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Carbon Dioxide Capture by Emerging Innovative Polymers:

Status and Perspectives

Made Ganesh Darmayanti, Kellie L. Tuck, and San H. Thang*

A significant amount of research has been conducted in carbon dioxide (CO,)
capture, particularly over the past decade, and continues to evolve. This
review presents the most recent advancements in synthetic methodologies
and CO, capture capabilities of diverse polymer-based substances, which
includes the amine-based polymers, porous organic polymers, and polymeric
membranes, covering publications in the last 5 years (2019-2024). It aims to
assist researchers with new insights and approaches to develop innovative
polymer-based materials with improved capturing CO, capacity, efficiency,
sustainability, and cost-effective, thereby addressing the current obstacles in
carbon capture and storage to sooner meeting the net-zero CO, emission

target.

1. Introduction

1.1. Significance of CO, Capture

Carbon dioxide (CO,) gas has long been considered as one of the
greenhouse gases that contributes to climate change and the rise
in the global average temperature.l') In 2021, the world’s CO,
emission reached up to 33 884 million tons, which was driven by
economic growth.[?l The main sources of CO, gas emissions, by
sectors, are from energy (electricity, heat, and transport) (73.2%),
direct industrial processes (5.2%), waste (3.2%), and finally agri-
culture, forestry, and land use combined (18.4%).1) According
to the Intergovernmental Panel on Climate Change (IPCC), CO,
gas emission must be reduced to zero by 2050 to avoid the worst
effects of climate change.[*l In order to achieve this net-zero CO,
emission strategy by 2050, supreme efforts are needed rapidly
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and urgently. Efficiency improvements, re-
newable energy, and nuclear power, are
all alternative options. However, these ap-
proaches are considered very costly to
scaling-up, and lacking public support.
Moreover there are activities such as avi-
ation and iron smelting, that are im-
possible to run without releasing CO,.5!

Over the past few decades, there has
been a global effort to develop new tech-
niques for point source carbon capture,
with the goal of preventing the release of
CO, emissions into the atmosphere. Par-
ticularly, the technology that has garnered
significant attention, and is expected to
be a key factor in the evolution toward
low-carbon energy use, is carbon capture,
utilization, and storage (CCUS). CCUS was (2019) also acknowl-
edged as one of the most cost-effective solutions in achiev-
ing large-scale emission reductions in the International Energy
Agency (IEA) Clean Technology Scenario, which outlines a path-
way to the sustainable industrial transformation, consistent to
the Paris Agreement climate ambition.l®) Within the scope of
the CCUS value chain, the CO, capture stage alone accounts
for ~70%—-90% of the total operating CCUS costs. Therefore,
CO, capture is a pivotal research focus for maturing the overall
technologies and playing a significant role in reaching net-zero
emissions.!”]

1.2. General Methods for CO, Capture

In general, CO, capture can be classified into three major pro-
cesses: precombustion capture, oxyfuel combustion capture, and
postcombustion capture as illustrated in Figure 1a.®°] The se-
lection of the appropriate CO, capture strategy depends on var-
ious factors, such as the temperature and pressure of the CO,
point sources, the partial concentration and partial pressure of
CO,, levels of impurities and pollutants, efficiency of the cap-
ture process, costs involved, and the environmental impact of the
method.[1%12] The primary uses of these CO, capture strategies
are expected to be at facilities where significant point amounts
of CO, are produced, such as fossil fuel power stations, fuel pro-
cessing facilities, and various industrial sites, especially those in-
volved in iron, steel, cement, and bulk chemicals production.['!]
Postcombustion capture refers to CO, capture from flue gases
generated by fossil fuel and biomass in air combustion. In this
method, instead of releasing the flue gas containing nearly 5%—
15% CO, directly into the atmosphere, it is directed through
systems which separates the majority of CO,. This CO, is then
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Figure 1. a) General methods of CO, capture technologies, including post-combustion, precombustion, and oxyfuel combustion capture. Reproduced
with permission.[™] Copyright 2007, Elsevier. b) Mechanisms of CO, capture by porous material adsorbents.

transferred to a storage reservoir, and the residual flue gas is
emitted into the atmosphere.['12] Postcombustion capture in-
cludes a broad range of CO, separation methods, such as absorp-
tion, adsorption, membrane, and cryogenics, which can be used
without interrupting existing processes. This strategy can be in-
tegrated into existing plants through retrofitting and thus sus-
tainably implemented in full-scale commercial facilities. There-
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fore, postcombustion capture is the commonly utilized strategy
in CCUS projects.*13]

Precombustion capture refers to converting fuel into CO, and
hydrogen. The process involves reaction of fuel with oxygen or
air and/or steam to produce a “synthesis gas (syngas)” composed
primarily of carbon monoxide (CO) and hydrogen. CO then un-
dergoes a reaction with steam in a catalytic reactor, known as a
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shift converter to give CO, and additional hydrogen. The CO, gas,
concentration between 15% and 50%, is then separated through
either physical or chemical absorption, leading to production of a
hydrogen-rich fuel suitable for various applications, such as boil-
ers, furnaces, gas turbines, engines, and fuel cells.'"'2) However,
this process still faces challenges, including limitations of com-
mercial availability.['*]

Instead of air, oxyfuel combustion capture utilizes pure oxygen
during the combustion process to produce nearly pure CO,. The
process of burning fuel in pure oxygen results in an excessively
high flame temperature, that can be moderated by recycling CO,-
rich flue gas back to the combustor. Typically, oxygen is gener-
ated through low temperature (cryogenic) air separation. Inno-
vative methods for delivering oxygen to the fuel, such as mem-
brane technologies and chemical looping cycles, are currently un-
der development.[''l However, while the CO, concentration gen-
erated from the oxyfuel process is as high as 90%, this process
is not as favorable as other capture technologies due to the high
expenses associated with air separation required to obtain pure
oxygen.[’]

An alternative method for addressing climate change is di-
rectly capturing CO, from the atmosphere through direct air cap-
ture (DAC).I*] Given the extremely low concentration of CO, in
the atmosphere, chemical sorbents with strong binding capabili-
ties are necessary. The main DAC systems use high temperature
aqueous solutions and low temperature solid sorbent which are
available from several industrial DAC developers, such as Carbon
Engineering in Canada, Climeworks in Switzerland, and Global
Thermostat in USA.['7] Although DAC is a relatively new technol-
ogy, in its early commercial stages, it appears to be more energy
extensive and costly. However, combined with conventional tech-
nologies, it offers a long-term solution that could assist humanity
in managing and mitigating climate change.!'®]

1.3. Materials for CO, Capture

In order to obtain further understandings of CO, capture
by adsorbents, it is essential to discuss the mechanisms in-
volved. Figure 1b illustrates the possible mechanism of CO,
capture by porous adsorbents, encompassing physisorption, and
chemisorption. Physical adsorption, or physisorption, is charac-
terized as a reversible process, in which CO, are bound to ad-
sorbents predominantly governed by Van der Waals forces,*"!
or a combination with electrostatic interactions, quadrupole in-
teractions, and the process of pore-filling. Physisorption is sig-
nificantly influenced by the adsorption temperature and pres-
sure, as well as the textural characteristics of the adsorbents,
such as pore size and surface area. The pores are categorized
into macropores (>50 nm), mesopores (2-50 nm), and microp-
ores (<2 nm).l2%l At low adsorption pressures, the pore volume-
filling mechanism is the primary driven-force of the adsorption
process, with micropores playing a significant role in CO, ad-
sorption. In contrast, chemical adsorption or chemisorption in-
volves the formation of new chemical bonds between CO, and the
adsorbents. It generally involves Lewis acid-base interactions, fa-
cilitating the formation of covalent coordination bonds between
CO, and the adsorbent surface, and are often enhanced by amine
groups or nitrogen-containing materials leading to carbamate ion
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formations.?! The effectiveness of chemisorption is influenced
by the nucleophilic characteristics of the adsorbents* functional
groups, while the reversibility of the capture is dependent on the
binding strength, measured by the isosteric heat of adsorption
(Qy), where stronger bonds require more energy for adsorbent
regeneration.[??]

The criteria for selecting materials for CO, capture depends on
the specific application. Commercial postcombustion CO, cap-
ture systems, for example, relies on the original patent!?] prin-
ciple in which a Brgnsted base that is dispersed in an aqueous
solution interacts with acidic gases in the flue gas stream. This
method entails absorbing CO, gas into a low-volatility amine so-
lution at room temperature. The amine is then regenerated by
stripping it with water vapor at temperatures between 100 and
120 °C.2*?5] Aqueous solutions of monoethanolamine (MEA)
and piperazine are standard amine solutions for this technology.
This method of aqueous amine capture, however, present sev-
eral major limitations, including corrosive issues, costly system
designs necessary for durability and regeneration, and material
lifespan or stability issues that necessitate the use of additives,
thus making them cost-ineffective for its implementation on ex-
isting power plants.?#2¢] Therefore, alternative materials have
been extensively explored over the last decade to address the chal-
lenges associated with CO, capture.

Generally, the chosen materials should possess high capac-
ity to efficiently adsorb CO,, high selectivity toward CO,, high
chemical and thermal stability, good kinetics of adsorption and
desorption, pore characteristics comparable to CO, molecules of
being adsorbed, good regeneration capacity, and cost-effective.l’]
Potential materials to fulfil these criteria for CO, capture in-
clude porous carbons,?’! zeolites,!?8) metal-organic frameworks
(MOFs),!?) and ionic liquid (IL).*) Porous carbons and zeolites
are promising candidates for both post- and precombustion CO,
capture, due to their large surface area with good chemical and
thermal stability.®!] Both of these materials are more energy ef-
ficient compared to aqueous amine solutions, by the absence of
new chemical bonds of sorbate and sorbent, which leads to less
regeneration energy demand. However, despite their impressive
capacity for absorbing CO,, porous carbons are limited by their
relatively low CO, /N, selectivity, while zeolites suffer the same
as a consequence of their hydrophilic properties and affinity for
moisture.[*?) Meanwhile, MOFs, which are composed of metal
nodes and organic linkers connected by coordination bonds, have
open metal sites that can amplify the effective charge on the
metal, thereby strengthening the interaction with CO, molecules
resulting in enhanced CO, adsorption. They also exhibit well-
defined structure, permanent porosity, and impressive tunabil-
ity. However, being comprised of soft Lewis acids and hard Lewis
bases, MOFs often experience limitations in physicochemical sta-
bility. Moreover, their structural framework hydrophilicity allows
competitive adsorption with water, which strongly impacts their
CO, capture capability.?'*? Currently, ILs are gaining promi-
nence as chemical absorbents in post- and precombustion CO,
capture, attributed to their substantial solubility, a variety of lig-
uid forms, tunability, and thermal stability. ILs are substances
composed of entirely ions and possess a melting point below
100 °C. The first IL was ethylammonium nitrate, reported by Paul
Walden in 1914.1%1 ILs have the capability to capture CO, through
either physical or chemical absorption methods.?*3* One
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Figure 2. Number of publications on polymer-based materials for CO, capture for the years 1999-2024. Inset: The number of publications on the specific
topic-related of the polymer-based materials for CO, capture, including polymeric membranes, polymer adsorbents, amine-based polymers, and porous
organic polymers (POPs), over the last 10 years (2014-2024). Source: SciFinder” (January 17, 2024). Command string keywords: polymer* and “CO,
capture” with filter “publication year 2014 to 2024,” (polymer and membrane and “CO, capture”) or (polymer and membrane and “CO, separation:),
(polymer and “CO, adsorption”) or (polymer and adsorbent and “CO, capture”), (polymer and amine and “CO, capture”) or (polymer and amine and
“CO, adsorption”), (“porous organic polymers” and “CO, capture”) or (“porous organic polymers” and “CO, adsorption”).

limitation in using ILs for CO, capture is their elevated viscosity.
Their high viscosity leads to slower absorption rate of CO, and
typically higher pumping costs which hinders their suitability
for industrial CO, capture applications.[**] As all of these emerg-
ing materials shows merits and demerits, research into improve-
ments and enhancements of their properties is ongoing in the
hope that optimum CO, adsorption capacity will be achieved.

Polymer-based materials have also been utilized for CO, cap-
ture. Their implementation in all CO, capture applications, from
precombustion capture, oxyfuel processes to postcombustion
capture, as well as for DAC, have been intensively studied and
developed. They have been shown to have good to excellent CO,
capture performances. Several key reasons of utilizing polymer-
based materials for CO, capture are as follows:

i. High selectivity toward CO,. Polymers can be engineered to
have high affinity for CO,, for example as membranes, re-
sulting in good selectivity from gas mixtures.

ii. Tunability. The chemical and physical properties of polymers
can be tailored to specific needs, including adjusting their
porosity, surface area, and functional groups to optimize
CO, capture.

iii. Regenerability and durability. Many polymers can be regener-
ated after CO, capture, meaning that they are able to release
the captured CO, and be reused multiple times, which is es-
sential for economic viability. Polymers can be modified to
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exhibit good chemical and thermal stability, allowing them
to be durable over long periods of implementation.

iv. Energy effective for regeneration. The energy required to regen-
erate polymer-based materials and release the captured CO,
is often lower compared to other materials like zeolites or
amine solutions.

v. Scalability and integration process. Polymer materials can be
produced on a large scale and can be easily integrated into
existing industrial processes, which is important for the
widespread adoption of CO, capture technologies.

vi. Reduced environmental impact. Polymers are potentially less
toxic than conventional materials and engineered to be more
energy-efficient, offering a reduced environmental impact.

vii. Cost-effectiveness. The synthesis, modification, and process-
ing of polymer-based materials for CO, capture can be cost-
effective, through simple polymerization reactions or the uti-
lization of biopolymers. This is crucial for the commercial
viability of CO, capture technologies.

The number of publications on polymer-based materials for
CO, capture has increased significantly over the years, as dis-
played in Figure 2. Specific topics of these polymer materials
from 2014 to the beginning of 2024, includes polymeric-based
materials as membranes in the CO, capture, polymers as adsor-
bents in CO, adsorption, amine-based polymers for CO, cap-
ture, and porous organic polymers (POPs). While research in
polymer-based materials are growing rapidly, recent reviews on
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CO, capture tends to cover a broad range of materials. In con-
trast, this work aims to concentrate specifically on polymer-based
materials, exploring their potential as effective candidates for
CO, capture. This review provides a summary of the most re-
cent polymer-based materials and their CO, performances in a
wide range of CO, capture applications over the last 5 years.
We also include up-to-date findings of advanced polymer-based
materials that have been developed for CO, capture. Further-
more, our work includes alternative synthesis pathways of poly-
meric materials for CO, capture as new insights and approaches
for researchers to creatively design new advanced polymer-based
materials with improved CO, capacity, efficiency, sustainability,
and cost-effective. The outlook of challenges and future trends
of polymer-based materials is also proposed to address the cur-
rent obstacles in CCUS technologies. The latest developments
of polymer-based materials for CO, capture are outlined in Sec-
tion 2 with alternative strategies for their syntheses described in
Section 3.

2. Latest Developments of Polymer-Based
Materials for CO, Capture

2.1. Amine-Based Polymers

Commonly, the CO, capture process involves two main phases:
i) the selective reaction that allows separation of CO, from a gas
mixture, and ii) the reversal of this reaction to regenerate the
CO, capture material.**! Efficient CO, capture hinges on the re-
versibility of this process. To reiterate, a weak interaction with
CO, is inadequate for the capture process, due to this resulting in
low selectivity and capacity. Conversely a strong interaction with
CO, is also nonideal as typically results in an irreversible process
under normal conditions. Therefore, a key criterion for the de-
velopment of such materials is the “just-right principle,” where
materials interact moderately with CO, to attain effective CO,
capture.l¥’]

Amines are commonly utilized as reagents in CO,-selective
materials owing to the moderate interaction between amine and
CO,. In this process, CO,, acting as an electrophile, forms a zwit-
terion after reaction reacting with either a primary or secondary
amine.®®] The zwitterion rapidly undergoes intramolecular pro-
ton transfer to form carbamic acid, which involves the transfer
of an acidic proton. Subsequently, another amine deprotonates
the carbamic acid, leading to the formation of stable carbamate
and ammonium ion. The total mechanism requires 2 moles of
primary or secondary amine for 1 mole of CO, as displayed in
Figure 3a.

The stability of the carbamate species is influenced by the
steric hindrance in the C—N bond. When the amine is sterically
hindered, its bulky substituents limit the rotation of the C—N
bond.*l As a result, the carbamate becomes more likely to un-
dergo hydrolysis, leading to the formation of bicarbonate and the
regeneration of the amine.l*!] In this reaction, only 1 mole of ster-
ically hindered amine is required for 1 mole of CO,. Therefore,
sterically hindered amines demonstrate a higher CO, loading ca-
pacity compared to unhindered amines, although their reaction
kinetics are slower.

Moreover, a tertiary amine cannot take part in a nucleophilic
reaction with CO, because of the absence of labile proton. In-
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Figure 3. General scheme of CO, reaction with a) primary (R, = aliphatic;
R, = H) and secondary amine (R,, R, = aliphatic) and b) tertiary amine
(R4, Ry, Ry = aliphatic). Adapted with permission.[3° Copyright 2010, John
Wiley and Sons.

stead, it acts as a Brgnsted base which reacts with the carbonic
acid formed by the reaction of CO, and water (Figure 3b).1**) The
reaction requires 1 mole of tertiary amine for 1 mole of CO,.
This implies that tertiary amines present an advantageous reac-
tion stoichiometry compared to primary and secondary amines,
even though the reaction kinetics are slightly slower. Additionally,
breaking the strong C—N bond in the carbamate formed from the
reaction of primary and secondary amines with CO, is challeng-
ing. While for tertiary amines, it generates bicarbonate in which
the C—N bond is easier to break, leading to a lower energy re-
quirement for regeneration.!*’!

Due to the rich amine-CO, interaction, different types of
polyamines have been extensively explored in the field of
CO, capture. Herein, we have summarized the mostly studied
polyamines and their recent developments in the last 5 years, in-
cluding polyethyleneimine (PEI), polyvinylamine (PVAm), and
polyacrylonitrile (PAN), which were specifically tailored and
modified, leveraging the unique properties of amine groups for
efficient CO, adsorption.

2.1.1. Polyethyleneimine (PEI)

PEI is a polymer with each repeating unit consisting of an amine
group and two aliphatic CH,—CH, spacers. It is available as ei-
ther linear, branched, or dendrimer PEIs.[**l The significance of
PEI in CO, capture was first noted in the seminal report by Satya-
pal et al. in 2001, highlighting its usage for CO, removal in space
life support applications.[*’] Since then, PEI has attracted wide-
spread interest and has become the most studied of aliphatic
polymeric amines for CO, sorption, in the context of large-scale
industrial use, from major point sources and also directly from
the ambient air. This is attributed to its high number of amine
groups, ease of synthesis, low cost,[*l low volatile hazards, high
selectivity of CO,,[*] regenerability, and versatility. Mostly, PEIs
are loaded to support materials as solid adsorbents in the CO, ad-
sorption process. The PEI-based solid sorbents primarily consist
of asilica support that is impregnated with PEI. This composition
is used in a circulating fluidized bed or a bubbling fluidized bed
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Figure 4. Synthetic route of PEI grafting onto the pores of a mesocellular silica foam (MCF) to obtain MCF@G-PEI and its CO, adsorption capacity after
50 adsorption—desorption cycles. Reproduced with permission.> Copyright 2023, Elsevier.

reactor for CO, capture.l*’] Besides impregnation, other typical
modifications include postsynthesis grafting and copolymeriza-
tion which are suitable for membrane in gas separation.**] In-
sights of PEI-based material modification, special features, and
their specific application in CO, capture in the last 5 years are
listed in Table 1. Key significant findings are discussed further
below.

Impregnation of PEI on nanoporous hosts has been most thor-
oughly explored in the context of CO, adsorption.[*¥! The PEIs
are physically loaded into accessible pores and on the surface of
a porous support with no chemical bond forms between PEI and
the support.”] The use of solvent, such as water or organic sol-
vents like methanol or ethanol, facilitates impregnation of the
amine with the support. Choi et al. reported wet impregnation of
PEI on MOFs immobilized polyacrylonitrile (PAN) fiber mats.[*!
It was concluded that by the addition of PEI, the CO, adsorption
capacity significantly increased by 45% compared to the original
PAN/MOF, resulting in a high increase in CO, /N, sorption selec-
tivity from 6 to 54. Jia and co-workers, synthesized a mesoporous
MCM-41 material derived from spent fluid catalytic cracking cat-
alyst functionalized by PEI through impregnation which can be
applied for dilute source CO, capture processes.[l The obtained
material demonstrated an acceptable equilibrium CO, capacity of
2.7mml g7! in 10% CO, /N, simulated flue gas at 65 °C, showing
excellent cyclic stability during 50 temperature swing adsorption
(TSA) cycles in simulated dry flue gases.

While impregnation entails physical interaction between the
PEI and the porous support, the grafting method involves a co-
valent bonding process, in order to attach PEI to the functional
groups of the support material. Shi et al. reported the co-grafting
of PEI onto the inner pores of a mesocellular silica foam (MCF)
using (3-glycidyloxypropyl)triethoxysilane (GPTES) as a bridg-

Adv. Mater. 2024, 36, 2403324 2403324 (6 of 35)

ing medium.’!! This solid sorbent, denoted as MCF@G-PEI,
showed great potential for CO, capture from flue gas streams as
it exhibited a maximum CO, adsorption capacity of 2.78 mmol
g~! at 50 °C. As shown in Figure 4 the MCF@G-PEI with 35.6%
PEI-grafted loading maintained an excellent long-term stability
over 50 consecutive cycles, compared to the MCF-38.5%PEI pre-
pared by direct physical impregnation without GPTES, in which
its CO, adsorption capacity significantly decreased after 15 cy-
cles. This result confirms the advantage of covalently-bonded
PEI via cografting in enhancing the adsorption of CO,. Li and
co-workers, prepared a microporous organic adsorbent show-
ing satisfactory potential by grafting PEI onto a core—shell struc-
ture of poly(acrylamide) as the skeleton, poly(glycidyl methacry-
late) as the shell, and F-127 and pluronic block copolymer as
the surfactant.>2! This material displayed high adsorption capac-
ity and fast adsorption kinetics, with great thermal stability and
selectivity. With 50 wt% PEI loading to the core-shell, the CO,
capture capacity reached 3.11 mmol g=! at 40 °C, and desorp-
tion completed at 80 °C. In another report, Justin et al. applied a
two-step postsynthetic modification (PSM) strategy to covalently
graft PEI to the amino-ligand inside of a Cr-MOF.I>®! The use
of bromoacetyl bromide as the bridging medium resulted in the
best adsorbent material in this study, denoted as PEI-Ac-NH-Cr-
BDC-Washed, exhibiting 1.55 mmol g~! CO, uptake at 313 K and
0.15 bar and an ideal-adsorption-solution-theory (IAST) CO, /N,
selectivity of 437.

In terms of modifying PEI-based CO, adsorbents, it is also
important to consider the structure of the support material. Li
et al. investigated the influence of different silica nanostructure
supports for PEI-functionalized adsorbents, in the form of silica
nanospheres (SNPs), silica nanosheets (SNHs), and silica nan-
otubes (SNTs).’*] It was shown that the morphology of support

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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plays a crucial role in CO, capture from flue gas, particularly
the key parameters associated with ultralow emission, such as
adsorption capacity, amine efficiency, thermodynamics, kinetics,
cyclic stability, and temperature of optimal adsorption. SNHs en-
hanced the dispersion of the PEI active sites for successful mass
transfer resistance reduction of CO, during the adsorption pro-
cess. SNTs increased the diffusion resistance of CO, leading to-
ward decreased adsorbent performance. While for SNPs, the PEI
loading into the pores was effective and demonstrated higher ad-
sorption capacity of 3.68 mmol g~!, along with a lower desorption
heat of 51.91 k] mol~! and low energy requirement of 1.775 GJ
ton™! for regeneration.

One of the drawbacks of PEI-based adsorbents is oxidative
degradation. During a standard temperature swing process, the
CO, saturated adsorbent is regenerated at temperatures ranging
from 100 to 110 °C, and subsequently cooled to the required ad-
sorption temperature. Typically, the regeneration phase is con-
ducted using steam, while the cooling phase is performed in
air. The probability of oxidative degradation is significantly ele-
vated during this cooling phase, as both temperature and oxy-
gen levels are at their peak. This phenomenon not only occurs
on PEI supported structures, but also other amine-based materi-
als in aqueous solution. Furthermore, it has been discovered that
commercial polyamines, including PEI, contain trace amounts
of Fe or Cu metal cations, positively correlated to the rapid ox-
idation of PELI5S! However, this undesirable oxidation process
can be mitigated by the addition of poly(vinyl alcohol) (PVA)
and epoxide functionalization of amines, which has been inves-
tigated by Yan and Sayari.*®] The observed antioxidative effect
was attributed to the hydrogen bonds between amine groups and
the hydroxyl groups in these polymers, which shields the amine
groups from being attacked by oxygen. It appears that PVA and
1,2-epoxybutane (EB) have the ability to trap radicals, temporarily
holding but not eliminating the radical centers. While not com-
pleting eliminating the presence of radicals, they are a barrier
against the oxidation of PEI. Additionally, the formation of hy-
drogen bond between these agents and PEI increases their effec-
tiveness at slowing oxidative degradation.

2.1.2. PVAm (Polyvinylamine)

PVAm is a linear polyelectrolyte polymer which has the highest
possible density of pendant primary and secondary amines.[®’]
In the area of CO, capture, PVAm are utilized mostly as a matrix
for facilitated transport membranes (FTMs). The amino groups
in PVAm acts as fixed site carriers (FSC), enabling the CO,
molecules to hop along, providing reactive diffusion pathways for
CO, transport and enhancing the overall CO, chemisorption of
the membrane. PVAm FTMs were initially developed by Kim et
al. in 2004 by applying a thin selective layer on a flat-sheet poly-
sulfone (PSf) support.l®! After years of optimization, the PVAm
membranes were then applied to a pre-pilot demonstration of
a coal-fired power plant in Norway (2013), under real flue gas
conditions, and demonstrated good CO, permeance and stability
over a 6.5 months period. In 2017, these PVAm flat sheet mem-
branes were upgraded to hollow fiber membranes on a pilot scale
to show 60-83 mol% CO, purity for 6 months, even under rigor-
ous conditions with SO, and NO, impurities.®]
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Regrettably, a primary drawback of PVAm lies in its mechani-
cal fragility, especially when exposed to high water content.[?-7"]
Under these conditions, the self-standing PVAm membranes
are susceptible to swelling and breaking, thus it is a chal-
lenge to use their pure form for FTMs applications. Conse-
quently, numerous approaches have been developed to enhance
the mechanical robustness of PVAm in order to achieve more
durable membranes. Strategies such as crosslinking the ma-
trix, employing polymers of higher molecular weight (MW),
and incorporating nanomaterials to create mixed matrix com-
posite membranes (MMCMs) have been explored as potential
solutions.

Crosslinking of the polymer matrix is one approach to form
sturdy membranes with better CO, permeability. Materials such
as MOFs are often selected to be crosslinked onto the matrix.
MOFs possess stable physical structures with abundant pores
that are likely to be compatible with various polymer matrix. Ge
and co-workers, crosslinked PVAm with MOF-808 by using KH-
560 as the cross-linker, developing MMCMs with good opera-
tional stability, remarkable CO, permeance of 2753 GPU and se-
lectivity of 181, in a CO,/N, separation system at 2 bar.”!] Re-
cently, for the first time, Shin et al. performed a reverse approach
by loading PVAm onto a typical MOF with high porosity, MIL-
101, via the ship-in-a-bottle (SIB) synthesis technique.”?! It was
found that introducing an appropriate amount of PVAm signif-
icantly enhanced the CO, /N, selectivity and CO, adsorption ca-
pacity at low pressure, achieving values up to 11 times higher
than the pristine MIL-101 adsorbents.

Commercial PVAms are often unavailable for high-
performance membrane fabrication, due to their low molecular
weight and excessive crystallinity. As an alternative, using poly-
mers with higher molecular weights and varying architectures
are potential options to increase the membranes’ mechanical
strength. Yuan et al. refined the PVAm synthesis process by
adjusting the polymerization and acidic hydrolytic conditions.!”*!
They obtained PVAm with a MW of 154 kDa (11.37% crys-
tallinity) which was then developed as defect-free composite
membranes that exhibited high CO, permeance of 726 GPU
and CO,/N, selectivity of 55 at 0.5 MPa feed gas pressure,
with high potential to scaled-up manufacture. An ultrahigh
MW PVAm for membrane fabrication was prepared by Chen
and co-workers via inverse emulsion polymerization (IEP)
(Figure 5a).7*] By this method, they successfully obtained PVAm
from N-vinylformamide (NVF), with a MW of 12.7 MDa which
further strengthen the polymer matrix and allowed the loading
of piperazine glycinate (PG), as a mobile carrier, up to 85 wt%.
The developed PVAm/PG composite membranes exhibited a
CO, permeance of 839 GPU and a CO,/N, selectivity of 161 at
the standard flue gas temperature of 57 °C. Later on, this group
also developed a sterically hindered PVAm-CH,; membrane in-
corporated with an amino acid salt (2-(1-piperazinyl)ethylamine
sarcosinate) (PZEA-Sar), acting as a mobile carrier, which was
coated on a nanoporous poly(ethersulfone) (PES) substrate.l”>]
The resulting thin film composite (TFC) demonstrated a su-
perior CO, permeance of 1071 GPU and a CO,/N, selectivity
of 183 at 57 °C, under a feed gas pressure of 111.64 kPa. This
value exceeded the newly revised 2019 upper bound for CO,/N,
performance and surpassed other polymer-based membranes in
efficacy, as displayed in Figure 5b.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Schematic of PVAm synthesis from NVF via inverse emulsion polymerization (IEP). Reproduced with permission.[”4l Copyright 2021,
Elsevier. b) Structure of PVAm-CH; and comparison graph of PVAm-CH; and PVAm-CH; + PZEA-Sar with other materials for CO,/N, separation,
including amine-containing fixed-site carriers (FSC) (%), poly(ethylene glycol) (PEO) based polymers (/A\), polymers of intrinsic microporosity (PIM)
(O), thermally rearranged (TR) polymers (CJ), and mixed-matrix materials (MMM) (¢) in the Robeson 2008 upper bound and redefined 2019 upper

bound. Reproduced with permission.[”®] Copyright 2021, Elsevier.

Incorporating nanomaterials into a polymer matrix is a re-
cent trend to achieve high performance CO, capture membranes.
Nanoparticles such as graphene (G), carbon nanotubes, and
MOFs provides high surface area, while the polymer matrix of-
fers stability. Nanomaterials loading of graphene and graphene
oxide (GO) nanofillers onto pure PVAm membranes has been
reported by Casadei et al.l” These sheet-like graphenic nanoma-
terials have been identified as excellent building blocks for the
MMCMs, acting as a reinforcer additive to maintain the mem-
branes’ mechanical strength in conditions of high humidity, and
also increasing its permeability and selectivity properties. The
membranes permeation tests conducted at 35 °C and high rel-
ative humidity (95% RH), gave a maximum CO, permeability
result of almost 70 Barrer for low grade PVAm + 3% GO and
maximum CO, /N, selectivity of about 81 for high grade PVAm +
3% GO. More recently, they also modified PVAm membranes by
coupling it with the bio-based carboxymethylated-nanofibrillated
cellulose (cNFC) and the addition of L-arginine as a mobile

Adv. Mater. 2024, 36, 2403324 2403324 (10 of 35)

carrier.”® The findings indicate that L-arginine addition reduces
the membranes’ water uptake due to the lower PVAm content, yet
it strongly enhances the CO, transport. Experiments conducted
at 35 °C and high RH resulted in a rise of CO, permeability
which climbed up from 160 to about 340 Barrer when L-arginine
loading was raised from 0 to 45 wt%. The achieved permeability
was one of the highest recorded for PVAm/nanocellulose-based
membranes, but the selectivity was lower than other reported
FTMs.

Hybrid materials of PVAm and other polymers with CO, cap-
ture properties has also been studied recently. Aframehr et al.,
developed PVAm-polyimide (PI, Matrimid)-blend FTMs, incor-
porated with silica nanoparticles.”] Their findings show that
higher silica loadings gradually increased CH, and N, perme-
ability. The developed FTMs has the potential to overcome the
Robeson upper bound for both CO,/CH, and CO,/N, separa-
tion, while suggesting permeation tests in humidity conditions
and with smaller particles to be further explored. Meanwhile,

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Wang and co-workers, successfully developed MMCMs that ex-
ceeded the CO, permeance and CO, /N, selectivity of the pristine
PVAm membrane.[””) Their MMCMs were prepared by lamel-
lar polyaniline-coated carbon nanotubes in GO layers mixed
with PVAm, coated on an asymmetric PSf membrane. The MM-
CMs, referred as PVAm/PANI@CNTs-GO/PSf, demonstrated
outstanding long-term stability, maintaining their performance
under mixed-gas conditions for more than 300 h, achieving a
CO, permeance of 264 GPU and CO, /N, selectivity of 149.8. It
is expected that this improved separation performance was at-
tributed to the role of the facilitated transport carriers (i.e., amine
groups) in the interlayer spacing and the molecular sieving effect
provided by the interlayer spacing. Other PVAm-hybrid mem-
brane materials, that are being developed recently, incorporate
MOFs of zeolite imidazolate frameworks (ZIFs) as fillers due to
its nanoporous structure, thus being able to differentiate and fil-
ter CO, from N,. In this context, Zhang et al. developed porous
PSf membrane-supported MMCMs via coating of ZIF-8-NENP-
NH, and PVAm for efficient CO, and N, separation.”¥l MMCMs
loaded with 7 wt% ZIF-8@NENP-NH, demonstrated a notable
CO, permeance of up to 301 GPU, coupled with a selectivity of
91, surpassing the 2019 upper bound. This represents a signifi-
cant enhancement of 296.1% and 89.6%, respectively, compared
to the pristine PVAm membrane. Moreover, after a period of 360
h using CO, /N, mixed gas as the feed gas, this membrane main-
tained an average CO, permeance of 369 GPU and a CO, /N, se-
lectivity of 97.3. The findings suggest that the surface chemistry
environment of the hierarchical pore in the shell and molecular
sieving pore in the core, facilitated the CO, permeation. Likewise,
Wang et al. fabricated MMCMs comprising partially amorphous
ZIF-8-decorated metakaolin (ZIF-8-d-MK) dispersed in PVAm
matrix, and then coated onto the PSf support membrane.[”®l The
findings showed that this modification of PVAm-based mem-
branes, decorated with ZIF, successfully maintained its stability
under long-term operation over 360 h. Moreover, the MMCMs
also resulted in transcending the 2019 upper bound, with high
CO, permeance up to 169 GPU and high CO, /N, selectivity of
86.7.

2.1.3. Polyacrylonitrile (PAN)-Based Materials

PAN-based materials in the area of CO, capture are utilized
mostly as nanofiber adsorbents. Unlike granular adsorbents,
fiber-based adsorbents offer superior features, such as high exte-
rior surface area, short transit distances, minimal pressure drops,
and flexibility. Moreover, reducing the length of fibers from mi-
cro to nanosized can enhance the work capacity and efficiency
of fibrous adsorbents.!®] PAN-based carbon nanofibers (CNFs)
demonstrate excellent adsorption capacity and high selectivity,
even under reduced pressure, due to its porous structure originat-
ing from their turbostatic structure which comprises numerous
disordered stacks of graphitic layers. They are easily fabricated,
generally carried out by electrospinning, stabilization, and car-
bonization processes. Electrospinning is a typical versatile and
straightforward technique for fabricating nanofibers. Moreover,
optimization of the CO, adsorption capacity in PAN-based CNFs
can be developed by increasing the surface area, introducing ni-
trogen or amine functional groups by doping or grafting, and
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enhancing the presence of ultramicropores in which are signifi-
cantly influenced by the carbonization temperature.®!]

Tetraethylenepentamine (TEPA) grafting onto PAN hollow
fibers has been reported by Zhang and co-workers.[#2] They em-
ployed the TEPA@PAN hollow fibers for DAC, due to their high
CO, adsorption capacity that reached up to 3.66 mmol g~! at low
concentration of CO, (5000 ppm). Most recently, Zhang’s group
modified their previous work by hydrolyzing nitrile groups on
the hollow PAN fiber surface and then chemically grafting TEPA
on it.®] Not only simplifying the preparation procedure and re-
ducing the cost, this modification also enhanced the CO, ad-
sorption capacity up to 5.07 mmol g~! at low CO, concentration
(5000 ppm), making them potential sorbents for CO, capture and
separation from ambient air. Tourzani et al.®* and Imanian et
al.®] reported y-radiation induced grafting of glycidyl methacry-
late (GMA) onto pristine PAN nanofibers and combined indus-
trial PAN-polyurethane (PU) electrospun nanofibers, followed
by amination with ethanolamine (EA). Similar findings were re-
ported, that pristine PAN and PAN/PU nanofibers, in which both
grafted with GMA-EA, achieved CO, adsorption capacity of 2.84
and 2.98 mmol g~!, respectively, and maintained stable in sev-
eral adsorption—desorption cycles at 80 °C. GMA is widely recog-
nized as a valuable precursor monomer for graft copolymeriza-
tion, as its epoxy group can be easily converted into other func-
tional groups. Compared to conventional grafting techniques,
radiation-induced graft copolymerization (RIGC) offers several
advantages, which includes its process simplicity, the ability to
have a finely adjust composition, capability to tailor properties
and modify substrates of various morphologies (films, fibers,
and textiles), also its lack of use of chemical initiators.[®] In the
process of RIGC, the side chain is covalently bonded from a
monomer to a polymer backbone to obtain the branched copoly-
mer and the active radicals on the polymer matrix are generated
through exposure to high-energy ionizing radiation, such as ul-
traviolet radiation, X-rays, and y-rays.

The discovery and use of hybrid PAN-based materials and
MOFs for CO, adsorption is relatively recent. While there has
been considerable work on the CO, capture using MOFs,[#] crys-
talline MOFs possess fragility and tend to disintegrate into fine
powders, leading to practical issues, such as pipe blockages, de-
creased gas separation efficiency, and material loss. Therefore, a
strategy to address this challenge is creating MOF/polymer-fiber
structures through electrospinning, which may increase flexibil-
ity and self-supported porous structures for CO, capture contin-
uous process. Some examples of MOFs that are being growth
seeded or coated onto PAN fibers and developed through elec-
trospinning are UTSA-16 (Co) and UTSA-16 (Zn),!®! MIL-101
(Cr, Mg),!®] and ZIF-8.°° Not only do these material perform
high CO, adsorption capacities, stability experiments shows that
these materials remained robust under humid air and acidic
gases, and also possesses excellent recyclability during several
adsorption—desorption cycles. In addition to developing MOF-
PAN hybrid materials as fibers, there have also been reports of
constructing them into MOF/PAN adsorbent beads for direct in-
dustrial use of enhancing CO, capture. MIL-101(Cr) @ GO/PAN
mm-sized beads preserved the porosity characteristics with su-
perior CO, capture performance compared to the parent MOF
and other moisture-stable MOFs (Figure 6a).°! In another re-
port, SIFSIX-3-Ni@PAN composite beads prepared by phase
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Figure 6. a) Fabrication route of MIL-101(Cr) @GO/PAN adsorbent beads and its CO, adsorption isotherm at 298 K. Reproduced with permission.[°]
Copyright 2023, Elsevier. b) Schematic for the synthesis of APAN-OH nanoparticles from PAN. Reproduced with permission.!93] Copyright 2021, Elsevier.
c) FE-SEM images, N, adsorption—desorption isotherms, and CO, capture of hollow PMMA/PAN CNFs hybridized with Co; O, nanoparticles (HCNF-Co)
at different temperatures. Reproduced with permission.[] Copyright 2022, John Wiley and Sons.

inversion, demonstrated uniform MOF distribution in the
porous structure with good mechanical stability and high CO,
capacity, even at low CO, concentrations.[®’) These MOF/PAN
beads are suggested to pave the way for generating scalable
and cost-efficient adsorbents, simplifying platforms for handling
MOFs, and offer practical applications for CO, capture.

Reports of PAN itself being developed as nanoparticles
and then surface-modified with alkylamine and sec-butanol,
for achieving amine group stabilization under repeated CO,
adsorption—desorption cycles, was described by Jung and co-
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workers.[**] They successfully designed mm-sized spherical ad-
sorbents, namely APAN-OH and HPSA, with hierarchical pores
via interconnecting the amine-rich nanoparticles. The schematic
for APAN-OH synthesis from PAN is shown in Figure 6b. The
inclusion of nanoparticles in PAN CNFs has also been stud-
ied as an alternative approach to improve CO, capture per-
formance. Embedded SnO, nanoparticles were reported to en-
hance roughness, surface area, and flexibility of porous hollow
PAN/polyvinylidene fluoride (PVDF) core—shell nanofibers, by
acting as a plasticizer for single-fiber-crack connection, while also
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offering additional vacant oxygen sites to enhance CO, adsorp-
tion capacity.**! An even higher CO, uptake and CO, /N, selectiv-
ity was demonstrated by polymethylmethacrylate (PMMA)/PAN
core—shell nanofibers hybridized with Co,0, nanoparticles, de-
noted as HCNF-Co, which also resulted in porous, hollow, flex-
ible, and thermostable CNFs applicable as solid adsorbents for
CO, capture (Figure 6c).°°] Another interesting strategy is the
encapsulation of liquid-like nanoparticle organic hybrid mate-
rials (NOHMs) within submicron-scale PAN/ceramic electro-
spun fibers.[*! The bulk NOHMs, containing a silica core with
ionically grafted branched PEI, were distributed near-uniformly
throughout the superhydrophobic PAN/ceramic fibers, demon-
strating high CO, capture kinetics practical for DAC.

In membrane separation for CO, capture, PAN is utilized
mostly as a microporous support to a gutter layer. The gutter
layer provides a uniform and highly permeable base for apply-
ing an ultrathin selective layer which helps to minimize the loss
of gas permeance while preserving gas selectivity. Han et al.
reported a novel fabrication method that enables precise con-
trol over thickness, yielding ultrathin gutter layers with uniform
CO, permeance.l”’] In their work, Polyactive (PA) selective layer
was spin-coated onto crosslinked polydimethylsiloxane (PDMS)
gutter layers on PAN substrates, achieving the highest ever re-
ported CO, permeance of 3555 GPU and CO, /N, selectivity of
40 (0.5 feed gas pressure at 35 °C) for a PA ultrathin film com-
posite (UTFC) membrane. Notably, their method successfully ob-
tained defect-free membranes with high repeatability of ultra-
thin PDMS gutter layer (98.4% success rate) and excellent CO,
separation performance that falls within the specified range in-
tended for economical utilization in postcombustion processes.
Selyanchyn and co-workers®® deposited Pebax-1657 ultrathin se-
lective layer onto the surface of PDMS gutter layer activated
by oxygen plasma. This double layered structure was then ap-
plied onto the PAN support. The report suggests that the oxygen
plasma-controlled nanoblending at the interface between the se-
lective and gutter layers of the TFC were pivotal in improving
CO, /N, selectivity to reach up to 72, surpassing the separation
capability of the pristine Pebax-1657 polymer.

In another report, the addition of Cu-BDC MOF nanosheet
layers onto PDMS/PAN membranes has been described by Sa-
betghadam et al.®*! The MOF nanosheets were discovered to be
covering defects during the thin membrane formation, rendering
a gutter layer unnecessary, and enhancing the CO, /N, selectivity
up to 77. A different approach to develop mechanically robust
composite membranes was proposed by Sun and co-workers.['%]
In their work, PAN was developed as electrospun nanofiber mat
(NFM) and then low molecular weight polyethylene glycol (PEG)
was interpenetrated into the inner-voids of PAN NFM via in situ
photopolymerization to construct defect-free poly(ethylene ox-
ide) (PEO)/PAN nanofiber composite membranes (NFCMs). The
process was mimicking “reinforced-concrete,” in which the PAN
nanofiber and PEO matrix were bonded through adhesive force
to withstand external forces collectively, creating nanofibers in-
terpenetrating network that leads to elevated mechanical prop-
erties. The obtained NFCMs exhibited high CO, permeability of
343 Barrer and CO, /N, selectivity of 65.4, transcending the 2008
Robeson upper bond. Later on, this procedure was modified by
growing ZIF-8 MOF crystal seeds on the surface of PAN NFMs
that acts as a skeleton, before the in situ photopolymerization
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of PEG to construct ZIF-8@PAN/PEO MMCMs.[1% The find-
ings indicate that the MOFs-modified PAN/PEO membranes ex-
hibit a slight decrease in CO, /N, selectivity but better mechani-
cal strength compared to PEO/PAN membranes, suggesting it to
originate from the enhanced interaction between the nanofibers
and the PEO matrix induced by the ZIF-8 growth.

2.2. Synthetic Porous Organic Polymers (POPs)

Another approach to enhance CO, capture is to increase the
surface area of sorbents using porous materials. POPs repre-
sent a developing category of porous materials, made of organic
and lightweight components linked by strong covalent bonds.
POPs display a range of beneficial properties, such as low den-
sity, large surface areas, tuneable pore sizes featuring various
channels, and plenty of reactive functional groups. Additionally,
they provide easily modifiable functionality, outstanding physico-
chemical stability, along with diverse design possibilities and syn-
thesis methods.l”] Several types of POPs have been reported in
the literature. Among them, conjugated microporous polymers
(CMPs), hyper-crosslinked polymers (HCPs), and covalent or-
ganic frameworks (COFs) have been widely employed for CO,
capture. Herein, we have outlined the latest advancements of
CMPs, HCPs, and COFs within the past 5 years.

2.2.1. Conjugated Microporous Polymers (CMPs)

CMPs are 3D semiconducting polymers in which rigid aromatic
groups are interconnected, either directly or through double
or triple bonds, creating z-conjugated microporous networks,
and offers useful electronic properties. In nearly all cases to
date, the covalent bonds in CMPs are formed irreversibly, and
the polymerization follows a kinetic pathway. As a result, all
CMPs (apart from any conjugated covalent organic frameworks
(COFs)) are amorphous.[192] The first examples of CMPs were re-
ported by Jiang et al. in the synthesis of conjugated microporous
poly(aryleneethynylene) networks formed by Sonogashira—
Hagihara cross-coupling reaction of alkynyl arene monomers
linked with halogen-containing aromatic compounds.'®] Its
Brunauer-Emmett-Teller (BET) surface area reached 834 m?
g™ and later was found to exhibit CO, sorption capacities of
0.97 mmol g~! at 298 K and 1 bar.'® Since then, new designs
and synthetic routes of CMPs were established via a wide range
of coupling reactions, including the Sonogashira—Hagihara
coupling reaction,['] Suzuki-Miyaura coupling reaction,!*%]
Yamamoto coupling reaction,['%] Heck coupling reaction,!'%]
cyclotrimerization reactions,'””] phenazine ring fusion,!!*”]
Schiff-base condensations,!%! heterocycle linkages,['? alkyne
metathesis,1®?]  oxidative coupling,'®?  Buchwald-Hartwig
amination,[192] electropolymerization,!1%2! and hypercrosslinking
linear conjugated polymers.[1%2!

Typically, CMPs are synthesized using diverse Pd-catalyzed
C—C coupling reactions. Ren et al. successfully homocoupled
1,3,6,8-tetraethynylpyrene using a Pd(II)-Cu(I) catalyst to afford
a highly conjugated microporous polymer.'®! The 1,3-diyne-
linked CMP exhibited excellent selectivity of CO,/N, of 44.2
and CO,/CH, of 8.2 with good thermal stability and high isos-
teric heats of CO, adsorption confirmed by the IAST. Wang and
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co-workers developed a series of thiophene- and nitrogen- rich
CMPs, namely SNCMP-1 and SNCMP-2, via a Pd(Il)-catalyzed
coupling reaction which demonstrated superior CO, adsorption
capacities up to 3.894 mg g~! at 70 bar and 323 K.['1% In addi-
tion to Pd(II), the utilization of other metal catalysts is also re-
ported on the synthesis of N-rich triazine-based CMPs. A novel
oxidative copolymerization reaction in the presence of iron(IIl)
chloride was performed to obtain poly(triazine-co-pyrrole)-based
CMPs.[""] Good thermal stability and high BET surface area was
achieved for the denoted TP-CMPs, which facilitated good CO,
adsorption of up to 1.09 mmol g=' at 298 K (1 bar). In another
report, Qiao et al. utilized the Lewis acid zinc chloride (ZnCl,)
to obtain a series of triazine-based CMPs with good porosity and
high CO, adsorption capacity up to 120.8 cm?® g=! at 273 K and
1 bar.[''2] To summarize, based on both experimental and theoret-
ical investigations to date, the design of CMP with favorable CO,
capture properties typically concentrated on i) achieving high
BET surface area and porosity,['! ii) incorporating polar units
into the CMP framework to enhance adsorption sites, includ-
ing carboxylic acids, amines, hydroxyl groups, sulfur, etc.,['* and
iii) employing postsynthetic amine functionalization.!'!4]

The residue of the metal catalyst, mostly Pd(II), are often per-
sistently present within the polymers and the challenges asso-
ciated with complete removal, significantly impedes the eluci-
dation of structure—property relationships of CMPs. Therefore,
recently the synthesis of CMPs are more likely performed with-
out the use of metal catalysts. An elegant synthesis of CMP em-
ploying organic acids as the catalyst, which facilitated easier re-
moval of catalyst residues, was reported by Cheng and Han.[!%]
In their work, they have designed rich oxygen atom-decorated
CMPs, referred as O-CMPs, through aldol condensation of s-
indacene-1,3,5,7(2H,6 H)-tetrone and different types of aromatic
aldehydes to afford the highest CO, uptake of 4.36 mmol g,
facilitated by quadrupole interactions. Another example of avoid-
ing the use of Pd(II) catalyst in CMPs synthesis was reported by
Meng and co-workers.['1%] Their synthetic strategy successfully
obtained two metal-free redox-active truxene-based CMPs linked
by fused heterocyclic thiazolo[5,4-d]-thiazole moieties, namely Tx-
Tz1z-CMP-1 and Tx-TzTz-CMP-2, which exhibits high BET sur-
face areas and CO, uptakes. Figure 7 shows how the N-sites (ter-
tiary amines), which facilitated the enhanced CO, uptake, are in-
corporated into the porous materials of Tx-TzTz-CMP-1 and Tx-
TzTz-CMP-2 via condensation reactions of the aromatic aldehy-
des and dithiooxamide (DTA). N, sorption isotherms and CO,
adsorption isotherms of the materials are also displayed. Subse-
quently, the two CMPs were further employed as metal-free pho-
tocatalysts for the photoreduction of CO, to CH, under visible
light exposure.

2.2.2. Hypercrosslinked Polymers (HCPs)

HCPs are amorphous materials formed typically by the Friedel-
Crafts alkylation chemistry of aromatic polymers and monomers
in halogenated solvents. The small volume of aromatic rings en-
hances the possibility of the monomers involved in the Friedel-
Crafts reaction allowing additional crosslinking nodes.[''”] There-
fore, extensive crosslinking through methylene bridges in HCPs
result in elongated polymers with very high surface area and
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permanent microporosity (d < 2 nm), even after solvent is
removed.['"®) The microporosity of HCPs relies on the degree of
crosslinking, which can be adjusted by selecting substrates and
solvents, using external crosslinking agents, and employing vari-
ous chemical methods.") Other notable advantages of HCPs are
their moderate synthesis requirements, easy functionalization,
adaptable structures, as well as their excellent physical and ther-
mal stability. Additionally, HCPs serve as cost-effective options
for large-scale applications because of the abundance of low-
cost raw materials.l?%] There are three approaches available for
producing HCPs: i) the one-step polycondensation of functional
monomers or internal crosslinking, ii) external crosslinking of
rigid aromatic structural blocks, and iii) the post-crosslinking
of polymer precursors.[?!l Davankov et al. introduced HCP for
the first time, featuring a higher degree of crosslinking (ex-
ceeding 40%) compared to commercial crosslinked polystyrene
(PS), hence earning the designation of hypercrosslinked PS or
Davankov-type resin.l'??] Since then, studies of HCPs have gar-
nered great attention especially for its potential application in
CO, capture as porous solid sorbents.

Enhancement of HPCs’ CO, uptake can be achieved by chem-
ical modifications to improve the electrical properties of HPCs
surface, such as dipole moment and polarizability. Amine graft-
ing into benzene-based HCP networks has been reported by
Moradi et al.[''®] Figure 8a illustrates the incorporation of primary
amine into the porous HCP network and its selective CO, /N,
adsorption behavior. The findings, as displayed in Figure 8a—d,
show that after amination, the BET surface area and pore size
decreased, while the CO, uptake capacity increased from 301.67
to 414.41 mg g! as well as obtaining 43% enhancement of
CO, /N, selectivity. Torkashvand et al. reported amine grafting on
carbazole-based HCPs, namely NH,-HCPs.!'2] Similar to previ-
ous findings, the BET surface area of these materials reduced
from 705.35 to 471.21 m? g~!, while enhancing the CO, ca-
pacity to 236.37 mg g~!'. Decrease of BET surface areas could
be attributed to the occupation of pores by the amine groups,
nonetheless, the increase in adsorption capacity resulted from
the addition of amine functional groups. Teng and co-workers
fabricated naphthalene-based HCPs via a simple one-pot external
crosslinker knitting method followed by N-impregnation which
featured high surface area and high CO, uptake up to 3.8 mmol
g~1.112Yl The N-doping of HCPs through impregnation increases
the basic N moieties in the porous networks, enhancing the Lewis
acid-base interaction of adsorbents and CO,.

Nonionic HCPs possess few active functionalized sites, which
limits their potential applications in CO, conversion. Thus, to
enhance their capabilities, ILs are introduced into porous HCPs
to create hypercrosslinked ionic polymers (HIPs). These HIPs
combine the benefits of HCPs and ILs. The large surface area
and high microporosity of HCPs facilitate efficient CO, capture,
while ILs offer catalytic active sites for CO, conversion. This ap-
proach represents the alternative for metal-free heterogeneous
catalysts in CO, cycloaddition, avoiding the energy-intensive pro-
cess for recovering the co-catalyst and environmental pollution
by the leaching of metals. Generally, HIPs are primarily synthe-
sized through the crosslinking of ionic and neutral monomers,
the in situ generation of ionic sites during hypercrosslink-
ing, and postfunctionalization strategies.'?® To date, numer-
ous HIPs materials have been synthesized for CO, capture and
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Figure 7. Synthesis of Tx-TzZTz-CMP-1 and Tx-TzTz-CMP-2, their SEM images, N, sorption isotherms, and CO, adsorption isotherms at 273 and 298 K.
Reproduced with permission.['1] Copyright 2023, American Chemical Society.

conversion. Liao and co-workers!'?°! developed a novel systematic
postsynthetic modification strategy to synthesize imidazolium-
based HIPs with elevated ionic content up to 2.1 mmol g~! and
a substantial specific surface area of 385 m? g=! from porous
HCPs through addition reactions and quarternization. The re-
sultant HIPs demonstrated good CO, uptake, outstanding cat-
alytic yields, reusability, and stability. Xu et al. reported a suc-
cessful synthesis of aluminum-porphyrin-based HIPs (Al-HIPs)
using the direct knitting approach by employing low-cost met-
alloporphyrins and selected ILs for the first time.l'?%] By intro-
ducing the 3D tetraphenylmethane fragments, the crosslinking
sites increased, improving the reactivity ratios of the ILs in the
polymerization process. Concurrently, integrating imidazolium-
based ILs as flexible pendant chains onto the porphyrin back-
bones, connected by methylene groups, may address the limi-
tation of Friedel-Crafts alkylation for electro-deficient aromatic
monomers while enhancing the stability of metal active species.
The obtained HIPs exhibited high surface area up to 432 m? g-!
and stronger CO, uptake up to 2.10 mmol g~! at 273 K and 1 bar.
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The recent encouraging advancements in HCPs are directing
research toward more environmental-friendly materials and sus-
tainable synthesis methods. Green materials, such as lignin-/'?’]
and histidine-based HCPs,!'28] have been reported as adsorbents
for efficient CO, capture. An alternative of using waste ma-
terials, such as waste Styrofoam (the tradename for expanded
polystyrene) is also another strategy being explored.[''*12°] Chan-
chaona and Lau assessed how changing the reactor type could
impact the environmental footprint and sustainability of HCP
synthesis.['?!] In their work, poly-a,a’-dichloro-p-xylene HCPs,
namely p-DCX, p-PS-DCX, and p-PS-FDA, were synthesized by
both, batch- and continuous flow synthesis, each using the three
approaches of crosslinking (Figure 8e). The results of the life-
cycle assessment (LCA) showed that compared to the traditional
batch method, continuous flow synthesis offers a greater re-
duction in environmental impacts when post-crosslinking was
applied, followed by external crosslinking, and finally internal
crosslinking. The product yield was identified as key for pro-
moting this environmental sustainability and by considering its
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benefits including reduced environmental impact, superior CO,
capture performance, and increased productivity, they suggest
that continuous flow synthesis should be extensively adopted for
scaling up HCPs production in industrial settings.

2.2.3. Covalent Organic Frameworks (COFs)

COFs are porous crystalline materials assembled by lightweight
elements, uniform nanopores and structured frameworks, com-
prised of organic building blocks linked by robust covalent bonds
via a range of reversible reactions.['**) COFs are metal-free and
nontoxic in nature. Additionally, due to their precise function-
alities and predesigned structures, they attain excellent selec-
tivity toward guest molecules.!'3!] Their ordered pore distribu-
tion features, straightforward pore surface engineering, low re-
generation energy requirements, and excellent stability,'3?! en-
ables chemical and structural control tailored to specific func-
tions, such as gas adsorption. In terms of CO, capture materials,
a thorough review specifically on COFs have been made by Zhao
et al.l33] Their review includes several organic reactions that have
been employed to synthesize COFs materials, such as the forma-
tion of B—O (boronate, boroxine, and borosilicate), C=N (imine,
hydrazine, and squaraine), C—N (triazine and imidization), B—N
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(borazine), and N—N (azodioxides) bond linkages. In the past
5 years, COFs are the most popular studied among all porous
organic polymers based on the number of articles and reviews
published.

Following its initial discovery by Yaghi et al. in 2005,[1**] a sig-
nificant number of 2D COFs for CO, capture were reported. A
stable 2D hydrazone-linked COF, namely TPT/OH, was synthe-
sized under solvothermal conditions to attain highly crystalline
and N-rich porous structure with a periodic hexagonal order.!'3!]
The TPT/OH presented high surface area and high average pore
size, with effective CO, capture of 0.9 mmol g~! at 1 bar and 298
K. An alternative CO, capture mechanism utilizing metal ion-
doped Schiff base imine 2D COFs as adsorbents was proposed
by Kang et al.['**) In this capture mechanism, CO, molecules in-
sert between the metal ion and the N atom of the imine bond
on the inner pore surface of the COFs. This results in uncon-
ventional sorption isotherms that are characterized by tunable
adsorption steps and enhanced CO, sorption capacity. Conse-
quently, the CO, adsorption capacity of the ion-doped Py-1P COF
is enhanced by 89.5% in comparison to that of the undoped Py-1P
COF.

2D triazine-based COFs, or commonly known as covalent
triazine frameworks (CTFs) have also been reported in recent
works. The CTFs are nitrogen-rich frameworks, constructed by
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aromatic 1,3,5-triazine rings.['**] CTFs demonstrate high CO,
capacity and selectivity, along with optimal isosteric heat of ad-
sorption (Q,,) for regeneration. They maintain their high CO,
capture performance through multiple regenerations, even in
the presence of water vapor, making them excellent candidates
for CO, capture.['*3] Kumar et al. reported on the synthesis of a
2D CTF, namely IITR-COF-1, via the polycondensation of 2,4,6-
tris(4-formylphenoxy)—1,3,5-triazine with a triamine linker.3”]
The CTF exhibited superior BET surface area of 2830 m? g~! and
an exceptional CO, capture capacity of 131.9 cc g™' (25.9 wt%) at
273 K and 1 bar. Zhao et al. developed a (3,3)-connected triazine-
based COF, denoted as COF-Z1, by a solvothermal method, that
demonstrates good CO, /N, adsorption selectivity of 35.09 at 273
K.[1381 A maximum CO, adsorption capacity of 24.21 (21.38) cm?
g! at 273 K was achieved, with a moderate Q,, value of 20.31 k]
mol~!, indicating that the CO, adsorption follows physisorption
which is suitable for recycling and reuse.

2D COFs featuring with pore sizes larger than 8 A, often are
unsuccessful in achieving significant enhancement in gas sepa-
ration selectivity via molecular size sieving. In contrast to tradi-
tional 2D COFs, formed from planar monomers, 3D COFs that
are assembled from 3D building blocks are more likely to possess
complicated porous structures with high crystallinity.(***] The
synthesized 3D azine-linked 3D COF (3D-HNUS5) has a twofold
interpenetrated diamond topology that exhibits narrow pore size
distribution, excellent thermal, and chemical stability, with high
selective uptake of CO, over N, and efficient catalytic activity un-
der mild conditions.['*] In another work, crystalline isostructural
porous cage 3D-OC-COFs were successfully assembled utilizing
a flexible prism-like building block (6NH,-OC.4HCl) and an in-
novative in situ acid-base neutralization approach.l*!l By strate-
gically introducing various substituents into the initial dialdehy-
des during the assembly process, network conformations can be
fine-tuned, leading to the formation of one expanded structure
(3D-OC-COF-H) and two distinct contracted structures (3D-OC-
COF-OH and 3D-OC-COF-Cl). Among all of these 3D cage-based
COFs, 3D-OC-COF-OH performed the best CO,/CH, separation
performance.

The incorporation of specific polar groups into COFs enhances
the effective interactions with CO, molecules, thereby providing
an effective strategy to increase CO, uptake at low pressure.['!]
Lyu etal. demonstrated that such a COF functionalized with polar
amine groups enables it to capture CO, from dry air.['*?] Figure 9a
illustrates the synthetic scheme of the aforementioned COF, de-
noted as COF-609, which was made through crystallization of
an imine-linked backbone, then followed by an aza-Diels-Alder
cycloaddition, and finally by amine-functionalization. Figure 9b
clearly displays how the amine groups incorporate into the frame-
work. Results show that the attained COF-609 exhibited a 1360-
fold increase in uptake capacity, when compared to the pristine
framework. Moreover, in the presence of humidity, there is a fur-
ther 29% increase in uptake capacity, meaning that there is po-
tential for COF-609 to be used for DAC of CO, (Figure 9c). Wei
and co-workers investigated four functionalized 3D COF-300s
(COF-300-X, where X = —SO,;H, —NO,, —OH, and —NH,) for
CO, adsorption and separation.['**] These findings suggest that
functionalization substantially enhances the CO, adsorption ca-
pacity within the COF-300s. Notably, the top-performing COF-
300-SO,H exhibits an exceptional CO, adsorption capacity of
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6.23 mmol g~! and a high CO, /N, selectivity of 393 at 298 K and
100 kPa. All of the functionalized COF-300s offers a conducive
environment for CO, adsorption, characterized by a high acces-
sible surface area, appropriate pore size, and significant porosity.

A straightforward method for synthesizing COFs, involves
the Schiff base condensation reaction; for example reaction
of triformyl-resorcinol and phenylenediamine in solvothermal
conditions to produce 2D IISERP-COF15 was performed by
Chakraborty et al.l!**] The material attained moderate CO, uptake
of 2.5 mmol g~! at room temperature and increased to 15 mmol
g™ at 195 K. Introducing heteroatoms onto the pore-walls of
mesoporous COFs provides space for anchoring/growing cat-
alytic nanoparticles. Therefore, with this knowledge, and realiz-
ing that the neat COF did not catalyze CO, fixation, Ag nanoparti-
cles (~4-5 nm) were grown onto the COF to form Ag@COF. This
modified COF, catalyzes the conversion of propargyl alcohols to
alkylidene cyclic carbonates in the presence of CO,, with good se-
lectivity and an excellent yield of 90%. This finding confirms that
modification of the COFs was crucial in capturing and activating
CO, molecules. In order to investigate the relationship of COF
structure and CO, capture performances, Wang and co-workers
prepared a series of Schiff base COFs with different functionali-
ties, pore sizes, and framework dimensions to undergo CO, cap-
ture performance and stability tests.['*5! Their findings suggest
that the two COFs with secondary amines resulting from enol-to-
keto tautomerism, NUS-2 and TpPa-1, exhibit superior CO, cap-
ture performances compared to other imine COFs examined in
this study. Both demonstrate room temperature dry CO, uptake
capacities exceeding 0.5 mmol g~! and CO, /N, sorption selectiv-
ity of 30, also successfully maintained 70% of their dry CO, ad-
sorption capacities under humid conditions (RH 17%). This can
be attributed to the moderately hydrophobic pore environment
of the COFs. Given the significant expense associated with flue
gas desiccation, Wang and co-workers propose that COFs exhibit-
ing moderate hydrophobicity hold potential as viable adsorbents
for practical postcombustion CO, capture applications. Likewise,
Zhang et al. described a novel microporous T-COF synthesized
via a Schiff base reaction, demonstrated favorable thermal and
chemical stability.*®! The synthesized T-COF displayed remark-
able CO, capture capability, reaching up to 178 mg g=! at 273 K.
This high CO, capture capacity was credited to the microporosity
of the structure and the presence of numerous active functional
units anchored onto the skeleton.

In addition to their use as solid adsorbents for CO, capture,
COFs have also been developed for use in membrane separation
technology. In contrast to the inorganic-organic hybrid composi-
tion of MOFs, the purely organic composition of COFs may offer
improved compatibility with polymers, potentially reducing the
likelihood of forming defects at the interface between the poly-
mer and filler during the preparation of MMCMs.'*] The first
example of COF-based membranes for CO, separation was re-
ported by Kang et al. in 2016.1'*8] The MMCMs were designed by
exfoliating 2D COFs into nanosheets and then blended with com-
mercial poly(ether imide) (Ultem) or polybenzimidazole (PBI).
The resulting MMCM demonstrated excellent H,/CO, permse-
lectivity that surpassed the 2008 Robeson upper bound. Within
the past 5 years, COF-based membranes for CO, separation have
been developed with further modifications. Cheng et al. reported
the effectiveness of 3D COF fillers in two different polymer
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American Chemical Society.

matrix, glassy 6FDA-DAM and rubbery Pebax, to be fabricated
as MMCMs.!"**] The ultrasmall size-selective pores (4 A) of these
COF-300 fillers not only facilitates good polymer-filler interfa-
cial compatibility, but also increases the membrane fractional
free volume in order to achieve high permeability and gas pair
selectivity. The 6FDA-DAM and Pebax MMM systems experi-
enced an ~52% and ~57% increase of CO, permeability, respec-
tively. Moreover, they attained high CO,/CH, selectivity levels,
reaching 75 and 110, respectively. Additionally, PEI function-
alization was performed on the COF-300 by grafting onto the
porous fillers. The COF@PEI-based MMCMs demonstrated sig-
nificant CO,/CH, and CO,/N, selectivity improvements, even
surpassing the Robeson upper bound. Regarding to its good
polymer-filler compatibility, Xu et al. incorporated COFs (TpPA-
1) with rich —NH— groups into polyamide (PA) segment through
in situ interfacial polymerization to construct defect-free TFC
membranes optimized for CO, /N, separation.!'*! The inclusion
of COFs disrupts the rigid structure of the PA layer and aug-
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mented the quantity of effective carriers, creating fast CO, trans-
fer pathways to boost CO, facilitated transport. As a result, the
optimized TFC (IpPa0.025-PIP-TMC/mPSf) membrane demon-
strated a high CO, permeance of 854 GPU and a high CO,/N,
selectivity of 148 at 0.15 MPa, with CO, permeance of 456 GPU
and CO,/N, selectivity of 92 at 0.5 MPa. In another report,
Ying and co-workers successfully designed a series of ultrathin
and oriented 2D COF films, notably COF-LZU1, with adjustable
thickness to enhance overall CO, capture performance in TFC
membranes.>% They utilized this as a gutter layer to construct
a thin photo-initiated crosslinked PEG (XLPEG) separation layer.
Under optimized conditions, high CO, permeance of 1843 GPU
and good CO, /N, selectivity of 28.2 were attained, meeting the
practical requirements of CO, performance target (CO, perme-
ance > 1000 GPU and CO,/N, selectivity > 20). Compared to
other alternative gutter layer materials, COFs exhibit smaller and
controllable transport resistance, offering insights for the devel-
opment of next-generation CO, gas separation membranes.
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Bora and co-workers, for the first time, employed a ground-
breaking one-step approach, known as cold atmospheric plasma
(CAP) treatment, for effective CO, gas adsorption.['!] The CAP
treatment method not only achieves improved surface modula-
tion of the membrane but is also the most straightforward, ef-
fective, and cost-efficient process operating under ambient con-
ditions. The COF@PVDF membranes treated with CAP dis-
play a 36% enhancement in surface area and a 66% increase
in CO, uptake, compared to the untreated membrane. The un-
derlying reason for this derives primarily from the Lewis acid-
base interaction between the electron-deficient carbon atom of
CO, and the newly introduced functionalities on the surface of
the COFs@PVDF membrane. The C—N bonds, characterized by
higher electron density, are pivotal in facilitating this interac-
tion. Most recently, Chang et al. modified TPB-DMTP-COF with
an imidazolium-based [Emim][Tf,N] IL and then prepared MM-
CMs by incorporating IL@COF into polymers of intrinsic micro-
porous (PIMs).l'52 PIMs is a class of polymers with microporous
structure and high free volume. The IL modification not only
improves the CO, affinity and reduces pore size of TPB-DMTP-
COF but also enhances interfacial compatibility between PIM-1
and TPB-DMTP-COF. Consequently, introducing IL@COF into
PIM-1 membranes enhances the CO, /N, separation properties,
with 3.0 wt% IL@COF/PIM-1 MMCMs exhibiting optimal CO,
permeability and CO, /N, selectivity of 9137.7 Barrer and 20.2,
respectively, surpassing the 2008 Robeson upper bound. Further-
more, the resulting MMCMs demonstrate favorable continuous
operation stability.

More recently, hybrid COFs with MOFs have been intensively
studied for their enhanced CO, capture. Not only combining the
advantages of MOFs and COFs, the hybrid MOF@COF also po-
tentially enhance their performance synergistically at the MOFs-
COFs interface. CO, uptake efficiency at low pressure (1 bar)
is primarily influenced by the pore size rather than the surface
area. Micropores, in particular, serve as the preferred sites for
CO, adsorption, as they possess strong adsorption potential and
can be substantially filled.1"*!] A novel covalently connected core-
shell NH,-UiO-66@Br-COFs hybrid material was synthesized
through a Schiff-base reaction, in which Br-COFs shell was in
situ grown on the NH,-UiO-66 core.['>)] The unique structure
at the core—shell interface, which can be effectively adjusted by
the coating of Br-COFs, yields abundant ultramicropores when
compared to NH,-UiO-66 and Br-COFs, with a maximum ultra-
micropore volume (V,,,,) of up to 0.157 cm?® g!. These ultrami-
cropores at the core—shell interface significantly contributes to
the CO, capacity, reaching up to 169.5 mg g=! at 273 K and 1 bar,
outperforming the corresponding single MOF and COF counter-
parts. Later on, this group reported COFs coating on Zr-MOFs,
creating tunable micropores within the interface layer and ample
N/S atoms for CO, capture.l'> The resulting bifunctional core-
shell MOF@COF hybrid, referred to as M@COF-SF, demon-
strates impressive BET surface area of 1301 m? g™', a pore vol-
ume of 0.94 m® g=!, and heteroatom content of 13.38%. These
attributes render its highly effective for CO, uptake, achieving
170 mg g=! at 273 K and 1 bar.

The synthesis of hybrid COFs with ILs is also another ap-
proach to enhance the CO, capture performance of COFs. In
a study reported by Xu et al., IL/ionic COF (ICOF) composites,
synthesized in situ using a one-pot method within half an hour
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under ambient conditions, catalyze the cycloaddition reaction of
CO, with epoxides to give cyclic carbonates.'>5] These compos-
ites possess a favorable CO, adsorption capacity of 1.63 mmol
g™ at 273 K and 1 bar, while demonstrating exceptional cat-
alytic performance in terms of both yield and durability. Yin et
al. proposed an elegant synthesis to chemically integrate amino-
functionalized imidazole IL (NH,-IL) onto the channel walls of
mesoporous COF of [HOJ-TAPT-COFs to obtain [AeImBr]-TAPT-
COFs (Figure 10a).1>% Due to the presence of amino polar groups
and abundant imidazole cations of NH,-IL along with its microp-
orous nature, [AeImBr]-TAPT-COFs demonstrate enhanced CO,
capture activity compared to its neat corresponding COF, increas-
ing the CO, equilibrium capture capacity from 62.6 to 117.4 mg
g! (Figure 10Db), and demonstrating excellent CO, /N, selectiv-
ity (Figure 10c). Additionally, the synergistic effect of —NH, and
—Br in NH,-IL contributes to the improvement in the hetero-
geneous catalysis of CO,-epoxide cycloaddition, yielding up to
99.1%, without the need for solvents and cocatalysts, and also
performing excellent stability and cycle life. Table 2 outlines CO,
capture performances of all the reviewed POPs materials in this
section, including CMPs, HCPs, and COFs.

2.3. Polymeric Membranes

The method that is best suited to capturing emissions from large
stationary CO, sources is membrane-based separation. Different
membrane separation scenarios are based on CO, concentration,
pressure, separation specifications, and major contaminants of
the applied source.l'>”] The membrane acts as a physical device
that is able to remove one or more components selectively from
a mixture. These membranes are highly attractive and energy ef-
ficient for CO, capture as they offer several advantages, such as
their small size, operation and maintenance simplicity, compati-
bility, diversity, and lack of pollutant by-products.[**8] One of the
most commonly utilized material for this membrane separation
method is the polymeric-based membrane.

In the postcombustion carbon capture, the CO, partial pres-
sure is low and the flue gas is a mixture of gases; CO,, N,, O,
as well as trace amounts of SO, and NO,, additionally water
is present. Therefore, it is important for the polymeric mem-
brane to have both high permeability and adequate selectivity
toward CO, in order to attain deep carbon cleaning during this
process.['*’] However, it is well-known that a trade-off between
permeability and selectivity exists for polymeric membranes!]
as defined by the Robeson upper-bound.!1¢!]

Itis of interest to design new types of polymers with ideal prop-
erties of permeability and selectivity to overcome the Robeson
upper-bound and consequently strengthen the research field of
composite membranes in CO, gas capture and separation. The
polymers that are developed must also possess other ideal mem-
brane criteria for CO, capture such as thickness, cost-effective,
reproducibility, plasticization resistance, chemical, mechanical,
physical, and thermal stability for industrial applications.[®162]
The first copolymer-based composite membrane material for
CO, gas separation was patented by Blume and Pinnau in
1990.1'%31 This type of membrane exhibited a well-defined struc-
ture, enhancing gas transport pathways, which contributes to
higher permeability and selectivity. Additionally, both thermal

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 10. a) Schematic for the amino-functionalized IL/COFs of [AelmBr]-TAPT-COFs synthesis through a two-step modification method, b) CO,
capture capacities of [AelmBr]-TAPT-COFs, and c) ideal CO, /N, selectivity of [AelmBr]-TAPT-COFs. Reproduced with permission.>¢] Copyright 2022,

American Chemical Society.

and mechanical stability were observed over an extended period.
Emerging polymeric membrane materials that have currently
been studied for CO, capture are mainly based on the polymer-
CO, interaction and polymer architecture. Some classes of these
polymeric CO, membranes are ether oxygen-rich polymers, ther-
mally rearranged (TR) polymers, perfluoropolymers, and facili-
tated transport membranes (FTMs).['%7]

The polar ether linkage (—C—0—C—) in PEO is acknowledged
for its strong affinity to CO, via quadrupole-quadrupole interac-
tions. Nonetheless, a limitation arises from the tendency of polar
ether groups to form strong hydrogen bonds with itself, leading
to densely packed chains. The densely packed structures result
in high crystallinity which is unfavorable for the fabrication of
a defect-free membrane, as well as decreasing gas permeability.
Therefore, various strategies have been employed to address this
challenge. A green fabrication technique was proposed by Sun
et al. to construct microstructural PEO membranes.['**) Large
molecular-size bisphenol A ethoxylate diacrylate (BPA) was used
to crosslink poly (ethylene glycol) methyl ether acrylate (PEG-
MEA) through rapid UV polymerization. The microstructure of
membranes can be easily tailored by adjusting the ratio of the two
prepolymers BPA and PEGMEA, with the aim to attain optimized
microstructures with appropriate mesh size and PEO sol content.
The resulted membrane addresses the trade-off challenge, by ob-
taining a CO, permeability of 1711 Barrer, a CO, /N, selectivity of
44, and stable operation for 100 h under 15 atm. Another predom-
inant method used to mitigate the high crystallinity of PEO in-
volves block copolymerizing it with hard segments. The gas per-
meation characteristics of these copolymers are regulated by ad-
justing the lengths of the soft and hard segments, as well as mod-
ifying the proportion of the PEO phase within the copolymer. A

Adv. Mater. 2024, 36, 2403324 2403324 (24 of 35)

block amphipathic copolymer, denoted as PDMS-b-PEO, was pre-
pared by Liu and co-workers to be employed as an intermediate
layer of an ultrathin Pebax and PAN membrane.!'®! Pebax itself
is a commercial PEO-based block copolymer made up of rigid
polyamide blocks and soft polyether blocks, making Pebax less
crystalline than the original PEO. The presence of PDMS-b-PEO
in the intermediate layer enabled the successful fabrication of an
integrated Pebax selective layer with a thickness of ~50 nm. The
resulting ultrathin Pebax composite membrane demonstrated re-
markable performance, boasting a CO, permeance of 2142 GPU
and a CO, /N, selectivity of 36./1%]

TR polymers and polybenzimidazole (PBI) are emerging as
potential candidates for precombustion processes among other
polymer materials owing to their elevated H,/CO, selectivity,
moisture stability, and outstanding chemical resistance. Never-
theless, the pure PBI membrane shows limited H, permeability
which is attributed to its densely packed polymer chains. There-
fore, strategies for further enhancing H, permeability while pre-
serving its selectivity are important for them to become more
industrially attractive. A study by Moon et al. aimed to en-
hance the permeabilities of PBI-based membrane by mixing
Celazole, a commercial PBI, with an ortho-functional PI, HAB-
6FDA-CL[1%] These blends undergo subsequent heat treatment
to further augment their permeabilities, leveraging the thermal
rearrangement reaction of ortho-functional polyimides, leading
to the formation of polybenzoxazoles. In another study, PBI
thin films were crosslinked with different concentration of 1,3,5-
tris(bromomethyl)benzene (TBB) to tune polymer chain mi-
crostructure and fractional free volume (FFV) thus enhancing
the sieving ability for H,/CO, separation.!’®’] Gas separation tests
conducted at 150 °C revealed that the membrane with the highest

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 11. lllustration of the PIL-IL/GO membrane on PES/PET substrate and the CO, absorption reaction involving the IL mobile carriers. Reproduced

with permission.['73] Copyright 2021, Elsevier.

crosslinking density and lowest FFV exhibited a H, permeability
of 9.6 Barrer and remarkable H, /CO, selectivity of 24, surpassing
the Robeson upper bound.

Perfluoropolymers represent a category of glassy hydrocarbon
polymers where most of the hydrogen atoms are substituted
by fluorine atoms. Commercial amorphous perfluoropolymers,
such as Teflon AF and Cytop, are recognized for their elevated gas
permeability, which is attributed to the presence of pre-existing
microchannels. Typically, these glassy polymers exhibit a selectiv-
ity favoring H, over CO, and CO, over CH,. In the last 5 years,
polytetrafluoroethylene (PTFE) in the module of hollow fibers
have been mostly studied as membrane contactors[!®®! with su-
perior CO, capture efficiency, reaching up to 99.3%.11¢]

Another class of polymer with impressive selectivity and per-
meability of various gas pair is the thermostable polyimides
(PI). Its commercially available form, Matrimid, has been exten-
sively studied for membrane gas separation. Recent reports on
Matrimid are to modify it with MOFs as nanofillers to be devel-
oped as MMCMs for energy-intensive gas separation processes.
Bano and co-workers incorporated lanthanum (Ln)-MOFs in the
Matrimid matrix to study selectivity and permeability of CH,,
CO,, and N, gases through the resulted MMCMs.['7%l Tt was
shown that as the nanofiller loading in all MMCMs increased,
CO, permeation improved significantly due to the porous nature
of the nanofiller, introducing supplementary channels and FFV
within the polymer matrix. Moreover, a higher nanofiller loading
resulted in an increase in selectivity of MMCMs, rising from 34.1
to 48.45 for CO, /N, and from 36.2 to 54.67 for CO,/CH,, which
affirms the lack of membrane defects, enhanced filler/polymer
interface, and good dispersion of the Ln-MOFs throughout the
polymer matrix. Different loadings of a microporous 3D MOF,
Tb(BTC)(H,0).(DMF), ;, onto the Matrimid matrix was also re-
ported for exhibiting good separation that lied close to the 2008
Robeson upper bound, reaching up to 25.86 Barrer of CO, per-
meability and a 58.04% increase in selectivity.['”!]

Supported ionic liquid membranes (SILMs) represent the
most straightforward approach to incorporating ILs into mem-
brane separation technologies, aiming to harness the potential
of ILs to create membranes that can efficiently sieve and rapidly
transport gas molecules. Nevertheless, the challenge of prevent-

Adv. Mater. 2024, 36, 2403324 2403324 (25 of 35)

ing the leaching of free ILs poses a significant limitation to their
effectiveness. Poly(IL)-IL composite membranes are emerging as
materials to address this limitation. Their high mechanical sta-
bility, derived from strong ionic interactions between the poly(IL)
and IL components, result in high CO, selectivity, thermal stabil-
ity and tunable properties, and thus have shown promise for CO,
separation in gas streams. Yu et al. reported a one-pot method to
prepare a tough double network ion gel membranes by a ring
opening reaction and free radical polymerization with heating
and UV light irradiation.'”?] It is found that by increasing the
free ILs content in the double network ion gel membrane, the
crystallinity and glass transformation temperature of the mem-
brane decreases, resulting in enhanced CO, permeability and
selectivity. In another report, Lee and Gurkan investigated the
CO, separation from air with a PIL-IL/GO TFC type of FTM on
poly(ethersulfone)/poly(ethylene terephthalate) (PES/PET) sub-
strate (Figure 11).['73] The IL, [EMIM][2-CNpyr], acted as the mo-
bile carrier in the poly(IL) fixed carrier, and this incorporation en-
hanced the CO, solubility within the FTM as well as increasing
the CO,-complex mobility. The obtained PIL-IL/GO FTM main-
tained stability over a continuous separation period of 2 weeks,
exhibiting high CO, permeance of 3092 GPU at 295 K and 40%
RH, with record-breaking CO, /N, selectivity of 1189. The find-
ings indicate that the developed PIL-IL/GO FIM can be poten-
tially integrated into DAC technologies. Table 3 outlines transport
properties of the reviewed polymeric membranes in this section,
with some additional selected ones in the last 5 years.

3. Alternative Synthesis Pathways of Polymeric
Materials for CO, Capture

3.1. Utilization of Bio-Based Materials

Many researchers, in an effort to reduce environmental foot-
print of polymer production, are exploring bio-based materials
for CO, capture. Nanocellulose is a sustainable and promising
bio-based nanomaterial due to its outstanding mechanical prop-
erties, biocompatibility, and natural abundance.®! Recently, there
has been a significant increase in interest regarding the use of
nanocellulose, especially as nanofillers in membrane fabrication.
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Table 3. Transport properties of selected polymeric membranes.
Strategy Material p(CO,)? [bar] T[°C] P(CO,) [Barrer] a (CO,/N,) a (CO,/CH,) Refs.
PEO-based (crosslinking) BP-70 15 35 171 44 - [164]
PEO-based (crosslinking) PDMS-b-PEO 3 30 1768 433 - [165]
Pebax/PDMS-b-PEO/PAN 3 30 21429 36
PEO-based (crosslinking) PEO/PDMS(20) 35 25 423 43 - [174]
PEO/PDMS(20) 35 35 528 35
PEO/PDMS(20) 35 50 888 25
PEO/PDMS-PDMS(UV)-PAN 35 35 2650 20
PEO-based XLPEO 3.0 30 223 47 - [175]
(imine-linked/N-doped) N-POPs/XLPEO 3.0 30 420.2 55.3
N-CSs/XLPEO 3.0 30 540.4 61.3
Pebax/PDMS/PSf (air plasma AP-10-0.25, 5 1 25 20220 ~30.0 - [176]
assisted spray coating) AP-10-0.25( 5 10 25 7520 133
Perfluoropolymer Cytop 9 35 25.2+1.5 - 2743 77
Poly(50%PBVE-co-50%PDD) 9 35 228+18 162
Pl-based (MOFs M-0 10 35 6.2 -34.1 31 [170]
incorporation) M-0 10 30 7.24 37.56 36.2
M-10 10 30 11.56 42 389
M-20 10 30 15.10 48.45 46
M-30 10 30 20.54 54.67
Pl-based (MOFs MMM-10%MOF 10 25 13.2 - 41.58 [177]
incorporation) MMM-20%MOF 10 25 18.34 46
MMM-30%MOF 10 25 25.86 57.21
Pl-based (MOFs PI 1 35 6.86 - 29.82 [178]
incorporation) PI-ZnBDC-0.75 1 35 9.17 28.66
PI-ZnO@ZnBDC-0.5 1 35 10.08 36.00
PI-ZnO@ZnBDC-0.75 1 35 11.46 39.52
PI-ZnO@ZnBDC-1 1 35 9.79 31.58
PI-ZnO@ZnBDC-1.5 1 35 8.17 28.17
Poly(IL) (double network) DNPoly[VEIM][TFSIJ:[EMIM] 1 35 866 31 - n72]
[TFSI](80%) 1 35 464 63
DNPoly[VEIM][TFSIJ:[EMIM]
[DCA](70%)
Poly(IL)/GO FTM PIL-IL/GO on PES/PET 1 2 30929 1189 - 73]
substrate
Poly(IL) FTM Poly ([Veim][Gly]) 0.01 30 ~1400%) >2000 - 179]
Copoly(IL) M1(IL1-co-AM) 2 9 52 66 - [180]
M2(IL1-co-3AM) 2 9 76 53
Pebax/PEG ion gel membrane Pebax 1657 /tetra-PEG 1 80 ~3100 43 - [1871]

IPN/[Emim][C(CN)5]

3 p(COf) = CO, partial pressure, 1atm = 101.325 kPa; P(CO,) = CO, permeability; « = ideal CO,/gas selectivity; ®) permeance measured in hollow fiber or TFC membrane,

GPU; “ Not stated.

Janakiram and co-workers!'®2! reported on the functionalization
of nanocellulose fibers in sterically hindered polyallylamine (SH-
PAA)/PVA blend FTMs. Incorporating functionalized nanocellu-
lose into the SHPAA/PVA blend FTMs resulted in improved CO,
permeability up to 652 GPU and high CO, /N, separation of 41.3
compared to neat PVA membranes. Dai et al. discovered that dif-
ferent types of nanocellulose may result in different interactions
and dispersion patterns within the polymer matrix, leading to dif-
ferent variations of CO, capture performances.['®] In their work,
nanocellulose crystals (CNCs) and nanocellulose fibers (CNFs)
were incorporated into poly(vinyl alcohol) (PVA) and applied as
selective layers on hollow-fiber membrane substrates through
dip-coating to enhance CO, capture. The CNCs demonstrated
greater improvement in CO, permeance and CO, /N, selectivity
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than CNFs, with a value of 672 GPU and 43.6, respectively. Ad-
ditionally, the CNC modified membrane exhibited outstanding
long-term stability, maintaining its performance for up to a year.

Another biopolymer that is promising as a membrane mate-
rial for CO, capture is chitosan. While this semicrystalline and
water-swelling biopolymer contains abundant amine groups that
support CO, molecule transport, it does have solubility limita-
tions and is, only soluble in aqueous solution with a pH value be-
low 6.5. Therefore, chitosan is often modified as carboxymethyl
chitosan (CMC), a natural polyelectrolyte, that has good solu-
bility in alkaline solutions. In alkaline solutions, CMC acquires
an overall negative charge, while the carboxyl groups can serve
as the carriers in the FTMs.'8 Li et al. utilized CMC, piper-
azine, and trimesoyl chloride to prepare TFC membranes with
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different Turing nanostructures via interfacial polymerization on
the polydimethylsiloxane (PDMS)/PSf support.['¥ Interestingly,
by altering the loading of CMC, the morphology of the membrane
surface changed from corrugated nanostructures in the absence
of CMC, to well-organized networks, such as octopus-branched
structures and nodular structures at high CMC loading. The dif-
fering strengths of intermolecular hydrogen bonds was men-
tioned as the reason why these various Turing nanostructures
were observed. In addition to changing surface morphology,
adding CMC to the TFC membranes also enhanced CO, perms-
electivity, showing optimal CO, permeance of 1278 GPU and
CO, /N, selectivity of 89 at 1.5 bar for the octopus-branched mem-
brane. Chitosan nanofibers have been used as a MOF nanofi-
brous membrane template by Jiamjiranngkul et al.['¥¢] In their
work, Cu-BTC-incorporated chitosan/PVA nanofibrous mem-
brane (Cu-BTC/CNFs) hybrids were successfully synthesized by
sequentially depositing Cu®** as a metal cluster and BTC as an
organic precursor to generate Cu-BTC MOF particles on the sur-
face of the nanofibers through a layer-by-layer approach. The
CNFs/Cu/BTC-3 composite had micropores ranging from 0.6 to
0.8 nm, alongside an ~11-fold increase in specific surface area
and the adsorption capacity for CO, /N, over 14 times compared
to the neat CNFs.

Amino acids are also being explored for CO, capture, due to
their amine groups for CO, transport beneficiation. Zhang et al.
reported the utilization of amino acid salts as mobile carriers in
FTMs with PVAm as the FSC.["¥] The alanine (Ala), lysine (Lys),
and proline (Pro) salts were prepared by deprotonation with 2-(1-
piperazinyl)ethylamine (PZEA). The study showed that the ob-
tained FTMs exhibited good thermal stability, and the order of
effectiveness to facilitate CO, transport was PZEA-Pro>PZEA-
Lys>PZEA-Ala with a promising CO, permeance of 936 GPU
and CO, /N, selectivity of 210, surpassing the Robeson and mod-
ified upper bound. In correlation to these findings, Chen and co-
workers investigated the amine-CO, reaction chemistry of sev-
eral multiamine amino acid salts by *C NMR spectroscopy.!'®8!
It was found that amino acid salts with higher steric hindrance
demonstrated a higher CO, loading as well as higher CO, per-
meances of FTMs for postcombustion CO, capture.

3.2. Reversible Addition-Fragmentation Chain Transfer (RAFT)
Polymerization

One of the main challenges in well-defined polymer synthesis is
control of the molecular weight with low dispersity (D). Among
many reversible deactivation radical polymerization (RDRP) pro-
cesses, a versatile method to synthesize a variety of functional
polymers with controlled composition, controlled molecular
weight, and very low dispersity (usually D < 1.2; sometimes D
< 1.1) is the RAFT polymerization.['8191 RAFT polymerization
was invented by Rizzardo, Moad, and Thang in 1998.11%! The pro-
cess is mediated by a RAFT agent (thiocarbonylthio compound, S
= C(Z)S-R) to control the radical polymerization.'®] The mecha-
nism involves a reversible addition-fragmentation sequence, in
which the living character of the polymerization conferred by
the transfer of the S = C(Z)S- moiety between active and dor-
mant chains. The choice of Z and R in the thiocarbonylthio com-
pound is crucial to a successful RAFT polymerization. The Z

Adv. Mater. 2024, 36, 2403324 2403324 (27 of 35)

www.advmat.de

monomer
RAFT agent

X
'y = *”“\F"XIA\T”\T/‘Q
Y

ﬁ\ ﬁ Y Y

Macro-RAFT agent

n

homopolymer
statistical copolymer

alternating copolymer

gradient copolymer
diblock copolymer

triblock copolymer

graft copolymer

star polymer

cylindrical vesicle

micelle

Figure 12. The overall process and accessible polymer architectures by
RAFT polymerization. Reproduced with permission.['] Copyright 2013,
John Wiley and Sons.

group should activate the C=S double bond toward radical ad-
dition, while the R group should be a good radical homolytic
leaving group, and as an expelled radical (R*), should effectively
reinitiate radical polymerization.['") Numerous thiocarbonylthio
RAFT agents that includes aromatic and aliphatic dithioesters,
trithiocarbonates, dithiocarbamates, and xanthates, for various
monomers polymerizations have now been reported and success-
fully used in the RAFT polymerization.!192-1%]

Above and beyond its livingness, the RAFT process is also
known for its compatibility with a broad range of monomers,
effectively carried out over a wide range of reaction conditions,
tolerant of various functional groups, and free of metal cata-
lyst. It provides a route to the synthesis of polymers contain-
ing end or side chain functionality by a one-step process with-
out the need for protection or deprotection strategies, this under-
standably is an advantage in the synthesis of block copolymers
and other more complex architecture polymers.[131%°] Hard-soft,
hydrophilic-hydrophobic,['** and other block copolymers con-
taining various functionality!’®! have been reported, which can
be carried out in bulk, solution, emulsion, or suspension using
standard conditions.!'”] Star polymers has also been successfully
synthesized via RAFT polymerization,['8] indicating its wide ap-
plicability in designing polymers for different applications. The
overall process and accessible polymer architectures by RAFT
polymerization are displayed in Figure 12.

In terms of CO, capture, the RAFT method allows the fine-
tuning of polymer architecture and the inclusion of various
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functional groups to design CO,-responsive materials. To date,
the synthesis of a range of precise polymer architectures using
RAFT have attained CO,-responsive properties and are being de-
veloped further for incorporation in CO, capture technologies.
These includes diblock,'*! and triblock copolymers,[2%] graft
copolymers,[?!l and even the more complex star polymers.[2%2]
Guo et al., for example, utilized hydrophilic units of PEG,
CO,-sensitive monomer of N,N-diethylaminoethyl methacrylate
(DEAEMA), and the hydrophobic monomer of benzyl methacry-
late (BzMA) to synthesize a variety of well-defined statistical,
block, and gradient copolymers.?**! By employing both batch
and semibatch RAFT polymerization techniques, this process
resulted in CO,-responsive nano-objects that self-assembled
with bubbling CO, to nanosheet-like structures for the gra-
dient copolymers and large vesicles with thinner membrane
thickness for the block and statistical copolymers. Moreover,
Guo and co-workers reported a facile synthesis for produc-
ing well-defined CO,-responsive gradient copolymers, denoted
as PBzMA-b-P(DEAEMA-grad-NVP)-b-PNVP, using switchable
RAFT polymerization.[?**] These amphiphilic gradient copoly-
mers exhibit controlled self-assembly into various multicompart-
ment micelles in the presence of specific solvents. The micelles
feature patchy, noncontinuous subdomains that surround the in-
ner micelle cores. The authors suggest that this gradient copoly-
mers strategy holds promise for pioneering precise morpholog-
ical design and realization. More recently, this group showcased
a dual gas-responsive polymeric vesicle system by assembling
amphiphilic triblock copolymers PEO-b-P(DEAEMA-co-FMA)-b-
PS, composed of hydrophilic PEO segments, hydrophobic PS
segments, and random copolymer segments comprising O,-
responsive poly(2,2,2-trifluoroethyl methacrylate) (PFMA) units
along with CO,-responsive PDEAEMA units.?®) The RAFT-
derived triblock copolymers resulted in well-defined structures
and very low dispersity (ranging from 1.36 to 1.58). The am-
phiphilic and gas-responsive segments enable these triblock
copolymers to self-assemble in aqueous solutions, transitioning
morphologically from nanotubes to vesicles upon gas stimula-
tion. Interestingly, during CO,/O, stimulation cycles, the vesi-
cles can expand and contract in volume, thus driving morphol-
ogy changes and shape transformations for mimicking the for-
mation, respiration, and apoptosis of the alveoli.[2"]

Developing polymers with switchable functionalities is also vi-
able with RAFT. These smart multiresponse polymers undergo
reversible phase transitions or changes in response to external
stimuli, such as temperature, pressure, or pH, to allow efficient
regeneration of materials in CO, capture processes. Yin et al.
prepared RAFT copolymerization of DEAEAM monomer with
N-isopropylacrylamide (NIPAM) that resulted in the production
of either statistical or diblock copolymers with dual thermo- and
CO,-responsiveness behavior.?®! Their method offers the flexi-
bility to adjust the cloud point (CP) temperature by altering the
composition or architecture (statistical, block) or through CO,
addition/removal. Likewise, the RAFT synthesis of a series of
thermo-, pH-, and CO,- triple-responsive homopolymers con-
taining ethoxy groups and terminated with pyrrolidine, piperi-
dine, N-methylpiperazine, morpholine, and thiomorpholine end
substituents, was reported by Wang et al.[2%] Upon exposure to
CO,, all polymers exhibited complete solubility, with their lower
critical temperature (LCST) behavior recovering by the introduc-
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tion of N,, even though there was a discrepancy observed with the
initial CP. Their findings reveal the significant influence of var-
ious heterocyclic substituents on polymer responsiveness, offer-
ing valuable insights into the stimulation response properties of
polymers and suggesting pathways for the design of novel CO,-
responsive polymers. Furthermore, Wang and co-workers pre-
sented a study on RAFT polymerization of homopolymers con-
taining hydrophilic ethoxy group, amino group, and ferrocene
(Fc), with quadruple-responsiveness properties.[?””] The obtained
homopolymers displayed four different stimuli responses, i.e.,
temperature, pH, CO,, and redox. Specifically, the CO, respon-
siveness was verified by cyclic bubbling of CO,/N, through the
solution. These homopolymers exhibit amphiphilic properties
and self-assembly behavior in solution. Results indicate that they
have various critical micelle concentrations and the ability to
form lamellar, spherical, and agglomerated structures, in which
the morphologies can undergo reversible changes under applied
stimulation.

In the last 5 years, the RAFT method has also contributed
in the design of adsorbent materials and membranes for CO,
capture. Haridharan et al. successfully synthesized phyllosilicate-
anchored poly(quaternary-ammoniumhydroxidemethyl styrene)
nanocomposites to enhance CO, adsorption.[?!] The nanocom-
posite was effectively synthesized using the high reactivity
of trithiocarbonate macrochain transfer agent (macro-CTA) fa-
cilitated by RAFT polymerization, in which the macro-CTA
was essential for controlling molecular weight growth from
the phyllosilicate surface and preserving living chains with
lower dispersity values. The resulting phyllosilicate/polymer
nanocomposites exhibited CO, uptake of up to 2 mmol
g™! at 25 °C. Tiainen and co-workers reported the prepara-
tion of poly(aminoethyl methacrylate) (PAEMA), poly-(ethylene
oxide)-block-(aminoethyl methacrylate) (PEO-b-PAEMA), and
their guanidinylated derivates, namely PGEMA and PEO-
PGEMA, via RAFT polymerization to study their CO, adsorption
properties.?®] Tt was found that these polymers exhibit high CO,
capacity, with the highest value of 2.4 mmol g=! at room temper-
ature, achieved by PGEMA with 7% guanidinylation degree. Low
desorption temperature was also observed, thus requiring low en-
ergy for regeneration.

Politakos and co-workers reported the CO, adsorption per-
formances of reduced GO (rGO) monolithic materials incorpo-
rated by CeO, particles which were grafted with functionalized
polymer brushes by RAFT polymerization.[?!°] Polymer brushes
of poly(acrylic acid) (PAA), poly(vinyl caprolactam) (PVCL), and
poly [(2-methacryloyloxy)ethyl) trimethylammonium chloride]
(PMETAC) were grafted from the surface of the CeO, particles.
The result shows that the rGO/CeO, /PVCL exhibited the highest
CO, adsorption of 0.64 mmol g~!, whereas the lowest value (of
0.5 mmol g™!) was obtained by the rGO/CeO,/PMETAC. Find-
ings indicate that the presence of various functionalities (for ex-
ample different chemical groups) significantly influenced the
CO, adsorption, while specific surface areas and total pore vol-
umes exert a minimal impact. Additionally, the acidity of the CO,
played a role in the adsorption process, potentially affecting the
conformation of particles coated with polymer brushes, which
might undergo structural changes under acidic gas conditions.
In another report, RAFT-derived imidazolium-based homo-
and copoly(IL)s followed by anion metathesis reactions were
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successfully prepared by Nellepolli and co-workers.[2!!] The syn-
thesized poly(vinylimidazolium)-co-polystyrene copolymers ex-
hibited high thermal stabilities up to 300 °C, rendering them suit-
able for post-combustion CO, separation. The copolymers were
unable to form free-standing membranes due to their brittle na-
ture, thus blending with commercially available [C,mim]|[NTE,]
IL was performed. These membranes exhibited CO, permeabili-
ties ranging from 16.5 to 24.5 and CO, /N, permselectivities from
31.7 to 34.4.

3.3. Computational Modeling and Design

Developing a predictive model for forecasting CO, capacity is es-
sential. Nowadays, the attempts to predict materials early that will
exhibit enhanced CO, capture performances, particularly poly-
mer structures, and then optimize their performance, has be-
come more viable thanks to the rapid development of compu-
tational studies. Artificial Neural Networks (ANNs) is one of the
mathematical models that is beneficial for modeling processes
that lack clear physical or chemical descriptions. Moradi and co-
workers used ANN and response surface methodology to inves-
tigate the influence of independent variables, such as synthesis
time, ratio of crosslinker, duration of adsorption, pressure, and
temperature, toward adsorption capacity.?!?! Torkashvand et al.
developed carbazole-based HCPs and then their adsorption pro-
cess was investigated based on the ANN and response surface
methodology model.''”) The optimum value of adsorption ca-
pacity at 174.59 mg g~ was achieved, as well as the effects of
adsorption time, ratio of crosslinker, duration of synthesis, and
their interactions on the quantity of CO, adsorbed were also ex-
amined.

Aksu et al. performed a computational screening strategy
based on structure to identify the most suitable hypothetical COF
(hypoCOF) adsorbents and membranes for CO, capture and H,
purification.?3] Two hypoCOF subsets were constructed, namely
hypoCOF-A set for adsorbents and hypoCOF-M set for mem-
branes, by filtering the materials based on their largest cavity
diameter (LCD) and porosity values. Several chemical descrip-
tors, such as dimensionality, linker and bond types, and topo-
logical nets were examined. By Grand Canonical Monte Carlo
(GCMC) simulations using the RASPA software (version 2.0.36),
the CO, /H, separation efficiency of hypoCOF-A set, with a large
number of 3184 hypoCOFs, was assessed for both pressure-
swing adsorption (PSA) and vacuum-swing adsorption (VSA)
processes. Density functional theory (DFT) calculations were em-
ployed to understand the effect of linker types on CO, and H,
adsorption of the two hypoCOF subsets. The findings indicated
that CO, and H, form van der Waals interaction with the link-
ers and the hydrogen bonding strength between CO, and linker
functional groups plays a crucial role in the CO, selectivity of
hypoCOFs. Linkers having —OH functional groups are among
the top hypoCOFs exhibiting high CO,/H, adsorption selectiv-
ity (S,4s), due to their stronger hydrogen bond with CO,, that
increases CO, affinity. Meanwhile, molecular dynamics (MD)
simulations on 794 hypoCOFs in the hypoCOF-M set demon-
strated that they surpass the Robeson upper limit, due to their en-
hanced H, permeabilities (9 X 10°-4.5 x 10° Barrer) and higher
H,/CO, selectivities (2.66-6.14) compared to polymeric mem-
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branes. This research offers molecular-level guidance for the de-
velopment of new materials with enhanced CO, separation ca-
pabilities by highlighting key structural attributes of hypoCOFs.
Most recently, Zhang et al. employed GCMC and DFT to inves-
tigate the adsorption and separation capabilities of CO,, N,, and
CH, within 2D COFs stabilized by alkali metals, such as Li, Na,
and K.[2' In order to uncover the fundamental mechanism be-
hind the ultrahigh enhancement of CO, capture and separation
performances through anchoring Li/Na/K, various factors were
also examined, including structural stability, pore characteristics,
isothermal adsorption heat, van der Waals and Coulomb forces,
gas distribution density, adsorption configurations, and the gas
radial distribution function. Machine learning (ML) algorithms,
Monte Carlo simulations, and DFT calculations are also reported
to be employed in studies of IL optimal loading in IL/COF com-
posites for CO, /N, separations.[?”]

In the construction of FTMs, computational methods can be
employed to provide insights of the design and selection of carrier
structures to achieve better separation efficiency. These computa-
tional methods are also very useful for researchers in validating
their experimental data. Deng and co-workers utilized a series
of theoretical approaches to investigate FTM systems.[?1%] They
used DFT to explore the amine-CO, interactions within poly(N-
vinylformamide-co-vinylamine) (PNVF-co-VAm) fixed-site with
PZ-Gly and PZEA-Sar as mobile carriers. Moreover, molecular
dynamics (MD) simulations via Monte Carlo methods was em-
ployed for examining the mobility of carriers and diffusivities of
guest molecules, such as CO,, N,, and water, as well as the solu-
bility of N, . This marked the first comprehensive molecular-level
analysis of mobile carriers in the FTM system, in which the com-
putational findings were aligned to the experimental data. The
insights obtained are expected to accelerate the search for identi-
fying potential mobile carrier candidates.

Utilizing computational modeling and theoretical algorithms
can be more cost-effective and time-efficient than laboratory ex-
periments. It also allows simulations scaling up real industrial
application conditions. Meng and co-workers developed a math-
ematical model to explore single-stage membrane gas separation
for precombustion, focusing on how the performance of CO, cap-
ture is influenced by membrane properties (permeability and se-
lectivity) and operational parameters like feed and permeate pres-
sures, along with the feed flow rate.?!”) The findings from the
simulations successfully identified the optimal conditions essen-
tial for an efficient CO, capture process using actual industrial
syngas and underscore the effectiveness of FTMs in CO, removal
within both oxygen-blown and air-blown integrated coal gasifica-
tion combined cycle (IGCC) processes.

4, Conclusion and Future Outlook

In this review, we have presented the most recent advances of
polymeric materials in the domain of CO, capture. Intelligent
design of modern amine-based polymers, POPs, and polymeric
membranes that exhibit promising absorption or adsorption ca-
pabilities, alongside with competitive separation and permeation
features are showcased. Innovative synthesis pathways, includ-
ing bio-based materials, the advantage of RAFT polymerization,
and employing computational modeling provides new insights
for researchers to creatively design advanced polymer-based
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materials. Nonetheless, it is clear that the endeavor of CO, cap-
ture using polymer-based materials is still emerging, with signif-
icant advancements in material design and processes required
urgently to address the fast-paced global climate change. The fi-
nal remarks and future outlook are summarized as follows:

1)

Adv. Mater. 2024, 36, 2403324

Amine-based polymers are most widely used in CO, cap-
ture due the rich amine-CO, interaction. PEI is noted for its
dense amine groups and are commonly added to solid sup-
ports by employing techniques such as impregnation, graft-
ing, and copolymerization to improve adsorption. PVAm is
prominent especially within FTMs for its effective CO, trans-
port and chemisorption capabilities. The PVAm FTMs itself
have seen significant development, from pre-pilot implemen-
tations in coal-fired plants to pilot-scale applications with high
CO, purity levels. Moreover, the innovative use of PAN in
CO, capture technology, highlights its roles in nanofiber ad-
sorbents, membrane separation, and hybrid material devel-
opment. PAN nanofibers, are known for their high surface
area and efficiency which can be further improved through
methods like electrospinning, doping, and temperature opti-
mization. Despite their cost-effectiveness, simple synthesis,
and CO, selectivity, these amine-based polymers are suscep-
tible to oxidative and mechanical degradation. Future designs
mostly will continue using innovations that integrate protec-
tive additives to ensure durability and efficiency in CO, cap-
ture processes, such as MOFs and nanoparticles, aiming at
efficient, stable, and scalable CO, capture solutions.

POPs provide low density, extensive surface areas, cus-
tomizable pore sizes, and ample active sites for chem-
ical reactions. This category of polymer includes amor-
phous CMPs that are synthesized by coupling reactions like
Sonogashira—Hagihara reaction and Suzuki-Miyaura reac-
tion, HCPs through Friedel-Crafts alkylation, and crystalline
COFs that are structured frameworks made from organic
building blocks connected through covalent bonds. They
stand out for their low energy regeneration requirements,
high stability, and selective CO, gas adsorption properties.
Moreover, their integration into membrane separation tech-
nologies, such as MMCMs and TFC membranes, has demon-
strated enhanced CO, separation performance. Recent ap-
proaches for developing these materials involve chemical
modifications to maximize surface area and porosity, adding
polar units for more adsorption sites, postsynthetic function-
alization, and the integration of ILs. Many POPs are syn-
thesized using costly monomers and removal of their resid-
ual metal catalysts are challenging, thus future developments
should explore more on simple synthetic routes using sus-
tainable materials and metal-free methods with life-cycle as-
sessments for reduced environmental impact. POPs stand
as a progressive field in materials science and further ad-
vocating for its wider adoption in industrial production is
essential.

Polymeric membranes are especially valued for their se-
lectivity, energy efficiency, less corrosive, and minimal by-
products, despite facing challenges like the permeability-
selectivity trade-off. To surpass these limitations, research is
directed toward developing new polymeric membranes that
are primarily aimed at enhancing performance and to miti-
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gate issues such as high crystallinity in membranes. The cur-
rent strategies include the use of block copolymers, TR poly-
mers, perfluoropolymers, and FTMs, while advanced innova-
tions by the incorporation of MOFs as nanofillers or develop-
ing SILMs, highlight the ongoing efforts to improve CO, sep-
aration efficiency. For industrial applications, it is important
to overcome its high manufacturing cost and that membrane
materials are assessed in real-world and challenging sepa-
ration scenarios, which includes their degradation/fouling
challenges.

Several alternative synthesis pathways have been outlined to
develop advanced polymer-based materials for CO, capture.
The role of bio-based materials, in particular nanocellulose,
chitosan, and amino acids, offers efficient and sustainable so-
lutions to environmental challenges. RAFT polymerization
has led to the development of CO,-responsive polymers ca-
pable of forming CO,-responsive nanostructures and pro-
ducing advanced adsorbent materials and membranes with
improved CO, adsorption properties. Through innovations
like polymeric nanocomposites and functionalized polymer
brushes, RAFT polymerization offers a flexible and efficient
strategy for developing precise polymer materials, showing
great promise in enhancing CO, capture and separation tech-
nologies. Moreover, machine learning algorithms and theo-
retical approaches can be further applied to assess the design
and CO, performance of polymer materials. Advancements
in computational studies will continue on to improve the fea-
sibility and optimization of polymer materials, offering valu-
able insights for the rapid development of new polymeric ma-
terials and technologies for CO, capture and separation in in-
dustrial settings.

The future of developing polymer-based materials in di-
rect air capture (DAC) of CO, is promising and evolving,
as recently studied PEI-, PAN-, COFs-based porous adsor-
bents, and polymeric FTMs have demonstrated high selec-
tivity of CO, capture at low concentrations (<400 ppm) and
relevant for direct air capture (DAC) applications. Ongo-
ing research will be focusing on enhancing material CO,
adsorption efficiency and selectivity, faster capture and re-
lease kinetics, as well as the durability and stability, as
they must withstand numerous adsorption—desorption cy-
cles without losing effectiveness, even under extreme en-
vironmental factors such as humidity. Additionally, reduc-
ing the energy required for material regeneration presents
a significant challenge, thus advances in polymer chemistry
should develop materials that regenerate with less energy,
alongside with the synergistic integration of DAC develop-
ments with renewable energy sources and existing CCUS
technologies.

Finally, despite the significant gap between laboratory research

and industrial application, the advent of novel polymeric ma-
terials and their property improvements are expected to bring
more vitality into all CCUS technologies. Polymer-based mate-
rials holds promise for CO, capture, and more efforts are war-
ranted to promote its industrial deployment to achieve the net-
zero target and combat climate change.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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