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Abstract: Polymeric membranes have been widely considered as one of the next-generation
technologies for CO» capture from fossil fuel-derived flue gases. This separation modality requires
novel polymeric materials that possess efficient CO2/N» separation properties, as well as chemical
and mechanical stability for a multiyear membrane lifetime. In this paper, recent developments in
polymeric membranes tailored for post-combustion carbon capture are reviewed. The selected
polymeric materials encompass ether oxygen-rich polymers, polynorbornenes, ionic liquid
membranes, and facilitated transport membranes. In each of the selected materials, noteworthy
research efforts for material design and membrane formation are highlighted. The performances
of the selected materials are compared in the CO2/N> selectivity-CO; permeance plot. As the only
class of materials reviewed herein that have demonstrated the fabrication of thin-film composite
membranes in scale, facilitated transport membranes have shown both high selectivity and
permeance at relevant conditions for post-combustion carbon capture. However, comprehensive
field tests are needed to resolve the technical gap between the material development and the

commercial application.



Nomenclature

Ap fitting parameter in diffusivity-free volume correlation
Bp fitting parameter in diffusivity-free volume correlation
FFV fractional free volume

] gas permeation flux through membrane

4 effective membrane thickness

P gas permeability

Ap partial pressure differential across membrane

S gas solubility in membrane

D gas diffusivity in membrane

Greek letters

a ideal selectivity
Subscripts
i gaseous species I

j gaseous species j



1. Introduction

In 2018, the Intergovernmental Panel on Climate Change (IPCC) drafted a special report on
the economical and sociological impacts of global warming of 1.5°C in the context of greenhouse
gas emissions [1]. The report highlights the urgent need for sustainable low-carbon development
pathways, and the mitigation of carbon emissions is regarded as the vital measure for limiting the
global warming. In the U.S., the electric power sector emitted 1,763 million tonnes of CO; in
2018, 65% of which stemmed from the combustion of coal [2]. Considering the tremendous
carbon footprint, the U.S. Department of Energy has been sponsoring a wide variety of projects to
decarbonize coal-derived flue gases [3]. The flue gases are typically discharged at atmospheric
pressure containing 11 — 15 vol.% CO; [4]. The low COz partial pressure, along with the enormous
volumetric flow rate, constitutes great technical challenge for efficient CO2/N> separation [5, 6].

Polymeric membrane is an emerging technology in the pursuit of low-carbon power generation.
It is a thin polymeric interphase that acts as a CO»-selective barrier, which separates the CO»-lean
flue gas and the CO;-rich permeate. Compared to other CO, separation methods, polymeric
membrane is advantageous for its system compactness, energy efficiency, system flexibility for
dynamic operations, and ability to overcome thermodynamic solubility limitations [7]. Nearly
hundreds of new polymeric materials have been reported in the past decade with the ability to
promote the fast permeation of CO> versus N> [8, 9]. However, a fundamental barrier is the
permeability-selectivity trade-off, that is, highly permeable polymers tend to possess less
selectivity and vice versa [10]. Robeson first proposed an empirical upper bound in 1991 to
describe such a limiting behavior [11]. The design of better polymers that surpass the Robeson

upper bound, therefore, has been the main theme of membrane research.



In 2018, we published a review paper with a focus on the promising polymeric materials for
energy-intensive CO» separations [12]. The research efforts to shift the corresponding upper
bounds were also discussed, including the enhanced CO> solubility in ether oxygen-rich polymers,
the size sieving ability in novel shape-persisting polymers, and the carrier-mediated CO»
permeation in facilitated transport membranes. Despite of our goal of being comprehensive and
perspective, a few classes of important polymers were not included in our previous review. In
addition, noteworthy progress has been achieved in the synthesis of CO2-philic rubbery polymers
and facilitated transport membranes. Therefore, an update on these recent developments is
necessary.

In this review, the gas transport mechanisms through polymeric membranes are discussed first
as background information. Research highlights in ether oxygen-rich polymers, polynorbornenes,
ionic liquid membranes, and facilitated transport membranes are then reviewed with focuses on
structure—property relationships and potential for industrial applications.

2. Gas Permeation in Polymers
2.1. Solution-diffusion mechanism

Membrane separation is a pressure-driven process. The light-gas penetrants firstly dissolve in
the membrane on the high-pressure side, diffuse down the chemical potential gradient, and desorb
to the low-pressure side. This conceptual model is termed as the solution-diffusion mechanism,
which is well-adopted to describe the gas permeation in non-reactive polymers. Under this scheme,
the flux of a penetrant (J;) is proportional to its transmembrane partial pressure differential (Ap;).
The proportionality, which is related to the mass transfer resistance, is defined as the permeance
(Pi/?)
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The permeance is expressed in Gas Permeation Unit (GPU, 1 GPU =1 x 107® cm*(STP) cm ™ 57!
cmHg ™). Gas permeability coefficient (P;), the intrinsic characteristic of the gas permeation
process, can then be calculated by multiplying the permeance with the membrane thickness (¥£).
Since the solvation and diffusion steps are both thermally activated processes, the permeability
coefficient can be further expressed as the product of the solubility coefficient (S;) and the
diffusion coefficient (D;) [13, 14]

P, =5; X D; 2)
The permeability data are commonly reported in the unit of Barrer (1 Barrer =1 x 107'° cm?(STP)

cm cm 2 s

cmHg ™). The permeability is an intrinsic property of the polymer, whereas the
permeance dependents on the thickness and configuration of the membrane formed by the
polymer.

The intrinsic separation characteristic of the membrane is measured by the ideal selectivity

(a;j), which is the ratio of two gas permeabilities. The ideal selectivity can be further expressed

as the product of solubility selectivity (S;/S;) and diffusivity selectivity (D;/D;)
TS D

Therefore, the separation arises from the difference in solubilities or diffusivities of the gas pair in
the polymer. The sorption of a gas penetrant in a polymer is often enthalpy-driven, where the heat
of sorption depends on the condensability of the gas and the affinity of the gas to the polymer.
Two common measures for the condensability are the critical temperature and Lennard-Jones
temperature of the gas [14-16]. These values for CO2 and N, are summarized in Table 1. As
shown, CO; exhibits a higher condensability than N2, which translates to a favorable CO; solubility

selectivity over N2 in most polymers. The CO2/Nz solubility selectivity can be further enhanced



by introducing CO»-philic functional groups in the polymer. This feature has been heavily
exploited by a class of rubbery polymer containing high content of ether oxygen [15-18].

The sorption behavior results in the occupancy of voids in the polymer by the penetrant. The
penetrant can then migrate into a void above a critical size by random volume fluctuation [19].
The gas diffusivity in a weakly interacting polymer is correlated to the fractional free volume (FFV)

according to [20]

Bp
Di = AD T exp <_ﬁ> (4)

where the front factor Ap and the parameter in the exponential term B are both related to the
kinetic size of the penetrant. The kinetic diameters and critical volumes of CO> and N> are also
summarized in Table 1. CO; has a smaller kinetic diameter but a larger critical volume than those
of N2. Therefore, the diffusivity selectivity might favor CO2 but typically not to the extent that
allows for efficient CO2/N; separation. For this reason, most high free volume glassy polymers
rely on the CO>—polymer interaction to exhibit certain selectivity.
2.2. Facilitated transport mechanism

Facilitated transport membranes feature reactive polymers that are capable of a reversible
reaction with CO> [21]. Figure 1 shows a schematic of gas permeation in a facilitated transport
membrane [22]. As seen, the CO; carrier can either be functional groups that are covalently bound
to the polymer backbone or freely mobile moieties that are confined in the polymer matrix. The
former is termed as the fixed-site carrier and the latter is the mobile carrier [23]. Like the solution-
diffusion mechanism, the gaseous penetrants also need to dissolve in the polymer, but at least one
of them (e.g., CO2) should be able to form a reaction product with the carrier in the membrane on
the high-pressure side. Driven by the concentration gradient, the reaction product can migrate

either by the intramolecular diffusion though the neighboring carrier sites in the fixed-site carrier,



or by the intermolecular diffusion of the mobile carrier product through the polymer matrix. On
the low-pressure side, the reaction product decomposes, releases the CO», and regenerates the
carrier. It should be noted that the reactive diffusion scheme does not exclude the solution-
diffusion of unreacted CO, molecules. In most cases, the overall CO> flux through the membrane
is expressed as

Peo Pearrier-co
]COZ = P : ApCOz + %Apcarrier-coz (5)

where the first and second terms on the right-hand side of the equation represent the fluxes of
Fickian diffusion and reactive diffusion, respectively. The carrier-mediated diffusion enhances
the permeation of CO,. Contrarily, other light gases that are non-reactive to the carrier can only
permeate based on the solution-diffusion mechanism, and their fluxes are typically a few orders of
magnitude lower than that of CO» [24].

The seemingly straightforward expression in Eq. (5) is notoriously difficult to analyze in a
facilitated transport membrane with a complex reaction network. For instance, pearrier-co, in Eq.
(5) is the gas-phase equivalent partial pressure of the CO»-carrier complex. It is related to the CO»
partial pressure in the gas phase in accordance with the physisorption and chemisorption of CO»
in the reactive polymer [25]. Consequently, the overall CO> permeability in a facilitated transport
membrane is not a constant (compared to Eq. (1)), but a function of the CO» partial pressure and
the membrane thickness [26, 27]. Specifically, the sorption and desorption of CO> occur through
the reversible CO»-carrier reaction at the membrane-gas interfaces. These interfacial reactions
impose additional mass transfer resistances, which are independent on the membrane thickness.
Consequently, the CO> permeability typically reduces with decreasing membrane thickness. For
this reason, the transport properties of CO, through facilitated transport membranes are commonly

reported in terms of CO> permeance at specific feed and permeate conditions. CO» permeability



data are also available in the literature, but a cautious interpretation is required since a high CO»
permeability of a micron-thick film does not guarantee an equivalently high CO2 permeance in a
thin-film composite membrane.
3. Membranes Based on Solution-Diffusion Mechanism

3.1. Ether oxygen-rich polymers

A COz molecule has a sizable quadrupole moment due to the electron-deficient carbon center
[28]. It is known that the polar ethylene oxide group (—C—C—O-) or ether linkage (-C—O-C-)
possesses a high affinity to CO» via the quadrupole-quadrupole interaction. Due to the uneven
distribution of charges inside the molecules, the carbon atom carries partial positive charge while
the oxygen atoms carry partial negative charges. The CO2 molecules tend to align such that their
oxygen atoms are near the positively charged regions of the polymer and their carbon atoms are
near the negatively charged regions of the polymer, thus providing a strong net attraction.
Therefore, a high CO> solubility can be achieved by the preferential interaction, and polymers with
high content of ether oxygen are of great interest for CO2/N» separation. Liu et al. studied the
binding geometries and energies between CO» and oligomers with various ether oxygen contents
by density functional theory [29]. Three substrates were investigated in their study: nonane (O:C
= 0), diethylene glycol dimethyl ether (diglyme) (O:C = 0.5), and 1-methoxy-2-
(methoxymethoxy)ethane (TOO) (O:C = 0.6). As shown in Figure 2, increasing the oxygen-to-
carbon ratio results in a higher binding energy with CO», thereby an enhanced absorption of COx.
However, polymers containing a high content of ether oxygen are known to exhibit high
crystallinity [30]. One example is semi-crystalline poly(ethylene oxide) (PEO), which has a
moderate O:C ratio of 0.5 but a low CO> permeability of 12 Barrers [18]. The low permeability

stems from the limited gas diffusivity in the semi-crystalline regions.



Various methods have been reported to suppress the formation of semi-crystalline regions in
PEO-based polymers. Important approaches include (1) block copolymerization with bulky, hard
segment, (2) blending with low MW ether to disrupt chain packing, and (3) crosslinking to form
branched polymer [12]. However, several new polymers with ether functionality have been
reported recently, featuring improved CO2/N; separation performance or advanced understanding
of the polymer nanostructure. The CO> permeabilities and CO2/N» selectivities of these new
materials are summarized in Table 2 based on the synthesis strategies.

A new class of ether oxygen-rich polymer has been synthesized by using heterocyclic acetals.
The heterocyclic acetal reacts with an alkoxy acrylate to induce the ring opening of the acetal,
which effectively grafts an ether-containing linkage onto the vinyl substrate. Afterwards, a photo-
polymerization step polymerizes the monomers and results in a vinyl polymer with ether oxygen-
rich side chains. A poly(1,3-dioxolane) has been reported by Liu et al. with a high O:C ratio of
0.67 [29]. A low glass transition temperature (T;) below —60°C was observed for the polymer,
indicating the successful synthesis of CO»-philic rubber. As shown in Figure 3, the high O:C ratio
bestowed the polymer a high CO» permeability of 1400 Barrers and a CO2/N> selectivity of 64 at
70°C. Compared to other PEO-based polymers, this new polymer exhibited an unprecedently high
CO2/N; selectivity at an elevated temperature, which can be attractive since no flue gas cooling is
required [7].

A variation of this polymer has been reported by the same group, where 1,3,5-trioxane was
used as the cyclic acetal and an O:C ratio of 0.8 was achieved [31]. Unfortunately, the high ether
oxygen content led to a low fractional free volume, thereby a reduced CO» permeability. A series

of block copolymers was also synthesized with various ratios of 1,3-dioxolane and 1,3,5-trioxane.
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The transport measurements confirmed that the CO» permeability reduced from 232 to 52 Barrers
at 50°C with increasing O:C ratio from 0.66 to 0.74.

A method complementary to the synthesis of new ether-containing polymers is to
copolymerize the soft ether segment with a rigid segment. Common choices of the rigid segment
include aromatic amide, aromatic imide, and styrene [12]. Recently, Karunakaran et al. have
synthesized a series of polyacrylonitrile-r-poly(ethylene glycol) methyl ether methacrylate (PAN-
r-PEGMA) copolymers via free radical polymerization, and a thin selective layer was dip-coated
on a PAN support [32]. The soft PEGMA segment provided the CO> affinity while the PAN hard
segment disrupted the polymer chain packing. By increasing the fraction of PAN, the composite
membranes showed a 35-fold increase in the CO» permeability with the highest CO2/N> selectivity
of 65 at 25°C. It was claimed by the authors that the PAN-containing copolymers were soluble in
solvents that were non-invasive to the PAN support, which benefited the composite membrane
synthesis. Akhtar et al. further extended this concept and synthesized an amphiphilic random
copolymer poly(acrylonitrile-»~-PEGMA-r-N,N-dimethyl amino ethyl acrylate) (PAN--PEGMA-
r-PDMAEMA)) [33]. Compared to the PAN-r-PEGMA copolymer, the DMAEMA unit contained
a tertiary amino group, which was affinitive to CO> and H»O. Therefore, the tercopolymer
demonstrated a CO» permeability of 47 Barrers and a high CO2/Nx> selectivity of 67 in the presence
of water vapor at 25°C.

Aside from PAN, Kline et al. employed a triptycene-containing linear polyimide as the hard
segment to block copolymerize with crosslinked PEO [34]. The relatively long chain PEO
segments entwined with the polyimide, forming semi-interpenetrating polymer networks (s-IPNs).
By increasing the length of the PEO segment, the CO; permeability increased by nearly 66%, with

the highest CO» permeability of 90 Barrers and a CO»/N selectivity of 46 at 35°C. Another s-IPN
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was reported by Kim et al., utilizing poly(glycidyl methacrylate-g-polypropylene glycol)-co-
poly(oxyethylene methacrylate) (PGP-POEM) to intercalate with Pebax®-1657 [35]. Due to the
higher ether oxygen content, this s-IPN showed a higher CO> permeability of 237 Barrers with a
CO2/N3 selectivity of 39 at 35°C.

Another noticeable advancement in refraining the crystallinity of PEO is by crosslinking with
amino functional polyhedral oligomeric silsesquioxanes (POSS-NH>) [36]. It was reported that
the incorporation of POSS-NH> not only promoted the gas diffusion, but also enhanced the
impregnation of low MW poly(ethylene glycol) (PEG). Therefore, a high CO; permeability of
1567 Barrers with a CO2/N; selectivity of 69 was obtained at 35°C.

3.2. Polynorbornenes

Norbornene, a bridged cyclic hydrocarbon, can be polymerized and produce different
macromolecular structures depending on the choice of catalyst [37]. Norbornene can undergo
ring-opening metathesis polymerization (ROMP) to form cyclolinear unsaturated polymers [38].
Alternatively, vinyl-addition polymerization can also occur, resulting in bulky bicyclic repeating
units without unsaturated bonds as shown in Figure 4 [39]. These polynorbornenes are highly
glassy, but did not catch much attention in the membrane society due to their relatively low gas
permeabilities. However, researchers recently introduced alkoxy silyl pendant groups into the
norbornene monomers, producing novel polymers with high free volume and better affinity to CO».
The CO; permeabilities and CO2/N> selectivities of noteworthy polynorbornenes are summarized
in Table 3 based on the synthesis strategies.

The simplest silylation treatment of the norbornene monomer is by substituting the H on the ¢
position of norbornene with a trimethylsilyl group (-Si(Me)3). A homopolymer of

poly(trimethylsilyl norbornene) (PNB-Si(Me)s) has been synthesized by Maroon et al. and
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demonstrated a high CO, permeability of 4371 Barrers but a low CO2/N selectivity of 13 at 35°C
[40]. The transport results are consistent with other advanced polymers with high free volume,
where the size-sieving ability is insufficient to yield efficient CO2/N; separation.

In order to further improve the CO2/N; selectivity, the trimethylsilyl substituent has been
replaced by a series of alkoxy silyl groups with various contents of ether oxygen. Gmernicki et al.
have reported mono- to tri-substituted PNB-Si(Me); by ethoxy group (—OEt) [41]. The
incorporation of the polar but soft pendant groups led to a reduction in the CO»> permeability but
an improved CO»/N> selectivity. For instance, the bi-substituted counterpart showed a reduced
CO» permeability of 474 Barrers with a higher selectivity of 19.3.

As detailed in Section 3.1, increasing the O:C ratio benefits the CO2/N; solubility selectivity
in ether oxygen-rich polymers. A similar approach has been reported by Maroon et al. using 2-
methoxyethoxy (—OEtOMe) to further enhance the polarity of the silyl pendant groups [40]. As
shown in Figure 5, random copolymers of PNB-Si(OEt);-Si(OEtOMe); with different ethoxy-to-
methoxymethoxy ratios have been synthesized. Increasing the methoxymethoxy content reduced
the stiffness of the polymer chain but enhanced the CO» solubility. This trade-off led to the best
CO2/Nz3 selectivity of 27.5 with a CO; permeability of 733 at a 50:50 monomer blending ratio.

Aside from the norbornene-derived polymers, tricyclononenes with three fused rings have also
been utilized for polymer synthesis as shown in Figure 4. Due to the extra ring structure in the
polymer backbone, these macromolecules are termed as Janus tricyclononene polymers. Like the
polynorbornene counterpart, alkoxy silyl groups were grafted as side groups to enhance the
CO2/N2 solubility selectivity. Alentiev et al. have prepared polymers with alkoxy silyl groups of

different lengths (Me, Et, n-Pr, n-Bu) [42]. The bulky »n-Bu substituent led to a high CO»

13



permeability of 1100 Barrers with a CO2/N; selectivity of 16.2. It should be noted that all polymers
with alkoxy silyl groups may suffer from physical ageing.

Another variation that has been reported was to polymerize 5-vinyl-2-norbornene. The two
alkene functionalities in the monomer resulted in a highly crosslinked polymer network bearing
rigid fused ring structures [43]. This polyvinylnorbornene featured a better size-sieving ability
than other polynorbornenes, evidenced by its decent CO2/N> selectivity of 21.7 at 35°C. However,
the crosslinking also reduced the free volume of the polymer and led to a lower CO» permeability
of 104 Barrers.

3.3. Ionic Liquid Membranes

Ionic liquids (ILs) are organic salts that exhibit liquid-like properties at ambient temperature.
Due to the strong ionic strength, ILs are known to have low vapor pressures and good thermal
stability. Various IL-based membranes have been developed for CO2/N> separation, and these
membranes typically possess high CO2/N> solubility selectivities [44]. A common issue of IL-
based membranes are the processing and membrane formation. The incorporation of ILs in a
membrane can weaken its mechanical properties, which limits the formation of thin-film
composite membranes [45]. In order to overcome this issue, various methods to host a high content
of ILs have been developed, including (1) crosslinked ion-gel membranes, (2) poly(ionene)s, and
(3) poly(ionomer)s as shown in Figure 6. The CO; permeabilities and CO2/N> selectivities of
selected IL-containing membranes are summarized in Table 4 based on the synthesis strategies.
Recent research highlights of these three categories will be discussed below.

The first approach to formulate a mechanically robust IL-containing membrane is to use a
highly crosslinked rubbery polymer to host the ILs. The blending of the polymer and ILs is

typically performed prior to the crosslinking, resulting in an ion-gel mixture with good film-
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forming ability. Branched PEO is the most common host for ILs. It has been reported that the
incorporation of ILs can plasticize these polymers and significantly enhance the CO> permeability
[46]. Deng et al. developed a method to photo-polymerize poly(ethylene glycol) diacrylate
(PEGDA) and tris(2-aminoethyl)amine (TAEA) to form a crosslinked polymer network with low
crystallinity as shown in Figure 7 [47]. A variety of ILs containing 1-butyl-3-methylimidazolium
([bmim]") and different anions were incorporated, and the best anion identified was
bis(trifluoromethane)sulfonimide ([Tf2N]"), showing a high CO> permeability of 135 Barrers and
a CO2/N2 selectivity of 45.3 at 35°C. Different from the Michael addition scheme between amine
and acrylate, Kusuma et al. photo-polymerized ethoxylated trimethylolpropane triacrylate, a
monomer with a 20:3 ethylene glycol/acrylate ratio, and 3,6-dioxa-1,8-octanethiol [48]. This thiol-
Michael addition featured faster kinetics and led to a highly crosslinked PEO network. They also
incorporated a variety of [Tf2N]-based ILs to form ion-gel membranes. The best cation, 1-ethyl-
3-methylimidazolium ([emim]"), demonstrated a CO, permeability of 529 Barrers and a CO2/N;
selectivity of 30.8 at 40°C. A variation of the previous approach was to use a thiol-decorated
polysiloxane as reported by Kusuma et al. [49]. The resultant PEO-siloxane copolymer showed a
better miscibility with ILs and yielded a relatively high CO2/N> selectivity of 54 at 40°C. The
crosslinking density and the chain length of the ethoxylated acrylate were also studied to correlate
the gel configurations to the yield strengths of the membranes [46]. A gel network that was prone
to plasticization generally exhibited a higher CO> permeability, but the improved transport
properties were not necessarily accompanied by a higher yield strength.

The previous gel networks themselves do not bear any ionic species. However, several
research groups have developed methods to incorporate the ionic groups directly onto the polymer.

The various efforts can be categorized into two motifs: (1) poly(ionene)s and (2) poly(ionomer)s.
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Poly(ionene)s have the cation or anion directly in the polymer backbone, while ionic functional
groups present as pedant groups in poly(ionomer)s.

Bara and coworkers have devised several poly(ionene)s, which consist of imidazolium-
containing polyimide (see Figure 8) [50] and Troger’s base-containing diimidazole ([Im-TB(o)-
Ci0]") [51]. These polymers intrinsically were not limited by the ionic content and not subject to
nanoscale phase separation at a high IL content. However, the rigid polymer backbone generally
led to a limited CO» permeability below 20 Barrers. A recent work by Yin et al. utilized the Debus-
Radziszewski reaction to synthesize an amino-terminated imidazolium monomer coupled with
[Tf2N]™ as the counterion [52]. Glycidyl ether crosslinkers were then added to form a rubbery
poly(ionene) network. After blending with [emim][Tf2N], the membrane exhibited a considerable
CO» permeability of 2070 Barrers and a decent CO2/N> selectivity of 24.6 at 35°C. Attributed to
the highly flexible polymer chains, a higher crosslinking degree was reported to improve both the
CO2 diffusivity and solubility.

Compared to poly(ionene)s, the chemistry employed for poly(ionomer)s synthesis has shown
a greater deal of variety. Ito et al. synthesized a sulfonated polyimide blended with 1-butyl-3-
methylimidazolium bis(trifluoromethane)sulfonimide ([Csmim][Tf:N]) [53]. The IL plasticized
the glassy polymer and formed bi-continuous nanostructures. These factors resulted in a CO>
permeability of 431 Barrers and a CO2/N2 selectivity of 30 at 30°C. Nexar, a midblock-sulfonated
polystyrene, was also used to host [bmim][BF4] [54]. In the presence of water vapor, the
membrane showed a decent CO» permeability of 153 Barrers but a relatively high CO2/N»
selectivity of 64 at 35°C. Another poly(ionomer) of interest is pyrrolidinium polycation ([HPyr]")

paired with cyano-functionalized anions, such as [C(CN)3] -, [N(CN)2] -, and [B(CN)4] ~ [55, 56].
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The use of cyano-derivatives generally led to a better CO2/N> selectivity, with the highest value of
61 at 20°C.
4. Facilitated Transport Membranes
4.1. Amine-containing membranes

The most exploited carriers to formulate CO»-selective facilitated transport membranes are
amines. The reaction mechanisms of CO> with different types of amines are briefly discussed
below. CO> can serve as a Lewis acid that undergoes nucleophilic addition reaction with a Lewis
base. Most primary and secondary amines can react with the electrophilic carbonyl center of CO»
to form a zwitterion as shown in Eq. (6). A rapid intramolecular proton transfer can occur in the
zwitterion, and the resultant carbamic acid is readily deprotonated by another amine to afford
carbamate and ammonium ions as shown in Eq. (7). Overall, 2 moles of amine are needed for 1
mole of COx.

CO2 + R-NHz = R-NH,'-COO™ & R-NH-COOH (6)
R-NH-COOH + R-NHz & R-NH-COO™ + R-NH3" (7)

At a lower pH, the carbamate species can be hydrolyzed to produce bicarbonate and release a free
amine [57]. However, the hydrolysis reaction is not favorable due to the decent stability of the
carbamate.

A sterically hindered amine reacts with CO; differently. A sterically hindered amine is either
a primary amine where the amino group is attached to a tertiary carbon or a secondary amine in
which the amino group is attached to at least a secondary or tertiary carbon [58]. If the amine is
hindered, the carbamate is unstable and prone to hydrolysis, resulting in the formation of
bicarbonate and the regeneration of the amine:

CO, + Ri-NH-R; = RjR,-NH'-COO™ = R;R,-N-COOH (8)
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RiR>-N-COOH + Ri-NH-R; = RiR>-N-COO™ + RiR>-NH," 9)

RiR2-N-COO™ + H20 = Ri-NH-R; + HCO3~ (10)

Overall, 1 mole of sterically hindered amine can fixate 1 mole of CO2. Therefore, sterically

hindered amines are advantageous over conventional amines for CO> capture due to their high CO»

loading capacity [59, 60]. However, bulky substituents surrounding the amino group also retard

its reaction kinetics with CO> [59]. The choice of amine, therefore, greatly affects the CO2/N»
separation properties of the facilitated transport membranes.

The CO; permeances and CO2/N; selectivities of selected amine-containing facilitated
transport membranes are summarized in Table 5. As discussed in Section 2.2, the CO:
permeability of a facilitated transport membrane depends on the CO> partial pressure and the
membrane thickness. It is generally invalid to speculate the permeance of a thin-film composite
facilitated transport membrane based on the permeability data obtained from a thick film. For
practical reasons, the CO; permeances, rather than the permeabilities, are listed in Table 5. In
accordance, the thicknesses of the selective layers are also provided.

Han and coworkers have synthesized several amino acid salts as the mobile carriers to enhance
the CO» permeation through a polyvinylamine (PVAm) matrix [61]. a-aminoacids, including
glycine (Gly) and sarcosine (Sar), were deprotonated by a cyclic multi-amine, 2-(1-
piperazinyl)ethylamine (PZEA) to form involatile aminoacid salts with high amine contents. Due
to the organic cation, these aminoacids are miscible with the aminopolymer up to 85 wt.%. This
feature enabled the coating of 170-nm selective layer on a nanoporous polyethersulfone support,
and the composite membrane exhibited a CO> permeance of 839 GPU and a high CO2/N»
selectivity of 161 at 57°C. The high selectivity at an elevated operating temperature also avoided

the need for flue gas cooling. The membranes were also tested extensively under mild feed gas
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compression as well as a vacuum down to 0.2 atm on the permeate side [62]. It has been shown
that the CO» permeance exhibited a strong dependence on the permeate vacuum. A high vacuum
degree dehydrated the water-swellable polymer matrix, while a low vacuum degree retarded the
desorption of CO2 on the permeate side. The effect of temperature on the CO2/N> separation was
also studied. A higher temperature enhanced the permeations of both CO; and N>. However, N
exhibited a higher activation energy of permeation than that of CO,. An excessively high
temperature benefited the CO, permeance but inevitably reduced the CO2/N; selectivity. Because
of this trade-off, the optimal performance was achieved at 67°C with a CO, permeance of 1450
GPU and a CO/N; selectivity of 165.

The same research group has also demonstrated the scalable fabrication of the thin-film
composite membrane, which was rolled into prototype spiral-wound membrane modules with a
membrane area up to 1.4 m? [63]. The membrane modules were tested at the National Carbon
Capture Center, Wilsonville, Alabama, U.S.A. with actual flue gas slipstream containing 2 ppm
SOz and 7.6% O. As shown in Figure 9, despite of the multiple flue gas outages, the membrane
modules demonstrated 500-h stable operation with transport performance comparable to the flat-
sheet membrane.

A similar method has been reported by Dai et al., where Gly, proline (Pro), and cystine (Cys)
were deprotonated by KOH to form aminoacid salts as mobile carriers in hollow-fiber membranes
[64]. After blended with poly(vinyl alcohol) (PVA), potassium prolinate (Pro-K) showed the
highest CO, permeance of 793 GPU with a CO2/N; selectivity of 40 at room temperature. The
lower selectivity was caused likely by the lower operating temperature and the associated lower
water partial pressure in the feed gas. Once again, the scalability of facilitated transport membrane

enabled the fabrication of hollow-fiber membrane modules, and a field test was conducted using
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petroleum coke-fired flue gas generated from a rotary kiln in Gubbio, Italy [65]. The long-term
stability was also studied through a test for a duration of one week. Fly ash fouling was reported
to adversely affect the membrane stability, indicating the importance of flue gas pre-treatment.

Aside from the synthesis of new mobile carriers, efforts to tune the structural properties of the
hosting polymer were also reported. Janakiram et al. dispersed surface-modified nanocellulose in
PVA to enhance the water cluster retention in the polymer matrix [66]. With the incorporation of
sterically hindered polyamine as the fixed-site carrier and PZEA-Sar as the mobile carrier, thin-
film composite membranes were synthesized, and a CO; permeance of 652 GPU with a CO2/N»
selectivity of 41 was obtained at 35°C. More importantly, a forced break test was conducted to
study the membrane stability under humidity fluctuation. As shown in Figure 10, the incorporation
of nanocellulose mitigated the impact of the dry-wet cycles, thereby improving the membrane
stability.
4.2. Other carriers

Although most research activities in facilitated transport membranes concern the tuning of
amine structures, other types of CO; carriers featuring different CO, chemistry were also reported.
Arginine (Arg), an a-aminoacid containing a protonated guanidium ion, has been used as mobile
carrier in PVA [64] and carboxymethylated nanocellulose [67]. Noticeably, the addition of Arg in
nanocellulose led to a CO»> permeability of 220 Barrers with a high CO2/N» selectivity of 185 at
35°C, which significantly changed the gas transport performance of cellulose-based membranes.
Park et al. studied the interaction of potassium trifluoroacetate (CF3CO.K) with water by nuclear
magnetic resonance (NMR) [68]. The 'H NMR results indicated that water could bound to the
metal ion, resulting in extremely exposed hydrogen atoms to serve as Lewis acids to interact with

the electronegative oxygen atoms in CO»2. By blending the salt into PEO, 1.3-um thick composite
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membranes were fabricated. In the presence of water vapor, the membrane exhibited a very high
CO2 permeance of 4650 GPU and a CO»/N> of 1500. Noteworthily, the CO> permeance was
extremely sensitive to the feed pressure. A slightly increased feed pressure from 1.01 to 1.05 bar
resulted in an 82% loss of the CO2 permeance. The severe susceptibility to carrier saturation
imposes operational challenges in a practical gas separation process.
5. Conclusions

The recent developments in polymeric membranes for post-combustion carbon capture were
reviewed. To compare the various polymeric membrane materials, selected data from Tables 2 —
5 are plotted in Figure 11, along with the 2008 Robeson upper bound [69]. In order to compare
with the permeance data of the facilitated transport membranes, the permeability data of the
solution-diffusion membranes are converted to their corresponding permeances assuming a 100-
nm thick selective layer in a thin-film composite membrane. In addition, the possible mass transfer
resistance from the polymer support is not considered. Admittedly, the transformation of a
polymeric material into a thin-film composite membrane is non-trivial. The permeance data of the
solution-diffusion membranes herein are sheerly a projection of their potential. Also plotted in
Figure 11 as grey cross markers are the CO2/N> separation performance of selected polymeric
materials reviewed in our previous paper [12]. As seen, the advanced materials discussed in this
review have shown significant improvement on the CO2/N> selectivity, evidenced by the various
ionic liquid membranes and ether oxygen-rich polymers approaching to the highly selective end
of the upper bound. This advancement is not surprising since the gas permeation in these polymers
is regulated by their solubility selectivities. On the other hand, the highly glassy polynorbornenes

generally exhibited advantages in CO; permeance but suffered from a lack of CO2/N> selectivity.
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For this reason, the recent research work of introducing CO»-philic functional groups in
polynorbornenes might be promising to improve their selectivity.

Bestowed by their excellent CO2/N> selectivities, facilitated transport membranes have
exhibited separation performance above the upper bound. As the only class of materials reviewed
herein that have demonstrated the fabrication of thin-film composite membranes in scale,
facilitated transport membranes have shown CO> permeances above 1000 GPU at relevant
conditions for post-combustion carbon capture. Comprehensive field tests in bench and pilot
scales are needed to resolve the technical gap between the material development and the

deployment in commercial-scale gas separations.
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Figure 1. Schematic of gas permeation through a facilitated transport membrane. Adapted from

Ref. [22] with permission from American Chemical Society (ACS).
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Figure 2. Binding geometries and energies of CO2 and oligomers with various ether oxygen
contents. Bond lengths are in the unit of A. Key: C, gray; O, red; H, white. Adapted from Ref.

[29] with permission from Elsevier.
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Adapted from Ref. [29] with permission from Elsevier.
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2-norbornene (blue) units. Adapted from Ref. [40] with permission from ACS.
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Figure 6. Representations of general formation methods of ionic liquid membranes.
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Figure 7. Schematic representation of the two-stage procedure for preparing the cross-linked tris(2-

aminoethyl)amine-poly(ethylene glycol) diacrylate membrane. Adapted from Ref. [47] with

permission from ACS.

35



™\ DME \\’N\/\/ \/\/N\//
2 + 0 o)
N. N NH N N
[ SN2 120°C, 16h
0 o] o o]
N 0 o) N
YN N7/ ' DMELITLN W0
n \/\/N N\/\/ +n /—Q—/ ’ 2 2
Ci 150°C, 16h RT
o o
o 0 E szN = i
Na\/\/N N\/\/N@ T i 9 © 9 i
3 | FC-§N-§-CF, |
Tf,N o o Tf,N : O o :
. n N ool !
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[50] with permission from ACS.

36



Status

2000 600
1800
500
1600
—~ 1400
) 400
o ~
S 1200 N === p =1atm, p,=02atm, T=57°C
= N Py Py )
8 = p =4 atm, p,=0.2atm, T=57°C
B m== p =4 atm, p,=0.3atm, T=67°C
GEJ m= Low flue gas flow 7300
= === Onset of flue gas shutdown
@
o3 v === Flue gas shutdown
N T»
8 ; 200
600 N —m—~N— _— T — T T T T
=t o]
400 &
-1100
200
0 1 1 1 1 1 O
0 100 200 300 500 600 700
Time (h)

COZ/N2 selectivity

Figure 9. Stability plot of spiral-wound facilitated transport membrane module tested with actual

flue gas at National Carbon Capture Center (NCCC), Alabama, U.S.A. for 500 hours. Adapted

from Ref. [63] with permission from Elsevier.
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nanocellulose membranes measured at 35°C. Adapted from Ref. [66] with permission from ACS.
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39



Tables

Table 1. Physical properties of CO; and N> [16].

Gas Kinetic Critical volume Critical Lennard-Jones
diameter (A) (cm® mol ™) temperature (K) temperature (K)

CO2 3.30 93.9 304.1 257.8

N» 3.64 89.8 126.2 95.2
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Table 2. Transport properties of selected ether oxygen-rich polymers.

Category Material p ((agrgi) (OYé) le(a?rgzzr)) (CO(j/Nz)
Poly(1,3-dioxolane) [29] 1 70 1400 64
(DXL)12-7-(OM)oA [31] 1 35 234 -
Polymers deriqu (DXL)s-7-(OM),A [31] 1 35 208 _
ot ReteroeYel® (DXL)er-(OMsA [31] L3 1 -
(DXL)s-r-(OM)7A [31] 1 35 51 _
(DXL)o-r-(OM)sA [31] 1 35 40 -
PANys--PEGMAy 4 [32] 1 25 ) 52
PANy4--PEGMA 6 [32] 1 25 10 53
PAN.36-r-PEGMA.64 [32] 1 25 20 60
Copolymerization PANo33-r-PEGMAo67 [32] 1 25 69 65
& crosslinking PAN-r-PEGMA-r-PDMAEMA [33] 1 25 47 67.2
PI-PEO600 [34] 3 35 54 52
PI-PEO2000 [34] 3 35 90 46
Pebax®/PGP-POEM [35] 1 35 237 39
PEO-POSS-NH> [36] 3.5 35 1567 69
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Table 3. Transport properties of selected polynorbornenes.

. p(CO) T P(COy) a
Category Material (atm)  (°C) (Barrer) (CO.2/N)
PNB-Si(Me); [40] 1 35 4371 13
PNB-Si(OEt); [41] 1 35 936.6 16.4
PNB-Si(OEt),Me [41] 1 35 474.2 19.3
Polynorbornenes  pNB_Si(OEt)Me, [41] 1 35 4707 18.9
with alkoxy silyl . .
pendant group T INB-Si(OEt)3075)-Si(OEtOMe)s0.5) [40] 1 35  868.8 21.6
PNB-Si(OEt)3(0.5)-Si(OEtOMe)s(0.5) [40] 1 35 733.3 27.5
PNB-Si(OEt)3(0.25-Si(OEtOMe)3(0.75) [40] 1 35 700 19.6
PNB-Si(OEtOMe)s [40] 1 35 745.8 20.7
TCN-Si(Me); [42] 1 35 112 16.5
Janus TCN-Si(OMe)s [42] 1 35 190 38.8
tricyclononenes .
with alkoxysilyl TCN_S%(OE% [42] 1 35 400 22.2
groups TCN-Si(OPr)s [42] 1 35 960 19.2
TCN-Si(OBu); [42] 1 35 1100 16.2
Crosslinked .
polynorbornenes Polyvinylnorbornene [43] 1 35 104.3 21.7
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Table 4. Transport properties of selected ionic liquid membranes.

Category Material P ((agrgi) (OYé) {)B(a(ljrg:zr)) ( OZ /NS
TAEA-PEGDA/[bmim][BF4] [47] 2 35 ]7 435
TAEA-PEGDA/[bmim][PF¢] [47] 2 35 47 26.3
TAEA-PEGDA/[bmim][TCM] [47] 2 35 135 453
TAEA-PEGDA/[bmim][Tf:N] [47] 2 35 130 31.5
xI-PEO/[emim][ Tf,N] [48] 1 40 529 30.8
xI-PEO/[egmim][Tf:N] [48] 1 40 459 32
xI-PEO/[egsmim][Tf;N] [48] 1 40 370 34

Ton-gels xI-PEO/[Hemim][Tf,N] [48] 1 40 229 33.9
PEGDA /thiosiloxane/[emim][ Tf>N] [49] 1 40 340 31
PEGDA/thiosiloxane/[emim][DCA] [49] 1 40 240 54
PEGDA /thiosiloxane/[N4i11][Tf2N] [49] 1 40 310 33
PEGDA /thiosiloxane/[empy][Tf2N] [49] 1 40 330 31
PEGDA /thiosiloxane/[bmpyrr][[Tf2N] [49] 1 40 310 31
e i IR
Bholuclbogherah 0w
[Im-TB(0)-C1o][TH:N] [51] 3 20 4.4 33.9

Poly(ionene)s  Ionic polyimide/[Csmim][Tf:N] [50] 3 22 20.4 39.5
[Im-OEt][THN]/[emim][THN] [52] 0.2 35 2070 24.6
Sulfonated polyimide/[Csmim][Tf2N] [53] 1 30 431 30
Poly([HPyr][[C(CN)s]])/[Comim][C(CN)s] [56] 1 20 542 54

Poly(ionomer)s Nexar/[bmim][BF4] [54] ‘ 1 35 153 64
Poly([HPyr][N(CN)2])/[Camin][C(CN)3] [55] 1 20 249 61.3
Poly([HPyr][C(CN)3])/[Comin][B(CN)4] 1 20 473 54.4
Poly([HPyr][B(CN):])/[Cmin][C(CN);] 120 5020 431
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Table 5. Transport properties of selected facilitated transport membranes.

. CO, T  Thickness" P/ £ (CO; a
Category Material P ((atm)) °C) (um) ( Gg’U) ) (CO/Ny)
PVAmM/PZ-Gly [61] 0.166 57 0.17 839 161
PVAmM/PZEA-Gly [61] 0.166 57 0.17 911 163
PVAmM/PZEA-Sar [61] 0.166 57 0.17 975 155
PVAm/PZEA-Sar [62] 0.731 67 0.17 1450 165
Amine PVAmM/PZEA-Sar [62] 0.708 77 0.17 2100 119
carriers  PVAm/PZEA-Sar! [63] 0.102 67 0.17 1450 185
PVA/Pro-K [64] 0.197 22 0.5 793 40.1
PVA/Gly-K [64] 0.197 22 0.5 640 31.7
PVA/Cys-K [64] 0.197 22 0.5 650 36
PVA/PAA-iPr/PZEA-Sar [66] 1.48 35 0.29 652 41.3
PVA/Arg-K [64] 0.098 22 0.5 661 33.9
Othgr Nanocellulose/Arg [67] 5.94 35 220 § 185
carriers Barrers
PEO/CF;CO:K [68] 0.978 25 1.3 4650 1500

T Selective layer thickness in a thin-film composite membrane
! Bench-scale testing with actual flue gas

% Only permeability data are available
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