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The urgency to mitigate global warming and climate change has catalyzed advancements in decarbonization
technologies, with membrane separation emerging as a key area of interest. Noted for its compact design, high
separation efficiency, scalability, and versatility, membrane technologies offer promising solutions for carbon
capture, utilization, and storage (CCUS). In particular, polymeric membranes are attractive due to their cost-
effectiveness, ease of fabrication, and mechanical flexibility. This review examines the latest developments in
polymeric membranes for CCUS, emphasizing material properties, durability, stability, and process optimization.
A thorough analysis of membrane-based separation processes is provided, covering various feedstocks and
capturing mechanisms, including pre-combustion, post-combustion, oxy-fuel combustion, and chemical
looping, with steam methane reforming processes as an integral part of major emission-intensive industries
producing products such as petrochemicals and fertilizers together with non-green hydrogen. The review also
explores complementary CCUS processes—absorption—stripping, adsorption, cryogenic, and biological techno-
logies—and details the challenges faced by gas separation membranes, such as permeability-selectivity tradeoff,

Received 13th November 2024, plasticization, and physical aging. The role of computational approaches, particularly artificial intelligence, in
Accepted 21st March 2025 driving innovations through polymer and membrane modifier design is also highlighted. By addressing process
DOI: 10.1039/d4ee05328a simulation, design challenges, carbon utilization, economic feasibility, and technology readiness levels, this

comprehensive review offers valuable insights into the current state and future potential of membrane-assisted
rsc.li/ees decarbonization for CCUS applications.

Broader context

Carbon-neutral technologies are vital to protecting the environment and preserving planetary health. Carbon capture, utilization and storage (CCUS)
technologies are the major focal points of scientific and industrial efforts to combat climate change. Membrane separation technologies are perfect candidates
for CCUS applications in the energy, cement, and chemical industries. These technologies could be applied to the existing infrastructures with minimum
environmental footprint. The advancement in polymeric membranes for CCUS has led to low-cost and efficient separation units with higher efficiency. A
holistic overview of the technologies is offered to highlight global warming challenges and membrane’s contributions to collaborative ecosystems.
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1. Introduction

To limit global annual temperature rise to 1.5 to 2 °C, greenhouse
gas (GHG) emissions must be reduced by 2025, with a net-zero
plan executed by 2070." Decarbonization strategies have been
central in combating global warming over the past two decades,
involving modifications to existing processes and adopting low-
carbon technologies.” While most decarbonization efforts focus on
the transportation and energy sectors, there is also growing
interest in developing new fuels and energy sources.” However,
the ongoing reliance on GHG-intensive industries is crucial for
economic growth, as fossil fuel consumption and economic
development are deeply connected.” To address the environmental
impacts of using fossil fuels, increasing attention has been given to
improving process efficiency and minimizing emissions.” Despite
these efforts, GHG emissions are projected to grow at 1% annually
until 2040, with CO, emissions in the energy sector expected to
increase from 36 billion metric tons in 2020 to 43.2 billion metric
tons by 2040.°

Given these projections, various mitigation strategies are
urgently needed to prevent severe environmental changes. Some
of the proposed pathways include enhancing energy efficiency,
shifting to low-carbon or zero-carbon energy sources, and
employing carbon capture utilization and storage (CCUS).®™®
CCUS is vital for separating CO, from industrial and energy-
related sources, transporting it for storage or utilization, and
permanently removing it from the atmosphere.’ The primary
CO, sources are fossil fuel power plants, and industrial sectors
like iron, steel, cement, and chemical production. Other sectors,
including agriculture, livestock, and land-use changes, also
contribute to rising GHG levels.'”'! Removing CO, directly from
its primary stationary sources has been identified as the most
effective method for emission reduction, steering researchers
toward CCUS processes.

CCUS mainly involves separating CO, from exhaust or turbine
streams in industrial and urban sectors, followed by storage. While
the future role of CCUS technologies in achieving netzero emis-
sions remains uncertain, their application is necessary for current
industrial sectors.">"? Existing CCUS technologies, such as physi-
cal/chemical absorption, adsorption, bioremediation, and cryo-
genic separation, are energy-intensive and can increase the
energy demand of power plants by 10-40%.'*'*> Therefore, there
is a pressing need for energy-efficient CO, separation methods.
Membrane separation has emerged as a promising candidate due
to its energy-conserving nature and high separation efficiency.'®

This literature review aims to (i) provide an overview of current
CCUS scenarios, (ii) introduce various membrane-based materials
for carbon capture, utilization, and storage, (iii) offer an overview of
the products with more commercialization chances, (iv) discuss the
technology readiness level (TRL) of membranes and compare it
with the other CCUS technologies and take a look at impact
assessment studies, (v) review the most recent efforts focused on
the process simulation, computational, machine learning and
artificial intelligence-related research for membrane-based gas
separation processes, (vi) and compare the cost-effectiveness of
these membrane-based solutions with existing conventional
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technologies. Many previous reviews focus on either the traditional
CCUS technologies or specific aspects of membrane separation,
such as material types or separation mechanisms.*?>® However,
this review takes a broader approach by first examining the
characteristics of various CO,-rich streams. Understanding the
diversity and specific properties of these streams allows for a
stronger foundation when discussing both conventional and
advanced CCUS scenarios, addressing their distinct requirements
and operational challenges. In addition to offering detailed insights
into membrane materials, separation mechanisms, and perfor-
mance metrics in CCUS applications, the review extends beyond
traditional technologies, such as absorption-stripping, adsorption,
cryogenic separation, and bioprocesses, by exploring membrane-
based hybrid methods. This broader perspective enables a more
complete analysis of how these emerging membrane technologies
can integrate with existing systems to enhance efficiency and
sustainability. It also addresses recent advancements in membrane
technology, including modifications and applications, thereby fill-
ing a gap in the literature where these technological nuances are
often overlooked.

The paper also differentiates itself from prior studies by discuss-
ing computational efforts, artificial intelligence, and machine learn-
ing for membrane design and optimization. Focusing on the
economic feasibility and technology readiness levels (TRLs), it
provides a pragmatic perspective on the future implementation of
membrane-based CCUS. Ultimately, this review consolidates current
techno-economic insights while offering a comprehensive roadmap
for the future development of membrane-based CCUS technologies.
It distinguishes itself from previous studies by adopting a holistic
approach, addressing the entire spectrum of CCUS processes, from
material science and separation mechanisms to economic feasibility
and advanced computational methods. By integrating these diverse
aspects into one framework, this review provides a more unified
perspective on the potential and challenges of membrane-based
CCUS, setting it apart from more narrowly focused works.

2. Emission-producing industries and
their effluents

Understanding the target stream is essential before exploring
various CCUS methods. Flue gas, also known as exhaust or stack
gas, is the outlet stream of the combustion process, carrying the
products of the fuel and air reaction. The composition of these
streams can vary significantly depending on factors such as the
pollution source, the nature of the plant, and operational
conditions.”® Power plants generate flue gas that contains dust
particles, sulfur oxides, and nitrogen oxides. Standard power plant
emissions typically need to meet the following conditions: Impure
carbon particles (soot) < 10 mg m 3, SO, < 35 mg m %, NO, <
50 mg m>.** World Health Organization (WHO), established Air
Quality Guidelines (AQG, version 2021) with 24-hour concentration
limit of SO, < 40 ug m~3, NO, < 25 ug m™?, fine particle matters
with diameter equal or less than 2.5 pm (PM,5) < 15 pg m™ >,
(PMy) < 45 pg m >, and CO < 4 pg m >.*" WHO does not
recognize CO, as a direct air pollutant for outdoor environments.

This journal is © The Royal Society of Chemistry 2025
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Industries could create CO, as a side product in a reaction or
through combustion. Major producers are power plants (through
furnaces, turbines, boilers), cement industry (through precalci-
ners), refineries (through process heaters, catalytic cracker), iron
and steel production industries (through blast furnaces, oxygen
furnaces), petrochemical production (through steam cracking
process), fertilizer production (through reforming processes for
ammonia production, urea production), and alcohol production
(through fermentation).*® Indirect generation of CO, must also be
considered through supply chain, feedstock and utility production,
etc.** The contribution of each industry to CO, emissions varies by
region due to differences in social and industrial activity profiles.
As an example, the two major emission producers in the world, US
is mainly producing CO, (more than 50% of overall emission
production) through consumption of coal and natural gas in
power plants,** while China creating CO, through the manufactur-
ing industries.>*

Pre-treating flue gas before the CCUS process can enhance
CCUS efficiency and improve the maintenance of downstream
equipment.*> When dealing with fuel sources such as munici-
pal waste incineration, coal, sludge from water treatment
plants, other products used as fuel in the cement plants, and
biogas, the exhaust may contain other components, including
hydrogen chloride, hydrogen fluoride, and heavy metal deriva-
tives. The flue gas composition also depends on the air stream’s
characteristics fed into the combustor and the air/fuel ratio, as
air pollutants can impact combustion efficiency and the
exhaust stream quality. Combustion conditions are another
crucial factor; for instance, a typical oxygen and hydrocarbon-
fueled combustor converts most sulfur content to sulfur diox-
ide. However, high temperatures and excess oxygen favor the
formation of sulfur trioxide. Conversely, low oxygen content in

Table 1 Different emission’s components, concentrations, and characteristics
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the combustion reaction can result in fuel derivatives in the
exhaust.*®

The sensitivity of each CCUS process needs to be considered
in the design parameters, making it essential to understand the
differences between various sources. Different filter materials
and separation mechanisms react uniquely to contaminants
and impurities during membrane separation. For example,
moisture has a counterintuitive effect: while it can facilitate
CO, transport through amine-containing membrane materials,
excessive water vapor may form a water film on the membrane,
hindering the process.?” Table 1 compares flue gas composition
from various sources, while Table 2 illustrates the typical out-
put composition after the CCUS process.

Components in the CO,-rich stream can significantly alter its
thermophysical properties. These changes may include a higher
critical point pressure, increased likelihood of a two-phase
stream within certain pressure and temperature ranges, and
variations in density and compressibility. Additionally, trans-
port properties that affect heat, mass, and momentum transfer
can also change, impacting the stream’s behavior.**™*?

3. The CCUS perspective in different
scenarios

CCUS technologies can be adopted for various scenarios, including
pre-combustion, post-combustion, oxy-fuel combustion, and
chemical looping combustion.'*****> Among the most common
technologies for fuel processing, hydrogen production, and
fertilizer manufacturing are steam methane reforming (SMR)
and auto thermal reforming (ATR), which produce CO, as a
byproduct. Removing CO, from SMR and ATR discharges may

35,36,38,39

co, N, H,0 Ar CH,
Source (vol%) (vol%) O, (vol%) (vol%) (vol%) (vol%) SO, (ppm) NO, (ppm) H,S (ppm)
Natural gas combined cycle 7 66 14 6 1 N/A N/A 10-300 N/A
Integrated gasification combined cycle 3 76 12 14 1 N/A 10-200 10-100 N/A
Coal-based power plants 11 76 6 6 1 N/A 300-5000 500-800 N/A
Municipal waste incineration power plant 6-12  Balance 7-14 10-18 1 N/A 200-1500  200-500 N/A
Cement industry resources 19 59 7 13 1 N/A 5-1200 100-1500 N/A
Household resources 34-38 0-5 0-1 6 N/A 50-60 N/A N/A 100-900
Agriculture resources 19-33  0-1 Less than 0.5 6 N/A 60-75 N/A N/A 3000-10 000
Agrifood resources 26 N/A N/A 6 N/A 68 N/A N/A 400
Refinery 123 718 4.4 103 1.2 N/A  N/A N/A N/A
Iron and steel industry (basic oxygen furnace) 34.5 60.4 N/A 4.5 0.6 N/A N/A N/A N/A
Iron and steel industry (blast furnace) 21.5 46.5 3.7 4.2 0.6 N/A N/A N/A N/A
% CO: 23.45%.
Table 2 Impurities in the CO, after each CCUS process*°
CCUS process Impurities

CO, captured from natural gas sweetening

CO, captured from heavy oil production and upgrading

CO, captured from power plants using post-combustion capture
CO, captured from power plants using oxy-combustion capture
CO, captured from power plants using pre-combustion capture

This journal is © The Royal Society of Chemistry 2025

CH,, amines, H,O

H,S, N,, O,, CO, H,0, H,, COS, Ar, SO,, NO,
N,, amines, H,0, O,, NH3, SO,, NO,

NZ) 027 SOZ; HZSy Ar

H,, CO, N,, H,S, CH,
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lessen the load and optimize the product’s ultimate cost.**™*° It
can also be used to directly remove CO, from the air rather than
targeting specific emission streams. The selection of the appro-
priate CCUS scenario and the related processes depends on
several factors. These include the operational characteristics of
the plant generating emissions, the economic feasibility and
efficiency of the CCUS process, and the environmental regula-
tions that dictate the permissible levels of emissions. Each
scenario offers distinct advantages and challenges, with the
choice largely driven by the specific needs and conditions of
the industrial application.

3.1. Pre-combustion

During fuel preparation for power generation, such as in coal
gasification plants or integrated gasification power plants (IGCC),
hydrocarbons react with water and oxygen, forming CO, CO,, and
hydrogen. Subsequently, the water-gas shift (WGS) reaction con-
verts CO into CO,, reducing its content in the syngas. This syngas
is then utilized for power generation, but the high concentration
of CO, can adversely impact combustion efficiency. Therefore,
removing excess CO, is essential to optimize overall process
efficiency. This CO, removal step is also referred to as hydrogen
or fuel purification, commonly known as upgrading. Fig. 1
illustrates the pre-combustion CO, removal scenario in power
generation, where the separation element is represented using a
membrane unit, reflecting the focus of this review on membrane-
based separation technologies.

Removing CO, before using the fuel is crucial, particularly in
natural gas purification after extraction from wells. This pro-
cess reduces the burden on downstream operations, minimizes
pipeline corrosion, and enhances extraction efficiency when the
separated CO, stream is reinjected into the wells. Furthermore,
CO, removal increases the energy content of natural gas,
ensuring compliance with market and regulatory standards. It

Fuel
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also optimizes the performance of gas processing equipment
and significantly boosts the economic value of the gas. A
schematic of this process is shown in Fig. 2, highlighting its
role in improving overall system efficiency.

3.2. Post-combustion

Post-combustion strategies focus on removing CO, from
exhaust streams after combustion, where hydrocarbon fuel is
mixed with air. In conventional combustion streams at ambient
pressure, CO, concentrations range between 3-15%.°%*! The
main challenge in these processes arises from the low concen-
tration of CO, and the high temperature of the outlet stream,
both of which complicate the sizing and design of separation
systems. Low concentrations drive up separation costs, leading
to an 8 to 12% decrease in process efficiency.***® Despite these
challenges, a key advantage of post-combustion CCUS strate-
gies is their compatibility with existing infrastructure, requiring
no significant changes to upstream processes. This adaptability
is one reason why post-combustion remains the only fully
commercialized CCUS strategy to date.® Fig. 3 provides a
schematic representation of this scenario.

3.3. Oxy-fuel combustion

Oxy-fuel combustion refers to using pure oxygen for combustion
instead of air. This process increases the CO, concentration in
the exhaust to over 80% and reduces NO, emissions by eliminat-
ing nitrogen from the combustion process. This higher concen-
tration of CO, makes it easier to capture and remove from the
flue gas compared to post-combustion CCUS methods.>*>® Con-
ventional furnaces, where 79% N, enables steady propagation
because of CO,’s lower thermal diffusivity, stronger radiation,
dissociation, and cooling effects. Stable oxy-fuel flames usually
include up to 70% CO, in the CO,/O, combination since higher
concentrations lead to instability.>”*® Oxy-fuel combustion has a

CO;
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Fig. 1 Schematic of pre-combustion CO, removal after reforming and water-gas shift reaction.

5028 | Energy Environ. Sci., 2025, 18, 5025-5092

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05328a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 aprel 2025. Downloaded on 28.01.2026 14:51:14.

(cc)

Energy & Environmental Science

View Article Online

Review

(—

CO,

IIEIE-

pipeline energy-carrier
transport

Natural gas well
. J L

Membrane Separation

7

| \

?A?‘G%

CH,and other
hydrocarbon
fractionation

\_ /L

exportation

_ \ J ~e—mo

Separation of CO,
happens before the
process

Fuel is processed to produce H,
with CO, as a side product

Natural gas processing Transportation
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Fig. 3 Schematic of post-combustion CO, removal from the flue gas after emission production in different industries.

few challenges to overcome, including high temperature (close to
3500 °C), and instability of the flame due to the pure O, usage
instead of air.

Recirculating the flue gas (in wet or dry state) back to the
burner is a common practice to help regulate the flame tempera-
ture during combustion, allowing the process to stay within the
metallurgical constraints.”® Wet flue gas could trigger corrosion
and erosion. Dry flue gas recirculation is therefore advised, in
which flue gas is recycled downstream of the operation of gas
cleanup units, including moisture condensers, particulate filters,
and flue gas desulfurization units.*

Techno-economic evaluations identify oxy-fuel combustion
as one of the most cost-effective and energy-efficient CCUS
solutions available.®’®® However, the requirement for pure
oxygen, which is usually produced via energy-intensive cryo-
genic processes, represents a significant drawback. The oxygen
supply process can lead to an approximate 10% reduction in
power plant efficiency, although this impact varies depending
on the plant’s baseline characteristics.®® These challenges,

This journal is © The Royal Society of Chemistry 2025

particularly the high energy demand for oxygen production,
continue to pose significant obstacles to the large-scale imple-
mentation of oxy-fuel combustion.®

3.4. Chemical looping combustion

Chemical looping combustion (CLC) is a relatively new process
to which CCUS strategies can be applied. It divides the combus-
tion process into two reactors. In the first reactor (air reactor),
an oxygen carrier, typically a metal such as nickel, iron, or
copper®®®’) reacts with air to oxidize the metal. The metal oxide
is then transferred to a second reactor (fuel reactor) where it
reacts with a hydrocarbon fuel, producing pure CO, while
reducing the metal oxide back to its metallic form. The metal
is then cycled back to the air reactor for reuse.®®

Since the idea’s inception in 1983, CLC has gained attention
for its potential in carbon capture, leading to significant devel-
opments, including a 1 MWth pilot plant established in Germany in
2015.%%% Research efforts are currently focused on improving various
aspects of the process, such as enhancing the performance and

Energy Environ. Sci., 2025, 18, 5025-5092 | 5029
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durability of the oxygen carriers” "

and refining process integration
and intensification techniques to optimize efficiency.”>”> CLC shows
promise for increasing CCUS efficiency while lowering energy penal-

ties compared to traditional methods.

3.5. Direct air capture

Direct air capture (DAC) focuses on removing CO, directly from the
atmosphere, distinguishing itself among CCUS technologies by
targeting non-stationary and widely distributed emission sources,
which collectively contribute nearly 50% of human-made CO,
emissions. Originally proposed by Lackner in the 1990s as a
method to combat climate change, DAC has gained considerable
attention from researchers focused on improving its efficiency and
reducing costs.”® Unlike traditional CCUS methods that concen-
trate on emissions from specific stationary sources, DAC relies on
adsorption and absorption processes to capture CO, from the air.
However, one of its key challenges lies in the costly regeneration of
sorbents, which limits the technology’s economic viability. Addi-
tional concerns include DAC’s high energy and material demands
and complexities surrounding proper CO, storage. Despite its
promising potential, these issues continue to raise doubts about
7677 Table 3 provides a com-
parison of different CCUS strategies. The ocean absorbs approxi-
mately 27% of atmospheric CO,, converting it into carbonate
and bicarbonate ions while maintaining climate equilibrium.
The rising atmospheric CO, concentration, alongside the

DAC’s large-scale implementation.

decreasing ocean pH, suggests a weakened capacity of the ocean
as a natural carbon sink, prompting interest in direct air capture
from the ocean (DOC).”® DOC, a less-explored subdivision of
DAC, reverses the acidity of the ocean water with the controlled
impact on the environment and sea life. Using alternative
renewable energies and novel technologies with low emissions
to produce alkaline solutions for pH adjustment has been a major
topic of focus for academic and technology development teams.”®
Utilization of DOC technologies will likely require the development
of advanced solvents and adsorbent materials with improved
capture capacity, selectivity, and lower regeneration costs.

4. Current processes and technologies
for CCUS

Several processes have been developed for carbon capture, utiliza-
tion, and storage (CCUS), spanning a range from laboratory-scale
research efforts to more commercialized applications. Each pro-
cess exhibits unique characteristics in terms of scale, application
scope, retrofit potential, and cost-effectiveness. Fig. 4 provides a
general classification of these available processes, highlighting key
distinctions across different approaches. In this subsection, an in-
depth overview of these CCUS processes is presented to provide a
comprehensive understanding of the current technological land-
scape and its implications.

4.1. Absorption-stripping

The only fully commercialized CCUS technology is absorption.
Fig. 5 shows a typical amine-based absorption-stripping flow

5030 | Energy Environ. Sci., 2025, 18, 5025-5092

Table 3 Comparison of pros and cons for different CCUS scenarios’®80-82

Energy

Cons

Pros

consumption
(GJ per tone CO,)

(USD per tone CO,)

CO, separation cost

Removal efficiency

(vol% CO,)

CCUS scenario

View Article Online

Energy & Environmental Science

complications in case of H,-rich streams,

high Capex and Opex,
Low CO, removal efficiency in low CO,

concentrations
Immature and under development
Low CO, partial pressures in the air

make the process cost and

High parasitic power requirement
energy-deficient

Temperature and efficiency
Applicable new IGCCs only
High cost of oxygen supply,
energy-intensive,

Proper for high concentration and partial
pressure of CO,, easy separation, suitable for
most of the existing plants, developed/
matured technology

current plants through retrofitting and
Works with low-cost oxygen-carrying metals,
proper for high CO, levels,

Proper for high CO, levels, applicable to
repowering

Matured process and already in use
Proper for non-stationary sources

“ The scenario covers technologies in autothermal reforming (ATR) and steam methane reforming (SMR).*®*® » The scenario covers direct ocean capture (DOC).*
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Fig. 4 Classification of different CCUS technologies. !4

sheet for post-combustion carbon capture. In this process, CO,-
laden flue gas enters a separator to remove trapped particles
before passing through an absorption column, where it comes
into contact a lean amine solution, absorbing the CO,. The
resulting “rich” amine solution is heated via a heat exchanger
before entering a stripper column, where steam removes the
CO,. The CO,-laden vapor is condensed at the top of the
column, and recycled vapor returns as reflux. The lean amine
is then reheated in the heat exchanger and recirculated back to
the absorption column. A significant drawback of this process
is the high energy demand for regenerating the rich amine,
which can account for up to 50% of the annual process costs,
significantly increasing overall plant expenses.’*%*

The selection of solvent is a crucial and continually evolving
element in the CO, absorption process. An ideal solvent should
have high CO, solubility, low energy requirements for regen-
eration, and fast reaction kinetics with CO,.%® Amines, particu-
larly monoethanolamine (MEA), are the most recognized and
cost-effective solvents, with other common options including
diethanolamine (DEA), methyl diethanolamine (MDEA), and
triethanolamine (TEA).*® Inorganic solvents, such as potassium
carbonate and sodium carbonate mixed with ammonia, are also
used, with potassium carbonate being the most popular. Inor-
ganic solvents offer advantages like greater stability, reduced
environmental impact, and lower energy demands for regenera-
tion compared to primary and secondary amines.®’” However,
amines are preferred in coal-fired flue gas applications due to
their superior CO, selectivity.®®

Ongoing research focuses on improving the efficiency of
these absorbents by focusing on enhancing kinetics, solubility,
energy efficiency, and key operational characteristics like foam-
ing, viscosity, surface tension, and thermal stability, all while
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reducing environmental impact. Numerous studies have exam-
ined the properties of amine-based solutions for CCUS, includ-
ing vapor-liquid equilibrium (VLE) data that are critical for
process optimization.?*~°

Post-combustion adsorption processes are often preferred
over alternative technologies for several reasons: (i) they have a
long history of practical use, providing extensive industry
experience in handling and maintenance; (ii) they typically
require minimal modifications to existing infrastructure; and
(iii) maintenance of the CCUS system can be performed without
disrupting upstream operations.**

In addition to solvent selection, the absorption-stripping
process can be optimized through several advanced techniques
and process integrations. Methods such as absorber inter-
cooling, multi-solvent feeding, employing a semi-lean solvent
stream in the stripper, and solvent splitting in the rich phase
have shown potential to enhance efficiency.”” These modifica-
tions are aimed at addressing the main challenges of reducing
energy penalties and achieving capture costs below $20 per ton
of CO,.°® Another promising strategy is increasing CO, concen-
tration in the flue gas, which typically ranges from 3% to 15%,
depending on the source. Utilizing membrane-based technolo-
gies for initial CO, concentration can significantly improve the
overall CCUS process efficiency.’®"%°

Despite their widespread use, absorption-desorption meth-
ods for CO, capture present several challenges, including high
energy requirements for solvent regeneration and producing
harmful byproducts from oxidative degradation. Other issues,
such as equilibrium limitations, amine degradation, and equip-
ment corrosion due to the aqueous phase, further complicate
the process.'®’ Continued research is focused on refining
solvent performance and advancing process improvements to
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Fig. 5 Typical post-combustion carbon capture process flow sheet.>*

address these challenges. Comprehensive reviews of recent
developments in absorption-based post-combustion CCUS
technologies can be found in the literature,?”:°710>7103

4.2. Adsorption

Adsorption-based CCUS technologies take advantage of CO,’s
stronger binding affinity for certain adsorbents compared to
other flue gas components.'® Physical adsorption uses van der
Waals forces to bind CO, molecules to the adsorbent’s surface,
offering an easier regeneration process than absorption, which
requires chemical bonds. The ease of regenerating adsorbents,
either thermally or by pressure modulation, significantly
reduces the energy consumption in the CCUS process, making
adsorption a more energy-efficient option.

Key performance metrics for adsorption-based CCUS technol-
ogies include adsorbent durability, CO, selectivity, adsorption
capacity, and the stability of the adsorbent after multiple adsorp-
tion/desorption cycles."®” In the temperature swing adsorption
(TSA), the adsorbent is regenerated by increasing the adsorption
bed’s temperature, often using hot gas or steam. In contrast,
pressure swing adsorption (PSA) and vacuum swing adsorption
(VSA) use pressurized flue gas to adsorb CO,, followed by a
reduction in column pressure to release the captured CO,.

While PSA and VSA are more energy-efficient under certain
operational conditions,"* TSA may be a more practical solution
for large-scale applications, as flue gases are often at atmo-
spheric pressure, making it costly to compress high volumes of
gas continuously.®® Therefore, TSA might provide a more
feasible option in scenarios where cost control is critical
despite its energy demands.'®

5032 | Energy Environ. Sci., 2025, 18, 5025-5092

4.3. Cryogenic technologies

Cryogenic CCUS involves separating CO, from a gas stream by
cooling it to the point where CO, transitions to a liquid or solid
phase, making it easier to extract. This phase-change-based
technique relies on the differences in the boiling points or
desublimation characteristics of the stream components. Fig. 6
categorizes the various cryogenic CCUS technologies, and Fig. 7
illustrates the decarbonization process of flue gas using cryo-
genic methods.

When cryogenic separation is based on boiling point differ-
ences, it is classified as conventional vapor-liquid separation,
commonly used in natural gas purification to liquefy and
remove CO,. However, significant drawbacks include the high
energy requirements for high-pressure equipment and the risk
of solid formation leading to blockages. Additionally, water
content in the gas stream must be meticulously removed to
prevent ice formation, which can disrupt pressure profiles.**®
The solidification of CO, can be further avoided by the Ryan/
Holmes extractive technology, which uses a heavier hydrocar-
bon for enhanced solubility of the liquified CO,, as well as a few
other parameters that facilitate the separation process.''® The
separation parameters, i.e., recovery ratio and purity of the
streams, are adjusted by tuning operational pressure and
temperature and using flash separation units and stripping
columns, which eliminate O,/N,/Ar components (gases with
lower boiling points).'*"**?

Cryogenic processes, while energy-intensive, offer high CO, purity
without toxic chemicals and can be applied to streams with varying
CO, concentrations. The unconventional cryogenic process, which
uses CO, desublimation (solid-vapor equilibrium), may reduce

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Cryogenic process for flue gas decarbonization.

113 Available technol-

energy intensity at higher CO, concentrations.
ogies include:

(i) Normal pressure cooling process of the flue gas, requiring
temperatures below —100 °C.

(ii) Direct multistep compression above the critical pressure
(about 73 atm), where liquefied CO, can be stored in the
seabed—though highly energy-intensive.

(iii) Hybrid approaches, where pressurized streams are
cooled to liquefy CO, or pressurized liquid CO, is solidified
through throttling and temperature-pressure adjustments.

These methods must avoid air or nitrogen dilution to
improve energy efficiency and could benefit from cold energy
reCOVer.35’114'115

4.4. Biological processes

Biological carbon mitigation processes leverage bioreactions
within living organisms to naturally consume CO,. Through
photosynthesis, solar energy drives the conversion of CO, into

This journal is © The Royal Society of Chemistry 2025

organic carbon, a process known as bio-sequestration. Practices
such as agroforestry, cropland extension, and pasture develop-
ment are examples of biological carbon mitigation, though their
overall impact on atmospheric CO, removal is considered mini-
mal. Nonetheless, these practices persist as interim measures
until more practical, large-scale solutions are developed.*®

One promising approach in biological carbon mitigation is
the bioconversion of CO, using microalgae bioreactors, which
offer high photosynthetic efficiency (3% to 8%) and robust
biomass productivity.""” Flue gases rich in CO, provide an ideal
environment for algal cultivation,"*® with the potential for eco-
nomic advantages in biorefineries."’> However, pollutants like
SO, and NO, in flue gases can acidify the culture medium,
limiting the growth of certain algal species. To mitigate these
challenges, technical solutions such as feed stream pretreatment
and selecting suitable algae (thermotolerant, pH-tolerant, with
enhanced photosynthetic efficiency) have been proposed.'®'*°
Additionally, using enzymes can enhance CO, consumption,

Energy Environ. Sci., 2025, 18, 5025-5092 | 5033


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05328a

Open Access Article. Published on 04 aprel 2025. Downloaded on 28.01.2026 14:51:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

View Article Online

Energy & Environmental Science

co,
[c) 0Q ElofFlxation | Sedimentation
Filtration
° g ®
—n Raceway Pond Biomass _ afn
— Production Contiiugaton  F—a  Downstieam g':"“y‘;d
(- X =
£50
%2 en e, €.
Snyirogen
P
Fig. 8 Photoreactors for microalgae culture to reduce carbon emission.'??
Table 4 Comparison of different CO, separation processes with the focus on energy consumption
Technology Energy consumption Key challenges Advantages Ref.
Absorption-stripping 3-6.5 GJ per ton CO, High energy for solvent Mature and widely used, high CO, 123 and 124
regeneration, corrosion, solvent  selectivity
degradation
Adsorption (TSA) 3.5-5.6 GJ per ton CO, High heating requirement, slower Lower energy demand than absorption, 125 and 126
cycle times reusable adsorbents
Adsorption (PSA/VSA) 0.4-4 GJ per ton CO, Pressure dependency, moderate  More energy-efficient than TSA, fast cycle 127 and 128
Lower than TSA, varies scalability times
with pressure
Cryogenic separation 2.3-4.4 GJ per ton CO, Extreme cooling needed, risk of High CO, purity, no chemical waste 129
ice/solid CO,, formation
Biological processes  Low, dependent on sunlight & Slow process, requires large Sustainable, can integrate with biofuel 130 and 131
(Microalgae) reactor conditions space and sunlight production
Membrane separation 1 GJ per ton CO, Not commercialized Retrofittable for different industries, 132

enabling more sustainable reactors that utilize environmentally
friendly solvents.'®" Fig. 8 illustrates various bioreactor systems
for CO, bio-sequestration. Table 4 also compares the technolo-
gies reviewed in Section 4.

5. Membrane-based CCUS
technologies

The concept of gas separation membranes was initially proposed
in 1866."** Asymmetric membranes were practically put in use into
the 1960s by Loeb and Sourirajan’s pioneering work."?*'%>
Membrane separation techniques rely on differences in diffusivity,
solubility, absorption, and adsorption properties of gases across
various materials."*® Membranes are particularly effective for CO,
separation due to the significant size difference between CO, and
other gases in flue gas mixtures.””” The advantages of
membrane technology in CCUS applications include avoiding
phase changes in gas streams, scalability, adaptability to both
post-combustion and pre-combustion techniques, and the
potential for process intensification. Additionally, membranes
are low-maintenance, occupy a small footprint, and can func-
tion under harsh conditions depending on the material."*® For
example, a membrane unit designed for a 600 MW power plant

5034 | Energy Environ. Sci., 2025, 18, 5025-5092

lower capital and operation costs

was estimated to require only 0.004 km” area, significantly less
than amine-based units."*

The driving force for transport through the membrane is the
chemical potential difference, which can manifest as pressure,
concentration, temperature, or electrical gradient, depending
on the specific process.*® In the gas separation process, the
driving force is the transmembrane pressure. Gas molecules
vary in size, represented by their kinetic diameter, along with
other characteristics, such as activation energy and shape
factors, which influence the separation process. Table 5 sum-
marizes the molecular characteristics relevant to pre- and post-
combustion processes.

Depending on the gas stream composition and the membrane
characteristics, the transport mechanism may involve Knudsen
diffusion, molecular sieving, solution diffusion, or a combination
of these. In porous membranes, molecular sieving (with pore sizes
between 0.5 to 2 nm) and Knudsen diffusion (with pore sizes from
5 to 10 nm) are the dominant mechanisms.'**> Molecular sieving
occurs when the membrane pore size is nearly equivalent to the
size of the gas molecules, allowing smaller molecules to pass while
blocking larger ones. In Knudsen diffusion, the permeation rate is
proportional to the velocity of the gas molecules and inversely
proportional to the square root of their molecular weight, provided
the pore size is smaller than the gas molecules’ mean free path.'*?

This journal is © The Royal Society of Chemistry 2025
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Table 5 Characteristics of gas molecules in various membrane-based CCUS and decarbonization processes**

Molecule Kinetic diameter (A) Polarizability (A% Dipole moment (D) Quadrupole moment (D A)
H,0 2.65 1.50 1.85 2.30

H, 2.89 0.78 0 0.66

CO, 3.30 2.50 0 4.30

0O, 3.46 1.58 0 0.039

NO 3.49 1.70 0.15 N/A

H,S 3.60 3.78 0.97 N/A

N, 3.64 1.71 0 1.54

CO 3.76 1.95 0.11 2.50

CH,4 3.80 2.44 0 0.02

Porous membranes
transport mechanism vary
based on the pore size

Dense membranes
transport mechanism is
solution-diffusion and it

could further be facilitated
by modifiers

Knudsen diffusion
gas molecule
transmittance is
proportional to square
of its molecular mass
0.01t0 0.1 um

Non-selective
convection (or
viscus flow)

bigger than 0.1 pm

Fig. 9 Membrane's pore size and attributed transport mechanisms.

On the other hand, dense membranes separate gases through
solution diffusion, where target gas molecules adsorb onto the
membrane surface, diffuse through the membrane, and then
desorb on the opposite side. Catalytic reactions can further facil-
itate this process, particularly in hydrogen purification using
palladium membranes."**'* Fig. 9 illustrates the pore size ranges
and corresponding transport mechanisms.

5.1. CCUS membranes from the material point of view

Gas separation membranes can be categorized into four main
types: inorganic (ceramic), organic (polymeric), metallic, and hybrid
membranes (also known as mixed matrix membranes, which
contain both organic and inorganic components). Ceramic mem-
branes, which emerged in the 1960s for applications such as gas
separation and beer extraction, are particularly well-suited for use in
harsh operating conditions due to their durability and thermal
stability.**'*” Common ceramic membrane materials include
alumina, zirconia, silicon nitride, and perovskites like calcium
titanium oxide. These materials are prized for their robustness
in extreme conditions. For example, dense perovskite-based

This journal is © The Royal Society of Chemistry 2025

Dense membrane
pore size of the
membrane
approaches to the
thermal motion
range of the
polymer segments

Molecular sieving
(surface diffusion)
pore size is in
nanometric scale
less than 0.001 pm

ceramic membranes are well-suited for high-temperature oxygen
separation in integrated gasification combined cycle (IGCC) plants
equipped with CCUS technologies."**'*® Therefore, despite their
high production costs, ceramic membranes remain a viable option
for pre-combustion CCUS applications.'*® Ceramic membranes
are generally three times as expensive as polymeric filters,"*® with
ceramic materials costing around $500-$2000 per m” compared to
$50-$400 per m” for polymeric membranes."**"** These cost
differences push many industries toward using polymeric mem-
branes, with additional benefits such as defect-free large-scale
production further encouraging this trend."®

On the other hand, polymeric membranes offer a lower-cost
alternative to ceramic ones. Various polymeric materials, such
as cellulose-based polymers, polysulfone (PSF), polyether sul-
fone (PES), polyimide (PI), polyamide (PA), and polybenzimida-
zole (PBS), have been introduced for gas separation. While
easier to fabricate, polymeric membranes have limited resis-
tance to mechanical, thermal, and chemical stress. For exam-
ple, high-temperature resistant polymers like PBS may struggle
under extreme conditions, such as those found in IGCC plants,

Energy Environ. Sci., 2025, 18, 5025-5092 | 5035
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Membrane material Working criteria Target gas  Details

Organic Porous polymers (standalone and Molecular sieving/ CO, or H, Low resistance to temperature and harsh operating
composite, rubbery/glassy) solution-diffusion conditions, low production cost

Inorganic  Dense metal (Palladium, Palladium Solution-diffusion H, Highly selective to H,
composites) Moderate to high resistance to temperature

Sensitive to impurities

Dense ceramic (Molten carbonates, Solution-diffusion/ CO, or H, Moderate to high-temperature resistance, excellent
composite metal-ceramics, composite chemical reaction corrosion resistance (towards organic solvents and
metal-metal) a wide pH range), suitable for cleaning and steam
Porous ceramics (mesoporous 2-50 nm)  Molecular sieving/ CO, or H, sterilization, and long lifetime. Brittle (requires

or microporous (less than 2 nm): diffusion

amine-functionalized silica, zeolites,
metal-organic frameworks

which can reach pressures of 20 bar and temperatures between
700-900 °C."**"” Table 6 offers a classification of gas separa-
tion membranes based on their materials.

Another way to classify membranes is based on their sym-
metry. Porous ceramic membranes are typically asymmetric,
consisting of one or more mesoporous sub-layers or intermedi-
ate layers, topped with a dense (microporous) selective layer.
Membranes made entirely of the same material across all layers
are classified as “integral”.'®® If different materials are used for
the various layers (e.g., combinations of ceramics and organics),
they are referred to as composite membranes.

5.2. Separation mechanism in CCUS membranes

As mentioned earlier, the separation performance of the
membrane is assessed by several factors, among which selectivity
and permeability are more important. Gas selectivity itself depends
on two key mechanisms: diffusivity selectivity and solubility
selectivity. Diffusivity selectivity occurs when the membrane dis-
criminates gases based on molecular size, often referred to as size
sieving, where smaller molecules permeate faster than larger ones.
On the other hand, solubility selectivity is driven by the ability of
certain gases to dissolve more readily in the membrane’s polymer
matrix, favoring the transport of more condensable gases, like
CO,, over less condensable ones, such as N, or O,. Both mechan-
isms can operate concurrently, with the relative dominance
depending on the specific membrane material and the feed gas
composition. Membrane materials are tailored to enhance either
or both selectivity types to achieve the desired separation
performance in CCUS applications. Advances in material
science, including mixed matrix membranes, aim to optimize
these factors, providing a balance between permeability and
selectivity to improve process efficiency. This section explores
the CCUS membrane-based process, focusing on how these two
factors influence separation efficiency.

5.2.1. Diffusivity-selectivity. Polymeric membranes are lim-
ited by the Robeson upper bound, which establishes an inverse
relationship between permeability and selectivity. Essentially, as
permeability increases, the membrane’s ability to selectively con-
trol which gas components pass through diminishes. Increasing
the pore size of the membrane can boost permeability, allowing
more gas to pass through, but this comes at the cost of reduced
selectivity. This permeability-selectivity trade-off, defined by the

5036 | Energy Environ. Sci., 2025, 18, 5025-5092

careful handling), typically disc or tubular shaped
with a low surface area/volume ratio and high
investment cost.

upper bound, illustrates the inherent challenge in membrane
design: achieving a balance where both high permeability and
high selectivity are optimized. The relationship between gas
selectivity and permeability in polymeric membranes can be
expressed as follows:'®°

oy = PP Y )

where /; is the slope of the selectivity vs. permeability logarith-
mic curve, fi; is the front factor, which is a function of gas
solubility, the slope of the curve, the average spacing between
polymeric chains, and the stiffness of the chain. In these
equations, d; is the kinetic diameter of the larger gas molecule
and dj is the kinetic diameter of the smaller gas molecule.

Glassy polymer-based membranes exhibit a higher Robeson
upper bound compared to rubbery membranes due to the increased
gas solubility in their nonequilibrium excess volume.'*"'** Glassy
polymers, which are rigid below their glass transition temperature
(T), tend to show better selectivity and mechanical strength. On the
other hand, when the temperature exceeds Ty, polymers become
flexible and rubbery, leading to significant changes in density,
specific heat, dielectric coefficient, conductivity, and transport
properties.'®

Over the past few decades, glassy polymer-based membranes
have gained attention due to their superior mechanical strength,
reproducibility, and adaptability across a variety of applications.'®*

5.2.2. Solubility-selectivity. The different affinity of the chemical
structures to the membrane materials results in different intermo-
lecular interactions, ranging from weak van der Waals forces to
stronger electrostatic or hydrogen bonding interactions. These inter-
actions significantly impact selectivity, as they can either enhance
or hinder the permeation of certain molecules. In gas separation,
diffusivity-selectivity typically favors smaller, lighter molecules,
as they can move more easily through the membrane’s free
volume. However, the membrane must maintain sufficient free
volume to ensure that the diffusivity ratio between the two
species is close to one, maximizing selectivity.'®®

In contrast, solubility-selectivity favors larger, more soluble
molecules, which may penetrate more easily due to their
chemical affinity for the membrane material. For example,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05328a

Open Access Article. Published on 04 aprel 2025. Downloaded on 28.01.2026 14:51:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

CO,, with its significantly higher quadrupole moment com-
pared to other common flue gas components, exhibits better
solubility in membranes functionalized with polar groups.*®®

Gas solubility is influenced by several factors, including the
gas’ characteristics, operating conditions, and the membrane
material properties. Compressible gases like CO,, especially those
with high polarity, tend to have greater solubility at higher
pressures, and stronger interactions with the membrane’s polar
functional groups can further enhance this solubility. In polymeric
membranes, gas sorption generally occurs in two distinct phases.

5.2.3. Reactive diffusivity (facilitated transport). When
functional groups within the membrane structure are capable
of reacting with CO,, the facilitated transport mechanism
significantly enhances both the permeability and selectivity of
the membrane. In facilitated transport membranes (FTMs),
normal diffusion is still active alongside reactive diffusion.
The total CO, flux, as described by Cussler’s model,"®” is
expressed as a combination of Fickian diffusion and reactive
diffusion, leading to the equation:

Jco, = Fickian diffusion + Reactive diffusion

3

PCarrier-COZ ( )
/

P
= Cloz Apco, +

Apcarrier-COZ

However, the complex reaction mechanisms within FTMs
complicate direct flux calculation using this equation due to factors
such as: (i) CO, partial pressure being dependent on both physi-
sorption and chemisorption, and (ii) mass transfer resistance
caused by interfacial adsorption/desorption, which is independent
of membrane thickness. As a result, CO, transport properties in
FTMs are often measured similarly to solution-diffusion mem-
branes. Still, caution is needed when interpreting CO, permeability
data, as high permeability in thick films doesn’t always translate to
high permeance in thin-film composite membranes.'®®

Although the Robeson upper bound was initially developed for
homogeneous polymeric membranes, it continues to serve as a
baseline for evaluating improvements in membrane selectivity and
permeability.’® Advances in materials, such as mixed matrix mem-
branes (MMM), carbon molecular sieves (CMS), polymers with
intrinsic microporosity (PIM), and thermally rearranged polymers
(TR), have led to breakthroughs beyond the Robeson bound, parti-
cularly through approaches focusing on solubility-selectivity.'”* "

5.3. Performance measurement

The performance of the gas separation membrane is commonly
evaluated using constant pressure/variable volume (CP/VV), or
the isobaric method, as depicted schematically in Fig. 10(a).
Membrane performance is assessed through several key factors:
solubility, diffusivity, permeability, and selectivity. The diffu-
sion of a single gas through a porous membrane can be
described by Fick’s first law:

dc

dc
where J is the gas flux, D is the diffusion coefficient, and e is

the concentration gradient across the membrane. Diffusivity, as

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Schematic illustration of: (a) constant pressure variable volume
(CP/VV), and (b) constant volume variable pressure (CV/VP) setup for
permeability study of gas separation membranes; (1) gas cylinder, (2)
regulator, (3) startup valve, (4) bleeding valve, (5) membrane cell, (6) bubble
flow meter which can be replaced by any gas flow meter, and (7) vent, (8)
chamber with known constant volume, (9) pressure logger or pressure
transducer, (10) vacuum pump, and (11) data collection computer.

a kinetic parameter, reflects the ability of gas molecules to
move through the membrane. The steady-state flux of a single
gas can be expressed as:

Co—

J:—Dx—l (5)

where C, and C) are the gas concentrations on the feed and
permeate sides, and [ is the membrane thickness. At low gas
concentrations, Henry’s law can correlate the pressure (p) and
gas concentration (C):

C=8Sxp (6)

where S is the solubility constant or sorption constant. Using
this concentration relationship in eqn (5), the flux can be
rewritten as:

J:DxSxpO;pl:Pxpolipl )
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where P is the permeability, defined as the product of solubility
and diffusivity:

P=8xD (8)
Permeability can also be calculated by:

0il
P =
AAp;

)

where Q; is the gas flow rate, A is the membrane effective area,

and AP; is the partial pressure difference of the component i

across the membrane. Permeability is commonly expressed in
cmipp X cm . O)

cm? x s x cmHg /)

Another important metric is permeance, expressed in gas

Barrer (1 Barrer = 10710

3
permeation unit ( 1 GPU = o6 ste )74
cm? x s x cmHg
Permeance = A%;Jf (10)

Selectivity is the membrane’s ability to differentiate gases,
defined for a binary mixture as the ratio of their permeabilities:

o :ﬁ: ﬁ X %
AP Py S Dy

D
where % is the solubility selectivity and D—A is the diffusivity
B B

selectivity.'”> A more recent approach to assessing membrane
performance focuses on four aspects of CO, separation:

(11)

(Pmod - Pneat)

PERco, =-—p— (12)
SeERco, = W (13)
DERco, = %:f“eat) (14)
SoER(, — (Smod = Snsut) (15)

Sneal

where PER is the permeability enhancement ratio, SeER is the
selectivity enhancement ratio, DER is the diffusivity enhance-
ment ratio, SOER is the solubility enhancement ratio, Xy,oq is
the characteristics of the membrane in a modified state, and
Xneat 1S the same characteristics of the unmodified membrane.

To optimize a membrane-based gas separation process, both
selectivity and permeability must be considered. The choice
between diffusivity selectivity and solubility selectivity depends
on the gas composition and the desired separation. When
separating gases with similar molecular structures (e.g., N, and
0,), diffusivity plays a larger role, while solubility-based separation
is more critical for gases with different chemical properties,
including polarity, charge, etc. (e.g., CO, and CH,)."”® Additionally,
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the concept of fractional free volume (FFV) can explain membrane

permeability:"””

V—Vo V—Vvow
[ %

FFV = (16)
where V is the total volume of the membrane, and V, is the
occupied volume of polymeric chains, typically 1.3 times the van
der Waals volume (Vypw), as defined by Bondi methods.'”*%
Vvpw is the theoretical molecular volume in a packed structure
such as a polymer chain. However, there is a minimum feasible
packing density for the molecules. Consequently, each molecule
requires more volume in comparison with its Vypw. 1.3 Vypw is
considered commonly, based on the packing density of the mole-
cular crystal structure at 0 K). The concept of FFV does not have a
precise definition, yet it is useful for chain mobility and perme-
ability clarifications.'”> Developing methodologies and chemical
approaches that can result in high FFV with sufficient intercon-
nectivity leads to a microporous membrane with perfect solubility
and sorption capacity (similar to porous materials with significant
surface area).'”

The constant volume/variable pressure (CV/VP), also known
as the time-lag or isochoric method, is a widely used technique
for determining diffusion coefficients and assessing permeabil-
ity in steady-state single or mixed gas streams due to its
independence from specific gas types.'*"'®* Fig. 10(b) illus-
trates the process. In this method, the gas permeates through
the membrane and is collected in a downstream reservoir with
a constant volume. A pressure transducer or sensor records the
pressure in the storage tank over time, corresponding to the
permeation test. The permeability of the membrane is calcu-
lated using the following equation:"®?

273.15 x 10"°VL /dp
- Py x 76] \dt (17)
0
a0ar[B T

where P is the gas permeability in Barrer (1 Barrer =10~ ' cm®(STP)
em cm 2 emHg ! s7Y), P, is the feed pressure (psia), T is the
operational temperature (K), and V is the constant volume vessel
(cm®). 4 is the membrane effective surface area (cm?®), L is the
dp
dr
time (mmHg s~ '). The method can accurately evaluate the
transport properties of the membranes within different humid-
ity percentages.'®* CV/VP is the simplified version of the time-
lag method, which is used to measure the diffusivity gasses
through the membrane.

The time-lag parameter is calculated when the gas perme-
ates from the constant pressure feed side into the constant
volume permeate reservoir. Diffusivity coefficient, D is calcu-
lated using:'®’

membrane thickness (cm), and — is the pressure change over

12

D=—
60

(18)
where D is the diffusion coefficient of the gas, 0 represents the

time-lag (the slope of the pressure vs. time in the steady-state
region), and [ is the membrane thickness.

This journal is © The Royal Society of Chemistry 2025
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By measuring permeability from eqn (8), the solubility
parameter can be derived using eqn (5). Typically, these perfor-
mance measurements (CP/VV and CV/VP) are used for single gas
permeability and ideal selectivity. However, a more realistic
approach involves mixed gas feeds, adjusting the upstream gas
concentrations using mass flow meters, and measuring the
permeate composition with gas chromatography. This setup
provides insight into the real selectivity of the membrane,
accounting for the effects of gas mixtures on membrane perfor-
mance. Selectivity, or the selectivity factor, is calculated using:"*°

Ya

VB
aIA,B = X4 (19)

XB

where A and B are the gas components, y is the molar fraction in
the permeate, and x is the molar fraction in the feed stream.

Operating conditions like temperature and pressure signifi-
cantly influence gas solubility and diffusivity. The van’t Hoff-
Arrhenius model and dual-mode sorption model (considering
both Henry’s law and Langmuir modes) describe these
relationships.'®”'#® Given that gas sorption enthalpy is typically
negative, an increase in temperature reduces gas solubility in the
polymer matrix. However, this effect depends on the specific gas—
polymer interactions. Likewise, pressure effects on solubility and
diffusivity vary based on the gas type, pressure range, and
membrane porosity. Further details on these correlations are
discussed in the literature.'®*'°

5.4. Membrane design for gas separation: sublayers,
intermediate layers, and selective coatings

Flat sheet gas separation thin-film composite membranes
typically consist of a support layer for mechanical strength.
Separation occurs via a top selective layer, employing either
sieving (size exclusion) or selective solution of specific compo-
nents. Occasionally, an intermediate or gutter layer between the
support and selective layers adjusts pore structures and con-
trols diffusion. Each layer will be discussed separately.

5.4.1. Sublayer. A successful gas separation membrane
needs high permeance to reduce the required surface area and
capital costs, while maintaining high selectivity for efficient
purification. A composite membrane structure with a support
layer of approximately 50 pm and a selective layer of less than
1 um provides a good balance between mechanical strength and
filtration performance.'® The support layer is typically a micro-
filtration (MF) or ultrafiltration (UF) membrane, which acts as a
sublayer for the tighter, selective thin film. Phase separation is a
common method for sublayer fabrication, enabling scalability for
industrial applications. Various techniques such as temperature-
induced phase separation (TIPS), non-solvent-induced phase
separation (NIPS), and vapor-induced phase separation (VIPS)
are used to fabricate the sublayer, each resulting in different pore
structures and properties.'*? Stretching with heat pretreatment in
extrusion-based membranes is also suggested for the sublayer
preparation."® Factors like casting solution composition, coagu-
lation bath parameters, and processing conditions play a key role
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in controlling characteristics like pore size, porosity, surface
roughness, and charge.

On the lab scale, membranes are fabricated using a machine-
driven or a handheld casting applicator. The wet film is then
(immediately or after a measured time) moved to an immersion
non-solvent coagulation bath to complete the phase inversion
process. For large-scale production, roll-to-roll methods have been
explored, allowing controlled sublayer thickness and smooth sur-
face properties. Consumption rates of raw materials and solvents
largely depend on the production methods. However, as an
estimate, preparation of a single asymmetric porous sublayer by
NIPS method requires approximately 50 g m~>'** The process
includes a casting system with adjustable gap and tension for
controlling the thickness of the wet film, as well as a coagulation
bath with a controlled dose of chemicals and unwinding and
rewinding rollers. A schematic of this process is shown in
Fig. 11."°%'%* After production, flat sheets are commonly converted
into spiral wound modules for pilot testing.'*®%®

Sublayers are typically made of various polymeric materials
selected for their chemical, thermal, and mechanical properties.
The most common materials used for these sublayers include
polysulfone (PSF), polyethersulfone (PES), polyacrylonitrile (PAN),
polypropylene (PP), polyvinylidene fluoride (PVDF), polytetrafluor-
oethylene (PTFE), and cellulose acetate (CA)."** Each material offers
specific benefits depending on the application. For example, PSF
and PES are widely used due to their excellent thermal resistance
and chemical stability, particularly when fabricated using the phase
inversion method. PES is often preferred over PSF for sublayers
because it has a higher hydrophilicity, which enhances adhesion to
the selective layer during interfacial polymerization.'**%

The selection of sublayer material is essential for balancing
properties like permeability, mechanical strength, and adhe-
sion. Porosity and pore size are controlled through the addition
of hydrophilic additives such as polyvinyl pyrrolidone (PVP) and
polyethylene glycol (PEG) in the casting solution,'”?°"*°* which
improve membrane performance by influencing the structure
and properties of the support layer.

In the case of sublayers acting purely as mechanical sup-
ports, their selectivity should be close to 1, meaning they contribute
minimally to gas separation.'* However, the pore size and distribu-
tion in the sublayer can impact the overall membrane performance.
Larger pores in the sublayer, even with identical top layer thickness,
may slightly increase permeability, necessitating careful design to
ensure an even, smooth surface that allows for uniform coating of
the selective layer. Fig. 12 offers a comparison of PES sublayer’s pore
size effect on the gas transport and separation performance of CO,
separation composite membrane.’®* Thus, a sublayer membrane
needs to be designed and tailormade based on the specific thin film
top layer, feed gas, and operating conditions. Reducing surface
roughness by adjusting fabrication parameters, along with achiev-
ing an even distribution of pores, can enhance the formation of a
uniform selective layer.

5.4.2. Intermediate layer. An intermediate layer, known as
the “gutter” layer, prevents the selective layer solution from
penetrating the pores of the underlying membrane, ensuring a
smooth, defect-free surface for effective gas separation.>*® The
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Fig. 11 Schematic for pilot production of gas separation membrane sublayer (reproduced from ref. 194 and 195 with permission from Elsevier, copyright

2025).

Transport performances

of the composite membranes with different PES substrates

PES average PES surface Selective layer CO; permeance

pore size (nm)  porosity (%)  thickness (nm) (GPU) CO/N; selectivity
422 11.3 145 654 154
69 17.0 160 780 135
775 178 155 764 13

Fig. 12 Increasing PES sublayer pore size with the same PVA selective layer thickness (a) thin film composite with PES average porosity of 42.2 nm, (b)
thin film composite with PES average porosity of 69 nm, and (c) thin film composite with PES average porosity of 77.5 nm from ref. 194 with permission

from Elsevier, copyright 2025).

main function of this layer is to reduce surface roughness, Evidence of permeability improvement alongside retaining or
promoting a more uniform coating of the selective top layer, improving the CO,/N, selectivity of Pebax, polyvinyl amine
which is critical for optimal membrane performance.'”® To (PVAm), and poly(butylene terephthalate) (PBT) membranes

ensure excellent gas permeance, the materials used for the has been reported after using a gutter layer.

206-209

gutter layer must exhibit high gas permeability, superior film- The permeability of the gutter layer should ideally be five to

forming characteristics, a smooth surface, and

ibility with both the sublayer and the selective layer.

5040 | Energy Environ. Sci., 2025, 18, 5025-5092

strong compat- ten times higher than that of the selective layer to minimize any
204205 oss in selectivity, ensuring effective mass transfer.>'® Materials
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like AF2400, a Teflon-based material, offer high gas permeance
and don’t require additional cross-linking, making them useful
for forming homogeneous films. However, AF2400 is hydro-
phobic, necessitating the use of a more hydrophilic material in
some cases.

Two commonly used materials for gutter layers are polydi-
methylsiloxane (PDMS) and poly(1-trimethylsilyl-1-propyne)
(PTMSP). While PTMSP demonstrates higher CO, permeability,
it suffers from a substantial decrease in permeability (up to
80%) over time.'°"'%* In contrast, PDMS, which exhibits only a
5% permeability decline over similar periods, is a more durable
and effective option for CO, capture membranes. PDMS can be
coated using techniques like dip coating or casting, and the
casting solution is typically prepared using a standard ratio of
PDMS, crosslinker, and catalyst.*!!

Nanomaterials such as covalent organic frameworks (COFs)
are gaining attention as intermediate layers due to their tun-
able pore sizes. For example, a Pebax 1657 membrane modified
with a COF intermediate layer showed a CO,/N, selectivity of 28
and a permeance of 1840 GPU.”'> Metal-organic frameworks
(MOFs) are also being explored, particularly plate-like two-

(a) High Transport Resistance

Selective Layer

 Selective Layer

Polymeric Gutter Laye

Selective Layer

COF Film Gutter Layer

(c) Ultralow Transport Resistance

View Article Online

Review

dimensional (2D) MOFs that offer a smoother surface than
traditional three-dimensional (3D) MOFs, making them more
suitable as gutter layers. An ultra-thin zinc(u) tetrakis(4-carboxy-
phenyl)porphyrin) (Zn'TCPP) MOF layer, when combined with Pebax
1657, achieved impressive performance, with CO,/N, selectivity
reaching 34 and a permeance of 1710 GPU,” while the same thin
film material (with the thickness of 910 nm) on PTMSP gutter layer
resulted in GPU of 1160 and CO,/N, selectivity of 20.>** Several
fabrication techniques, including vacuum filtration, spin coating,
dip coating, and casting, can be employed to form the gutter layer,
depending on the desired membrane characteristics.”*>*'"*"> The
choice of method and material significantly influences the overall
membrane performance and its ability to achieve efficient gas
separation. Fig. 13 illustrates the practical applications of polymer-
and nanomaterial-based gutter layers in enhancing decarbonization
efficiency in gas separation membranes.

5.4.3. Selective layer. The selective layer is the most critical
component of gas separation membranes as it directly governs
both the selectivity and permeability of the membrane. Its
ability to differentiate between gas molecules, particularly
CO,, is vital for optimizing CCUS processes. Therefore, this

Fig. 13 Using an intermediate or gutter layer to enhance the decarbonization capacity of the polymeric thin film composite membranes®? (with

permission from Elsevier).

This journal is © The Royal Society of Chemistry 2025
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layer should be designed to be as CO,-philic as possible,
incorporating materials that enhance the solubility and selec-
tive transport of CO, over other gases.

Changing the nature of the membrane backbone chemically
can shift the solubility-selectivity to diffusivity-selectivity, assuming
the pore size and distribution remain constant. This creates the
concept of CO,-affinity membranes, which are constructed from
materials rich in oxygen, nitrogen, or sulfur functional groups.
These functional groups, including acetate, nitrile, and ether,
significantly enhance CO, solubility.”* Various approaches, such
as monomer synthesis and impregnating base membranes with
functionalized materials like MOFs and COFs, have been used to
develop these membranes.>*>>7

Polymeric materials from the ethylene oxide (EO) family,
including PEG and PEO, are recognized for their high CO,
permeability due to their polar oxygen content. However, increased
crystallinity in these materials reduces their permeability."*>>%>'?
To address this, methods such as copolymerization with materials
like polyamides (Pebax) and polyimides have been explored to
reduce crystallinity and improve mechanical stability. Pebax mem-
branes, particularly Pebax 1657 and Pebax 2533, are widely studied
for CO, separation.””® Pebax has been shown to benefit from
adding hard segments, like polyamide, to provide mechanical
strength while retaining CO, solubility.>*® However, neat Pebax
exhibits limited permeability, prompting research into solvent
effects on its microstructure and crystallinity. Modifying the cast-
ing solution composition has been shown to alter permeability
and selectivity, with solvents of higher boiling points increasing
crystallinity and, therefore, permeability loss.

For FTMs, functional groups that can react with CO, are
introduced to the membrane structure to increase both perme-
ability and selectivity.>*'** FTMs rely on reversible reactions
between CO, and functional groups like amines, and they exhibit
higher performance in flue gas decarbonization due to their ability
to operate at moderate feed pressures. PVAm membranes, with
high amine content, are a leading candidate for FTMs, particularly
when coupled with mobile amine carriers.

PEO and related materials, along with nanofillers, have been
intensively researched as MMMs to enhance membrane perfor-
mance. The addition of nanomaterials like MOFs, COFs, and
carbon-based materials has improved both permeability and
selectivity, with promising results in pushing beyond the Robe-
son upper bound. These developments, coupled with solvent
and casting techniques, have improved the overall performance
of gas separation membranes.

Recent advances in fabricating membranes for CCUS applica-
tion along with the full technical details and performance results,
including the effects of molecular weight, casting solvents, and
different modifications, are discussed in the following subsection.

6. Advances in membranes for CCUS
applications

Advancements in membrane fabrication for CCUS have been
achieved through various functional modifications, including

5042 | Energy Environ. Sci., 2025, 18, 5025-5092
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new monomer synthesis, altering the membrane backbone’s
chemistry,”** or impregnating the base membrane with functiona-
lized MOFs,*'® zeolitic imidazolate framework (ZIF),***** COFs,**®
2D and 3D carbon-based structures (graphene oxide (GO),**"2*°
carbon nanotubes (CNT))*°**!). For example, increasing the
oxygen-to-carbon (O/C) ratio from 0 to 0.5 by using polyethylene
oxide instead of polyethylene has been shown to enhance solubility-
selectivity from 13 to 50.*'**** These membranes are developed with
diverse design approaches to meet the specific challenges of CCUS
applications. This section will cover the latest research works
performed on different CCUS membranes.

6.1. Polyethylene glycol and similar materials

The ethylene oxide (EO) family, which includes both low-
molecular-weight polyethylene glycol (PEG) and high-molecular-
weight polyethylene oxide (PEO), represents a common class of
membrane materials with acceptable CO, separation performance.
The high content of polar oxygen functional groups in PEO grants
it a higher affinity for CO, permeation. However, these polar
structures also increase the crystallinity of the PEO matrix, which
reduces overall permeability. For example, amorphous PEO exhi-
bits a permeability of 140 Barrers, while semicrystalline PEO has a
permeability of only 13 Barrers. The crystalline structures obstruct
free pathways within the membrane, reducing the FFV and,
consequently, the permeability.***

To address the crystallinity-related permeability loss, enhan-
cing the molecular weight of the ethylene oxide segment has
been employed as a strategy to improve membrane-forming
capability, reduce crystallinity, and enhance mechanical stabi-
lity in low-molecular-weight PEO. The micro-domains of the
polymeric backbone can also be fine-tuned to further mitigate
the permeability loss.

The selectivity of modified-PEO membranes is determined
by the EO soft segments. For CO,/N, binary mixtures, the
selectivity performance remains comparable to that of neat
PEO. However, the permeability of these membranes is heavily
influenced by factors such as the length of both hard and soft
segments, their spatial arrangement, and the copolymerization
approach. By incorporating hard segments via co- or block-
polymerization with materials such as polyamides, polyimides,
polyether block amides (Pebax), and aryl sulfones, PEO-based
membranes can achieve better control over crystallinity, main-
taining both permeability and selectivity.'*>>'%>'?

Adding a hard segment to the EO membrane family is an
effective method to maintain CO, solubility while enhancing the
mechanical stability of the membranes. This modification is
commonly achieved through transesterification or polyconden-
sation reactions involving aliphatic diols, diamines, and aro-
matic diacids. The resulting copolymer structure may undergo
interactions at the interface between the hard and soft seg-
ments, necessitating an optimal design that minimizes disrup-
tions. An ideal PEO-based membrane for CCUS should exhibit
weak interpolymer interactions.”**

One prominent example of an EO-containing copolymer is
polyether block amide (PEBA), commonly known as Pebax. In
this copolymer, the ether-containing soft segment enhances

This journal is © The Royal Society of Chemistry 2025
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solubility through strong dipole-quadrupole interactions with
polar components in the feed gas, while the crystalline poly-
amide (PA) segment provides mechanical strength and higher
solubility selectivity due to its polar content. The PA segment
also directly controls gas diffusivity by regulating the FFV and
intersegmental polymer spaces. Pebax’s affordability and favor-
able characteristics have made it a popular material for CO,
separation and other polar/non-polar gas mixtures such as CO,/
CH,, CO,/N,, CO,/H,, H,S/CH,, CH,/N,, 0,/N,, NH4/N,, NH,/
H,, ethylbenzene/N,, and hydrofluorocarbons (HFCs)/hydro-
flurolefin (HFO).>**

Given its popularity, Pebax is now considered a distinct class
of gas separation membrane material with various production
and modification methods. Among the different grades of
Pebax, Pebax 1657 is commonly used due to its superior CO,
selectivity, while Pebax 2533 has the highest soft segment
content, resulting in higher permeability.”*® Table 7 provides
further details on various Pebax membrane materials and their
separation performance.

While Pebax is one of the most widely studied materials for
post-combustion CCUS applications, its low permeability limits
its performance, prompting various modification strategies to
enhance its efficiency. Although there is significant interest in
Pebax-based CO, separation membranes, only a few studies
have focused on how fabrication parameters affect their struc-
ture and performance. For instance, Isanejad et al. examined
the influence of organic solvents on the microstructure and
performance of Pebax 1657.”*” Their study demonstrated that
even though the chemical structure of the membranes
remained identical, the boiling points of the solvents used
during fabrication played a crucial role in altering the crystal-
linity and free volume (d-spacing) of the membranes, as shown
by X-ray diffraction (XRD) measurements. Dimethylacetamide
(DMAC), for example, produced a membrane with the highest
crystallinity. Initially, the d-spacing increased with crystallinity,
but excessive crystallinity led to reduced free volume due to
slower solvent evaporation, resulting in a more interconnected
membrane matrix.

Solvent characteristics, such as specific volume, also impact
membrane structure. Solvents with higher specific volumes
create larger d-spacing by reducing van der Waals interactions,
leading to membranes with higher FFV and, consequently,
increased permeability.>*® Karamouz et al. studied the effect
of drying temperature on the structure and performance of
Pebax 1074 membranes and found that drying temperatures of
60-80 °C resulted in denser membranes with better

Table 7 Different grades of Pebax polymers and the composition of their
hard/soft segment (Open access policy from) (reproduced through MDPI
open access policy from ref. 236, copyright 2025)

Soft segment Hard segment

Pebax (polyether, wt%) (polyamide, wt%)
1657 40 60
1074 55 45
5513 60 40
2533 80 20

This journal is © The Royal Society of Chemistry 2025
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permeability and selectivity. However, temperatures above
80 °C caused the formation of non-selective micro-voids, which
reduced selectivity due to rapid solvent evaporation.>*°

Modifying Pebax membranes can be done by blending Pebax
with a base polymer such as polyethersulfone (PES) or by
coating a thin Pebax film onto a nanoporous sublayer. Solvent
compatibility is essential for successful casting solutions, with
a 70/30 wt% ethanol/water mixture proving to be an effective
solvent for minimizing structural impacts. Since the highly
polar structure of Pebax requires a solvent with a high dielectric
constant, several solvents have been proposed.*****" Formic
acid has also been shown to be a highly effective solvent for
dissolving Pebax and preventing gelation at low temperatures,
although its large-scale viability remains a concern.>*> After
dissolving Pebax and its modifiers, the mixture is typically
refluxed at 70-80 °C for 2 hours, followed by post-treatment
drying to remove residual solvents.

Crosslinking has emerged as another effective strategy for
modifying Pebax membranes. Reported examples include Pebax/
PVDF crosslinked with 2,4-toluylene diisocyanate (TDI),*** Pebax/
PAN crosslinked with polydimethysiloxane (PDMS),*** PES/Pebax
composite membrane crosslinked with poly ethylene glycol
diacrylate (PEGDA),>** and Pebax/chitosan crosslinked with
glutaraldehyde.>*® The characteristics of the crosslinker and
its impact on the membrane’s final structure are crucial factors
to consider when designing such modifications. Silane coupling
agents containing amine groups can be incorporated for poly-
mer crosslinking while enhancing polar interactions of CO,.
Sanaeepour et al. conducted such amino-silane modification by
enhancing the selectivity of Pebax 2533 using (3-amino-
propyl(diethoxy)methyl silane (APDEMS)).>**> They highlighted
the benefits of R-(CH2)n-Si-X3 crosslinkers (where R and X
represent amino and hydrolyzable groups), which reduce the
gas diffusion energy barrier due to Si-O local mobility. These
crosslinking modifications are designed to increase selectivity
without significantly sacrificing permeability.>*

The incorporation of nanofillers into Pebax membranes has
been intensively studied, and various classes of nanofillers for
CCUS applications have been comprehensively reviewed. The
performance changes of the membranes were reported in
Fig. 14.>* Among all the fillers, ranging from the novel MXene
structures to more established fillers like graphene and carbon
nanotubes, the bimetal oxide nanosheet ZnCo,0, demonstrated
the most significant improvements, enhancing permeability and
selectivity by 166% and 76%, respectively. The better enhancement
ratios were linked to the generation of oxygen vacancies (0~°),
which ultimately create more CO, adsorption sites (C°).24%
Another significant additive with a 628% selectivity enhancement
ratio was NaY zeolite due to creating a diffusional path by micro-
sized voids.*® Permeability-oriented enhancement strategies are
particularly prominent among Pebax modification approaches,
aiming to surpass the binary gas Robeson’s trade-off.>*®

Copolymerization of polyesters and EO derivatives repre-
sents another family of CCUS membranes with improved inner
microregions. A commercialized copolymer in this family is
poly(butylene terephthalate) (PBT), known as polyactive. The
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ease of copolymerization for this combination enables systema-
tic studies on the effects of segment length, molecular weight, and
weight percentage of each block on transport and mechanical
properties.”>® Experiments suggest that the chain length, molecu-
lar weight, and thermal characteristics of polyactive segments have
similar influences on membrane performance as those in Pebax.
In combination with ester segments, PEO with a molecular weight
within the range of 2000 to 2500 g mol ' has been found to
achieve the highest permeability.””" Imide copolymers are reported
to outperform amides and esters when the PEO segment is
sufficiently long to form a continuous phase. The enhanced
performance of polyethylene imide is attributed to the limited
hydrogen bonding interactions between the segments, resulting in
complete phase separation.>>

6.2. Facilitated transport membranes (FTMs)

The addition of the functionalized selective layer to the gas
separation membranes bearing amine carriers can lead to the
fabrication of FTMs. FTMs are well-suited candidates for post-
combustion CCUS scenarios where the main flue gas elements
are nitrogen and CO,.>>* Current FTMs exhibit moderate selec-
tivity (50-100) with high CO, permeability (exceeding 1000
GPU).>*'?** Compared to traditional solution-diffusion mem-
branes, FTMs offer superior performance at moderate feed
pressures, making them more cost-effective for flue gas decar-
bonization by reducing the need for high compression costs.***

FTMs take advantage of CO,-philic structures and functional
groups to create more CO, adsorption sites on and within the
selective top layer of the membrane, resulting in higher perme-
ability and selectivity of the membrane. CO, reacts reversibly
with the target functional group on the surface of the selective
layer and turns into an alternative species. It then diffuses
through the membrane body due to the chemical potential
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difference driving force, originating from the partial pressure or
concentration difference of CO,, and dissociates on the opposite
side of the membrane in the form of CO, (Fig. 15(a)). While the
transport of the polar gases happens by reaction and diffusion,
the inert gases like methane and nitrogen pass through only by
diffusion. Thus, FTMs can selectively separate CO,. Several
structures have been investigated for their CO,-philicity, with
polymers containing a high content of amines reported as the
most effective carriers for FTMs. The functional group can
either be integrated into membrane’s polymeric backbone
(fixed-site amine carriers) or incorporated into the membrane
matrix through modification strategies (mobile carriers).

Fig. 15(b) illustrates two main pathways for amine-facilitated
transport in FTMs.>* Primary and secondary amines possess an
unshared electron pair on the nitrogen atom, allowing them to
act as nucleophiles and engage with the electrophilic carbonyl
group of CO,, forming a zwitterion. The zwitterion undergoes a
quick deprotonation process facilitated by another amine, yield-
ing a more stable carbamate ion. In this pathway, converting one
mole of CO, requires two moles of amines. When a tertiary amine
is used in FTM, acting as a Brgnsted base only, bicarbonates are
formed instead of carbamates. Carbonic acid is neutralized after
the reaction of CO, and water. This pathway requires one mole of
amine for each mole of CO,. Although the second pathway is
more efficient, the slow formation of carbonic acid hinders the
reaction rate.>”’

An ideal example of FTM is the polyvinyl amine (PVAm)
membrane, which is highly valued for its high content of primary
amine groups.”*>**® Compared to other polymers, including
amine fixed-site carrier-containing polymers such as polyallyla-
mine (PAAm),>*° chitosan,>*® and polyethyleneimine (PEI), PVAm
has the highest amine content,**® making it a leading candidate
for CO, separation applications. Its compatibility with porous PES

This journal is © The Royal Society of Chemistry 2025
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UF sublayers has increased its commercial potential as a compo-
site membrane material.”*">*>

PVAm membranes are typically synthesized using N-vinyl
formamide (NVF), a water-soluble isomer of acrylamide, in a
solution polymerization process that involves free radical polymer-
ization under nitrogen ambient in an aqueous solvent containing
reactive initiators like o,0-azodiisobutyramidine dihydrochloride
(AIBA).>*° The resulting poly(N-vinylformamide) (PVNF) undergoes
a partial acid hydrolysis step using aqueous HCI, followed by a
strong base anion-exchange process to adjust the pH to 10. This
approach produces PVAm with a molecular weight between 0.8 to
1 kDa. An alternative synthesis method, inverse emulsion poly-
merization (IEP), offers higher viscosity”®* and better control over
the polymerization process. The aqueous monomer solution is
distributed in an organic phase throughout the IEP, and the
polymerization takes place in multiple dispersed polymer phases
encircled by an emulsifier. Instead of the hydrophobic continuous
phase, polymerization occurs inside the separated micelles. The
reaction system can benefit from facilitated heat and mass move-
ment, and the likelihood of developing gels greatly decreases. A
recently less practiced approach for PVAm production is poly-
acrylamide conversion through the Hoffman reaction.>*® Poly-
acrylamide is readily available and reasonably priced, making
this strategy promising. However, the Hofmann process requires
sodium hypochlorite treatment at a high pH, which might cause
adverse effects, including chain scission.

Much research has focused on enhancing the molecular
weight (MW) of PVAm. Increasing the MW of the casting
solution improves the density of the selective layer, reducing
the diffusion of non-polar gases while increasing chain mobility
for better gas separation performance.”®* An effort toward
enhancing the MW of PVAm (from 20000 to 80000) was
reported to significantly reduce the permeance of CH, and
increase the CO,/CH, selectivity (10-fold growth).>®* However,
maintaining consistent reaction conditions during MW growth
is challenging,”®* and alternative methods, such as synthesizing

This journal is © The Royal Society of Chemistry 2025

sterically hindered PVAm to favor the bicarbonate pathway, are
being explored.”®® Attaching a bulky structure, such as a methyl
group, to the amine hinders the carbamate pathway, promoting
the chemisorption of CO, as bicarbonate. As this requires fewer
amine sites, more CO, can pass through the membrane with the
constant amine functional group content.

Crosslinking substances bearing CO,-philic carriers to a fixed
carrier membrane may improve CO, transport, CO,/N, selectivity,
and mechanical integrity of the PVAm membranes.>®® Cross-
linking introduces hydrogen bonding into the polymer matrix,
further enhancing amine carrier effectiveness.”*®*®” Several stu-
dies have investigated improving the performance of PVAm
membranes through the incorporation of mobile amine carriers
such as piperazine.”*"**® Piperazine-modified PVAm membranes
have outperformed those modified with ethylenediamine
(EDA),?°® showing a more than twofold improvement in selectiv-
ity. A team from Ohio State University, led by Winston Ho, has
further advanced this field by optimizing PSF membranes with
PVAm, piperazine, and glycinate carriers.>®’ Adding 0.1 wt%
polyvinylpyrrolidone (PVP) improved hydrophilicity and pore
size, achieving a CO, permeance of 843 GPU and a CO,/N,
selectivity of 160. However, excessive crosslinking may lead to
carrier depletion or polymer matrix densification, negatively
affecting membrane performance.>**?7°

A significant portion of PVAm membranes is sourced from
commercial aqueous Lupamin solutions or similar products,
such as Polymin® VX*’"?72 (Fig. 15(c)). In such cases, PVAm is
precipitated from the concentrated, viscous solution using
ethanol. After separation and drying, the white precipitate is
either exposed to another round of dissolution and precipita-
tion or Soxhlet extraction for further purification. A final ion
exchange-assisted pH adjustment is performed to transform the
functional groups.?”**”* pH adjustment is identified as a crucial
step due to the improvement of free amine groups without
protonation (elimination of ammonium salts), which eventually
improves the CO, reactivity of PVAm membranes (discussed and
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approved at different pHs by Kim et al.>”®). Casting solutions for
wet or Petri dish casting, with an approximate concentration of
2 wt% PVAm, are commonly used with mobile amine carriers or
inorganic modifiers. Undiluted PVAm membranes derived from
commercial solutions often result in fragile, uneven films.>”"*

In a recent pilot-scale study conducted in Wilsonville, Ala-
bama, PVAm-based spiral-wound modules were tested on real
coal-based flue gas (Fig. 16(a)).’®” The membranes demonstrated
a CO, permeance of 1450 GPU and a CO,/N, selectivity of 185.
The study also examined the effects of feed flow rate, pressure,
and temperature, as well as long-term stability under varying
CO, concentrations and exposure to heavy metal deposition.
These findings demonstrate the potential of PVAm membranes
for large-scale carbon capture and separation applications.

FTMs face several challenges, particularly in their mechan-
ical characteristics and performance under varying operating
conditions. Most FTMs operate at near-zero differential pressure,
making it difficult to assess their mechanical integrity under such
conditions. Additionally, different processes lead to varying CO,
concentrations and partial pressures in the exhaust, which can
impact the efficiency of the separation process. Lower partial
pressures are generally unfavorable because they reduce the
driving force for separation. On the other hand, excessively high
partial pressures of CO, can cause amine carrier saturation,
leading to decreased efficiency in CO, transport and reduced
overall performance.””®

Flue gas decarbonization using FTMs typically occurs at mod-
erate temperatures. However, if the gas stream is compressed, an
inevitable rise in temperature can influence membrane perfor-
mance. While FTMs can still perform well under such conditions,
temperature optimization becomes essential to maintain effi-
ciency. Humidity is another key factor in the performance of
FTMs.>*® Competitive sorption between water and nitrogen can
hinder N, passage and enhance CO,/N, selectivity. Therefore,
proper humidity control is crucial to ensure that FTMs operate
effectively in gas separation processes, as water vapor content can
significantly affect the selectivity and permeance of CO,."
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6.3. Polymers of intrinsic microporosity

PIMs represent a significant class of materials for CO, separa-
tion, due to their unique combination of high permeability and
selectivity derived from their intrinsic microporous structures.
PIMs share certain similarities with COFs, as both possess highly
porous structures that promote CO, removal from gas streams.
However, unlike COFs, PIMs do not require a covalent bond
network to achieve their microporous architecture.””” Instead,
their high permeability arises from their exceptionally high FFV,
resulting from the incorporation of large, rigid, contorted poly-
mer chains that disrupt efficient chain packing. This disruption
creates a “ladder-like” structure that contributes to their micro-
porous nature and enhances gas permeability.

The primary polymerization reaction responsible for the for-
mation of PIMs involves double-aromatic nucleophilic substitu-
tion, which allows for the simultaneous creation of two covalent
bonds, establishing the polymer backbone.>”® This process results
in a highly tortuous structure made up of interconnected ring
systems that restrict rotational motion along the polymer chain.
The restricted rotational mobility prevents macromolecular sec-
tions from realigning, thereby maintaining the open, porous
nature of the polymer. The bimodal narrow pore distribution
within PIMs, typically ranging from 7 to 20 A, provides selective
molecular sieving, which is crucial for CO, separation.””**! These
factors make PIMs highly effective for CO, separation, pushing the
performance of gas separation membranes beyond the traditional
Robeson upper bound, which limits the trade-off between perme-
ability and selectivity (Fig. 17). The enhanced internal molecular
free volume (IMFV), as shown in Fig. 18, combined with the ability
to finely tune their structure, contributes to the superior gas
transport properties of PIMs, making them as a prominent
material for CO, separation.

In FTMs, high pressures lead to ‘carrier saturation,” where
the ability of CO, carriers to facilitate gas transport diminishes
due to the overwhelming influx of CO,. As a result, the trans-
port mechanism shifts from facilitated transport to solution
diffusion, reducing efficiency. Furthermore, high pressures

Fig. 16 Spiral wound module test rig for facilitated transport membrane assisted decarbonization; (a) schematic of the module's housing, (b) test setup

(reproduced from ref. 197 with permission from Elsevier, copyright 2025).
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compress swollen membranes, leading to water loss, reduced
polymer flexibility, and decreased free volume for gas diffusion.
This issue is further exacerbated by the fact that, at high
pressures, water vapor permeates more readily than CO,, redu-
cing the water vapor content essential for FTM function and
leading to lower permeance and selectivity. Despite these
advancements, PIMs face several limitations. One major draw-
back is their susceptibility to physical aging, where the polymer
structure collapses over time, reducing its gas transport
efficiency.*®* Additionally, PIMs exhibit moderate selectivity com-
pared to other advanced gas separation materials. Their chemical
stability, while superior to some other high-FFV polymers such as
poly(trimethylsilyl propyne), still presents a challenge, particu-
larly under harsh industrial conditions. Efforts are ongoing to
enhance the chemical robustness of PIMs through copolymeriza-
tion and blending with more stable materials to mitigate aging
and improve their long-term performance.

6.4. Biomaterial-modified membranes for decarbonization

The polymeric membranes used for CO, separation are primar-
ily made of synthetic materials. The growing interest in

This journal is © The Royal Society of Chemistry 2025

synthesizing biodegradable and sustainable membranes has
spurred researchers to investigate the potential of renewable
and biodegradable polymers as alternatives in membrane pro-
duction. Due to their biocompatibility, biodegradability, and
environmental sustainability, biopolymers are considered
viable alternatives to conventional fossil-based/synthetic poly-
mers for developing CO, membranes. Below, we explore key
biopolymers utilized in membrane fabrication for CO, separa-
tion and capture.

6.4.1. Cellulose and its derivatives. Cellulose, the most
abundant biopolymer on Earth, has long been suggested for
gas separation due to its renewable nature.”®® Cellulose is a
homopolysaccharide composed of B (1 — 4) linked p-glucose
units. The equatorial orientation of the p-glucose substituents
gives the cellulose polymer a flat, planar structure, allowing for
rotation around the glycosidic bond, which keeps the polymer
linear. Interactions between these polymers occur through
inter-chain hydrogen bonds within the plane and van der Waals
interactions out of the plane.”®*®?*%” Cellulose has a high surface
area, ample storage sites, and sustainability as a carbon capture
material, with its hydroxyl groups serving as adsorption sites

Energy Environ. Sci., 2025, 18, 5025-5092 | 5047
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Fig. 18 Polymer of intrinsic microporosity (PIM); (a) sample structure with internal molecular free volume (IMFV), (b) chemical structure of a linker in a
PIM, (c) PIM, (d) organic molecule of intrinsic microporosity (OMIM), (e) dendrimer of intrinsic microporosity (DIM), and (f) chemical structure of
Triptycene PIM (reproduced from ref. 283 with permission from Elsevier, copyright 2025).

for CO,, enhancing capture efficiency. To further optimize its
performance, cellulose can be chemically modified or deriva-
tized to improve adsorption, separation, and conversion
properties.”®® Derivatives like ethyl cellulose, methylcellulose,
and cellulose acetate have been used as membrane additives to
enhance properties such as permeability, porosity, hydrophili-
city, and fouling resistance. For instance, incorporating methyl-
cellulose into NaA zeolite membranes has reduced crystal size
and improved substrate membrane defect repairs.>®°
Cellulose acetate (CA), the most well-known derivative of
cellulose, is produced by the acetylation of cellulose hydroxyl
groups.?®° It is widely used in membrane production due to its
good solubility in a range of organic solvents and its ability to
form membranes with controlled pore structures. The hydroxyl
groups within CA are readily available for various modifications,

5048 | Energy Environ. Sci., 2025, 18, 5025-5092

including oxidation, etherification, hydrolysis, esterification,
grafting, crosslinking, and copolymerization.>** CA membranes
exhibit properties such as uniform pore structure, natural
hydrophilicity, thermal stability, and suitability for gas separa-
tion, such as CO, and CH,.*?> The degree of acetylation is a key
factor affecting the gas separation efficiency of CA membranes.
CA is partially crystalline and exhibits different substitution
levels (DS = 1-3), indicating the extent to which hydroxyl (-OH)
groups per repeating cellulose unit are acetylated. Based on the
DS values, CAs display CO, permeability ranging from 1.8 to 6.6
Barrer at 35 °C.>% The CO, gas permeability of membranes can
be improved by employing cellulose acetate with higher DS
without severe change in the gas selectivity because of the less
internal hydrogen bonding among cellulose chains, providing a
more porous structure.”®* Studies evaluating the influence of

This journal is © The Royal Society of Chemistry 2025
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the degree of acetylation (1.75-2.84) on the gas separation properties
of cellulose acetate indicate that the gas permeability coefficient
increases with a higher degree of acetylation.?*> However, limited
CO, permeability poses a challenge when using CA as a membrane
material in applications involving CO,-containing streams. Niko-
laeva et al. improved CA separation efficiency by integrating ionic
liquid-like functionalities, namely 1-methylimidazole, 1-methyl pyr-
rolidine, and 2-hydroxyethyl dimethylamine (HEDMA), onto the CA
structure.”*® Experimental evaluation of CO,/N, mixed-gas permea-
tion demonstrated a reduction in both CO, and N, permeability,
with an initial decline in CO,/N, selectivity followed by a gradual
increase as the HEDMA content increased. CA membranes face
drawbacks such as structural compression under high pressure,
narrow pH tolerance (4.5-7.5), and temperature limits (up to
30 °C).>*”**® To optimize CA membranes, various solvents and
additives are used during preparation, including N-methyl pyrroli-
done, N,N-dimethylacetamide, and mixed solvents like N,N-
dimethylformamide with acetone or 2-propanol.>**?*®

Among cellulose products, nanocellulose stands out for its
exceptional surface area and mechanical properties, which
make it highly effective in carbon capture.****°> Nanocellulose
is classified into cellulose nanocrystals (CNC), cellulose nanofi-
bers (CNF), and bacterial cellulose (BC). CNF is typically pro-
duced through a two-step process involving chemical or
enzymatic pre-treatment followed by mechanical processing.
This pre-treatment step not only enhances processability and
uniform size distribution but also allows for tailoring the
properties of the nanocelluloses for different gas separation
applications, such as introducing CO, reactive groups. CNC and
CNF exhibit differences in length and crystallinity, with CNC
being predominantly crystalline and CNF often described as
having amorphous regions with crystalline segments. CNC
offers advantages such as uniform size with nanometric dimen-
sions in both length and width. TEMPO-mediated oxidation is a
key reaction for nanocellulose synthesis, where cellulose is
converted into polyglucuronic acid due to the oxidation of C6
alcohol groups in the anhydroglucose unit.>** CNFs with higher
aspect ratios (5-50 nm diameter and several micrometers in
length) and entangled networks are utilized as reinforcement
agents or viscosity controllers in papermaking and polymer
composites.’®® In contrast, CNCs, due to their higher crystal-
linity and shorter length (< 100 nm), represent better dispersi-
bility, improving the strain at failure of composites.>*>*°° A
PVAm/nanocellulose hybrid membrane was developed for car-
bon capture applications.>”* The developed films with nanocel-
lulose (30-70%) were analyzed through water vapor sorption
experiments and humid gas permeation tests. Improvements in
gas permeability and selectivity were achieved by increasing
water vapor and the PVAm content in the films. The highest
selectivity (135 for CO,/CH, and 218 for CO,/N, separation) was
observed in blends containing nanofibrillated cellulose (CNF)
with 70 wt% PVAm at 60% RH, while the maximum perme-
ability of approximately 187 Barrer was achieved at 80% RH.
Modifying CNFs with amine and aminosilane is a practical
strategy to increase their CO, sorption capabilities. Chemical
bonding of the aminosilanols from an aminosilane with

This journal is © The Royal Society of Chemistry 2025
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cellulose hydroxyl groups occurs during the aminosilane functio-
nalization of cellulose. In addition, the simultaneous self-
attachment of amino silanols, due to an undesired side reaction,
leads to the formation of siloxane bridges (Si-0-Si).>*” Regarding
amino silane modification of CNFs, ethanol-water suspension,
and toluene are two of the most common media used for cellulose
modifications. N-(2-aminoethyl)-3 aminopropyl methyl dimethox-
ysilane (APMDS) is mainly attached to hydroxyl groups of C6
position in nanocellulose structure because of space structure of
atoms in cellulose molecule during chemical modification of
cellulose nanofibers for CO, adsorption. Amine loading of the
modified CNF aerogels by APMDS is affected by the process
parameters, such as the reaction time, the reaction temperature,
silane proportion, and the kind of solvents. Tertiary butanol has
been recommended as a highly efficient solvent, resulting in an
amine loading of 9.02 mmol g~ * with 6% APMDS.*"”

6.4.2. Polyvinyl alcohol. PVA, a water-soluble synthetic
polymer with a backbone composed only of carbon atoms, is
biodegradable under both aerobic and anaerobic conditions.
Due to its oxygen barrier, thermal stability, and CO, sorption
properties, PVA is used as a host polymer, while additives such
as nanocellulose materials are used to further improve their
CO, permeance, selectivity, and mechanical strength. For example,
the effectiveness of different nanocelluloses—including cellulose
nanocrystals (CNCs), TEMPO-oxidized cellulose nanofibrils, and
phosphorylated cellulose nanofibrils—as additives in PVA compo-
site membranes was explored.**® The findings indicate that PVA/
CNC nanocomposites exhibit a higher CO,/N, separation factor
(39) and CO, permeance (127.8 GPU) than pristine PVA mem-
branes, which have a separation factor of 36 and a permeance of
105.5 GPU. The membranes resulted from the PVA/CNC nano-
composite demonstrate performance comparable to that of mem-
branes composed of PVA and carbon nanotube (CNT) while
offering the added benefits of CNCs’ non-toxicity and biodegrad-
ability. Although phosphorylated and TEMPO-oxidized nanofibrils
enhance membrane performance, their effect is less pronounced
than that of CNCs. Charging is used to enhance carbon nanofiber
(CNF) dispersion in membranes, improving both permeance and
selectivity. Phosphorylated-charged CNFs demonstrate superior
permeance and selectivity compared to highly and low-charged
CNFs. However, CNCs exhibit better dispersibility than all charged
CNFs.>*”

Increasing the gas feed pressure reduces both the per-
meance and selectivity of the membranes. This is attributed
to the stacking of polymer chains, which leads to membrane
densification at higher pressures and restricts gas permeation.
This effect becomes more pronounced at extremely high pres-
sures, leading to membrane “plasticization,” where the poly-
mer structure is permanently altered due to CO, swelling in the
spaces between polymer chains. Plasticization can cause a loss
of membrane performance as gas transport pathways become
obstructed. Several strategies have been explored to mitigate
high-pressure plasticization and membrane compaction,
including crosslinking membranes and reinforcing polymers
with inorganic or organic nanofillers to enhance mechanical
strength.**® To address these issues, maintaining high water
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vapor content in the feed gas is essential for preventing
membrane drying in high-pressure applications. Combining NC
with hydrophilic polymers has been suggested to enhance per-
meance significantly. For instance, in membranes combining
CNF and PVAm, permeability increased over 200-fold, with rela-
tive humidity (RH) levels up to 85%. Selectivity also improved by
up to 65% RH but declined at higher RH levels due to excessive
water activity, which caused membrane swelling. Optimization
studies recommend a membrane composition of 70% PVAm and
30% CNF, achieving maximum permeance and selectivity at 85%
RH in NC-based FTMs.>”'3%

6.4.3. Chitosan. Chitosan (CS) is a biopolymer derived
from the deacetylation of chitin, a plentiful natural polysac-
charide found in the outer shells of crustaceans. CS exhibits
excellent stability, antibacterial properties, chelating abilities,
and hydrophilicity. Additionally, it dissolves in water under acidic
conditions and is biocompatible, biodegradable, and non-toxic.
CS is a linear polysaccharide obtained by removing the acetyl
functional group and liberating the amino groups from the
backbone chain. It consists of N-acetyl-p-glucosamine and
p-glucosamine units bonded by B-(1-4)-glycosidic bonds.*'®
Nitrogen-rich chitosan is an excellent precursor for heteroatom-
doped porous carbon, which finds application as a CO, adsor-
bent. This suitability stems from the presence of naturally
occurring free amine groups within the p-glucosamine structure,
enabling binding with weakly acidic CO,. Although pristine
chitosan demonstrates minimal CO, adsorption capacity
(0.47 mmol g~ '), various chitosan-based composites—such as
chitosan/SiO, nanoparticles (4.39 mmol g~'), chitosan/zeolite
(1.7 mmol g '), and chitosan/GO aerogel (4.15 mmol g ')—
exhibit enhanced adsorption capabilities. Ideally, a commercial
membrane should have a CO,/N, selectivity exceeding 100.
However, pristine chitosan membranes typically display a CO,
permeance of around 12.5 GPU and a CO,/N, selectivity of
approximately 54, falling short of making the technology
competitive.*'® A promising approach for substantial improve-
ment is introducing carriers into the membrane matrix, either by
blending them with polymers to form the active layer or by
impregnating them into the gutter layer. Generally, water-
swollen CS exhibits significantly higher CO, separation perfor-
mance compared to dry CS. Blending amine carriers enhances
both CO, permeance and CO,/N, selectivity. Composite mem-
branes have been created by combining chitosan with amines,
such as TEPA and PAA, forming a skin, selective layer over a
porous support. TEPA, a small molecule amine, acts as a mobile
carrier, while PAA serves as a fixed carrier. The TEPA-blended
membrane shows a two-fold increase in CO, permeance (approxi-
mately 24 GPU) and a 1.5-fold enhancement in CO,/N, selectivity
(around 80) compared to the pristine CS membrane. Similarly,
the chitosan/PAA membrane exhibits a three-fold increase in CO,
permeance compared to the CS membrane.

6.4.4. Polylactic acid. Polylactic acid (PLA), the most exten-
sively utilized biodegradable plastic, stands out as an intriguing
biopolymer for membrane fabrication due to its flexibility in
fabrication by phase inversion, electrospinning, and other com-
mon methods. Derived from renewable sources, PLA is highly
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sustainable and boasts attributes such as clarity, ease of manu-
facture, high tensile strength, biocompatibility, and non-toxicity.
PLA has excellent processability, water resistance, solubility in
various organic solvents, a melting point between 170 and 180 °C,
and a glass transition temperature (7,) ranging from 50 to 65 °C,
depending on its crystallinity and structure.*™* However, a sig-
nificant drawback is PLA’s susceptibility to degradation via
hydrolysis in the presence of water, bacteria, or UV sources.
The incorporation of green plasticizers like oligomer of the lactic
acid (OLA) and phenylphosphonic bis(2-aminobenzothiazole)
(PBO) enhanced the ductility of PLA membranes, producing
homogenous membranes suitable for gas separation applica-
tions. In recent years, PLA membranes have been investigated
for gas separation applications, with promising results. For
instance, PLA was used to develop biopolymer membranes
through phase inversion techniques for purifying gaseous
streams abundant in CO, and CH,.>'* The resulting PLA mem-
branes demonstrated high CO,/CH, selectivity (220-230) and CO,
permeability of approximately 11 Barrer at room temperature.
The solubility, diffusivity, and permeability of gases decrease,
along with increasing the crystallinity of a PLA membrane.***
Therefore, PLA membranes with low crystallinity exhibit greater
permeability compared to their more crystalline counterparts.

6.5. Mixed matrix membranes

The performance of polymeric membranes are inherently con-
strained by their permeability-selectivity trade-off, commonly
represented by the Robeson upper bound. Strategies have been
proposed to improve gas solubility—by creating chemical inter-
actions between gas molecules and polymer chains—and
increase gas diffusivity—primarily by enhancing the polymer’s
void fraction while minimizing the formation of non-selective
voids.*™ These studies have resulted in the fabrication of
MMMs that incorporate inorganic fillers into the polymeric
matrices, simultaneously enhancing permeance and selectivity
and thus lowering operating pressure, energy consumption,
and the overall footprint of separation processes.

Embedding inorganic fillers facilitates the preferential
transport of target gas molecules while obstructing the path-
ways of other molecules, thereby improving separation perfor-
mance. An inorganic filler that is well-dispersed within a
polymeric phase can substantially modify the FFV due to
changes in the conformation, dynamics, or packing of polymer
chains. This modification can effectively discriminate between
smaller gas molecules and larger ones, leading to enhanced gas
selectivity, such as H,/CO,.>'* Moreover, the interfacial inter-
actions between inorganic fillers and polymer chains play a
crucial role in directing the transport pathways of gas mole-
cules, thereby enhancing selective transport and improving gas
permeabilities.**>**® Additionally, nanofillers in MMMs help
prevent membrane plasticization by acting as crosslinking
agents. Examples of these modifiers include CNT, GO, cellulose
nanofibers (CNF), cellulose nanocrystals (CNC), MOFs, COFs,
layered double hydroxides (LDHs), transition metal dichalco-
genides (TMDs), and MXenes. Although these fillers have the
potential to enhance both permeability and selectivity, the
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extent of these improvements depends on several key factors.
Simply blending non-homogeneous phases does not always
guarantee optimal membrane performance.

While MMMs are promising, they have several challenges that
must be addressed. These challenges include inconsistencies at
the phase interfaces, uneven distribution of fillers, and reduced
stability compared to homogeneous systems.>*® Larger fillers are
prone to agglomeration, forming clusters that disrupt the mem-
brane’s homogeneity. As a result, the mechanical strength of the
membrane deteriorates, leading to undesirable performance
under high pressure. Thus, a modifier/filler should remain in
the nanometric size range at its highest loading and should allow
for controlling size distribution and preventing aggregation.
Moreover, the interaction between the surface of nanomaterials
and polymers plays a critical role in maintaining the membrane’s
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mechanical integrity, requiring careful optimization. Fig. 19
depicts perfect and imperfect interactions (e.g., polymer rigidifi-
cation, pore blockage, and interfacial defect) along with their
possible impact on the selectivity-permeability trade-off, where
losses in permeability and selectivity may occur depending on the
nature of the filler and the polymer matrix.>"”

One major strategy to enhance nanomaterial-polymer interfa-
cial compatibility is surface functionalization of the nanofiller
using CO,-philic moieties (NH,, OH, COOH, and SOs), attaching
polymeric chains, or connecting it with other nanomaterials.
Modifications on the polymer backbone also promote electrostatic
and hydrogen bonding interactions, improving compatibility.**®
Drying and redispersion of nanomaterials induce agglomeration
to reduce surface energy. To resolve the challenges of aggregation,
multistep nanomaterial synthesis and size control, as well as one-
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+
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Fig. 19 Various nanomaterial-polymer interactions and their related consequences (reproduced through RSC open access policy from ref. 317).
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pot in situ growth, have been suggested. Synthesizing nanomater-
ials using polymer chains as a scaffold limits size growth, promot-
ing a high load of evenly distributed nanosized fillers throughout
the membrane.*'® However, selecting the right solvents for in situ
growth is crucial, as they must be compatible with both the
nanomaterial synthesis procedure and membrane fabrication.
Another approach to reducing agglomeration is using wet nano-
materials, which excludes the drying step by exchanging the
solvent in which the polymers will be dissolved.**°

Nanostructured fillers, when properly applied, can significantly
improve various membrane properties. Key factors include particle
size, porosity, even distribution, and their affinity for CO, molecu-
les—often called “CO,-philicity.” Correct particle sizing is crucial to
avoid clustering, which could result in a non-selective, heteroge-
neous top layer. Moreover, the interaction between the surface of
nanomaterials and polymers plays a critical role in maintaining the
membrane’s mechanical integrity, requiring careful optimization.

A major challenge in MMM fabrication is the compatibility
of nanofillers with the polymer matrix and solvents. Poor disper-
sion of nanofillers can lead to phase separation, uneven film
formation, and defects that degrade membrane performance.
Inhomogeneities in thermal behavior and elastic modulus
between the phases may also cause mechanical delamination.**'
Proper solvent selection during synthesis and fabrication is essen-
tial to maintain the chemical stability of nanomaterials and
prevent phase inversion. Controlling the nanomaterial load and
adjusting the viscosity of the polymer solution can mitigate phase
separation and improve nanofiller distribution.
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The porosity and functional groups of the fillers can further
enhance both the performance and mechanical stability of the
membrane. Non-porous fillers increase diffusion-path tortuos-
ity, which typically reduces permeability. However, the presence
of functional sites can enable selective diffusion, potentially
enhancing effective permeability for targeted species. In con-
trast, porous fillers act as molecular sieves, facilitating gas
transport based on kinetic size and shape. The connectivity of
the filler network also plays a crucial role in optimizing gas
diffusion pathways, significantly improving membrane perfor-
mance. A schematic illustration of filler impact on gas transport
in MMMs is shown in Fig. 20.

Several inorganic modifiers have so far been introduced to
polymeric membranes with impermeable, surface-functionalized
nanomaterials, porous, and non-3D (one, 2D) enhancers. Exam-
ples of these modifiers include CNT, GO, cellulose nanofibers
(CNF), cellulose nanocrystals (CNC), MOFs, COFs, layered double
hydroxides (LDHs), transition metal dichalcogenides (TMDs), and
MXenes. Among these, MOFs and MXenes have gained particular
attention due to their high surface area, tunable pore structures,
and unique chemical functionalities, which enhance molecular
selectivity and improve separation performance in polymeric
membranes. MOFs represent a unique class of porous nanostruc-
tured compounds that have gained prominence as alternatives to
conventional inorganic microporous materials like zeolites. MOFs
consist of a metal core and an organic linker (ligand), and their
hybrid organic/inorganic composition provides high surface area
and tunable pore sizes, making them suitable for diverse

High gas
permeability
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Lowest gas
permeability
phase, P,

P,> P,

\%

Fig. 20 Gas diffusion in mixed-matrix membranes with (a) porous and (b) non-porous fillers (reproduced from ref. 280 with permission from RCS,

copyright 2025).
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separation applications.’”***® A key advantage of MOFs is their
highly customizable molecular structure, allowing for precise con-
trol by selecting specific metal cores and organic ligands. Stabilized
by chemical bonds, these metal centers resemble those found in
metal oxide nanoparticles (NPs). The bonds within the MOF
structure are strong enough to ensure material robustness while
maintaining the activity of the metal centers.*” The active metal
sites in MOFs are uniformly distributed throughout the entire
structure, enhancing their affinity for CO, molecules if properly
selected. Additionally, the organic ligands used in MOFs often carry
polar functional groups like -NH, or -SOs;, which synergistically
improve CO, adsorption and increase the dispersion of the MOF
within polymer matrices compared to inorganic NPs.

In recent years, continuous advancements in MOF-based
MMMs have been driven by the development of new organic
linkers paired with different metals to improve decarbonization
performance.**® These newly designed ligands not only protect
the metal core from nucleophilic attacks but also support the
stability and functionality of the framework. The chemistry
behind MOF synthesis is crucial, as factors such as pore volume,
aperture size, particle size, and filler distribution all influence
the membrane’s CO, separation performance. Specifically, the
aperture size determines molecular sieving capabilities, while
other properties, such as pore shape and size, impact the overall
separation efficiency.

Despite significant progress, several challenges remain in
the commercialization of MOFs. Only MOFs with effective heat
and mass transfer properties, such as Universitetet i Oslo (UiO)-
66, are suitable for continuous flow reaction production.**® One
key consideration for researchers is the development of envir-
onmentally friendly synthesis methods that use green solvents
and moderate processing conditions.>*® However, achieving
repeatability in MOF synthesis remains difficult, particularly
under intense operational conditions. These challenges can
lead to poor dispersity, low reactivity, and hindered mass
transfer, resulting in issues like undesired size distribution,
material collapse, aggregation, and pulverization of MOFs.**°

Although MOFs can potentially achieve satisfactory separa-
tion performance, their tendency to agglomerate and form non-
selective voids restricts their full potential for gas separation.
One practical method to overcome agglomeration is immobiliz-
ing or decorating MOFs on larger support structures, creating
MOF-based templates. This hybridization significantly reduces
surface energy and the tendency to agglomerate, forming a
more stable structure for MOF deposition and growth. Such
templates enhance the composite’s multifunctional features,
including increased adsorption capacity, enhanced porosity,
improved permeability, and greater mechanical strength than
standalone MOFs. Promising materials for MOF nucleation and
growth include CNTs,**' GO,*?*3* reduced GO (rGO),***
CNCs,** and halloysite nanotubes (HNT).**® The synergy
between the MOFs and these support materials offers signifi-
cant performance improvements by combining adsorption and
molecular sieving capabilities.

Furthermore, achieving homogeneous dispersion within the
matrix remains a challenge. Synthesizing fillers with well-

This journal is © The Royal Society of Chemistry 2025
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defined physical and chemical properties and leveraging their
synergistic effects with 2D fillers holds promise. Carbon-based
nanomaterials such as CNTs and GO have gained significant
attention as promising membrane materials.>*” However, their
separation performance is heavily influenced by the degree of
dispersion and chemical modifications. Functionalizing the
surface of these carbon-based nanomaterials enhances their
overall performance, leading to improved separation and dur-
ability in membrane applications.

Generally, GO exhibits a higher tendency for dispersion and
is easier to functionalize compared to CNTs, primarily due to the
presence of multiple functional groups on its surface. GO, an
allotrope of carbon, consists of sp>bonded carbon atoms arranged
in a hexagonal honeycomb lattice.**® It forms 2D nanosheets with a
high specific surface area and an atomically thin laminar structure,
presenting a new class of highly permeable and selective nanoma-
terials for membrane-based separations.**>*** The physicochem-
ical properties of GO nanosheets, such as morphology, size
distribution, density of oxygen-containing functional groups, elec-
tronic mobility, and carbon radicals, significantly influence their
potential for further modifications. Several oxygen-containing func-
tional groups exist on GO, including hydroxyl and epoxide groups
on the basal plane, and carboxylate groups primarily at the
edges.**”**> The presence of both ionic groups and aromatic sp2
species enables GO to serve as a nucleation site for metal cations
and further growth when organic linkers interact. Metal cations
deposit on GO nanosheets through n-n interactions, hydrogen
bonding, and Ag-O coordination.****** Due to these superior
characteristics, GO is a promising template for developing MOFs-
based hybrids. The use of GO-based hybrids in developing efficient
MMMs for CO, separation has been regarded as one of the
promising solutions. By decorating MOFs on GO, it is possible to
control the interlayer structure, improving permeability and separa-
tion performance due to the molecular sieving properties of the
hybrid material.***

For example, different types of MOF nanosheets (such as ZIF-7,
ZIF-8, CuBTC, and MIL-100) have been systematically integrated into
the interlayers of reduced GO (rGO), benefiting from its polar oxygen
groups, increased interlayer spacing, and high electronegativity.***
These properties facilitated strong anchoring of rGO and created a
porous structure with uniform nanochannels, enhancing separation
performance. In one study, ZIF-8@GO hybrids incorporated into a
Pebax matrix improved CO, separation by increasing both CO,
permeability (191%) and CO,/N, selectivity (174%).>** Two main
functions enhanced membrane performance: (i) the high-aspect
ratio of GO nanosheets augmented the tortuous path length for
gas diffusion within the polymer matrix, thereby limiting the
diffusion of larger molecules while facilitating the passage of
smaller ones, which improved diffusivity selectivity; and (ii) the
intrinsic high permeability and ultra-microporosity of similarly,
ZIF-8/GO hybrid composites incorporated into a polysulfone
(PSF) matrix achieved a 7-fold increase in CO,/CH, selectivity
and an 87% increase in CO, permeability compared to pristine
membranes.*** Additionally, bimetallic ZIFs with different Co/
Zn ratios were incorporated into the Pebax matrix, leading to a
significant 250.37% enhancement in selectivity, surpassing the
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Robeson upper bound, due to finely tuned pores of the bime-
tallic Co60Zn40ZIF hybrid.**®

CNTs have also attracted considerable research attention
across various fields due to their unique structural, electronic,
thermal, chemical, and mechanical properties, all of which can
improve permeability, selectivity, and long-term stability.>**>*
However, challenges remain in dispersing CNTs uniformly
within the polymer matrix and eliminating interfacial defects,
which can hinder the development of CNT-based MMMs with
high gas selectivity.

To address these challenges, hybridizing CNTs with MOFs
by growing MOFs on the surface of CNTs has been explored. For
instance, NH2-MIL-101(Al) was deposited on CNT surfaces to
introduce polar amino groups, improving interfacial adhesion.
Polyimide-based MMMs incorporating MOF/CNT hybrids
showed improved CO, permeability and CO,/CH, selectivity,
surpassing the Robeson upper bound.**" Fig. 21 shows SEM
images of MOF particle growth on the outer surfaces of CNTs,
with particle sizes around 50 nm. It also illustrates the separa-
tion performance of MOF/CNT MMMs compared to previously
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reported MMMs for the CO,/CH, gas pair relative to the
Robeson trade-off line and a schematic of MOF/CNT composite
dispersion within 6FDA-durene polyimide. This strategy of
growing MOFs on CNTs was also applied to decorate UiO-66
on halloysite nanotubes (UiO-66@HNT), which enhanced the
CO,/N, separation performance of Pebax-1657 MMMs due to
the fast transport pathways for CO, diffusion provided by the
HNT lumen and the CO, affinity of UiO-66. This also conferred
good long-term stability and excellent interfacial compatibility
with the MMMs.**®

Another class of 2D nanomaterials for membrane-assisted
decarbonization is crystalline COF, a porous structure formed
by covalent bonds between light elements (carbon, hydrogen,
nitrogen, oxygen, etc.). COFs possess a high surface area,
tunable pore sizes, and excellent structural stability due to
their covalent bonds, offering an advantage over MOFs, which
rely on coordination bonds between metal clusters and ligands.
Recent reviews on COF-based membrane gas separation high-
light their potential for flue gas decarbonization.**® Notable
examples include a PVAm-functionalized COF-based MMM
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Fig. 21 SEM images of (a) NH,-MIL-101(Al), with CNT-COOH (inset), and (b) CNT-MIL composite. (c) Gas separation performance of the CNT-MIL
MMMs for the CO,/CH4 pair with respect to Robeson trade-off line in comparison with single MOF- or CNT-based MMMs reported in the literature.
(d) Schematic of 6FDA-durene MMM containing NH,-MIL-101(Al)-decorated CNTs (AL, yellow; C, gray; O, red; and N, blue) (reproduced from ref. 331

with permission from Elsevier, copyright 2025).
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with a permeability of 1738 Barrer and a CO,/N, selectivity of
89°%° and a COF-5-based Pebax 1657 membrane synthesized
from 4-benzene boronic acid and 2,3,6,7,10,11-hexahydroxy-
triphenylene, achieving permeability of 493 Barrer and CO,/
N, selectivity of 49.3.**° Bilayer membranes having imine- and
azine-based COF have recently been reported to have superior
performance due to the interlaced pore network.>>* Merging
the capabilities of the two engineered materials has led to a
hybrid membrane with MOF grown on the COF layer.*>* For
example, MMMs were fabricated through attaching UiO-66-NH,
to TpPa-1 COF*>® (Fig. 22(a)). However, permeability values of
these MMMs were not as high compared to other studies, as
this hybrid was incorporated into a polysulfone (PSF)
membrane rather than a more selective layer. A recent innova-
tion introduced the concept of MOF-in-COF, where MOFs are
grown as strings through the 1D channels of COFs, addressing
the trade-off concerns typical in conventional membranes*>**>
(Fig. 22(b)). The molecular sieving effect of these MOF-in-COF
membranes has been particularly effective for hydrogen (H,)
purification from gas mixtures. For instance, a membrane
designed for biogas green hydrogen purification (H,/CO,) achieved
a separation efficiency of 34.9. Although this selectivity may seem
modest compared to flue gas decarbonization membranes, it is
important to recognize that this process involves extracting hydro-
gen from a CO,rich stream. A selectivity value of 34 is quite
significant in this context compared to other membranes used for
H, purification and CO, capture. The MOF-in-COF concept shows
great promise, offering the potential to tailor pore sizes for specific
gas separation applications.

Graphene analogs, including exfoliated hexagonal boron
nitrides (h-BNs), graphitic carbon nitride (g-C3N4), transition
metal dichalcogenides (TMDs), and MXenes (metal carbides,
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nitrides, or carbonitrides), are emerging as promising 2D
materials for membrane-assisted decarbonization.**® MXenes,
in particular, stand out due to their distinct physicochemical
properties, rich surface chemistry, and versatility for post-
synthesis functionalization, making them a highly flexible
superfamily of nanostructures that offer unprecedented design
potential for gas separation membranes.*®”

MXenes are derived from MAX phases, represented by the
formula M,,,;AX,,, where M is an early transition metal such as
Ti, Cr, Mo, and V, A is an element from groups 13-16 (e.g., Al,
Ga, or Si), and X represents carbon and/or nitrogen. The
resulting MXene structure, M1 X, Ty, where T, refers to surface
terminations such as -OH, =0, and -F, is usually produced
through selective etching of the A element using acids such as
hydrofluoric and hydrochloric acid.**® MXene nanosheets can
be incorporated into MMMs, where they act as molecular sieves,
enhancing both the permeability and selectivity of polymeric
membranes.**® MXenes alter the tortuosity and solubility of
gases in these composite membranes, enhancing the solution-
diffusion mechanism for gas transport by leveraging their
interlayer nanogalleries and surface terminations.>*®° MXene,
as a filler within the polymer matrix, alters the tortuosity and
solubility of gases in composite membranes compared to pris-
tine polymeric membranes.***%* Additionally, surface termina-
tions on MXenes enhance interfacial interactions with the
polymer, increasing the affinity of composite membranes for
condensable gases (e.g., CO,).>**

For example, Shamsabadi et al. reported remarkable advance-
ments in CO, separation technology by incorporating TizC,T
MXene nanosheets within Pebax-1657.%¢* With just 0.1 wt%
Ti;C,T, loading, CO, permeability increased by 43%, while CO,/
N, selectivity doubled compared to pure Pebax membranes. This
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enhanced performance was attributed to strong interactions
between the Ti;C,T, nanosheets and the polymer matrix
(Fig. 23(a)), as confirmed by characterizations and molecular
dynamics simulations, facilitating higher CO, solubility and
selectivity. The nanochannels between the MXene layers also
contributed to improved CO, diffusivity, while the molecular
sieving effect efficiently blocked N, molecules. The high CO,
adsorption capacity of the hydroxyl groups on Ti;C,T, and the
altered morphology and phase separation within the Pebax
matrix contributed to the improved performance (Fig. 23(b)).
However, at loadings above 0.1 wt%, permeability decreased
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due to nanosheet agglomeration, which created nonselective
voids at the MXene-polymer interface. Liu et al. showed similar
improvements in CO, permeance and CO,/N, selectivity for
Pebax MMMs containing 0.15 wt% Ti;C,T, (Fig. 23(c)).>** Hu
et al. took this approach further by synthesizing a Ti;C,T,-
carboxylated nanocellulose composite to improve interfacial
compatibility and prevent nonselective void formation. Their
composite membrane, containing 15.4 wt% TizC, Ty, achieved a
CO, permeability of 156.7 Barrer and a CO,/N, selectivity of 47.8
(Fig. 23d).*®® with the incorporation of 23.1 wt% Ti;C,Ty
MXenes, the CO, permeability increased, while the selectivity
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separation mechanisms in TisC,T,-Pebax membranes.*®* (c) Single gas separation properties of TizC,T,-Pebax membranes as a function of the MXene
loadings.>®* (d) CO, separation performance of carboxylated nanocellulose membranes containing 15.4 wt% TizC,T, MXene compared to Robeson
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with a constant feed flow rate of 300 Nml min~t at 3 bar and 25 °C.3¢®
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decreased due to MXene agglomeration. In another study, the
structure and CO, separation performance of Pebax-GO and
Pebax-MXene membranes were systematically compared.®®®
Pebax-MXene membranes were able to accommodate up to 20 wt%
MXene due to improved dispersion and interfacial interactions,
whereas Pebax-GO membranes reached a maximum loading of only
5 wt%. However, for both membranes, optimal performance was
achieved at a 1 wt% filler content under dry conditions. Under
humidified conditions, Pebax-MXene membranes with higher load-
ings exhibited significantly enhanced separation performance. This
improvement is attributed to water molecules trapped within the
MXene nanogalleries, which facilitate the transport of CO, molecules
through the membranes.*®”

Despite the numerous advantages of PIMs, including low
density, high specific surface area, and favorable physicochem-
ical properties, unloaded PIM membranes often exhibit low
CO, selectivity compared to CH4 and N,.*>*>*”° To address this
limitation, Wang et al. fabricated MMMSs by integrating Ti;C, T
MXenes into the continuous phase of PIM-1.>°® This innovative
approach yielded significant enhancements in CO, separation
performance. The resulting MMM achieved a CO, permeability of
12475.3 Barrer (Fig. 23(e)), marking an impressive 92.7% increase,
and a CO,/N, selectivity of 32.7, a notable improvement of 73.9%.
These enhancements were attributed to a 46.1% increase in diffu-
sion selectivity, facilitated by the ~0.35 nm interlayer spacing
between MXene layers within the PIM-1 matrix. Furthermore,
sorption selectivity improved by 37.9% due to the incorporation of
MXene sheets with polar functional groups (-OH, -O, -F), which
enhanced the affinity for CO, molecules and modified the pore size
distribution and volume within the membrane (Fig. 23(f)). These
advancements, driven by the synergistic effects of solution-diffusion
and molecular sieving mechanisms, have led to a remarkable
enhancement in both CO,/N, selectivity and CO, permeability.

Research on MXene-based membranes for gas separation is
in its early stages and requires further study. Thus far, most
published papers have focused on using Ti;C,T, for the fabrica-
tion of mixed matrix membranes. However, with over 30 types of
MXenes reported, their potential separation performance
remains largely unexplored. Additionally, several critical aspects
require clarification: the orientation of MXenes within the con-
tinuous phase, the effects of high MXene loading, the physical
aging of MXene-based membranes, and the impact of MXenes on
membrane plasticization. Addressing these areas is crucial for
advancing the application of MXene-based membranes in gas
separation technologies. Table 8 reports some of the selected
performance results for the polymeric membranes used for
decarbonization purposes, along with their operational test con-
dition. Table 9 offers more details on the membrane units that
have been used on pilot scale for the same purpose.

Despite their superior separation performance in the lab
scale, MMMs may not show the same performance real-world
operating conditions in the industrial scale. Before commercia-
lization, they must meet certain minimum requirements.>””
Table 10 provides a summary of membrane-based gas separation
performance requirements for various commercial applications,
including pre-combustion, post-combustion, air separation, and
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air dehumidification. Additionally, the long-term stability of
MMM in practical applications is a very important.*”® The stability
depends on the type of materials used, operating conditions, and
the specific application. Harsh environmental conditions, including
exposure to aggressive chemicals, high pressure, and high tempera-
tures, can impair the separation performance of MMMs. Both the
filler and polymer components govern their thermal and chemical
stability. Considering the typical longevity of current polymeric
membranes (3-5 years) and the challenges in MMM commercializa-
tion, MMMs demonstrate enhanced long-term stability compared to
conventional polymeric membranes.””® This can be attributed
to inorganic fillers, which not only improve resistance to plasticiza-
tion by condensable gases at high pressure but also prevent the
reduction in FFV because of physical aging.*®*® Therefore, strong
interfacial interactions between the polymer and fillers can enhance
the longevity of MMMs in practical applications.

7. Challenges of gas separation
membranes

Physical aging in glassy polymers occurs due to lattice contrac-
tion and chain rearrangement after solvent removal, particularly
at temperatures below the glass transition temperature (7).***
This aging process leads to a reduction in the FFV within the
polymer matrix, decreasing membrane permeability and overall
separation performance over time.**®> Both thin film selective
layers and intermediate gutter layers are susceptible to aging,
which poses a significant challenge to long-term membrane
stability. For instance, gutter layers with a glassy nature, such
as poly(trimethylsilyl propyne) (PTMSP), can lose up to 90% of
their permeability due to physical aging."" The rate of physical

aging, r, can be quantified using the following equation®**:

_1fov
TV omd,,

where V is the specific volume of the polymer and ¢ is the
performance test duration. Studies show that controlling the
FFV can effectively limit the rate of physical aging.

Plasticization is another issue that negatively impacts polymer
membranes. The polymer matrix loses its size-sieving capability,
leading to diminished selectivity. Plasticization typically occurs
when membranes are exposed to polarizable gases (like CO,) and
heavy hydrocarbons under intense operating conditions. The
phenomenon involves solvation effects that interfere with polymer
interchain interactions, allowing non-plasticizing gases such as N,
and CH, to permeate more easily.>** On a microscopic level,
plasticization increases polymer chain mobility, disrupts the free
volume within the polymer, and enlarges membrane pores. Macro-
scopically, the membrane becomes softer, exhibits increased
ductility, and shifts toward a rubbery state with a lower T,.**
The presence of widened hysteresis patterns during pressurization-
depressurization cycles with CO,-rich streams further indicates
plasticization.**®

Plasticization is typically measured by observing the increase
in CO, permeability as feed pressure rises. The plasticization

(20)
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Table 9 Comparison of facilitated transport membrane-based decarbonization pilot scale tests
Membrane geometry/  Active
Membrane Team module type area Size Gas source Ref.
PVAmM-2-(1- Ohio State University, US Spiral wound module 1.4 m*> 880 MW,* Coal-based flue gas 197
piperazinyl)ethylamine- with 4 envelopes of flat
Sarcosine modified with sheet
multiwalled carbon
nanotube; no brand
has been mentioned yet
Polaris Membrane technology and Spiral wound 1 TPD® Coal-fired power plant 371
research (MTR) Inc., US
Polaris Membrane technology and Spiral wound 20 TPD®  Natural gas power plant 372
research (MTR) Inc., US
PVAmM Norwegian University of Science  Hollow fiber 4 m® to Propane burner, 254, 373
and Technology (NTNU), Norway 20 m* cement factory and 374
Polyactive Helmholtz-Zentrum Geesthacht 10 m* Coal-fired power plant 375
(HZG), Germany
Chilled PI Air Liquide, US Hollow fiber 0.3 MW, Coal-fired power plant 376
% Megawatt electrical. ” Ton of CO, per day.
Table 10 Membrane-separation performance ranges for industrial viability in different applications
Required
Market size permeance/ Required
Application (USD/year)  Gas pair Operation condition permeability selectivity  Ref.
Pre-combustion 1.8 B H,/CO, Feed pressure of 20 bar 200-1000 GPU >10 381 and
250-400 °C 382
Post-combustion 700 M CO,/N, 5% CO, 1000-5000 GPU ~ 30-50 381-383
Low CO, partial pressure
Air separation 800 M 0,/N, 79% N,, 21% O, > 0.8 Barrer >8 384 and
Feed pressure of ~10 bar 385
Air-dehumidification 900 M H,O0/N, ~ 60-80% RH >11900 GPU >1500 386
22-30 °C
Natural gas upgrading 300 M CO,/CH,4 Feed pressure of 70 bar >100 GPU 20-35 387
50 °C
10% CO,
Hydrogen recovery from ammonia purge gas 200 M H,/N, 40 bar >1000 GPU >290 388-390
20% N,, 60% H,
Olefin production from steam cracking 37 B C,H,/C,H¢ Feed pressure of 6 bar >30 GPU >30 391
C3He/C3Hg >1 Barrer >3
Hydrogen production by gas steam reforming 120 M H,/CH,4 4 bar >85 GPU >37 378
40 °C

pressure is defined as the minimum pressure at which this
increase is observed. Yuan et al. studied the effect of wet thickness
on PVAm membrane performance and noted that thinner mem-
branes are more prone to accelerated plasticization.>*® Thinner
selective layers, achievable through intermediate/gutter layer
usage, wet coating thickness reduction, and coating parameter
adjustments, are crucial for higher CO, permeability. However,
reduced thickness leads to accelerated plasticization due to a
decrease in glass transition temperature.**” To mitigate this,
crosslinking approaches using ethylenediamine have been
proposed, as crosslinked membranes exhibit improved resis-
tance to plasticization. Consequently, thinner crosslinked films can
be produced without compromising CO, separation performance.>*®

Wessling and his team conducted an in-depth assessment of
plasticization across various membrane materials (polysulfone,
polyethersulfone, cellulose acetate, cellulose triacetate, poly-
etherimide, copolyimide, Matrimid 5218, poly(2,6-dimethyl-p-
phenylene oxide), bisphenol A polycarbonate, bisphenol Z
polycarbonate, and tetramethyl bisphenol A polycarbonate).

This journal is © The Royal Society of Chemistry 2025

Their study aimed to correlate the critical plasticization pressure,
CO, concentration, FFV, and functional group density. Interest-
ingly, they found that plasticization is not solely influenced by
CO, polarity-segment interactions, as even non-polar gases like
argon can induce plasticization at high pressures.**® Their find-
ings suggest that plasticization is more closely related to the
absorbed CO, content than to gas polarity. Plasticization depends
on both pressure and a relatively constant critical CO, concen-
tration of approximately 38 + 7 cm®(STP) cm™>. Therefore, the
key factor is the sorption of CO, rather than its polar character-
istics. Table 11 provides plasticization data, permeability, and
testing conditions for various membrane materials.**
Crosslinking enhances the mechanical stability of the
membrane by forming covalent bonds between polymer chains,
reducing the polymer matrix’s flexibility and thereby limiting
swelling under high-pressure conditions. This makes it a viable
approach not only for preventing plasticization but also for
addressing physical aging issues, where polymer membranes
tend to densify and lose performance over time.>*> However,
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Table 11 Plasticization pressure for different membrane materials

View Article Online

Energy & Environmental Science

CO, equilibrium

Permeability at Permeability at plasticization
Plasticization plasticization Zero pressure concentration Operating
Membrane pressure (bar) pressure (Barrer) (Barrer) (cm*(STP) cm ™) temperature
Polysulfone 34 3.6 5 47 23
Polyethersulfone 27 2.6 3.7 43 21
Polyetherimide 28 0.84 1.1 37 21
Bisphenol A polycarbonate 31 4.7 7.5 33 25
Bis13phenolZ polycarbonate 24 1.0 1.4 32 23
Tetramethyl bisphenol A polycarbonate 13 13 16 36 25
poly(2,6dimethyl-p-phenylene)oxide 14 8.2 99 34 25
Polyimide matrimid 5218 12 4.8 5.7 47 22
CopolyimideP84 22 0.92 1.1 48 23
Cellulose acetate 11 6.0 6.7 31 27
Cellulosetriacetate 10 7.3 9 31 24

crosslinking can negatively impact the FFV within the membrane.
The reduction in FFV results in fewer free spaces for gas molecules
to diffuse through, leading to a decrease in permeance. While the
mechanical integrity and selectivity are improved through cross-
linking, the trade-off often comes at the cost of gas permeability.
To balance this, careful tuning of crosslinking density is required
to ensure that the membrane maintains sufficient FFV to allow for
gas transport while mitigating plasticization and aging effects.
Advanced crosslinking strategies, such as the use of flexible cross-
linkers or partial crosslinking, are being explored to minimize the
adverse impact on permeability while maintaining stability and
selectivity.

While the topic is generally tailored toward looking at the
phenomena around CO, filtration, the effect of other compo-
nents and impurities in the target stream must not be ignored.
Flue gas might contain NO,, SO,, humidity, H,S, CO, NH;, or
even heavy metals depending on the source of the fuel in
combustion processes.’°® The presence of impurities could
reduce the adsorption capacity of the membranes, reduce the
driving forces of the permeation or negatively affect the struc-
ture of the membrane leading to reduced performance of the
membrane separation unit.

SO,, a more studied element from the SO, family, has larger
kinetic diameter compared to CO, and deterioration of the
performance is not mainly due to the diffusion of the gas
molecule.’”! The increased permeability of SO, can be attributed
to its higher critical temperature, which results in a greater
affinity constant and higher adsorption in Langmuir free volume
sites. MMMs with higher share of rubbery polymers have higher
affinity toward SO, and higher loading of Langmuir free volume
sites. Due to its more condensable nature, SO, has a higher
plasticization effect. While the SO, components’ concentration is
much smaller than CO,, it is important to note that each
decarbonization process must be separately assessed with
regards to the flue gas characteristics. On the other hand, the
cogenerative effect of the impurities deteriorates the performance
much more when humidity plays a major role. The presence of
humidity triggers the conversion of SO, to sulfuric acid, within
the free volume of the MMM and degradation of the MMM’s
structure. Similar effects are identified with the formation of
nitric acid because of NO, and humidity reaction. From the NO,

5060 | Energy Environ. Sci., 2025, 18, 5025-5092

family, NO is more frequently observed in flue gas streams with
concentrations not exceeding 500 ppm. NO has lower kinetic
diameter in comparison with CO, yet its lower adsorption affinity
results in lower permeability. H2S, present in natural gas, and
fermentation-generated biogas could reduce the performance of
polymeric membranes. As an instance, in the case of PDMS
membrane, CO, permeability was reduced by 8% due to the
diffusion competition of impurities.*®> More importantly, N,’s
mass transport resistance was reduced due to the swelling of the
polymeric matrix, explained by the Flory-Huggins theory.**>
Nanoparticle’s structure could also be sensitive to interaction
with H,S. Metals such as copper could react with sour gas. This
could jeopardize the performance of MMMs with Cu-based MOFs
such as ZIF-8."° On the other hand, porous organic polymers
and carbon based nanomaterials could resist acid gases with due
to their less exposed nature.’”® This could highlight the oppor-
tunity for PIM-like structures and graphitic carbon nitrates (GCN)
as acid-gas resistant decarbonization membranes. Nevertheless,
the concern of sour gas is more attributed to the natural gas
decarbonization or biogas purification, rather than the flue gas
decarbonization.

8. Computational studies, artificial
intelligence and machine learning

contribution to membrane-based

CCUS

8.1. Computational effort in membrane-based CCS
technologies

As discussed earlier, the transport of gas molecules through the
membrane matrix is controlled by the adsorption and diffusion
characteristics of the penetrating molecules. If the desired mole-
cules adsorb too strongly or too weakly, it can hinder membrane
performance, causing slow diffusion or a low concentration of
the targeted molecules.’®® Additionally, separation performance
can be significantly influenced by multicomponent phenomena,
particularly when highly sorbing gases, such as water vapor and
CO,, are present. Experimental data have revealed that multi-
component phenomena can decrease the solubility and increase

This journal is © The Royal Society of Chemistry 2025
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the diffusivity of less soluble species in gas mixtures,'®>****%°
This suggests that the intermolecular interactions between poly-
mer chains and gas molecules, as well as the competition among
gas molecules in a mixture, are not straightforward to interpret.
Therefore, optimizing membrane properties is crucial to creating
ideal interactions between the membrane and the desired mole-
cule for effective adsorption and diffusion, ensuring optimal
separation performance.

Membrane modeling involves various methods to estimate
membrane properties and consider multicomponent effects,
primarily focusing on two fundamental performance metrics:
gas permeability and membrane selectivity.****%”

Extensive efforts have been made to explain experimental
results by considering various assumptions at the molecular
scale. One of the most widely used theories is the dual-mode
sorption model, developed for glassy polymers, which assumes
that each gas molecule can be adsorbed either directly on the
polymer chains (Henry’s sorption law) or in the non-equilibrium
voids between the chains of a glassy polymer (Langmuir
sorption).**®% Saberi et al. applied this theory to develop their
model to explain gas permeation and CO,-induced plasticiza-
tion in glassy polymers.*'® Additionally, the dual-mode sorption
model was extended using artificial intelligence methods to
model mixed-gas sorption in PIM-1 and TZ-PIM.*"" However,
the need for mixed-gas sorption data may limit the applicability
of this model to specific polymers and operating conditions.

Alternatively, thermodynamic methodologies such as non-
equilibrium thermodynamics for glassy polymers (NET-GP) have
been effectively applied, leveraging the inherent non-equilibrium
characteristics of glassy polymers. Within this framework, equa-
tion of state (EoS) models, expanded to account for non-
equilibrium conditions, are used to compute gas sorption and
describe the non-equilibrium states in glassy polymers. This is
achieved by introducing polymer density as an internal state
variable to explain the system’s degree of non-equilibrium.*°%*%”
The advantage of this method is that it can be applied to multi-
component gas mixtures using sorption data acquired from
experiments with pure gas or binary mixtures. Subsequently,
the diffusion coefficient can be represented as the product of a
kinetic factor (mobility) and a thermodynamic factor, calculated
using the NET-GP methodology to compute the permeability of
the penetrating species.*'**'?

Classical molecular simulation is another approach used to
study membrane properties and the transport phenomena of
gas species. The accuracy of these interactions strongly depends
on factors such as the gas models used and the methods for
assigning partial charges. The accuracy of these interactions
strongly depends on several factors, such as gas models and
methods used for assigning partial charges. The importance of
this type of simulation becomes more apparent when studying
composite membranes.****>

In computational studies involving MMMs, various molecu-
lar techniques are employed, including grand-canonical Monte
Carlo (GCMC), equilibrium molecular dynamics (EMD), non-
equilibrium molecular dynamics (NEMD), transition-state the-
ory (TST), and even density functional theory (DFT), a quantum-

This journal is © The Royal Society of Chemistry 2025
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based simulation. GCMC simulations are widely used to deter-
mine the gas adsorption properties of membranes (e.g., gas
uptake or affinity). In contrast, gas diffusion properties within
membranes are explored using MD simulations or the TST
approach.**®"'” After calculating gas adsorption and diffusion,
permeability and membrane selectivity are determined based
on the solution-diffusion model. This approach integrates
adsorption and diffusion data to determine the membrane’s
effectiveness in a specific separation process.*'®

A distinct advantage of molecular simulation is its ability to
approximate intermolecular interactions to ensure an intimate
interface between the species that make up the composite
membrane. This feature can pave the way for making compatible
polymeric composites where emerging materials with unique
properties can be embedded in the membrane matrices to pro-
mote separation performance. Thus, it provides guidance for
selecting filler/polymer pairs by identifying noncovalent and cova-
lent bonds between fillers and polymer chains. Typically, func-
tional groups (e.g., -NH2 or -CN) on the surface of fillers or
structural defects intentionally created in the crystalline structure
of fillers can lead to a favorable interface and reduce non-selective
voids, maintaining the level of selectivity.**®
tions showed that MXene nanosheets could form an intimate
interface with the Pebax membrane matrix, supporting the cost-
effective separation performance of the resulting membrane.** In
another study, Sadeghi and Howe used DFT simulations to
examine how polymer fragments (specifically, Kapton and 6FDA-
Durene) interact with ZIF-8 and Co-BDC surfaces.*'® Their inves-
tigation uncovered that the presence of unsaturated sites can
promote strong compatibility between the MOF and polymer.
Conversely, when there was a deficiency of undercoordinated
surface species, the adhesion between the MOF and polymer
was weaker, particularly in cases where dispersion forces played
a dominant role. It is noteworthy that molecular simulations can
also calculate various structural properties of polymer membranes,
including density, glass transition temperature (7), FFV, polymer
solubility, and mechanical properties, which can reveal whether a
polymer is suitable for a specific separation.**°™**>

For instance, simula-

8.2. A data-driven approach for membrane-based CCS studies

As previously mentioned, MMMs stand out as a highly advanta-
geous membrane type due to their cost-effectiveness, ease of
processing, and superior performance. The unique properties of
fillers can also be imparted to the membrane when they are
dispersed within the membrane matrix. However, choosing com-
patible polymers and fillers to prepare a defect-free composite
remains a significant challenge. As a result, researchers have
focused on applying cutting-edge computational approaches,
such as data-driven methods, to make optimal choices.**>*"
The highly detailed atomistic simulations offer precise out-
comes but come with substantial computational expenses.**®
Hence, typically, the permeabilities of MMMs are calculated
utilizing permeation models like Maxwell,**®* Bruggeman,**
and Felske.*>® These models integrate the gas permeabilities
of fillers obtained through atomic simulations with experi-
mental data on gas permeability in polymers. Consequently,
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once the gas adsorption and diffusion properties of fillers are
known, the permeabilities of MMMs can be estimated without
further simulations.***>¢

In this regard, numerous studies on both real and hypothetical
materials, including MOFs, COFs, and 2D materials, have exam-
ined their potential for diverse applications and objectives.*””~***
Budhathoki et al. performed high-throughput atomistic simula-
tions on 112888 real and hypothetical MOFs to obtain CO,
permeability and CO,/N, selectivity.**> Afterward, using experi-
mental data attributed to nine polymers and applying the Maxwell
model, they estimated the separation performance of over one
million possible hypothetical MMMs resulting from combining
those MOFs and polymers. The results were then used for a
techno-economic evaluation of membrane-based carbon capture,
showing that many potential MMMs are predicted to have a
carbon capture cost of less than $$50 per ton of CO, removed.
Altintas and Keskin also performed high-throughput computa-
tional screening (HTCS) to evaluate a MOF database for
membrane-based CO,/CH, separation.**® They applied GCMC
and MD simulations to identify the separation performance of
those MOFs. They then calculated the permeability and selectiv-
ities of possible MMMs, where the best MOF candidates were
embedded as fillers. This revealed a significantly improved CO,
separation performance compared to pristine membranes.

Meanwhile, Yuan and Sarkisov proposed an efficient
approach using lattice models and dynamic mean field theory to
estimate gas permeability in MMMs.**” This model considers
interfacial effects, suggesting potential gas transport hindrances
due to unfavorable interface interactions. Although these models
lack the resolution of molecular simulations due to the absence of
long-range interactions, they serve as effective initial screening
tools for probing diffusion in various MOF-based MMMs. The idea
was that the identified candidates could then undergo detailed
molecular simulations for a more comprehensive analysis.

The rapid advancement of high-performing MMMSs can be
achieved by integrating diverse modeling, simulation tools, and
data science techniques, offering valuable insights to experi-
mentalists. Transitioning MMMs from laboratory research to
practical application requires significant effort and time. How-
ever, this transformation can be efficiently accomplished
through the cohesive integration of experimental knowledge,
theoretical knowledge, and big-data science methodologies. At
this point, the conversation pivots toward exploring the appli-
cation of artificial intelligence (AI) techniques for material
classification or membrane performance regression.**’

Apart from the studies that AI was implemented to find a
correlation between parameters or build a model to predict the
output versus inputs, Al-assisted methods have widely been
used to optimize the operational parameters of carbon capture
processes such as temperature, operating pressure, flow rates of
species, and geometry of the reactors to increase the overall
efficiency of the process.****** However, Al-assisted methods are
often applied for polymeric membranes to select or discover the
optimal polymeric structure or the best combination of polymers
and additives to achieve high-efficiency separation performance.
Data-driven analysis (including Al-assisted methods) aids in
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identifying the pros and cons of different materials to overcome
certain drawbacks, such as weak intermolecular interactions
between continuous and dispersed phases in a polymer compo-
site, non-selective voids at the interface, or chain rigidity.>”***°

The emergence of machine learning (ML) techniques has led
to precise predictions for diverse material properties. Simulta-
neously, the availability of vast repositories containing both
experimental and simulation data has facilitated the use of
machine learning to uncover new materials through data
analysis.**" Fig. 24 displays a typical ML model workflow that
utilizes data sources to ultimately accelerate the identification
of high-performance materials.

Resources, including crystallographic data and molecular
simulations, can provide chemical, structural, or energetic
properties of substances. However, the first step in utilizing
these large data sets is converting the information into formats,
such as scalars or vectors, that are readable by ML models and
accurately describe the properties of materials. Once material
representations are acquired from experimental or computa-
tional data, ML models can be implemented for two purposes:
regression and classification. The regression task, often applied
to predict separation performance metrics, may lack accuracy
due to factors such as limited data or the absence of physically
relevant features. In such cases, classification methods are
useful, categorizing materials as stable or unstable, or high
performance or low performance, instead of providing precise
numerical values. This approach can expedite identifying
potential materials for use in MMMs for CO, separation.*****?

Zhang et al. combined HTCS and ML models to evaluate the
potential of ionic liquid-incorporated MOFs (IL@MOF) as fillers to
overcome the trade-off limitation in membrane separation.**
They prepared a dataset of 8167 IL@MOF composites by consider-
ing the [NH2-Pmim][Tf2N] molecule and using the CoRE MOF
2019 database.*** All IL@MOF composites were assessed for CO,/
N, (15/85) separation under ambient conditions. To obtain a better
understanding of the structure-performance relations, some
chemical characteristics (e.g:, unsaturation degree, metallic per-
centage, and oxygen/metal ratio), as well as textural properties (e.g.,
crystal density, pore-limited diameter, and surface area), were
considered to train an ML model based on the random forest
(RF) regression algorithm. The ML outputs demonstrated that the
most effective descriptors for CO,/N, selectivity and CO, perme-
ability are accessible pore volume and mass-accessible surface
area. [NH2-Pmim|[Tf2N]|@ZIF-67 was eventually selected as the
best filler due to its promising CO,/N, separation performance
observed in molecular simulations. The selected filler was then
integrated into PIM-1 to fabricate a high-performing MMM. The
experimental results for the MMM exhibited superior CO,/N,
selectivity and CO, permeability compared to both the pristine
PIM-1 membrane and the ZIF-67/PIM-1 MMM, surpassing the
redefined Robeson upper bound for CO,/N, separation in 2019.%%*

8.3. Future directions of ML/AI modeling: inclusion of
degradation and ageing effects

Despite the recent advances, we still observe that membrane
degradation and ageing are not explicitly addressed in AI/ML
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models, specifically in the case of polymer membranes. One
approach recently presented by Giro et al.**® has implicitly
accounted for degradation effects through inclusion of the
half-decomposition temperature as a target figure-of-merit.
The main reason for the methodological gap is the lack of
high-quality training data. Experimental data on degradation
are scarce and, if available, they are often qualitative. Moreover,
there is a lack of standardization with regards to how these data
are obtained in the lab. One potential route to address this gap
could be the generation and use of synthetic data. Nevertheless,
nowadays the problem complexity limits the AI/ML model
efficiency, model accuracy and predictive power.

Going forward, an important challenge will be to include
into the ML models the physical degradation effects observed
in polymer membranes, such as plasticization, competitive
sorption, and aging.**® Plasticization in polymer membranes occurs
at high pressure, due to CO, related swelling. The effect increases
the segment mobility of polymer chains, the free volume and the
interchain spacing. This leads to an increasing permeability**® and
a loss of selectivity.**” Competitive sorption is an effect that tends to
reduce the solubility of gases due to competition for the adsorption
of the more soluble gas in the mixture.**® Physical aging occurs in
glassy polymers due to the relaxation of the nonequilibrium chain
conformation towards an equilibrium state, below the glass transi-
tion temperature. Glassy polymer chains gradually relax into their
favored higher packing density (densification), which decreases
membrane permeability.**> A potential pathway for mitigating these
degradation effects is the addition of polymer crosslinking.**

In the case of nanoporous membranes, such as MOF mem-
branes, some advancements towards inclusion of degradation
effects have emerged. In recent works, a natural language proces-
sing (NLP)-based approach was used to extract information with
regards to MOF solvent removal and thermal stability from the

This journal is © The Royal Society of Chemistry 2025

literature.*>***" The data was then used to train ML models for
predicting the stability of new MOFs with quantified uncertain-
ties. In a similar approach, Terrones et al. enlarged a training
data set for predicting MOF stability against water.*>> Inclusion of
the additional data improved the ML model performance in the
prediction of both stability against water and stability under
acidic conditions. As an extension of previous work and an
example of generative design including degradation effects,
Nandy et al. employed ML models to identify MOFs that are
stable against heating and solvent removal.*>® Nevertheless, ML
models do not yet capture degradation caused by corrosive and
acid substances. For example, substances such as H,S, SOy, and
NOy can disrupt weak ligand-metal linkages in MOF OMS.*>**>>
In addition, MOF stability could be further improved by exploring
structural changes and functional modifications.*>*

We conclude that future ML approaches to membranes
should explicitly include degradation effects. In generative
design, the inclusion of suitable figures-of-merits in the design
workflow could lead to improved, higher-stability membranes.

9. Process simulation and design
challenges

The process of upscaling membrane samples from the lab to
larger scales facilitates the transition of the technology from its
initial developmental stages to pilot- and industrial-scale appli-
cations. Process modeling and simulations allow the identifi-
cation of several technological and economic aspects of a
technology before implementation beyond the lab. Simulations
can effectively analyze the performance of membrane filters and
membrane contactors. It is generally believed that membrane
systems are significantly simpler from an all-encompassing
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standpoint, and more succinct, methodical comparisons are
expected in the literature. In contrast, the carbon capture
process is influenced by various factors such as industry type,
geographic location, seasonal fluctuations in market demand,
etc., all of which impact the final costs and design criteria.

Industries emit streams with varying CO, concentrations,
flow rates, pressure, temperature, and impurity levels. Scenar-
ios from simulations help to understand the multitude of steps
required and strike a balance between fixed/operating costs and
the total quantity of CO, captured.*>® Small and medium-sized
CCUS processes can benefit from the low cost of membrane
separation. However, once a critical point is reached, as deter-
mined by process simulations, amine-based capture technolo-
gies become more technically and economically viable.**” One
major process challenge is optimizing both the number of steps
and the purity and quantity of CO, removed from the flue gas.
The primary goal for a single-stage membrane-assisted decar-
bonization system is to achieve an energy requirement of less than
2 GJ per ton of CO, recovered. Simulations indicate that such
targets are achievable only when a vacuum pump is used on the
downstream side or when the CO, concentration in the feed
stream is high.*>® Membrane selectivity plays a crucial role in
the system’s feasibility; moderate selectivity values (~50) may be
sufficient under optimized conditions. More cost-effective
approaches, such as increasing the CO, concentration through
partial recovery of the exhaust or coupling the membrane separa-
tion system with a cryogenic unit, have been proposed.”****® Two-
stage membrane separation is more common and toward cost-
function minimization by including/excluding/optimizing the pro-
cess options of vacuum pump, partial recycle, step-vise pressure
difference, purity and recovery ratio adjustment, energy recovery,
humidification adjustment, and impurity removal.

Initial simulations were conducted based on fixed perme-
ability, constant pressure change, and non-reactive systems. The
next generation of simulations is now available based on variable
permeability, variable pressure difference, and reactive FTM
systems.**>*%® A major challenge for membrane-based decarbo-
nization processes is the unique working specifications of each
membrane or module. As the new generations of membranes
integrate both reactive and molecular sieving properties, their
permeability/selectivity coefficients, along with their behavior in
modulated form, including concentration polarization, need to
be evaluated individually. Accordingly, generic simulations may
not be able to cover the broad spectrum of membranes currently
available in the market.**®

Jomekian et al. offered a perfect instance of a tailor-made
simulation of precise process modeling using a specific MMM
membrane.*®! ZIF-8 modified Pebax 1657 membranes contain-
ing up to 60% of the nanofillers were modeled by connecting an
Excel sheet performance database to Aspen software. While this
simulation approach is not the most optimum one, promising
results were reported in terms of using simulation tools. Using
an experimental mixed gas setup, they reported the permeance
and selectivity of their lab-made MMMs. The flux for the CO,
and the other gas, in their case, CH,, was calculated using the
generic solution-diffusion formula (eqn (23) and (24)), and the
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flux for the membrane unit was solved by rearranging the
formulas (eqn (25) and (26)):

P
JC02 = y7 = PC02 (Pfcch - ppcrmcatcy) (21)
1—y)P
JCH4 = % = Pa (pfeed(l - x) - ppermeate(l - }’)) (22)
Y DfeedX — Ppermeate)
= o 23
1 -y pfeed(l - X) _ppermeale(l - y) ( )
(IM - O‘(ppermeate - pfeed))yz
Pfeed
+ (1 —XxX+oax —IM+ a((ppermeale _pfeed)>y —ox=0
Dfeed

(24)

where Jco, and Jcu, are the flux of the CO, and CHy, Pco, is the
permeance of CO,, Preed AN Ppermeate are the pressure values in
the upstream and downstream of the membrane in cmHg, A is
the membrane area in cm?, and x and y are the mole fractions
of the CO, in the feed and permeate sides, respectively. The
above equations allow for calculating y and Jco,. The total flux
was calculated using:

]COZtotaI = nJCOZ—single stage (25)
and the effect of temperature using:
E
P=Pyexp| —% 26
vexp (7 ) (26)

where 7 is the number of filtration stages, P, is the experimental
permeability (Barrer) obtained from lab tests, Ej, is the gas permea-
tion activation energy (k] mol™ "), R is 0.008314 k] mol ' K~ ', and T
is temperature (K). By creating spreadsheets and using Aspen Plus
software, a comparative study was conducted, including four sce-
narios: single-step, single-step with recycling of the permeate,
double-step with recycling of the permeate (with the highest
recovery of methane), and double-step with recycling of the reten-
tate. The coupled experimental-simulation work represents a sim-
ple, low-cost approach to observe the modified membranes’
performance under different operating conditions before moving
to the plant scale. However, the study lacked an economic assess-
ment and critical information, such as feed impurities.

Another valuable report presented the simulation of two-
stage membrane-based decarbonization of a 400 MW natural
gas combined cycle (NGCC) power plant, along with the opti-
mization of the carbon-to-electricity relative price (Fig. 25).%6*
The objective was to maximize the total net present value (NPV)
of the power plant, considering no constraints on production
and demand, through the simultaneous optimization of design
and operational parameters. The NGCC was modeled with part
loads varying from 0.66 to 1, fixed fuel, and air flow rates to
avoid fluctuations in the flue gas composition, maintaining a
fixed CO, concentration of 3.9 mol%.

The two-stage membrane filtration was modeled under the
assumptions of no pressure drop and no temperature change

This journal is © The Royal Society of Chemistry 2025
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Fig. 25 (a) Schematic of two-stage membrane filtration model used for
decarbonization of a 400 MW NGCC power plant, (b) Comparison of NPV
for the power generation without carbon capture, with base membrane-
decarbonization unit, and with advance membrane units (reproduced from
ref. 462 with permission from Elsevier, copyright 2025).

within the membranes. The feed and operating temperatures
were set at 45 °C, and 30 °C, respectively. The CO, concen-
tration was 95 mol%, and the CO, outlet pressure at the end of
the second filtration was 137.9 bar (6-stage compression). The
compressor efficiency was 0.8, and the vacuum pump and
expander efficiency were 0.7, with adiabatic expansion or
compression considered in the calculations of the pumps and
compressors. Time step of one hour was used for power cost
estimation, based on twice the power price in California in
2015, with a natural gas price of $3.13/GJ and a membrane cost
of $50/m”.

A simplifying assumption was made that only CO, and N,
permeated the membranes, and a crossflow model was applied
for the simulation. A simplified crossflow symmetric membrane
model was used, which is practical and easier to run compared
to a more comprehensive asymmetric membrane model. Details
of the membrane modeling for gas separation can be found
elsewhere."®®

The selectivity and permeance of the membrane were set to
50 and 1000 GPU, respectively, while four other design para-
meters, namely, the membrane surface area and the compres-
sor size in each of the stages, were changed to create different
simulation scenarios. Another scenario of improved membrane
separation property was also developed (selectivity of 200 and
permeance of 3500 GPU) for comparison purposes. Cycle load,
each stage’s feed pressure, each stage’s permeate pressure, and
the capture rate parameters were selected as the operation
variables for the optimization. Interestingly, the comparison
of the highly selective membrane and the base membrane in
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the lower carbon pricing range showed closer NPV values, while
at a higher carbon price of $200/ton, the difference was
significant. While the study provides a good example of real
scenarios, several aspects are not yet covered. For example, the
NPV can be affected by the possible selling scenarios of the
carbon captured for oil recovery purposes. A more comprehen-
sive approach would consider avoided risks or regulatory
compliance to prevent fines. A lower NPV with CCUS does not
necessarily reflect less profit for the plant because of emitted
carbon. Given the specific economic and regulatory context, the
costs associated with capturing and storing carbon currently
outweigh the financial benefits derived from such activities.
According to Yuan et al., decarbonizing power plants is inher-
ently context-sensitive.*®> Power demand, energy prices, and
carbon regulations within a region are examples of market
circumstances that impact the model’s sensitivity and optimal
design and operation.

Simulation and modeling approaches can also target more
detailed information on membrane properties with the possi-
bility of altering the techno-economic aspect of the carbon
capture process. As an instance, Budhathoki et al. considered
a three-stage membrane separation design to investigate the
TEA of the process for twelve hypothetical membranes with CO,
permeance equal to 34, 1170 or 8000 GPU and CO,/N, selectiv-
ity of 18, 35, 68 or 250.**> This simulation setting, coupled with
optimizing the operating parameters using the framework for
optimization, quantifying uncertainty, and sensitivity (FOQUS)
through Aspen Custom Modeler Software (ACM), highlighted
the influence of membrane characteristics on the TEA. An
interpolation of the cost of carbon capture was made as a
function of permeability and selectivity, and it was further
extended to a database on MMMs with different performance
data. The TEA was assessed using the cost of CO, capture and
cost of electricity production (COE), which is a function of total
overnight cost (TOC), carbon capture operating variable cost
(OCqc), capital cost factor (CCF) and capacity factor (CF), and
the parasitic load (MW hparasitic 10ad)- The suffix “ref” indicates
the same parameter for the plant without carbon capture, and
the suffix “cc” refers to the parameters of the plant with carbon
capture. Within the simulation framework described above, the
cost of the CO, capture factor was calculated for each per-
meance/selectivity pair (Fig. 26(a)). Interpolation of the cost of
CO, capture for several MMMs with different polymers and
various nanofillers was then conducted to generate a cost
sensitivity for MMMs-based carbon capture (Fig. 26(b)). Despite
common assumptions, enhancing the permeability and selec-
tivity of a membrane does not necessarily result in a reduced
CO, capture cost. Interestingly, the lowest CO, capture cost
does not result from the best MOF with the most suitable
adjustments to pore and chemical characteristics. For a MMM
to exhibit improved gas selectivity, the selectivity ratio between
the MOF and the polymer should be at least ten times higher
than their permeability ratio. This means that MOFs with the
lowest cost of capture capacity (CCC) are not those with the
highest permeability and selectivity. Instead, the optimal MOFs
are those where the selectivity ratio surpasses the permeability
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Fig. 26 (a) Carbon capture cost calculation using the simulated process for hypothetical membranes (3 different permeances and 4 different
selectivities), and (b) carbon capture cost estimation using the interpolation driven from a 650 MWe power plant-carbon capture simulation and using

it for hypothetical MMMs assessment (reproduced from ref. 253,435 with permission from RSC, copyright 2025).

ratio by at least an order of magnitude, provided that they also
have higher permeability and selectivity than the polymer alone.

COE =

(CCF)(TOCrCf-i-TOCCC) =+ (TOCFI)() =+ (CF) (TOCVAR

Zhai et al. studied polymer membranes for capturing CO,
after combustion in coal-fired power plants.*®” With a CO,/N,

+TOCVARCC)

ref

CF(MWh,sMWhcc)

COE, — COE,¢

cec= captured CO,

(28)

9.1. Number of stages and its correlation with process
efficiency and economics

Having CO, separated in a single-stage process could impose
many limitations to the process.*®**®®> Two-stage filtrations were
studied and optimized by a few research teams. For instance,
energy recovery from the CO,-depleted stream and post-capture
CO, liquefaction were taken into consideration when Shao et al.
investigated a two-stage membrane technique for CO, capture
from coal-fired power stations.*®® Vacuum pressure on the
permeate side was found to be the preferred driving force after
feed and permeate pressures were optimized. According to a cost
analysis, the first-stage membrane accounted for the majority of
overall expenses. For assumed parameters (1000 GPU permeance;
CO,/N, selectivity of 30, 50, and 200), the results showed that
membrane technology is more economical than PSA and amine
absorption for CO, capture in coal-fired flue gas.
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selectivity of 50, a membrane permeance of 1000 GPU, and a
flue gas flow rate of 500 m® s~ (STP) with 13.0% CO,, they
discovered that the best way to minimize CO, avoidance costs is
to combine compressors and vacuum pumps. A two-stage
membrane system cost $$45.6/mt CO, to capture, but it recov-
ered 90% of the CO, and was 95% pure. The cost was reduced to
€31/t CO, by recycling CO, using a two-stage, two-step air sweep
arrangement, which is in line with Kotowicz et al.*®® A para-
metric study on two-stage membrane designs for CO, collection
in a 600 MW coal-fired power plant in North Rhine-Westphalia,
Germany, was carried out by Zhao et al.*®® To find the best CO,/
N, selectivity and capture costs, they conducted a sensitivity
analysis using PEBAX polymer membranes and PRO/II software.
A two-stage cascade system that achieved 70% CO, recovery and
95% purity for a feed gas containing 14% CO, had a capture cost
of €31/t CO, (~32.2 $/t CO,, assuming an exchange rate of 1 € =
1.04 USD), according to the data, making it a feasible retrofit
option. Correlations between membrane characteristics and
system performance were also discovered by the study. Accord-
ing to these investigations, two-stage membrane systems can
achieve 90% CO, recovery and 90-95% purity, making them

This journal is © The Royal Society of Chemistry 2025
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competitive with traditional amine-based CO, capture methods.
Further research is necessary to determine if membrane-based
CO, capture can remain competitive if recovery and purity
standards rise from 90% to 98%. Further process optimization
also requires analyzing the effects of these higher targets on the
ideal number of membrane stages, membrane area, operating
conditions, and overall cost.

The primary methods for determining the best membrane-
based CCUS system configurations -taking into account the
number of filtration steps, membrane size, and operating con-
ditions- are process optimization techniques. One important
factor to keep in mind is that the permeability and selectivity of
the membrane are inextricably tied to the final product purity,
membrane size, and operating conditions. Therefore, if future
developments result in the creation and commercialization of
membranes with greater permselectivity, any process optimiza-
tion based on projected membrane performance could become
outdated. Arias et al. used a mixed integer nonlinear mathema-
tical programming (MINLP) modeling approach to find the
optimal number of membrane stages, membrane areas, and
operating conditions that minimize the total annual cost of CO,
capture from flue gas*’® (Fig. 27). The number of membrane
stages is highly influenced by the targeted CO, purity (Table 12).
A two-stage system with one recycle stream was shown to be
ideal for purity levels between 90% and 93%, however three
stages and two recycle streams were needed to achieve 94% to
96% purity. Four membrane phases were required to maintain
efficiency for higher purity standards of 97% and 98%. This
approach shows the trade-offs between increasing CO, purity
and its associated expenses. Higher purity requires a greater
membrane area and higher energy usage due to increased pressure
and compression requirements. Furthermore, Arias et al. showed
that these enhanced multi-stage designs are competitive in terms
of affordability and power consumption not only with traditional
absorption-based CO, collection techniques but also with other
membrane-based separation procedures. In order to guarantee the
economic viability of membrane-based CCUS technologies, these
findings highlight the significance of carefully choosing the num-
ber of separation steps based on the intended CO, recovery and
purity.

Accordingly, process optimization plays a crucial role in
enhancing the efficiency and cost-effectiveness of membrane-
based CCUS systems. The studies reviewed demonstrate that
multi-stage membrane configurations can achieve competitive
CO, recovery and purity levels compared to conventional
amine-based methods, with the optimal number of stages
being highly dependent on the target purity. As CO, recovery
and purity demands increase, additional membrane stages and
higher membrane areas are required, leading to higher energy
consumption and costs. However, advancements in membrane
materials and further optimization of system configurations
can help mitigate these challenges. Future research should
focus on refining membrane properties, exploring alternative
driving force mechanisms, and integrating novel separation
strategies to improve the economic and environmental viability
of CCUS technologies.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

10. Comparison of membranes and
conventional processes for CCUS

The right CCUS approach is determined based on the different
CO, streams that industries emit, which vary in concentration,
flow rate, pressure, temperature, and impurity levels. Different
strategies are needed for small, medium, and large industries to
maximize technological efficiency and economic viability. While
this paper insists on the benefits of membranes as one of the
pioneer candidates for CCUS application, there are cons and
pros when it is compared to the more conventional processes
such as amine-based absorption. Because amine-based absorp-
tion has a high capture efficiency (>90%), it is the preferable
method for large-scale businesses (such as cement and power
plants) that produce high-volume, low-CO,-concentration emis-
sions (~3-15%). Hybrid amine-membrane systems, in which
membranes pre-concentrate CO, to lower the regeneration
energy of amine solvents, can be advantageous for medium-
sized companies (such as chemical plants and ammonia pro-
duction). High-purity CO, streams are produced by small-scale
enterprises (such as small hydrogen plants and biogas upgrad-
ing), which makes membrane separation more feasible because
of lower startup and operating costs. Nevertheless, until large
scale membrane-based plants with higher efficiency would not
be in practice a real comparison would be irrelevant. To offer a
current comparative vision between the absorption and
membrane processes, Table 13 brings different aspects of the
technologies together.

The scale of the industry and operating costs determine
whether CO, capture is economically viable. 50% of yearly run-
ning costs are related to amines’ high energy requirements for
solvent regeneration. Membranes, on the other hand, are appro-
priate for small-to-medium applications due to their lower energy
consumption and versatility. Large-scale companies where the
high capture efficiency outweighs the high energy and mainte-
nance costs favour absorption-based CCUS. Small and medium-
sized businesses can save money by using membrane-based
separation, especially in decentralized environments like hydro-
gen manufacturing and biogas upgrading. One approach that
shows promise is process integration. By pre-concentrating CO,
prior to solvent regeneration, hybrid membrane-amine systems
can increase energy efficiency. Additionally, to increase CO,
purity and lower operating costs, membrane-based separation
in conjunction with cryogenic procedures is being investigated.

Developing membrane separation and improving hybrid
strategies to get around present constraints are key to the
future of CCUS technologies. High-performance polymeric
and MMMs will be the focus of material advances to improve
durability, permeability, and selectivity. It is also crucial to
conduct research on FTMs that provide better CO, separation
in industrial settings.

To decrease solvent regeneration energy and increase
membrane longevity, process improvement will entail a hybrid
integration of amine absorption and membrane separation.
While the investigation of cryogenic-membrane hybrids can
enhance separation efficiency in high-volume applications, the
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Fig. 27 Process simulation and optimization for membrane separation-based CCUS with different stages; (a) 4 stages, (b) 3 stages, and (c) 2 stages
(reproduced from ref. 470 with permission from Elsevier, copyright 2025).

development of two-stage membrane systems will enable
improved CO, purity and optimized energy consumption. When
determining the cost break-even points at which membrane

separation outperforms amine absorption, techno-economic ana-
lyses will be essential. It is necessary to assess long-term operat-
ing costs while taking membrane deterioration, replacement
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Table 12 Parameter comparison for membrane-based CCUS processes with 4, 3, and 2 stages (reproduced from ref. 470 with permission from Elsevier,

copyright 2025)

Optimal configuration

Suboptimal configuration
(3 stages, Fig. 27(b))

Suboptimal configuration
(2 stages, Fig. 27(c))

Variable (4 stages, Fig. 27(a))
TAC (M $ per year) 123.54
Total investment (M $ per year) 66.99

Total operating cost (M $ per year) 56.55

Total power (MW) 278.31
Power recovered in expander (MW) 102.272
Total net power (MW) 176.035
Total membrane area (m?) 2082 164.65
Total heat transfer area (m?) 32523.82
Total compressed permeate flow rate (mol s™*) 12 828.82
High operating pressure (MPa) 0.586
Number of iterations 38

134.22 136.93
66.61 67.56
67.61 69.37
320.246 325.974
113.8 114.55
206.626 211.416
1389 645.09 1415 254.71
36382.26 37001.73
13769.37 14169.51
0.706 0.715

7 5

Table 13 Comparison of membrane separation and absorption for carbon capture

Feature Amine absorption

Membrane separation

85-95%

3-6.5 GJ per ton CO,
High for CO,/N,
Near ambient

CO, capture efficiency
Energy consumption
Selectivity

Operating pressure
Sensitivity to impurities
Capital & operating costs
Scalability

Commercial readiness TRL 9 (Fully commercial)

cycles, and scalability into account. It is also necessary to look at
the viability of modular membrane modules designed for small-
scale and decentralized industries.

Membrane separation and amine absorption each have
unique benefits and drawbacks. Because of its high capture
efficiency and commercial maturity, amine-based CCUS con-
tinues to be the industry standard for large-scale applications.
Membrane-based systems, on the other hand, give small and
medium-sized businesses a competitive edge by lowering
energy and capital expenditure. The gap can be filled with
additional hybridization and material developments.

11. Utilization of the captured carbon
and the contribution of polymeric
membranes

Utilization of captured carbon (CCU) is viewed as a promising
pathway to address the limitations of conventional short-term
solutions for carbon capture and storage (CCS). However, there is
strong reasoning that CCS is the mature, well-understood, estab-
lished, and only practical technique for meeting CO, emission
reduction goals by 2050 and beyond, allowing ample time for a
transition away from fossil fuels, thereby rendering CCU a highly
unrealistic alternative to CCS.*”* The best approach to addressing
conflicting reasoning among CO, emission reduction strategies
is to view each process in its appropriate context. CCU should
never be considered as the viable alternative to CCS for the
mitigation of CO, emission challenge to meet net-zero to net-
negative CO, emission milestones. It can rather be implemented

This journal is © The Royal Society of Chemistry 2025

Highly sensitive (SO,, NO, cause degradation)
High due to solvent handling & regeneration
Preferred for large-scale (>1 M ton CO, per year)

50-90% (depends on membrane type & stages)

~1 GJ per ton CO,

Moderate, depends on membrane type

Varies (vacuum-assisted options available)
Plasticization and aging concerns but can be mitigated
Lower due to modular design & no solvent regeneration
Best suited for small to medium industries

TRL 6-7 (Pilot studies ongoing)

in places where CO, is the only feedstock or process driver (e.g,
urea production or CO,-enhanced oil recovery), CO, is the
cheaper feedstock, or the CO,-derived product can viably replace
the alternative product, or the net CO, emission is not higher.*”*
The fertilizer industry is the largest consumer, using approxi-
mately 130 Mt of CO, annually for urea manufacturing, while the
oil sector follows closely, consuming 70 to 80 Mt of CO, for
enhanced oil recovery (EOR).*”>

Polymeric membranes contribute to CCU in two major
processes: (i) gas separation units, which are employed in
membrane modules for the selective capture of CO, from flue
gases, biogas, or natural gas streams, and (ii) membrane
reactors, which enhance process efficiency and selectivity by
integrating reaction and separation. The following discussion
will focus on membrane reactors, as gas separation units were
covered in previous sections.

11.1. Membrane reactors

Membrane reactors combine reaction and separation processes in
a single unit, allowing for enhanced process efficiency, higher
reaction rates, selectivity, and control.*”® The membrane compo-
nent selectively separates one or more reaction mixture compo-
nents, either by size, charge, or affinity, while allowing other
components to pass through. This selective separation enables
the continuous removal of reaction products or byproducts, shift-
ing the reaction equilibrium towards the desired products and
enhancing overall reaction rates. Membrane reactors find applica-
tions in CO, conversion processes, including hydrogenation of
CO, to methanol, dry reforming of methane (DRM), reverse water
gas shift (RWGS) reaction, CO, hydrogenation to formic acid, and
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CO, methanation, among which the conversion to methanol and
RWGS for fuel production is viewed as the most important CO,
utilization pathway, presumably from a business perspective.

A membrane in a membrane reactor provides four basic
functions: extractor to separate the desired products from the
reaction mixture, distributor to introduce the required ratio of
reactants into the reaction zone, contactor to enhance the surface
contact of the reactants with the catalysts immobilized on the
surface or embedded into the membrane layer, and extender of
catalyst lifetime to enhance reaction rates by removing water
(following Le Chatelier's principle), which acts as a reaction
byproduct.*”* The two most common configurations for membrane
reactors are the packed-bed membrane reactor (PBMR), where the
membrane only separates products, and the catalytic membrane
reactor (CMR), where the membrane acts as the catalyst support and
separates products. There are four primary categories of membrane
reactors: (i) electrochemical, (ii) thermocatalytic, (iii) photocatalytic,
and (iv) biocatalytic. Among these, electrochemical membrane
reactors typically do not utilize membranes for CO, or product
separation.

Among these, electrochemical membrane reactors typically
do not utilize membranes for CO, or product separation, nor do
they serve as catalyst supports. Instead, the membrane acts as a
barrier between the cathode and anode chambers, preventing the
mixing of components while selectively conducting protons. This
function is quite different from the concept of membrane
reactors, where the membrane primarily serves as a means for
selective reagent introduction, product separation (purification),
and catalyst support. In membrane reactors, the membrane helps
ensure the homogeneous distribution of catalysts and provides a
large surface area for catalytic reactions. Consequently, the dis-
cussion will be confined to the remaining three categories, where
membranes both support the catalyst and facilitate separation.
Interested readers are encouraged to explore recent reviews on
well-studied and industrially viable electrochemical CO,
reduction technologies.*”>*®

11.1.1. Thermocatalytic membrane reactors. Thermocataly-
tic membrane reactors operate at higher temperatures (> 100 °C).
Therefore, thermocatalytic CO, conversion by a polymeric
membrane reactor is limited by the thermal stability of the
polymeric membrane, which has driven a vast interest in the
development of low-temperature catalysts.*”*** Inorganic mem-
branes, such as zeolite membranes, perform better than cost-
efficient polymeric membranes at high temperatures but suffer
from deficiencies in selectivity in the separation process.*”® There
are only a few studies on the use of polymeric membranes for
thermocatalytic membrane reactors, where the membrane only
serves the separation function,*® ™% and a few studies on using
the membrane both as catalyst support and for separation.**®™*%*

Zou et al. developed a WGS membrane reactor featuring a
CO,-selective polymeric membrane and a commercial Cu/ZnO/
Al,O;5 catalyst for hydrogen production suitable for use in proton-
exchange membrane fuel cells (PEMFCs).*** The membrane,
made from cross-linked poly(vinyl alcohol) with fixed and mobile
carriers that demonstrated good CO, selectivity and permeability
at 110-170 °C, effectively removed CO, during the WGS, shifting
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the equilibrium towards more hydrogen production and redu-
cing CO levels to below 10 ppm, meeting PEMFC hydrogen purity
requirements. Lee et al. explored the use of polyimides (PI)
membrane with 4,4’-(hexafluoroisopropylidene) diphthalic anhy-
dride (6FDA) and hydroxyl aromatic diamines (2,2-bis(3-amino-4-
hydroxyphenyl)hexafluoropropane (APAF) and 3,3'-dihydroxy-
4,4’-diamino-biphenyl (HAB) copolymer) in a membrane reactor
for CO, hydrogenation by the reverse WGS (Fig. 28(a)).**° Inte-
grating the polyimide membrane into the reactor enhances the
yield of carbon monoxide (CO) by 2-3 times compared to reactors
without the membrane by selectively removing the byproduct
water. Additionally, the membrane exhibits high H,O permselec-
tivity at elevated temperatures due to bulky perfluoro moieties
and local hydrophilicity provided by hydroxyl groups. The excep-
tionally high H,O permselectivity at high temperatures is gov-
erned by the favorable solution-diffusion model, which is
opposite to inorganic membranes, where adsorptive transport
is the main mechanism for H,O separation. These findings
suggest that the use of polyimide hollow fiber membrane reactors
can improve the efficiency of CO, hydrogenation reactions,
particularly at low temperatures where equilibrium limitations
typically hinder product yield.

The above studies involved membranes only for separation; the
next studies will cover membranes acting mainly as catalysts or
supports for catalysts in addition to separation. Considering the
thermal stability concerns of polymeric membranes, exploring low-
temperature CO, conversion pathways is deemed rational. There-
fore, converting CO, to cyclic carbonate is a logical choice, as it is a
100% green reaction.*®” Liu et al. explored various compositions of
ionic liquid monomers for preparing crosslinked block copolymer
membranes for the conversion of CO, and propylene oxide (PO) to
propyl carbonate (PC).**® The variables considered for the mono-
mer composition were the type of functional groups used for the
quaternization of the tertiary amine groups of the 2-(dimethylami-
no)ethyl methacrylate (DMAEMA) block and the type of counterion
for the positively charged quaternary ammonium ions. The best
polymeric ionic liquid membrane (PILM) with a [DMAEMAE-
tOH|Br-quaternized block resulted in the highest yield of PC
(98%). The gas-phase PO conversion for PILMs was 28 times that
of pure polymeric ionic liquids (PILs). The high catalytic activity of
the PILM was attributed to the high density of catalyst active sites
and the easy access of these sites to PO and CO, due to PO
adsorption-induced swelling of the polymeric network, providing a
microenvironment for the close contact of reagents. Despite a
significant improvement in catalytic activity, this enhancement is
brought about by membrane swelling, which can ultimately
destroy the membrane under agitation; therefore, the stability of
the membrane needs improvement. Process engineering, such as
sandwiching the active membrane into a stable polymeric support,
can play a crucial role in this case.

Xu et al. developed quaternized poly(4-vinylpyridine) (P4VP)
membranes for selective CO, separation, followed by cycloaddi-
tion to epichlorohydrin to produce cyclic carbonates.*®” The
(P4VP-C2-HCO3) membrane, made of quaternized poly(4-vinyl
pyridine) (P4VP) followed by anion exchange of bromide (Br~
with bicarbonate (HCO; ™), integrated both CO, capture from a

This journal is © The Royal Society of Chemistry 2025
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Fig. 28 Schematic illustration of: (a) the hollow fiber membrane reactor with membrane/catalyst and transport of gases (reproduced from ref. 489 with

permission from Elsevier, copyright 2025), (b) flame spray pyrolysis-based deposition on the membrane, and (c) the resulting membrane reactor.

dilute condition (similar to the concentration in air, 0.1 kPa of
CO,) and catalytic conversion to cyclic carbonate in a single
platform under mild temperature (57 °C) and atmospheric
pressure. The high catalytic activity of the (P4VP-C2-HCO3)
membrane may be due to the favorable catalytic activity of HCO;™
in the initiation step of ring-opening of epichlorohydrin and the
final step of cyclic product release and HCO;™ regeneration.
Although the catalytic activity of the membrane was promising,
the cyclic carbonate production rate decreased dramatically
within 30 hours. The blockage of catalyst sites by strong adsorp-
tion of byproducts, such as glycidol or 3-chloro-1,2-propanediol,
and the dissolution of the membrane in epichlorohydrin were
associated with the decrease in production rate. Interestingly, the

This journal is © The Royal Society of Chemistry 2025
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decline in rate over time was not considered. The reaction
involves catalysis by HCO;, which is generated by any quater-
nized polymeric membrane during the facilitated CO, transport
process.**”*?! Therefore, any quaternized membrane will lead to
a certain conversion rate, as in the quaternized membrane (PAVP-
C2-Br) before the anion exchange used in this study. Therefore, it
can be assumed that the initial reaction rate was higher due to
the preexisting HCO;™ in the P4VP-C2-HCO3 membrane, which
depleted over time by reproducing CO,, and the rate became
similar to that of the quaternized membrane (P4VP-C2-Br) within
30 hours.”®* A remarkable advancement in catalytic membrane
reactors for a commercially important product (methanol) was
recently achieved by Pham et al. (Fig. 28(b and c)).*®® The authors
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integrated strategies to enable high-temperature reactions
(>200 °C) and enhance the reaction rate using high-temperature
stable and highly water-permeable polyimide (PI) and polybenzi-
midazole (PBI) membranes, flame spray pyrolysis-based direct
deposition of nanosized, highly porous, and active CuO/ZrO, thin
layers on the membranes, and post-deposition reduction of CuO to
Cu at a relatively low temperature (300 °C) under 5% H, in Ar.
These strategies enabled the membrane to operate stably at 200 °C
and 20 bar, with a 113% increase in CO, conversion and a 106%
increase in methanol production compared to conventional
reactors.

More interest and investment should be directed towards
carefully selecting CO, utilization pathways that have no alter-
natives, are cost-effective, scalable, and incorporate efficient process
design and integration. Efforts should also focus on improving
polymeric membrane performance as both support and separator,
and on ongoing research for low-temperature catalyst development.
Polymeric membranes can play a vital role in enhancing the
catalytic activity of encapsulated catalysts through coordination, in
addition to their separation function. Birdja et al. used polymeric
membranes to encapsulate the Indium(u) Protoporphyrin catalyst
within a polymer matrix, improving the overall catalytic perfor-
mance for CO, reduction.*>® The polymeric membranes examined
were didodecyldimethylammonium bromide (DDAB), Nafion,
poly(4-vinylpyridine) (P4VP), and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT). They assessed the influence of
different substrates and polymer encapsulation on catalytic effi-
ciency. The study demonstrated that both the substrate and polymer
encapsulation significantly impacted the efficiency and selectivity of
CO, reduction to CO. The enhanced electrocatalytic CO, reduction
performance by P4VP has been previously reported for catalysts like
cobalt phthalocyanine (CoPc). This improvement is attributed to the
pyridine residues in the polymer, which influence coordination with
the catalyst,****** P4VP can form strong interactions with the cobalt
centers in the CoPc catalyst, improving the stability and distribution
of the catalyst within the polymer matrix and enhancing overall
catalytic activity and selectivity for CO, reduction®®*

View Article Online
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Thermocatalytic membrane reactors offer key advantages
over standard industrial thermocatalytic reactors by combining
reaction and separation in one step, reducing the need for external
purification. The membrane enables selective product removal,
enhancing reaction efficiency and potentially increasing produc-
tivity by maintaining optimal thermodynamic conditions. These
reactors can achieve high conversion rates, particularly for thermo-
dynamically favorable reactions, though they require significant
energy input to sustain necessary conditions.

11.1.2. Photocatalytic membrane reactors. Photocatalysis
promotes sustainability and is considered green technology because
it utilizes sunlight to drive chemical reactions under mild operating
conditions, reducing energy consumption and environmental
impact and offering a greener and less energy-intensive alternative
to traditional thermo-catalysis methods.**>*?® Typically, poly-
meric photocatalytic membranes are produced using two fabri-
cation methods, as illustrated in Fig. 29.

A large fraction of works on CO, conversion using membrane
reactors are based on photocatalysis, which has been reviewed
recently.*”**® Only a few examples with high efficiency, feasi-
bility, and process intensification will be discussed here.
Pomilla et al. investigated the conversion of CO, to liquid fuels
using photocatalytic methods within a continuous membrane
reactor, where C;N, nanosheets were embedded in a Nafion
membrane.*®® Their setup achieved successful CO, conversion
to liquid fuels at a rate of 32.8 pmol g~ * cat h™', with selectivity
towards methanol (54.6%) and ethanol (45.4%). The continuous
membrane reactor demonstrated a total carbon conversion rate
more than 10 times higher compared to a batch reactor (Fig. 30).
This enhanced performance is attributed to two key factors: (i)
the dispersion of nanosheets within the Nafion polymer matrix
provides greater exposure of active sites to light and reactants
(ii) the continuous removal of products by the membrane
promotes the forward reaction and frees active sites for further
conversion. However, this method exhibited a low selectivity for
methanol. Brunetti et al. improved both the alcohol production
rate (48.8 umol g~ cat h™') and the selectivity for methanol

Polymeric photocatalytic membrane

Entrapment of photocatalyst
into the membrane

Photocataly{” Memb
embedded CInbrans

Mixed matrix membrane
Fig. 29
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Illustration of fabrication of polymeric photocatalytic membrane (reproduced from ref. 496 with permission from Elsevier, copyright 2025).
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Fig. 30 Schematic for the continuous flow photocatalytic membrane reactor for the conversion of CO, to liquid fuels methanol and ethanol

(reproduced from ref. 499 with permission from ACS, copyright 2025)

(83.2%) by incorporating a TiO,-C3N, composite into the Nafion
membrane instead of using C;N, alone.’®® The enhanced cata-
lytic activity and selectivity for methanol were attributed to
better charge separation at the heterojunction formed by the
TiO,-C;3N, interfaces.

In the quest to explore more efficient and selective photo-
catalysts, significant effort has been devoted to developing
photocatalysts with tunable charge separation performance. This
includes exploring MOF-based photocatalysts, as their photocata-
Iytic activity and charge separation properties can be tuned by
selecting photoactive organic ligands, doping with ions, or inte-
grating photoactive materials.*®” Zhao et al. applied a comprehen-
sive design strategy by incorporating CdS semiconductor nanorods
and UiO-66-NH2 MOF into a chitosan-based membrane to
enhance conversion efficiency and selectivity.>®" They selected
CdS nanorods and UiO-66-NH2 MOF for efficient, broader light
absorption and charge separation, thereby improving catalytic
activity and selectivity. UiO-66-NH2 MOF served not only as a
photoactive material but also as a highly selective CO, adsorption
material, enhancing the reaction rate and selective reduction of
CO, over other species in the reaction mixture. Chitosan was
chosen as the membrane material for its highly selective adsorp-
tion of CO, and improved proton transport due to its abundant
-NH, and -OH groups, which are critical for enhancing conversion
rates and selectivity towards CO, reduction. These groups also
interact favorably with the CdS nanorods and UiO-66-NH,,
providing uniform dispersion and suppressing agglomeration-
induced photocatalytic deactivation. Consequently, the CdS/
UiO-66-NH, membrane reactor demonstrated higher CO pro-
duction (313.2 umol g~ " cat) and selectivity (99%) than the mixed
powder form (521.9 umol g~ * cat, 95%) after 6 hours of irradiation.

This journal is © The Royal Society of Chemistry 2025

Although incorporating photocatalysts into membrane matrices
addresses many issues associated with bulk catalyst dispersion—
such as aggregation, reduced active site availability, light-
scattering, poor proton transfer, and catalyst recovery—the need
for a pure CO, gas feed limits their applicability for selective
product generation from crude gas mixtures.*”” Integrating a
CO,-selective gas separation membrane with a photocatalyst in a
membrane reactor, where the membrane acts as a support for the
catalyst and separates CO, from gas mixtures, can effectively
resolve this issue.**”°>*% Baniamer et al. designed a two-layer
photocatalytic membrane reactor using Pebax 1657 as the CO,-
selective gas separation layer and BiFeO3@ZnS as the photocata-
lyst layer for simultaneous CO, separation and photoreduction to
methanol.**®> Their reactor successfully demonstrated simulta-
neous CO, separation and photoreduction to methanol, with a
methanol production yield of 5100 and 3360 pmol g ' cat h™*
under UV and visible irradiation, respectively. This enhancement
in methanol yield was attributed to the purified CO, feed provided
by the Pebax membrane, the broader light absorption by the
BiFeO3@ZnS photocatalyst, and efficient charge separation at
the localized p-n junction between BiFeO3 and ZnS interfaces.

Most photocatalytic membrane reactors utilize high-concentration
CO, feed gas, which requires costly separation and transportation
steps. Direct air capture and conversion is the ideal scenario for
addressing atmospheric CO, removal effectively and providing
renewable resources for synthesizing value-added products.
However, the low concentration of CO, in the air limits the rate
of photocatalytic conversion, and other gases present in the air
can adsorb onto the catalyst site, reducing efficiency and
selectivity. To overcome this, Hu et al. developed a two-layered
“Janus membrane” structure consisting of a polyimide (PI)
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Fig. 31 Schematic for the direct capture and photocatalytic reduction of CO, from air using Janus Polyimide/Cu-doped TiO, membranes (reproduced

from ref. 504 with permission from Elsevier, copyright 2025).

selective layer for CO, separation and enrichment from air, and
a porous PI catalyst support layer embedded with Cu-doped
TiO2 particles.’®* The dense PI layer separated and enriched
CO, into the membrane, while the porous PI support layer
allowed longer residence time for effective contact with the
Cu-doped TiO, photocatalyst (Fig. 31). This approach was highly
successful, achieving an optimum CO,-to-CO conversion yield
of 2.21 pmol g~ " cat h™™.

Among various photocatalytic membrane reactors, direct air
capture and conversion presents an economically viable renew-
able approach for producing CO,-derived products and a reli-
able method for reducing atmospheric CO, levels. However,
this process often has low efficiency, and the primary product is
gaseous CO, which incurs additional isolation and storage
costs. To address these challenges, a Janus membrane with
broader solar light absorption, particularly visible light utiliza-
tion (e.g., BiFeO3@ZnS), should be developed. The selective
layer of the membrane could be composed of CO,-adsorbing
and enriching materials like polyimide (PI), Pebax (PEBAX), or
polybenzimidazole (PBI). The porous catalyst support layer
could be fabricated from a blend of CO,-philic and hygroscopic
polymers or a block copolymer containing segments of both
types to facilitate the enrichment and contact of CO, and H20
with the catalyst. This would enhance the production of liquid
fuels such as methanol, which is easier to isolate, store, and
serves as a valuable solvent and feedstock for various chemical
processes.

Further process intensification strategies could be employed
to improve CO, conversion efficiency and methanol storage. One
such strategy involves placing the photocatalytic membrane on
the surface of natural water bodies (e.g., ponds, lakes, and rivers
in urban areas) where sunlight is abundant. In these areas, CO,
levels are generally higher due to human activities, infrastructure,
and reduced vegetation. Additionally, elevated temperatures can

5074 | Energy Environ. Sci., 2025, 18, 5025-5092

facilitate humid air and CO,-to-methanol conversion. The metha-
nol collector could be submerged in the water, condensing the
methanol, enhancing production rates, and maintaining a lower
temperature for methanol storage.

Photocatalytic membrane reactors operate at lower tempera-
tures and pressures than industrial thermocatalytic CO, con-
version methods, making them more sustainable. However,
their productivity is generally lower, which makes them more
suited for small-scale or specialty applications focused on
environmental sustainability. The membrane in these reactors
offers the benefit of separating reactants and products, enhan-
cing selectivity and efficiency by preventing undesired side
reactions. Despite this, the slower reaction kinetics and limited
light penetration hinder productivity compared to thermocata-
Iytic or electrochemical systems, particularly at large scales.
Solar-driven photocatalytic CO, reduction is appealing for its
sustainability but faces challenges like low light utilization,
scalability issues, and the need for new infrastructure. Large
land coverage for solar light absorption and variability in sun-
light intensity further impact its industrial feasibility. While
not yet viable or profitable for large-scale industrial CO, con-
version, solar-driven photocatalytic membrane reactors could
serve as a long-term CO, removal strategy, potentially generat-
ing profit from conversion products in the future. In addition to
advancing efficient photocatalysts, particularly in the visible
light region, it is crucial to design reactors that optimize solar
light use. This can be achieved by incorporating solar concen-
trators and strategically locating industries in regions with
optimal solar light availability to enhance efficiency.

11.1.3. Biocatalytic membrane reactor. In a biochemical
membrane reactor, microbial catalysts or enzymes can be inte-
grated into the membrane to catalyze the reduction of CO, into
value-added products, such as fuels. This approach presents a
scalable, sustainable, and cost-effective method for the direct

This journal is © The Royal Society of Chemistry 2025
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production of bulk chemicals.*”” However, biochemical pro-
cesses are currently limited by factors, including low CO, capture
and conversion efficiency, complex processes, and the require-
ment for high temperatures for enzyme activation. Incorporating
biocatalysts into a CO,-philic membrane could address these
challenges by improving CO, capture efficiency, enhancing the
catalytic activity of enzymes via uniform distribution within the
membrane matrix, optimizing contact with CO, in the membra-
ne’s porous microenvironment, and facilitating product separa-
tion from the reaction site for in situ catalyst regeneration.
Additionally, photothermal materials can be incorporated into
the membrane alongside enzymes to provide heat for enzyme
activation. However, the development and application of bioca-
talytic membrane reactors remain largely unexplored.

Diaz et al. employed a hollow-fiber membrane for sparging
H, into the bioreactor, which enhanced H, mass transfer into
the liquid phase and improved the conversion of CO, and H, to
CH,. However, in this case, the membrane did not serve as a
catalyst support or a medium for product separation.’*®> On the
other hand, Luo et al. pioneered the use of a membrane as
support for biocatalyst immobilization by co-immobilizing or
sequentially immobilizing three enzymes—formate dehydro-
genase (FDH), formaldehyde dehydrogenase (FaldDH), and
alcohol dehydrogenase (ADH)—within the porous structure of
a membrane to promote sequential conversion of CO, to
methanol.’*® Although this approach was innovative, the
immobilization did not enhance the conversion of CO, to
methanol. The complete conversion pathway from CO, to
methanol involves three steps: (1) FDH-catalyzed conversion
of CO, to formic acid, (2) FaldDH-catalyzed conversion of
formic acid to formaldehyde, and (3) ADH-catalyzed conversion
of formaldehyde to methanol. The primary bottleneck identi-
fied was the reversible step catalyzed by FaldDH, which con-
verts formic acid to formaldehyde. Additionally, the slow
conversion of CO, to formic acid by FDH produced insufficient
substrate to activate FaldDH effectively in the second step. To
overcome these limitations, future strategies could include
engineering mutations in FaldDH, identifying alternative
enzymes or cofactors for efficient formic acid to formaldehyde
conversion, or designing layered membrane structures with
supports optimized for each enzyme’s catalytic activity. For
example, embedding FDH into a membrane that maintains a
slightly alkaline environment could facilitate formic acid to
formate transformation, given that FaldDH and ADH efficiently
convert formate to methanol.””’

Interestingly, contrasting results were reported when the three
enzymes were co-immobilized into siliceous mesostructured
cellular foams, achieving a 4.5-fold increase in CO, conversion to
methanol.>®® In this study, enzyme immobilization was per-
formed through incubation, as opposed to the pressurized filtra-
tion method used for membrane pore immobilization, which
may have led to enzyme agglomeration or over-compaction,
hiding their catalytic active sites. Therefore, adopting ambient
pressure conditions for enzyme immobilization and conducting
conversion reactions under low pressure may help realize the full
benefits of enzyme immobilization.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

Biocatalytic membrane reactors operate under milder condi-
tions, making them more sustainable than traditional reactors.
The membrane helps with catalyst separation, reusability, and
product separation, which facilitates purification. However,
their scalability is limited by reaction rates and the stability of
biocatalysts. While they excel in selectivity and sustainability,
enzyme deactivation or microbial growth can reduce productiv-
ity. In contrast, traditional thermocatalytic reactors achieve
higher productivity and are better suited for large-scale CO,
conversion, although they require high temperatures and pres-
sures. Biocatalytic systems offer moderate productivity in con-
trolled environments but do not match the throughput of
thermocatalytic or electrochemical systems. More focus should
be placed on developing low-temperature, high-efficiency, and
robust thermocatalytic membrane reactors for large-scale, prof-
itable CO, conversion technologies.

11.2. Enhanced oil recovery

Enhanced oil recovery (EOR) is one of the most prominent and
established methods of Carbon Capture and Utilization (CCU),
playing a crucial role in both improving oil extraction efficiency
and mitigating CO, emissions. The process involves injecting
captured CO, into existing oil reservoirs to enhance crude oil
recovery, typically following primary and secondary recovery
stages.’” Through EOR, CO, acts as a solvent that reduces the
viscosity of the trapped oil and increases its mobility, enabling
the extraction of otherwise inaccessible oil. In this process, a
significant portion of the injected CO, remains sequestered
underground, contributing to carbon storage while simulta-
neously increasing oil yield.***

The concept of EOR is grounded in the principle that the
injection of CO, can improve oil displacement efficiency within
the reservoir. CO,-EOR is categorized into two main types:

(i) Miscible CO,-EOR: this occurs when CO, fully dissolves in
the crude oil, reducing its viscosity and increasing the oil’s
mobility. Miscibility typically occurs under high-pressure con-
ditions. The injected CO, mixes with the oil, lowering its
interfacial tension and causing the oil to swell, thus improving
its flow toward the production wells.”*>

(ii) Immiscible CO,-EOR: in cases where reservoir conditions
do not allow full miscibility, CO, can still enhance oil recovery
by displacing oil through its sheer pressure and causing the oil
to move toward production wells. Although less efficient than
miscible EOR, this method still improves recovery compared to
conventional methods.”">""?

EOR projects have been implemented in numerous regions
worldwide, including North America, the Middle East, and South-
east Asia. In the United States, the Permian Basin is a leading
example of CO,-EOR deployment, where captured CO, from
industrial sources is injected into mature oil fields. Approxi-
mately 400000 barrels of oil per day were produced through
CO,-EOR in the U.S. as of 2019.°** With the rising demand for
carbon management solutions, the application of CO,-EOR is
expected to expand globally, particularly in regions with declining
conventional oil reserves. It is worth noting that a major share of
the injected CO, remains permanently sequestered underground,
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contributing to carbon storage while simultaneously increasing
oil yield. However, the focus on EOR as a justification for CO,
sequestration requires a broader perspective, as many industrial
carbon capture applications prioritize sequestration over oil
recovery. For instance, facilities like the waste-to-energy plant at
Klemetsrud in Norway and petrochemical plants in Europe focus
primarily on capturing CO, for permanent sequestration rather
than utilizing it for EOR. The facility at Oslo, is set to become the
world’s first waste-to-energy plant with full-scale CCS by 2026,
targeting the capture of 400000 tonnes of CO, annually. The
project is part of Norway’s ‘Longship’ initiative and demonstrates
the potential for significant emission reductions in waste incin-
eration through CCS.>"*”'® On the other hand, projects such as
the Port Arthur, Texas Carbon Capture Project demonstrate how
CO, is captured, transported, and injected into geologic forma-
tions for long-term storage, with no connection to oil recovery.
These cases demonstrate that the industrial demand for carbon
capture extends beyond EOR and into permanent sequestration
strategies to address climate change. In the Port Arthur Carbon
Capture Project, Air Products and Chemicals retrofitted two
steam methane reformers at their hydrogen production facility
in Port Arthur to capture over 90% of CO, emissions. Since 2013,
the project has captured approximately 1 million tonnes of CO,
annually, which is transported via pipeline for use in EOR
operations.>'”>8

11.2.1. Benefits and challenges of CO,-EOR. The benefits
of CO,-EOR are as follows:**?7>*!

Increased oil recovery: CO,-EOR can increase the amount of
recoverable oil from a reservoir by 10-20% beyond conventional
methods. This represents a substantial economic benefit for oil
producers.

Carbon storage: a major advantage of CO,-EOR is its dual
role in both enhancing oil recovery and sequestering CO,
underground. Estimates suggest that for every ton of CO,
injected, 0.5-0.7 tons can remain permanently stored.

CO, recycling: during the EOR process, a portion of the
injected CO, is produced along with the oil, but it can be
captured, separated, and re-injected back into the reservoir,
further improving the CO, utilization efficiency.

Despite the high promise, the following challenges remain:

Reservoir suitability: the success of CO,-EOR depends heav-
ily on the characteristics of the reservoir, including pressure,
temperature, and rock properties. Not all oil fields are suitable
for CO, injection, and achieving miscibility may require very
high pressures, making the process energy-intensive.

CO, availability and infrastructure: a reliable supply of captured
CO, is essential for large-scale CO,-EOR operations. Establishing
pipelines and storage facilities to transport CO, from industrial
sources to oil fields requires substantial upfront investment.

Economic viability: the financial benefits of EOR depend on
oil prices and the cost of CO, capture and transportation. While
CO,-EOR can be profitable under favorable economic condi-
tions, fluctuating oil prices threaten its long-term viability.

11.2.2. Environmental considerations. CO,-EOR represents
a significant opportunity to reduce CO, emissions through
permanent sequestration in geological formations. However,

521,522
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concerns have been raised regarding potential leakage from
the storage sites over time. Proper site selection, monitoring,
and regulatory oversight are necessary to ensure the long-term
integrity of CO, storage in EOR operations.’**>**

Furthermore, while CO,-EOR offers a temporary solution for
utilizing captured CO,, it does not eliminate the need to
transition away from fossil fuel dependence in the long term.
The process, by increasing oil production, paradoxically con-
tributes to higher overall carbon emissions from the combus-
tion of the additional oil produced. As a result, EOR must be
seen as part of a broader strategy for carbon management, in
conjunction with other forms of storage and utilization tech-
nologies aimed at achieving net-zero emissions.’>***

11.2.3. Future prospects for CO,-EOR. With advancements
in membrane technology, polymeric membranes have the
potential to further optimize the EOR process by enhancing
gas separation and CO, purity prior to injection. Membrane-
based gas separation units, covered earlier in this discussion,
can help reduce energy costs and improve the overall efficiency
of CO, capture and preparation for EOR applications. As the
demand for CCU solutions grows, CO,-EOR is likely to remain a
significant application in the medium term. However, its con-
tribution to carbon management goals will need to be balanced
with considerations for renewable energy development and
broader efforts to reduce fossil fuel reliance.”*”**®

12. Technology readiness level of
membrane technologies for CCUS and
impact measurement

CCUS (Carbon Capture, Utilization, and Storage) processes can
be evaluated from multiple perspectives: environmental impact,
feasibility and scalability, economic viability, and technology
readiness. The Technology Readiness Level (TRL) serves as a
classification tool to determine a technology’s maturity. In gen-
eral, the earlier TRL stages raise questions regarding a technolo-
gy’s likelihood of success, while higher TRL levels indicate
commercial viability and practical scalability. However, it is
crucial to note that a higher TRL does not necessarily equate to
an optimal process or a flawless solution. For example, amine-
based absorption, with a TRL of 9, is widely adopted in various
industrial sectors but remains energy-intensive and economically
unfeasible for smaller-scale applications.”>>*® Advances in the
technical aspects of any field, process, or technology will influ-
ence both its TRL level and the overall costs associated with
CCUS. Table 14 highlights the progress made in CCUS TRL levels
since 2014 and their current status.

A closer examination of technologies within different sectors
of the CCUS industry provides a clearer perspective on where
each separation or utilization technology stands in terms of
TRL. However, a region-specific experience can yield a more
realistic evaluation of these technologies since cases are more
practically assessed in local contexts. For instance, a report
from the Government of Alberta presents the TRL status of
existing technologies for CO, separation and utilization.

This journal is © The Royal Society of Chemistry 2025
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Table 14 Technology readiness of different CCUS technologies
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TRL TRL
Technology 2014 (current) Examples of current practices Comments
Common amine solvents 9 9 Widely used in fertilizer, soda ash, Commonly practiced in different
natural gas processing plants, e.g. industries, perfect for large-scale
Sleipner, Sneghvit, and used in applications, energy extensive solvent
Boundary Dam since 2014 regeneration, sensitivity of chemicals
to impurities and oxygen,
Physical solvent (Selexol, 9 9 Widely used in natural gas CAPEX and OPEX reductions are still a
Rectisol) processing, coal gasification plants, e.g. concern,
Val Verde, Shute Creek, Century Plant,
Coffeyville Gasification, Great Plains
Synfuels Plant, Lost Cabin Gas plant
Sterically hindered amine 6-8 6-9 Demonstration to commercial plants The environmental impact of the
depending on technology providers, harmful chemicals is still a barrier
e.g. Petra Nova carbon capture
Amino acid-based solvent*/ 4-5 4-5 Lab test to conceptual studies
Precipitating solvents
Ionic liquids 1 2-3 Lab tests
Solid Pressure swing 3 9 Air Products Port Arthur SMR CCS
adsorbents  Adsorption/vacuum
Swing adsorption
Temperature swing 1 5-7 Large pilot tests to FEED studies for
Adsorption (TSA) commercial plants
Electrochemically 1 1 Lab tests only
Mediated
Adsorption
Chemical Calcium looping 6 6-7 Feasibility/cost studies for The technology uses a very cheap and
looping commercial scale abundant sorbent. The sorbent is
Chemical looping combustion 2 5-6 Pilot tests susceptible to chemical deactivation due
to competing reactions and deterioration
in capture capacity
Bioprocesses Carbon biofixation — 4-6 Microalgae cultivation and biomass
co-firing for power generation
Cryogenic Cryogenic packed bed/ — 3-4 Well-developed for natural gas
antisublimation system decarbonization, uncertain to apply for
post-combustion flue gas
Membranes Gas separation membranes for — 9 Petrobras santos basin pre-salt oil Well-developed lab studies and a few
natural gas processing field CCS pilot scale plants with variable CAPEX
Polymeric 6 7 FEED studies for large pilots and OPEX depending on the scale
Membranes
Electrochemical membrane — 7 Large pilots at plant barry
integrated with MCFCs
Polymeric membranes/ 6 6 Pilot studies
cryogenic separation hybrid
Polymeric membranes/solvent — 4 Conceptual studies
hybrid
Room temperature 2 2 Lab test
Ionic liquid (RTIL)
Membranes
Inorganic membranes — 3 Lab test
Facilitated transport — 6-7 The pre-pilot field testing was imple-
membranes mented at the cement industry

Polymeric membranes are currently at the pilot study stage, but
the operational scale may be smaller for high-performance FTM
materials compared to other membrane types (Fig. 32). This
underscores the significance of simultaneously exploring sev-
eral promising polymeric membrane candidates to leverage a
larger operational scale.

An essential insight from the Canadian Government’s com-
prehensive study (carried out by Emission Reduction Alberta
(ERA) and Alberta Innovates (AlI)) is that the success of CO,
utilization is strongly linked to the effectiveness of large-scale
carbon capture technologies. Consequently, the scalability of
membrane separation technologies for small- and medium-
sized processes is a significant advantage. The utilization of

This journal is © The Royal Society of Chemistry 2025

captured carbon is projected to account for around 10% of the
CCUS market, indicating that further technological and eco-
nomic advancements in membrane-based utilization technolo-
gies are necessary to develop more practical applications.

The recent surge in interest in various carbon capture
processes stems from climate change mitigation policies and
the push towards sustainable development goals (SDGs) estab-
lished both internationally and locally. Different approaches exist
to measure various aspects of sustainability, with the most well-
known being the triple bottom line (TBL) approach. TBL encom-
passes environmental, economic, and social dimensions of sus-
tainability. Environmental sustainability focuses on measuring
and reducing carbon and ecological footprints, preventing
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Fig. 32 Technology readiness level of (a) carbon capture technologies, (b) utilization technologies, reported by Alberta Innovates>*

resource depletion, conserving biodiversity, and monitoring air,
water, and soil pollution. Social sustainability addresses quality of
life, equity, community well-being, and income distribution. Eco-
nomic sustainability targets gross domestic product (GDP) and its
adjustments to provide a holistic measure of economic progress,
investment in renewable resources and efficiency, and the assess-
ment of public and private debt relative to economic output.
Another important approach is the Environmental Life Cycle
Impact (LCA), which evaluates the full process of a technology
or product. A recent study has compared CCUS technologies for
power plant decarbonization, including a membrane hybrid
process.>? Most LCA studies use the “cradle to grave” perspec-
tive, covering the entire lifecycle from raw material extraction to
final disposal. Table 15 provides summarized data to offer
comparative insights into the scale and environmental impacts
of these projects. While this review emphasizes the importance
of case sensitivity in CCUS processes and cautions against
drawing broad conclusions, it is crucial to note that the
use of membranes-either as standalone systems or in hybrid
processes—can significantly reduce environmental impact.

5078 | Energy Environ. Sci., 2025, 18, 5025-5092

Membrane-based technologies demonstrate high capacity, sug-
gesting their practicality for industries producing substantial
emissions. However, focusing solely on power generation emis-
sions is only part of the picture; a comprehensive assessment of
other industries and processes is necessary, as suggested by the
framework from Cuéllar-Franca et al.>*?

13. Outlook and concluding remarks

This review has provided an in-depth analysis of membrane
technologies for CCUS applications, with a particular focus on
polymeric, mixed-matrix, and emerging materials embedded with
fillers such as MOFs and MXenes. Due to their compact design,
high performance, and ease of scalability, membrance technolo-
gies are promising for carbon capture and separation in various
industrial settings. Despite these advantages, several persistent
challenges—such as plasticization, physical aging, and the inher-
ent permeability-selectivity trade-off—must be addressed to fully
realize the potential of membrane-based CCUS at scale.

This journal is © The Royal Society of Chemistry 2025
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Table 15 Environmental impact Life cycle assessment (LCA) of post-combustion carbon capture and separation (CCS) as well as carbon capture and
utilization (CCU) (reproduced through Elsevier open access policy from ref. 532 with permission from, copyright 2025)

Functional
Case Process Storage or utilization unit* Impact Ref.
Cradle-to-grave LCA for ~ Chemical absorption, Storage: geological and 1 MW h Global warming potential 533
coal-fired power plant membrane and cryogenic ocean Acidification potential
separation, and pressure
swing adsorption
Cradle-to-grave LCA for ~ Chemical absorption Storage: geological 1 kW h Abiotic depletion potential 534
pulverized coal-fired Acidification potential
power plant Eutrophication potential
Fresh water aquatic ecotoxicity potential
Global warming potential
Human toxicity potential
Marine aquatic ecotoxicity potential
Ozone depletion potential
Photochemical ozone creation potential
Terrestrial ecotoxicity potential
Cradle-to-grave Chemical absorption and Storage: Ocean 1kwh Acidification potential 535
dynamic LCA of differ-  oxy-fuel combustion Global warming potential
ent power plants Human toxicity potential
Fresh water aquatic ecotoxicity potential
Marine aquatic ecotoxicity potential
Terrestrial ecotoxicity potential
Cradle-to-grave Chemical absorption and Storage: Ocean 1MW h Abiotic depletion potential 536

dynamic LCA of differ-
ent power plants

oxy-fuel combustion

Acidification potential

Eutrophication potential

Global warming potential

Human toxicity potential

Marine aquatic ecotoxicity potential
Ozone depletion potential
Photochemical ozone creation potential

“ A unit of electricity generated, expressed either in kW h, MW h or TW h.

While conventional CCUS technologies like absorption-
stripping, adsorption, and cryogenic methods continue to play a
vital role, membrane-based approaches provide unique benefits
that could make them the next frontier in CO, capture. The
development of advanced materials and hybrid membrane sys-
tems, combined with ongoing innovations in separation mechan-
isms and membrane design, signals significant progress. However,
achieving industrial adoption will require further research to
enhance selectivity, durability, and economic feasibility.

Future efforts should focus on translating laboratory-scale break-
throughs into commercial applications, with a strong emphasis on
collaboration across academia, industry, and policy. Such partner-
ships are crucial for addressing current limitations, optimizing
hybrid solutions, and advancing technology readiness. With sus-
tained innovation and strategic investment, membrane-based CCUS
technologies have the potential to significantly contribute to global
decarbonization efforts, helping to curb greenhouse gas emissions
and support long-term climate sustainability goals.

13.1. Critical challenges in membrane technology for CCUS

Plasticization. Plasticization occurs when polymeric mem-
branes are exposed to high CO, pressures, causing swelling,
increased chain mobility, and reduced selectivity. This phe-
nomenon compromises the membrane’s effectiveness in separ-
ating CO, from other gases, such as nitrogen or methane. To
mitigate plasticization, strategies include crosslinking polymer
chains to restrict their flexibility, incorporating rigid nanofillers,

This journal is © The Royal Society of Chemistry 2025

and developing FTMs with CO,reactive carriers. Crosslinking, in
particular, enhances membrane stability under high-pressure con-
ditions, though it can reduce permeability if not carefully optimized.

Physical aging. In glassy polymers, physical aging gradually
reduces free volume, leading to a decline in gas permeability and
separation efficiency over time. This issue is especially problematic
for thin-film membranes, which are more susceptible to aging due
to their high surface area-to-volume ratio. Crosslinking has shown
promise in addressing physical aging by restricting polymer chain
mobility, thereby enhancing the membrane’s mechanical stability
and lifespan. However, the trade-off between enhanced stability
and permeability must be carefully managed to maintain optimal
performance.

Permeability-selectivity trade-off. The Robeson upper bound
represents a significant barrier in membrane technology, where
increases in permeability often result in decreased selectivity.
MMMs, which embed nanofillers like MOFs, CNTs, or MXenes
into polymer matrices, offer a potential solution by improving
both properties. These nanofillers create selective pathways for
CO, transport, enhancing diffusivity-selectivity while maintain-
ing or even increasing permeability. Achieving uniform nano-
filler dispersion and avoiding agglomeration, however, remains
as the critical challenges as inconsistencies can lead to perfor-
mance degradation.

Thermal, mechanical and chemical stability (resistance to
degradation). Industrial CCUS processes frequently operate
under harsh conditions, including high temperatures, elevated
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pressures, and exposure to corrosive chemicals. While inor-
ganic membranes, such as zeolites and MOFs, offer superior
thermal and chemical stability, they often lack the selectivity
and flexibility of polymeric membranes. Developing hybrid
membranes that harness the thermal stability of inorganic
components, and the flexibility of polymers will be essential
for large-scale CCUS applications. Polyimide and polybenzimi-
dazole (PBI) membranes, in particular, have shown consider-
able promise for high-temperature applications, providing a
potential pathway forward in tackling this challenge.

A more in-depth discussion on how different impurities
could affect the performance of the polymeric membranes was
offered previously. Looking at the concept from the point of
membrane structure itself, highlights the importance of
“degradation-resistant” membrane material design. The ideal
gas separation membrane should be resistant to other degradation
risks depending on the process in which it is going to be applied.
As an instance, FTMs are prone to degradation due to reaction
with NH3 and H2S.*" Acidic degradation of the polymeric mem-
branes alters the free volume and changes the performance of the
membrane. Chemical stability must be a major focus in the
polymeric structure design for the membrane fabrication, as any
undesired reaction between the functional sites of the polymer and
the process stream could intensify the degradation.’*®**” Age-
induced degradation is also a concept described earlier in “Physi-
cal aging” section. Temperature-induced degradation is also a
concern in precombustion CCS processes suppressing the lifetime
of the membranes.>*’

Degradation affects the lifetime, efficiency, and overall cost-
effectiveness of membrane-based CCUS processes. The cost of
polymeric membranes ranges from $50 to $400 per m?, depend-
ing on material composition and fabrication complexity.'>°™*3°
MMMs could cost similarly depending on the nanomaterial
loading and synthesis expenses.**> Compared to conventional
amine-based absorption processes, membrane technology pre-
sents a lower operating cost due to its energy efficiency (2 to 5.5
G]J per ton CO, less energy consumption (Table 4)) and reduced
solvent handling. To be able to push the CCUS membrane
technologies toward commercialization, degradation—whether
thermal, chemical, or mechanical— as a major challenge
influencing maintenance and replacement frequency must be
considered. To address assess this challenge, Table 16 sum-
marizes the economic implications of degradation in different
membrane types, including projected replacement cycles and

Table 16 Polymeric membrane degradation comparison, numbers are rough estimation could vary for different scenarios
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cost per ton of CO, captured. It is worth mentioning that
membrane-based technologies are highly process-dependent,
i.e. the degradation profile and its effect on the scalability of the
process highly depends on the operating conditions, harshness
of the streams and the nature of the impurities. Optimizing
materials and incorporating predictive AI/ML models for degra-
dation forecasting can support material stability and boost
economic feasibility. Nevertheless, more research should focus
on developing stable, high-performance polymeric membranes
with improved resistance to acidic gases (SO,, NO,) and ther-
mal aging, which currently limit industrial scalability.

13.2. Potential solutions

Crosslinking and advanced functionalization. Crosslinking
remains an effective strategy to combat plasticization and
physical aging in membranes. Innovative approaches, such as
flexible or partial crosslinking, are being developed to enhance
membrane stability while preserving free volume and perme-
ability. Crosslinkers like siloxanes, which add flexibility to the
membrane matrix, are especially beneficial as they help main-
tain permeability while minimizing plasticization effects. Addi-
tionally, surface functionalization with CO,-philic groups, such
as amine groups, can significantly enhance CO, solubility and
selectivity, thereby boosting membrane performance.

Incorporation of nanofillers and hybrid membranes. MMMs
that incorporate nanofillers—such as MOFs, CNTs, and
MXenes—show considerable promise in addressing the
permeability-selectivity trade-off. These nanomaterials provide selec-
tive diffusion pathways and improve CO, adsorption, resulting in
enhanced separation performance. Achieving uniform dispersion of
nanofillers and ensuring strong polymer-nanofiller interactions are
essential to fully realize the potential of MMMs. Among these,
MXenes stand out due to their excellent CO, affinity and high
permeability, making them a focal point for future research.

Facilitated transport membranes (FTMs). FTMs employ
mobile or fixed carriers, like amines, to selectively bind and transport
CO, across the membrane, yielding high selectivity and permeabi-
lity—particularly valuable for post-combustion CO, capture. The
primary challenge lies in refining carrier chemistry and optimizing
membrane structure to maximize CO, transport efficiency while
maintaining stability over extended periods. Recent advancements
in FTMs have centered on enhancing carrier regeneration and
preventing carrier saturation under high CO, pressures, which are
essential for improving membrane lifespan and efficiency.

21,538,539

Cost Degradation rate Lifespan CO, capture

Membrane type ($/m?) (% per year) (years) cost ($ per ton) Key Challenges

Polymeric (e.g., Polyimide, 50 10 2 30 Prone to plasticization; lower thermal

PEBAX) stability, short life time

Mixed matrix membrane 120 6 3 30 Dispersion issues; interface compatibility,

(MMMs) reactivity of the nanomaterials with the
impurities

Inorganic (e.g., Zeolite, MOF) 300 3 4 40 High fabrication cost; scalability challenges

Hybrid (polymeric + inorganic) 200 4 4 30 Optimization of polymer-inorganic
interactions

5080 | Energy Environ. Sci., 2025, 18, 5025-5092

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05328a

Open Access Article. Published on 04 aprel 2025. Downloaded on 28.01.2026 14:51:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Hybrid membrane reactors. Membrane reactors, which inte-
grate reaction and separation processes within a single unit,
hold significant potential for process intensification in CCUS
applications. Hybrid membrane reactors that combine catalytic
reactions with CO, separation can greatly enhance overall
process efficiency, especially in CO, conversion processes like
methanation or hydrogenation. The development of stable,
selective, and high-performance membranes for these reactors
is a promising research direction, offering substantial benefits
for CO, utilization and conversion in industrial applications.

13.3. Future prospects and research directions

Development of advanced materials. The future success of
membrane technology in CCUS hinges on the development of
advanced materials with application-specific properties. Research
should prioritize synthesizing novel polymers and hybrid materi-
als that combine high permeability, selectivity, and durability.
Advanced nanomaterials, such as MOFs, MXenes, and COFs,
present exciting possibilities for enhancing membrane perfor-
mance. However, challenges around material stability, scalability,
and cost must be addressed to make these materials viable for
large-scale applications.

Computational and Al-driven design. Al and ML are revolu-
tionizing the design and optimization of new membrane materials.
By harnessing large datasets and predictive models, AI can accel-
erate the identification of promising polymer structures, optimize
fabrication techniques, and predict long-term performance across
diverse operating conditions. This data-driven approach could
significantly reduce the time and costs associated with developing
high-performance membranes for CCUS applications, enabling
faster translation from research into industry.

Process intensification and integration. The integration of
membrane-based separation processes with existing industrial
systems is essential for maximizing efficiency and minimizing
costs. Coupling membrane modules with other CCUS technologies—
such as adsorption, absorption, or cryogenic separation—can
yield hybrid systems that combine the strengths of multiple
approaches. Additionally, research should focus on the design
of membrane reactors that allow simultaneous reaction and
separation, which could be transformative for CO, conversion
and utilization applications.

Economic feasibility and scale-up. There are significant
obstacles in scaling up membrane technologies for industrial
usage, even with encouraging laboratory-scale developments.
Future studies should focus on improving membrane durability
in practical settings, streamlining fabrication processes, and
lowering material prices. To assess the viability of large-scale
deployment, techno-economic analysis is essential, particularly
in energy-intensive industries like steel, cement, and power
generation.

The process design criteria, such as the number of separa-
tion stages and membrane performance, impacts on how cost-
effective CO, capture is. According to research, multi-stage
membrane topologies offer a competitive recovery rate and
purity levels while maximizing energy utilization, making them
a strong substitute for conventional amine-based techniques.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

Process integration, operating pressure, and membrane selec-
tivity are some of the variables that affect these systems’
economic viability. It has been shown that two-stage membrane
systems can recover up to 90% of CO, with purity levels of 90-95%
at capture costs between $32 and $45 per ton CO,. Further
sophisticated multi-stage procedures can improve purity even
further, but they come with higher energy and operational com-
plexity costs. For example, surpassing 95% CO, purity frequently
calls for more separation processes, bigger membrane surfaces,
and higher compression energy, all of which raise expenses.
According to optimization models, two-stage and three-stage
systems can offer a more realistic balance between cost and
performance, even though four-stage systems offer greater separa-
tion efficiency.

Advances in membrane materials, better process integra-
tion, and the use of energy recovery techniques are likely to
keep the CO, capture prices on the decline going forward.
Higher purity requirements (97-98%) are still difficult to meet,
nevertheless, and necessitate careful balances between energy
use and financial feasibility. To further lower costs and increase
scalability, future research should concentrate on improving
membrane materials, increasing system efficiency, and inves-
tigating hybrid capture systems.

Sustainability and green chemistry. As industries move
towards sustainable practices, the development of eco-friendly
and biodegradable membranes is gaining importance. Biopoly-
mers, such as cellulose and chitosan, along with green solvents
and sustainable manufacturing processes, are emerging as viable
alternatives to conventional synthetic polymers. Research in this
area should focus on optimizing the performance of biopolymer-
based membranes while minimizing their environmental foot-
print, contributing to the broader goal of sustainable, green
CCUS technologies.

Utilization. The economic viability of CCU is anticipated to
increase dramatically in the upcoming years due to developments
in catalysis, process integration, and renewable energy coupling.
Despite being a niche option now in comparison to CCS, CCU’s
ability to convert CO, into chemicals, fuels, and construction
materials is in line with the concepts of the circular economy
and lessens dependency on products generated from fossil fuels.
Future studies should concentrate on creating selective, scalable,
and low-energy catalytic systems, especially for feedstocks made of
polymers, synthetic hydrocarbons, and CO,to-methanol. By
enabling continuous product separation and lowering energy
usage, the coupling of membrane technologies with electrochemi-
cal and photocatalytic processes may further increase efficiency.
Furthermore, the trend toward CO,-derived synthetic fuels and
DAC may make CCU a crucial component of industrial decarbo-
nization, especially when fueled by excess renewable energy.
Despite these developments, CCU still has problems with scal-
ability, energy consumption, and the logistics of CO, delivery. To
avoid transferring environmental costs rather than lowering net
emissions, widespread adoption of CCU will necessitate a com-
prehensive assessment of life-cycle emissions, economic viability,
and infrastructure adaption. The availability of low-carbon hydro-
gen and affordable CO, collection technologies, which are still
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major obstacles, are also essential to CCU’s success. Furthermore,
there is currently little market demand for items created from
CO,, thus finding high-value uses that guarantee financial
sustainability is essential. In order to develop a competitive
and sustainable CCU sector, future research should tackle these
issues through hybrid technology integration, process intensi-
fication, and policy-driven incentives. CCU can support CCS
plans by generating income streams and lowering reliance on
carbon-intensive raw materials, but it won’t completely replace
CCS in reaching deep decarbonization.
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