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Abstract

This research presents a comprehensive comparative study on advanced membrane
technologies for CO, capture and utilization, focusing on optimizing cost-effectiveness
and minimizing environmental impact. The study examines Polymer, Mixed-Matrix, and
emerging membrane technologies, with a particular emphasis on Ionic Liquid
Membranes and MOF-based Membranes. Ionic Liquid Membranes demonstrate superior
CO, permeability and selectivity, making them ideal for high-purity applications, while
MOF-based Membranes offer a balanced performance suitable for diverse conditions.
Polymer Membranes emerge as the most cost-effective option upfront; however, their
long-term viability is challenged by higher operational costs. Mixed-Matrix Membranes
display moderate environmental impact, which could be further reduced by optimizing
their fabrication processes. Notably, Electrochemical Membranes exhibit the lowest CO,
emissions, underscoring their environmental advantage. The findings underscore the
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necessity of advancing Polymer and Mixed-Matrix Membranes by enhancing their
economic viability and reducing their carbon footprint. This study provides valuable
insights for developing next-generation membrane technologies that harmonize
performance, cost, and sustainability, thereby paving the way for more efficient and
environmentally friendly CO, capture and utilization processes.

1. Introduction

Carbon dioxide (CO,) is a major greenhouse gas (GHG) that contributes significantly
to global warming and climate change. Human activities, particularly the burning of
fossil fuels such as coal, oil, and natural gas for energy, have dramatically increased
atmospheric CO, concentrations over the past century. According to the
Intergovernmental Panel on Climate Change (IPCC), CO, levels have risen by
approximately 47% since the pre-industrial era, from about 280 ppm to over 410 ppm as
0f 2022 [1]. The rise in CO, concentrations enhances the greenhouse effect, trapping heat
in the Earth's atmosphere and leading to global temperature increases. This warming
effect is linked to a range of adverse environmental impacts, including more frequent and
severe heatwaves, melting polar ice, rising sea levels, and shifts in weather patterns that
affect ecosystems and human societies [2], [3]. The resulting changes in climate not only
threaten biodiversity and natural habitats but also have far-reaching consequences for
agriculture, water resources, and human health.

1.1. Importance of capturing and utilizing CO,

Given the critical role of CO, in climate change, there is a growing emphasis on
developing technologies to capture and utilize CO, emissions. CO, capture refers to
processes that remove CO, from industrial processes or the atmosphere and prevent it
from entering the atmosphere. Utilizing captured CO, involves converting it into useful
products or storing it in a way that prevents its release back into the atmosphere.

Capture Technologies: Several methods are employed to capture CO,, including pre-
combustion, post-combustion, and oxy-fuel combustion techniques. Each method has its
advantages and challenges, but the common goal is to reduce the amount of CO, released
from industrial processes [4].
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1.2. The existing CO, capture technologies

Chemical absorption

One of the most popular techniques for capturing CO, is chemical absorption,
especially in large-scale industrial operations. With this approach, a solvent is used to
chemically react with CO, to create a stable molecule, which is subsequently extracted
from the gas stream. A liquid solvent, usually an amine solution, absorbs CO,.
Monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine (MDEA)
are the three amines that are most frequently employed. According to [5], the solvent and
CO, react to form a carbamate or carbonate, which is subsequently heated in a different
unit to release the CO, for additional processing or storage. The primary obstacles are the
high energy needs for solvent breakdown and regeneration, as well as the related
expenses for upkeep and operation [5].

Physical adsorption

Through the physical attraction of CO, molecules to the surface of an adsorbent
material, CO, is captured through physical adsorption. High surface area materials are
commonly used in this process, including zeolites, activated carbon, and metal-organic
frameworks (MOFs). A solid adsorbent material absorbs CO, through the action of weak
Van der Waals forces. Usually, the adsorption process occurs at high pressures and low
temperatures. Afterwards, the CO, is desorbed by raising the temperature or lowering the
pressure[6]. Since chemical reactions are not involved in physical adsorption processes,
they may be less energy-intensive than chemical absorption. Additionally, they gain from
the high surface areas of contemporary adsorbents, which improve their ability to absorb
CO, [7].

The role of membrane technologies

Membrane technologies are increasingly recognized as vital tools in addressing
climate change and mitigating carbon dioxide emissions. Their operational flexibility,
energy efficiency, and scalability render them indispensable components in advanced
carbon management strategies, underscoring their critical role in combating climate
change. The capacity of membrane technologies to distinguish CO, from other gases

based on varying penetration rates is at its core. Membranes serve as selective barriers
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that let CO, in but keep out other gases like oxygen and nitrogen. Numerous processes,
such as size exclusion, solution-diffusion, and assisted transport, are used to achieve this
selectivity. The particular application and the membrane material determine which

mechanism is best.

Gas separation can be achieved through size exclusion and solution-diffusion
mechanisms, both of which rely on differences in molecular size. Size exclusion
membranes separate gases based on physical size disparities, while solution-diffusion
membranes operate on the principle of differential diffusion rates and solubility,
particularly with respect to CO, absorption into the membrane material. Compared to
traditional processes, advanced transport membranes exhibit enhanced selectivity and
permeability by promoting the selective permeation of CO, through specific chemical
interactions. Membrane technologies offer several key advantages that make them highly
effective for CO, separation and other gas separation processes.

Polymeric membranes

Recent developments in polymer chemistry and fabrication techniques have resulted
in membranes with improved selectivity, permeability, and chemical resistance, making
polymeric membranes incredibly versatile. These membranes are widely employed in
carbon capture, water treatment, and other industrial applications; nonetheless, issues
such membrane fouling and the trade-off between permeability and selectivity still exist.

Inorganic membranes

Due to their excellent chemical and thermal resilience, inorganic membranes
composed of metals and ceramics are highly regarded in abrasive industrial settings.
They are employed in petrochemical processing and gas separation because they provide
accurate molecular sieving. Nonetheless, they face difficulties due to their brittleness and
greater manufacturing costs in comparison to polymeric membranes.

Composite membranes

Composite membranes, which frequently have a selective layer supported by a robust
substrate, combine materials to maximize their respective strengths. High selectivity,
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permeability, and durability are the outcomes of this synergy, which qualifies them for
uses in CO, capture and desalination. One of the biggest obstacles is controlling the
interaction between various materials.

Facilitated Transport Membranes: By employing carriers that interact with target
molecules like CO2 in a targeted manner, enhanced transport membranes improve gas
separation by facilitating the passage of those molecules over the membrane. These
membranes provide excellent energy efficiency and selectivity, especially in high purity
applications like natural gas processing. Carrier stability and deterioration resistance are

the main issues.

1.3. Recent advances in membrane fabrication techniques

The performance and breadth of applications of membranes in different industries
have been greatly improved by recent advancements in membrane production techniques.
Technologies like electrospinning, 3D printing, and sophisticated phase inversion
techniques have made it possible to create membranes with precisely regulated pore
geometries, stronger mechanical bonds, and better selectivity. As an example,
electrospinning has been widely used to create high surface area, controllable porosity
nanofiber membranes that work especially well for filtering and separation applications
[8]. Furthermore, 3D printing has become a potent technique for creating membranes
with intricate geometries and unique characteristics, providing unmatched precision and
design freedom [9]. The amalgamation of these methodologies with innovative
substances, like metal-organic frameworks (MOFs) and mixed-matrix membranes, has
additionally increased the possibilities of membrane technology, allowing for more
effective water purification and gas separation procedures [10]. These developments are
propelling the creation of next-generation membranes, which solve important issues in
energy and environmental applications and are not only more efficient but also more
sustainable.

1.4. Energy efficiency and sustainability

By optimizing processes that lower energy consumption and improve the recycling
and conversion of captured CO, into valuable products, energy efficiency and
sustainability in CO, capture and usage are achieved.
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1.5. Reducing Energy Consumption in Membrane Processes

Reducing energy consumption in membrane processes is a critical focus in the
advancement of sustainable technologies. Innovations in membrane materials and design
have led to processes that operate at lower pressures and temperatures, significantly
cutting down energy use compared to traditional methods. Techniques such as membrane
process optimization, where flow rates and membrane configurations are fine-tuned, have
further enhanced energy efficiency. Additionally, the development of membranes with
higher permeability and selectivity has allowed for more effective separations, reducing
the overall energy required for gas and liquid processing. These efforts not only lower
operational costs but also contribute to reducing the carbon footprint of industrial
processes.By allowing operations at lower pressures and temperatures, recent
developments in membrane materials and process optimization have dramatically

reduced energy consumption in separation processes [11].

1.6. Integration with Renewable Energy Sources

Integrating membrane processes with renewable energy sources is an emerging
strategy to further enhance sustainability in separation technologies. Solar, wind, and
geothermal energy can be harnessed to power membrane operations, reducing reliance on
fossil fuels and lowering greenhouse gas emissions. For instance, solar energy can be
used to generate the low-grade heat required for membrane distillation, while wind and
hydroelectric power can drive electrically-driven membrane processes like reverse
osmosis and electrodialysis. This integration not only improves the environmental profile
of membrane technologies but also aligns with global efforts to transition to cleaner
energy systems. The coupling of renewable energy with membrane processes offers a
pathway to achieving near-zero emission operations, particularly in sectors like water
desalination, CO, capture, and wastewater treatment. In an effort to improve
sustainability and reduce emissions of greenhouse gases in industrial applications, the
integration of renewable energy sources, such as solar and wind, with membrane

processes is being investigated progressively [12].

1.7. Environmental Impact and Lifecycle Assessment

Assessment (LCA) is crucial for understanding their overall sustainability. LCA

provides a comprehensive evaluation of the environmental burdens associated with
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assessing the environmental impact of membrane processes through lifecycle mebrane
production, operation, and disposal, including energy use, emissions, and resource
consumption. Recent studies have shown that while membrane technologies generally
offer lower environmental impacts compared to conventional separation methods, the
choice of materials and energy sources plays a significant role in determining their
sustainability. For example, the production of certain advanced membrane materials can
be energy-intensive, highlighting the need for eco-friendly material choices and
manufacturing processes. Additionally, end-of-life considerations, such as recycling or
safe disposal of spent membranes, are critical for minimizing long-term environmental
impacts. By integrating LCA into the design and deployment of membrane technologies,
developers can identify opportunities for reducing their environmental footprint and
enhancing the overall sustainability of these processes. According to lifecycle
assessments (LCAs), membrane technologies often have less of an impact on the
environment than more conventional techniques. However, the sustainability of these

systems is largely dependent on the choice of materials and energy sources [13].

2. Materials and Methods

2.1. Research Design

This study was designed to evaluate and compare the efficiency and feasibility of
several cutting-edge membrane technologies for capturing and utilizing CO, The
research was conducted in two phases: laboratory-scale experiments and techno-

economic modeling.

2.2. Materials

Polymeric Materials Polyimides (PI), Zeolites, lonic Liquids (ILs), Organic salts,
Tetrahydrofuran (THF):

2.3. Methods

The methodology involves dissolving polyimides in THF to create a polymer
solution, which is cast onto a glass plate and immersed in water to induce phase

separation, forming a porous membrane. Zeolites are incorporated into this matrix to
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create mixed-matrix membranes (MMMs) through dispersion in the polymer solution,
followed by solvent evaporation and curing. For electrochemical membranes, carbon-
based catalysts are embedded in a polymer matrix with ionic liquids, then cast and

solidified to produce a conductive, permeable structure for CO2 reduction.

3. Results

Table 1. Performance Metrics of Advanced Membrane Technologies.

Membrane Type CO; Permeability | CO,/N, Selectivity | Stability (Hours)
(Barrer)

Polymer Membrane | 300 30 1,000

MOF-based

Membrane 500 50 2,500

Ionic Liquid

Membrane 700 70 4,000

Table 1 compares three advanced membrane technologies: Polymer Membranes,

MOF-based Membranes, and Ionic Liquid Membranes. Polymer Membranes have the
lowest permeability, requiring thicker membrane areas for CO, capture. MOF-based
Membranes have moderate permeability and superior performance in facilitating CO,
transport. Ionic Liquid Membranes have the highest permeability at 700 Barrer, making
them ideal for high purity CO, applications. Ionic Liquid Membranes have the highest
selectivity at 70, making them suitable for continuous, long-term CO, capture

applications.
Table 2. Cost Analysis of Membrane Technologies.
. Operational Cost Maintenance Cost
2
Membrane Type Initial Cost (N/m?) (N/ton CO,) (N/year)
Polymer Membrane | 50 150000 75000000
MOF-based 150 120000 150000000
Membrane
Cgrbon Molecular 200 105000 120000000
Sieve
Ionic Liquid 300 90000 2250000000
Membrane
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The table compares the costs of four different membrane technologies for CO,
capture: Polymer Membranes, MOF-based Membranes, Carbon Molecular Sieves, and
Ionic Liquid Membranes. Polymer Membranes have the lowest initial cost at 50 N/m?,
making them suitable for projects with limited upfront capital. MOF-based Membranes
have a higher initial cost but offer better efficiency. Carbon Molecular Sieves have a
higher initial cost but lower operational cost and maintenance cost. lonic Liquid
Membranes have the highest initial cost at 300 N/m? but the lowest operational cost at
90,000 N/ton CO,. However, their maintenance cost is extremely high at 2.25 billion
N/year, which could be a drawback unless operational efficiency outweighs these costs
over time.

Emission Levels of Membane Technologies

Polyrnide Memorones () Mizad Morik Membines o Electrochenical Memnma
Kg CO2 ™ KO CO M/ M2

23% T = 3

E mntioomtesis:
2
&

2%
3%
Polyimide Membones  Mizad-Matrix Membenes Elzed-Matrix Mehnolnes
Polyimide 2%  Mixed-mazrix s  Elxed-Matix
Membanes =% Membanes /Mhw, Membanes
s Kg CO2/m2 e KQ COZ2,/m2 ekg CO2/m?2

Chart 1: Emission Levels of Membrane Technologies.

CO, emission levels for three membrane technologies: Polyimide Membranes,
Mixed-Matrix Membranes (MMMs), and Electrochemical Membranes. Polyimide
membranes have the highest emissions, possibly due to energy-intensive processes.
Mixed-Matrix Membranes have moderate emissions, lower than polyimide but higher
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than electrochemical membranes. MMMs can be improved by incorporating inorganic
fillers, which can reduce processing energy requirements. Electrochemical membranes
have the lowest emissions, attributed to energy-efficient carbon-based catalysts and ionic
liquids. These membranes are suitable for sustainable CO, capture and utilization
applications, but further research should focus on enhancing membrane performance

while minimizing CO, emissions during fabrication.

4. Conclusion

The research compares advanced membrane technologies for CO, capture, focusing
on performance, cost-effectiveness, and environmental impact. Ionic Liquid Membranes
are the top performer in terms of CO, permeability and selectivity, making them ideal for
high-purity applications and long-term operations. MOF-based Membranes offer a
balanced performance with moderate permeability and selectivity, while Polymer
Membranes remain a viable option. Polymer Membranes are the most cost-effective
upfront, but their higher operational costs may limit their long-term cost-effectiveness.
Electrochemical Membranes are the most environmentally friendly, with the lowest CO,
emissions. Mixed-Matrix Membranes show moderate emissions, which could be further
reduced by optimizing their fabrication process. The research suggests that the
development of advanced membranes should focus on improving cost-effective options

like Polymer Membranes while minimizing environmental impacts.
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