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ABSTRACT

The current review aims to explore potential methods for reducing carbon emissions based on recent
developments in carbon sequestration. Carbon dioxide (CO2) emissions are widely recognized as one
of the primary Greenhouse gases (GHGs) contributing to global climate change. Carbon sequestration
plays a crucial role in effectively mitigating carbon emissions through various approaches such as
establishing green areas within industrial zones, minimizing waste generation, promoting renewable
energy generation, conserving natural resources, practicing energy conservation, and implementing
solid waste reuse, recycling, and recovery methods. Other techniques involve capturing and
sequestering carbon using methods like pre-combustion and post-combustion CO:2 capture,
employing membrane separation, adsorbent-based processes, amine scrubbing, cryotechnology,
direct gas-solid carbonation, direct aqueous carbonation, and indirect carbonation. Furthermore, in
addition to this abiotic carbon sequestration, diatoms have recently been recognized as some
significant contributors to carbon sequestration methods, diatoms have been as to carbon
sequestration, particularly in oceanic ecosystems where they serve as primary producers. Thus, this
review provides an overview of the main techniques employed in carbon sequestration, which
contribute to the reduction of global carbon emissions and address the larger issue of climate
change.

Introduction

The utilization of fossil fuels for energy production, driven by
industrial development and increasing energy consumption,
leads to the release of significant amounts of carbon dioxide
(CO2) into the environment. It is projected that coal-based
primary energy generation will contribute to annual CO2
emissions of 38,749 Mt COz2 and reach 3,976 Mtoe by 2030 [1].
Extensive efforts are being made to mitigate the impact of GHG
emissions on climate systems across various industrial sectors.
According to the Intergovernmental Panel on Climate Change
(IPCC), CO2 accounts for 65% of total GHG emissions [2]. The
production and processing of cement are responsible for 5%-7%
of anthropogenic CO2 emissions in the building and
construction sector [3]. In the context of developing a circular
economy, it is important to consider climate change and
leverage it as a source of inspiration and operationalization. The
emphasis on resource efficiency implies the adoption of
nature-based approaches to combat climate change. Policies
based on natural solutions have gained popularity due to their
significant environmental, social, and economic benefits. As
global climate targets are still far from being achieved, the
concept of a circular economy should be harnessed to drive
nature-based policies. Concrete and comprehensive efforts
utilizing all available options need to be implemented. Ongoing
research explores the potential of fruit farming, as a land
industry, in mitigating climate change. In this regard, an
analysis was conducted to assess the economic value of CO2
sequestration ecosystem services provided by tree-based
systems [4]. Carbon sequestration is the process of removing

and storing carbon that would otherwise be released or
remain in the atmosphere and plays a vital role. It involves
halting carbon emissions before they enter the environment
and directing them to a secure storage area. Alternatively,
atmospheric carbon can be captured from the atmosphere or
industrial sources and stored through carbon sequestration,
which comprises two steps: (I) capturing CO2 resources and
(II) storing it.

The lower concentration of CO2 in the atmosphere
compared to N2 and O2 implies the cost of CO2 capture is
expected to be higher. To fully comprehend the scientific and
technical aspects of carbon sequestration solutions and their
potential, thorough investigations are necessary. Carbon
sequestration serves as a fundamental method for reducing
carbon emissions from fossil fuels. Given the need to lower
atmospheric CO2 concentration by addressing significant
CO2 emissions, a range of carbon management strategies
become essential. Integrating carbon sequestration with
enhanced energy efficiency and fuel decarbonization is
crucial, as it allows for the sustainable and extensive
utilization of fossil fuels while substantially mitigating
atmospheric CO2 emissions. Current projections indicate that
there will be an adequate supply of fossil fuels, including
conventional oil and gas, coal, and unconventional fuels like
heavy oil and tars, to meet global energy demand for the next
century. The short-term dynamics of the natural carbon cycle
are dynamic, with the acceleration of CO2-emitting activities
being counterbalanced by the acceleration of natural systems
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that store CO2. Artificial extraction and sequestration of carbon
occur through the combustion of fossil fuels without
contributing to atmospheric carbon emissions. To reduce the
overall positive carbon flux to the atmosphere, new carbon
sequestration techniques are being developed, and the
efficiency of existing methods are improving [5].

Mitigating global warming and climate change can be
achieved by reducing human-induced CO2 emissions into the
atmosphere [6]. According to the IPCC [2], there are various
methods available for lowering emissions, including biological
storage, mineral storage, oceanic storage, and geological storage
[7]. Among these methods, "geological storage" is widely
recognized as the most commonly used approach for CO2
storage. It involves injecting the gas into underground
geological formations such as depleted oil and gas reservoirs,
coal seams, salt caverns, and saline aquifers [8].

This review paper aims to review various technologies used
in carbon sequestration in mitigating the impact of carbon
dioxide (CO2) emissions resulting from the utilization of fossil
fuels for energy production. The novelty lies in the
comprehensive  examination of carbon sequestration
techniques, including both established methods and emerging
technologies, with a focus on their scientific and technical
aspects. This paper contributes to the ongoing discourse on
Carbon capture and storage (CCS) by providing a
comprehensive examination of various methods, including
membrane separation, molecular sieves, and desiccant
adsorption, employed to address the challenge of CO2
emissions from fossil fuel consumption. The novelty of this
work lies in its emphasis on the scientific and technical aspects
of these methods, exploring their potential, limitations, and
economic implications in the fight against climate change.

Carbon flux

The exchange of carbon among Earth's carbon reservoirs,
including the ocean, atmosphere, land, and living organisms, is
known as carbon flux. It is measured in Gt C/yr (giga tonnes of
carbon per year) [9]. These methods provide an increasingly
widespread and continuous temporal record of terrestrial
carbon flux across different regions. Specifically, the Eddy
covariance (EC) technique is used to measure CO2 flux at
specific sites [10]. These techniques enable continuous temporal
coverage of terrestrial carbon flux across the continent, with an
expanding number of locations being monitored [10,11]. The
analysis of EC data, which encompasses temporal changes and
environmental factors, is crucial for studying the exchange of
CO2 between the atmosphere and terrestrial ecosystems [12].
Carbon balance research has made significant advancements at
both large and small scales, encompassing vast continents (>
106 km?, e.g., global inverse modeling) and smaller areas (less
than 1-3 km?, e.g., EC measurements). However, there is a
scarcity of approaches for estimating CO2 emissions and sinks
at an intermediate scale between the continental and local
levels. Climate change can significantly impact the carbon cycle
in various regions [13,14]. Another effective strategy for
reducing carbon emissions involves modeling ecological
variability and atmospheric dispersion through an integrated
boundary layer model for the ecosystem [15].

Carbon footprint

The carbon footprint refers to the overall amount of carbon
dioxide (CO2) emissions associated with the activities of an

individual, organization, or country. It encompasses direct
emissions from the combustion of fossil fuels for heating,
transportation, and power generation, as well as emissions
resulting from the production and consumption of various
products and services. In addition to CO2, the carbon footprint
assessment also considers other greenhouse gases such as
methane, nitrous oxide, and chlorofluorocarbons [16]. There
are eight categories of carbon footprint analysis (Figure 1).
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Figure 1. Categories of carbon footprint analysis.

Carbon footprints and carbon absorptions play a vital role
in providing a methodological foundation for informed
decision-making by policymakers. The widespread utilization
of carbon footprints, based on up-to-date data, should be
encouraged or regulated as necessary. Carbon footprints
empower consumers to adopt climate-friendly behavior and aid
the government in designing effective regulations that avoid
incentivizing improper product choices. Businesses can employ
carbon footprints to minimize their exposure to carbon-related
costs and showcase their positive contributions. In recent years,
there has been a growing interest in comprehending the factors
driving emissions through carbon pathways and exemplifying
carbon fluxes at various scales [17]. The concept of a carbon
footprint pertains to identifying the source, quantity, and
removal of GHG emissions resulting from both on-farm and
off-farm activities, with the objective of reducing GHG
emissions and enhancing GHG sinks in a specific system [18].

Analysis of carbon footprint

Carbon footprints can be calculated for different functional
units and sizes using various methodologies. The three main
approaches for determining carbon emissions are Input-output
(IO) analysis, Life-cycle assessment (LCA), and IO-LCA.
Significant progress has been made in establishing standards for
carbon footprint assessment, such as 1SO014064, GHG Protocol,
and PAS2050. The adoption of these regulations has led to a
substantial reduction in global carbon emissions [19].

According to the IPCC Guidelines, a "carbon footprint" is
defined as the representation of an organization's activities'
climate impact, measured in terms of the total amount of GHG
generated and expressed in COze units.

To calculate GHG emissions for each source, the following
formula can be used:

ADS x EFS (IPCC)
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Where GHG emissions from a specific source are
determined by multiplying the source's Activity data (ADS),
with its corresponding GHG Emission factor (EFS). The activity
data represents the quantity of the source's activity (e.g., liters of
petrol or kWh of electricity), while the emission factor converts
this activity data into GHG emissions [2].

When calculating total GHG emissions, the carbon
footprint is expressed in carbon dioxide equivalent (COze)
units. This unit represents the same amount of CO2 emissions as
other greenhouse gases that contribute to global warming [20].

Statistics of carbon footprint

In India, industries play a significant role in energy-related
carbon dioxide (energy-CO2) emissions, accounting for 25% of
the overall emissions, and secondly, in power generation [21].
Energy-related CO: emissions primarily originate from
industrial activities, with power generation being the only
sector contributing to a larger proportion of the total emissions.
In 2018, India's total energy-related emissions reached 2,251 Mt
COo. Industries accounted for 53% of these emissions, while
power generation contributed 25%. Transport and residential
sources were the second and third largest contributors,
accounting for 14% and 4% of the overall emissions,
respectively. The remaining 4% of emissions came from

commercial and agricultural sources as well as other industries.

However, the categorization of industries in India's GHG
emissions inventory differs significantly. The ISIC classification
system classifies emissions under headings such as mining,
textiles, leather, non-ferrous metals, iron and steel, and
non-ferrous metals mining. According to the International
Standard Industrial Classification of all Economic Activities
(ISIC), cement and fertilizers should be considered under
chemicals and non-metallic minerals. However, the country's
data presents non-metallic mineral and cement emissions
separately. Emissions from fertilizers and chemicals are also
tracked separately in a similar manner [22].

Industrial pollution has grown at a rapid pace over the past
few years. Table 1 illustrates the growth of CO2 emissions from
energy use, which increased from 228 Mt CO2 in 2000 to 396 Mt
CO:2 in 2016. Process CO:z emissions also saw an increase from
73 Mt CO:z in 2000 to 166 Mt CO: in 2016. Consequently,
India's industrial sector overall emitted more CO, rising from
approximately 300 Mt COz2 in 2000 to around 560 Mt CO: in
2016. It is worth noting that an important portion of industrial
emissions is not attributed to any specific sector in the official
data. For our sectoral analysis, we use data from the Global
Trade Study Project (GTAP), which provides comprehensive
data for all countries, including India [23].

Table 1. Industry CO:z emissions in India. Data source: MoEF (2012), MoEFCC (2015, 2018, 2021) [24].

Mt CO2 2000 2010 2014 2016
Total CO; Emissions in India 1024.8 1574.4 1997.9 2231
Energy Use Related Emissions in India (Fuel) 952.2 1441.9 1844.7 2064.8
Energy Use in Industry ("Industry-Fuel") 2282 299.2 350.2 395.9
Iron and Steel (Fuel) 52.4 95.5 153.9 134.7
Cement (Fuel) 39.7 40.5 46.9 53.5
Non-Ferrous Metals (Fuel) 1.9 1.9 1.7 7.7
Chemicals (Fuel) 34.5 7.9 2 2
Pulp and Paper (Fuel) 5.3 6.7 3.9 2.6
Unspecified/Other Small Items (Fuel) 94.4 146.7 141.8 195.4
Industrial Processes and Product Use ("Industry-Process") 72.6 132.5 153.2 166.2
Mineral Products 53.6 104.5 126.9 135.5
Cement (Process) 44.1 83.8 115.3 106.6
Chemical Industry 15.8 19.5 18.5 21.3
Ammonia (Process) 11.1 12.6 10.2 11.5
Ethylene (Process) 3.3 5.1 6.2 7.6
Metal Production 2.5 6.8 5.7 7.2
Ferro Alloys (Process) 1.5 3.7 2.5 2.7
Aluminum (Process) 1 3.1 3.1 4.5
Total Industry Emissions (Fuel+Process) 300.8 431.7 503.4 562.1

Goals of carbon sequestration

The 26" United Nations Climate Change Conference of the
Parties established the goal of achieving a net-zero economy
through national efforts. The focus of the conference was the
Paris Rulebook, which comprises a set of regulations discussed
among the participating countries. To achieve this objective,

governments, national sectors, and financial institutions must
collaborate on a global scale [25]. The 26™ United Nations
Framework Convention on Climate Change (UNFCCC)
Conference of the Parties (COP26) took place in Glasgow,
United Kingdom. During the conference, the Indian
government emphasized and conveyed the concerns of
developing nations. India also presented the five main elements
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(Panchamrit) of its climate achievement, which include the
following: By 2030, India aims to have a non-fossil energy
capacity of 500GW and renewable energy, fulfilling 50% of the
nation's energy requirements. The country also aims to reduce
carbon emissions by one billion tonnes by 2030, lower the
economy's carbon intensity by 45% compared to 2005 levels,
and ultimately achieve net-zero emissions by 2070 [26].

Carbon mitigation measures and techniques

The world must implement noteworthy mitigation measures to
effectively address the issue of high carbon emissions, especially
in urban areas where industries are concentrated. Rapid
industrialization is a major contributor to the substantial release
of carbon into the atmosphere.

To mitigate these emissions, industries should consider the
following actions:

« Developing green belts within industrial areas

» Minimizing waste generation

« Conserving energy

« Preserving natural resources

o Implementing solid waste reuse, recycling, and recovery
practices

One approach to mitigate and adapt to climate change in
buildings is by installing green walls and rooftops [27]. This
strategy helps reduce carbon emissions and provides adaptation
benefits.

In the transportation sector, reducing and adapting to
climate change can be achieved through various strategies,
including promoting car-sharing, enhancing vehicle efficiency,
transitioning to electric transportation, and encouraging the
use of public transportation [28]. These measures contribute to
the reduction of carbon emissions and support climate change
adaptation efforts in the transportation sector.

Techniques for mitigating carbon emission
Production of renewable energy

Utilizing hydrogen fuel for energy generation is regarded as one
of the most effective solutions due to its CO:-free nature.
Hydrogen possesses several advantageous properties at Normal
temperature and pressure (NTP). These include a wide
flammability limit by volume (4%-75%), low ignition energy
(0.02 mJ), and low density (0.083 kg/m?) [1,29]. In terms of
production, primary energy sources such as fossil fuels (e.g.,
natural gas, coal) can be utilized in the short and medium term
[29,30].

Capturing of carbon and sequestration

Carbon capture and sequestration (CCS) is an advanced
renewable energy technology that aims to prevent or reverse
CO: emissions into the atmosphere by directing carbon towards
long-term storage. The process involves capturing and storing
CO: at its source before it is released into the environment [1].
CCS serves as a mid-term solution for the sustainable use of
fossil fuels and the expansion of renewable energy sources [31].
There are two primary types of CCS: pre-combustion CCS,
which involves capturing carbon during the fuel preparation
stage before it is burned for energy production, and
post-combustion CCS, which captures CO: from flue gas and
other combustion-related processes., enhancing CO: uptake in
soil, plants (such as through tree planting initiatives), or the
ocean through methods like iron fertilization can also

contribute to CO2 reduction efforts.
Pre combustion CCS

The pre-treatment process involves coal gasification in a
low-oxygen gasifier, resulting in syngas primarily composed to
further enhance the production of Hz and convert CO gas to
CO2; the syngas undergo a water-gas shift reaction with steam.
during the steam-methane reforming process, both CO and
CO:s2 are generated. Due to the high CO: concentration in the
H2/CO2 fuel gas mixture, the separation of CO: becomes
necessary. Subsequently, Hz is combusted in the atmosphere,
resulting in the production of mostly N2 and water vapor,
effectively removing CO: from the environment [32,33].

Post-combustion CCS

The process of capturing and sequestering CO: from flue gas
before it is released into the atmosphere is known as
post-combustion CCS. It is recommended to retrofit the
existing  operational power plant currently  with
post-combustion technology. Although post-combustion CCS
technology has demonstrated its effectiveness [34], it imposes a
significant parasitic load to enable the capture unit to raise the
CO2 concentration. This is necessary due to the low CO2
concentration in the combustion gas and the associated costs
(95.5% or more) for transportation and storage. In addition to
CO:2 capture, current post-combustion technology requires the
purification of N2, NOx, and SO: byproducts before CO:
capture [35].

CCS technology development for CO:2 capture

Emerging technologies refer to a range of products and
processes that have demonstrated significant improvements in
efficiency and cost beyond current levels of knowledge and
technological development, whether in laboratory settings or
practical applications. Various methods for CO:2 separation and
capture include microbial/algal systems, absorption,
adsorption, cryogenics, membrane separation, and absorption
[34,36].

Membrane separation technique

In the process of membrane separation, specially designed
membrane sieves are utilized to separate molecules based on
their molecular size. The effectiveness of CO2 separation has
been demonstrated through various experiments involving the
separation of CO2, HaS, and H20 from CO, CHa, air, and gas
mixtures [37,38]. Membrane technologies include inorganic
membranes, mixed matrix membranes, hollow fiber gas-liquid
membrane contactors, Polymer gas permeable membranes
(PGPM), Facilitated transport membranes (FTM), and others.
While polymer membranes generally exhibit 5-10 times lower
selectivity compared to inorganic membranes, they are
cost-effective for industrial applications. In contrast, inorganic
membranes offer mechanical, chemical, and thermal durability,
making them suitable for high-temperature CO2 separation
processes. Further research and development efforts are
required to enhance reproducibility, dependability, and
affordability [38].

The advancement of membrane-based technologies aim to
support sustainable systems with minimal CO: emissions.
Membrane separation methods involve non-dispersive
absorption, porous membranes, gas permeation, and a
supported liquid membrane [39]. Achieving the necessary CO2
capture and purity (with 80% CO: in the permeate flow) can be
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challenging with commercial membranes that have up to 50%
selectivity [40]. Membrane separation is an attractive option
due to its affordability, minimal waste generation, and its
applicability in various carbon sequestration strategies.

System based on adsorbent

An adsorbent is capable of adsorbing compounds onto its
surface through intermolecular interactions. It possesses a
surface area and is often porous. This allows it to physically or
chemically retain other molecules on its surface, known as the
adsorbate. To regenerate the adsorbent beds and release the
adsorbate, pressure swings, temperature swings, and washing
procedures are employed [34].

Two types of solid adsorbents are commonly used:
amine-based and alkali (earth) metal-based adsorbents [41].
The carbonate system utilizes the ability of soluble carbonates to
combine with CO:, forming bicarbonate, which can be heated
to release CO: and convert it back into carbonates. A study
found that a K2CO3-based system with a Piperazine (PZ)
catalyst, the K2COs/PZ system (5 molar K; 2.5 molar PZ),
exhibited a 10%-30% faster absorption rate compared to a 30%
Mono-ethanolamine solution (MEA) [42,43].

Converting industrial wastes from one form to another is
complex, as each waste has its unique characteristics. For
example, cement waste contains a significant amount of CaO,
which can be utilized as a CO: adsorbent. An analysis of
Underground coal gasification (UCG) technology reveals that it
is an effective method for producing low-carbon fuel by
capturing CO: at the gasification site itself [44].

Scrubbing with amines

Amine-based devices are capable of capturing CO:z from flue
gas by reacting with CO: and producing water-soluble
molecules [43]. One commonly used technology for this
purpose is Monoethanolamine (MEA) scrubbing, which
employs a chemical absorption mechanism using MEA as the
solvent to scrub CO:2 from combustion exhaust. In this process,
the flue gas comes into contact with the MEA solution and
undergoes absorption at approximately 38 °C. The CO:z-rich
MEA solution is then heated to 150 °C in a stripper to release
almost pure COa. Although other amine compounds like
diglycolamine (DGA), diethanolamine (DEA), triethanolamine
(TEA), and methyl diethanolamine (MDEA), can also be used
for scrubbing, MEA has proven to be the most efficient,
achieving over 90% CO: absorption [45,46].

The MEA scrubbing process has some challenges as it
requires vital equipment and a large amount of renewable
energy to release CO: from the MEA solution, making it
relatively inefficient. To overcome this, solar systems can be
used to provide regenerated thermal energy., Improvements in
system condensation and design can help reduce capital costs
and enhance energy integration [43]. To address the
energy-intensive drawbacks of MEA cleaning, a reactive
hydrothermal liquid phase densification (rHLPD) method can
be utilized, which eliminates the need for a high-temperature
furnace to cure monolithic materials [47]. This offers an
alternative approach to avoid the energy-intensive aspects of the
process [47].

Separation using cryotechnology

Cryogenic separation is an essential procedure for CO2
removal, requiring distillation at very low temperatures and

pressures. During this process, flue gas is directed onto a
cooling medium. As the flue gas containing CO2 cools to a
sublimation temperature (100-135 °C), solidified CO: is
separated from other gases. CO:z recovery from flue gas can
reach up to 90-95 percent [46].

Two cryogenic separation techniques are employed:
internal cooling flash separation and distillation column
separation. However, distillation is an energy-intensive process,
demanding approximately 600-660 kWh per tonne of CO2
recovered due to its extremely low temperature and high
pressure [46,48]. Various carbon separation and capture
systems can be applied, each with unique properties. Selecting
the most suitable technology should be based on how well it
aligns with specific needs and requirements.

Mineral sequestration of CO-

There are two methods for mineral sequestration: direct
carbonation and indirect carbonation [49]. Direct carbonation
involves two phases: the gas phase and the aqueous phase. In the
gas phase, COz2 reacts with minerals like rocks, both in situ and
ex situ, to form carbonates. In the aqueous phase, simple
carbonation occurs, and additives can enhance the carbonation
process [50]. On the other hand, indirect carbonation follows a
different approach, where the reactive mineral jons of the
feedstock dissolve first, and then the dissolved mineral ions
undergo carbonation in two distinct reactors [51].

Direct carbonation

Direct carbonation is a fundamental approach to mineral
sequestration. It involves carbonating a suitable feedstock, such
as mineral sources or a solid residue rich in calcium (Ca) or
magnesium (Mg), in a single step within the same reactor [52].
Minerals are extracted, and dissolved minerals are then
carbonated during this process.

Direct gas-solid carbonation

Direct aqueous carbonation is a more complex method of
mineral sequestration than gas-solid mineral sequestration. In
this reaction, gaseous CO:2 reacts with mineral oxides under
specific pressure and temperature conditions [53,54].
Integrating the carbonation process with mining operations
may help reduce costs and energy requirements, and it could
potentially lead to improved rates and purer mineral extraction.
However, direct gas-solid carbonation faces challenges due to
sluggish reaction rates caused by thermodynamic restrictions,
leading to limited research in this area [49].

Direct aqueous carbonation

Direct aqueous mineral carbonation is currently the most
efficient technology for CO: sequestration, yielding high
carbonation levels [6,55]. Although this method can be costly
for widespread CO:2 sequestration, it is still frequently employed
in ex-situ applications. On-site direct aqueous carbonation,
including CO: reaction with rock samples, is also feasible. By
controlling the composition of the input gas and enhancing
carbonation efficiency, it is possible to reduce porosity loss and
improve permeability [56].

In addition to intentional carbonation, direct aqueous
carbonation occurs naturally during weathering when waste ash
piles are exposed to atmospheric CO2 [55]. By-products,
residues, and industrial waste often exhibit faster reactivity than
native minerals [52,57]. The characteristics and composition of
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the residues are influenced by changes in process variables such
as temperature and pressure [58]. Carbonation efficiency
(NaHCO:s) in direct aqueous carbonation can be enhanced by
incorporating additives like sodium chloride (NaCl) and
sodium carbonate [54]. Miao et al. used a Circulating fluidized
bed (CFB), an advanced clean combustion facility that has seen
rapid development in recent years. CFB offers distinct
advantages over conventional pulverized coal boilers, including
high combustion efficiency, broad fuel adaptability, and
significantly reduced NOx emissions attributed to its lower
combustion temperature [59].

Indirect carbonation

The mineral carbonation process utilizes the indirect
carbonation method, which involves removing the reactive
component (e.g., Ca or Mg) from the minerals as an oxide or
hydroxide before reacting with CO: to form stable carbonates in
the subsequent stage [51,60,61]. The extraction of magnesium
oxide (MgO) or magnesium hydroxide (Mg(OH)2) is carried
out at atmospheric pressure, followed by a second carbonation
phase at higher temperatures of 500 °C and 20 bars of pressure
[62]. Mg(OH):2 exhibits faster carbonation compared to MgO.

By using the carbonation reaction represented by the equation
below, Mg(OH)2 can accelerate the overall process:

Mg(COs)2(s) + H20 Mg(OH)2(s) + CO2 (1)

Acetic acid is employed to accelerate the carbonation
process, enhancing the extraction of calcium from calcium-rich
material [58]. However, the use of additives like acetic acid may
also lead to the leaching of other materials, including heavy
metals, during the Calcium extraction phase. This can result in
the formation of impure carbonate and create environmental
hazards [55,63].

Diatoms as a carbon sequester

By combining CO:2 sequestration through photosynthetic
organisms with bioprocessing and biomanufacturing for value
addition, this method of carbon storage can be made more
environmental friendly. The precursors of present-day
cyanobacteria were discovered to produce molecular oxygen
through oxygenic photosynthesis over 2.7-3.7 billion years ago
[64]. Microalgae exhibit remarkable solar energy conversion
efficiency, reaching up to 3% in reality (biomass productivities
of up to 146 tdw ha-1y-1 in small-scale cultivations and 60-75
tdw ha-1y-1 in mass cultivations), equivalent to theoretical
efficiencies of 8-10% of solar energy (biomass productivities of
280 tonne dcw ha-1y-1) [65,66]. Notably, microalgae trap CO2
faster than trees [67].

While several enterprises have succeeded in producing
biomass and high-value compounds like pigments (carotene,
astaxanthin, phycocyanin), and omega-3 fatty acids, large-scale
microalgal cultivation for biofuels has been constrained due to
concerns about its sustainability and economic feasibility
(docosahexaenoic acid and eicosapentaenoic acid). Many
companies power their production plants with sustainable
energy sources, including solar energy and geothermal energy
(Algalif-Iceland).

Carbon typically constitutes between 40% and 60% of the
dry weight of microalgal cells. With current biomass
productivities in the range of 60-140 tonne dcw ha-1y-1 for a
carbon content of 50% dcw, the amount of carbon that could be

fixed would be 30-70 tonne ha-ly-1. This translates to a
potential CO: fixing capacity per hectare of between 100 and
250 tonnes of CO:. Although it would require large-scale
cultivations, every little bit contributes toward the overall aim,
justifying the development of designs that would maximize the
potential for microalgal CO:2 sequestration [68]. Ahmad et al.
outlined the role of diatoms in CO2 mitigation and the diatom
species involved in bio sequestrating of CO2. Diatoms can serve
as pathways toward carbon footprint reduction and CO:
mitigation in providing a solution to environmental and climate
issues [69].

Conclusions

The demand for energy in industrial and transportation
activities is predominantly met by fossil fuels such as diesel,
gasoline, natural gas, and coal, which release CO: into the
atmosphere as a greenhouse gas. It is projected that by 2030,
coal's primary energy output will increase to 3976 Mtoe,
resulting in annual CO: emissions of 38749 Mt COa.
Membranes, molecular sieves, and desiccant adsorption
methods are also utilized. To address this challenge, various
methods like membrane separation, molecular sieves, and
desiccant adsorption are utilized for CO2 removal. Membrane
separation processes have shown promise in removing a
substantial amount of CO2, while amine scrubbing can
eliminate over 85% of CO2 from flue gas produced by fossil
fuel-based generators. Currently, more than 50 CCS initiatives
are underway worldwide, although large-scale demonstration
projects might be influenced by the unpredictability of the
global climate change discussion. CO: isolation remains a
complex task that requires careful consideration of economics.
Tailoring CCS technologies to specific regional conditions and
combining them with appropriate technologies can lead to cost
savings and viable solutions. Collaboration between
policymakers, the environmental community, and the scientific
community is crucial in advancing CCS applications. Raising
awareness among the general public about the capabilities and
limitations of CCS techniques is essential for their successful
implementation. Future research in the realm of carbon
sequestration techniques should focus on several key directions
to advance our understanding and enhance the efficacy of these
methods. Firstly, there is a need for in-depth investigations into
the scalability and long-term effectiveness of emerging
technologies such as membrane separation, molecular sieves,
and desiccant adsorption. Rigorous assessments of these
methods under various operational conditions and across
different industrial sectors will provide valuable insights into
their applicability and limitations. Researchers should explore
innovative approaches to optimize the economic feasibility of
carbon sequestration, considering regional variations and
tailoring technologies to specific contexts. Integration studies
that combine carbon sequestration with other sustainable
practices, such as enhanced energy efficiency and renewable
energy sources, could offer comprehensive solutions.
Furthermore, understanding the environmental and social
impacts of large-scale carbon sequestration initiatives is crucial
for responsible and ethical implementation.
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