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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.
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Fig. 2 Schematic of pre-combustion CO, removal from natural gas before conversion, consumption or exportation.
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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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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,
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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,
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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
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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.
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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
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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 a