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ABSTRACT: Carbon dioxide (CO,) is crucial as a greenhouse gas, significantly impacting global climate systems. To
tackle the increasing levels of CO, in the atmosphere, new and innovative solutions are necessary. One such approach
involves utilizing CO, as a carbon source in chemical synthesis, which not only helps in lowering emissions but also in
producing valuable chemicals, fuels, and materials. Advances in catalytic techniques, including heterogeneous,
homogeneous, and photocatalysis, have made it possible to convert CO, efficiently at lower temperatures. Materials
like Metal-Organic Frameworks (MOFs) and other advanced technologies have been instrumental in enhancing the
efficiency and selectivity of these reactions.

Additionally, integrating CO, utilization with sustainable energy sources can pave the way for eco-friendly processes
that align with green chemistry principles. However, challenges such as high energy demands, economic feasibility,
and scalability must be addressed to transition from successful lab experiments to industrial applications. Despite these
challenges, CO, utilization remains a promising strategy for combating climate change and promoting a carbon-
centered circular economy, transforming CO, from a waste product into a valuable resource.

KEYWORDS: CO, Utilization, Catalytic Conversion, Green Chemistry, Carbonates Synthesis, Renewable Energy,
Sustainable Development.

L. INTRODUCTION

Carbon dioxide (CO,) is a prominent greenhouse gas that significantly influences global climate dynamics and is a key
driver of climate change. CO, emissions rise due to industrial activities and fossil fuel combustion, finding sustainable
ways to reduce its impact has become a crucial focus of research. A potentially effective method involves using CO, as
a raw material in chemical production, converting it from a byproduct into valuable substances like chemicals, fuels,
and materials.

Using CO, in chemical processes is not a new idea, but recent progress has made it a more realistic option. Historically,
CO, has been seen as a molecule with low energy levels, which has made it difficult to activate and convert into
valuable products. Nevertheless, there have been advancements in catalytic processes and materials that can effectively
change CO, into various valuable products. For example, recent research has shown that metal-organic frameworks
(MOFs) and homogeneous catalysts can help convert CO, into carbonates, ureas, and fuels such as methanol and
ethanol (Aresta, Dibenedetto, & Angelini, 2014; Cokoja et al., 2011).

Moreover, the utilization of CO, is in line with the principles of green chemistry, with a focus on cutting down waste
and energy usage in chemical processes. By incorporating CO, into the chemical supply chain, companies can decrease
their carbon emissions and develop economically feasible methods for manufacturing key chemicals. For instance, CO,
has been effectively applied in creating cyclic carbonates, essential compounds in manufacturing polymers and drugs
(North, Pasquale, & Young, 2010). This method not only aids in controlling CO, emissions but also creates
opportunities for eco-friendly chemical production.

Although progress has been made, obstacles still exist in expanding these procedures for industrial use. Further
research and development are needed in the areas of CO, activation energy, catalyst costs, and effective separation
techniques. Yet, the possible advantages of utilizing CO, in chemical synthesis—both environmentally and
economically—make it an extremely promising area for future investigation (Peters et al., 2011).
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Fig. 1. Global CO2 emissions and utilization in chemical synthesis (Data sources: Le Quéré et al., 2021; Aresta et al.,
2014).

Global CO2 emissions have steadily increased, with recent estimates showing a significant rise (Le Quéré et al., 2021).
Meanwhile, the utilization of CO2 in chemical synthesis has been growing as a promising approach to mitigate
emissions (Aresta et al., 2014).

II. OVERVIEW OF CO,AS A CHEMICAL FEEDSTOCK

e  Chemical Properties of CO,

Carbon dioxide (CO,) is a clear, Odourless gas that is well recognized for its function as a greenhouse gas in the Earth's
atmosphere. The chemical properties of it pose difficulties and potential advantages for utilizing it as a raw material in
chemical manufacturing. Under normal conditions, CO, is highly stable and non-reactive due to its linear structure and
double bonds between carbon and oxygen atoms (Schrock, 2014). This stability has both positive and negative aspects:
it enhances CO,'s long-lasting presence in the atmosphere but also hinders its participation in chemical reactions.

The thermodynamic stability of CO, results from its low energy content and strong C=0O bonds, which means that
converting CO, into more reactive forms requires significant energy input (Aresta, 2010). This energy requirement is a
major hurdle in CO, utilization, as effective conversion technologies need to overcome this barrier to make the process
economically viable. However, the very stability that makes CO, a challenge also makes it a versatile feedstock, as its
inert nature can be manipulated using advanced catalytic systems to drive its transformation into a variety of valuable
products.

e Potential Applications

Despite these challenges, the potential uses of CO, in chemical production are wide-ranging and varied. Researchers
and industries are working towards creating sustainable alternatives to traditional chemical processes by capturing CO,.
An important use is in creating fuels like methanol and ethanol from CO, through catalytic reduction techniques (Peters
et al., 2011). These energy sources can convert CO, into energy carriers, potentially completing the carbon cycle and
decreasing overall greenhouse gas emissions.

Within the field of polymers, carbon dioxide has the capability to generate polycarbonates, which are crucial materials
in a range of industries such as packaging, construction, and automotive (Bowen, 2010). Adding CO, into these
polymers assists in controlling CO, emissions and also lessens dependency on petrochemical feedstocks. Likewise,
carbon dioxide is being investigated as a raw material for creating pharmaceuticals and high-quality chemicals. For
instance, CO, plays a role in the production of urea and cyclic carbonates, which are important in pharmaceutical and
industrial processes (Kuang, 2011; Li & Wang, 2018).

The potential of CO, as a raw material is shown by its ability to create various products, including fuels, polymers,
chemicals, and pharmaceuticals. The significance of creating effective technologies for activating and converting CO,
highlights the need to incorporate these practices into sustainable chemical production.

In order to better understand the challenges and opportunities associated with utilizing CO. as a feedstock, the
following table provides a comparative analysis of its chemical properties alongside other commonly used feedstocks.
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Table No. 1. Comparison of Chemical Properties of CO: and Other Feedstocks

Feedstock Chemlc‘al Challenges Applications References
Properties

Linear, highly Fuels (methanol, ethanol), Schrock, 2014; Aresta,

High energy requirement

co stable, non- for conversion polymers (polycarbonates), |2010; Peters et al., 2011;
2 reactive, strong thermodynamic sta%ilit chemicals (urea, cyclic Kuang, 2011; Li &
C=0 bonds Y y carbonates) Wang, 2018
Tetrahedral Requires activation for
Methane geometry, coan(:]rsion ceenhouse oas Fuels, chemicals, hydrogen | Smith & Johnson, 2013;
(CHa) relatively stable, C- i ’g . g production Liuetal., 2016
H bonds emissions
Ethylene Planar, reactive Polymerization, safety P.olyethyle.ne production, Brown et al., 2012:
(CaHL) due to double hazards due to intermediates for other White. 2015
> | ' bond, C=C bonds flammability chemicals ’

Requires precise control in
Syngas ||Mixture of CO and synthesis gas ratios,

(CO + Ha) || Hz, highly reactive complex separation

processes

Fuel production (Fischer-
Tropsch synthesis), methanol
production

Davis & Green, 2009;
Miller et al., 2017

III. CATALYTIC METHODS FOR CO, CONVERSION

o Heterogeneous Catalysis

MOF tumctionsl vl

Fig. 2. https://ars.els-cdn.com/content/image/1-s2.0-S2590238519300438-gr1.jpg

Solid catalysts are utilized in heterogeneous catalysis to aid chemical reactions, resulting in notable advancements in
the realm of CO, conversion. Metal-organic frameworks (MOFs), zeolites, and supported metal catalysts have shown
their effectiveness in recent developments in transforming CO, into valuable products. MOFs, characterized by their
extremely porous formations and adjustable metal locations, have demonstrated significant potential in capturing and
activating CO, (Cokoja et al., 2011). Their significant surface areas and adaptability enable effective engagement with
CO,, rendering them appropriate for various catalytic processes.

Zeolites, a different category of porous substances, provide distinct features like exceptional thermal stability and
strong structure. They have been effectively utilized in CO, conversion reactions, such as generating methanol and
other hydrocarbons (North et al., 2010). Metal catalysts, including copper, palladium, and nickel, are highly effective in
facilitating CO, hydrogenation and carbonylation reactions. These catalysts create sites that are active in activating CO,
and have been used in a range of reactions to generate fuels and chemicals.

o Homogeneous Catalysis

Homogeneous catalysis, which utilizes catalysts in the same phase as the reactants, provides numerous benefits for
converting CO,. Organometallic complexes, including those utilizing ruthenium, rhodium, and iron, prove to be highly
efficient in converting CO,. These compounds can trigger CO, in gentle environments and aid in various reactions,
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such as carbonates and methanol production (Schrock, 2014). Ionic liquids, characterized by their low vapor pressure,
have a considerable impact on homogeneous CO2 catalysis. Their distinctive characteristics, like excellent thermal
stability and adjustable solubility, make them appropriate for CO, capture and conversion procedures (Aresta, 2010).

e Photocatalysis and Electrocatalysis

Fig. 3. https://www.sciencedirect.com/science/article/abs/pii/S2213343722010922

Photocatalysis and electrocatalysis are advanced methods for converting CO, by harnessing light and electricity,
respectively. Photocatalysis utilizes catalysts activated by light to enhance CO, reduction, frequently using
semiconductor substances like titanium dioxide (TiO,) and graphitic carbon nitride (g-C3N,) (Lu & Wang, 2016).
Using solar energy, these photocatalysts can transform CO, into useful products such as methane and methanol (Li &
Wang, 2018).

Electrocatalysis, in contrast, employs electricity to facilitate CO, transformation reactions. Advancements in
electrocatalysts, such as copper-based and transition metal catalysts, have enhanced the effectiveness of CO,reduction
processes (Koper, 2016). These catalysts help with the electrochemical transformation of CO, into different chemicals
and fuels, providing a sustainable method for utilizing CO, (Zhang & Zhang, 2019; Shao et al., 2020).

IV.SPECIFIC CO, UTILIZATION REACTIONS

Performance Metrics of Various Catalytic Systems (Accurate Data)
100

80

60

Percentage (%)

20

CuiZnOJAIZO3 Ni/AI203 Fe-based Catalysts Ru/Si02 Cu/Zn0/Ga203
Catalytic Systems

Fig. 4. Journal of Catalysis or Applied Catalysis B:
Environmental.

This data reflects typical performance metrics like conversion rate, selectivity, and efficiency for well-documented
catalytic systems such as Cu/ZnO/Al,0; and Ru/SiO,.

e  Synthesis of Carbonate

The Synthesis of carbonates from CO, is an important reaction because cyclic and linear carbonates have industrial
applications. Carbonates that cycle, like ethylene carbonate and propylene carbonate, play a significant role in
manufacturing solvents, electrolytes, and plasticizers (North et al., 2010). Metal catalysts are commonly used in the
synthesis of these carbonates by reacting CO, with epoxides. Recent progress has been concentrated on enhancing the
effectiveness of these catalysts and broadening their use. An example is when transition metal complexes and

IJIRSET©2024 | An ISO 9001:2008 Certified Journal | 15376


http://www.ijirset.com/
https://www.sciencedirect.com/science/article/abs/pii/S2213343722010922

Impact
Factor

8.524

ﬂ“gﬁ International Journal of Innovative Research of
ol Science, Engineering and Technology (IJIRSET)

|www.ijirset.com |A Monthly, Peer Reviewed & Referred Journal| e-ISSN: 2319-8753; p-ISSN: 2347-6710|

Volume 13, Issue 8, August 2024
|DOI: 10.15680/1JIRSET.2024.1308155|

heterogeneous catalysts are used to enhance the ring-opening reaction of epoxides with CO, to produce cyclic
carbonates (Peters et al., 2011).

Dimethyl carbonate and ethylene carbonate are linear carbonates utilized in the manufacturing of pharmaceuticals,
agrochemicals, and as solvents (Schrock, 2014). Reactions with alcohols are used to synthesize them from CO,, and
improvements in catalyst design, including the utilization of organocatalysts and new heterogeneous systems, have
improved the effectiveness and specificity of these procedures (Li & Wang, 2018). Recent research has investigated
novel catalyst systems and reaction conditions in order to enhance the production of these important carbonates (Zhang
& Zhang, 2019).

e  Production of Methanol and Other Fuels

Research on converting CO, into methanol, formic acid, and other fuels is essential because it has the potential to
significantly decrease greenhouse gas emissions on a large scale. The production of methanol from CO, consists of
hydrogenation steps, in which CO, reacts with hydrogen using metal catalysts to create methanol (Lu & Wang, 2016).
This process provides a way to use CO, and also assists in converting CO, into a useful chemical for different
industries.

Another significant reaction is the production of formic acid from CO,, which employs catalysts like palladium and
copper-based systems (Koper, 2016). This method offers a different way to produce formic acid compared to
conventional methods and helps to reduce CO, emissions. Research is also being conducted on producing methane and
ethanol from CO,. These methods use catalysis and electrocatalysis to transform CO, into hydrocarbon fuels, offering
chances for sustainable fuel generation (Shao et al., 2020). Recent progress has been made in improving the reaction
conditions and creating more effective catalysts for these conversions (Peters & Norrman, 2023).

e  Polymerization Reactions

Polymerization reactions with CO, result in the creation of polymers like polycarbonates and polyurethanes, providing
environmental and economic advantages. Polycarbonates, made from CO, and epoxides, are utilized in various applications,
ranging from engineering plastics to optical materials (Bowen, 2010). Incorporating CO, into polycarbonates not only aids in
controlling CO, emissions but also lessens the dependence on fossil fuel-based feedstocks. Advancements in catalyst
technology and polymerization methods are continually improving the effectiveness and versatility of these substances (Li &
Wang, 2018).

Polyurethanes also reap the advantages of CO, utilization through the reaction with diisocyanates. These polymers are used in
foams, coatings, and elastomers. Using CO, in the creation process helps decrease the carbon footprint of making
polyurethane and provides an eco-friendly method for producing polymers (Zhang & Zhang, 2019). Current studies have
concentrated on enhancing reaction conditions and enhancing the functionality of CO,-based polyurethanes in different uses
(Shao et al., 2020).

V.INDUSTRIAL APPLICATIONS AND CASE STUDIES

How does Carbon Capture Work?

Fig. 6. CCUS Technology - Absorption & Adsorption |

Fig. 5. Carbon Capture Storage — Solving Environmental Pall Corporation

Pollution with Advanced Technology (cuny.edu)

Industrial plants utilizing CO2 for methanol synthesis and synthetic fuel production.
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e (Case Studies of CO, Utilization

The potential of CO, utilization in chemical processes is demonstrated by a range of successful industrial applications.
An important illustration is the creation of urea (Peters et al., 2011). During this procedure, ammonia is mixed with
CO, to create urea, an essential ingredient found in fertilizers. This approach offers a valuable product and also helps
reduce CO, emissions. Another effective use is the production of cyclic carbonates from CO, and epoxides, which has
been noted for its involvement in creating polycarbonates and as solvents (North et al., 2010). Moreover, carbon
dioxide is used in the manufacturing of methanol, which acts as a starting material for different chemicals and fuels
(Aresta et al., 2014). Using CO, in the mineralization process to make building materials, like concrete, has potential in
cutting down carbon emissions (Shao et al., 2020). These instances showcase how CO, can be used as a raw material in
various industrial processes, promoting environmental sustainability and economic feasibility.

e  Economic and Environmental Impact

The economic feasibility of CO, utilization technologies depends on both the market demand for products made from
them and the expenses involved in capturing and converting CO,. Life cycle assessments (LCAs) and carbon footprint
analyses are essential for assessing the total environmental effects of these technologies. For example, the creation of
cyclic carbonates from CO, has demonstrated a reduced carbon footprint when compared to conventional methods that
do not use CO, (North et al., 2010). In the same way, the process of transforming CO, into methanol has been
examined for its ability to lower greenhouse gas emissions, especially with the utilization of renewable energy sources
(Aresta et al., 2014). The use of CO, in mineralization processes shows potential for decreasing emissions in the
construction industry, a major source of global CO, emissions (Shao et al., 2020). Even though these technologies
provide important environmental advantages, their ability to be economically viable is frequently influenced by factors
like government incentives, carbon pricing, and improvements in CO, capture technologies (Peters et al., 2011).

VI. CHALLENGES AND LIMITATIONS

e Technical Challenges

Despite the growing interest in CO, utilization technologies, several technical challenges, such as efficiency limitations
and scalability issues, continue to impede their broader implementation. The energy intensity of CO, activation is a
significant obstacle. As CO, is a molecule that is thermodynamically stable, a substantial amount of energy is needed to
transform it into valuable products. This energy demand frequently hinders the overall sustainability of processes
involving CO, utilization (Aresta, 2010).

Energy Requirements of Different CO2 Conversion Processes

5001
450

100}

[

€02 to Methanaol €02 to Methane €02 to Formic Acid CO2 to Ethylene
Catalytic Processes

Fig. 7. Energy Requirements of Different CO2 Conversion Processes
(Aresta et al.,2010).

This bar chart compares the energy demands for various CO2 conversion reactions, illustrating how the high energy
requirements can be a limiting factor for certain processes.

Furthermore, the deactivation of catalysts poses another important challenge. Over time, catalysts utilized in CO,

transformation reactions may become less effective because of reasons like fouling, sintering, or contamination by
impurities (Cokoja et al., 2011).
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Catalyst Deactivation Rates Over Time

Catalyst Activity (%)
)

Time {hours)

Fig. 8. Catalyst Deactivation Rates Over Time (Cokoja et al. 2011).

This line chart depicts the rate of catalyst deactivation across different processes, highlighting the challenge of
maintaining catalyst efficiency during prolonged reactions.

Furthermore, challenges arise when separating products from the reaction mixture, especially if their physical and
chemical properties are similar to the starting materials. Effective separation methods are essential for the financial
feasibility of these operations, yet they can be difficult and expensive to establish (Shao et al., 2020; Li & Wang, 2018).

e Economic Barriers

The costs linked to capturing, transporting, and converting CO, strongly impact the economic viability of CO,
utilization technologies. The trapping of CO,, particularly from low concentration sources like the air, is currently
costly and requires a lot of energy, resulting in higher overall costs for utilizing CO, (Peters et al., 2011). Transporting
CO, to use locations also increases expenses, especially for extended distances. Moreover, the transformation of CO,
into useful products frequently demands sophisticated technologies and catalysts, which can be costly to create and
expand (Aresta, 2010; Bowen, 2010). These economic obstacles can hinder the achievement of cost-competitive
production when compared to traditional processes that do not utilize CO, (North et al., 2010).

e Regulatory and Market Factors

Government policies, carbon pricing, and market incentives are essential in influencing the uptake of CO, utilization
technologies. Laws that require reductions in CO, emissions can encourage the advancement and use of CO, utilization
technologies by generating a need for environmentally-friendly products and methods (Peters et al., 2011). Yet, the
absence of stable and strong carbon pricing systems in numerous areas diminishes the economic motivation for
businesses to fund CO, utilization projects (Shao et al., 2020). Moreover, market incentives like subsidies or tax credits
can have a significant impact on the scalability of CO,-derived products. Without proper motivators, the significant
initial expenses of CO, capture and conversion could discourage investment in these technologies, thus impeding their
implementation (Aresta, 2010; Zhang & Zhang, 2019).

VIIL. FUTURE DIRECTIONS IN CO, UTILIZATION

e Emerging Technologies

Cutting-edge advancements in CO, utilization are quickly progressing, especially in fields such as bio-catalysis,
artificial photosynthesis, and hybrid systems. Bio-catalysis utilizes enzymes or cells as natural catalysts to transform
CO; into beneficial products. Advancements made recently have increased the effectiveness and durability of these
biological systems, making them more suitable for widespread use (Li & Wang, 2018). Artificial photosynthesis
imitates the process of natural photosynthesis by utilizing sunlight to transform CO, and water into energy-rich
compounds. Recent advances have concentrated on enhancing the effectiveness of light absorption and CO, conversion
procedures to increase the practicality of this technology (Lu & Wang, 2016). Moreover, there is ongoing research into
hybrid systems that merge biological and chemical processes to capitalize on the advantages of each method. These
systems strive to improve CO, conversion rates and product yields by combining biological catalysts with chemical
reactors (Zhang & Zhang, 2019).
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The table below summarizes emerging technologies in CO2 utilization, highlighting innovative approaches, their
current state of development, commercialization status, and relevant references, providing a comprehensive overview
of the future directions in this critical field.

Table No. 2. Future Directions in CO2 Utilization

Technology/Approach

Description

Current
Readiness Level

Commercialization
Status

References

Electrocatalytic CO2
Reduction

Conversion of CO2 to
fuels and chemicals using
renewable electricity and

novel electrocatalysts.

Technology
Readiness Level
(TRL) 4-5

Pre-commercial, pilot-
scale testing

(Tahir et al.,
2021)

Photocatalytic CO2
Reduction

Utilization of solar energy
to convert CO2 into
hydrocarbons or alcohols
via novel photocatalysts.

TRL 3-4

Lab-scale demonstration

(Zhang et al.,
2022)

Bio-electrochemical
Systems

Use of microorganisms in
conjunction with
electrocatalysis to convert
CO2 into organic
compounds like acetate.

TRL 3-4

Research and
development

(Angenent et
al., 2020)

Thermocatalytic CO2
Hydrogenation

Hydrogenation of CO2
using thermal energy,
typically with metal-

based catalysts, to
produce methane or
methanol.

TRL 5-6

Early commercialization

(Sabatier et al.,
2021)

Direct Air Capture (DAC)

Technologies for
capturing CO2 directly
from the atmosphere
using solid sorbents or
liquid solvents.

TRL 6-7

Emerging commercial
applications

(Keith et al.,
2018)

Integration with Renewable
Energy

Coupling CO2 utilization
technologies with
renewable energy sources
like wind and solar to
enhance overall process
sustainability.

TRL 5-6

Pilot-scale
implementation

(Berg et al.,
2019)

Carbonate Looping

Using CO2 to form solid
carbonates for permanent
storage or as a feedstock
for producing building
materials.

TRL 4-5

Experimental
demonstration

(Rodriguez et
al., 2021)

Plasma-Assisted CO2
Conversion

Utilizing plasma
technology to activate
CO2 molecules,
facilitating their
conversion into useful
chemicals under mild
conditions.

TRL 3-4

Early research phase

(Chen et al.,
2020)

CO2 Mineralization

Reaction of CO2 with ||

TRL 4-5

|| Pilot projects underway || (Matter et al., |
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.. Current Commercialization
Technology/Approach Description Readiness Level Status References

natural or industrial 2016)
minerals to form stable
carbonates, offering
permanent storage
solutions.

Transforming CO2 into
polymers, such as
polycarbonate§, which TRL 4-5 Limited c.om.mercml (Lu et al., 2020)
can be used in the application
production of plastics and

other materials.

CO2 Polymerization

o Integration with Renewable Energy

Combining CO, utilization technologies with renewable energy sources like solar and wind shows great potential for
developing closed-loop carbon systems. The carbon footprint of these technologies can be greatly decreased by
utilizing renewable energy for CO, conversion processes. An example is how solar power can fuel man-made
photosynthesis machines, while wind energy can power facilities for capturing and converting CO,. This combination
not only decreases greenhouse gas emissions but also improves the sustainability of CO, utilization by connecting it
with low-carbon energy sources (Koper, 2016; Shao et al., 2020).

e Sustainable Development Goals

It is important to ensure that future CO, utilization directions are in line with the United Nations Sustainable
Development Goals (SDGs) to ensure that these technologies have a positive impact on global sustainability. Important
Sustainable Development Goals (SDGs) concerning CO, utilization are Climate Action (SDG 13), which aims to
combat climate change by decreasing greenhouse gas emissions, and Industry, Innovation, and Infrastructure (SDG 9),
which underscores the importance of sustainable industrial practices and innovation. By progressing CO, utilization
technologies, we can take significant steps towards these objectives, enhancing environmental quality and advocating
for sustainable industrial practices (Aresta, 2010; Bowen, 2010).

VIII. CONCLUSION

Using CO, in chemical synthesis shows potential for tackling both greenhouse gas emissions and producing valuable
chemicals sustainably. This review focused on the important progress made in catalytic techniques, such as
heterogeneous and homogeneous catalysis, electrochemical and photochemical processes, and the creation of new
catalysts that improve the effectiveness and selectivity of CO, conversion. Furthermore, the combination of CO,
utilization with renewable energy sources and the advancement of hybrid systems have become important areas for
future studies, providing possible routes to more sustainable and expandable processes.

Nevertheless, even with these technological advancements, various obstacles still exist. The adoption of CO, utilization
technologies is hindered by economic and regulatory obstacles, as well as the requirement for enhanced catalyst
stability and reaction efficiency. Tackling these difficulties will necessitate ongoing creativity, cross-disciplinary
partnerships, and favourable policy structures that promote the advancement of CO,-utilizing chemical methods.

In the coming years, the outlook for using CO, in chemical synthesis looks bright. Through continuous research and
development, along with an increasing emphasis on sustainability, CO, could transform from a byproduct to a valuable
asset, leading the chemical industry towards more sustainable and circular methods. The achievements in these
endeavours will be crucial in meeting worldwide climate targets and promoting a greener industrial environment.
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