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Abstract: Global fossil fuel consumption has induced emissions of anthropogenic carbon dioxide
(CO2), which has emanated global warming. Significant levels of CO2 are released continually into the
atmosphere from the extraction of fossil fuels to their processing and combustion for heat and power
generation including the fugitive emissions from industries and unmanaged waste management
practices such as open burning of solid wastes. With an increase in the global population and the
subsequent rise in energy demands and waste generation, the rate of CO2 release is at a much faster
rate than its recycling through photosynthesis or fixation, which increases its net accumulation in the
atmosphere. A large amount of CO2 is emitted into the atmosphere from various sources such as
the combustion of fossil fuels in power plants, vehicles and manufacturing industries. Thus, carbon
capture plays a key role in the race to achieve net zero emissions, paving a path for a decarbonized
economy. To reduce the carbon footprints from industrial practices and vehicular emissions and
attempt to mitigate the effects of global warming, several CO2 capturing and valorization technologies
have become increasingly important. Hence, this article gives a statistical and geographical overview
of CO2 and other greenhouse gas emissions based on source and sector. The review also describes
different mechanisms involved in the capture and utilization of CO2 such as pre-combustion, post-
combustion, oxy-fuels technologies, direct air capture, chemical looping combustion and gasification,
ionic liquids, biological CO2 fixation and geological CO2 capture. The article also discusses the
utilization of captured CO2 for value-added products such as clean energy, chemicals and materials
(carbonates and polycarbonates and supercritical fluids). This article also highlights certain global
industries involved in progressing some promising CO2 capture and utilization techniques.

Keywords: carbon dioxide; fossil fuels; greenhouse gas; sequestration; storage; utilization

1. Introduction

The reduction in carbon emissions and the advancement of carbon capture technology
is a global demand for sustainable human health and the environment. To maintain a
healthy environment and better human life, mitigation of greenhouse gas (GHGs) emissions
is essential. The emissions and concentrations of GHGs such as carbon dioxide (CO2),
methane (CH4), nitrous oxide (N2O), ozone (O3) and water vapor are increasing in the
environment day by day due to rapid urbanization and industrialization. Recently, the
subject of carbon capture, its mechanism and utilization have become an important issue
and a global challenge. The increasing everyday demand for electricity and fuels for
vehicles and industries is met by the combustion of fossil fuels, especially petroleum,
natural gas and coal. The extraction, upgrading and utilization of fossil fuels contribute to
the emission of CO2, which lead to global warming and climate change [1]. GHGs result
from both natural processes (e.g., decomposition of organic matter, forest fires, volcanic
eruptions, etc.) and human activities (e.g., fossil fuels extraction and utilization, industrial
manufacturing, incineration, deforestation, changes in land management and forestry
practices, livestock farming and agriculture) [2,3]. With a total worldwide emission rate of
40 gigatons/year and nearly 3200 gigatons in the atmosphere, CO2 is the most predominant
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GHG. The highest CO2 exchange (i.e., 440 gigatons per annum) occurs between the land
and atmosphere through photosynthesis [4].

Among conventional fossil fuels, coal is the main source of energy for power genera-
tion, and it is the second-largest feedstock of primary energy after crude oil [5]. Out of the
total energy demand, 84% of energy is derived from fossil fuels (including 33%, 24% and
27% from oil, natural gas and coal, respectively) followed by 6% from hydroelectricity, 4%
from nuclear power and 5% from renewable sources [6]. To overcome this crucial challenge,
renewable energy sources such as solar, wind, tidal and nuclear power can play a big role
in reducing carbon emissions and maximizing clean power generation.

Figure 1 shows the increase in CO2 concentration over the years. For example, the
current CO2 level of 418.3 ppm is 23% higher than that of 1980 (i.e., 339.6 ppm) [7]. Recent
studies have shown that humans emit more than 565 gigatons of CO2 each year through
anthropogenic activities [8]. This causes the earth’s temperature to increase through the
greenhouse effect and global warming. Figure 2 illustrates the global average temperature
anomaly from 1850 to 2020. It can be noticed that the global average temperature has risen
sharply over the years above 1.1 ◦C [9]. This increase in global temperature can cause
catastrophic environmental and ecological impacts such as (i) severe weather conditions
(e.g., heat waves, hurricanes, floods and wildfires); (ii) an increase in sea levels; (iii) acidity
of oceans; (iv) decreasing groundwater levels and drought; (v) shortage of drinking water;
(vi) loss of arable land area; (vii) compromised agriculture, aquaculture and livestock
farming; (viii) soil erosion; (ix) outbreak of insects and pests; (x) adverse effects to human
and animal health; (xi) poor quality of water, air and soil; and (xii) risks to infrastructures,
artifact and monuments [10].
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These adversities have given overwhelming realization to the science community, leg-
islators and humanity on the potential of CO2 emission reduction and capturing approaches
to prevent the catastrophic effects of anthropogenic climate change. The carbon capture
and storage strategies have been considered one of the prime choices for reducing the CO2
levels in the atmosphere [11]. Considering the global consciousness of this issue, in 2021,
the United Nations Climate Change Conference (or the Conference of the Parties, COP26)
in Glasgow proposed to keep down the global temperature below 1.5 ◦C and to reach
net-zero emission of carbon by 2050 [12]. To achieve these targets, it is important to phase
out the utilization of coal, prevent deforestation, switch to electric vehicles and deploy re-
newable fuels as alternative energy sources. As an outcome of this COP26 Glasgow Climate
Pact, out of 197 participating countries, 140 countries vowed to reach net-zero emissions,
100 countries pledged to reverse deforestation, 40 countries agreed to phase out coal and
24 countries showed commitment to accelerate the sales and use of electric vehicles.

Several research studies have been conducted on CO2 capture, utilization and storage
technologies. This article reports some recent studies on carbon and GHG emissions and
an in-depth discussion of the recent advances in carbon capture, utilization and storage
technologies. We have made a rigorous attempt to identify the knowledge gaps and
comprehensively review the literature that is foundational, most recent and relevant to
carbon capture and sequestration technologies. To develop this comprehensive review, a
theory- and evidence-based methodology has been adopted to advance the knowledge of
CO2 capturing and valorization pathways by summarizing quantitative information and
providing recommendations for future inquiry.

2. Greenhouse Gas Emissions

GHG emissions have resulted from different sources such as the energy sector, industry,
landfill, buildings, transport, agriculture, forestry and other land uses. Some common
GHGs include CO2, CH4, N2O, O3, water vapor and fluorinated gases (FG). As illustrated
in Figure 3, the current atmospheric concentration of GHGs, especially CO2, CH4, N2O and
FG are 76%, 16%, 6% and 2%, respectively [13]. Different GHGs persist in the environment
or the atmosphere for longer durations due to their different absorption capacities and
lifetimes in the atmosphere. An excess of trapping heat ultimately increases the earth’s
temperature and eventually changes the climate, as discussed earlier. GHGs cover the
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earth’s atmosphere as an insulating layer, which warms this planet by trapping heat energy
and increasing the global temperature. The emission of CO2 into the atmosphere is through
anthropogenic and natural sources. Anthropogenic sources of CO2 emission are mostly
through human activities such as the extraction, processing and combustion of fossil fuels,
deforestation and industrial manufacturing. The natural sources of CO2 emissions are
volcanic eruptions, ocean outgassing, decomposition of organic matter and wildfires [14].
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As shown in Figure 4, the current primary sources of GHG emissions are heat and
power generation (25%), followed by agriculture, forestry and land use (24%), industries
(21%), transportation (14%), other energy industries (10%) and building exhausts (6%) [13].
The burning of fossil fuels for power generation, oil refining and various industrial and
transportation activities induce an unprecedented increase in global CO2 emissions. Among
the various types of fossil fuels, coal releases the prime amount of CO2. Approximately
40% of CO2 released into the atmosphere is attributed to coal combustion in 2021 [15].
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Most commonly, there are four major industrial processes through which a great deal of
CO2 emissions takes place such as cement production, iron and steel production, chemicals
production and extraction of fossil fuels, and petrochemical products. Among the major
industrial processes, steel-making and cement production release a significant amount of
CO2. Limestone (CaCO3) is the main source of cement production. When limestone is
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heated at a high temperature, calcium oxide (CaO) and a large amount of CO2 are released
as byproducts of the chemical reaction. During the production of 1 ton of cement, roughly
0.95 tons of CO2 is released [16]. Similarly, in the steel and iron industry, when the iron is
melted and purified to reduce its carbon content, contact with oxygen releases CO2. For
every ton of steel manufactured, 1.9 tons of CO2 is released, accounting for 6.7% of global
GHG emissions [17]. In the petrochemical industry, CO2 is released for manufacturing
products such as refined oil, plastics, solvents and lubricants. Furthermore, CO2 emission is
linked to the point source where carbon is being used as feedstock in calcination, a reducing
agent for the manufacturing of metal and the fermentation of biomass [18].

To understand the global warming impacts of different GHGs, the global warming
potential (GWP) unit is used. GWP measures the ability to trap the heat of each GHG in the
atmosphere compared to CO2 over a specified period. The period is typically considered
100 years for GWPs. GWP is measured as the amount of heat energy absorbed by any GHG
in the atmosphere as a multiple of the heat that would be absorbed by the same mass of
CO2. In the unit, GWP is equal to one for CO2 as the reference of standard gas regardless
of the period used. The larger the value of GWP, the warmer the earth is compared to CO2
over that period. CO2 remains in the atmosphere for quite a very long time, causing it to
increase its concentrations to last for thousands of years. N2O remains in for an average
of 114 years in the atmosphere. In the atmosphere, N2O has 298 times the impact on an
equal amount of CO2 for 100 years. Various industrial processes, refrigeration products and
consumer products contribute to different fluorinated gases such as hydrofluorocarbons
(HFCs), hydrochlorofluorocarbons (HCFCs), chlorofluorocarbons (CFCs), perfluorocarbons
(PFCs), sulfur hexafluoride (SF6) and nitrogen trifluoride (NF3). These gases have a high-
GWP value in the thousands or tens of thousands as they can trap more heat than CO2.
CH4 is considered to have a GWP of 28–36 above 100 years. In the atmosphere, the lifetime
of CH4 is much shorter than CO2, but it can trap more heat than CO2.

CH4 is released from the decomposition of organic matter by methanogenic bacteria
and the burning of fossil fuels including coal and heavy oil. CH4 has 25 times more
impact than CO2 on global warming and climate change. The production of CH4 from
the decomposition of organic matter through anaerobic digestion is influenced by organic
matter composition, oxygen deficiency, temperature, moisture and decomposition time.
Im et al. [19] studied the impact of storage temperatures ranging from 15 ◦C to 35 ◦C
on solid cattle manure and found that the highest emission of CH4 was recorded at a
temperature of 35 ◦C.

Aerosols have an impact on climate change. Aerosols are suspended in the atmosphere
as dust particles for a short period instead of quickly falling to the surface. Aerosols
originate from natural sources such as volcanoes, marine plankton and the burning of fossil
fuels and biomass. Upon the reflection of sunlight, aerosols have a cooling effect and the
absorption of sunlight has a warming effect. Aerosols react with clouds and can contribute
to both cooling and warming effects by reflecting sunlight or by trapping heat.

3. Carbon Capture Technologies

CO2 capture technologies are of global importance because CO2 emissions from fossil
fuels have significantly threatened the economy, the environment, natural ecosystems and
human health. Advances in carbon capture and utilization technology can dramatically
reduce CO2 emissions and lead the path towards net zero and achieve several United
Nations Sustainable Development Goals, especially Goal 6 (Clean Water and Sanitation),
Goal 7 (Affordable and Clean Energy), Goal 9 (Industry, Innovation and Infrastructure),
Goal 11 (Sustainable Cities and Communities), Goal 12 (Responsible Consumption and
Production) and Goal 13 (Climate Action).

Carbon capture, storage and utilization can be achieved in four phases. The first step
is the removal of CO2 from the point source. Flue gases are emitted from industrial plants
and are considered the point source through physical and chemical absorption, adsorption,
membrane-based separation and other emerging technologies [20,21]. Compressed CO2 in
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liquid form is easy to store and transport. CO2 can be stored permanently underground
by injecting it into porous rocks or under ocean beds through geo-sequestration [22]. The
selection of locations depends on the abundance of porous rock in the ground. The injected
CO2 fills out the pores inside the rocks and is detained there from above by covering an
impermeable layer. This technique is very similar to the storage phenomenon of oil and gas
underground. Both onshore and offshore basins can be used for the geological storage of
CO2. The utilization of captured CO2 is intended to convert the captured CO2 into valuable
chemicals, enhance oil recovery and recover untapped oil or alkaline remediation. The
combusted exhaust gas is used as the feedstock material for utilization. CO2 is used in food
and beverage processing and for producing synthetic or hydrocarbon fuels in combination
with hydrogen.

Figure 5 illustrates the main pathways for CO2 capture and utilization. The main
methods for CO2 capture are pre-combustion, post-combustion, oxyfuel combustion and
direct air capture. The available technologies for CO2 capture are adsorption, membrane
separation, chemical looping, cryogenic distillation and hydrate-based separation. The
captured CO2 can be utilized to produce clean fuels, chemicals and valuable minerals,
enhanced oil recovery and other direct uses. Table 1 summarizes the principles and
promising aspects of some CO2 utilization technologies.

3.1. Pre-Combustion

Figure 6 graphically represents the interconnected mechanisms of pre-combustion,
post-combustion, oxy-fuel combustion and other industrial CO2 capture processes [27].
Pre-combustion takes place before the combustion process where the fuel is gasified in the
presence of oxygen and steam, resulting in syngas production. CO present in the syngas is
converted into CO2 through the water–gas shift reaction and captured before combustion,
whereas H2 present in the syngas is used as a direct fuel in the gas turbines [28]. The
pre-combustion capture technique uses both physical and chemical methods to capture
CO2 from processed syngas. Chemical absorbents such as carbonates and physical solvents
such as methanol and polypropylene glycol are generally used for CO2 capture on a
commercial scale [29]. The pre-combustion route can proportionately reduce costs by
38–45% and 21–24% compared to the post-combustion and oxy-combustion routes [30].
However, owing to the modernization of existing facilities, an additional cost is involved
regarding the setup of the process units such as gasifiers and water–gas shift reactors, which
limits commercialization.
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Table 1. Summary of CO2 utilization processes.

Pathway Principle Benefits

Biochar production

Waste biomass (agricultural, woody,
algal and municipal solid waste) can
be thermochemically and
hydrothermally carbonized to
produce biochar.

• Biochar locks the carbon for use as a fuel, soil
amendment agent and adsorbent to remove
pollutants from wastewater and CO2 from
flue gases.

• Biochar can replace coal and reduce GHGs.
• CO2 can be sequestered for centuries in the

form of biochar.

Algae cultivation Algae utilize CO2 directly from the
atmosphere for photosynthesis.

• Harvesting and processing algae can produce
biofuels, proteins, lipids, bioactive compounds,
biochar and activated carbon for diverse
industrial and environmental applications.

• CO2 released from the utilization of biofuels
can be recycled by algae and plants for
photosynthesis to make the process
carbon neutral.

• In addition to biologically fixing CO2, algae can
treat wastewater and industrial flue gases.

Production of building materials CO2 can be mineralized into
carbonates and limestones.

• Production of bricks, concrete and other
construction materials.

• The captured CO2 in the form of construction
materials can be stored for centuries.

Enhanced oil recovery Injection of captured CO2 into oil
reservoirs along with water.

• Enhances oil production substantially.
• The chances of releasing CO2 are

comparatively low.

Chemicals production
CO2 captured from industrial flue
gases and the atmosphere can be
converted into valuable chemicals.

• Chemicals such as methanol, dimethyl ether,
ethylene, formic acid, urea and bioplastic
building blocks can be produced.

• Biochemicals can fetch a higher market value
than petrochemicals.

Clean fuel production
CO2 captured from industrial flue
gases and the atmosphere can be
converted into valuable biofuels.

• Clean fuels such as methanol, dimethyl ether
and Fischer–Tropsch-derived hydrocarbon
fuels (i.e., green diesel, jet fuels, ethanol and
butanol) can be produced.

• Biorefineries can earn carbon credits by
recycling CO2 to produce clean fuels.

References: Aresta et al. [23]; Shafawi et al. [24]; Zhang and Liu [25]; Valluri et al. [26].

Dakota Gasification Company’s Great Plains Synfuels Plant in North Dakota, USA,
produces 150 million ft3 of syngas from the gasification of about 18,000 tons of lignite
coal [31]. The company also implements the methanol-based Rectisol process at an annual
capacity of 3 mt-CO2 [32]. About 155 million ft3 of CO2 is compressed and sent to a
Canadian oil field in Weyburn-Midale fields located in southeastern Saskatchewan via a
320 km pipeline for enhanced oil recovery [33,34]. Mississippi Power’s Kemper County
energy facility intended to perform gasification of lignite coal and store its captured carbon
emissions pre-combustion of the syngas. However, the project was shelved in 2017 due
to project delays and increased costs [35]. According to the literature, although there are
some pilot-scale studies of pre-combustion carbon capture, there is a lack of full-scale
pre-combustion facilities at a global scale [32].
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3.2. Post-Combustion and Oxy-Fuel Technologies

In the post-combustion technique, CO2 is removed after the combustion process from
the flue gas released from coal-fired power plants and other manufacturing industries.
The post-combustion technologies are the favored option for modifying existing power
plants. The most common pathways in post-combustion carbon capture are membrane
separation, chemical absorption, chemical looping and physical adsorption. Examples of in-
dustries implementing post-combustion carbon capture, especially amine-based processes,
include Mitsubishi Heavy Industries Ltd. (Tokyo, Japan), HTC Purenergy (Canada), Aker
Carbon Capture (Norway) and Kerr-McGee/ABB Lummus (USA) [32]. AES Warrior Run
Power Plant in Maryland, USA, generates over 180 MW of energy from coal, and 4–6%
of the captured CO2 (via amine-based adsorption process) is sold to food and beverage
industries [36]. Linde has partnered with BASF in implementing post-combustion carbon
capture and using amine as a solvent to scrub CO2 from the flue gas stream [37]. Linde’s
post-combustion carbon capture plant in Wilsonville, USA, can process 9100 Nm3/h of
flue gas and capture 42 tons/day of CO2 [38]. Similarly, Linde’s post-combustion car-
bon capture plant in Niederaussem, Germany, processes 1552 Nm3/h of flue gas and
captures 7.2 tons/day of CO2 [38]. Recently, ExxonMobil has announced its partnership
with National Renewable Energy Laboratory (NREL) and National Energy Technology
Laboratory (NETL) to advance its collaboration in research and development relating to
biofuels, process intensification, life-cycle assessment and carbon capture [39].

The oxy-fuel technique is like the post-combustion process, except that the fuel is
fired in the presence of oxygen. It makes the flue gas more concentrated with CO2, which
enhances its capturing process [29]. Using an oxy-fuel boiler, the Linde/BASF plant in
Schwarze Pumpe, Germany, can capture 240 tons/day of CO2 from a 7000 Nm3/h flue gas
stream [38]. NET Power LLC in the USA has successfully demonstrated a low-cost and
emission-free oxy-fuel combustion facility in La Porte, Texas, which is a 50 MW natural gas
power plant and the only large-scale supercritical CO2-based plant in the world [40].

3.3. Direct Air Capture

In the air, CO2 is found in a much lighter form than that found in industrial flue
gases. Currently, there are two approaches to removing CO2 from the air such as solid
and liquid direct air capture (DAC). Solid DAC technology uses solid sorbent materials
which can hold CO2 by chemical adsorption. The stored concentrated CO2 in the filter can
be recovered by heating or keeping it in a vacuum system for further storage or use. In
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the liquid DAC systems, the air is passed through a solution of hydroxide, which strips
the CO2. The captured CO2 can then be stored in the deep geological rocks or ocean beds
by injection under high pressure [41]. Although the DAC process is expensive, there are
some benefits of the DAC process such as a lower land and water requirement and a low
bulk transportation cost of captured CO2. The cost of operation depends on the bestowing
technology approach, whether the CO2 will be stored geologically or be cast off directly
under low pressure.

Strong bases or aqueous hydroxide solutions such as KOH and NaOH are used as
solvents to chemisorb CO2 for DAC technologies [42]. The chemisorbed CO2 is then con-
verted into carbonates and bicarbonates. Monoethanolamine is an aqueous amine solvent
that is found effective for scrubbing flue gas by interacting with CO2 and converting it
into carbamate anions that could later hydrolyze to bicarbonate [43]. One of the main chal-
lenges encountered in amine-solvent-based DAC is the loss of solvent due to evaporation
as large volumes of air or flue gases are blown over the aqueous solution and potential
amine degradation over the longer reaction period [44]. Some mitigation strategies include
the following: (i) using less volatile amine solvents or amine derivatives such as amino
acids [45] and (ii) using porous solid supports such as silica, organic polymers and metal–
organic frameworks to immobilize reactive amine groups [46]. It has also been reported
that higher concentrations of amine can lower energy consumption and equipment size,
thereby reducing the operating expenditure of the carbon sequestration process [32].

Although the DAC process is relatively expensive, it has some major benefits such
as a lower land and water requirement and a low bulk transportation cost of captured
CO2. The cost of operation depends on the technology approach, i.e., whether CO2 will be
stored geologically or cast off directly under low pressure. Freitas et al. [47] demonstrated
a conceptual nano-factory-based molecular filter powered by solar energy at a low cost
of U.S. $18.3/ton of CO2. In another study by Kiani et al. [48], the projected cost for DAC
captured CO2 per ton was estimated to be U.S. $114 at a scale of 1 MtCO2 per year.

Climeworks AG, a Switzerland-based company, is one of the world’s first commer-
cial DAC plants [49]. The design uses an adsorption–desorption process on alkaline-
functionalized adsorbents. The adsorption of CO2 takes place at ambient conditions while
the temperature-vacuum swing process is used for desorption. It also uses an amine-
supported cellulose fiber-based filter to adsorb CO2 molecules. Produced CO2 in this
process is >99.8% pure, and simultaneously H2O is released as a byproduct [50]. In
2017, the plant was able to capture 900 tons of CO2 per annum. The technology requires
2000 KWh of energy per ton of CO2, and the capture process is powered by renewable
energy sources. The cost of CO2 removal and permanent storage via mineralization is
expected to be less than U.S. $100/ton of CO2 over the years [51]. Furthermore, Carbon
Engineering in British Columbia, Canada, uses high-temperature aqueous solutions for
DAC [52]. Global Thermostat in Colorado, USA is a DAC company, which can remove CO2
from the atmosphere at the point source emissions [53].

3.4. Chemical Looping Combustion and Gasification

In the first approach, limestone (CaCO3) can be taken as sorbents to preserve CO2
from the gas mixture. When solid CaCO3 is heat treated at around 850 ◦C to 950 ◦C in a
calciner, it decomposes into gaseous CO2 and solid CaO. The pure stream of CO2 is then
collected and purified for storage or use. In another approach, CO2 can be seized through
the liquid solvent or other separation methods. Under the absorption-based approach,
once the CO2 is captured by the solvent, then CO2 can be removed in high-purity form by
heating. This technology is widely used in capturing CO2 for use in the food and beverage
industry. Strong bases aqueous solution of soda lime, NaOH, KOH and LiOH can remove
CO2 by chemical reaction. LiOH was used in the canister of the spacecraft of the historic
manned lunar landing mission, Apollo 11 in 1969, to remove CO2 from the atmosphere [54].

Clean H2 can be produced by applying oxidation and reduction-based chemical
looping technology [55]. In this technology, coal or syngas-based chemical looping systems
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use looping particles of metal in contact with oxygen from the combustion air to form metal
oxide. There are two steps of separation taking place in two fuel reactors. In the first step,
the oxidation of fossil fuels such as coal or biomass is accomplished, and in the second
step, gas separation is performed to produce high-purity H2. The exodus stream contains
CO2 along with water after condensing out pure CO2. The advantage of this technique is
that it does not require cleaning up the fuel gas before separating H2. In addition, at high
pressure, the chemical looping system produces a stream of CO2 which eliminates a costly
pressurization step.

Owing to the properties of electrophilicity in carbon atoms, organic–inorganic bases
with strong nucleophilic atoms can be extensively used in capturing CO2. Hence, the bases
interact directly with CO2 as a proton acceptor. The harvested CO2 could be used for the
synthesis of valuable chemicals. Pure and high-pressure CO2 is needed in most processes
of CO2 conversion to value-added fuels, chemicals and products manufacturing.

Chemical looping combustion and gasification is emerging as a new method for CO2
capture during fuel processing; it also has some limitations that impede scaling up. Some
of the bottlenecks are the following: (i) high endothermicity of combustion and gasification;
(ii) high cost of oxygen required for largescale combustion and gasification; (iii) operating
expenditures for maintenance of combustion and gasification reactors when dealing with
heterogeneous feedstocks; (iv) agglomeration, sintering, low lifetime and high cost of
applied catalysts; (v) sensitivity of operating conditions and (vi) limited choices for oxygen
carriers [56]. To address these issues, in situ gasification chemical looping combustion
has emerged [57]. In this new approach, the fuel emissions such as CO2 and H2O are
recirculated to play as gasifying agents. Hence, the volatile vapors and syngas generated
from gasification are oxidized in a gas–solid reaction in the presence of an oxygen carrier.

3.5. Ionic Liquids

In recent advances, ionic liquids have opened a new avenue in capturing CO2 with a
high capacity [58]. Ionic liquids have unique characteristics such as low vapor pressures,
high thermal stability, high solubility of CO2 as well as tunable properties [59,60]. The active
sites of the ionic liquids are responsible for the capture of CO2 through chemical absorption.
Furthermore, the ionic liquid can act as an activator for CO2 conversion as well [61].
Oxazolidinones, cyclocarbonates, quinazoline-2,4-(1H,3H)-diones organic ionic liquids
are prepared for CO2 absorbents and as catalysts [62]. Some other functionalized ionic
liquids such as amino-acid-based [63], azole-based [64] and phenol-based ionic liquids [65]
with improved properties were developed. In addition, aqueous amine solutions such
as mono-ethanolamine (MEA) and methyl-di-ethylamine (MDEA) are also found to be
promising in entrapping CO2 [66].

Luo et al. [67] have extensively studied CO2 capture using ionic liquids. In their
experiment, bi-functionalized ionic liquids were used in capturing and instantaneously
fixing CO2 to recurring carbonates. Hence, the cation can arrest CO2, whereas the anion can
actuate the substrate to promote CO2 infusion. The yield of the product can be improved in
addition to a small amount of water and may be more applicable to industrial exhaust. The
disadvantage of this technique is the low absorption kinetics of CO2 due to the relatively
high viscosity of the ionic liquid [68]. Moreover, the disadvantages are high volatility,
expensive, intense energy utilization and corrosiveness and the great importance is the
selection of the solvents.

The use of an ionic liquid has facilitated the transformation of CO2 as rich products
via the chemical, biochemical, photochemical, thermochemical and electrochemical reduc-
tion approaches [69]. Among the various approaches, the chemical and electrochemical
mechanisms have become promising for the reduction of CO2. In the chemical process,
epoxides and methanol solvents are used to convert CO2 to carbonates and cyclic through
cycloaddition reactions, separately. The electrochemical reduction method is becoming a
more probable mechanism as of its high efficiency, high conversion capability, storing of
electrical energy and production quality from a renewable source such as solar energy [70].
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3.6. Biological CO2 Fixation

Several studies have reported the benefits of elevated CO2 in inducing the produc-
tivity of certain crops such as paddy and wheat [71–73]. Greater CO2 concentration in
the atmosphere can increase the rate of photosynthesis in plants leading to the elevated
synthesis of carbohydrates in plants, thus increasing the biomass yield. On the other hand,
single-celled algae are the smallest form of plants that reproduce at a rapid rate compared
to terrestrial plants [74]. Furthermore, algae can tolerate extreme environmental conditions
with high proliferation rates, fix CO2 into carbohydrates and lipids and grow in wastewater,
thus treating pollution [75,76]. CO2 plays a vital role in algal growth since the biomass
formed in algal cells as lipids and proteins can be further converted into valuable fuels,
chemicals, bioactive compounds, nutraceuticals, pharmaceuticals and cosmeceuticals [77].

The biological conversion of CO2 using microalgae is another route of carbon capture
and fixation [78]. This mechanism involves the absorption of CO2 by algae through photo-
synthesis. Microalgae can be cultivated in open ponds and photobioreactors to potentially
produce biofuels and nutraceuticals, carbon sequestration and treat wastewater [79]. Mi-
croalgae contain significant levels of lipids or triglycerides, which can be transformed into
biodiesel by the transesterification process. Biofuels are considered carbon neutral because
the emitted CO2 after their combustion is utilized by plants and algae for photosynthesis,
thus leading to CO2 fixation [80,81].

The research with flue gas has shown tolerance of microalgae Scenedesmus obliquus
to the high concentration of CO2 and toxic metals [82]. Microalgae can capture CO2
from the atmosphere and industrial flue gas, and can also fix CO2 in the form of soluble
carbonates [75]. A study by Chou et al. [83] reported high carbon assimilation rates of
272 and 194 mg/L/day by microalgae Chlorella vulgaris ESP-31 mutant strains 283 and 359,
respectively. Moreover, algae-based biochar also finds application in carbon sequestration,
feedstock for activated carbon production and adsorption of toxic compounds from polluted
air, water and soil [84–86].

3.7. Geological CO2 Capture and Storage

Geological sequestration is an effective process for capturing CO2 from the source point
at industries or a related energy source and storing it in deep geological formations such as
depleted oil and gas reservoirs, coal beds and deep saline formations [87–89]. Geological
CO2 sequestration consists of three important stages such as CO2 capture, transportation and
storage. In the capture stage, the CO2 is separated from other gases at the point source of
emissions using different technologies. The captured CO2 is compressed into dense fluid and
transported via pipelines or ships to the storage location. In the final stage, the compressed
CO2 is injected into the deep geological formations to store it permanently.

Bulk transportation of CO2 is primarily performed in high-pressure and compressed
form through pipelines that can stretch for several thousands of kilometers. For bulk
transportation, CO2 is typically converted to its supercritical fluid state by increasing its
temperature and pressure above the critical points, i.e., 31 ◦C and 7.4 MPa. The trans-
portation of CO2 in its supercritical fluid form through pipelines is considered economical
compared to transportation in the gaseous form [90]. Safety is of primary importance for
environmental assessment while transporting highly dense CO2 under high pressures in
pipelines. A leakage or accidental release of CO2 during transportation may occur by the
failure of the construction materials due to corrosion, rupture, puncture, defects in welding,
ground movement and/or operator errors [90].

Geological storage of CO2 is performed mostly in the depleted oil and gas reser-
voirs through injection under high-pressure, compressed and fluidized form (supercritical
CO2) to displace the remaining oil and gas. The pressure of the reservoir ranges from
4.4 to 110 MPa [91]. The other feasible geological formations for CO2 storage are saline
formations located in highly permeable and porous sedimentary basins with the largest
storage capacity [88]. The saline formations have an estimated CO2 storage capacity of
400–100,000 Gt [92,93]. The CO2 trapping mechanism is a key factor in geological CO2
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sequestration, which includes hydrodynamic trapping, structural, residual, solubility, ad-
sorption and mineral trapping [94]. Another geological CO2 sequestration technique is
coal seam-based sequestration. Coal seams are naturally occurring geological formations
containing coal and methane. The concept of methane displacement from coal seams with
the injection of CO2, which can be stored in coal, forms the basis of this technique. The
field application in coal seam-based CO2 sequestration has been implemented quite often.

Geological sequestration is a rapidly developing field with ongoing research and
development efforts toward addressing economic, technical and environmental challenges.
A risk management strategy is generally used to avoid the risks involved during CO2
injection and post-injection storage at the storage site. In San Juan, USA, from 1995 to
2001, 336,000 tons of CO2 was injected to recover methane, which increased from 77%
to 95% [95]. Furthermore, in the Qinshui basin in Shanxi, China, in 2010, CO2 injection
(234 tons) resulted in a 2.5-fold increase in CH4 production [96]. The In Salah CO2 storage
project in Algeria, started in 2004, has injected and stored more than 3.8 MT of CO2 in the
subsurface [97]. The Sleipner CO2 storage project in Norway started in 1996 and stored
CO2 in a deep saline reservoir 800–1000 m below the seabed with an annual capacity of
0.9 MT [98].

4. Conversion of CO2 into Value-Added Products

The recent trends in CO2 utilization technologies have advanced significantly and
shifted towards the fuel synthesis, production of carbonates, polycarbonates and different
valuable chemicals such as formic acid, formaldehyde, methane, syngas, ethanol, methanol,
dimethyl ether, urea and salicylic acid [18,99]. Solar fuel involves the conversion of solar or
other renewables to chemical energy; thus, a chemical energy carrier is produced. Fuels
with high energy density make them apposite for energy storage and transportation. CO2
utilization has evolved as a suitable carbon-based solar fuel without distorting the existing
infrastructures. The process involves the splitting of CO2 into CO and O2. CO can be
processed with green H2 to produce a wide range of clean fuels and chemicals via the
Fischer–Tropsch process [100].

4.1. Conversion of CO2 into Chemicals and Clean Fuels

Most refineries require syngas, hydrogen, aromatics, ethanol, alkanes (i.e., methane
and ethane) and light olefins (ethylene) to produce several industrial chemicals and clean
fuels. Such materials are generally fossil-based, and to permanently restrict the dependency
on fossil fuels, switching to clean fuels and chemicals and combined utilization of CO2 is
inevitable [101]. CO2 is considered a potential feedstock for the synthesis of several chemi-
cals such as olefins, methanol, isopropanol, formic acid, acetaldehyde and formaldehyde.
There are several methods such as thermocatalytic [102–111], electrochemical [112–116],
photocatalytic [117–122], enzymatic [123] and microbial [124,125] techniques available for
CO2 conversion to fine chemicals, as summarized in Table 2. Due to significant research
and development, the thermocatalytic CO2 conversion to chemicals and fuels is the most
popular route for large-scale industrial applications. Hydrogenation [126,127], methana-
tion [128], dry reforming [129], reverse water-gas shift reaction [130] and Fischer–Tropsch
synthesis [131] are some of the thermocatalytic processes involving homogeneous and
heterogeneous catalysts for CO2 conversion into clean fuels and chemicals.

Perathoner and Centi [131] extensively studied the application of CO2 along with
H2 to produce light olefins via catalytic Fischer–Tropsch synthesis. In addition to the
thermochemical conversion of CO2 via the Fischer–Tropsch process, microbial conversion of
CO2 is also reported. Liu et al. [107] demonstrated an energy-efficient CO2 hydrogenation
to clean fuels and chemicals by employing reactive separations of CO/CO2 mixtures.
The applications are extended to the U.S. Navy’s seawater-to-fuel process. The authors
applied a Ru–Co single atom alloy catalyst for Fischer–Tropsch synthesis to generate C5+
hydrocarbons at a productivity of 11.7 µmol/s/g-Co from a 50:50 CO/CO2 gas stream at
200 ◦C and a high gas hourly space velocity (GHSV) of 84,000 mL/g/h. The relatively low
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process temperature and high GHSV were compatible with the upstream reverse water–
gas shift reaction. The study inferred that ruthenium dopants promoted the reduction in
Co species, thus enhancing CO hydrogenation without playing major roles in improving
desired C5+ hydrocarbon selectivity via Fischer–Tropsch synthesis.

Table 2. Summary of promising studies on the conversion of CO2 into chemicals and clean fuels.

Conversion Method Main Process Specifications Main Products Reference

Thermocatalytic

• Feedstock: CO2 with 34.5 mmol epoxides
(propylene oxide)

• Reactor: 50 mL stainless-steel autoclave
• Catalyst: Zn(Py) (Atz)
• Co-catalyst of Bu4NBr
• Catalyst loading: 0.1 g
• Co-catalyst loading: 0.1 g
• Temperature: 100 ◦C
• Pressure: 1.5 MPa
• Time: 4 h

• Propylene carbonate
yield: 92.1%

• Selectivity: 99%
Lan et al. [102]

Thermocatalytic

• Feedstock: CO2:H2 = 1:3
• CO2 flow rate: 10 mL/min
• H2 flow rate: 30 mL/min
• Ar: 5 mL/min
• Gas hourly space velocity:

13,500 mL/h/g(cat)
• Reactor: CO2 hydrogenation reactor
• Catalyst: 5 wt.% Fe/H-ZSM-5
• Catalyst loading: 0.2 g
• Temperature: 335 ◦C
• Pressure: 2.1 MPa
• Time on stream: 12 h

• CO2 conversion: 5.7%
• CH4 selectivity: 28.4%
• CO selectivity: 60.9%
• C2-C4 alkanes selectivity:

9.7%
• Olefins: 0.7 mL/h/g(cat)

Liu et al. [103]

Thermocatalytic

• Feedstock: CO2:H2 = 1:3
• CO2 flow rate: 10 mL/min
• H2 flow rate: 30 mL/min
• Ar: 5 mL/min
• Weight hourly space velocity:

36 L/h/g(cat)
• Reactor: Stainless steel reactor with

6.35 mm diameter
• Catalyst: 0.8 wt.% K/Co (5 wt.%)-ZSM-5

(Si/Al: 100)
• Temperature: 300 ◦C
• Pressure: 2.2 MPa
• Time on stream: 12 h

• CO2 conversion: 25.4%
• CH4 selectivity: 57.9%
• CO selectivity: 17.3%
• C2-C4 alkanes selectivity:

20.8%
• C5+ selectivity: 3.9%

Liu et al. [104]

Thermocatalytic

• Feedstock: CO2:H2 = 1:3
• Weight hourly space velocity:

1.5–150 mL/s/g(cat)
• Reactor: Packed bed reactor
• Catalyst: Mo2C/SiO2
• Temperature: 300 ◦C
• Pressure: 2.1 MPa

• CO2 conversion: 9%
• CH4 selectivity: 12.9%
• CO selectivity: 82.7%
• C2+ selectivity: 4.4%
• Ethane yield: 3.1%
• Ethylene yield: 0.2%
• Propane yield: 0.7%
• Propene yield: 0.3%
• Butane yield: 0.1%
• CO yield: 7.5%

[production rate:
22.2 µmol CO/g(cat)/s]

Juneau et al. [105]



Energies 2023, 16, 2589 14 of 29

Table 2. Cont.

Conversion Method Main Process Specifications Main Products Reference

Thermocatalytic

• Feedstock: CO2:H2 = 1:3
• CO2 flow rate: 10 mL/min
• H2 flow rate: 30 mL/min and
• Ar: 5 mL/min
• Gas hourly space velocity:

27,000 mL/h/g(cat)
• Reactor: Packed bed reactor (diameter:

0.25 in and length: 12 in)
• Catalyst: WXC nanoparticle calcined at

1000 ◦C
• Catalyst loading: 0.1 g
• Temperature: 350 ◦C
• Pressure: 2.1 MPa
• Time on stream: 12 h

• CO2 conversion: 13.9%
• CH4 selectivity: 5%
• CO selectivity: 94.6%
• C2-C4 selectivity: 0.4%
• CO yield: 13.1%
• O2 uptake: 2.7 µmol/g

Juneau et al. [106]

Thermocatalytic

• Feedstock: CO2:H2 = 1:2.5
• CO2 flow rate: 2 mL/min
• CO flow rate: 2 mL/min
• H2 flow rate: 10 mL/min
• Ar: 4 mL/min
• Gas hourly space velocity:

5000 mL/h/g(cat)
• Reactor: Stainless steel reactor (Outer

diameter: 6.35 mm, inter diameter:
4.57 mm and length: 40 mm)

• Catalyst: Ru-Co single atom alloy: Boron
nitride (1:5)

• Catalyst loading: 168 mg
• Temperature: 200 ◦C
• Pressure: 300 psig
• Time on stream: 12 h

• CO2 conversion: 4.4%
• CO conversion: 16.4%
• CH4 selectivity: 22.7%
• C2-C4 alkenes selectivity:

17.2%
• C2-C4 alkanes selectivity:

14.2%
• C5+ selectivity: 46%

Liu et al. [107]

Thermocatalytic

• Feedstock: CO2/H2 (3:1)
• Catalyst: 0.5% CuO/ZnO-ZrO2
• Catalyst loading: 0.2 g catalyst with 0.4 g

of quartz
• Temperature: 290 ◦C
• Pressure: 4.5 MPa
• Time: 2 h

• CO2 conversion: 9.5%
• Methanol yield: 7.2% Xu et al. [108]

Thermocatalytic

• Feedstock: CO2 and propylene oxide
• Reactor: 50 mL autoclave
• Catalyst: Zn (dobdc) (datz)/Bu4NBr
• Catalyst loading: 0.16 mmol (Zn)
• Co-catalyst loading: 0.46 mmol (Bu4NBr)
• Temperature: 80 ◦C
• Time: 7 h
• Pressure: 1.5 MPa

• Propylene carbonate
yield: 98% Lan et al. [109]

Thermocatalytic

• Feedstock: CO2:H2O = 1:1
• CO2 flow rate: 0.2 L/min
• H2O flow rate: 0.2 L/min
• Reactor: Catalytic reactor
• Catalyst: Ni/Mn/Ru-TiO2 nanorods
• Temperature: 425 ◦C

• Methanol yield: 8 wt.%
• Methanol production

rate: 2 mmol/g/h
Krishnan and Jakka
[110]
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Table 2. Cont.

Conversion Method Main Process Specifications Main Products Reference

Thermocatalytic

• Feedstock: CO2:H2 = 1:1
• Reactor: 300 mL stainless steel batch

reactor
• Catalyst: 4.7 wt.% Ru-Co3O4
• Catalyst loading: 0.2 g
• Temperature: 120 ◦C
• Time: 6 h
• Pressure: 6.2 MPa

• Formic acid yield:
310 mmol Bankar et al. [111]

Electrochemical

• Feedstock: CO2 in the cathode (flow rate:
20 mL/min)

• Reference electrode: Ag/AgCl electrode
• Working electrode: Silver foil
• Reference electrode: Platinum foil
• Electrolyte: 0.1 M KHCO3

• Faradaic efficiency of H2:
around 100% (at cell
potential of −0.6 V)

• Faradaic efficiency of
CO: 90% (at cell potential
of −1 V)

• Faradaic efficiency of
formate: 10% (at cell
potential of −1.3 V)

Hatsukade et al.
[112]

Electrochemical

• Feedstock: CO2 in the cathode (flow rate:
20 mL/min)

• Anode: Graphite-nano IrO2 on gas
diffusion electrode

• Cathode: Nano tin on gas diffusion
electrode with polystyrene vinylbenzyl
methyl imidazolium chloride

• Membrane: Nafion 212 (anode) and
Sustainion X37-50 (cathode)

• Time: 500 h

• Formic acid
concentration: 15–18%

• Faradaic efficiency at a
cell voltage of 3.3–3.4:
30%

Yang et al. [113]

Electrochemical

• Feedstock: CO2 in the cathode (flow rate:
20 mL/min)

• H-type electrolytic cell
• Nafion 117 membrane
• Reference electrode: Ag/AgCl
• Counter electrode: Pt sheet
• Working electrode: Glass electrode

(Nafion + Cu2O@Cu-MOF)
• Electrolyte: 0.1 M KHCO3

• Faradaic efficiency of
ethylene: 79.4%

• Faradaic efficiency of
CH4: 63.2%

Tan et al. [114]

Electrochemical

• Feedstock: CO2 in the cathode
• Reactor: Two-compartment

electrochemical cell
• Electrocatalyst: Zn-Cu alloy
• Electrolyte: 0.1 M KHCO3

• Faradaic efficiency of
CO: 97.3% (at cell
potential of −0.96 V)

• H2: 15.26% (at cell
potential of −1.05 V)

• Formate: 4.27% (at cell
potential of −1.05 V)

Wang et al. [115]

Electrochemical

• Feedstock: CO2 in the cathode (flow rate:
10 mL/min)

• Reactor: Three-electrode H-type
electrochemical cell

• Reference electrode: Ag/AgCl
• Counter electrode: Pt electrode
• Working electrode: Cu76In24 hydroxides
• Electrolyte: 0.1 M KHCO3

• Faradaic efficiency of
CO: 75.8% (at cell
potential of −0.59 V)

• Faradaic efficiency of H2:
70% (at cell potential of
−1.2 V)

• Faradaic efficiency of
formate: 85% (at cell
potential of −1.01 V)

Xie et al. [116]
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Table 2. Cont.

Conversion Method Main Process Specifications Main Products Reference

Electrochemical

• Feedstock: CO2 in the cathode (flow rate:
20 mL/min)

• CHI760e electrochemical workstation
(H-type electrolytic cell)

• Nafion 117 membrane
• Reference electrode: Ag/AgCl
• Counter electrode: Pt sheet
• Working electrode: glass electrode

(Nafion + 4 mg Pd3Ag alloys)
• Electrolyte: 0.1 M KHCO3

• Faradaic efficiency of
formic acid at 0.03 V:
69%

• Faradaic efficiency at
0.2 V: 96%

Yang et al. [113]

Photocatalytic

• Feedstock: gas phase CO2
• Light source: Xenon arc lamp
• Photocatalyst: C3N4/SnS2
• Catalyst loading: 0.5 g
• Temperature: Ambient
• Pressure: Ambient

• Methane
• Methanol Di et al. [117]

Photocatalytic
• Feedstock: CO2
• Light source: Halogen lamp
• Photocatalyst: Carbon-doped tin sulfide
• Catalyst loading: 0.1 g

• Acetaldehyde
(CH3CHO) Shown et al. [118]

Photocatalytic

• Feedstock: Liquid CO2
• Light source: White LED light
• Photocatalyst: rGO/CuZnO/Fe3O4
• Catalyst loading: 0.1 g
• Reaction medium:

H2O/dimethylformamide: 5:45

• Methanol Kumar et al. [119]

Photocatalytic

• Feedstock: CO2 (400 ppm) with 0.5 mL
water (reducing agent)

• Light source: 500 W Xenon lamp
• Photocatalyst: Molybdenum doped WO3
• Catalyst loading: 25 mg

• Methane yield:
5.3 µmol/g/h Wang et al. [120]

Photocatalytic

• Feedstock: CO2 with H2O as reducing
agent

• Light source: 300 W Xenon lamp (λ:
320–780 nm)

• Photocatalyst: CuOn/ZnO
• Catalyst loading: 5 mg

• Ethane yield:
2.7 µmol/g/h (32.9%)

• Methane yield:
2.2 µmol/g/h (26.9%)

• CO: 3.3 µmol/g/h
(32.9%)

Wang et al. [121]

Photocatalytic

• Feedstock: CO2 with sodium bicarbonate
(0.1 M) as the reducing agent

• Light source: 350 W Xenon lamp
• Photocatalyst: TiO2-MoSxSey
• Temperature: Ambient
• CO2 pressure: 0.2 MPa

• Ethanol yield:
704 µmol/g/h Long et al. [122]
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Table 2. Cont.

Conversion Method Main Process Specifications Main Products Reference

Enzymatic

• Feedstock: CO2 with 2.2 mmol/L NADH
(nicotinamide adenine dinucleotide +
hydrogen)

• Biobased catalyst: Enzymes (carbonic
anhydrase, formate dehydrogenase and
glutamate dehydrogenase) immobilized
on HKUST-1@amine-MIL-101(Cr)

• Catalyst loading: 30 mg
• Temperature: 25 ◦C
• Pressure: 0.5 MPa
• Time: 6 h

• CO2 conversion: 71.1%
• Formic acid yield:

4–5 mmol/L
Li et al. [123]

Microbial
• Feedstock: CO2
• Microbial strain: Synechococcus elongates

• Isopropanol yield:
26.5 mg/L Kusakabe et al. [124]

Microbial

• Feedstock: CO2 (5%)
• Microbial strain: Synechocystis sp.

(PCC6803) (efe gene overexpressed
Pseudomonas syringae)

• Temperature: 30 ◦C

• Ethylene yield:
718 µg/L/h Xiong et al. [125]

Liu et al. [103] investigated the hydrogenation of CO2 and its correlation with Fischer–
Tropsch catalysis using over Fe/Na-ZSM-5 catalyst. Compared to Fe/H-ZSM-5, Fe/Na-
ZSM-5 demonstrated higher catalytic stability and selectivity for olefins due to greater
surface basicity and generation of active Fe5C2 phases. Olefins also resulted from the
catalytic cracking of long-chain hydrocarbons in the presence of acidic ZSM-5 zeolite
support. Owing to the greater binding strength of CO2, Fe/Na-ZSM-5 exhibited higher
selectivity towards CO. Moreover, the reverse water–gas shift reaction promoted CO2
hydrogenation. The study suggested that attenuating the acidic properties of the catalyst
could direct the selectivity to olefins and CO for Fischer–Tropsch synthesis and reverse
water–gas shift reaction, respectively.

Xie et al. [132] synthesized and applied a multi-metallic catalyst (Co/Mn/Na/S) for
application in Fischer–Tropsch synthesis to produce lower olefins from natural gas also
containing CO2. The promoted Co-based catalyst showed negligible activity toward the
water–gas shift reaction. A 54% selectivity was obtained for olefins in the range of C2-C4 at
240 ◦C and 0.1 MPa. As the pressure increased to 1 MPa, the selectivities towards fuels
and lower olefins and fuels approached 59% and 30%, respectively. The authors proposed
that a synergistic effect between Na and S acted as an electronic promoter for Co, which
improved selectivities towards fuels and lower olefins while significantly lowering the
yields of CO2 and CH4.

One of the main challenges in Fischer–Tropsch synthesis is the low selectivity towards
certain light olefins when CO is replaced with CO2 in the syngas feedstock. To further
investigate this challenge, Liu et al. [104] synthesized and applied different potassium-
promoted Co/ZSM-5 catalysts for selective hydrogenation of CO and CO2. The authors
reported that with a tunable Si/Al ratio in the support and potassium promoters for
Co-based catalysts, the selectivity towards light olefins can be significantly improved in
Fischer–Tropsch synthesis using both CO and CO2 as the feedstocks.

Owing to their high catalytic activity and adjustable selectivity towards C1 products,
transition metal carbides have shown many promises in the conversion of
CO2 [Juneau et al., 2022]. Juneau et al. [105] studied the effects of acidity of the cata-
lyst support as a factor for reverse water–gas shift reaction. Significant variations were
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observed in CO production rates of 1.3 µmol and 22.2 µmol CO/min/g over silicalite-1 and
SiO2, respectively. The authors reported that by altering the physicochemical and surface
properties of Mo2C-based support (i.e., amorphous γ-Al2O3 and SiO2), the performance
and product selectivity of reverse water-gas shift reaction can be controlled. The variation
in support material also enables a more facile reduction in Mo to an oxy-carbide state to
favor the performance of reverse water–gas shift reaction. The oxidation state and catalytic
activity of Mo are also influenced by the physicochemical and surface properties of the
catalyst support combined with the Lewis acidity of the catalyst [106].

Martín and Grossmann [133] utilized CO2 captured from the gasification of switch-
grass to produce methanol where the required H2 was sourced from the electrolysis of
water. In a catalytic CO2 reforming process, Xu et al. [108] reported a methanol yield of 7.2%
from CO2/H2 using 0.5% CuO doped Zn-Zr mixed oxide at 290 ◦C under 4.5 MPa pressure
in 2 h. In another study, a higher methanol yield was reported using Ni/Mn/Ru-TiO2
nanorods from the conservation of CO2 in presence of water at 425 ◦C [110]. Several recent
studies have also reported on the photocatalytic and microbial conversion of CO2 into
ethanol and butanol, which are considered superior fuels and platform chemicals [122,134].

Renewable energy harnessed from solar, tidal or wind can be used for the electrochem-
ical reduction of CO2. Hatsukade et al. [112] studied the electrochemical reduction in CO2
on metallic silver surfaces under ambient conditions to produce chemicals such as formate,
methanol and ethanol along with CH4. The authors reported that a silver-based catalyst
resulted in a C–C coupled product during the electrochemical reduction in CO2.

Morales–Guio et al. [135] developed and applied an electrocatalyst composed of gold
nanoparticles on a polycrystalline copper foil (Au/Cu) for the electrochemical reduction
in CO2 to higher alcohols. The novel Au/Cu electrocatalyst exhibited dramatic selectivity
for the formation of products with C–C bonds such as C2+ alcohols and hydrocarbons,
even at low overpotentials. The transport modeling studies suggested that a greater
concentration of CO was generated upon CO2 reduction on the bimetallic Au/Cu catalyst,
which further reduced to alcohols such as ethanol and n-propanol under alkalinity. The
work by Wang et al. [115] also demonstrated the synergistic effects of a bimetallic Zn/Cu
catalyst synthesized via a facile galvanic-exchange synthesis procedure in promoting the
electrochemical reduction in CO2 under moderate overpotentials.

Xie et al. [116] synthesized and applied copper-indium hydroxides (CuxIny-OH) as
promising noble metal-free electrocatalysts for the electrochemical reduction of CO2. The
authors reported that with the increase in the loading of In in the electrocatalyst, the product
selectivity shifted from CO to formate, with a Faradaic efficiency of 85% at −0.01 V. On the
other hand, with the increased loading of Cu in the electrocatalyst, the product selectivity
was mostly towards CO achieving a Faradaic efficiency of 76% at −0.59 V.

The study by Shown et al. [118] focused on the aqueous phase photocatalytic con-
version of CO2 into acetaldehyde using carbon-doped SnS2 in a 300 mL stainless steel
vessel using a halogen lamp as the light source. In another study, Kumar et al. [119]
performed photocatalytic conversion of liquid CO2 into methanol using graphene-oxide-
doped trioxide (rGO/CuZnO/Fe3O4) as the potential photocatalyst in the biphasic reaction
medium (i.e., water/dimethylformamide ratio of 5:45) and using white LED light as the
light source. The photocatalytic conversion of CO2 in the presence of water is ascribed to
the electron-hole mechanism, which is generated by the impact of photo energy on the
photocatalysts, and these free electrons and holes sensitized the photocatalytic reduction
reaction of CO2 [118].

The utilization of CO2 in electrochemical reduction or heterogeneous catalysis of CO2
and H2 results in the production of formic acid [136]. Other gaseous fuels such as methane
and ethane are also reported to be produced from CO2 through hydrogenation using
catalytic or photocatalytic reforming. In a catalytic study, Bankar et al. [111] synthesized
ruthenium-doped Co3O4 to produce formic acid (HCOOH), and its highest yield was found
to be 250 mmol with 0.2 g of 2.9 wt.% of catalyst loading by taking CO2/H2 (1:1) as the
feedstock at 120 ◦C, 6.2 MPa pressure in 6 h. In a study by Yang et al. [137], an electrolytic
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cell was designed with a graphite nano-IrO modified gas diffusion electrode as the anode
and nano tin and polystyrene vinyl benzyl methyl imidazolium chloride modified gas
diffusion electrode as the cathode. In this electrolytic cell, CO2 was purged in the cathode
compartment with a flow rate of 20 mL/min, which continuously produced formic acid at
a concentration of 15–18% with a Faradaic efficiency of 30% at a cell voltage of 3.3–3.4 V
for 500 h. Wang et al. [121] photocatalytically converted CO2 using water as a co-feedstock
and reducing agent into methane, ethane and CO using Cu-Zn mixed oxide, with a yield
of 27% (2.2 µmol/g/h), 33% (2.7 µmol/g/h) and 33% (3.3 µmol/g/h), respectively. In
another study, Wang et al. [120] revealed a higher selectivity and production rate of methane
(5.3 µmol/g/h) with the implementation of a molybdenum-doped WO3 catalyst.

Microbial conversion of CO2 is also popularly implemented due to the lower product
degradation during the low-temperature microbial conversion. A study by
Kusakabe et al. [124] involved the microbial fermentation of CO2 into iso-propanol with
a yield of 26.5 mg/L using genetically engineered Synechococcus elongatus. Alcohols and
aldehydes along with different carboxylic acids such as formic acid are used as platform
chemicals directly as a commodity or feedstock for the making of various liquid and
gaseous fuels. Xiong et al. [125] used a genetically modified Synechocystis species where
the ethylene-forming enzyme or Efe gene of Pseudomonas syringae was overexpressed to
convert CO2 to ethylene at a production rate of 718 µg/L/OD/h.

4.2. Conversion of CO2 into Organic Carbonates and Polycarbonates

Organic carbonates are considered for various useful industrial applications. A green
polar solvent is used in lithium-ion batteries as electrolytes and to produce pharmaceuti-
cals and polymeric compounds [138]. Chaugule et al. [138] presented the latest findings
on the transformation of CO2 into organic carbonates under low temperatures and pres-
sure using ionic liquids. CO2 storage as calcium and magnesium carbonate minerals is
considered one of the efficient geological storage methods. The production of Ca or Mg car-
bonates involves the reaction of CO2 with minerals such as calcium or magnesium silicates
(e.g., olivine, CaSiO3 and Mg2SiO4). Carbonates have many valuable industrial applica-
tions, which depend on various physicochemical properties such as particle size, shape,
color, brightness, density or polymorphs of CaCO3. CaCO3 exists in nature in phases
such as calcite, vaterite and aragonite. The formation of each polymorph is influenced by
temperature, pH, composition (i.e., carbonate and calcium ions), the presence of additives,
stirring and reaction time [139].

CO2 mineralization can accelerate the large-scale industrial production of carbonates
with no net energy requirement, as the carbonation reactions are all exothermic processes.
Furthermore, the released heat energy during the process can be used for other thermal
activities. The carbonation process also involves the treatment of solid waste, which
stabilizes the toxic compounds. The applications of such treated solid waste material
are in the construction industry [140]. Currently, commercial polycarbonate production
utilizes phosgene. Phosgene is a highly toxic chemical and negatively impacts both the
environment and human health. The phosgene can be effectively replaced by CO2 to
manufacture non-phosgene polycarbonates [141].

Lan et al. [102] reported a bi-catalytic conversion of CO2 and propylene oxide (epoxide)
into propylene carbonate with a yield of 92% using Zn(Py) (Atz) and Bu4NBr at 100 ◦C
under 1.5 MPa pressure in 4 h. In a similar study, an increased yield of propylene carbonate
(98%) was obtained with a zinc-based catalyst i.e., Zn (dobdc) (datz) along with BU4NBr at
80 ◦C under 1.5 MPa, respectively, in 7 h. Propylene carbonate, as a high boiling point polar
solvent, is used in dyeing and textile industries, lithium-ion batteries and petrochemical
industries for the removal of H2S and CO2 from fuel gases and the synthesis of different
polymers such as polypropylene carbonate and polyurethane [142]. There are several
industrial applications of PPC in increasing the toughness of various types of soft polymers
such as epoxy resin due to its impact resistance.
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4.3. Conversion of CO2 into Supercritical Fluids

Another crucial usage of CO2 is the conversion of CO2 into a supercritical fluid, which
can be used as an environmentally friendly medium for the extraction of various bioactive
natural products. CO2 is converted to its supercritical state, i.e., supercritical CO2 (SCCO2),
by enhancing the temperature and pressure above its critical points, i.e., 31.1 ◦C and
7.4 MPa, respectively [143]. SCCO2 is considered a promising supercritical fluid owing
to its low reaction conditions, non-flammability and inexpensive nature [144]. Moreover,
CO2 in its supercritical state is almost double the density of steam. Hence, the high density
and volumetric heat capacity of SCCO2 make high heat energy operate the turbines while
subsequently reducing the capital cost compared to other fluids [145]. Supercritical CO2
behaves as a non-polar fluid-based solvent for the extraction of various non-polar and
semi-polar compounds from natural resources.

The popularity of SCCO2 is exponentially increasing due to several advantages such
as the following: (i) better mass transfer due to enhanced infusibility; (ii) greater selectivity
unlike other extraction media; (iii) reusability of CO2; and (iv) solvent-free extraction and
easier product recovery [146,147]. Due to the low-cost and abundance of CO2 combined
with high efficiency, low energy requirement, easy handling and tunable processing condi-
tions, SCCO2 technology is an appealing approach to recycling. SCCO2 is a multipurpose
solvent that has found several industrial applications such as the decaffeination of coffee
beans, extraction of cannabinoids, removal of pesticides from harvested crops, dry cleaning
of garments, strengthening of cement, enhanced oil recovery, upgrading of crude oil and
foaming of polymers [148]. It should be noted that traditional technologies applied to each
of these aspects require either a large amount of chemical solvents or petrochemicals that
release toxic residues into the environment including GHGs.

SCCO2 can also serve as a solvent and reagent in the electrochemical CO2 reduction to
address several challenges such as low solubility of CO2 in water, mass transfer limitations
hindering the transport of solutes to the electrode surface, product separation and purifica-
tion, lower selectivity of products, low current densities and high over-potentials [149–151].
SCCO2 is also explored for enhanced oil recovery [152,153] and upgrading of heavy oil [154].
It can be a cleaner alternative to fracking, steam reforming and hydrotreating technologies,
which use fossil fuels and emit a substantial amount of CO2 and GHGs. Based on the
versatility of SCCO2, several industries such as NET Power in LaPorte, Texas, USA, [155]
and Air Liquide in partnership with the USA-based company Fusion Coolant Systems [156]
have announced their approach to providing a breakthrough innovation for fuel processing
and machinery industries to adapt SCCO2 in their infrastructures to enhance productivity
and sustainability.

One of the most recognized applications of SCCO2 is found in the pharmaceutical,
nutraceutical and cosmeceutical industries for the extraction of value-added products
for consumer applications. Another benefit of SCCO2 is the tailoring of its polarity at
different pressures and temperatures, which allows for extracting bioactive compounds
such as cannabinoids, tocopherol, terpenoids and fatty acids [146,157]. SCCO2 is widely
implemented to extract flavors, essential oils and different types of aromatic plants such as
sandalwood, lemongrass, cannabis, rosemary, peppermint, etc. Table 3 summarizes some
notable studies on SCCO2 extraction of value-added bioactive compounds.

SCCO2 extraction of different cannabinoids for medicinal and recreational uses is
applied for its increased selectivity and purity towards certain vital cannabinoid molecules
such as cannabidiol, tetrahydrocannabinol and tetrahydrocannabivarin. Pattnaik et al. [146]
performed valorization of Cannabis indica leaves through SCCO2 extraction and reported a
cannabis oil yield of 4.9 wt.% at optimized pressure, temperature and extraction time of
25 MPa, 43 ◦C and 1.7 h, respectively.
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Table 3. Summary of notable studies on the extraction of natural products using SCCO2.

Feedstock Process Parameters Key Outcomes Reference

Algae (Nannochloropsis sp.)
• CO2 pressure: 55 MPa
• Temperature: 75 ◦C
• Time: 100 min
• Flow rate: 14.5 g/min

• Eicosapentaenoic acid: 5.6 mg/g Leone et al. [158]

Algae (Nannochloropsis sp.)
• CO2 pressure: 40 MPa
• Temperature: 50 ◦C
• Time: 100 min
• Flow rate: 14.5 g/min

• Docosahexaenoic acid: 0.12 mg/g Leone et al. [158]

Almond
• CO2 pressure: 40 MPa
• Temperature: 60 ◦C
• Time: 120 min

• Almond oil yield: 40 wt.% Salinas et al. [159]

Cannabis indica

• CO2 pressure: 25 MPa
• Temperature: 43 ◦C
• Time: 1.7 h
• Flow rate: 35 g/min

• Cannabis oil yield: 4.9 wt.%
(cannabidiol: 29%,
tetrahydrocannabinol: 35%,
tetrahydrocannabivarin: 8%,
α-humulene: 3 %, and
cis-caryophyllene: 5 %)

Pattnaik et al. [146]

Cherry seed

• CO2 pressure: 35 MPa
• Temperature: 70 ◦C
• Time: 4 h
• Flow rate: 0.4 kg/h
• Particle size: <800 µm

• Cherry seed oil: 13 wt.% (oleic
acid: 41%, linoleic acid: 47.4% and
tocopherol: 36.2%)

Dimić et al. [160]

Clarified butter

• CO2 pressure: 7 MPa
• Temperature: 10 ◦C
• Time: 60 min

• Total yield: 5.9 wt.%
(δ-dodecalctone: 217 ng/g, δ-
tetradecalctone: 110 ng/g and
3-ethyl-3-methyl heptane:
64.8 ng/g)

Duhan et al. [161]

Frog (Rana chensinensis)
ovum

• CO2 pressure: 29 MPa
• Temperature: 50 ◦C
• Time: 132 min
• Flow rate: 80 L/h

• Ovum oil yield: 13.3 wt.%
(i.e., linoleic acid, oleic acid,
docosahexaenoic acid,
eicosapentaenoic, linolenic acid,
arachidonic acid)

Gan et al. [162]

Ginger
• CO2 pressure: 27.6 MPa
• Temperature: 40 ◦C
• Time: 153 min
• Flow rate: 30 g/min

• Ginger extract: 8.6% (ginger
oleoresin: 38 wt.% and ginger oil:
28 wt.%)

Shukla et al. [163]

Patè olive cake

• CO2 pressure: 44 MPa
• Temperature: 40 ◦C
• Time: 30 min

• Oil yield: 14.5 wt.% (phytosterols,
tocopherol and squalene)

Durante et al. [164]

Pogostemon cablin
(Patchouli)

• CO2 pressure: 20 MPa
• Temperature: 80 ◦C
• Time: 30 min

• Crude extract: 12.4% (Patchouli
alcohol: 37.4%, δ-guaiene: 20.3%,
azulene: 17.2% and seychellene:
7.8%)

• Patchouli oil: 7.7%

Muhammad et al. [165]

Shukla et al. [163] conducted a study on the extraction of ginger oil and oleoresin
from ginger rhizomes. This study delivered a total ginger extract of 8.6 wt.% with a high
selectivity towards the extraction of ginger oleoresin (around 40%) at 40 ◦C and 28 MPa CO2
pressure in 153 min. Ginger oleoresin has many applications in the food and pharmaceutical
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industries. Patchouli, a flowering plant in the mint family, also has many value-added uses
in the food, nutraceutical and pharmaceutical industries due to its terpene alcohol-based
essential oil content. This essential oil has been extracted through SCCO2 with a higher
yield of azulene, patchouli alcohol and δ-guaiene [165].

In addition to the extraction of alcohol-based compounds, the widespread application
of SCCO2 is also found in the extraction of non-polar molecules such as fatty acids and
lipids from various feedstock due to their non-polar nature. Leone et al. [158] performed
SCCO2 extraction of eicosapentaenoic acid and docosahexaenoic acid from microalgae
Nannochloropsis sp. They observed the highest eicosapentaenoic acid yield of 5.6 mg/g and
docosahexaenoic acid yield of 0.12 mg/g under a CO2 pressure of 55 MPa (at 75 ◦C) and
40 MPa (at 50 ◦C), respectively, with a constant extraction time of 100 min. With different
combinations of temperatures and CO2 pressures, the selectivity of various constituent
molecules differs.

Subcritical CO2 is also used to extract volatile flavoring compounds such as ter-
penoids from different aromatic plants and dairy products such as clarified butter [161].
These terpenoids have a greater significance in the food processing and pharmaceutical
industries. For instance, various volatile flavoring compounds such as δ-dodecalctone,
δ-tetradecalctone and 3-ethyl-3-methyl heptane can be extracted from clarified butter using
subcritical CO2 with a CO2 pressure and temperatures less than 10 MPa and 15 ◦C, respec-
tively, due to the lower volatilization of these compounds [161]. These compounds can be
encapsulated and used in the food industry as flavoring agents.

In addition to their extraction potential, subcritical and supercritical CO2 can be used
as the reaction medium to prepare various cosmeceutical formulations, isolate certain com-
pounds from a crude extract, conduct different organic reactions and separate compounds
from a heterogeneous mixture in supercritical fluid-based liquid chromatography [166].
The fractionation property of SCCO2 is applied in the upgrading of bio-crude oil through
esterification and decreasing the oxygenated compounds such as carboxylic acids and
different types of alcohols [167]. Cui et al. [168] performed non-catalytic bio-oil upgrading
using SCCO2 at 80 ◦C under a CO2 pressure of 28 MPa and a fractionation time of 3 h. This
upgrading of bio-oil was facilitated by SCCO2 esterification converting 87% of carboxylic
acids into esters and simultaneously decreasing the moisture and volatile contents. This
subsequently increased the stability and calorific value of the upgraded bio-oil. SCCO2 is
also applied for the hydraulic fracturing of shale [144], which can lead to the recycling of
CO2 largely emitted from petrochemical refineries [169].

5. Conclusions

There is a steady advancement in carbon capture, utilization and storage technologies
to address the issues of climate change and global warming. On a commercial scale, pre-
combustion and post-combustion technologies are found to be viable carbon-capturing
methods. Various other techniques such as direct air capture, chemical looping combustion,
and gasification and ionic liquid are also found to be promising techniques. Currently,
chemical looping combustion and gasification, ionic liquids, and biological CO2 fixation
might not be considered the largescale industrial routes for carbon capture and storage.
However, according to the Intergovernmental Panel on Climate Change and the recent
literature, these technologies are gaining attention as emerging technologies due to their en-
vironmentally friendly nature, although they require significant research, development and
demonstration to compete with the well-established technologies such as pre-combustion,
post-combustion, oxy-fuels and direct air capture. The chemical looping gasification tech-
nology can also lead to the production of clean H2 in addition to sequestering CO2. Ionic
liquid-based CO2 absorbents are suitable for commercial carbon capture because of their
cost-effectiveness, adjustable structure and high absorption capabilities. Commercially
available amines are attractive for industrial CO2-capturing applications because of their
high absorption capacities.
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CO2 capturing technologies have advanced over the years, and their utilization in
fuel synthesis, production of carbonates and different valuable chemicals is a significant
development in mitigating the challenges caused by GHGs. CO2 storage as calcium and
magnesium carbonate is one of the efficient geological storage methods. CO2 is also
considered a potential raw material for the synthesis of highly valued platform chemicals
such as olefins, methanol, dimethyl ether and formic acid. Moreover, the processing of
harvested algae yields carbohydrates, lipids, bioactive compounds and proteins, making
them a suitable feedstock for the manufacturing of medicinal products, biofuels and
biochemicals as well as for biological fixation of CO2 and treating wastewater. Finally, to
achieve net-zero emissions by 2050, significant research and development are required in the
effective capturing, storage and utilization of CO2 from the atmosphere using sustainable,
industrially feasible and cost-effective technologies.
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