research, PIM-1 and PIM incorporated with beta-cyclo-
dextrin (PIM-CD) were used. The thickness of the dense
PIM layer formed on the PDMS gutter layer was approxi-
mately 5um. The CO, permeability and CO,/N, selectivity
of the TFC membrane with the PIM-1 layer were 402.6
GPU and 21.3, respectively, and those of the TFC membrane
with the PIM-CD layer were 483.4 GPU and 22.5, respect-
ively. Because these performances are still insufficient for
practical applications, such as CO, capture from exhaust
gases that are released from coal-fired power plants (the
required membrane performance was reported by Merkel
et al. (2010)), the thickness of the PIM layer must be further
decreased. Some other TFC membranes were prepared by
Benito et al. (2019). They prepared TFC membranes with
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Figure 2. Examples of TR polymers: (a) chemical structures of the precursor and TR polymers; (b,c) chemical structures of representative TR polymers.

ultrathin PIM-1, PIM based on tetramethyltetrahydronaph-
thalene unit coupled with bicyclic triptycene, and PIM con-
sisting of Troger’s base and ethanoanthracene layers using
Langmuir-Blodgett technique and Langmuir-Schaefer hori-
zontal deposition method. The prepared TFC membranes
had a dense PIM multilayer with a thickness of several tens
of nanometers. Unfortunately, the CO, permeance and
CO,/N, permselectivity of the prepared TFC membranes
were lower than those expected from thick-membrane sam-
ples. From these results, it can be said that the fabrication
method for thin PIM membranes has not yet been well
established. Thus, the development of a thin-film formation
technique should be established for the practical application
of PIM membranes.

2.2.1.3 Thermally rearranged (TR) polymers. Another poly-
mer with an intrinsic microporous structure is the TR poly-
mer. TR polymers are completely aromatic, insoluble, and
rigid polymers prepared via post-fabrication polymer-modi-
fying reactions. The TR polymer membrane was first devel-
oped by Park et al. (2007). They prepared a membrane
called TR-1 from polyimides with ortho-positioned func-
tional groups (PIOFG-1) (aromatic polyimide) synthesized
via thermal imidization of 4,4'-(hexafluoroisopropylidene)-
diphthalic anhydride and 2,2'-bis(3-amino-4-hydroxyl-
phenyl) hexafluoropropane. In addition to aromatic polyi-
mides, aromatic polyetherimide (Calle and Lee 2011; Do
et al. 2013) and aromatic polyamide (Do et al. 2013; Han
et al. 2012; Kim et al. 2015b; Ye et al. 2019, 2020) can also
be used as thermally rearrangeable (TR-able) polymers. TR-
able polymers must have ortho-positioned functional groups,
such as hydroxyl, amine, and thiol groups. Thus, an aro-
matic diamine monomer, which is a precursor monomer of
TR-able polymers, must also contain ortho-positioned func-
tional groups such as hydroxyl, amine, and thiol groups. As
the other monomer, either aromatic carboxylic acid dianhy-
dride or aromatic dicarboxylic acid chloride can be used.
Several precursor monomers are commercially available,
which is advantageous for achieving the chemical structural
diversity of TR polymers. The synthesis routes, precursor

materials, and properties of various TR polymers have been
detailed in recent reviews (Bandehali et al. 2021; Lee et al.
2020; Low et al. 2018; McKeown and Budd 2006; Wang
et al. 2016).

Because precursor TR-able polymers are highly soluble in
several organic solvents, the solution can be spread into a
film and dried to form a precursor membrane.
Subsequently, to prepare the TR polymer membrane, irre-
versible molecular rearrangement is conducted at the tem-
perature range of approximately 350-450°C (Figure 2(a)).
The thermal treatment converts the relatively flexible, twist-
ing pairs of short, flat planes in the precursor polymer to
single, long, flat planes. The TR moieties of the polymer
chain become much more rigid than those of the parent
polymer via the formation of meta- and para-linked chains.
Consequently, random chain conformations with intercon-
nected microcavities (free volume elements) are formed in
the amorphous polymer matrix (Park et al. 2007). Figure
2(b,c) show examples of representative TR polymers.

The outstanding CO, permeability and CO,/CH, permse-
lectivity of the TR-1 membrane were first demonstrated by
Park et al. (2010). The CO,/CH, separation performance of
the TR-1 membrane was found to be beyond the revised
Robeson upper bound, which was proposed in 2008
(Robeson 2008). The size of the microcavity could be
increased via thermal treatment. Moreover, the size distribu-
tion of the microcavities was sharpened by the thermal
treatment. For example, TR-1 prepared at 450 °C, which is
named TR-1-450, exhibited a sharp microcavity with an
average radius of approximately 0.38 nm, whereas PIOFG-1,
which is the precursor polymer of TR-1-450, had a broadly
distributed microcavity with an average radius of approxi-
mately 0.28 nm. Because of its highly developed microcav-
ities, TR-1-450 has a large surface area (>500m?*/g) and
large FFV (26.3%) (Park et al. 2007, 2010). The size of the
microcavities can be controlled by controlling the degree of
thermal conversion by changing the temperature and time
of the thermal treatment. The CO, permeability and
CO,/CH, permselectivity of the TR-1-450 membrane were
> 2000 barrer and > 45, respectively (Han et al. 2010; Kim



et al. 2013a; Park et al. 2010). However, the size of the
microcavity and FFV are strongly affected by the imidization
routes of the TR-able precursor polymers. For example, the
TR-1 polymers prepared from hydroxyl-containing poly-
imide (HPI) and acetate-containing polyimide (AcPI), which
are the precursor polymers of TR-1, had different FFVs and
cavity sizes. HPI could be synthesized via thermal imidiza-
tion (tHPI) and azeotropic imidization (aHPI), while AcPI
could be synthesized via chemical imidization (cAcPI) and
chemical imidization with silylation treatment (sAcPI) (Han
et al. 2010). The order of the d-spacing of the TR-1 poly-
mers prepared from these precursor polymers were
SACPI > cAcPI >tHPI > aHPIL The small d-spacing and
FFV of the TR-1 polymer from aHPI can lead to a signifi-
cant decrease in the diffusion coefficient and permeability of
gases in the membrane (Kim et al. 2013a). Thus, to fabricate
a high-performance TR membrane for CO, separation, the
suitable synthesis route of the TR-able precursor polymer
should be selected.

After the superior CO, separation performance of TR-1
was reported, various studies on TR membranes have been
conducted. As mentioned above, TR polymers can be pre-
pared from TR-able polymers synthesized using various pre-
cursor monomers. Many types of TR polymer membranes
have been developed by combining various precursor mono-
mers (Calle and Lee 2011; Jiang et al. 2011; Park et al.
2010). TR-able copolymers can also be synthesized using
multiple precursor monomers. TR copolymers can be pre-
pared from TR-able copolymers (Choi et al. 2010; Gan et al.
2019, 2020; Soo et al. 2013). Furthermore, similar to PIMs,
the micropore structure of TR polymers can be controlled
by introducing rigid and bulky iptycene structures (Huang
et al. 2022), spiro-ring structures (Li et al. 2013b), cardo
structures (Yeong et al. 2012), and Troger’s bases (Hu et al.
2020; Meckler et al. 2018).

Similar to PIM membranes, physical aging is a problem
in practical applications. Only a few studies have investi-
gated the physical aging of TR polymer membranes.
However, some reports indicated that the gas permeation
performance of TR polymer membranes changed over time,
i.e., the gas permeability decreased and the permselectivity
of faster permeating gases increased (Brunetti et al. 2016;
Comesana-Gandara et al. 2017; Wang et al. 2014a). For
example, the CO, permeability of the mTR-PBO membrane,
which was prepared by a thermally rearrangement of the
TR-able precursor polymer synthesized from 2,2'-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA)
and 3,3'-diamino-4,4’-dihydroxybiphenyl (mHAB), decreased
from 720 to 488 barrer after six months of aging, CO,/CH,
permselectivity increased marginally from 23 to 28, and CO,
permeation performance showed a shift parallel to the
Robeson upper bound line (Comesana-Gandara et al. 2017).
Thus, similar to PIM membranes, it cannot be uncondition-
ally said that physical aging causes a reduction in the CO,
separation performance of TR polymer membranes. To
overcome the decline in CO, permeance by physical aging,
an interesting investigation on the recovery of the gas per-
meation performances of TR hollow-fiber membrane
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modules was conducted by Brunetti et al. (2016). They
developed an in situ recovery process without disassembling
the membrane module by exposing the membrane to metha-
nol at 80°C. The CO, permeance and CO,/N, permselectiv-
ity of the module were completely recovered by the recovery
process. The recovery of the gas permeation performance is
an effective way to extend the life of the membrane and is
useful for practical applications. However, a continuous
change in gas permeation performance during the separation
process complicates the process design. Thus, the develop-
ment of TR membranes with aging resistance or sufficient
performance after aging is highly desired.

The other challenge of TR polymer membranes is the
development of a thin-film formation process. Because of
the high solubility of the TR-able precursor polymers in
commonly used organic solvents, a hollow-fiber membrane
of the precursor polymers with a dense and thin skin layer
on the surface can be prepared by a nonsolvent-induced
phase separation (NIPS) method. However, unlike PIMs, TR
polymers are prepared by post-thermal treatment of the pre-
cursor polymer. From the perspective of preparation cost,
thermal treatments that are performed at high temperatures
for a long time may not be economically or industrially feas-
ible. Moreover, it has been reported that the thickness of the
skin layer is increased by thermal rearrangement at high
temperatures. The increase in the skin layer thickness was
caused at elevated temperatures by the densification of a
portion of the porous transition or support layer and their
conversion into the skin layer (Woo et al. 2016). Therefore,
a preparation method for TR polymer membranes must be
developed at low temperatures. Fortunately, a study reported
that the thermal rearrangement of a thin TR membrane was
more rapid and extensive than that of a thick one (Wang
et al. 2014b). Moreover, the conversion of the ortho-func-
tional polyimide to polybenzoxazole can be started at a
lower temperature for thinner films than that for thicker
films (Wang et al. 2014b). Thus, the preparation of thin TR
polymer membranes would not only be preferable to
increase the CO, permeability but to also achieve a cost-
effective process. By conducting thermal rearrangement
under preferable conditions, an asymmetric TR polymer hol-
low-fiber membrane with high CO, permeability and good
CO, selectivity over CH, and N, can be fabricated. Kim
et al. (2012) prepared a TR-polybenzoxazole (TR-PBO) hol-
low-fiber membrane from hydroxyl polyimide hollow fibers
fabricated by the NIPS method. The thickness of the skin
layer formed on the outer surface of the hollow-fiber mem-
brane was approximately 1.5um. When the rearrangement
was performed at 450°C for 1h, the CO, permeance and
CO,/CH, and CO,/N, permselectivities were 1938 GPU and
14 and 13, respectively. A hollow-fiber membrane composed
of TR copolymer from the precursor copolymer with TR-
able and non-TR-able segments was also prepared via the
NIPS method followed by thermal rearrangement at differ-
ent temperatures for 1 h (Woo et al. 2016). When the ther-
mal rearrangement was performed at 375°C, the prepared
membrane had 0.2 pm of the skin layer with 36.6% thermal
rearrangement. The CO, permeance and CO,/N,
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permselectivity values were 560 GPU and 17, respectively.
Recently, Lee et al. (2019) fabricated densification-induced
hollow-fiber membranes composed of crosslinked-TR-PBO.
The crosslinked TR hollow-fiber membranes prepared at a
thermal rearrangement temperature of 425°C exhibited a
skin layer thickness of approximately 100 nm and a superior
CO, permeance of ~2300 GPU and CO,/N, selectivity of
17.4. These reports show that the CO, permeance of some
of the TR polymer hollow-fiber membranes is significantly
high and sufficient for practical applications such as CO,
capture from exhausted gases from coal-fired power plant
(the required membrane performance is reported by Merkel
et al. (2010)). However, the permselectivities of CO, over N,
and CH, were insufficient. Thus, the CO, separation per-
formance of the TR polymer hollow-fiber membranes are
still lower than that of thick TR polymer membranes.
Clarifying the reason for the insufficient performance and
developing a thin TR polymer membrane with the same per-
formance as the thick membrane are highly desirable.

2.2.2 CO, separation membranes with soft and flexible
diffusion field

2.2.2.1 Robbery polymer membranes. Although the 1991
Robeson plot shows that glassy polymer membranes have
high CO, separation performance closer to the upper bound
line than rubbery polymer membranes, rubbery polymer
membranes with superior CO, separation performance are
also being developed. One of the rubbery polymer mem-
branes is a PDMS membrane. It is well known that PDMS
has high gas permeability attributed to the highly dynamic
nature of the polymer chain and the large free volume. In
addition, PDMS can be shaped as a thin film so that it has
extremely high CO, permeance. Combining the unique
material property of PDMS with a thin-film formation tech-
nology, a superior PDMS membrane was developed by
Fujikawa et al. (2019). They prepared a self-standing and
ultrathin PDMS membrane via spin coating of PDMS solu-
tion on a water-soluble sacrificial layer followed by a detach-
ment of the PDMS thin film by dissolving the sacrificial
layer. The thinnest sample had a thickness of only 34 nm
and CO, permeance of more than 40,000 GPU. Moreover,
the authors overcame the mechanical strength issue of the
ultrathin PDMS membrane by adding cellulose nanofibers
(CNFs) (Ariyoshi et al. 2021). The fabricated PDMS/CNF
composite membrane with a thickness of 150 nm was robust
and had a CO, permeance of 10,000 GPU. They proposed
the use of a thin PDMS membrane for not only a gutter
layer of TFC membranes but also a highly permeable CO,
separation membrane for direct air capture applications
(Fujikawa et al. 2021; Selyanchyn et al. 2020). However,
PDMS has a low solubility selectivity of CO, over other light
gases, and the PDMS membrane has a CO, permselectivity
over N, of approximately 10. Owing to this low CO, perm-
selectivity, a multi-stage process must be designed for prac-
tical use.

Another rubbery polymer membrane with high CO, sep-
aration performance is a poly(ethylene oxide) (PEO)-based
membrane. It is well known that PEO and polyethylene

glycol (PEG) are CO,-philic because of the polar ether oxy-
gen atoms in the ethylene oxide group having strong inter-
actions with CO, (Lin and Freeman 2005; Lin et al. 2006).
Commercially available CO, separation membranes, such as
Pebax (Brinkmann et al. 2017; Embaye et al. 2021) and
Polyactive (Brinkmann et al. 2017; Rahman et al. 2018), are
PEO-based block copolymers with high CO, permselectivity.
Because of the high affinity of the ether oxygen for CO,,
PEO-based membranes have a high CO,/N, permselectivity
of more than 40; however, the CO, permeability of the
membranes is moderately low (in most cases, less than 200
barrer) at around 30°C. Owing to the relatively low CO,
permeability, when a PEO-based membrane is used for CO,
capture from exhaust gases released from a coal-fired power
plant, the thickness should be decreased to less than 200 nm
to achieve more than 1000 GPU, which is the required CO,
permeance reported by Merkel et al. (2010).

2.2.2.2 Ionic liquid-based CO, separation membranes. 1Ls
are molten salts composed only of ions. The “first” IL, ethyl-
ammonium nitrate, was synthesized and reported by
Walden (1914). The greatest feature of ILs is their signifi-
cantly low vapor pressure, that is, they are nonvolatile
liquids. Moreover, because ILs are organic salts, their
molecular structures can be designed relatively freely, and
their physical properties can also be controlled by tuning
the molecular structure. Research on ILs as CO, separation
media began with a report by Blanchard et al. (1999). They
synthesized 1-butyl-3-methylimidazolium hexafluorophos-
phate and used the IL as a CO, absorbent in a wide range
of CO, pressures, up to 8 MPa. They reported that (1) CO,
is highly soluble in the IL, (2) no IL was distributed in the
CO, phase, and (3) the dissolution of CO, in the IL was
completely reversible.

After the report by Blanchard et al. (1999), many experi-
mental and theoretical studies have been performed to util-
ize ILs as high-performance CO, separation media,
including the synthesis and tailoring of the chemical struc-
tures of novel ILs, fundamental investigations on the phys-
ical and physicochemical properties of ILs, and the
development of IL-based CO, separation processes such as
absorption and membrane separation. Owing to the multiple
studies that have been conducted so far, some ILs have been
identified as suitable materials for CO, separation mem-
branes. For example, ILs composed of imidazolium cation
have high CO, solubility. In particular, imidazolium-based
ILs with bis(trifluoromethanesulfonyl)imide ([T,N7]), tri-
cyanomethanide  ([C(CN);7]), and tetracyanoborate
([B(CN),7]) have high CO, solubility because of the rela-
tively weak interaction between the imidazolium cation and
each of these anions. The CO, solubility in imidazolium-
based ILs is primarily dominated by the anion. The domin-
ant effect of the anion on the CO, solubility was experimen-
tally confirmed and evidenced via attenuated total reflection
infrared analysis (Cadena et al. 2004; Kazarian et al. 2000).
Moreover, a molecular dynamics simulation clarified that
the weaker cation-anion interaction enables the easy expan-
sion of the free volume and the insertion of more CO, into



the free volume (Babarao et al. 2011; Cadena et al. 2004).
For instance, when comparing 1-ethyl-3-methylimidazolium
[TELN]  ([Emim][Tf,N]) and [Emim][B(CN),], [Emim)]
[B(CN),] can dissolve a larger amount of CO, than
[Emim][Tf,N] because the interaction between [Emim] and
[B(CN),] is weaker than that between [Emim] and [Tf,N]
(Babarao et al. 2011). The importance of the formation of
free volume in the ILs, which is attributed to the cation-
anion interaction, is revealed in other reports (Anthony
et al. 2005; Klahn and Seduraman 2015; Liu et al. 2014a;
Shannon et al. 2012; Zhang et al. 2009). Thus, flexible ionic
structure is an important factor for the formation of cavities
to dissolve gas molecules (Hu et al. 2011; Kanakubo et al.
2016). Other gases such as N, also occupy the free volume
of ILs similar to CO, (Liu et al. 2014b). However, all the
aforementioned ILs dissolve a significantly larger amount of
CO, when compared to N,. This is because of the difference
in the interactions between the gas molecules and the ILs.
Research has demonstrated that the C atom of CO, acts as a
Lewis acid, while the negatively charged parts of the anion
in ILs act as Lewis bases. The acid-base interaction between
CO, and the anions in ILs enhances the amount of CO, that
can be dissolved in the ILs (Aki et al. 2004; Kazarian et al.
2000; Makino et al. 2014). Thus, the interaction between CO,
and the anion is an important factor affecting selective CO,
solubility in ILs. Conversely, unlike N,, hydrocarbons such as
CH, can be easily dissolved in an IL because of the stronger
interaction with ILs caused by the alkyl chain in the cation of
ILs (Carvalho and Coutinho 2011). Therefore, the solubility
selectivity of CO, over CH, is significantly lower than that of
CO, over N,. Thus, ILs are more suitable as CO, separation
membranes for CO,/N, separation than for CO,/CH, separ-
ation. When considering ILs as a material for CO, separation
membranes, it is worth mentioning that permselectivity is
mainly dominated by solubility selectivity, as shown in Figure
3. It was reported that supported IL membranes (SILMs) con-
taining CO,-philic ILs have a high CO, permselectivity over
N, of over 20, i.e., 23 for [Emim][Tf,N] (Scovazzo 2009), 57
for [Emim] [dicyanamide] (Scovazzo 2009), 57 for
[Emim][C(CN)3] (Tome et al. 2014), and 53 for [Emim]
[B(CN)4] (Mahurin et al. 2010, 2012).

As for the diffusion coefficient, the CO, diffusivity in ILs
depends on the viscosity of the ILs. The IL viscosity depends
on the cation-anion interactions, and ILs with stronger cat-
ion-anion interactions have higher viscosities. For example,
the order of cation-anion interactions is [Emim][BF,] >
[Emim][Tf,N] > [Emim][B(CN),] (Babarao et al. 2011),
which is identical to the order of the viscosity of these ILs
(Liu et al. 2014a). Thus, there is no tradeoff relationship
between CO, solubility and CO, diffusivity in ILs, and ILs
with small cation-anion interactions have both high CO,
solubility and high CO, diffusivity. To the best of our know-
ledge, [Emim][B(CN)4] has both high CO, solubility and
high CO, diffusivity among currently reported ILs and is
the best IL that can be used as a CO, separation medium.
The theoretical maximum CO, permeability of this IL calcu-
lated from the solubility and diffusion coefficients of CO,
determined by molecular dynamics simulation was more
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Figure 3. Relationship between solubility selectivity of ionic liquids with differ-
ent molar volumes and permselectivities of a supported ionic liquid membrane
in: (@) CO,/N, system and (b) CO,/CH, system.

than 4000 barrer (Liu et al. 2014a). In the calculation of the
theoretical maximum value, it should be noted that a virtual
IL membrane composed of only an IL without a porous
support and gel network was considered.

To use the “liquid” ILs as a material for a “solid” mem-
brane, the ILs should be solidified. In the early stages of the
research on IL-based CO, separation membranes, SILMs
were well investigated. SILMs are composite membranes com-
posed of an IL and a porous support membrane. The ILs
were impregnated into the porous support membrane by a
weak capillary force. Therefore, in practical applications, the
low-pressure resistance of SILMs is sometimes a serious prob-
lem. Moreover, decreasing the membrane thickness of SILMs
is a challenge. The membrane thickness of SILMs is deter-
mined by the thickness of the porous support; however, the
preparation of a significantly thin, porous membrane with a
thickness of less than 1 um is difficult. Additionally, the pres-
sure resistance should be decreased by decreasing the thick-
ness of the support membrane. Furthermore, because gases
are hardly dissolved in the dense polymer matrix of a porous
support membrane, the porosity of the support membrane
should be increased to increase the CO, permeability.
However, if the porosity increases, the pressure resistance
decreases. Therefore, because of the limitations of the support
membranes, increasing the CO, permeance of SILMs is con-
siderably challenging.

To overcome the abovementioned problems of SILMs,
polymerized IL membranes have been developed.
Polymerized IL membranes can be prepared using an IL
monomer with polymerizable functionalized groups, such as
vinyl groups. Polymerized IL membranes are dense polymer
electrolyte membranes retaining IL moiety with selective
CO, solubility (Li et al. 2011). However, because polymer-
ized IL membranes are dense polymer membranes without
interconnected intrinsic micropores, their CO, diffusivity is
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low (Li et al. 2011). Thus, most polymerized IL membranes
have a low CO, permeability of less than 100 barrer. To
increase the low diffusivity and permeability, Bara et al.
(2008) developed a composite membrane by incorporating a
liquid IL in a polymerized IL membrane. They reported that
only 20mol% of IL loading improved the CO, permeability
to four times that of a polymerized IL membrane with no
free IL. Further investigations on the effect of IL loading
were performed by Carlisle et al. (2012). They prepared
composite membranes with IL loading of up to 75wt% and
reported that the CO, permeability of the composite mem-
brane increased with the increase in the IL loading. These
studies on polymerized IL/IL composite membranes were
then shifted to the development of membranes composed of
a gel containing a large amount of IL as the solvent.

A gel containing an IL as its main component is named
ion gel, ionogel, ionic gel, and so on. In this article, we call it
an ion gel. The gel network strongly holds the IL under the
osmotic pressure of the gel to prevent IL leakage. By selecting
a suitable combination of the gel network polymer and IL,
ion gels with IL contents of 80 wt% or more can be prepared.

Ion gels with high IL content have superior CO, diffusivities.
Therefore, ion-gel-based membranes can overcome both the
low-pressure resistance of SILMs and the low CO, diffusivity
of polymerized IL membranes. Using an ion gel, Zhou et al.
(2014a) developed a composite membrane composed of a
thin ion gel layer, PDMS gutter layer, and porous support
membrane. Although the IL content of their ion gel layer was
still not very high (approximately 60wt%), the composite
membrane exhibited a superior CO, permeance of approxi-
mately 6000 GPU because of the significantly thin ion gel
layer with a thickness of approximately 100 nm. CO, perme-
ance can be further increased by increasing the IL content of
the ion gel layer. However, conventional ion gels have the
serious problem of low mechanical strength, which limits the
increase in the IL content in the ion gel membrane.

To overcome the issue of low mechanical strength, tough
ion gels with high IL content have been developed in recent
years. Examples of tough ion gels that have been reported to
date are listed in Table 1. An image of a characteristic gel
network formed in some examples of toughening of ion gels
is illustrated in Figure 4. The toughening mechanism can be

Table 1. CO, permeability, N, permeability, and CO,/N, permselectivity of ion gel membranes containing [Emim][Tf,N].

Permeability (barrer)

IL content CO, N, CO,/N, permselectivity Ref

Poly(RTIL)-based gel film? 75 mol% 490 15.3 32 Carlisle et al. (2012)
PVDF-HFP-based gel film® 80 wt% 500 21 23.8 Jansen et al. (2011)
Triblock copolymer-based gel film© 85 wt% 840 35 24 Gu et al. (2012)

85 wt% 710 17 42 Gu et al. (2012)

85 wt% 980 25 39 Gu et al. (2012)

90 wt% 870 40 22 Gu et al. (2012)
Tetra-PEG-based gel film® 94 wt% 877 81 21 Fujii et al. (2015)
lon gel with interpenetrating polymer network® 80 wt% 670 30 29 Zhang et al. (2022b)

84 wt% 761 28 27 Zhang et al. (2022b)

86 wt% 917 31 30 Zhang et al. (2022b)

90 wt% 1116 40 28 Zhang et al. (2022b)

91 wt% 1412 52 27 Zhang et al. (2022b)
298K
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Figure 4. Schematic representations of tough ion gel network structures; Double network (DN) ion gel (Moghadam et al. 2015), Inorganic/organic DN ion gel
(Kamio et al. 2017c), Triblock copolymer network ion gel (Lodge and Ueki 2016), Interpenetrating semi-crystalline/cross-linkable polymer network ion gel (Zhang
et al. 2022b), Tetra-armed PEG ion gel (Fujii et al. 2012), ZIF-8 nanoparticle/cross-linkable polymer network ion gel (Kamio et al. 2022).



roughly categorized into (1) energy dissipation and (2)
energy dispersion mechanisms. The toughening mechanisms
of the double network (DN) ion gels, inorganic/organic DN
ion gels, interpenetrating semicrystalline/crosslinkable poly-
mer network ion gels, and zeolitic imidazolate framework-8
nanoparticle/polymer composite ion gels are considered as
energy dissipation mechanisms. Conversely, ion gels com-
posed of a triblock copolymer network and tetra-arm PEG
ion gel would disperse the applied force by multiple polymer
chains with well-aligned lengths between crosslinking points.

Table 1 shows the possibility of increasing the IL content
in tough ion gels by more than 90 wt%. Based on theoretical
models, e.g., the Ogston model (Ogston 1958), the diffusion
coefficient of a solute in the gel exponentially increases with
increasing solvent content. Consequently, as indicated in
Figure 5, the CO, permeability of the tough ion gel mem-
brane increases exponentially with increasing IL content
(Kamio et al. 2021; Ranjbaran et al. 2017). An ion gel mem-
brane with an IL content of 90 wt% had a CO, permeability
of approximately 45% of the theoretical maximum CO, per-
meability. When the IL content reached 95wt%, the CO,
permeability increased significantly to approximately 67% of
the theoretical maximum value.
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Figure 5. Relationship between (a) CO, permeability and (b) CO,/N, permselec-
tivity and ionic liquid content of ion gel membranes. Black circle: inorganic/
organic double network (DN) ion gel membranes containing 1-butyl-3-methyli-
midazolium bis(trifluoromethanesulfonyl)imide ([Bmim][Tf,N]) (Kamio et al.
2021), white diamond: theoretical maximum CO, permeability calculated from
the diffusion coefficient (8.5 x 10~'° m?/s) and Henry’s law constant (42 bar) of
CO, in [Bmim][Tf,N] (Hou and Baltus 2007), white circle and triangle: sulfonated
polyimide-derived ion gel membrane containing N,N,N-butylethylmethylammo-
nium bis(trifluoromethylsulfonyl)amide ([N;,4](Tf,N]) and N,N,N,N-ethyldimethyl-
propylammonium  bis(trifluoromethylsulfonyl)amide  ([N;,,3][Tf,N])  (Hayashi
et al. 2019), white square: ion gels containing [Emim][Tf,N] with polymerized
ionic liquid network (Cowan et al. 2016), triblock copolymer network (Gu and
Lodge 2011), and tetra-arm polyethylene oxide network (Fujii et al. 2015).
Broken line in (a) is the theoretically calculated result for the ionic liquid-based
membrane with [Bmim][Tf,N]. Dashed line in (b) is the CO,/N, permselectivity
of an SILM containing [Bmim][Tf,N] (Kamio et al. 2021).
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The highly tough ion gels with high IL content can be
regarded as quasi-liquid materials that maintain the solute dif-
fusivity in an IL at high extent. ILs with small cation-anion
interactions are soft and flexible diffusion fields for solutes, and
their CO, diffusion coefficients are as large as those of PDMS.
Therefore, a tough ion gel membrane with a large amount of
ILs with small cation-anion interactions can achieve extremely
high CO, diftusivity. Although the solubility coefficient of CO,
in ILs is small because CO, is dissolved in ILs according to
Henry’s law, some CO,-philic ILs have high solubility selectiv-
ity for CO, when compared to other light gases. Tough ion
gels maintain high solubility selectivity, and therefore, tough
ion gel membranes have high permselectivity for CO, over
other light gases. For example, a tough inorganic/organic DN
ion gel membrane containing 80 wt% of [Emim][B(CN),] has
a CO, permeability of approximately 2600 barrer and a
dcozn of 43 (Ranjbaran et al. 2017).

To the best of our knowledge, there are no reports on the
effects of aging on the CO, separation performance of ion gel
membranes. However, the IL may leak from the ion gel
membrane, resulting in performance degradation. Therefore,
investigations on the effect of aging on the performance of
ion gel membranes must be considered in the future.

With respect to the development of thin ion gel mem-
branes, as mentioned above, Zhou et al. reported a compos-
ite membrane having a thin ion gel layer of 100nm.
However, to the best of our knowledge, there are only a few
reports on tough ion gel thin membranes after their report.
For example, Zhang and colleagues recently reported a com-
posite membrane composed of a tough inorganic/organic p-
DN ion gel containing 80 wt% [Bmim][Tf,N] (Zhang et al.
2021b). The gel layer was formed on a PDMS gutter layer
by spin coating. To utilize the spin coating method, which is
performed in an open system, they developed the prepar-
ation method of the u-DN ion gel using nonvolatile network
precursors such as “solid” silica nanoparticles and
“presynthesized” crosslinkable copolymers (Kamio et al.
2020b; Yasui et al. 2018, 2019, 2020a, 2020b; Zhang et al.
2021c). Their fabricated composite membrane had an ion
gel layer with approximately 5 pum thickness, CO, permeance
of approximately 120 GPU, and CO,/N, permselectivity of
approximately 20 (Zhang et al. 2021b). In their report, they
raised the following three issues that must be solved to
increase the CO, permeance: (1) to further decrease the gel
layer thickness, the aggregation of the silica nanoparticles
that are used for the first network precursor during the spin
coating process must be prevented, (2) to increase the CO,
permeability and CO,/N, permselectivity of the ion gel
layer, a CO,-philic IL suitable for CO, separation should be
used, and (3) to prevent diffusion through the gutter layer
from becoming the rate-limiting step for CO, permeation, a
high-performance ultrathin gutter layer should be used.
Recently, the authors reported another composite membrane
with a tough ion gel layer containing 90wt% of
[Emim][Tf,N] with 600 nm of thickness. In the ion gel layer,
they used a semicrystalline polymer as the precursor of the
first network to solve the aforementioned issue (1) of the
aggregation of the network precursor; moreover,
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[Emim][Tf,N] having a higher CO, absorbability than
[Bmim|[Tf,N] was used to overcome the aforementioned
issue (2) (Zhang et al. 2022a, 2022b). As the CO, permeance
of the PDMS gutter layer that was used in their research
(Zhang et al. 2022a) was 60 times lower than that used by
Zhou et al. (2014a), the CO, permeance of their developed
composite membrane was insufficient (778 GPU); however,
the CO, permeability of the gel layer of the developed com-
posite membrane was significantly high and was estimated to
be 1860 barrer (Zhang et al. 2022a). To develop ion gel-based
high-performance CO, separation membranes, the develop-
ment of a preparation technology for a thin ion gel layer and
a high-performance gutter layer capable of coating a thin ion
gel layer is vital. For instance, the abovementioned ultrathin
PDMS with significantly high CO, permeance (Ariyoshi et al.
2021; Fujikawa et al. 2019; Selyanchyn et al. 2020) can be
used as the gutter layer for ion-gel-based TFC membranes.

2.3 Theoretical consideration of the upper bound and
design criteria of high-performance CO, separation
membranes

2.3.1 Theoretical consideration of the upper bound
As mentioned above, in 1991, Robeson demonstrated the upper
bound line which is the tradeoff between ¢coz; and Poo,. The
upper bound line is described by the following equation:

%ifj = ﬁi/j/PiAi/j’ (3)

where 4;; and In f;; are the slope and intercept of the upper
bound line, respectively.

In Figure 6, four upper-bound lines are shown. The black
broken line is the upper bound for conventional polymer
membranes, such as polyimide, polysulfone, cellulose acetate.
The black solid line is the upper bounds for polyethylene oxide
(PEO) containing polymer membranes. The red and blue lines
represent the upper bounds for recently developed high-per-
formance CO, separation membrane materials, polymers of
intrinsic microporosity (PIMs), and thermally rearranged (TR)
polymers, respectively. The characteristics of each high-per-
formance CO, separation membrane material are described in
the previous sections. Importantly, the membranes of these
new polymer materials have structures that follow the design
criteria expected from the upper bounds. The design criteria
for the membrane structure were proposed by Freeman (1999)
based on the theoretical consideration of the upper bound. His
theory is based on the following four assumptions:

I.  Solution-diffusion model (Eq. (1)) is applicable.

II. The diffusion of small molecules through the polymer
is an activated process, for which the Arrhenius equa-
tion is obtained:

Ep,;
D; = Dy,; - exp <— RD,}>, (4)

where Dy; is the front factor, Ep; is the activation energy
for diffusion, R is the gas constant, and T is the absolute
temperature.
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Figure 6. Relationship between Pco, and (a) acoonz and (b) ocoy/cha. Straight
lines indicate the upper bounds for classic polymer membranes (broken black),
membranes comprising polyethylene oxide (PEO) (solid black), polymers of
intrinsic microporosity (PIMs) (blue), and thermally rearranged (TR) polymer
membranes (red) with the highest class performances. The straight lines were
determined using Eq. (12).

A so-called “linear free energy” relation exists, which is a
correlation between the pre-exponential term of the
Arrhenius equation and the activation energy:

Ep,;
RT

where a is a constant (a=0.64) that is independent of the
gas and polymer. Conversely, b is independent of the gas
type but dependent on the polymer type, i.e., b is 9.2 and
11.5 for rubbery and glassy polymers, respectively.

—-b (5)

lnDO,i =da

The activation energy is related to the kinetic diameter of
the gas molecules.

Epi—c-d—f ©)

where d; is the kinetic diameter of the gas i. ¢ is a constant
related to the rigidity and flexibility of the diffusion
medium, i.e., a large ¢ indicates that the diffusion medium is
rigid. f is a parameter related to the frozen void space



formed between polymer chains in the diffusion matrix, i.e.,
0 for rubbery and significantly dense glassy polymers and
more than 10,000 for highly permeable glassy polymers.

Based on these assumptions, the effective diffusion coeffi-
cients of CO,, Dco,, CO, permeability, Pco,, and the perm-
selectivity of CO, over gas j, %coz/ can be described by the
following equations.

1—a 1—a
lnDC02:—< RT ) 'C'déoz—f—f' (W) —b (7)

DCOZ l—a 2 2
1 — e (g2 —
"y (RT> ¢ (alJ dCO2> (8)
1—a 1—a
lnPcozz—(RT)-c-dzcoz—l-f-(RT)—b-HIlSco2
)

S 1—a
In otcon)j = ln(%) + ( <7 ) o (& - dey)  (10)
)

As indicated in Eq. (7), the use of significantly soft rub-
bery polymers (with smaller b and ¢ values) is preferred to
increase the diffusion coefficient. Conversely, for glassy poly-
mers, increasing the frozen void space between the polymer
chains, f, is effective. For the diffusion coefficient, the fol-
lowing relationship based on the free volume theory
(Alentiev and Yampolskii 2000) is widely accepted.

B
II’IDCOZ = —m—FA

where A and B are constants and FFV is the fractional free
volume of the polymer. Based on this equation, the material
of the membrane matrix with a large FFV has a large diffu-
sion coefficient. On the other hand, according to Eq. (8), a
membrane matrix with high rigidity (large c) is preferable
for increasing diffusion selectivity.

Furthermore, from Egs. (7) (9) and (10), the following
equation is derived.

sy = | () 1] o + i (552)
- l(d:in)z - 1] : (b f<1R_T“)> lnScoz}

(12)

(11)

This equation expresses the upper bound line as a function
of the size of the penetrant gases, permeability of the more
permeable gas, solubility of the penetrant gases in the poly-
mers, and some characteristic parameters related to the poly-
mers. Based on Eq. (12), the slope of the upper bound line is
determined to be independent of the membrane material and
depends only on the size ratio of the penetrant gases. The
straight lines in Figure 6 are drawn according to Eq. (12),
using the data for each class of membranes with around the
highest CO, separation performances. The straight lines were
observed to be well-fited to the experimentally reported
upper-bound data for each class of membranes. This result
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indicates that the theoretical considerations introduced above
are reasonable. Equation (12) shows that a higher «;; can be
obtained for membrane materials with larger solubility selectiv-
ity (Sco2/S)), larger solubility coefficient of CO, (Scoz), and
larger frozen void space between polymer chains (f). When
considering the solubility coefficient, glassy polymers have a
higher solubility coefficient than rubbery polymers because of
the additional gas absorption in micropores that are formed in
glassy polymers, i.e., for rubbery polymers, the gas sorption
can be described by Henry’s law, and for glassy polymers, it
can be described by the dual-sorption model, which includes
both Henry-type sorption in the free volume of the membrane
matrix and Langmuir-type sorption in micropores. Therefore,
from the perspective of permselectivity, a glassy polymer mem-
brane with a large CO, solubility coefficient and large f value
is superior.

As expected from Eq. (12), the improvement in the solu-
bility and solubility selectivity of a more permeable gas in a
rigid membrane is also meaningful. For glassy polymers, an
increase in gas solubility can be achieved by the sorption of
gas molecules in micropores, which are the voids formed
between the polymer chains under a nonequilibrium frozen
state via rapid cooling of the polymer from an elevated tem-
perature to below the glass transition temperature.
Conversely, if a large diffusion selectivity cannot be
expected, e.g., in the case of rubbery polymers, the permse-
lectivity of the membrane can be increased by increasing the
solubility selectivity of the more permeable gas.

In accordance with the consideration based on the above-
derived equations, there are two ways in which polymer
membranes that can perform beyond the upper bound
might be achieved for gas separation:

i. one method is to increase the stiffness of the polymer
chain while simultaneously increasing the interchain
spacing and

ii. another way is to increase the softness of the polymeric
material while simultaneously improving the solubility
selectivity by tuning the interaction with a more perme-
able penetrant.

2.3.2 Glassy polymer membranes developed in accordance
with the design criterion (i)

In the separation of light gases, the polymer membranes
with a separation performance close to the upper bound are
generally glassy polymers. Thus, the abovementioned criter-
ion (i) is widely recognized as a straightforward way for
developing membrane materials that can exceed the upper
bound for gas separation performance. The polymers with
the microporous structure relative to criterion (i) are PIMs
and TR polymers.

PIMs are rigid glassy polymers with interconnected
micropores that follow the abovementioned design criterion
(i) for the development of high-performance CO, separation
membranes. In accordance with the design criterion, PIM-1
has high permeability for light gases. Owing to the highly
developed interconnected micropores, PIM membranes have
higher CO, diffusivity and solubility than conventional
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Figure 7. Relationship between diffusion and solubility coefficients of CO, in
conventional polymer, PIM, and TR polymer membranes.

polymer membranes (Figure 7). Consequently, the CO, per-
meability of PIM membranes is significantly higher than
that of conventional polymer membranes. In fact, PIM-
based membranes have updated the upper bounds of con-
ventional polymer membranes for CO,/N, and CO,/CH,
separation (blue lines in Figure 6). Despite their high CO,
permeabilities, PIM membranes have relatively high CO,/N,
and CO,/CH, permselectivities. A possible reason for the
high permselectivity of the PIM membranes is shown in
Figure 8. By comparing the data shown in Figure 8(a,b), for
both CO,/N, and CO,/CH, systems, the CO, solubility
selectivities of many PIMs is confirmed to be significantly
larger than those of conventional glassy polymers. To the
best of our knowledge, there is no report that clearly
explains the high CO, solubility selectivity of PIMs.
However, as shown in Figure 7, PIMs have a higher solubil-
ity coefficient than conventional glassy polymers. High solu-
bility coefficients can be attributed to a combination of
microporous character, which enhances uptake, and the
presence within the molecular structure of polar groups that
strengthen intermolecular interactions (Ghanem et al
2008b). The high solubility coefficient for CO, could con-
tribute to enhancing both the CO, permeability and CO,/N,
and CO,/CH, permselectivities (refer to Egs. (9) and (12)).

The other glassy polymer membrane relative to the
abovementioned design criterion (i) is the TR polymer
membrane. Owing to the highly developed microcavity
formed in the rigid TR polymer matrix and the large FFV,
the TR polymer membrane follows design criterion (i) of
high-performance CO, separation membranes. As expected,
the TR polymer membranes had high permeability for light
gases. Because of the highly developed interconnected
micropores, both CO, diffusivity and solubility in TR poly-
mers are greater than those of conventional glassy polymers
(Figure 7). The formed micropores in TR polymers are
smaller than PIMs and conventional glassy polymers (Gan
et al. 2019, Han et al. 2010; Staiger et al. 2008). The sizes of
micropores formed in PIM-1, TR-1-450, and conventional
glassy polymers with high CO, permeability, which were
measured via positron annihilation lifetime spectroscopy
(PALS), are summarized in Table 2.
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membranes.

For the CO,/CH, separation system, the permselectivity
of the glassy polymer membranes was dominated by diffu-
sion selectivity (Figure 8). This is the general trend for
glassy polymer membranes for the following two reasons:
(1) the difference in the kinetic diameters of CO, and CH,
is greater than that between CO, and N, (the kinetic diame-
ters of CO,, CH,, and N, are 0.33, 0.387, and 0.364 nm,
respectively); (2) the difference in the boiling points (con-
densability) between CO, and CH, is smaller than that
between CO, and N, (the Lennard-Jones temperature, i.e.,
¢lk, of CO,, CHy, and N, is 195, 149, and 71K, respect-
ively). In general, a higher kinetic diameter difference results
in a high diffusion selectivity, and a lower difference in con-
densability results in a low solubility selectivity. Thus, it can
be said that the CO,/CH, permselectivity of these glassy
polymer membranes are primarily dominated by the high
CO, diffusivity due to the highly developed micropores. In
addition to the above general trend, because of the smaller
micropore diameter of TR polymers, certain TR polymer
membranes have a greater CO,/CH, diffusion selectivity
than conventional glassy polymer membranes and PIM
membranes (Figure 8). Furthermore, based on Eq. (8), TR
polymers are expected to have a more rigid membrane
matrix because the diffusion selectivity of CO, over gas spe-
cies j is determined by the rigidity of the membrane matrix.
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Table 2. Positron annihilation lifetime spectroscopy (PALS) data for glassy polymers with high CO, permeability.

TR-1°
PIM-1° PTMSP AF1600° , .
From tHPI From aHPI AF2400 PMP
PALS data Fresh Aged Fresh Fresh Fresh Aged Fresh Aged Fresh Fresh
73(ns) 2.06 1.98 1.24 1.06 1.7 1.7 12 1.2 132 2.3
15(%) 6.15 572 5 7.1 74 74 5.51 5.85 4.87 8.4
Small pore diameter (nm) 0.581 0.567 0.404 0.351 0.512 0.512 0.393 0.393 0.425 0.623
T4(ns) 6.28 6.15 5.26 39 8.8 8.8 511 5.21 5.78 7.6
14(%) 186 174 6 127 34 31 173 15.1 136 294
Large pore diameter (nm) 1.06 1.049 0.973 0.837 1.238 1.238 0.96 0.969 1.019 1.158
Specific gravity 1.13 1.16 1.27 1.38 0.75 - 1.8 - 1.7 0.78
FFV 0.15 0.12 0.28 0.22 0.34 - 0.28 - 0.32 0.28
Staiger et al. (2008)
Han et al. (2010)
Owing to the small micropores and rigid polymer chains, 1000
TR polymer membranes have high CO,/CH, diffusion
selectivity and are particularly superior in CO,/CH, separ- >
ation based on the size-sieving effect (red line in 2 100
. [}
Figure 6(Db)). g
On the other hand, for the CO,/N, separation system, £
because of the close kinetic diameters and significant differ- s
ence in condensability, the diffusion selectivity of glassy z 10
polymer membranes is quite limited and similar among the S F [0 SILMs
3 3 [ | A poly(RTIL) membranes
three types of.glassy polymers that are shown in Flgu.re 8. | G RT-gel membranee
Moreover, unlike PIMs, TR polymers seem to exhibit no 1 ‘ ‘ |

additional solubility enhancement for CO,, and the CO,/N,
solubility selectivity is similar to that of conventional glassy
polymers. Thus, the upper bound of the CO,/N, separation
performance of the TR polymer membranes is similar to
that of conventional glassy polymer membranes
(Figure 6(a)).

2.3.3 Rubbery polymer membranes and ionic liquid-based
membranes developed in accordance with the
design criterion (ii)

As mentioned above, PIM and TR polymer membranes are

high-performance CO, separation membranes with rigid

and intrinsic microporous structures relative to the above-
mentioned design criterion (i) for the development of high-
performance CO, separation membranes. Conversely,
polymer membranes based on design criterion (ii) can be cre-
ated using rubbery polymers such as PDMS. Soft and flexible
polymer chains provide a large CO, diffusion coefficient for
the membrane matrix, and the development of thin film for-
mation technology has enabled the development of a CO,
separation membrane with high CO, permeance (Li et al.
2013a, 2015; Liang and Chung 2018). However, because of
the low solubility selectivity of PDMS, the CO,/N, permselec-
tivity is low (about 10). Thus, enhancement of the solubility
selectivity of PDMS is highly desired. On the other hand,

PEO-based polymers are another type of attractive rubbery

polymer for CO, separation membrane. Because PEO has

high solubility selectivity of CO, over other light gases, the

PEO-based membranes have high CO, permselectivity over

N, and CH, The CO, separation performances of some

examples of PEO-based membranes (Bondar et al. 2000;

Hirayama et al. 1999; Lin et al. 2006; Taniguchi et al. 2017;

Yave et al. 2010; Yoshino et al. 2000) are shown in Figure

6(a) as a black solid line. The attractive feature of PEO-based

1 10 100 1000
CO, permeability (barrer)

10000

Figure 9. Relationship between ocoyn2 and Pco,. Solid and broken lines are
the upper bounds reported by Robeson (2008) and Comesana-Gandara et al.
(2019), respectively.

membranes relates to the enhancement of improving the
solubility selectivity of the design criterion (ii). If the concept
of increasing in the softness of the design criterion (ii) can be
further adopted for the PEO-based membrane, a CO, separ-
ation membrane with high CO, permeability based on design
criterion (ii) and high CO, permselectivity derived from the
PEO unit could be created.

The other CO, separation membrane that is being devel-
oped based on design criterion (ii) is ionic liquid-based
membranes. ILs are low-molecular-weight liquids with sig-
nificantly softer and more flexible properties than rubber
polymers. Thus, the parameter ¢ in Eq. (6) and the activa-
tion energy for solute diffusion can be considered as signifi-
cantly small, and the diffusion coefficient of CO, in ILs is
an order of magnitude higher than that in PIMs and TR
polymers. In addition, because the physical and physico-
chemical properties of ILs can be controlled by tuning the
chemical structure, some ILs have not only high diffusivity
but also high CO, solubility selectivity. Thus, ILs can be
regarded as the ultimate CO, separation medium for achiev-
ing design criterion (ii) for the development of high-per-
formance CO, separation membranes. Figure 9 shows the
relationship between the CO,/N, permselectivity and CO,
permeability of the IL-based CO, separation membranes
that have been reported to date. The solid and broken lines
shown in this figure are the upper bound lines reported in
2008 and 2019, respectively (Comesana-Gandara et al. 2019;
Robeson 2008). This figure shows that some IL-based CO,
separation membranes, especially ion gel membranes, show
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outstanding CO, separation performance beyond the upper
bound that was redefined in 2019. Thus, it can be said that
the ion gel membrane is a high-performance CO, separation
membrane developed by pursuing the flexibility of the diffu-
sion field based on structural design criterion (ii).

2.4 Facilitated Transport Membranes

Apart from the design criteria based on the theoretical con-
siderations of Freeman, the strategy of increasing the CO,
absorbability using chemical reactions to increase CO, per-
meability and CO, permselectivity over other light gases is
also attractive and effective. This concept has been applied
to well-known facilitated transport membranes. In this sec-
tion, the facilitated transport mechanism is reviewed and
three types of facilitated transport membranes for CO, sep-
aration are introduced.

2.4.1 Facilitated transport mechanism

Facilitated transport membranes are functional membranes
that contain chemical compounds that can chemically and
reversibly react with specific molecules (gases or ions). The
chemical compound incorporated into the membrane is
called a carrier. Because the carrier can chemically react
with CO, but not with other light gases, CO, permeates
through the membrane based on the facilitated transport
mechanism; however, the permeation of other light gases
such as N,, CHy, and H, is not facilitated by the carrier. A
schematic illustration of the facilitated CO, transport mech-
anism is shown in Figure 10. In a facilitated transport mem-
brane, both of the CO,-carrier complexes formed via
chemical reactions and the physically dissolved CO, perme-
ate through the membrane. Conversely, other light gases
such as N,, CH,, and H, can only permeate through the
membrane based on the solution-diffusion mechanism.
Thus, facilitated transport membranes achieve high selectiv-
ity and significantly faster CO, permeation as compared to
other CO, separation membranes.

In facilitated transport membranes, the transmembrane
diffusion of CO,-carrier complexes formed by chemical
reactions promotes CO, permeation. Therefore, the CO,
permeability and permselectivity of facilitated transport
membranes are affected by the concentration gradient of the
CO,-carrier complexes in the membrane and the chemical
reaction rate in complex formation. When the complex
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Figure 10. Schematic illustration of facilitated transport mechanism.

formation reaction is significantly faster than the CO,-car-
rier complex diffusion in the membrane, the rate-determin-
ing step of CO, permeation becomes an intermembrane
diffusion-controlled process. In this case, the concentration
of each gas component in the facilitated transport mem-
brane can be described by the concentration profile shown
in Figure 11. Figure 11(a-c) show the concentration profiles
of CO, and N, for low, middle, and high CO, partial pres-
sures in the feed gas, respectively. Figure 11(d-f) show the
typical absorption isotherms of CO, and N, in the facilitated
transport membranes. CO, is predominantly absorbed via
chemical reactions, whereas N, is only absorbed by physical
dissolution. Thus, the CO, absorption isotherm shows sig-
nificant and moderate increases in the absorption amount
under low and high CO, partial pressure conditions,
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Figure 11. (a-c) Concentration profiles of CO, and N, for the cases of low, mid-
dle, and high CO, partial pressure in the feed gas, respectively. (d-f) typical
absorption isotherms of CO, and N, in facilitated transport membranes for each
case of (a-c), respectively.



respectively. The moderate increase in the absorption
amount under high CO, partial pressure conditions is due
to the saturation of the carrier by a sufficient amount of
CO, in the gas phase. Conversely, N, is absorbed based on
Henry’s law, and the absorption amount increases propor-
tionally with the increase in N, partial pressure. Other light
gases, such as CHy, O,, and H,, are also adsorbed in the
facilitated transport membrane based on Henry’s law, and
the absorption isotherms are similar to Henry’s type.
Therefore, the amount of absorption is significantly lower
than that of CO,.

When diffusion-controlled gas permeation occurs across
the membrane, the CO, and N, permeabilities, Pco, and
Py, respectively, are expressed by the following equations:

AC, ACcom
Pco, = Dco, €02 4 Do —22, (13)
Apco, Apco,
AC
Py, = Dy, Apgz, (14)

where Dco, and Dy, are the effective diffusion coefficients
of CO, and N, that are physically dissolved in the mem-
brane, respectively; ACco, and ACy;, are the concentration
gradients of CO, and N, in the membrane, respectively;
moreover, Apco, and ApN, are the transmembrane partial
pressure differences of CO, and N,, respectively. Because
the amounts of physically absorbed CO, and N, show a pro-
portional relationship with the partial pressures of each gas,
the values of ACcoy/Apcor and ACy,/ApN, are constant
regardless of the partial pressures of each gas in the feed-
and permeate-side streams. Assuming that the membrane
structure does not change owing to gas absorption and that
Dco, and Dy, do not change, the permeability coefficients
of the physically dissolved CO, and N, can be considered
constant, independent of the transmembrane partial pressure
difference. Conversely, the effect of facilitated CO, transport
is described by the second term on the right-hand side of
Eq. (13), where Dy and AC.y, are the effective diffusion
coefficient and concentration gradient of the CO,-carrier
complex in the membrane, respectively. Based on the chem-
ical absorption isotherm of CO,, we can observe that the
amount of chemically absorbed CO, drastically increases
under low CO, partial pressure conditions because of the
strong chemical interaction between CO, and the carrier
and becomes constant under high CO, partial pressure con-
ditions because of carrier saturation. Thus, as indicated in
Figure 11(d-f), when the CO, partial pressure in the perme-
ate gas is constant, ACcom/Apco, decreases with an increase
in Apco,. Consequently, the CO, permeability strongly
depends on the CO, partial pressure and decreases with
increasing CO, partial pressure in the feed stream. This is a
general phenomenon of facilitated transport membranes,
and they are considered to be particularly effective for gases
with low CO, partial pressures.

2.4.2 Materials of facilitated transport membranes
As carriers for facilitated transport membranes for CO, sep-
aration, chemical compounds containing amino groups and
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alkali metal carbonates are generally used. For example, the
reaction between primary or secondary amines and CO, is
based on the following equilibrium reaction, where 2 mol of
amine reacts with 1 mol of CO, to produce 1mol of carba-
mate ions.

Primary amine : CO, + 2RNH, = RHNCOO™ + RNH;'
(15)

Secondary amine : CO, + 2RR'NH = RR'NCOO~

+ RR'NH; (16)

In the presence of water molecules, bicarbonate ions are
generated based on the following equilibrium reaction,
which is further accelerated.

Primary amine : 2CO, + 2RNH, + H,0 = RHNCOOH

+ RNH; + HCO;
(17)

Secondary amine : CO, + RR'NH + H,O = RR'NH,
+HCO;
(18)

Although tertiary amines cannot react with CO, in a dry
atmosphere, they produce bicarbonate ions based on the fol-
lowing equilibrium reaction under humid condition.

Tertiary amine : CO, + RR'R’N + H,0 = RR'R/HN™

+HCO;
(19)

Alkali metal carbonate, which is the other typical CO,
carrier, also reacts with CO, under humid conditions to
form bicarbonate ions. Moreover, the carboxylate group
(—COO7) is also an effective CO, reactive functional
group and polymers with carboxylate groups can be used as
materials for facilitated transport membranes. A carboxylate
group reacts with CO, under humid conditions to produce
bicarbonate ions, according to the following equilibrium
equation.

CO; + —COO™ + H,0 = —COOH + HCO; (20)

As described above, in the general facilitated transport
membranes, CO, permeation is facilitated by the intramem-
brane transportation of CO,-carrier complexes, such as car-
bamate and bicarbonate Thus, to maximize the
facilitated transport effect, the use of a carrier with a large
chemical absorption capacity for CO, is vital.

Conversely, the reaction rate of complex formation
between carriers and CO, also influences the facilitated
transport effect (Matsuyama et al. 1999a). If the reaction
rates of complex formation and/or decomposition are sig-
nificantly slower than the diffusion rate of the CO,-carrier
complex in the membrane, the chemical reaction becomes
the rate-determining step of CO, permeation. In this case,
to achieve effective facilitated transport, a CO, carrier with a

ions.
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fast reaction rate for CO,-carrier complex formation is
required.

Furthermore, to maximize the facilitated transport effect,
optimization of not only the CO, carrier but also the mem-
brane material holding the CO, carrier is important. The
use of a material that can hold a large amount of CO, car-
riers is vital. Moreover, flexibility is desirable so that the dif-
fusion resistance of the CO,-carrier complex becomes as
small as possible. Furthermore, as mentioned above, as sev-
eral carriers require water molecules to react with CO,, a
highly hydrophilic material that can easily absorb water
vapor from the feed gas is preferable. In addition, when a
chemical compound with amine or carboxylate groups is
used as the CO, carrier, they must be maintained in a
deprotonated state so that they can react with CO,. Thus,
adjusting the pH of the membrane is also important.

2.4.3 Fixed-carrier-type facilitated transport membranes
Facilitated transport membranes are broadly classified into
fixed- and mobile-carrier-type facilitated transport mem-
branes (hereafter referred to as fixed and mobile carrier
membranes, respectively). A fixed carrier membrane is com-
posed of a polymer with a functional group that chemically
reacts with CO,. Because the CO, carrier is immobilized in
the polymer matrix, a fixed carrier membrane is highly sta-
ble. Examples of fixed carrier membranes and their CO,
permeation  performances are listed in Table 3.
Representative polymers for fixed carrier membranes include
polyvinylamine (Kim et al. 2004b), poly(ethylenimine) (Ben
Hamouda et al. 2010; Matsuyama et al. 1999b), poly(allyl-
amine) (Zhao and Ho 2012), and chitosan (Liu et al. 2014c¢;
Prasad and Mandal 2018; Prasad et al. 2019). A fixed carrier
membrane is prepared by dissolving a functional polymer in
a good solvent, spreading the solution on a porous support
membrane by casting or dip coating, and then removing the
good solvent by drying. In these membranes, because the
CO, reactive functional groups are fixed to the polymer
matrix, carbamate and bicarbonate ions formed by the reac-
tion between the functional groups sequentially diffuse and
react with adjacent functional groups (Noble 1992). This
transportation mode is called as hopping mechanism. In a
fixed carrier membrane, the membrane matrix is dense and
tightly entangled; thus, the CO, permeability is low because
of the low diffusivity of the carbamate ions and bicarbonate.
However, a fixed carrier membrane can be prepared as a
thin layer on a porous support membrane by casting and
dip-coating methods (Deng and Hagg 2015; Sandru et al.
2009, 2010). A significantly thin separation layer containing
tertiary amino groups can be formed via interfacial polymer-
ization between trimesoyl chloride and diamine compounds
(Li et al. 2012b). Another interesting fixed carrier membrane
with an extraordinary thin separation layer was developed
by spray-coating of microgel particles (Hoshino et al. 2021).
Such thin fixed carrier membranes provide large CO, per-
meance and CO, permselectivity (Li et al. 2012b, 2015).

2.4.4 Mobile-carrier-type facilitated transport membranes
A mobile carrier membrane is a functional membrane con-
taining a low-molecular-weight CO, carrier in the mem-
brane matrix. Because the size of the CO, carrier and the
formed CO,-carrier complex are small, they can easily dif-
fuse in the membrane matrix. Therefore, a mobile carrier
membrane usually has a faster diffusion rate of the CO,-car-
rier complex and a higher CO, permeability than a fixed
carrier membrane. Examples of mobile carrier membranes
and their CO, permeabilities are listed in Table 4. Despite
the high CO, permeability, the CO, permeances of mobile
carrier membranes are not very high. This is because the
mobile carrier membranes listed in Table 4 are thicker than
the fixed carrier membranes, which have higher CO, perme-
ance. If the thickness of the mobile carrier membrane can
be reduced to 1um and the chemical reaction rate between
the carrier and CO, is sufficiently fast to not change the
rate-limiting step along with the decrease in the membrane
thickness, it is expected that a mobile carrier membrane
with a higher CO, permeance than thin fixed carrier mem-
branes can be developed.

A representative form of a mobile carrier film is a sup-
ported liquid membrane (SLM), in which a liquid CO, car-
rier is held in a porous support membrane by capillary
force. Typical SLMs with carriers such as monoethanol-
amine, diethanolamine, diglycolamine, and diethylenetri-
amine have high CO, permeability (Ito et al. 2001;
Teramoto et al. 1996; Yamaguchi et al. 1995). However, as
described in the explanation of SILMs, the carrier solution
easily leaks from a porous support membrane because SLMs
also hold a carrier solution by weak -capillary force.
Therefore, SLMs have the problem of low-pressure resist-
ance, which significantly restricts the use of SLMs for prac-
tical applications. When considering carrier leakage, it has
been reported that the use of a charged polymer matrix,
such as an ion-exchange membrane, as a support mem-
brane, is effective in holding the carrier solution within the
support owing to the strong electrostatic interaction
(Matsuyama et al. 1996, 1999a; Way et al. 1987). A stability
issue other than leakage of the carrier liquid is the volatiliza-
tion loss of the carrier solution. Because the carriers in the
mobile carrier membrane are not fixed in the membrane
matrix, volatile carriers easily evaporate from the membrane.
To prevent such volatilization loss, the use of crystalline car-
riers such as an alkali metal bicarbonate or an amino acid is
effective. However, although the crystalline carrier is not
evaporated and retained in the membrane matrix, the diffu-
sivity of the carrier and CO,-carrier complex in the mem-
brane decreases because of the volatilization of the solvent
in the carrier solution. Thus, the evaporation loss of the
solvent leads to a decrease in the CO, permeability. When
water is the solvent of the carrier, the decrease in diffusivity
can be prevented by the absorption of water vapor from the
humid gas into the membrane. Moreover, water vapor
absorbed by the membrane reacts with the carrier and CO,
to form bicarbonate ions, which increases the amount of
CO, absorbed and further facilitates the transport effect. As
an example, Taniguchi et al. (2021) prepared facilitated



Ref.

Sandru et al. (2009)
Kim et al. (2013b)

Sandru et al.

of CO,
97
500
183

1

Permselectivity

Feed gas
CO,/N,
CO,/N,
CO,/N,

pm
1.2
0.83

Thickness

CO, permeability
barrer
920
1520
850

CO, permeance
GPU
766
1827
570
22

RH
%
Sat
Sat
Sat

Temp
K
298
308
298

Pco2
kPa
0.2

0.1

12

yvinylamine
yvinylamine
yvinylamine

Table 3. CO, permeation properties of fixed carrier membranes.

Membrane material

Po
Po
Pol

Zhao and Ho
Zhao and Ho
Zhao and Ho
Zhao and Ho

7
179
250

8
341
254

CO,/N,
CO,/N,
CO,/N,
CO,/N,

2
2
25
25

55
297
159
119
482

11.88
6.4
48

58
58
58
58

383
383
383
383

40
15
1.7

40
40
40

y-N-isopropylallylamine/ polyvinylalcohol blend
y-N-isobutylallylamine/ polyvinylalcohol blend
y-N-tertbutylallylamine/ polyvinylalcohol blend

yallylamine/polyvinylalcohol blend

po
po
po
po
Ch

El-Azzami and Grulke (2009)

Shen et al. (2008)
Zhang et al. (2002)
Li et al. (2015)

Li et al. (2012b)
Hoshino et al. (2021)

212

83
38

216

1

CO,/N,
CO,/CH,4
CO,/CH,4

CO,/N,

CO,/N,

CO,/N,

65
0.2
0.03-0.05

377
30.5-50.5

74
784
793
1887
1610
1010

28.6
Sat
Sat
Sat
Sat
85

383
299
299
298
295
337

13
22.5
16.5

8

tert-butyl acrylamide, and N,N’-methylenebisacrylamide

diethylene glycol bis(3-aminopropyl) ether,
and 3,3’-diamino-N-methyldipropylamine

-methacrylate-co-acrylic sodium)
Copolymer synthesized from N-[3-(dimethylamino)propyllmethacrylamide,

hydrolyzed polylvinylpyrrolidone

y(2-N,N-dimethyl aminoethyl
Polyvinylamine

Copolymer synthesized from trimesoyl chloride,

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN 19

transport membranes composed of piperazine derivatives as
a mobile carrier and poly(vinyl alcohol) as a hygroscopic
membrane matrix. Superabsorbent polymers (SAPs) are also
preferable materials for the matrices of mobile carrier mem-
branes. Mobile carrier membranes composed of an SAP as a
gel matrix and a crystalline carrier exhibit superior CO, per-
meation performance for humid gases (Kamio et al. 2020a,
2020c; Yegani et al. 2007). Moreover, because the SAP,
which is a component of the gel matrix, is a polyelectrolyte
such as polyacrylic acid, it is effective in preventing carrier
leakage even under pressurized conditions. However, under
low-humidity conditions, the facilitated transport effect sig-
nificantly decreases because of the decrease in the absorp-
tion amount of water vapor, which limits the formation of
bicarbonate and decreases the diffusivity of the CO,-carrier
complex.

2.4.5 Facilitated transport membrane with an IL-based
carrier

As mentioned above, conventional facilitated transport
membranes exhibit significantly high CO, permeability
under highly humid conditions, but the facilitated transport
effect disappears under low-humidity conditions. The main
reason for this is the decrease in the amount of water vapor
absorbed, which limits bicarbonate formation and decreases
the diffusivity of the CO,-carrier complex. Thus, if a carrier
that can absorb a sufficient amount of CO, without water
molecules and a nonvolatile solvent are used, the decrease in
CO, permeability under low-humidity conditions can be
improved. Based on this concept, a facilitated transport
membrane with a nonvolatile IL-based CO, carrier has been
developed in recent years (Kasahara et al. 2012a). As men-
tioned before, ILs are organic molten salts with diverse
molecular structures and properties. Thus, CO,-reactive
functional groups such as amino groups can be introduced
into the molecule. Such amine-functionalized ILs can act
not only as CO, carriers but also as the diffusion medium
of a mobile carrier membrane (Hanioka et al. 2008).
Examples of amino-functionalized ILs and their CO, perme-
ation performance are summarized in Table 5. Among the
IL-based CO, carriers listed in Table 5, ILs with amino acid-
ates (AAILs) and ILs with aprotic heterocyclic anions can
react with CO, to form carbamate ions according to Eq.
(15) (or Eq. (17)) even under dry conditions (Gouveia et al.
2016; Kamio et al. 2017a; Kasahara et al. 2012a, 2012b,
2014a, 2014b, 2016; Myers et al. 2008). Moreover, the
formed carbamate ions diffuse through the ILs incorporated
in the membrane. Thus, these ILs act not only as CO, car-
riers but also as diffusion media and provide high CO, per-
meability and high CO, permselectivity over other light
gases under dry and low-humidity conditions (Kasahara
et al. 2012a).

In recent years, an ion gel membrane containing a large
amount of amine-functionalized ILs has been developed
(Kasahara et al. 2014c). The IL content of the ion gel mem-
brane was more than 70 wt%. Because of the high IL con-
tent, the ion gel membrane can chemically absorb a large
amount of CO,. Further, the diffusivity of the CO,-carrier
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Table 4. CO, permeation properties of mobile carrier membranes.

CO, CO, Feed  Permselectivity

Pco2 Temp RH permeance permeability Thickness gas of CO, Ref.
Membrane material kPa K % GPU barrer pum - -
poly(amidoamine) dendrimer 035 rt Sat 41 4100 100 CO,/N, ca. 20000 Kovvali et al. (2000)
Glycine-Na 0.7 r.t. Sat 101 10100 100 CO,/N, 3980 Chen et al. (2000)
Glycine-Na/Na,COs blend 0.7 rt. Sat 54.8 5480 100 CO,/N, 2003 Chen et al. (2000)
polyallyamine/2-aminoisobutyric acid potassium salt 40 110 41 207 6196 30 CO,/N, 493 Huang et al. (2008)
DL-2,3-Diaminopropionic acid hydrochloride 365 125 Sat ca. 900 ca. 30000 35 CO,/N, ca. 1000 Yegani et al. (2007)
DL-2,3-Diaminopropionic acid hydrochloride 219 160 61.5 600 20900 35 CO,/N, 700 Yegani et al. (2007)
monoethanolamine 5 298  Sat ca. 60 ca. 6000 100 CO,/CH,4 ca. 2000 Teramoto et al. (1996)
diethanolamine 5 298  Sat ca. 70 ca. 7000 100 CO,/CH, ca. 2000 Teramoto et al. (1996)
poly(amidoamine) dendrimer 5 313 80 6.3 2520 400 CO,/N, ca. 1200 Duan et al. (2012)
poly(amidoamine) dendrimer 560 313 80 0.54 216 400 CO,/N, ca. 35 Duan et al. (2012)

complex in the ion gel membrane is also high. Thus, the
CO, permeability of amine-functional IL-based facilitated
transport membrane has a significantly high CO, permeabil-
ity and permselectivity of CO, over other light gases.
Moreover, by forming a DN in the amino-functionalized ILs,
the mechanical strength, IL content, and CO, permeability of
the gel membrane can be further increased (Kamio et al
2017b; Moghadam et al. 2015). The facilitated transport mem-
branes composed of a large amount of amino-functionalized
ILs and the characteristic gel network can be used under sig-
nificantly harsh conditions such as high temperature, high
pressure, and low humidity (Moghadam et al. 2017a, 2017b).
Figure 12 shows the CO, permeability of the DN ion gel mem-
brane containing 80 wt% AAIL measured at a temperature of
373K, transmembrane pressure of 400kPa, CO, partial pres-
sure of 10kPa, and humidity of 0%. The ion gel membrane
maintained a CO, permeability >6000 barrers and CO,/N,
selectivity >120 even after 120h of continuous operation. Ion
gel membranes are expected to overcome the stability issues
associated with conventional facilitated transport membranes.

3. Inorganic CO, Separation Membranes

Inorganic CO, separation membranes are being studied and
developed, focusing on their advantages over organic materi-
als in terms of thermal resistance, chemical resistance, mech-
anical strength, and high permeance. As a large-scale project
aimed at developing a full-scale CO, separation technology
for inorganic CO, separation membranes in Japan, the
“Research and Development of High-Temperature CO,
Separation, Recovery, and Reuse Technology” was conducted
as part of the New Sunshine Project between 1992 and 2000.
The project was led by New Energy and Industrial
Technology Development Organization (NEDO), with the
participation of national research institutes, universities, and
companies related to ceramic materials at the time. The
Kyoto Protocol was issued in 1997, mandating a 6% reduc-
tion of greenhouse gases in Japan as a measure against global
warming, and thus interest in efficient CO, capture technol-
ogy was growing. Since then, studies have been conducted to
determine the applicability of membrane separation as an effi-
cient separation and recovery method for CO, as a green-
house gas in processes such as separation from combustion
exhaust gas (CO,/Ny,), separation from natural gas and biogas

(CO,/CH,), and improvement of energy efficiency in coal-
fired power plants (H,/CO/CO,) (Haraya 1998).

CO, separation membranes using inorganic materials
include ceramic membranes, organic-inorganic composite
membranes, and carbon membranes. Ceramic membranes
are made of various metal oxides, while carbon membranes
are mainly made of organic polymers that are sintered at
high temperatures to convert organic materials into inor-
ganic carbon. Organic-inorganic composite membranes
include the following: covalently bonded inorganic elements
such as Si and organic elements at the molecular level;
organic molecules attached to metal elements through
coordination bonds; metal oxide membranes modified with
organic functional groups such as amines; membranes in
which inorganic material is added as a filler to an organic
polymer matrix, generally referred to as a Mixed Matrix
Membranes (MMMs). For organic-inorganic composite
membranes, only inorganic-based membranes will be pre-
sented in this section. Readers can consult previous reviews
for the Metal-organic framework (MOF) membranes
(Chakrabarty et al. 2022; Demir et al. 2022; Kamble et al.
2021; Kang et al. 2022; Wong and Jawad 2019).

Table 6 summarizes the classification of the various inor-
ganic membranes for carbon dioxide separation presented in
this paper. These membranes are classified into crystalline
(regular) and amorphous membranes in terms of regularity of
membrane structure, and into porous and dense membranes
in terms of porosity of membrane structure. For example, zeo-
lite membranes are porous regular membranes made of cer-
amic, while silica, organosilica, and carbon membranes are
porous amorphous membranes made of ceramic, organic-inor-
ganic composite, and carbon, respectively. The general fabrica-
tion methods for porous silica, zeolite, and carbon membranes
are described in detail in the review by Yeo et al. (2013).
Ceramic membranes, such as those of Perovskite, and sup-
ported molten salt membranes are non-porous dense mem-
branes, while MOFs are porous crystalline membranes made of
organic-inorganic composite materials. As described above, car-
bon dioxide separation membranes based on inorganic materi-
als have a wide variety of materials and structures, each of
which has been studied and developed for application to
unique separation systems. The following is an overview of the
research and development of CO, separation membranes made
of inorganic materials.



Table 5. CO, permeation properties of mobile carrier-type facilitated transport membranes containing ionic-liquid-based carrier.
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Figure 12. CO, permeation performance of a DN ion gel membrane containing
an ionic liquid with amino acidates (AAIL) (AAIL: triethyl(pentyl)phosphonium
prolinate ([P,,,51[Pro]; temperature: 373 K; transmembrane pressure difference:
400 kPa; CO, partial pressure of the feed gas: 10 kPa; humidity of the feed gas:
0% (dry)).

3.1 Porous ceramic membranes

CO, separation performance by microporous membranes
depends on the pore size of the membrane, surface proper-
ties and operating conditions such as CO, partial pressure
and temperature. According to the Henry-like adsorption
relationship between the pore concentration ¢ and the bulk
gas phase pressure p, expressed as ¢ = (p/RT)exp(-Ep/RT),
which assumes that the diffusivity in the micropores is gov-
erned by the thermal motion of the permeating molecules,
the temperature dependence of the gas permeation rate is
expressed by Eq. (21) (Yoshioka et al. 2001).

k Ep
Pp=—5_ - 21
¥ MRTeXP( RT) 2D

Ep is not the true activation energy for permeation, but
the apparent interaction between the permeating molecules
and the pore surface; the greater the affinity between the
pore surface and the permeating gas molecules, the smaller
(larger absolute value) the potential at the negative value for
the same pore diameter. In molecular-order micropores in
size, the potential at the centre of the pore is smaller in
negative values (larger in absolute values) as the pore diam-
eter decreases due to the effect of superposition of neighbor-
ing pore walls but conversely increases in positive values as
the pore diameter decreases to the extent that repulsion
from the pore walls is effective. The value of k,; depends on
the pore structure, such as porosity and pore diameter, and
is considered to be a unique value when permeating through
the same pore. For the separation of carbon dioxide and
nitrogen, a high affinity between carbon dioxide and the
membrane material is preferred, which corresponds to a
small value of Ep for carbon dioxide (negative and large
absolute value) and a large permeance at low temperatures
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Table 6. Inorganic membranes for carbon dioxide separation.

Inorganic

Inorganic/Organic

Amorphous Porous Si0,
Al,03
Carbon
TiO,
Zr0,
Zeolite

Crystalline Porous

Dense (Molten salt)

Organosilica
Modified ceramic (SiO,, TiO,-ZrO,)

Modified mesoporous silica
Metal organic framework

Lithium silicate
Perovskite

Yttrium Stabilized Zirconia

due to the large temperature dependency of the permeance.
The smaller pore size should inhibit the permeation of
nitrogen, and the pore size should be controlled so that
nitrogen does not diffuse by surface diffusion or Knudsen
diffusion, but by activation diffusion. In this case, the value
of the Ep of nitrogen is positive and large. In such mem-
branes, high permselectivity of carbon dioxide is achieved,
especially at low temperatures. In general, Vycor glass mem-
branes prepared by the phase separation and dissolution
method and y-alumina membranes prepared by the sol-gel
method have relatively larger pore diameters for gas separ-
ation, and in these membranes gases are permeated by the
Knudsen mechanism. The gas permeance is determined by
the square root of the molecular weight, so that the perme-
ance ratio of carbon dioxide to nitrogen is 0.8, resulting in
almost no separation. Therefore, pore size control and sur-
face modification with affinity materials by employing suit-
able materials preparation methodology are necessary to
demonstrates the molecular sieving effect and surface
diffusion.

3.1.1 Al,O3, TiO,, and ZrO,-based membranes

Ceramic materials such as Al,Os, TiO,, and ZrO, have been
studied as high-temperature CO, separation membranes
because they are stable and form porous structures, which
are partially crystalline. Since they do not have sub-nano-
sized pores like zeolite, silica or carbon materials, precise
separation by molecular sieving cannot be expected.
Therefore, separation membranes based on CO, affinity and
composite membranes with controlled pores were
developed.

Horiuchi et al. (1998) fabricated y-alumina and various
metal-modified y-alumina membranes and evaluated the
CO, permeability from the heat of CO, adsorption in order
to understand the possibility of CO, separation by surface
diffusion using ceramic membranes at high temperature. It
was found that metal oxides such as rare earth metals (La,
Ce, Nd, Pr), alkaline earth metals (Mg, Ca, Sr, Ba), and
alkali metals (Na, K, Rb, Cs) react with Al,O; to form sur-
face aluminate layers. The interaction with CO, increased in
the order of rare earth oxides, alkaline earth oxides, and
alkali metal oxides (maximum value 167 kJ/mol for Rb,O).
The results indicated that a very strong affinity between the
membrane and CO, resulted in low CO, mobility, but that
the dominant permeation was due to the so-called surface
diffusion, which was dependent on the affinity. The CO,
permeation coefficient estimated from the adsorption and

diffusion properties was about 1072 mol m/(m? s Pa), but
the actual CO, permeability was 10”® to 10~ mol m/(m” s
Pa) because the membrane thickness was not precisely
determined.

Van Gestel et al. (2010) fabricated dense H,/CO, separ-
ation membranes by sol-gel coating of various ceramic
layers, such as ZrO,, 8Y,0;-ZrO,, on a-Al,O;3 as a support
material with thicknesses ranging from 50 to 200 nm. The
formation of a crack-free non-silica top layer had been con-
sidered extremely difficult, but by optimizing the sol synthe-
sis and coating method and keeping the layer thickness
below 100 nm, an ultra-thin, homogeneous separation active
layer was successfully fabricated. In particular, the mem-
branes sintered at 400 °C or higher showed low permeation
of He and H,, suggesting the formation of a denser separ-
ation layer than in silica membranes. Although H, perme-
ability is an issue for application to H,/CO, separation
membranes in power plants, the stability of the membranes
is expected to be superior to those of amorphous silica
membranes. Franz and Scherer (2011) also discussed the
carbon capture potential of ceramic membranes with H,
permselectivity in the Integrated Gasification Combined
Cycle (IGCQC).

In addition, some studies have been conducted to
improve the performance of such ceramic materials as CO,
separation membranes by compositing them with organic
materials. Fukumoto et al. (2014) employed isoeugenol (2-
methoxy-4-propenyl-phenol, ISOH), which is an Organic
Chelating Ligand (OCL), as a reaction inhibitor for the
hydrolysis and condensation of Ti- and Zr-alkoxides during
the sol preparaton procedure. The TiO,-ZrO,-ISOH mem-
branes were successfully formed with a thickness of about
50nm, on a SiO,-ZrO, intermediate layer, as the top layer
of an asymmetric membrane. A microporous structure was
formed due to the residual organic matter derived from
ISOH, resulting in high permeance and selectivity as a gas
separation membrane. TiO,-ZrO,-ISOH membranes cal-
cined at 350 °C in N, atmosphere showed a CO, permeabil-
ity of 2.0 x 10 mol/(m* s Pa) at 200°C and CO,/N,
permeance ratios of 6.4 and 46 at 200 °C and 35 °C, respect-
ively. Tachibana et al. (2020) reported that the pore struc-
ture of TiOs-ZrO,-OCL membranes can be controlled by
using aromatic compounds with different side-chain
molecular structures as OCLs, which changes the gas separ-
ation performance. For composite membranes with organic
chelate ligands, SiO,-ZrO,-acetylacetonate membranes with
residual carbon were also reported (Lawal et al. 2020). At
300°C, the membrane exhibited molecular sieve-like gas



separation performance; at 50 °C, however, a decrease in H,
permeance due to CO, adsorption was observed. Various
applications based on this separation principle that is differ-
ent from the molecular sieving mechanism of a porous
membrane would be promising.

3.1.2 Silica membranes

High CO, permeance and moderate CO,/N, selectivity have
been reported for amorphous and metal-doped silica mem-
branes (Asaeda and Yamasaki 2001; Yoshioka et al. 2001,
2007). However, the stability against water vapor and diffi-
culties in membrane formation have prevented practical
application. In order to improve the stability of silica mem-
branes, silica-zirconia CO, separation membranes have also
been investigated, but their performance has not been satis-
factory due to difficulties in pore size control (Coterillo
et al. 2011; Osada and Kato 2002).

The advantage of this type of membrane is its high CO,
permeance. In general, however, the interaction of amorph-
ous silica-based membranes with CO, molecules is not as
strong as that of organic membrane systems, and advanced
pore size control technology is required to take advantage of
the molecular sieving property (Yoshioka et al. 2001).
Therefore, new amorphous CO, separation membranes have
been explored and developed from the viewpoints of sub-
nano-order pore size control and CO, affinity control.
Nomura et al. (2014) investigated the pore size control of
silica membranes using chemical vapor deposition (CVD).
Propyltrimethoxysilane (PrTMOS) was used as the silica pre-
cursor, and the counter diffusion method, in which
PrTMOS and O; were supplied from opposite sides of a
porous alumina substrate, was used to fabricate dense and
thin silica membranes. The membranes deposited at 270°C
had a CO, permeance of 2 x 108 mol/(m® s Pa) and a
CO,/N, permeance ratio of 20, which was attributed to the
presence of PrTMOS-derived alkyl groups on the membrane
that promoted CO, adsorption. Karimi et al. (2020) pre-
pared functionalized silica membranes by introducing five
organic functional groups into the silica matrix, including
acetic acid groups, trifluoromethyl groups, methacrylic acid
groups, urea groups, and vinyl groups, and investigated their
CO, separation performance. Among those functionalized
membranes, the trifluoromethyl group modified silica mem-
brane showed the highest performance due to both the high-
est (82%) microporosity and the possible CF;-CO, attractive
interaction owing to the three fluorine atoms. The CO, per-
meance of the silica membrane with trifluoromethyl groups
was 5.5 x 10" mol/(m* s Pa), representing a permeance
ratio of 10.

Inherently, the amorphous network structure of silica
polymer has a pore distribution mainly consisting of oxygen
six-membered rings, as shown in Figure 13, and its average
pore size is about 0.3 nm (Yoshioka et al. 2004). Therefore,
it has excellent permselectitivity for small molecules such as
He and H,. However, the structure is too dense for CO,
permeation. Therefore, Rana et al. (2022) attempted to con-
trol the silica network pore size by adding fluorine (NH,F)
to conventional tetraethoxysilane (TEOS) derived silica
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membranes. An optimum amount of fluorine was found,
and a membrane with a CO,/N, permeance ratio of 30 and
a CO, permeance of 1.6 x 10~ mol/(m? s Pa) at 50°C was
successfully fabricated at F/Si = 0.1/9.9. The hydrothermal
stability of the silica membranes was also found to increase
with increasing fluorine concentration under a high partial
pressure of water vapor (300°C, H,O partial pressure
30 kPa).

From the viewpoint of controlling CO, affinity, attempts
have been made to add organic functional groups having an
affinity for CO, to silica membranes. A typical functional
group is the amino group, which is also present in the com-
ponents of CO, absorbent solutions.

As shown in Egs. (15)-(19), there are three types of
interaction between CO, molecules and amino groups, and
all of the amino groups, primary, secondary, and tertiary,
have CO, affinity, so the introduction of amino groups into
the porous membrane is considered effective for improving
selective permeation performance of CO,. Since the adsorp-
tion enthalpy of CO, onto amino groups is larger in the
order of primary, secondary and tertiary, porous membranes
with primary amine groups are assumed to be advantageous
in terms of CO, affinity, therefore, in increasing the CO,
permeation and separation performance. However, it has
been reported that the secondary amine has a larger adsorp-
tion enthalpy than primary one when CO, is adsorbed once
more after CO, is desorbed (Yu et al. 2017b). In membrane
separation operations where adsorption at the feed side and
desorption at the permeate side proceed simultaneously, the
amount of CO, adsorbed and ease of desorption as equilib-
rium theory should also be considered, and from the per-
spective of Kkinetics, the porous structure should be
appropriately designed to affect the diffusivity of adsorbed
CO, molecules (Yu et al. 2018).

Typically, 3-aminopropyltriethoxysilane, a primary amine,
has been used as a reagent. It has been reported that one
CO, molecule is adsorbed on the amine-modified membrane
by forming alkylammonium carbamate with two amino
groups, even in the dry state, as shown by the equation for
a facilitated transport membrane (Eq. (15)) (Hiyoshi et al.
2005).

It has also been reported that even secondary amines
develop CO, affinity by reacting reversibly with CO, as the
same equation in Eq. (16) (Yu et al. 2017b)

Mesoporous silica (Jang et al. 2011; Kim et al. 2004a;
Miyamoto et al. 2011; Sakamoto et al. 2007) and Vycor glass
(Ostwal et al. 2011) were the preferred supports for amino
groups. This is because the properties of mesoporous silica
materials, such as large surface area, high pore volume, and
tunable pore size with two- or three-dimensional porous
structure, were considered effective for CO, separation
membranes in terms of adsorption and molecular transport.
However, it is difficult to produce continuous, defect-free
mesoporous silica membranes with high yields (Kim et al.
2015a). To improve the defects in mesoporous support-
amino group structures, homogeneous amino-silica struc-
tures, in which amino groups were highly and homoge-
neously dispersed, were studied.
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Xomeritakis et al. (2005) developed a novel sol-gel
derived aminosilicate microporous inorganic membrane to
facilitate CO, separation. The membrane was formed using
a silica sol with sodium glycinate salt (CH,NH,COONa
(GlyNa)) as the source of amine functional groups. The
membrane is assumed to be composed of amine (-NH,)
functional groups randomly dispersed in an amorphous sil-
ica matrix with a pore size of 4-5 A. The membrane is char-
acterized by a high degree of dispersion of the amine
functional groups. The characteristic feature of this mem-
brane is that CO, is preferentially adsorbed to the highly
dispersed amine functional groups in the membrane pores,
while other gases (O,, N,, CH,) are blocked by molecular
sieving due to the inherent pore structure of amorphous sil-
ica, thereby improving the CO, permselectivity. The mem-
brane exhibited a CO, permeance of 7.3x107° to
1.1 x 107" mol/(m? s Pa) and a CO,/N, separation factor of
about 100 at 22°C in a feed of 1-20% CO, by volume and
0-40% relative humidity. Messaoud et al. (2015) investigated
the effect of the incorporation of primary and secondary
amine functional groups on CO,/CH, separation perform-
ance. Dense aminosilica membranes were deposited by
chemical vapor deposition (CVD) using 3-aminopropyltri-
methoxysilane (APTMS) and (3-methylaminopropyl)trime-
thoxysilane (MAPTMS) as primary and secondary
alkylamine-silica precursors, respectively. The pore size of
the membrane prepared using propyl trimethoxysilane
(PTMS) without amino groups as a precursor was 0.37 nm,
the CO, permeance at 393K was 2.1 x 10 ®mol/(m* s Pa),
and the CO,/CH, selectivity was 4. On the other hand, the
primary aminosilica membrane had a pore size of 0.36 nm, a
CO, permeance of 2.1 x 10 8 mol/(m? s Pa) at 393K, and a
CO,/CHy, selectivity of 70. The secondary aminosilica mem-
brane had a pore size of 0.43nm and achieved a CO,
permeance of 1.3 x 107" mol/(m* s Pa) and a CO,/CH,
selectivity of 140. The CO, transport mechanism of the ami-
nosilica hybrid membrane was surface diffusion, and the
membrane was stable for 60h under 20% relative humidity.
Yu et al. (2017b) prepared three types of amino-silica
membranes with amino functional groups and different
functional group structures by using 3-(triethoxysilyl)propan-

l-amine (primary amine, PA-Si), 3-(triethoxysilyl)-N-methyl-
propan-1l-amine (secondary amine, SA-Si), and 3-(triethoxy-
silyl)-N,N-dimethylpropan-1-amine (tertiary amine, TA-Si)
as silicon alkoxides for membrane materials, and investigated
their CO, permeation properties. The tertiary amine-Si
membranes showed faster adsorption and desorption
processes due to the decrease in CO, binding energy caused
by the steric hindrance effect of the functional groups, which
contributed to their higher CO, permeability. On the
other hand, it is interesting to note that the effect of the
basicity of the amine functional group on CO, permeability
is not significant. This finding may serve as a guideline
for the future improvement of the performance of
inorganic porous membranes by loading CO,-affinity func-
tional groups.

In H,/CO, separation, silica membranes are generally
used to selectively permeate H, and block CO, due to their
microporous structure. Since silica membranes are inher-
ently advantageous for H, selective permeation, modifica-
tions have been studied mainly to improve hydrothermal
stability and to reduce CO, permeability. A fluorocarbon-
modified silica membrane coated by the sol-gel method on a
y-AlLOs/a-Al,O5 substrate exhibited a H, permeance of
3.1 x 10 ®mol/(m*® s Pa) and H,/CO, selectivity of 15.2 at
200°C. The membrane was sufficiently hydrophobic and
hydrothermally stable (Wei et al. 2008).

In an attempt to improve the H, permselectivity, silica
membranes doped with metallic elements such as niobium
(Boffa et al. 2009), cobalt (Diniz da Costa et al. 2009) and
magnesium (Karakilic et al. 2017) have been reported. A
simple method was also developed to fabricate ultrathin sil-
ica-like membranes (~3nm) by oxygen plasma treatment of
polydimethylsiloxane thin composite membranes at room
temperature (Zhu et al. 2021). These modified H,/CO, sep-
aration membranes showed an improvement in performance
to some extent. In the application of H,/CO, separation
membranes to the IGCC process, it is desirable to permeate
the CO,, leaving the high-pressure H, on the retentate for
feeding to a gas turbine, so silica-based H, permselective
membranes do not appear to be practical in principle. In the
Integrated Coal Gasification Fuel Cell Combined Cycle



(IGFC), it makes sense as a means of obtaining H, to feed
the fuel cell, but for this purpose, further improvement of
membrane performance to obtain high-purity H, is
required. The reported performances of porous ceramic
membranes are shown in Figure 14.

3.1.3 Organosilica membranes

Organosilica membranes are composed of amorphous mate-
rials as ordinal silica membranes but have a chemical struc-
ture in which hydrocarbon groups are inserted between Si-Si
atoms in the silica matrix (Figure 15), resulting in a porous

structure  different from that of amorphous silica
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(c) H, permeance vs. H,/CO, for porous ceramic membranes.
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membranes. This is characterized by possible high gas per-
meability (Kanezashi et al. 2009). The hydrocarbon groups
can be designed according to the purpose, and the high
degree of freedom in controlling the pore structure makes
the membrane promising for the precise separation of vari-
ous molecular mixtures.

For H, permeselective organosilica membranes, Qi et al.
decreased membrane affinity for CO, by increasing the acid-
ity of the membrane by doping ethylene group-bridged
organosilica (2-bis(triethoxysilyl)ethane, BTESE) with nio-
bium, thereby improving the H,/CO, selectivity (Qi et al
2011). It has also been shown that Nb doping to a BTESE
membrane contributed to the improvement of hydrothermal
stability (Qi et al. 2012). In addition, the membrane per-
formance was improved by controlling the porous structure
through firing conditions (Song et al. 2017) and by doping
palladium, which has an H, absorption property, in addition
to niobium, and a membrane with H,/CO, selectivity of 107
and CO, permeance of 1.12x 10 “mol/(m* s Pa) was
reported (Zhang et al. 2020, 2021a).

To improve the CO, permselectivity of organosilica
membranes, it is important to precisely control the porous
structure and improve the affinity for CO, as in amorphous
silica membranes. Yang et al. (2016) prepared two different
types of BTESE sols by controlling the amount of acid
added during the preparation of the sols for coating. A
dense separation layer with excellent CO, permeability was
produced by a two-step hot coating method in which these
two types of sols were combined and coated onto a pre-
heated substrate. The CO, permeance was as high as
1.3 x 10 ®mol/(m*® s Pa), and the CO,/N, and CO,/CH,
permeance ratios were 23.5 and 31.5, respectively.

The studies on organosilica membranes described above
have focused on the development of organosilica membranes
of Si-R-Si cross-linked with linear alkanes (for “R”), and
there have been only a few studies on organosilica mem-
branes with aromatic groups. Guo et al. (2022) prepared
organosilica membranes by using phenyltriethoxysilane
(PhTES) with (pendant) benzene groups as side chains, bis(-
triethoxysilyl)benzene cross-linked with benzene groups
(BTESB), and 4,4'-bis(triethoxysilyl)-1,1'-biphenyl cross-
linked with biphenyl groups (BTESBPh) as precursors, and
studied their CO, separation performance. They found that
the position of aromatic benzene groups (bridged or
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Figure 15. Pore size control by introducing hydrocarbon group (R) as Si-R-Si,
partially replacing Si-O-Si (ex. R = CH,, CoH,, CyH4, C3Hg, CsHy, etc).
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pendant) and the number of aromatic bridges (single ben-
zene or biphenyl bridge) affected the CO, permeance. In a
CO,/N, mixed gas separation at 50°C, the PhTES mem-
brane exhibited a CO, permeance of 3.64 x 10~ mol/(m* s
Pa) and a CO,/N, permeance ratio of 30. On the other
hand, the BTESB membrane exhibited a CO,/N, permeance
ratio of 34, but a CO, permeance of 8.7 x 10" mol/(m? s
Pa), about 2.5 times higher. The BTESBPh membrane
showed a CO,/N, selectivity of 13, which was rather small,
but a very high CO, permeance of 1.83 x 10" ®mol/(m* s
Pa). The use of organosilica precursor functionalized with
aromatic groups enhances the stability of the membrane net-
work structure, and furthermore, by tuning the number of
aromatic benzene groups and side chains, various porous
structures can be formed, which is expected to lead to the
development of  high-performance CO, separation
membranes.

Similar to silica membranes, the introduction of amine
functional groups into organosilica membranes has been
investigated as a way to increase the affinity for CO,. Yu
et al. prepared a sol with a secondary amine functional
group,  4,6-bis(3-(triethoxysilyl)-1-propoxy)-1,3-pyrimidine
(BTPP), where the BTPP membranes were prepared by the
sol-gel method (Yu et al. 2018, 2019). The membranes
showed higher permeance than those prepared from (3-ami-
nopropyl)triethoxysilane (APTES) with primary amines,
indicating that a membrane with a very strong affinity for
CO, does not necessarily lead to high CO, permeance. They
proposed the concept of “mild affinity membranes,” which
are membranes with moderate interaction with CO,, to
improve CO, transport efficiency (Yu et al. 2017a). In add-
ition, amine-organosilica membranes consisting of APTES
complexed with organosilica (bis(triethoxysilyl)acetylene,
BTESA), which has a triple bonded acetylene group as a
cross-linking group, have shown high-performance with
CO, permeance of 2550-3230 GPU (1 GPU =
3.35 x 10" " mol/(m* s Pa)), CO,/N, selectivity of 31-42,
and CO,/CH, of 70 (Guo et al. 2020). It was concluded that
this was the result of moderate control of CO, affinity and
pore structure. On the other hand, Ren et al. (2021) used
polyhedral oligomeric silsesquioxanes (POSS) with eight
—(CH,);-NH-(CH,)3;-NH, groups at the vertices as nano-
composites to prepare BTESE-PNEN composite membranes
with the 1.2-bis(triethoxy)-2-(CH,);-NH-(PNEN) bond.
Although slightly inferior to the BTESE-APTES membrane
in terms of membrane performance, the pore size of the
BTESE-PNEN membrane was larger than that of the
BTESE-APTES membrane, indicating its potential for use in
mixed matrix membranes with amine-POSS particles.

Since amorphous silica-based membranes do not have a
fixed pore size like regular porous media, they do not
exhibit clear molecular sieving properties, and selectivity is
determined by the pore size distribution. Therefore, it is dif-
ficult to separate CO, and N,, which have similar molecular
sizes. However, the dominant pore size is precisely con-
trolled by the membrane formation method and sol prepar-
ation method, and affinity to selectively permeable
molecules can be provided to some extent by suitably

a

80:( )I T TTTTT0T T T TTTTTIm T T TTTTTT T T IIIIII:
—_ t| O BTESE
= 708 5 phtes E
-2 60f|O BTESBPh 3
s F| O BTESB E
8 50F|O BTESA-APTES =
g £ | A BTESE-APTES O 3
2 40F & BTESE-POSS E
5 30 o b E
= s ]

o o O ]
Z 20F A o) E
S 10f A% P ]
@) E o O E

E o VAo o ]
O' 1 L L 1 L 1 L
10° 10® 107 10 107
CO, permeance [mol/(m? s Pa)]
(b)

80: T T TTTTTT T T TTTTm T T TTTTTT T IIIIII:
~ £ | O BTESE ]
- 70 F| O PhTES . E
S 0L O BTESBPh E
5 | O BTESB E
S 50 F|O BTESA-APTES E
s t| A BTESE-APTES ]
& 40F| ¢ BTESE-POSS -
) o E
& 30F o 3
<t L u
S 20f An © e
S ak o 0 ]
o - b © E
O 10 g o < A 8 o ©) ]

O' 1 L <>I§>IIIIII 1 L L1
107 108 107 10° 107
CO, permeance [mol/(m? s Pa)]
c

150 ( I) TTTTImT T T TTTIT T TTTTrmm T T TTTITT T T 1111
— i O BTESE
o O PhTES
2 . O BTESBPh
® [ o O BTESB
o 100 _' O Nb-BTESE 1
g I A BTESE-APTES | ]
g [ & BTESE-POSS
5 L
& 50t -
S L
S
= o m]

0 9 8 4
107 107 107 10 10° 10°

H, permeance [mol/(m? s Pa)]

Figure 16. (a) CO, permeance vs. CO,/N,, (b) CO, permeance vs. CO,/CH,, and
(c) H, permeance vs. H,/CO, for organosilica membranes.

selecting dope components. The reported performances of
organosilica membranes are shown in Figure 16.

3.2 Zeolite membranes

Zeolite membranes are characterized by their regular pore
structure. The pore size is clearly defined by the crystalline
framework structure, and a zeolite membrane is expected to
function as an ideal molecular sieve membrane because of
its sharp and narrow pore size distribution. Another advan-
tage is that the adsorption property derived from high por-
osity and high specific surface area can be used for



Table 7. Typical crystalline structures of zeolite membranes for gas separation.

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN e 27

Property

Max. diameter of sphere that Accessible
Type can diffuse along (a:, b:, c:) volume % Framework
SOD 254,253 A, 253 A 0.00% Viewed along [001] Projection along [001]
DDR 3.65 A, 3.65 A, 2.63 A 9.21% Viewed along [110] 8-ring along [100]
CHA 3.72A,3724,372, A 17.27% Viewed normal to [001] Projection along [001]
LTA 421 A, 421 A 421 A 21.43% Viewed along [100] Alpha-cage, sodalite cage and 4MR
MFI 47 A, 446 R, 4.46 A 9.81% Viewed along [010] Projection along [010]
FAU 7354,735 4,735 A 27.42% Viewed along [111] Viewed along [110]

Baerlocher et al. (2007), Baerlocher and McCusker (2023)

(https://jpn01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.iza-structure.org%

2Fdatabases%2F&data=05%7C01%7C%7C1e257823984f44e4d71a08db6ce79436%7C20ee4c8087bd422ca5063a2b0aca0615%7C0%7C0%7C638223514246461814%
7CUnknown%7CTWFpbGZsb3d8ey)WIjoiMC4wLjAwMDAILCJQljoiV2luMzliLCIBTil6lkThaWwiLCIXVCI6MNn0%3D%7C3000%7C%7C%
7C&sdata=HwtV%2Fv9%2F6TIWI9OWz86c0Lq5%2BTJ6s4BeQt7f3wqyt2v4g%3D&reserved=0).

separation. The basic crystal structures of typical zeolite
membranes that have been successfully fabricated into
homogeneous dense thin membranes used as separation
membranes are summarized in Table 7. In reality, however,
only a limited number of zeolite structures have been suc-
cessfully used to form dense thin membranes, and there are
unfortunately no zeolite membranes suitable for CO,
(0.33nm)/N, (0.364nm) separation by molecular sieving
based on the relation between their molecular sizes and zeo-
lite pore sizes. Therefore, it is necessary to modify the pores
of existing zeolite membranes that can permeate both CO,
and N, or to replace cations appropriately to achieve effect-
ive pore size control. In addition, pinholes originating from
crystalline grain boundaries degrade separation performance,
so it is a challenge to form membranes without such
pinholes.

3.2.1 CO,/N, separation

To the best of the author’s knowledge, the first zeolite mem-
brane with high performance for CO,/N, separation was
reported by Kusakabe et al. in 1998 (Kusakabe et al. 1998).
At 40°C, the CO, permeance of the NaY-type (FAU) mem-
brane was 0.4 x 10 °® to 2.5 x 10" °mol/(m* s Pa), and the
CO,/N, selectivity ranged from 20 to 50. The permeance of
CO, according to the exchange cation species was in the
order of Lit ~ K" > Na® ~ Ba’" > Ca*" ~ Mg*", and

the KY-type membrane showed the highest CO,/N, selectiv-
ity. Lara-Medina et al. (2012) prepared CO, separation
membranes by modifying silicalite-1 membranes (0.55nm)
with Li solution, which have a smaller pore size than the
FAU type (0.74nm). Surface diffusion was shown to be the
major transport mechanism in the lithium-modified silica-
lite-1 membrane, with preferential adsorption and diffusion
of CO, preventing N, permeation; at 400°C, the CO,/N,
separation factor was 1.46 for the unmodified silicalite-1
membrane, whereas it was 6 for the Li" modified silicalite-1
membrane. Zhang et al. (2013) produced T-type zeolite
membranes, which are composed of intergrown crystal
structures of erionite and offretite with Si/Al ratios of 3 to
4, by controlling the hydrothermal synthesis temperature to
optimize nucleation and crystallization conditions. The
membrane exhibited a CO, permeance of 6.2Xx
10~*mol/(m* s Pa), CO,/N, selectivity of 43, and CO,/CH,
selectivity of 80. In terms of organic polymer-zeolite com-
posite membranes that are not mixed matrix membranes for
CO,/N, separation, membranes with polydimethylsiloxane
(PDMS) support and FAU-type zeolite crystals synthesized
within their pores have been reported (Wang et al. 2015).
This membrane showed relatively high performance with a
separation factor of 35-45 and CO, permeance of 1600-
2200 GPU, but it is not clear to what extent the FAU-type
zeolite membrane contributes to CO, separation because of
the thin coating of 200-300nm PDMS on the top layer.
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However, the membrane is interesting from an application
standpoint because of its 3-d stability and flexible mechan-
ical properties.

3.2.2 H,/CO, separation

In terms of H,/CO, separation, as well as CO,/N, separ-
ation, molecular sieving separation by the original zeolite
membrane is difficult. This is because even the pore size of
LTA-type (NaA-type) zeolite, which is in practical use as a
dehydration membrane for alcohol-aqueous solutions, is
0.42nm, and both H, and CO, molecules can permeate
through this membrane, owing to the smaller molecular
sizes of H2 (0.29nm) and CO, (0.33 nm). Of course, DDR-
type and CHA-type zeolites, which have a pore size of about
0.38nm and are expected to be suitable for CO,/CH,
(0.38 nm) separation, cannot be applied to H,/CO, separ-
ation because they are permeable to both H, and CO,. The
pore size of MFI type (ZSM-5) zeolite is 0.55nm, so it is dif-
ficult to apply this membrane to H,/CO, and CO,/N, sepa-
rations for the same reason. Therefore, attempts have been
made to control the pore size of zeolite membranes, which
have a slightly larger pore size than those of the separation
target, by modifying the existing zeolite pore surface by
some method.

Hong et al. (2005) silylated boron-substituted ZSM-5 and
SAPO-34 membranes by catalytic decomposition of methyl-
diethoxysilane (MDES) to improve the selectivity of H, sep-
aration from light gas. MDES reacted within the pores of B-
ZSM-5 and reduced the effective pore size, which led to
H,/CO, and H,/CH, selectivities increasing from 1.4 to 37
and from 1.6 to 33 at 473 K, respectively. However, silylation
decreased the H, permeance of the B-ZSM-5 membrane by
more than an order of magnitude. At higher temperatures,
the membranes performed better; at 673K, the H, perme-
ance was 1.0 X 107" mol/(m* s Pa), and H,/CO, selectivity
was 47. Since methyldiethoxysilane does not enter the pores
of SAPO-34, silylation reduced the pore size of the non-zeo-
lite pores in the SAPO-34 membrane, resulting in attaining
the original selectivity of the SAPO-34 pore. Therefore, the
H, permeability and H,/CO, selectivity of the silylated
SAPO-34 membrane remained almost the same, but the
CO,/CH, separation selectivity increased from 73 to 110.
Wang and Lin (2011) also reported that modifying MFI zeo-
litet membranes with methyldiethoxysilane (MDES)
improved the H,/CO, separation factor from 4.2 to 8.6,
although the H, permeance decreased by about 40%.
Subsequently, several reports on the modification of MFI
membranes by catalytic cracking deposition (CCD) of meth-
yldiethoxysilane (MDES) to improve H,/CO, separation per-
formance have been published (Hong et al. 2013a; Wang
and Lin 2012). The H,/CO, separation factor was 42.6, and
the H, permeance was 2.82 x 10~ mol/(m? s Pa) at 500°C
by CCD modification of cation-exchanged MFI membranes
(Hong et al. 2013b). The membrane was applied to an actual
water gas shift reaction as a membrane reactor, and high
CO conversion and stability over 100h were achieved
(Zhang et al. 2012, 2015).

Other zeolite membrane modification methods include
the preparation of SiO,/ZSM-5 composite membranes by
dip-coating of SiO, sol onto ZSM-5 membranes, mainly to
fill grain boundaries (Shin et al. 2005), and preparation of
AL,O3/SAPO-34 composite membranes (Yu et al. 2011),
which showed improved CO,/N, and H,/CO, selectivity,
respectively. An unexpected and interesting effect of MFI
zeolite pore size control by chemical vapor deposition
(CVD) using methyl diethoxysilane (MDES) has also been
reported. It was shown that CO, adsorbs in the zeolite pores
and blocks the pore channels effective for H, diffusion,
resulting in a membrane that is more selective for CO, mol-
ecules than H, at room temperature (Zhu et al. 2010).

Recently, it has been reported that CO,/CH, selectivity
can be increased by a factor of 2.5 by modifying SAPO-34
membranes with bis(triethoxysilyl)ethane (BTESE)-derived
organosilica by vacuum-assisted deposition (VAD) (Mu
et al. 2019), and that graphite amine (Ga) in NaX zeolite
membranes simultaneously improves H, permeance and
H,/CO, selectivity (Roy and Das 2019). Although the mem-
brane production technology has been established, it has
been shown that zeolite membranes can be applied to CO,
separation membranes by devising post-treatment and com-
posite methods when the inherent pores of the zeolite are
not suitable for CO, separation, which is important as a
technology to increase the potential of zeolite membranes
for CO, separation operations. On the other hand, sodalite
(SOD) is known as a zeolite with a regular structure suitable
for selective H, diffusion. The main cage of sodalite is com-
posed of oxygen six-membered rings, and its pore size is
approximately 0.3 nm, creating a dense SOD membrane that
can be ideal for H, separation. Eterigho-Ikelegbe et al.
(2020) prepared a defect-free SOD/AL,O; nanocomposite
membrane by synthesizing sodalite crystals in the pores of
an o-Al,O3 support. They found that the H, permeance was
relatively high at 100°C, at 7.97 x 10" mol/(m* s Pa), while
the H,/CO, permeance ratio was not so high as 8.76. It can-
not be said that a sufficiently dense SOD membrane struc-
ture has been formed yet, and further improvement of the
membrane formation technology is desired to achieve higher
performance.

As mentioned above, hydrogen is normally a permselec-
tive component in H,/CO, separation due to the molecular
sieving mechanism, which depends on the pore size of the
zeolite structure and the size of the gas molecules. However,
it has been reported that in MFI membranes, CO, can be
selectively adsorbed into the pores at low temperatures and
high pressures (Korelskiy et al. 2015; Lindmark and
Hedlund 2010) or when accompanied by a third component
such as water (Zhou et al. 2014b), which can inhibit H, dif-
fusion in the pore, and selective permeation of CO, is also
possible. Although the results are very interesting consider-
ing the application to actual processes such as IGCC, the
reliability of the results should be carefully examined for the
unusually high CO, permeability (10 °mol/(m* s Pa))
observed. The detailed mechanism of permeation separation,
which depends on the membrane structure and operating
conditions of the membranes, is still awaited.



3.2.3 CO,/CH, separation

Since the effective inner diameter of oxygen 8-membered
rings is about 0.36-0.38 nm, zeolites with a pore structure
composed of oxygen 8-membered rings have CO,/CH, sep-
aration properties. DDR, SAPO-34, and CHA are examples
of such zeolites. DDR and SAPO-34 zeolites have been
reported to provide high-performance CO,/CH, separation
for nearly 20years. DDR-type zeolite membranes are
molecular  sieving membranes with  apertures of
0.36 x 0.44 nm.

Tomita et al. (2004) reported that at 301 and 373K, the
permeance decreased by more than three orders of magni-
tude with the kinetic diameter of the permeating gas mole-
cules between 0.35nm and 0.40 nm, and that the CO,/CH,4
separation factors for a 50% CO,/50% CH, mixture at a
total pressure of 0.5MPa were 220 and 100 at 301 and
373K, respectively. The DDR membranes were shown to
have a molecular sieving ability with few defects.
Furthermore, they succeeded in fabricating a highly perme-
able DDR membrane with a 10-fold improvement in CO,
permeance while maintaining CO, selectivity (Himeno et al.
2007). The CO, permeance and separation factor were also
reported to decrease under high pressure and in the pres-
ence of water vapor.

van den Bergh et al. (2008) measured the permeance of
various gases through deca-dodecasil 3 rhombohedral
(DD3R) membranes, which are Al-free all-silica DDR, over
a wide temperature range and found that molecular sieving
at the pore entrance, and competitive adsorption and diffu-
sion in zeolite micropores largely affected the gas permselec-
tivity. The DD3R membrane showed high adsorptivity for
CO, molecules and high CO, selectivity, especially for mix-
tures of CO, and other gases at low temperatures. In the
CO,/Air and CO,/CH, separations in the temperature range
250-350K, CO, permeability of 03x107°® to
2 x 10 ¥ mol/(m? s Pa), and CO,/Air and CO,/CH, selectiv-
ities of 10-20 and 200-1000, respectively, were obtained. It
has also been reported that dense DD3R membranes exhib-
ited H,/CO and CO,/CO selectivities of 3 and 12 (303 K),
respectively, and could be CO,-selective for CO,/H, separ-
ation, and that isobutane permeates slightly through the
grain boundaries (1 x 10" mol/(m* s Pa)) (van den Bergh
et al. 2010).

The DDR membrane has already been scaled up to a
large monolithic structure of 180mm in diameter and
1000mm in length by NGK Co., Japan. This membrane
element achieved a CO,/CH, selectivity of over 100 for a
gas mixture of 8.0 MPa, 45°C, and 70 mol% CO, (Hasegawa
et al. 2017). It is expected to be applied to CO, separation
in natural gas fields with high CO, concentrations. Recently,
the possibility of CO,/N, and CO,/CH, separation using
ZSM-58 membranes, a type of DDR zeolite, has been inves-
tigated (Hayakawa and Himeno 2020, 2021). ZSM-58 is
expected to exhibit varying DDR membrane performances
because it is possible, depending on the fabrication method,
to form mixed crystalline structures with DOH zeolite or to
introduce Al atoms. The performances of ZSM-58 mem-
branes in the separation of CO,/CH,; mixed gas are
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1.7 x 10" mol/(m* s Pa) for CO, permeance and 290 for
CO,/CHy selectivity, and values of 2.9 x 10" mol/(m” s Pa)
for CO, permeance and 44 for CO,/N, selectivity were
obtained in the CO,/N, system.

The zeolite SAPO-34 containing phosphorus atoms also
has an oxygen 8-membered ring structure similar to the
DDR type, and its pore size is 0.38 nm, so it can function as
a CO, separation membrane. The crystal structure of zeolite
SAPO-34 belongs to the CHA type described below. The
performance of the SAPO-34 membrane was about
1.6 x 107" mol/(m* s Pa) for CO, permeance and 67 for
CO,/CHy, selectivity (Li et al. 2004). However, by forming a
thin membrane with uniformly sized zeolite crystals, a
highly permeation-selective membrane with CO, permeance
of 2x 10" °mol/(m* s Pa) and CO,/CH, selectivity of 170
was reported in 2008 (Carreon et al. 2008). As a result of
optimization of the membrane preparation method, a CO,
permeance of 1.85 X 10" %mol/(m? s Pa) and CO,/N, select-
ivity of 29 were obtained by utilizing the high affinity of
SAPA-34 with CO,, especially in the separation of CO,/N,
mixed gas at around room temperature (Liu et al. 2020).
This performance far exceeded the trade-off upper boundary
of zeolite membranes in the CO, permeance vs. CO,/N,
selectivity plot, and stability under high temperature steam
was also observed, indicating that the SAPO-34 membrane
has potential for application to CO, separation in power
generation flue gas.

As far as the authors know, the first CHA-type mem-
brane consisting only of Si and Al was developed by Noble
and Falconer’s group as the SSZ-13 zeolite membrane with a
Si/Al ratio of 14 (Kalipcilar et al. 2002). This membrane was
characterized with a CO, permeance of 2.4 x 10~" mol/(m? s
Pa) and CO,/CH, selectivity of 13. Although the perform-
ance of the SSZ-13 membrane for CO, separation was not
satisfactory, it is interesting to note that the CO,/N, selectiv-
ity was already surprisingly high at 11 at that time, suggest-
ing the high affinity of the SSZ-13 membrane for CO,.
Subsequently, optimization of CHA membranes has also
progressed, and a CO, permeability of 1.17 x 10 °mol/(m* s
Pa) and a CO,/CH, separation factor of 210 were demon-
strated for a CHA membrane formed on an alumina hollow
fiber substrate (Yang et al. 2019). Other performance results
were reported for all-silica CHA membranes (Zhou et al
2020) or high-silica CHA membranes (Hasegawa et al. 2021;
Liu et al. 2021a), with CO, permeability of 0.3 x 107° to
1.2 x 10 ®mol/(m* s Pa) and CO,/CH, selectivity of 120-
480. Compared to DDR membranes, CHA membranes
exhibit relatively high CO, permeability. This may be due in
part to the fact that the accessible volume of the CHA struc-
ture is inherently higher than that of the DDR structure.
Although the development of CHA membranes is currently
more vigorous than that of DDR membranes, large-scale-
area DDR membranes have already been produced and are
expected to be put into practical use as CO, separation
membranes in the near future.

Permeation and separation mechanisms in various zeolite
membranes applicable to CO, separation have been reported
for Silicalite-I (Tawalbeh et al. 2021), SAPO-34 (Zito et al.
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Figure 17. (a) CO, permeance vs. CO,/N,, (b) CO, permeance vs. CO,/CH,, and

(c) Hy permeance vs. H,/CO, for zeolite membranes.
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2020a), DDR (Zito et al. 2020b), and SSZ-13 (Aydani et al.
2021). Basically, a model is used to estimate the permeability
of a single gas or the permeability and separation factor of
each component in a mixed system from the adsorption and
diffusion coefficients of a single gas. Most of those models
reported are based on the generalized Maxwell-Stefan model
(Krishna 1990; Krishna and Paschek 2002; Krishna and
Wesselingh 1997) and are useful for predicting permeation
and separation performance under various operating
conditions.

Reported performances of zeolite membranes are shown
in Figure 17.

3.3 Molten salt/ceramic membranes

To supply combustion exhaust gases to the membrane at
temperatures above 500°C for CO, separation, ceramic
membranes operating at high temperatures are required.
The CO, should be absorbed and permeated by a chemical
reaction rather than the physical interaction between the
membrane and CO, that is more pronounced at lower tem-
peratures. The microporous membranes mentioned in earlier
sections are not suitable for this purpose. Other thermally
stable membranes based on a different concept of CO, sep-
aration from that of microporous molecular sieving or CO,
affinity membranes should be studied.

Yamaguchi et al. (2007) proposed a new CO, separation
membrane in which CO, dissolves into the membrane as
carbonate ions (CO5>") and permeates through the mem-
brane by using lithium orthosilicate (Li,SiO4) as the mem-
brane material. Li;SiO4 reacts reversibly with CO, under
high temperature. The proposed membrane is called as a
mixed conducting membrane. (Figure 18(a)). Carbonate ions
diffuse through the membrane as Li,CO; and carbonate ions
are desorbed as CO, on the permeate side of the membrane
by flowing a sweep gas downstream of the membrane, and
O, diffuses from downstream to upstream in the solid
phase framework of Li,SiO; to ensure charge balance. The
membranes operated at high temperatures around 525-
625°C. Modeling of such a membrane was also reported by
(Wade et al. 2007).

Subsequently, for O,  conduction, a dual-phase mem-
brane was developed using porous perovskite (ex.
Lag 6Sr9.4Coq gFep 2035 (LSCF)) or yttrium stabilized zirconia

(b)
. Molten
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COy g
CO,/N, — CO,

=
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Figure 18. Schematic image of mixed conducting membrane (a) and dual-phase membrane (b) for selective CO, permeation.
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Figure 19. Temperature dependency of CO, permeance of molten salt/Ceramic
membranes.

(YSZ) as a substrate, in which a molten carbonate eutectic
salt (ex. Li;CO3/Na,CO3/K,CO3) mixture was composited
for CO, reaction and CO;*~ diffusion (Anderson and Lin
2010; Ceron et al. 2018; Dong et al. 2013; Lan et al. 2014;
Rui et al. 2012; Wade et al. 2011)(Figure 18(b)). These
membranes operate in the 500-900°C range, and the CO,
permeability can be predicted by a model that accounts for
oxygen ion conduction in the solid support phase, which is
the oxygen conductor. Recent dual-phase membranes have
been formed into hollow-fiber shapes, and CO, permeability
values as high as 2.3 x 107" mol/(m* s Pa) at 700°C for a
50% CO, feed composition and stability of over 85h were
reported (Chen et al. 2020). Attempts have been made to
control the porous structure of the carrier for molten salts
to obtain even higher permeability (Grima et al. 2021;
Kazakli et al. 2021).

Since the CO,/X-selectivity of molten salt/ceramic mem-
branes should be theoretically infinite and there is wide vari-
ation in reported values among membranes, here we
compare the CO, permeance against temperature as an
index of membrane performance, as shown in Figure 19.

Hydrogen-selective permeation membranes have also
been investigated by applying the concept of dual-phase
membranes (Jin et al. 2021). Dual-phase membranes with a
sulfonated graphene nanosheet as the electronic conductor
and crosslinked polybenzimidazole (PBI)-triglycidylisocyanu-
rate (TGIC) as the electronic conductor showed a hydrogen
permeation flux of 0.22 mL/(min cm?®) and 99.99% hydrogen
selectivity at 300 °C.

3.4 Carbon membranes

Carbon membranes are a type of inorganic porous mem-
brane in which the separation active layer is formed of car-
bon or carbides. Carbon membranes with micro-pores of
0.3-0.5nm are known to exhibit excellent gas separation
performance due to the molecular sieving effect (Ismail and
David 2001; Saufi and Ismail 2004). Although the concept of
carbon membranes was discovered in the early 1970s, inter-
est in the development of carbon membranes actually
increased after Koresh and Soffer succeeded in fabricating a
crack-free molecular sieve carbon membrane (Koresh and
Sofer 1983). Carbon membranes are produced by the
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pyrolysis of appropriate polymer precursors under con-
trolled conditions using a variety of polymeric materials. In
the development and production of carbon membranes, the
following issues need to be considered: precursor selection,
polymeric membrane preparation, precursor pretreatment,
pyrolysis process, post-treatment of the pyrolized membrane,
and module construction.

Due to its molecular sieving property, carbon membranes
are expected to be applied to the separation of H,/CO,,
CO,/CO, CO,/N,, CO,/CH,, etc. in CO,-related separation
systems. Aromatic polymers with high carbon yields are
mainly used as precursors for carbon membranes. Aromatic
polyimides, cellulose derivatives, polyacrylonitrile (PAN),
and polyphenylene oxide (PPO) are mainly used as precur-
sors for freestanding membranes. On the other hand, com-
posite membranes with supports include phenolic resin,
resorcinol resin, lignocresol, polyfurfuryl alcohol (PFA), pol-
yvinylidene chloride (PVDC), and wood tar. The following
is a description of several self-standing carbon membranes
using organic polymers as precursors that have been often
reported in relation to CO, separation.

3.4.1 Polyimide based

For the preparation of polyimide-based carbon membranes
applicable to CO, separation, rigid organic polymers such as
6FDA/BPDA-X (Arab et al. 2021; Jones and Koros 1994),
Kapton (Suda and Haraya 1997), PI-BTCOOMe (Kai et al.
2009), and BTDA-TDI/MDI (Sazali et al. 2018a, 2018b) are
used as precursors.

Carbon membranes with 6FDA/BPDA-TMPD as precur-
sor showed better selectivity for membranes produced at
higher temperatures than at lower temperatures, with mem-
branes produced at 500-550°C showing performance with
CO, permeance of 100 GPU, CO,/N, selectivity of 55 and
CO,/CH, selectivity of 160 (Jones and Koros 1994).
Polyimide is a highly stable material, but carbon membranes
using plyimide as a precursor exhibit performance changes
due to aging.

Arab et al. (2021) showed that the CO,/CH, separation
performance of carbon hollow fiber membranes with
6FDA:BPDA-DAM polyimide precursor changed with the
aging environment in a vacuum, allowing control of mem-
brane lifetime.

Commercially available Kapton films are also made of
polyimide. By pyrolyzing it under a vacuum and controlling
the pore size, CO,/N, separation membranes can be fabri-
cated. The observed permeance ratio of such a membrane
was 122 for CO,/N, and 36 for O,/N, separation at 308 K
(Suda and Haraya 1997).

Kai et al. (2009) prepared carbon membranes with a pre-
cursor of cardo-type polyimide (PI-BTCOOMe) and CsCOj;
as a Cs source to suppress the degradation of separation
performance under humidity conditions. The Cs-incorpo-
rated carbon membrane exhibited higher CO, permeance
(9.8 x 10" mol/(m* s Pa)) and CO,/N, separation factor
(44) under high humidity conditions, whereas the original
carbon membrane without Cs exhibited lower CO, perme-
ance and CO,/N, separation factor under humid conditions
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than under dry conditions. It was revealed that the incorp-
oration of Cs into the carbon membrane makes the pores of
the carbon hydrophilic and increases the pore size
distribution.

Sazali et al. (2018a) used BTDA-TDI/MDI P84 copolyi-
mide as a carbon precursor and coated it with a dope solu-
tion consisting of NMP by the dip coating method to
prepare carbon membranes for CO, separation. The CO,
permeance of the carbon tubular membrane prepared by
stabilization at 300°C after coating and carbonizing at
800°C was 206 GPU, and this membrane showed high val-
ues of CO,/N, and CO,CH, selectivity of 66.0 and 69.5,
respectively. The performance of membranes made of
BTDA-TDI/MDI P84 copolyimide precursor solutions with
additives such as polyvinylpyrrolidone (PVP), microcrystal-
line cellulose (MCC) and nanocrystalline cellulose (NCC)
has also been investigated (Sazali et al. 2018b). The addition
of 7wt% NCC as a pore-forming agent increased the pore
structure channels of the carbon membranes, resulting in
high selectivity and high permeability. The PI/NCC carbon
membrane exhibited a CO, permeance of 214 GPU and
CO,/N, and CO,/CHy selectivities of 66.3 and 68.2, respect-
ively, while the pristine PI carbon membrane exhibited a
permeability of 157 GPU and CO,/N, selectivity of 56.3.
The results indicate that the membrane formation method
of carbonization by adding thermally unstable additives such
as NCC is promising.

3.4.2 Cellulose based

As described above, the development of high-performance
carbon membranes using polyimide as a precursor is under-
way. However, in general, polymer precursors such as poly-
imide are expensive, which is one of the factors preventing
the wide industrial use of carbon membranes (Araujo et al.
2020). On the other hand, cellulose is an inexpensive biore-
ducible raw material, and carbon membranes using cellulosic
precursors are very promising alternatives, especially in car-
bon molecular sieve (CMS) membranes for O,/N, and
CO,/CH, separation, which have been reported to signifi-
cantly overcome Robeson’s upper limit of membrane
performance.

Lie and Hagg (2005) prepared CMS membranes by vac-
uum carbonizing cellulose, a low-cost precursor, with metals
such as oxides of Ca, Mg, Fe(Ill), and Si and nitrates of Ag,
Cu, and Fe(III). Carbon membranes containing Fe nitrate
showed good separation performance for O,/N, and
CO,/CH, gas pairs. On the other hand, carbon-containing
Cu or Ag nitrates showed high selectivity but lower perme-
ance for O, and CO, compared to carbon-containing Fe
nitrates. This was due to the formation of a blocking layer
of gas transport on the carbon surface by the metal addi-
tives. Membranes containing Ag and Cu exhibit high H,
permeance and are expected to be applied to H,/CO, separ-
ation membranes. In addition, hydrolysis of cellulose with
trifluoroacetic acid (TFA) before carbonization suppresses
weight loss during carbonization and improves CO,/CH,
separation performance (Lie and Hagg 2006).

The carbonized cellulose hollow fiber membranes pre-
pared by the dry-wet spinning phase inversion method have
excellent mechanical strength, and showed CO, permeability
of 110 barrer and CO,/N, selectivity of 42, and CO, perme-
ability of 45 barrer and CO,/CH, selectivity of 150 at a pres-
sure difference of 8 bar. Furthermore, the CO, permeability
and CO,/N, selectivity increased to 180 and 55, respectively,
when the applied pressure was increased to 20 bar while the
pressure difference across the membranes was kept at 8 bar.
Process simulations using this membrane have shown that a
two-stage membrane system can produce methane with a
composition of 96% with a loss of less than 4%. Further
improvement of the permeance is expected to significantly
reduce the cost of natural gas processing (Karousos et al.
2020). CMS membranes prepared from cellulose hollow fiber
precursors have been reported for H,/CO, separation, show-
ing excellent H, permeance of 111 GPU and H,/CO, select-
ivity of 36.9 under dry mixed gas conditions of 10atm and
110°C. The membranes were stable under humidified condi-
tions of 90 °C and 14 bar (Lei et al. 2021). Simulations show
that this membrane can be used in a two-stage carbon mem-
brane system to produce high-purity H, (>99.5vol %) in a
methane steam reforming process.

Recently, CMS membranes with excellent separation per-
formance and stability have been reported using ionic liquid
regenerated cellulose as a precursor (Aradjo et al. 2022).
Although the H, and CO, permeabilities were not very high
(200 and 10 barrer, respectively), extremely high selectivities
of H,/CH, (> 206,000) and CO,/CH, (> 14,600) were
achieved. Furthermore, post-treatment of the membranes
with propylene was found to improve their stability. This is
an interesting research result that will enhance the practical
use of cellulosic carbon membranes.

3.4.3 PPO based

Polyphenylene oxide (PPO) and its derivatives are also
important precursor polymers for self-standing carbon
membranes. Yoshimune et al. at the National Institute of
Advanced Industrial Science and Technology (AIST) in
Japan have successfully fabricated novel CMS membranes
from PPO and its derivatives as carbon hollow fibers. The
PPO CMS membrane exhibited higher gas permeability than
the polymer precursor, with CO,/N, selectivity of 42-54,
compared to 26-32 for the PPO precursor membrane. The
CO, permeability was also improved by a factor of several
times (Yoshimune et al. 2005). Subsequently, monovalent,
divalent, and trivalent metal cations such as Na*, Mg*",
AP*, Ag", Cu®", and Fe’" were substituted into sulfonated
poly(phenylene oxide) (SPPO) by ion exchange with the
protons of the sulfonic acid groups of SPPO to investigate
their effects on the gas transport properties of SPPO CMS
membranes. The SPPO membranes with these metal cations
showed CO, permeability of several hundred to 1500 barrer
and CO,/N, selectivity of 20-30 (Yoshimune et al. 2006).
When trimethylsilyl (TMS) substituents were introduced
into the PPO precursor, the TMS groups were found to
increase the pore volume and improve gas diffusivity
(Yoshimune et al. 2007). This carbon membrane exhibited



excellent CO,/CHy separation performance (CO, permeabil-
ity 529 barrer, CO,/CH, selectivity 102), comparable to
polyimide carbon membranes.

In 2010, flexible carbon hollow fiber membranes were
developed by carbonizing sulfonated polyphenylene oxide
(SPPO) at 450-600°C using SPPO as a carbon precursor
(Yoshimune and Haraya 2010). Pyrolyzed membranes at
700 °C became less flexible and rather brittle due to the sin-
tering of the carbon matrix, while carbon hollow fiber mem-
branes pyrolyzed at 600°C showed excellent mechanical
stability and excellent performance in CO, separation (CO,
permeance: about 2 X 108 mol/(m? s Pa), CO,/N, selectiv-
ity: 43, CO,/CH, selectivity: 118). In fact, a carbon mem-
brane module with an effective membrane area of 259 cm®
was successfully fabricated by installing 195 SPPO hollow
fiber carbon membranes, each 18cm long, in a 2cm diam-
eter tubular holder (Yoshimune and Haraya 2013). The CO,
permeance of the module was 5 x 10~° mol/(m? s Pa), which
was slightly lower than that of single hollow fiber CMS
membrane, while the CO,/N, selectivity was 58 and
CO,/CH, selectivity was 170-200, maintaining high-per-
formance. These flexible hollow-fiber carbon membranes are
superior to other inorganic membranes in terms of module
preparation and are highly practical.

Other CO, permeation and separation properties of carbon
membranes using phenolic resins (Bera and Das 2022;
Katsaros et al. 2007; Kita et al. 1997; Torres et al. 2021), polye-
therimide (PEI) (Bakonyi et al. 2021; Salleh and Ismail 2012),
and Resorcinol-Formaldehyde Resin (Rahimalimamaghani
et al. 2022) as precursors have been investigated.

Compared to polymeric membranes, carbon membranes
have the characteristics of inorganic membranes, especially
in terms of selectivity and thermal and chemical stability,
and have advantages over inorganic membranes in terms of
membrane formation and module preparation, such as those
of organic membranes. In the future, the development of
advanced carbon membrane materials based on renewable
precursors and simple carbonization processes, as well as the
development of module designs and process optimization,
are expected to facilitate the introduction of carbon mem-
branes in various industrial processes (Lei et al. 2020).

Reported performances of polyimide-, cellulose-, and pol-
yphenylene oxide-based carbon membranes are shown in
Figure 20.

4. Conclusions and Outlook

In this review, several new materials for high-performance
CO, separation membranes were reviewed. Novel materials
with high CO, separation performance are still continuously
being developed. The upper bound for CO, separation
showing the relationship between CO,/other light gases
permselectivity and CO, permeability of polymer mem-
branes presented by Robeson in 1991 has been updated sev-
eral times and is expected to be further updated in the
future. Theoretical considerations of the upper bound have
provided useful guideline for the development of new and
effective  membrane materials for CO, separation, and
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Figure 20. (a) CO, permeance vs. CO,/N,, (b) CO, permeance vs. CO,/CHy, and
(c) H, permeance vs. H,/CO, for carbon membranes.

contributed greatly to the development of high-performance
CO, separation membranes. In the next stage, understand-
ing of the correlation between the physical, chemical, and
physico-chemical properties of the membrane materials and
the CO, diffusivity and solubility, which are the basic
parameters for the CO, permeability and CO, permselectiv-
ity, is highly desired. A unified understanding of the
dependence of CO, diffusivity on the micropore size of each
membrane material is expected to deepen by using advanced
analytical techniques such as PALS. On the other hand,
there is a lack of basic knowledge about the relationship
between selective CO, absorbability and membrane proper-
ties. A basic understanding of the properties of a membrane
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material that affect the selective CO, absorption are highly
desired. If the diffusivity and absorbability can be well corre-
lated with the properties of the membrane materials, there is
no doubt that membrane materials with much higher CO,
separation performance will be developed in the future.
Expertise and technology in various fields such as polymer
chemistry, organic chemistry, inorganic chemistry, and
material science could open the doors for the development
of next-generation membrane materials with even higher
CO, separation performance.

The use of computational science technologies such as
molecular simulation has recently attracted much attention
in predicting membrane properties and the absorption and
diffusion of permeating molecules. Improved computer per-
formance and the force fields that govern molecular interac-
tions have enabled the reproduction of absorption/
adsorption quantities and improved the accuracy of diffusiv-
ity predictions for various membrane materials, such as
polymeric, mixmatrix and inorganic porous membranes, so
that the combination of adsorption and diffusion models
and simulation results is now being used to predict the per-
meability. In actual separation membranes, the membrane
structure is not always homogeneous, with pore size distri-
bution and grain boundaries, and permeation resistance may
exist not only in the pores but also on the membrane sur-
face. In order to simulate gas permeation phenomena in
such systems more directly, the boundary-controlled Non-
Equilibrium Molecular Dynamics (NEMD) method has also
been developed as a calculation method that maintains a
steady chemical potential gradient. It is expected that the
computer-assisted development of various separation mem-
branes, including CO, separation membranes, will be accel-
erated in the near future.

From the perspective of developing a CO, separation
process using membrane separation technology, it is impor-
tant to accumulate knowledge about the membrane proper-
ties required to use it in practical applications. One of them
is the evaluation and accumulation of CO, permeance. For
this purpose, it is also important to develop thin membrane
fabrication methods. Experimental techniques to correctly
determine the separation layer thickness should be also
developed. Accumulation of the data of minimum mem-
brane thickness achieved for each membrane material would
be helpful to use membranes for practical applications.

Determination of the CO, permeance and CO, permse-
lectivity using mixed gases is also important for practical
use. This is because the CO, permeance and CO, permselec-
tivity depend on temperature, total pressure, CO, partial
pressure, and humidity. In particular, it is necessary to pay
attention to humidity. The permeation rate of water vapor
through most membranes is faster than that of most other
light gases, and the relative humidity in the feed gas would
change from upstream to downstream in the membrane
module during practical operation. Therefore, the data for
humidity dependence of CO, permeance and CO, permse-
lectivity is necessary for a process simulation. Similar to
humidity, the data for CO, partial pressure dependence on
CO, permeance and CO, permselectivity are important for

some kinds of CO, separation membranes. Especially for
facilitated transport membranes and glassy polymer mem-
branes, CO, absorption follows the dual sorption model,
and the CO, permeance and CO, permselectivity depend on
CO, partial pressure. Regarding the experimental conditions
of the mixed gas permeation test, in order to compare the
performances of the membranes easily, the evaluation
should be conducted under certain representative standard
conditions, which should be determined for each gas species
from various CO, sources.

Besides these aspects, examination on the effects of trace
gas components contained in the gas to be separated is also
important. For example, NO, and SO, in thermal power
plant flue gas and H,S in biogas can affect CO, permeance,
CO, permselectivity, and life of the CO, separation mem-
branes. On the other hand, if the membrane is used to sep-
arate CO, from a gas with high pressure, the effect of
plasticization under high-pressure conditions should also be
evaluated.

The successful development of the materials for high-per-
formance CO, separation membranes has greatly increased
the possibility of realizing energy-saving and compact CO,
separation and capture processes using CO, separation
membranes. In the next stage, it is necessary not only to
make further progress in materials development, but also to
simultaneously conduct performance evaluation, data accu-
mulation, and data organization in order to apply the devel-
oped high-performance CO, separation membranes for
practical processes.

CO, capture using CO, separation membranes is a tech-
nology full of possibilities. We strongly hope that mem-
branes will contribute to the preservation of the global
environment and the sustainable development of human
beings.
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