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Abstract: Carbon mineralization has attracted great interest as a promising strategy to
achieve a decarbonized pathway by 2050. Despite the significant environmental and
economic promise associated with using industrial solid waste for carbon mineralization,
the scale-up application of this approach is limited due to its low reactivity and relatively
high cost. A clear understanding of the detailed mechanisms governing various carbonation
techniques is needed to achieve high CO2 conversion efficiency. This review can provide
valuable insight into carbon mineralization pathways, advantages and challenges, and
potential feedstocks. Factors affecting reaction kinetics, and thereby carbonation efficiency,
are also discussed. Then, we focus on the research progress of the most representative
industrial solid wastes for CO2 mineralization, process conditions, and their carbonation
potential. Lastly, a market analysis of the precipitated carbonate products is provided to
assess economic feasibility for practical applications.

Keywords: enhanced mineralization; carbon dioxide removal; CO2 sequestration; carbon
mineralization; industrial waste

1. Introduction
Global industrialization and urbanization have increased greenhouse gas emissions,

with CO2 levels reaching 419 ppm in 2023 and rising by 2.8 ppm annually [1]. This increase
in CO2 concentration is a primary factor driving global warming, which has far-reaching
consequences for human health, environmental stability, and economic prosperity [2]. The
World Meteorological Organization predicts a 98% chance that global temperature will
set new records between 2023 and 2027, with a substantial likelihood of exceeding the
critical 1.5 ◦C threshold above pre-industrial levels for at least one year [3]. Moreover,
industrial activities generate large volumes of byproducts, contributing to environmental
pollution and biodiversity loss if not managed properly [4]. Sustainable management of
these byproducts is essential to meet the Paris Agreement goals [5]. In response to these
challenges, global efforts have been accelerated toward sustainability and carbon neutrality.
Reducing CO2 emissions is critical for sustainable development. A significant milestone in
this global endeavor was the “Glasgow Climate Pact”, established in the 26th UN Climate
Change Conference, where 200 countries committed to addressing global warming and
reducing greenhouse gas emissions [6].

Various carbon dioxide removal (CDR) technologies have been developed to reduce
CO2 emissions (Table 1). While these approaches show promise, they face different chal-
lenges that hinder their widespread applications. For instance, chemical adsorption using
solvents or adsorbents is considered an effective CO2 capture method; however, the main

Clean Technol. 2025, 7, 44 https://doi.org/10.3390/cleantechnol7020044

https://doi.org/10.3390/cleantechnol7020044
https://doi.org/10.3390/cleantechnol7020044
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cleantechnol
https://www.mdpi.com
https://orcid.org/0009-0003-6681-6133
https://orcid.org/0000-0003-1065-8626
https://orcid.org/0000-0001-7991-6887
https://doi.org/10.3390/cleantechnol7020044
https://www.mdpi.com/article/10.3390/cleantechnol7020044?type=check_update&version=1


Clean Technol. 2025, 7, 44 2 of 37

limitation of this technique is the release of harmful chemicals during solvent recovery
which requires a high amount of energy [7]. Porous adsorbents, such as activated carbon
and metal–organic frameworks, have demonstrated efficiency in CO2 sequestration. The
primary challenges with these methods include their capacity, selectivity, and regeneration
efficiency [8]. Membrane separation technology provides a selective approach to CO2

removal. Despite its potential, this method faces limitations in large-scale applications due
to membrane fouling and high operational costs [9]. Biological CO2 removal techniques,
such as algae-based adsorbents, offer a sustainable alternative. However, their scalability is
limited by the extensive land and water resources required for implementation [10]. Ad-
dressing the technical, economic, and environmental challenges of these CDR techniques
is essential for their broader application to achieve global climate goals. Carbon dioxide
capture, utilization, and storage (CCUS) emerged as an effective and economically viable
strategy for reducing CO2 emissions. It is estimated that this strategy can be widely applied
in various industries and can capture more than 7 billion tons of CO2 annually by 2050,
which is vital for achieving low-carbon sustainable development [11,12]. The International
Energy Agency (IEA) estimates that the CCUS techniques can reduce 1.4 and 5.9 Gt of CO2

emissions by 2030 and 2050, respectively [13].

Table 1. Carbon dioxide removal technologies.

Technique Advantages Disadvantages Costs
(per Ton of CO2) Environmental Impacts

Direct Air
Capture (DAC)
through
chemical or solid
sorbents

• Location
independency

• High scalability
• Precise measure of

carbon capture [14]

• High energy
requirement

• High cost [15]

USD
250–600
[16,17]

• Potential for chemical
pollution [18]

Afforestation/
Reforestation

• Low cost [19]
• Improves soil

quality [20]

• Requires large land areas
• Long time to reach full

potential [21]
<USD 50 [19,22]

• Enhances biodiversity
• Improves air and water

quality [21]

Soil carbon
sequestration

• Improves soil
health and
productivity [23]

• Difficult to measure
• Potential for reversal [24]

Variable,
<USD 100 [25]

• Enhances soil fertility
• Reduces erosion [23]

Enhanced
weathering by
spreading crushed
silicate rocks on land
or ocean

• Large-scale potential
• Improves soil

fertility
• Reduces ocean

acidification [26]

• Requires mining and
transport of minerals

• Long-term effect
uncertainty [27]

USD
20–200
[27,28]

• Potential for ecosystem
disruption by impacting
water quality and
biodiversity [29]

Ocean fertilization
• Potentially low cost
• Large-scale

potential [30]

• Uncertain long-term
effects on marine
ecosystems

• Difficult to verify and
monitor [31]

USD
7–1500
[32]

• Potential disruption of
marine ecosystems

• May increase ocean
acidity at depth [33]

Carbon capture,
utilization, and
storage (CCUS)

• Significant emission
reduction from large
point sources [34]

• Energy-intensive process

USD
15–120
for
industrial sources [35]

• Risk of CO2 leakage
from storage sites or
during transport [36]

Among CCUS technologies, carbon mineralization as a natural process of CO2 se-
questration has attracted considerable attention due to its ability to permanently store
CO2. The concept of CO2 mineralization was first proposed by Seifritz in 1990 [37], who
suggested that a potential mechanism for CO2 storage is the weathering of silicate minerals
by consuming CO2. This process involves a spontaneous reaction of alkaline minerals
containing calcium (Ca) and magnesium (Mg) ions with CO2, which results in carbonates’
production, including CaCO3 and MgCO3. These solid carbonates are thermodynami-
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cally stable, meaning that their Gibbs free energy is much lower than CO2, resulting in
permanent carbon storage [38].

Carbon mineralization technology can be generally divided into in situ and ex situ
techniques [39]. In situ mineralization involves the direct injection of CO2 from the at-
mosphere into geological formations, containing Ca or Mg-rich natural minerals, to form
solid carbonate. Conversely, in ex situ carbon mineralization, CO2 sequestration into solid
carbonate can be conducted through a series of chemical steps above ground [40,41]. Un-
like the in situ mineralization technology, which is limited by specific geographical and
environmental conditions, the ex situ mineralization approach offers broader applicability
and greater flexibility [42]. Moreover, there is are wide availability of potential feedstocks
for ex situ mineralization, such as mine tailings from mining operations, and different types
of industrial alkaline solid waste [43]. Another major benefit of ex situ mineralization is the
substantial potential for the economic value derived from producing solid carbonates [44].
The main application of solid carbonates is within construction materials such as concrete,
aggregates, and other building products [45–47]. These carbonate productions can also be
beneficial in other applications, such as valuable chemical productions, pharmaceuticals,
selective metal recycling, mineralization for power generation, paint, and paper [48,49].
Therefore, this approach can be considered as a novel strategy for CCUS, which not only ad-
dresses an environmental concern through carbon storage permanently but also generates
commercially valuable products, which can help reduce the overall process cost [50,51].

Despite the environmental and economic benefits of carbon mineralization using
industrial solid waste, the efficiency of mineralization techniques is limited by slow reaction
rates and the kinetics of ion dissolution/extraction and carbonate precipitation [52]. The
dissolution rate, which involves releasing Ca and Mg ions from feedstocks, is the slowest
and most limiting factor in the carbonation process. Meanwhile, the precipitated rate relates
to the formation of carbonates [53]. Based on the literature, the ion dissolution/extraction
rate plays a critical role in controlling the overall efficiency of carbonation [53]. In this
regard, adding chemical leaching agents with stepwise pH adjustments leads to higher
dissolution rates and facilitates ion extraction from feedstocks [54]. However, the selection
of chemicals is particularly important due to waste management challenges from both
technical and economic perspectives [55]. In this regard employing recyclable reagents has
been considered to mitigate operational cost resulting from chemicals’ consumption and
their subsequent processing waste [56].

The reaction rate can also be accelerated via pretreatment strategies such as grind-
ing minerals and/or controlling reaction conditions such as temperature and pressure.
However, these strategies result in higher operational costs, leading to a trade-off between
improved reaction kinetics and economic feasibility [57]. Moreover, the mineralization
reaction rate is significantly affected by the type of feedstocks, their composition (richness
of Ca and Mg) and reactivity, availability of CO2, carbonation routes (direct or indirect),
and reaction pathways (wet or dry) [56]. In addition, operational factors, including the
feedstock particle size, reaction temperature, CO2 pressure, pH value, reaction time, and
solid-feedstock-to-liquid ratio, have great impacts on the reaction rate [58,59]. All these
affecting factors need to be optimized and thoroughly considered to enhance the reaction
rate and achieve higher carbonation efficiency [60,61].

The current review paper aims to provide clear insights into ex situ carbon mineral-
ization using industrial solid wastes as feedstock. To this end, mineralization pathways,
carbonation reactions, and the factors affecting reaction rate are comprehensively reviewed
to achieve higher carbonation efficiency, resulting in high-purity products. The poten-
tial application of carbonated products as valuable byproducts of carbon mineralization
techniques and their market analysis are also highlighted. Moreover, some pilot stud-
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ies are discussed to understand the technical feasibility and environmental effects of ex
situ carbon mineralization for widespread industrial adoption. Finally, the current chal-
lenges and future perspectives of ex situ mineralization using industrial solid wastes are
briefly discussed.

2. Carbon Mineralization
Carbon mineralization technology has emerged as one of the most effective methods

for CO2 sequestration in recent years [62]. This technology is a natural or engineered
process in which the minerals containing divalent metals, particularly calcium (Ca) and
magnesium (Mg), react with CO2 to form carbonates (e.g., calcite and magnesite) (Figure 1).
The strong stability of these carbonates makes this technique a reliable and permanent
CO2 storage method [63]. During the mineralization process at a standard temperature
of 25 ◦C, the Gibbs free energy of the system decreases because carbonate minerals have
a lower energy (60–180 kJ/mol) than that of CO2 molecules, making the reaction ther-
modynamically favorable or spontaneous (∆G < 0) [60,64]. This energy difference drives
the reaction forward, requiring no external energy sources, under appropriate conditions
(optimal temperature and pressure). The common mineralization reactions of CO2 can be
represented by Equations (1)–(4):

CaO + CO2 → CaCO3 (1)

MgO + CO2 → MgCO3 (2)

CaSiO3 + CO2 → CaCO3 + SiO2 (3)

Mg2SiO4 + 2CO2 → 2MgCO3 + SiO2 (4)

Figure 1. The schematic illustration of carbon sequestration technology [11].

Carbon mineralization techniques, particularly in situ and ex situ mineralization, are
emerging as durable CDR solutions with high Technology Readiness Levels (TRLs). Table 2
provides the technical and environmental comparison of these mineralization techniques.
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Table 2. Comparison of carbon mineralization techniques [2,53,65].

Mineralization
Techniques Technical Procedure Environmental Consideration TRL

Energy
Demand
(MWh/tCO2)

In Situ
Mineralization

Utilizes underground rock
formations for CO2 injection,
minimizing transport costs
but requiring specific geology.

Pros: Permanent storage (geological
timescale), low leakage risk, and
minimal surface disruption.
Cons: Limited by suitable geological
formations and site availability.

8–9 1.8

Ex Situ
Mineralization

Relies on mined minerals or
industrial solid wastes, with costs
tied to mining,
grinding, and processing.

Pros: Uses industrial waste or mined
minerals, enabling co-location with
emission sources.
Cons: Energy-intensive grinding (around 30% of
total cost) and mineral logistics
challenge.

5–6 2.7–3.7

In situ mineralization has achieved a higher TRL compared to ex situ mineralization
because it builds on established geological processes and has been successfully demon-
strated in filed projects, such as the CarbFix project in Iceland, where injected CO2 rapidly
mineralizes in basalt formations. Impressively, CarbFix has shown that over 95% of the
injected CO2 can be permanently mineralized within just two years, offering a secure and
scalable solution for long-term carbon storage [66]. Another significant in situ pilot is the
Wallula project in Washington State, USA, where around 977 tons of supercritical CO2

was injected into deep basalt formations in the Columbia River. Subsequent analysis con-
firmed the formation of carbonate minerals, validating the potential for geological storage
in these settings [67]. Therefore, the in situ technique can offer large storage potential
and permanent sequestration using existing subsurface engineering techniques. However,
their implementation is limited by the availability of suitable geological formations and
uncertainties around scaling up to a gigaton level, as well as slow reaction time [68,69]. In
contrast, ex situ mineralization is less mature (lower TRL) but is attracting more research
and commercial interest. This technique provides better process control compared to in
situ mineralization and produces valuable carbonates as a byproduct that can be used
in cement, construction materials, pH reducers, and manufacturing paint and paper [53].
Despite higher cost and energy demand, ex situ mineralization is drawing attention due to
flexibility, integration with industrial processes, and potential for value-added products.
Moreover, this process allows for easier measurement and verification of CO2 removal,
which is valuable for carbon markets and regulatory frameworks [70].

3. Ex Situ Carbon Mineralization
Ex situ carbon mineralization involves the surface mineralization of CO2 using a wide

variety of feedstocks, including natural minerals (e.g., basalts, olivine, serpentinite, and
wollastonite) or industrial solid waste (e.g., steel slags, cement waste, mining waste, coal
ash, and paper) in controlled reactors [64]. As indicated in Figure 2, there are various
approaches for ex situ carbon mineralization based on the potential solid feedstocks (nat-
ural minerals and industrial wastes), mineralization pathways (direct and indirect), and
carbonation reaction (solid–gas or dry, and aqueous or wet).

3.1. Potential Solid Feedstocks
3.1.1. Natural Mineral

Natural minerals are valuable feedstocks for CO2 mineralization, as they can be ap-
plied for both in situ and ex situ processes [71]. While these feedstocks are mainly used
for in situ mineralization, the high content of mineral species in industrial waste has also
made them applicable to ex situ mineralization [56]. Natural minerals can be categorized
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into two groups: magnesium-based feedstocks, containing a high Mg content (e.g., ser-
pentine and olivine), and calcium-based feedstocks, which have a high Ca content (e.g.,
wollastonite). These minerals have been frequently assessed for carbon mineralization
due to their chemical characteristics and CO2 reactivity [72,73]. Olivine is one of the most
magnesium-rich reactive silicate minerals, with the general chemical formula Mg2SiO4.
Olivine has been widely explored for CO2 sequestration due to its high magnesium content,
with high reactivity with CO2, resulting in rapid kinetics to form stable magnesium car-
bonate like magnesite (MgCO3) [74]. Serpentine is a group of hydrated magnesium silicate
minerals and has the general chemical formula Mg3(Si2O5)(OH)4 [75]. Serpentine has been
the focus of significant studies due to its high magnesium content and its availability as a
main component of different mine tailings and industrial wastes [75–77]. Wollastonite is
one of the most calcium-rich silicate minerals and has the chemical formula CaSiO3. The
high calcium content of wollastonite makes it a practically valuable feedstock for carbon
mineralization [78].

Figure 2. The classification of ex situ carbon mineralization.

3.1.2. Industrial Solid Waste

The global industry generates a significant amount of solid waste annually. The use
of alkaline solid wastes as potential feedstocks for carbon mineralization has been rapidly
adopted due to their high reactivity and availability near industrial sites [79–81]. A study by
Pan et al. [82] revealed that China leads globally in CO2 reduction through mineralization
using industrial solid wastes, at 132.2 MtCO2 annually; followed by Canada, with 29.4; and
the United States, with 27.0 MtCO2 (Figure 3).

Figure 3. Global direct CO2 reduction amounts due to mineralization (adapted from [82]).
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Certain types of industrial alkaline solid waste, such as iron and steel slag [83–86],
fly ash [87–91], cement [92–95], waste gypsum [96–98], and mine tailings [99–103], can
be utilized in CO2 mineralization technology. The high concentrations of CaO and MgO
in these waste residues contribute to their reactivity for mineralization. Additionally, as
these wastes are produced by industrial processes, they are often located close to CO2

emission sources. This proximity offers significant potential for the efficient large-scale
mineralization of CO2 using industrial alkaline solid waste [64]. Figure 4 indicates the
potential contribution of different industrial solid wastes to CO2 emission reduction around
the world. As can be seen in Figure 4a, the data reveal that CO2 mineral carbonation of
industrial solid wastes can reduce total CO2 emissions by approximately 310 Mt, with
iron and steel slags being the largest contributor (43.5%), followed by cement wastes,
mining wastes, and coal combustion ashes. Based on Figure 4b, carbon mineralization
using industrial wastes can also contribute to around 3700 Mt of CO2 emission reduction
indirectly by using carbonated products instead of conventional carbon-intensive materials
and eliminating emissions associated with their production [82]. Carbonated cement
wastes contribute the most to CO2 emissions reduction indirectly, accounting for a 55.7%
reduction (about 2 billion tons of CO2 emissions). Carbonated coal combustion products,
iron and steel slags, and mining wastes also significantly contribute to indirect CO2 emission
reduction [82].

Figure 4. CO2 emission reduction via (a) ex situ mineralization and (b) carbonated product utilization
(adapted from [82]).

Therefore, iron/steel slags, cement wastes, and mining wastes are the most representa-
tive industrial solid wastes used for direct CO2 reduction via carbon mineralization due to
their high alkali contents and reactivity, which will be discussed thoroughly in Section 5.

3.2. Mineralization Pathways

Ex situ CO2 mineralization can be divided into direct and indirect approaches based
on different process pathways. Direct carbonation offers a single-step reaction of CO2

with calcium or magnesium-rich materials to form high-stability carbonates [57]. This
technique is the simplest approach to CO2 mineralization, utilizing different feedstocks to
facilitate reactions [104]. The main challenge of this method is slow reaction rates, leading
to lower efficiency carbonation, which can be improved through different pretreatment
strategies, known as mineral activation [64]. This process primarily involves mechanical
activation, such as the initial crushing and grinding of raw mineral materials for particle
size reduction. This step increases the surface area of the minerals, thereby enhancing
their reactivity [105]. Another pretreatment method is thermal activation/treatment via
increasing the temperature. Higher temperatures increase mineral surface reactivity to
facilitate ion extraction, especially for less reactive feedstocks like serpentine [64]. Higher
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temperatures for the dissolution process (metal extraction) and higher pressure during the
carbonation process can significantly accelerate reaction rates while resulting in higher en-
ergy costs [106]. In addition, adding chemicals can enhance the dissolution of minerals via
metal extraction and facilitate the carbonation reaction. However, it is more often associated
with indirect mineralization [107]. The indirect carbonation process offers a more efficient
approach by dividing the process into two steps, including ion extraction from minerals
using a chemical solvent (acids or ammonium salts), followed by carbonate formation in a
controlled pH swing reactor to facilitate the carbonation reaction [64]. Figure 5 indicates a
simple schematic of carbon mineralization through direct and indirect pathways.

Figure 5. Simple schematic of (a) direct and (b) indirect carbon mineralization routes [108].

The reactions in both direct and indirect carbonation can be conducted through gas–
solid carbonation, referred to as the dry process, and aqueous carbonation, also known as
the wet process. Mineralization through gas–solid (dry) carbonation involves the reaction
of CO2 with minerals (calcium or magnesium) in the absence of water or with minimal
moisture to form carbonates. Compared to the aqueous (wet) process, this method is more
straightforward, as it bypasses the need for a liquid medium. However, the reaction rate in
gas–solid carbonation is generally slower under natural conditions because the absence of
a liquid medium reduces mineral reactivity. Higher temperature and pressure are typically
required to enhance the reactivity of feedstocks, leading to a higher operational cost [53,64].

In the direct aqueous carbonation method, CO2 is dissolved in water, resulting in the
formation of weak carbonic acid (H2CO3). This acid solution dissociates into hydrogen ions
(H+) and bicarbonate ions (HCO3

−) and gradually dissolves minerals [109]. The hydrogen
ions facilitate the extraction of Ca and Mg ions from feedstocks, while the bicarbonate
ions react with these extracted ions, resulting in the precipitation of carbonates [110]. This
method leverages the solubility of CO2 in water to facilitate the reaction. In contrast,
indirect aqueous carbonation involves a two-step approach with stepwise pH adjustments.
In the first step, target metal ions (Ca2+ or Mg2+) are selectively extracted from natural
minerals using specific extractants, including acids (e.g., HCl, HNO3, or acetic acid) and
salts (e.g., magnesium chloride hydrates and ammonium salts), before the carbonation
step [53]. Then, in the subsequent carbonation step, alkaline chemicals are introduced to
facilitate the formation of carbonates [56,111]. This approach not only enhances carbonation
efficiency but also yields high-purity byproducts, making it a highly effective method for
CO2 mineralization [11]. Tables 3 and 4 provide a summary of different ex situ carbon
mineralization mechanisms and their advantages and challenges, respectively.
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Table 3. The mechanisms of various ex situ carbon mineralization routes.

Carbonation Methods Process/Mechanisms

Direct dry Direct reaction of gaseous CO2 with solid feedstocks at high temperature and
pressure to form carbonates in one step

Indirect dry
Involves two-step process:
1. Dissolution or extraction of metal ions from feedstocks using chemical agents;
2. Carbonation of the extracted ions with CO2

Direct wet Both feedstocks and CO2 dissolve in water; the extracted ions in aqueous
solution react with dissolved CO2 to form carbonates in a single reactor

Indirect wet

Involves two-step process:
1. Dissolve minerals in water or acidic/basic solvents to release ions;
2. Reaction of the dissolved ions with dissolved CO2 (or carbonate ions) to form
carbonates

Table 4. Advantages and challenges of different carbon mineralization processes.

Carbonation
Methods Advantages Challenges

Direct • Simple one-stage process, low chemical inputs [112]

• Slow reaction kinetics;
• Requires pretreatment stage such as grinding or

thermal activation;
• High energy demand [112,113]

Indirect

• Fast reaction rates due to using chemicals [114];
• High carbonation efficiency, achieving high purity

byproduct [11];
• Low energy demand

• More complex with additional step for using solvents
or additives;

• Complex waste management involving solvent
recycling [115]

Dry • No aqueous effluent, easier waste management [116]
• Slow reaction kinetics, leading to high energy

consumption (e.g., high temperature and pressure)
[113]

Wet • Fast reaction rates due to better ion mobility in
water/solvent solution [64]

• Complex waste management involving liquid
byproducts [58]

Without considering the application of mineral products, carbonation via the solid–gas
reaction (dry mineralization) exhibits the slowest rate kinetics, which can be enhanced
through energy-intensive pretreatments. These pretreatment strategies make the dry min-
eralization technique less favorable for large-scale applications due to higher operational
costs. In contrast, aqueous or wet mineralization is more scalable due to faster reaction
rates [64]. Water serves as a medium for dissolving CO2 and minerals in ionic forms,
leading to better ion mobility in aqueous solutions. Faster mineralization by enhancing
the rate kinetics results in cost-effective chemical processes. The application of the dry ap-
proach is primarily limited to highly reactive feedstocks (such as industrial alkaline wastes).
Meanwhile, adding chemicals in the indirect wet mineralization method improves reaction
rates, making it suitable for even less reactive feedstocks (e.g., serpentine). Moreover,
separating dissolution and carbonation steps in an indirect wet approach leads to pure and
high-value carbonate production [64]. The selection of effective leaching agents, including
acid and/or ammonia salts to rapidly extract metals (Ca2+ and Mg2+) from minerals, is
crucial to enhance the efficiency of carbon mineralization [58].

4. Carbon Mineralization Rate and Factors Affecting
The mineralization efficiency of CO2 is not only affected by CO2 availability and the

richness of Ca and Mg ions in feedstocks but also depends on the reaction rates and the
kinetics of dissolution and precipitation [52]. The dissolution rate is the rate of releasing
Ca2+ or Mg2+ ions from the minerals, which is the slowest, rate-limiting step, while the
precipitation rate is related to the formation of carbonates (CaCO3, MgCO3) [11,53]. Studies
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have verified that the dissolution of minerals is a key and dynamic factor in controlling the
carbonation process [11].

The reaction rate (R%) and the carbonation rate (C%), indicating carbonation potential
and CO2 sequestration efficiency, can be calculated using the following equations:

R(%) =
change in carbonation potential (%)

change in time
(5)

C(%) =
xCO2

A(1 − xCO2)
(6)

in which xCO2 represents the weight percent of CO2 within the solid carbonate, and A is
the percent weight added if all the available ions convert to carbonates [74].

In addition to the carbonation pathways, the reaction rate is significantly influenced by
the operational factors, which will be discussed in the following section. All these effective
factors need to be optimized to balance carbonation efficiency with the economic feasibility
for practical application [117,118].

4.1. Mineral Properties and Particle Size

The physical and chemical properties of minerals play a critical role in reaction rates,
particularly the dissolution of Ca2+ and Mg2+ ions [119]. The activation energies of some
minerals are so high that they require energy-intensive pretreatment, such as grinding
or crushing, to increase the specific surface area of the minerals. Destroying the mineral
structures into smaller particles (particularly those below 100 µm), which is also known as
mechanical activation, increases the activity of materials and the carbonation rate signifi-
cantly by providing more active sites to interact with CO2 [120]. For instance, fine grinding
of feedstocks (as small as 48 µm) indicated more than three times the fraction of alkaline
elements compared to feedstocks with a particle size between 150 and 300 µm [116]. How-
ever, achieving these fine particle size comes with practical limitations. Grinding materials
below 38 µm can increase energy consumption by approximately 30% [121]. Moreover,
particles smaller than 10 µm may pose operational challenges, such as aggregation and
difficulties in handling within reactors [122]. Therefore, there is a trade-off between max-
imizing reactivity and considering energy and process costs, with optimal particle size
ranges typically between 38 and 100 µm for industrial waste [116] and 10 and 100 µm for
mine tailings [123].

4.2. Temperature

Increasing temperature enhances the kinetic of carbon mineralization by increasing the
dissolution of Ca2+ and Mg2+ ions via improving the solubility of minerals in the aqueous
solution, as expressed by Equation (7) [124,125]. Moreover, higher temperatures promote
precipitation behavior through the formation of reactive carbonate species (HCO3

− and
CO3

2−), which are crucial for forming solid carbonates (CaCO3 and MgCO3), enabling the
system to proceed more quickly [51].

kT = k0exp
�
− Ea

RT

�
(7)

where kT is the temperature-dependent dissolution rate constant, k0 represents the inde-
pendent rate constant; Ea is the activation energy, R is the universal gas constant, and T
is temperature.
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On the other hand, elevated temperatures reduce CO2 solubility in water, limiting car-
bonate formation. Therefore, high temperatures often require compensating with increased
pressure to offset reduced CO2 solubility, which escalates energy demands and complicates
industrial scalability [51]. However, in gas–solid (dry) carbonation, the temperature en-
hances reaction kinetics without solubility constraints, but excessive heat triggers carbonate
decomposition [126]. Based on the literature, the optimal temperature of 150–200 ◦C was
recommended for the direct carbonation of minerals [126]. Meanwhile, the temperature of
25–80 ◦C was suggested for balancing cation dissolution and CO2 solubility for carbonation
using industrial waste, since waste heat can be utilized for energy-efficient processing [127].
Overall, due to the complex effect of temperature, enhancing mineral reactivity while
hindering CO2 solubility, specific optimization is needed based on feedstock reactivity,
CO2 pressure, and carbonation pathways to balance reaction efficiency with energy costs,
particularly for practical applications [58].

4.3. Pressure

Pressure significantly influences the kinetic and efficiency of carbon mineralization
by enhancing both CO2 dissolution (the solubility of CO2 in an aqueous solution) based
on Henry’s law (Equation (8)) and the subsequent carbonation reactions [128]. Elevated
pressure can shift the equilibrium toward solid formation, promoting the precipitation of
stable carbonates by reducing the energy barrier for precipitation [58]. This leads to faster
carbonation rates and higher efficiency.

PCO2 = H ∗ CCO2 (8)

where PCO2 is the partial pressure of CO2, H represents Henry’s constant, and CCO2 is the
CO2 concentration dissolved in an aqueous solution. The linear relationship between the
carbonation rate and CO2 pressure has been demonstrated in many studies [129–131]. Based
on the literature, mineral carbonation using industrial waste is typically most effective
at a CO2 pressure ranging from 0.1 to 2 MPa (1–20 bar) [72,132,133]. For mining waste,
higher pressure, often more than 5 MPa (50 bar), is applied to achieve rapid carbonation,
especially when combined with an elevated temperature [126]. However, using a high
pressure also raises the energy demand and operational costs. Therefore, balancing these
factors is critical for scalable applications [105,134].

4.4. pH Value

In carbonation, the pH value has an important influence on both the mineral dissolu-
tion rate and the precipitation rate. A critical aspect of the indirect mineralization process
is the step-by-step pH adjustment, known as the pH swing technique [58,135]. This adjust-
ment is necessary because the extraction of Ca2+ and Mg2+ occurs under acidic conditions
(pH~2–5), while carbonate precipitation requires alkaline conditions (pH~8–12) [69,136].
As the pH value of the solution gradually declines by progressing the reactions, adding
alkaline materials such as NaOH and NaHCO3 is required to facilitate carbonate forma-
tion [137]. This pH adjustment through adding acid and/or ammonium salt is considered
as the activation method in indirect mineralization process, leading to a greater carbonation
reaction compared to direct mineralization. Various types of acids and ammonium salts
have been utilized for indirect carbon mineralization (Table 5).
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Table 5. Application of different types of acids and ammonium salts in indirect mineralization.

Leaching
Agents

Chemical
Formula Effectiveness Regeneration Potential Remarks Ref.

Hydrochloric
Acid HCl

Extremely
effective for Ca and
Mg extraction from
silicates and slags.

Low, requires external
energy (e.g.,
electrodialysis).

Corrosive and generates waste,
making it less
sustainable.

[138,139]

Sulfuric Acid H2SO4

Highly effective for
Ca and Mg extraction
but limited by
gypsum formation.

Moderate; regeneration is
energy-
intensive.

Suitable for industrial
carbonation application but
generates sulfate waste.

[140,141]

Nitric Acid HNO3

Highly effective for
Ca, Mg, and metal
extraction from slag.

Moderate; energy-intensive
regeneration required;
nitrate waste limits
sustainability.

Strong oxidizing agent, effective
for combined carbonation and
metal recovery processes.

[142–144]

Acetic Acid CH3COOH

Moderate;
effective for calcium
extraction under mild
conditions.

High;
recyclable via precipitation
and separation.

Less corrosive,
reduces energy consumption,
and produces high-purity
carbonates.

[142–144]

Ammonium
Bisulfate (NH4) HSO4

Initially high;
gypsum formation
limits free Ca
concentration during
leaching.

High; regenerable via thermal
decomposition of ammonium
sulfate ((NH4)2SO4)

Suitable for selective leaching
but may require
optimization to avoid gypsum
byproduct.

[145,146]

Ammonium
Chloride NH4Cl Effective for Ca

extraction.

High;
regenerated by CO2 and
weak acids.

Produces pure
calcium carbonate without
impurities; widely
applied.

[144,145,147,148]

Ammonium
Bicarbonate NH4HCO3

Moderate;
effective under
specific
Mg: NH4 ratios

High;
regenerated by reacting CO2
with NH3.

Acts as both a leaching agent
and CO2 source, simplifying the
carbonation process.

[71,149]

Ammonium
Nitrate NH4NO3

Effective for Ca
leaching and
CO2 absorption.

Limited data on
regeneration
efficiency.

Nitrate waste management is a
challenge, making it less
eco-friendly compared to fully
recyclable ammonium salts.

[150,151]

Ammonium
Hydroxide NH4OH

Moderate;
effective for Mg-rich
silicates and
industrial residues.

High;
regenerated via CO2 and
NH3 reactions.

Non-corrosive,
environmentally friendly, and
supports selective carbonate
precipitation.

[152,153]

Ammonium
Acetate CH3COONH4

High; selective for Ca
extraction.

High;
recyclable via CO2 and NH3
regeneration.

Produces
high-purity carbonate with
minimal impurities.

[150,151]

Generally, ammonium salts are promising due to their advantages, including (i) a high
regeneration potential (up to 95%), and reducing waste and cost [145]; (ii) their mild acidity
reduces corrosion and secondary waste generation [149]; and (iii) their ability to produce
pure carbonate due to their high selectivity for calcium over impurities [121]. Strong acids
such as HCl, H2SO4, and HNO3 are highly effective for Ca and Mg extraction but less
sustainable due to regeneration challenges and waste generation [116,154]. Milder acidity
of acetic acid, as an organic acid, reduces corrosion and waste generation compared to
strong acids; however, it may not perform as well with magnesium-rich feedstocks [145].

4.5. Reaction Time

Reaction time is a key factor in carbon mineralization, determining the extent of the
reaction and the conversion efficiency. As discussed earlier, the biggest challenge of direct
mineralization is reaction time limitations due to being a single-step reaction [155]. Both
longer reaction times and higher stirring rates promote carbonation kinetics through the de-
formation of the crystal morphology of minerals, resulting in particle size reductions [116].
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While the initial reaction rate is high, it slows significantly over time due to the formation
of passivation layers, such as dense carbonate coatings, which hinder the further diffusion
of CO2 to reactive sites. This results in incomplete carbonation and requires extended
reaction times or intensive conditions (e.g., high temperature and pressure) to achieve a
higher conversion rate [156]. In contrast, indirect mineralization overcomes the reaction
time limitation by separating dissolution and carbonation steps. A longer reaction time
during the dissolution phase improves metal extraction from feedstocks and, subsequently,
carbonation efficiency [157]. Generally, a longer reaction time increases the release of Ca2+

and Mg2+ ions from feedstocks, leading to a greater CO2 sequestration capacity for all
types of feedstocks [158–160]. However, the effect decreases over time, meaning that there
is an optimum reaction time. The ideal reaction time depends on the feedstock, reaction
conditions (e.g., temperature, pressure, and pH), and the reactor system [161]. For instance,
highly reactive materials, such as industrial alkaline waste, need a shorter reaction time
(minutes to hours) under optimized conditions, whereas less reactive materials, such as
natural silicates (olivine and serpentine), require extended durations (days to years) to
achieve significant carbonation efficiency [58].

4.6. Liquid/Solid Ratio

The liquid to solid (L/S) ratio has been considered an important factor affecting the
carbonation reaction. A low L/S ratio enhances the carbonation rates of Ca2+ and Mg2+

ions by increasing the availability of the reactive surface area relative to the liquid phase.
However, a lower ratio may cause poor mixing and CO2 mass transfer due to increasing the
viscosity of the solution, hindering the carbonation process [47]. Conversely, a higher L/S
ratio improves mixing and CO2 dissolution but requires more water, raising the operational
cost and energy demands for handling and recycling water. Moreover, excessively high
L/S ratios can also act as a mass transfer barrier, and the low concentration of solids may
lead to slower carbonation rates. Therefore, an optimal L/S ratio is required to balance ion
availability with effective mixing to achieve the highest carbonation efficiency [58]. Based
on the literature, the ideal range of L/S ratio for carbonation is generally between 10 and
20 mL/g [156,162,163], depending on the other parameters, such as temperature, pressure,
feedstock reactivity, and economic feasibility.

Table 6 summarizes the effect of each factor on the carbonation reaction rate and its
optimal ranges, considering different feedstocks.

Table 6. Factors affecting carbon mineralization rate.

Factors Impacts on the Reaction Rate Optimal Ranges

Particle size Smaller particles → Higher specific
surface area → More active sites → Higher reaction rate

38–100 µm for industrial waste [116],
10–100 µm for mine tailings [123].

Temperature
Higher temperature → Greater
solubility of minerals in the aqueous
solution → Higher dissolution of Ca2+ and Mg2+ ions → Higher reaction rate

25–80 ◦C for industrial waste [127],
150–200 ◦C for minerals [69,126].

CO2 pressure
Higher CO2 pressure → Greater
solubility of CO2 in aqueous solution
→ Higher reaction rate

1–20 bar for industrial waste [72,132,133], >50
bar for mining wastes [126].

pH Value

Low pH Value → Ca2+ and Mg2+

extraction
High pH Value → Carbonate
precipitation

2–5 for mineral dissolution,
8–12 for carbonation [69,136].

Reaction time Higher reaction time → Higher
dissolution of Ca2+ and Mg2+ ions → Higher reaction rate

Minutes to hours for industrial waste under
optimized conditions and days to years for
natural silicates [58].

S/L ratio Higher S/L ratio → Greater availability of reactive surface area relative to the
liquid phase → Higher reaction rate 10–20 mL/g [156,162,163].
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4.7. Reactor Design

In addition to all above-mentioned variables, reactor design critically influences the ef-
ficiency and scalability of ex situ carbon mineralization processes by controlling parameters
such as temperature, pressure, reactant contact, and residence time.

Multi-stage reactor systems, such as Continuous Stirred-Tank Reactors (CSTRs) con-
figured in series, enhance conversion rates by maintaining optimal conditions for mineral
dissolution and carbonate precipitation. For example, Gomes et al. [164] indicated a configu-
ration using two extraction and six carbonation reactors achieved 95% reaction efficiency by
balancing capital costs and process intensity. Elevated temperatures (e.g., 150 ◦C) and CO2

pressures (10 bar) in pressurized reactors accelerate kinetics but increase energy demands,
requiring trade-offs between reaction speed and operational costs [164]. Reactor designs
that integrate grinding mechanisms or pre-treated mineral feedstocks (e.g., heat-activated
serpentine) improve the surface area and reactive site accessibility, addressing slow dif-
fusion limitations inherent in silicate mineral carbonation [165]. However, single-reactor
systems face challenges in achieving complete conversion due to the limited residence time
and mixing efficiency, underscoring the importance of staged configurations [164]. More
advanced reactors, such as fixed beds, fluidized beds, and rotating packed beds, enhance
reaction rates through continuous CO2 flow, particle abrasion, and heat recovery [166–168].
Fluidized beds outperform fixed beds by mitigating passivation layers via the continu-
ous abrasion of surface layers and enabling energy reuse [169]. Moreover, fluidized beds
provide superior mass transfer compared to fixed beds [170]. Rotating packed beds show
promise for carbonation conversion compared to traditional reactors due to utilizing high
centrifugal forces to significantly boost gas–liquid mass transfer efficiency [171].

Other advanced configurations, like the gravity pressure vessel (GPV), leverage the
hydrostatic pressure (up to 150 bar) and integrated heat recovery to accelerate mineral
carbonation while reducing energy demands, achieving >16% conversion for olivine at
120 bar and 185 ◦C [172]. Similarly, impinging-type reactors enhance gas–particle contact
through computational fluid dynamics, optimizing inlets, prolonging dwell times, and
boosting CO2 uptake in fly ash systems by 30–50% compared to conventional designs [173].
Lab-scale rocking autoclaves simulate GPV conditions, revealing that finer particle sizes
(<20 µm) and higher pressures (>60 bar) double Mg leaching rates from ultramafic minerals
like serpentine [172,174]. These designs prioritize turbulent mixing, heat integration, and
phase separation to balance kinetics with energy costs, demonstrating that tailored reactor
geometries and operational parameters are pivotal for scalable carbon sequestration [175].
Despite these innovations, scalability remains constrained by high energy costs and the
need for large reactor volumes.

5. Carbon Mineralization Using Different Alkaline Solid Wastes
Among potential feedstocks for carbon mineralization, industrial solid wastes and

mine tailings have been widely evaluated compared to natural minerals. Carbon miner-
alization using natural minerals is an energy-intensive process with some environmental
issues [176]. Meanwhile, the carbonation of industrial wastes is more economical compared
to natural minerals due to reduced mining and transportation expenses. Moreover, the
higher reactivity and availability of alkaline wastes make them more suitable feedstock for
CO2 mineralization [177]. Alkaline solid waste mineralization offers various advantages,
such as lower energy consumption, a higher reaction rate, and higher carbonation efficiency
compared to natural minerals [79]. More importantly, carbon mineralization using waste
residues is not only beneficial for CO2 emission reduction but also can be considered as
a waste management strategy. This strategy aligns well with circular economy principles
by utilizing waste materials that would otherwise be discarded. It produces value-added
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products for new construction, thereby reducing the need for virgin raw materials [178]. As
indicated earlier in Figure 4, among different alkaline solid wastes, iron and steelmaking
slag, cement wastes, and mine tailings contribute greatly to CO2 reduction. In this section,
we discuss the potential of these alkaline solid wastes through different carbonation routes
under various conditions.

5.1. Iron/Steel Slags

The iron and steelmaking process is a complex, integrated sequence that trans-
forms raw materials into high-quality steel products through chemical reactions, physi-
cal transformations, and metallurgical processes [179]. This process generates different
byproducts, including slag, which is produced during both ironmaking and steelmaking
stages [180]. Figure 6 indicates a schematic illustration of slag generation during iron and
steelmaking processes.

Figure 6. Simple schematic of slag generation for iron and steel production [181].

The initial stage is raw material preparation using primary input materials (e.g., iron
ore, coal, and limestone). Then, the ironmaking stage follows as a crucial stage of steel pro-
duction, requiring substantial energy input and generating significant CO2 emissions [181].
The main ironmaking process is transforming iron ore and other primary materials into
molten iron (commonly referred to as hot metal) in blast furnace (BF) operations. Then, the
obtained hot metals proceed to the steel refining stage through a basic oxygen furnace (BOF)
or electric arc furnace (EAF), where impurities are removed, and the chemical composition
is adjusted to create high-quality steel [105]. A ladle furnace (LF) is a critical processing
unit used to refine the chemical composition of steel and remove impurities. During these
stages, different byproducts, such as slag, sludge, dust, and gases, are generated. Slag
is a significant byproduct of steelmaking processes, with an average amount of several
hundred kilograms of slag generated per metric ton of steel production [182]. The amount
of slag produced depends on different factors, such as the raw materials’ compositions
and the specific steelmaking stages. Based on the literature, the global production of
slag in 2022 reached 330–390 million tons through ironmaking and 190–290 million tons
through steelmaking processes [112]. Myers et al. [182] estimated that between 2020 and
2100, the potential of slag-based CO2 mineralization in cumulative CO2 reduction is likely
26.4–41.9 gigatons CO2.

Researchers have investigated the potential of different slag types, including BF, BOF,
EAF, and LF, as feedstocks for carbon mineralization due to their large quantity and highly
alkaline contents. Table 7 indicates the composition of different types of slags. Accordingly,
slag contains CaO and MgO contents of around 30–60% and 3–15%, respectively, along
with silicate (SiO2), aluminates (Al2O3), ferrites (Fe2O3), and various trace minerals [105].
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Table 7. Chemical composition of different types of slags (wt%).

Slags CaO MgO SiO2 Al2O3 Fe2O3 SO3 MnO Ref.

BF 42.5 4.81 31.9 13 0.34 3.99 _ [183]
42.81 4.06 31.67 7.68 2.76 6.35 0.84 [184]

BOF 41.5 6.2 15.0 4.1 22.5 0.1 _ [185]
46.7 6.3 14.8 5.5 18.4 _ 2.8 [186]
38.6 7.7 15.5 5.4 25.5 0.2 1.9 [187]

EAF 30.0 ± 1 6.0 ± 0.4 10.9 ± 0.5 6.7 ± 0.4 38.0 ± 1 0.3 ± 0.1 _ [127]
23.0 ± 1 6.2 ± 0.4 12.4 ± 0.5 7.9 ± 0.4 44.0 ± 1 0.4 ± 0.1 _
25.0 ± 1 6.2 ± 0.4 27.0 ± 1 2.2 ± 0.2 30.0 ± 1 0.2 ± 0.1 _
29.5 4.3 5.7 5.2 48.5 _ _ [188]

LF 51.5 11.3 28.3 1.2 _ _ _ [189]
50.06 7.09 23.75 6.13 8.30 1.70 1.86 [184]

The chemical and mineral variability among slags leads to differences in their CO2

sequestration capacities. For instance, Elyasi Gomari et al. [184] compared the potential
of BF and LF slags for carbon sequestration and found that LF slag achieves a higher
CO2 capture efficiency than BF due to higher CaO and MgO contents. Moreover, Yu and
Wang [190] found that EAF slag outperforms BOF slag in reactivity and CO2 storage, as
the reaction rate of EAF is faster than BOF slag. In addition to the chemical composition,
the reaction route and operational conditions also affect the carbonation efficiency. Table 8
provides a comprehensive overview of the carbon mineralization potential using various
iron and steel slags through aqueous (wet) carbonation, gas–solid (dry) carbonation, and
indirect carbonation under a wide range of process conditions.

Table 8. Carbon mineralization using different types of slag.

CM Route Slag
Type Reagent Particle Size

(µm)

CO2
Pressure
(MPa)

Temperature
(◦C) Time L/S Ratio Efficiency Ref.

Direct
Aqueous

BF NaOH <35 0.15 25 6 h _ CCa = 28% [191]
BF _ <10 3 50 48 h 2:1–3:1 ~70 kg CO2/tslag [183]
BF NaCl <75 3 150 4 h 10:1 280 kgCO2/tslag [158]
EAF _ ~24 1.1 Ambient 10 min 10:1 CCa = 21% [192]
EAF Water <150 1 100 24 h 5 mL/g 280 kgCO2/tslag [193]
EAF Distilled water <63 1.5 Ambient 3 h 5:1 58.4 kgCO2/tslag [194]
BOF Water 25–37 0.1 90 240 h _ CCa = 70% [195]
BOF Water <500 _ 100 24 h 5 g/g 410 kgCO2/tslag [196]
BOF CRW <62 0.1 25 1 min 20 mL/g 83.8 kgCO2/tslag [197]
BOF CRW <45 Ambient Ambient 8.5 min 20 mL/g 195 kgCO2/tslag [198]

BOF CRW <44 0.1 Ambient 2 h 20:1 283 kgCO2/tslag
CCa = 89.4% [199]

BOF Seawater _ 0.1 30 _ _ CCa > 95% [200]
LF _ 39.4 0.3 55 24 h 0.18 mL/g 17 kgCO2/tslag [201]

Direct
gas–solid

SS _ <74 0.1 600 1 h _ 88.5 kgCO2/tslag [202]
EAF Deionized water 38–106 0.1 20 24 h _ 17.4 kgCO2/tslag [203]

Indirect

BF

NH4NO3
NH4Cl
CH3COONH4
(NH4)2SO4

_ 0.1 30 1 h 100 mL/g

ECa = 49.76%
ECa = 49.67%
ECa = 59.59%
ECa = 34.72%

[204]

BF CH3COOH/EDTA <74 0.1 25 10 min _ 90 kgCO2/tslag [205]
BF Aqua Regia <74 0.1 70 2 h 20 vol% ECa = 100% [206]
BF NH4HSO4 <150 _ 50 30 min 0.94 263 kgCO2/tslag [207]

EAF NH4Cl 74~97 _ 60 _ _ ECa = 55%
CCa = 100% [154]

BOF
NH4Cl
CH3COOH
HCl

<63 0.1 80 1 h _
ECa = 60%
ECa = 81.7%
ECa = 91%

[208]

BOF
NH4NO3
NH4Cl
CH3COOH

125~250 _ Ambient 1 h 5 mL/g ECa~55% [209]

BOF NH4Cl 0–50 _ 25 30 min 10 mL/g ECa = 50% [210]
BOF NH4HSO4 75~150 _ 90 3 h 20 mL/g EMg = 85% [146]
BOF NH4Cl 38~250 1 60 1 h 10:1 211 kgCO2/tslag [211]

CCa = carbonation efficiency of calcium: the percentage of calcium in the slag converted into carbonates.
ECa = extraction efficiency of calcium: the percentage of calcium dissolved in the solution. SS = steel slag.
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As summarized in Table 8, limited studies have used direct gas–solid carbonation
due to the low carbonation efficiency. Moon and Choi [135] reported that the CO2 storage
capacity of AOD slag was only 18% at ambient temperature and pressure during 28 days
of gas–solid carbonation reaction. To overcome this challenge, the gas–solid carbonation
process needs to be carried out at high temperatures or pressures. For instance, Tian
et al. [202] demonstrated that steel slag carbonation at a high temperature of 600 ◦C
resulted in a higher carbonation conversion rate of 49.5–55.5% and CO2 storage capacity
of 88.5 kg CO2/ton of slag. Yu and Wang [190] also confirmed that higher temperature
(500 ◦C) could result in the higher Ca utilization of BOF and EAF slags. However, at a
temperature of 550 ◦C, the Ca utilization is reduced, depending on the CO2 concentration.
Therefore, direct gas–solid carbonation is not a suitable approach due to the slow reaction
kinetics and gas diffusion, thereby limiting carbonation efficiency. In contrast, the direct
aqueous approach has been widely applied for carbonation, as the presence of water leads
to higher carbonation efficiency [212]. However, the slow kinetics remain a significant
challenge of this technique, which can be improved by increasing the reaction time to
1 [193] or even 10 days [195] using a higher temperature of 100 ◦C [193] to 500 ◦C [190] or a
higher CO2 pressure of 3 MPa [183], which resulted in higher operational costs.

Another approach for increasing carbonation efficiency using a direct aqueous route is
enhancing the solubility of CO2 in the suspension via the introduction of salts, which impacts
the CO2 concentration in the solution and changes the solution acidity [200]. To this end, Ren
et al. [158] investigated the direct CO2 mineralization of BF slag by using saline solutions to
enhance the reaction. Their study indicated that the CO2 mineralization capacity increased
to 96.44 kg CO2/ton of slag by adding 1 mol/L NaCl, which is about 2.5 times more than
the non-NaCl solution (37.59 kgCO2/ton of slag). Moreover, the NaCl solution resulted in a
higher carbonation efficiency compared to the other saline solutions. The CO2 sequestration
capacity reached 280 kg CO2/ton of slag by increasing the reaction time to 24 h [158]. In
another study, Pan et al. [197] introduced an appealing process by incorporating BOF slag
with cold rolling wastewater (CRW), which is produced in large volumes in steelmaking
industries. They found that the high alkalinity of CRW (pH > 11) made it desirable for
carbonation reactions. Moreover, CRW contains different inorganic ionic species, improving
the dissolution of minerals and consequently increasing the carbonation conversion of BOF
slag (83.8 kg CO2/ton of slag) [197]. In the other study, Pan et al. [198] achieved a greater
carbonation efficiency (195 kg CO2/ton of slag) by increasing the reaction time to 8.5 min
and using a smaller size of particles (<45 µm) [198]. They reported that the acceleration
leaching/dissolution behavior of Ca ions from BOF slag into a solution is attributed to (i)
using a smaller particle size and (ii) the presence of a high concentration of Na+ and Cl− in
CRW. Chang et al. [199] also confirmed that the high pH of CRW enhanced the CO2 dissolving
in the solution, thereby increasing the carbonation efficiency to 283 kg CO2/ton of slag [199].

As mentioned earlier, the direct aqueous carbonation resulted in low-purity carbonated
products. To address this issue, the extraction rate of metal ions from feedstocks needs to
be maximized by using extraction agents [54]. Therefore, adding chemical reagents (e.g.,
organic and inorganic acids and/or ammonium salts) has been suggested as the first step of
indirect carbonation to selectively extract ions. Kodama et al. [208] compared three solvents
of NH4Cl, CH3COOH, and HCl for carbonation BOF slag. The results indicated that the
Ca extraction potential ranking was as follows: HCl > CH3COOH > NH4Cl. However,
NH4Cl could offer better Ca selectivity of 99.6%, followed by HCl (90.2%) and CH3COOH
(88%). The reason for this is attributed to the pH of solutions; for instance, the pH of NH4Cl
solution was in the range of Ca extraction (8–10.5), while the pH of HCl and CH3COOH
solutions was in the range of magnesium or manganese extraction (7–7.5) [208].
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Generally, acids are highly effective at extracting metal ions, but they lack selectivity. They
tend to extract multiple metal ions and impurities, which necessitate additional purification
steps. In contrast, ammonium salts are generally less efficient for metal ion extraction, while
offering better selectivity for certain metal ions [72,213,214]. Eloneva et al. [209] investigated
Ca extraction from BOF using ammonium salt solutions, including NH4NO3, CH3COONH4,
and NH4Cl. The results indicated that NH4NO3 resulted in greater Ca dissolution compared
to the CH3COONH4 and NH4Cl, with insignificant differences, which aligns with their
previous study [215]. Owais et al. [210] investigated the effect of NH4Cl molarity and particle
size on Ca extraction from BOF slags. They found that by enhancing the molarity of the
NH4Cl solvent, the Ca extraction rate increased linearly. Sun et al. [211] found that a high
purity of CaCO3 (96 ± 2 wt%) could be achieved through carbonation of BOF slag by adding
NH4Cl as an extraction agent under optimized conditions, with the CO2 capture capacity of
211 kg CO2/t of slag. Dri et al. [146] utilized NH4HSO4 for metal extraction from BOF slag
and achieved 85% Mg extraction after 3 h of reaction at 90 ◦C. Liu et al. [207] obtained the
CO2 capture capacity of 263 kg per ton of BF slag using recyclable NH4HSO4. They achieved
91% Mg and 97% Ca extraction from the BF, which were converted into carbonates, and 76%
ammonium aluminum sulfate was obtained as a high-value-added byproduct with a purity
of 99.6% via crystallization from the leaching solution.

According to the literature, direct aqueous carbonation using NaCl or CRW provides
a simpler and more cost-effective approach, achieving a high CO2 capture capacity. This
method is especially effective for BOF and EAF slags containing a high reactive CaO content.
However, the direct carbonation route can be limited by slower kinetics and less control
over impurities. Conversely, indirect carbonation, involving separate metal extraction and
carbonation steps, provides greater selectivity and carbonate product purity. However,
this technique requires more complex operations and a higher energy input due to the
recovery of reagents. For industrial applications, a balance between operational simplicity
and product purity is crucial. Therefore, direct aqueous carbonation of BOF and EAF slags
using salts or CRW for providing higher ion dissolution is recommended as a cost-effective,
large-scale CO2 capture technique. Meanwhile, indirect routes using ammonium salts and
recyclable reagents are preferable when high-purity carbonate products are desired.

5.2. Cement Waste

Concrete ranks as the second most commonly consumed material globally after water
by society [216]. Cement is a crucial binding material in concrete and is widely used as
a construction material in buildings, infrastructure, and transportation systems world-
wide [217]. Cement manufacturing is a significant contributor to global CO2 emissions,
accounting for around 7% of human-caused CO2 emissions, and has the highest carbon
intensity per unit of revenue among all industries [218]. Major emissions are from limestone
calcination during clinker production, which accounts for 60% of total CO2 emissions [219].
Carbon mineralization using cement wastes is a promising approach for reducing CO2

emissions in the cement and concrete industries. Calcium-bearing phases in cement waste
react with CO2 to form stable carbonate calcite. This process can potentially sequester most
or all of the CO2 that was originally released during cement production [220].

Different types of cement wastes can be used for carbon mineralization, including
cement kiln dust (CKD), cement bypass dust (CBD), recycled cement paste (RCP), and
cement slurry waste (CSW). The effectiveness of carbon mineralization of these feedstocks
depends on factors such as the waste composition, mineralization process, and intended
application of the resulting product. Among these cement wastes, CKD appears to have the
highest efficiency for carbon mineralization due to its high CaO content, fine particles, and
abundance. The amount of CKD generated is estimated to be 15–20% of the total cement
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produced, which means that hundreds of millions of metric tons of CKD can be generated
annually, which is associated with the global production of ordinary Portland cement
(OPC) [221,222]. Therefore, the large volume of CKD generated has led to an increased
focus on its potential application and management strategies in the cement industry [221].
CKD indicates significant potential for CO2 sequestration, with around 48–55 kg CO2 per
ton of CKD [127]. As indicated in Table 9, CKD typically contains 38–50% CaO, making
it a suitable feedstock for carbon mineralization [221,223]. Moreover, the presence of free
lime (unreacted CaO) in CKD is particularly beneficial for CO2 sequestration, as it readily
reacts with CO2 to form stable calcium carbonate [127]. The carbonation of CKD not
only contributes to CO2 emission reduction but also reduces its alkalinity, decreasing the
potential health hazards of CKD exposure, such as skin and eye irritation [224].

Table 9. Chemical composition of different types of cement wastes (wt%).

Cement Wastes CaO MgO SiO2 Al2O3 Fe2O3 SO3 K2O LOI Free Lime Ref.

CKD 38–50 0–2 11–16 3–6 1–4 4–18 3–13 5–25 1–10 [221]
OPC 62–64 1–2.6 20–22 4–5 3–3.6 2.7–3 <1 1 2
OPC 64.5 2.2 19.8 5.2 3.5 2.9 0.2 _ _ [225]
CKD 51.12 1.67 17.10 3.29 3.38 0.29 _ 21.74 _ [226]
CKD 42.7 2.8 13.7 4.6 2.1 0.94 3.4 _ _ [227]
CSW 36.92 1.88 32.84 8.21 6.72 2.81 1.6 8.58 _ [228]

Recycled cement paste (RCP) obtained from demolished concrete structures can also
be utilized for carbon mineralization [220,229]. The carbonation process involves separating
cement paste from aggregates in recycled concrete and exposing the cement paste to CO2

through direct or indirect carbonation. The resulting carbonated products contain calcium
carbonate and amorphous alumina–silica gel. Carbonated cement waste can potentially
be used as a supplementary cementitious material (SCM) in new concrete mixes, further
reducing the carbon footprint of cement production [230]. Life-cycle assessments have
shown that using carbonated cement waste as SCM can significantly reduce the carbon
footprint of concrete production [231]. Moreover, the mineralized product incorporated
into concrete mixes potentially improves certain properties of cement, such as strength
and corrosion resistance [55]. For instance, CarbonCure, a Canadian company, recently
developed a technology to inject CO2 into ready-mix concrete directly to embed CO2 as
fine carbonates. Concrete containing carbon is estimated to indicate 7% higher compressive
strength compared to conventional concrete produced with standard Portland cement [232].

As illustrated in Table 10, various research studies have focused on mineral car-
bonation using cement wastes through direct and indirect approaches under controlled
conditions (temperature, pressure, etc.).

Table 10. Carbon mineralization using different types of cement wastes.

CM Route Cement
Waste Type Reagent Particle Size

(µm)
CO2
Pressure (MPa)

Temperature
(◦C) Time L/S Ratio Efficiency Ref.

Direct
aqueous

CKD _ <106 1.5 Ambient 24 h 1.5 mL/g 48 kgCO2/tCKD [127]
RCP _ <90 0.8 80 15 h _ CCa = 100% [220]
CBD _ <250 0.2 Ambient 72 h _ CCa = 26% [225]
Waste
cement _ <80 0.4 Ambient 0.8 h 1 mL/g CCa =16.5 [233]

Waste
cement _ <100 3.0 ~50 10 min 3.45 wt% CCa > 67% [234]

OPC _ _ 0.3 25 24 h 0.125 mL/g CCa = 22% [235]
OPC _ _ 9.7 59 24 h 0.6 g/g 162 kgCO2/tOPC [236]

Direct
gas–solid

CKD _ 28–46 0.1 Ambient <2 days _ CCa = 75–80% [237]

CSW _ _ 0.01 23 ± 3 144 h =
6 days _ 110 kgCO2/tCSW [228]
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Table 10. Cont.

CM Route Cement
Waste Type Reagent Particle Size

(µm)
CO2
Pressure (MPa)

Temperature
(◦C) Time L/S Ratio Efficiency Ref.

Indirect
CKD HNO3 <46 _ 90 28 min 13.8 g CKD ECa = 99%

CCa = 89.2% [226]

CKD

HCl
CH3COOH
NH4Cl
NH4CH3CO2
C6H5Na3O7

23.08 _ 25 30 min 10:1

ECa = 94.3%
ECa = 93.7%
ECa = 86.9%
ECa = 85.3%
ECa = 70%

[227]

CCa = carbonation efficiency of calcium: the percentage of calcium in the slag converted into carbonates.
ECa = extraction efficiency of calcium: the percentage of calcium dissolved in the solution.

Xuan et al. [228] investigated CSW carbonation through a direct gas–solid reaction.
The results indicated that after 144 h of carbonation reaction, 110 kg CO2/ton of CSW could
be captured under ambient temperature and pressure. Biava et al. [127] demonstrated that
the direct aqueous carbonation of CKD in a pressurized reactor at 15 bar could yield 48 kg
CO2/ton of CKD in 24 h reaction. Short et al. [236] achieved a higher CO2 sequestration
potential of 162 kg CO2/ton of OPC through direct aqueous carbonation under higher tem-
peratures (60 ◦C) and pressure (97 bar). As we can see, in addition to the carbonation route,
carbon mineralization efficiency depends on the type of cement wastes due to their different
compositions and process conditions, such as temperature and pressure. Researchers are
exploring ways to optimize the carbon mineralization process. For instance, Kim et al. [227]
applied indirect mineral carbonation to investigate the efficiency of Ca extraction from
CKD, determining optimum reaction conditions and solvent type using different acids (hy-
drochloric acid and acetic acid) and ammonium salts (ammonium chloride and ammonium
acetate). The optimum reaction conditions to achieve the highest extraction efficiency were
a 30 min reaction time, 25 ◦C temperature, L/S ratio of 10:1, solvent concentration of 1.74 M,
and stirring speed of 250 rpm. Among different solvents, using HCl resulted in the highest
Ca extraction efficiency of around 95%, followed by CH3COOH, NH4Cl, NH4CH3CO2,
and C6H5Na3O7 [227]. Therefore, the indirect route provides selective Ca extraction, which
can then be converted into carbonates with high efficiency. However, due to the complexity
and cost associated with using chemical reagents, direct aqueous carbonation remains a
viable alternative for industrial applications owing to its simplicity, scalability, and cost.
However, enhancing the reaction kinetics of direct aqueous carbonation through process
optimization needs to be considered.

5.3. Mine Tailings

Mining industries produce large quantities of mine tailings or mining wastes during
the extraction of economic metals from ultramafic deposits. Carbon mineralization us-
ing mine tailings is an innovative approach to sequester CO2 and reduce greenhouse gas
emissions [126,238]. A finely ground form of mine tailings makes them suitable feedstocks for
mineral carbonation by increasing their surface area and reaction potential [239]. Moreover,
this approach can be beneficial for eliminating additional mining costs and environmental
hazards of mining wastes [55,240]. This process utilizes the reactive minerals present in
mine wastes, particularly magnesium silicates such as olivine (Mg2SiO4) and serpentine
(Mg3Si2O5(OH)4), to react with CO2 and form stable carbonate minerals [106]. Magnesium
silicates are preferred over calcium silicates for carbon mineralization due to their higher
abundance and containing a higher weight concentration of MgO (up to 50%) compared to the
CaO content in calcium silicates (typically 10%) (Table 11). This higher concentration of metal-
bearing oxide groups enables magnesium silicates to capture and store more CO2 [50,126].
In this regard, Woodall et al. [123] investigated carbon mineralization of Stillwater tailings
from the mining of nickel and platinum group metals (PGM) containing calcium-bearing
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plagioclase feldspar. Direct aqueous carbonation at an ambient temperature and pressure
resulted in less than 1% Ca carbonation, with a CO2 capture capacity of only 1.79 kg CO2/t
of stillwater tailing. The low carbonation efficiency was not only attributed to the tailing
composition but also to the carbonation route. Therefore, further pretreatment activities,
such as mechanical activation, are suggested to overcome the slow kinetics of direct aqueous
carbonation by (i) reducing the particle size and increasing the surface area and (ii) disordering
the crystal lattice and decreasing the activation energy [241].

Table 11. Chemical composition of different types of mine tailings (wt%).

Mine Tailings CaO MgO SiO2 Al2O3 Fe2O3 SO3 K2O TiO2 Na2O LOI Ref.

Serpentine 2.3 40.4 39.1 1.8 9.2 _ _ _ 6.0 _ [240]
Stillwater tailing 13.30 8.55 45.58 22.98 5.14 _ 0.08 _ 1.30 2.29 [123]
Raw tailing 3.68 24.10 38.80 7.21 18.40 4.67 0.52 0.50 1.09 _ [242]
Serpentine 0.14 44.27 40.47 1.11 12.27 0.15 _ _ _ _ [160]

Using tailings for indirect mineral carbonation would be advantageous since it elimi-
nates the need for mining and particle size reduction steps. This would result in reduced
energy usage and lower environmental impact from these processes while also decreasing
environmental liabilities [240].

Despite the potential of mine tailings for carbon mineralization, there is a significant
research gap in the carbonation of mine tailings (Table 12). The indirect carbonation
approach through a pH swing process has gained significant attention to overcome the
challenge of the slow reaction time of the direct carbonation of tailings. For instance, Meyer
et al. [241] achieved a better result for the carbonation of PGM tailings through the pH
swing approach by adding HCl and NaOH under higher temperatures, with a shorter
reaction time, compared to the study by Woodall et al. [123]. A net conversion of around
29.9, 2.9, and 8.9% was obtained for Ca, Mg, and Fe, respectively. The low conversion
rates were attributed to low cation extraction, mainly due to the unreactive nature of
orthopyroxene, as a major mineral in these tailings, containing 88% Mg content. The varied
mineral compositions of tailings and waste rocks might reduce their reactivity in both
direct and indirect carbonation processes [243]. For instance, Liu et al. [242] stated that
using HCl and NH4OH through the pH swing method resulted in 82.33% Mg extraction
from Mg-silicate tailings. Meanwhile, Meyer et al. [241] achieved only 5% Mg extraction
from PGM tailings using HCl and NaOH.

Table 12. Carbon mineralization using different mine tailings.

CM Route Tailing Type Reagent Particle Size
(µm)

CO2
Pressure
(MPa)

Temperature
(◦C) Time L/S Ratio Efficiency Ref.

Direct
aqueous Stillwater water d90 < 100 0.1 22 60 h _ CCa < 1%

1.79 kgCO2/ttailing
[123]

Indirect

PGM HCl
NaOH

d50 < 84
d90 < 283 _ 70 8 h 50:1

ECa, CCa = 31.2, 29.9%
EMg, CMg = 5, 2.9%
EFe, CFa = 9, 8.9%

[241]

Raw Tailing HCl
NH4OH

d50 = 75.9
d90 = 133.5 0.1 100 3 h 10 mL/g EMg = 82.33% [242]

Serpentine HCl d50 = 69 0.1 70 2 h _ EMg = 71%
EFe = 85% [240]

Serpentine CH3COOH
NH4OH <125 _ 80 2 h 20:1 EMg = 66.64% [160]

CCa = carbonation efficiency of calcium: the percentage of calcium in the slag converted into carbonates.
ECa = extraction efficiency of calcium: the percentage of calcium dissolved in the solution.

Based on the literature, mine tailings indicate a lower CO2 sequestration potential
compared to cement wastes and slags, which might be due to their variable mineral
composition, while rich in magnesium [160]. The lower reactivity is due to the highly
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crystalline nature of mine tailings, which require a longer reaction time or additional
processing to achieve significant carbonation. For instance, Liu et al. [160] suggested
using an external field (microwave power of 1000 W and ultrasound power of 500 W) to
enhance Mg extraction from serpentine tailings. A Mg extraction efficiency of 66.64% was
obtained in 120 min using CH3COOH and NH4OH to adjust the pH value during extraction
and carbonation processes, respectively. The CO2 sequestration analysis indicated that
high-level fixation of CO2 could be achieved in the form of MgCO3·3H2O with long-term
stability. It should be noted that in the case of using extraction agents, they need to
be effectively regenerated and recovered for the process to be economically viable [56].
Generally, mine tailing carbonation currently faces economic barriers but could become
more viable with improved processing technologies, such as increasing the concentration
of CO2 and optimizing tailings’ pore water saturation [69]. These approaches can result in
value-added products that can also be integrated with the recovery of valuable metals like
nickel and cobalt. However, finding the right balance between carbonation efficiency and
operational practicality needs to be considered.

Among the above-mentioned alkaline solid wastes, mine tailings stand out as the most
promising feedstock in terms of available stock and future potential. As mentioned earlier, iron
and steel slag are significant byproducts of the steelmaking industry, with global production
estimated at 330 to 390 million tons per year [112]. The Asia Pacific region, particularly China,
dominates this market due to rapid urbanization and infrastructure growth. In the United
States alone, about 16 million tons of slag was sold in 2023, primarily for use in construction
and as a cement additive [244]. Steel slag, due to its high iron content, can also be recycled
using magnetic separation. However, the utilization rate of iron slag remains relatively
low, and regional supply imbalances can limit its broader adoption [245]. Cement waste,
mainly generated from construction and demolition activities, is another major feedstock,
with around 820 million tons produced annually in Europe and 191 million tons in the United
States [246]. Concrete makes up a significant portion of this waste stream. While recycling
cement waste as aggregate or supplementary cementitious material is technically feasible,
contamination and the presence of mixed waste streams often hinder effective recycling. Much
of this waste still ends up in landfills due to economic and infrastructural barriers [247]. In
contrast, mine tailings represent an enormous and largely untapped resource. Their sheer
volume far exceeds that of iron/steel slag and cement waste, offering a vast and long-term
resource base [248]. Globally, there are approximately 282 billion tons of abandoned tailings
in addition to 16 billion tons generated each year [249]. Among countries, China, Canada,
and Australia have thousands of active and abandoned mine sites, making tailings a multi-
billion-dollar opportunity for critical mineral recovery [250,251]. Moreover, mine tailings
contain recoverable quantities of critical minerals essential for the green energy transition
and digital technologies [252]. Reprocessing tailings not only reduces environmental risks
such as acid mine drainage but also supports land reclamation and aligns with circular
economy principles [253,254]. Although technical and economic challenges remain, ongoing
advancements and increasing policy support are making mine tailings an attractive and
strategic feedstock for the future [255].

6. Pilot Scale Carbon Mineralization Plants
Several pilot projects have been conducted or are underway to test the feasibility

and scalability of ex situ carbon mineralization using industrial alkaline wastes. These
projects focus on accelerating the natural process by which CO2 reacts with minerals in
waste materials, capturing carbon in stable, solid forms. Below are notable case studies and
pilot projects in this field:
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Slag2PCC (Aalto University in Espoo, Finland): One notable example of a pilot-scale
project for steel slag is the Slag2PCC process, which co-processes steel slag and CO2 to produce
precipitated calcium carbonate (PCC) [209,256]. This process has been verified at pilot scale,
with a plant designed to produce approximately 100 kg/h of PCC. In these experiments,
almost 80% of the calcium in the slag was leached through a two-stage extraction process, and
more than 70% of the CO2 was utilized and converted into PCC [257,258]. The process also
demonstrated the ability to recycle the ammonium chloride solution used for extraction up to
ten times, minimizing chemical consumption and improving sustainability [258]. However,
challenges remain for large-scale industrialization, including optimizing the dissolution of
CO2 in an aqueous solution, minimizing ammonia loss, and increasing the selective extraction
yield of calcium from the slag, as much of it exists in less reactive mineral phases [63].

Capso (China): Capso completed the world’s first cement CCUS project in 2017, a
pioneering pilot project using cement waste, in which captured CO2 was mineralized within
cementitious materials. This project, which processed 50,000 tons per year of CO2, achieved
a carbon fixation rate well above 12%. The mineralized cement not only sequestered CO2

permanently but also enhanced the material properties, increasing compressive strength
by more than 40% and reducing curing times by 60% compared to conventional cement
processes. The CO2 used in this process was captured and purified from a coal feedstock
cement facility, meeting food-grade purity standards, and the pilot demonstrated both
environmental and performance benefits [259].

Arca Climate Technologies & BHP (Mt Keith Nickel West, Australia): This project
launched in late 2023 to test air-to-rock carbon mineralization using nickel mine tailings to
permanently capture and store atmospheric CO2. To this end, rovers, surface manipulation
technology, and machine learning were used to enhance and measure the rate of carbon
mineralization in mine tailings [260]. The process aimed to capture and store CO2 in a
single step by accelerating natural reactions between atmospheric CO2 and magnesium-
rich minerals in the waste [261]. The project demonstrated integration with active mining
operations, validated the scalability of the technology, and produced verifiable carbon
removal credits. Arca’s work is further referenced in case studies and technical reports by
the BC Centre for Innovation and Clean Energy (CICE) [262].

University of British Columbia (UBC)-Led Field Trials (Canada): This pilot is part of a
broader initiative supported by Natural Resources Canada’s Clean Growth Program and in-
volves collaborations with several mining companies and academic institutions. The project
also includes a parallel field trial at a prospective nickel mine in British Columbia (BC), but
the Northwest Territories (NWT) component is focused on the Gahcho Kué Diamond Mine.
The project focuses on maximizing the reaction between CO2 and magnesium silicate-rich
mine tailings (from nickel, diamond, and platinum mining), forming stable carbonate
minerals to scale up laboratory-proven methods to field conditions. The successful field
trials demonstrated that processed kimberlite tailings can effectively sequester CO2 under
real mining conditions. If the waste produced from mining commodities in magnesium
silicate rocks were completely carbonated, it could capture an estimated 100 to 200 million
tons of CO2 annually at current mining rates [263].

Dumont Nickel Project (Quebec, Canada): Compared to other ultramafic mine wastes
that undergo passive mineral carbonation, the Dumont mine’s tailings have the highest
potential for CO2 storage due to their elevated brucite content (~11%), which is notably
greater than the 2.5% brucite found in tailings from Australia’s Mount Keith mine. Despite
this higher storage capacity, the carbonation rate measured in kinetic tests (2200 g of CO2

per square meter per year) is similar to rates reported at other sites. The primary constraint
on carbonation in the Dumont tailings is that much of the material was nearly saturated [75].
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In summary, pilot studies for mining waste mineralization have demonstrated tech-
nical viability, significant CO2 sequestration potential, and added value to the resulting
construction materials, although further research and process optimization are needed
for widespread industrial adoption. Pilot tests have also demonstrated that ex situ miner-
alization can be integrated with CO2 capture from industrial point sources, such as flue
gases, and can utilize a wide range of industrial wastes as feedstocks. While laboratory
and field trials have confirmed the technical viability of these processes, challenges remain
regarding the cost, scalability, and logistics of handling large volumes of solid materials.
Nonetheless, the environmental co-benefits, such as the stabilization of hazardous elements
and the potential for beneficial reuse of treated waste—make ex situ carbon mineralization
a compelling option for both carbon management and waste remediation.

7. Market Analysis
The global carbon capture utilization market was valued at USD 12 billion in 2024.

By 2045, the market is expected to expand dramatically to around USD 239 billion in rev-
enue [264]. Figure 7 indicates a clear transition from conventional CO2 utilization methods,
primarily by enhanced oil recovery (EOR) in 2024, toward a broader range of applications,
particularly in building and construction materials (e.g., carbonates and concretes) in 2045.
This shift reflects the growing maturity of the CO2 utilization market [264].

 
Figure 7. The expected growth of the CO2 utilization market [264].

As mentioned earlier, carbon mineralization technologies can offer potential environ-
mental benefits through effective waste management and permanent CO2 capture while
simultaneously producing valuable byproducts. The formation of carbonated materials,
including silica, various metal carbonates (magnesium, calcium, and iron), iron oxide, and
other metals, can create benefits beyond carbon capture and storage [265]. In 2023, North
America dominated the CO2 mineralization technology market, contributing about 40% of
the global share, followed by Europe and the Asia—Pacific region, with approximately 30%
and 20%, respectively. Latin America, the Middle East, and Africa collectively made up the
remaining 10%. North America is also the fastest-growing region due to increasing focus
on achieving carbon neutrality and scaling up industrial projects [266].

The carbonated products’ properties would significantly depend on the synthesis
factors such as pH, temperature, retention time, ion concentration, additives, and stirring
method, which were discussed previously. Based on the market needs and thermophysi-
cal properties, the products can be categorized into low-end, high-volume and high-end,
low-volume uses [267]. The former application includes construction aggregates with a
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global demand of 22.5 Gt annually [122], fillers, soil acidity neutralizers, and land reclama-
tion agents. These applications generally require large quantities but have less stringent
specifications. In contrast, the high-end, low-volume uses need precise characteristics with
specialized applications as catalysts, chromatography materials, ceramics, pigments, and
pharmaceuticals [268]. Table 13 indicates the global market size of mineral carbonate appli-
cations for magnesium carbonate, calcium carbonate, and silica. As we can see, magnesium
carbonate shows a global market size of USD 689 million, with an annual growth rate of
5.1% from 2022 to 2030. Meanwhile calcium carbonate production, with a much larger
market size of USD 44,500 million, is growing at 5.4% annually. Silica, as a byproduct
of carbonation, has the largest market, at USD 49,120 million, with the highest growth
rate of 9.9%. All carbonated products indicate widespread applications across various
industries [70].

Table 13. Global market size of mineral carbonate products [70].

Product Applications Global Market Size in 2022
(USD Million)

Annual Growth Rate
(2020–2030)

Magnesium
carbonate

Cement/concrete, building
material, food processing,
cosmetic, insulation, whitener

689 5.1%

Calcium carbonate

Steel manufacture, additive to
asphalt, soli stabilizer, paper
industry, paint and coating, waste treatment, food and
nutrition

44,500 5.4%

Silica
Cement/concrete and ceramic
production, glass industry, water filtration, paint and coating,
fertilizer, tires

49,120 9.9%

Energy consumption is a crucial factor in determining the commercial viability and
environmental impact of CO2 mineralization technology. For this technology to be in-
dustrially applicable, the amount of CO2 captured must significantly exceed the CO2

emissions from energy use [269]. Various factors influence energy consumption, including
process type, scale, operating parameters, and carbonation efficiency [146,270]. Due to
limited large-scale applications, assessments are typically based on experimental research
and simulations. Key energy-consuming processes include raw material grinding, CO2

compression, and material transport. While grinding is energy-intensive, it enhances raw
material reactivity [271]. Therefore, optimizing the reaction time and CO2 absorption
rate can reduce overall energy consumption. To make CO2 mineralization commercially
viable and environmentally beneficial, it is essential to develop efficient, cost-competitive
processes with low energy consumption. This may involve adapting to local conditions,
improving process design, and utilizing renewable energy sources [82]. Generally, a com-
prehensive life-cycle assessment (LCA) framework is needed to accurately evaluate the net
CO2 reduction potential of different mineralization processes while considering specific
energy consumption and electricity generation methods [272,273].

8. Conclusions and Future Prospects
The carbon mineralization of industrial waste offers a promising strategy to reduce the

carbon footprint of various industries while supporting circular economy principles. This
technology has the potential to play a significant role in decarbonizing cement production
and construction practices, with the benefit of producing valuable materials to use in
construction. Based on the existing research on the carbon mineralization of industrial solid
wastes, the following insights can be derived:
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• While carbon mineralization shows great promise, several challenges must be ad-
dressed, including maintaining consistent product quality, optimizing large-scale
processes, and developing appropriate standards and regulations for integrating car-
bonated products into construction practices.

• The effectiveness of CO2 mineralization varies depending on the composition of the
industrial solid waste, with iron and steel slags showing particularly high potential
due to their high alkali content and reactivity.

• Different carbonation methods are suitable for various types of waste. Direct aqueous
carbonation and indirect pathways using reagents such as ammonium salts have
shown promise for improving reaction kinetics and efficiency.

• The large-scale implementation of CO2 mineralization depends on various factors,
including CO2 source characteristics, the availability of alkaline wastes, process scala-
bility, and product market viability.

• Separating carbonated products as a final step of carbonation faces key challenges,
including handling diverse product compositions, varying particle sizes, and energy
and water demand, which need to be assessed to achieve efficient separation at scale
while maintaining product purity.

• Future efforts should focus on large-scale demonstration projects, integration with ex-
isting industrial operations, and fundamental research to improve reaction control and
efficiency. Moreover, ongoing research to improve process energy consumption is cru-
cial for ensuring net CO2 reductions at industrial scales through life-cycle assessment
and techno-economic analysis.

In conclusion, the carbon mineralization of industrial waste presents a promising
approach for significantly reducing industrial CO2 emissions while generating valuable
byproducts. To fully harness this potential, ongoing research, technological innovations,
supportive policies, and international collaboration are essential to develop effective waste-
to-resource supply chains. As the technology advances and becomes more economically
viable, it could become integral to global initiatives aimed at mitigating climate change and
transitioning toward a more sustainable, circular economy.
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Abbreviations
The following abbreviations are used in this manuscript:

BF Blast furnace.
BOF Basic oxygen furnace.
Ca Calcium.
CBD Cement bypass dust.
CCUS Carbon dioxide capture, utilization, and storage.
CDR Carbon dioxide removal.
CKD Cement kiln dust.
CSTRs Continuous Stirred-Tank Reactors.
CSW Cement slurry waste.
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DAC Direct air capture.
EAF Electric arc furnace.
EOR Enhanced oil recovery.
GPV Gravity pressure vessel.
IEA International Energy Agency.
LCA Life-cycle assessment.
LF Ladle furnace.
Mg Magnesium.
OPC Ordinary Portland cement.
PCC Precipitated calcium carbonate.
PGMs Platinum group metals.
RCP Recycled cement paste.
S/L Solid/liquid ratio.
SCM Supplementary cementitious material.
TRLs Technology Readiness Levels.
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90. Ćwik, A.; Casanova, I.; Rausis, K.; Zarębska, K. Utilization of high-calcium fly ashes through mineral carbonation: The cases for
Greece, Poland and Spain. J. CO2 Util. 2019, 32, 155–162. [CrossRef]

91. Hosseini, T.; Haque, N.; Selomulya, C.; Zhang, L. Mineral carbonation of Victorian brown coal fly ash using regenerative
ammonium chloride—Process simulation and techno-economic analysis. Appl. Energy 2016, 175, 54–68. [CrossRef]

92. Jin, F.; Zhao, M.; Xu, M.; Mo, L. Maximising the benefits of calcium carbonate in sustainable cements: Opportunities and
challenges associated with alkaline waste carbonation. npj Mater. Sustain. 2024, 2, 1. [CrossRef]

93. Medas, D.; Cappai, G.; De Giudici, G.; Piredda, M.; Podda, S. Accelerated carbonation by cement kiln dust in aqueous slurries:
Chemical and mineralogical investigation. Greenh. Gases Sci. Technol. 2017, 7, 692–705. [CrossRef]

94. Ye, J.; Fang, J.; Sun, Y.; Shi, X.; Chen, G.; Ma, T.; Zhi, X. CO2 mineralization of cement-based materials by accelerated CO2

mineralization and its mineralization degree: A review. Constr. Build. Mater. 2024, 444, 137712. [CrossRef]
95. Andersson, R.; Stripple, H.; Gustafsson, T.; Ljungkrantz, C. Carbonation as a method to improve climate performance for cement

based material. Cem. Concr. Res. 2019, 124, 105819. [CrossRef]
96. Córdoba, P.; Rojas, S. Carbon sequestration through mineral carbonation: Using commercial FGD-gypsum from a copper smelter

for sustainable waste management and environmental impact mitigation. J. Environ. Chem. Eng. 2024, 12, 112510. [CrossRef]
97. Rahmani, O. An experimental study of accelerated mineral carbonation of industrial waste red gypsum for CO2 sequestration. J.

CO2 Util. 2020, 35, 265–271. [CrossRef]
98. Rahmani, O. CO2 sequestration by indirect mineral carbonation of industrial waste red gypsum. J. CO2 Util. 2018, 27, 374–380.

[CrossRef]

https://doi.org/10.1016/j.ccst.2024.100293
https://doi.org/10.1016/j.apgeochem.2017.07.005
https://doi.org/10.1021/acs.est.1c01570
https://doi.org/10.1016/j.mineng.2011.07.005
https://doi.org/10.1007/s00269-014-0659-z
https://doi.org/10.1016/j.cej.2021.129093
https://doi.org/10.1016/j.jcou.2024.102770
https://doi.org/10.1021/acs.est.0c07599
https://doi.org/10.1038/s41893-020-0486-9
https://doi.org/10.1016/j.energy.2018.10.128
https://doi.org/10.3389/fenrg.2017.00029
https://doi.org/10.1021/acssuschemeng.1c05576
https://doi.org/10.1016/j.jcou.2024.102985
https://doi.org/10.1016/j.fuel.2023.127851
https://doi.org/10.1016/j.ces.2023.119349
https://doi.org/10.1016/j.seppur.2023.123103
https://doi.org/10.1016/j.jcou.2019.03.020
https://doi.org/10.1016/j.apenergy.2016.04.093
https://doi.org/10.1038/s44296-024-00005-z
https://doi.org/10.1002/ghg.1681
https://doi.org/10.1016/j.conbuildmat.2024.137712
https://doi.org/10.1016/j.cemconres.2019.105819
https://doi.org/10.1016/j.jece.2024.112510
https://doi.org/10.1016/j.jcou.2019.10.005
https://doi.org/10.1016/j.jcou.2018.08.017


Clean Technol. 2025, 7, 44 31 of 37

99. Wilson, S.; Harrison, A.L.; Dipple, G.M.; Power, I.M.; Barker, S.L.L.; Ulrich Mayer, K.; Fallon, S.J.; Raudsepp, M.; Southam, G.
Offsetting of CO2 emissions by air capture in mine tailings at the Mount Keith Nickel Mine, Western Australia: Rates, controls
and prospects for carbon neutral mining. Int. J. Greenh. Gas Control 2014, 25, 121–140. [CrossRef]

100. Krevor, S.C.M.; Lackner, K.S. Enhancing serpentine dissolution kinetics for mineral carbon dioxide sequestration. Int. J. Greenh.
Gas Control 2011, 5, 1073–1080. [CrossRef]

101. Li, H.; Bian, Y.; Liu, M.; Lin, J.; Dai, M.; Xie, H.; Yu, H.; Chen, B.; Xue, M.; Li, Z.; et al. CO2 mineralization and utilization by
tailings sand in China for potential carbon sinks and spatial project layout. Resour. Conserv. Recycl. 2024, 206, 107598. [CrossRef]

102. Hou, S.; Guo, Y.; Sun, J.; Jiang, J.; Gao, H.; Liu, J. Prospect of gold tailings as a new mineral admixture: Effect on hydration, pore
structure and mechanical properties of concrete. Mater. Today Sustain. 2025, 29, 101078. [CrossRef]

103. Pei, T.; Zheng, Y.; Wang, Y.; Zhang, D.; Zhang, P.; Cui, S.; Zheng, Y.; Zhao, S. Utilization of copper tailings in the preparation of
low-calcium Portland cement clinker and carbonation-hardening mechanism. Constr. Build. Mater. 2024, 457, 139362. [CrossRef]

104. Wang, B.; Chen, S.; Feng, X.; Yuan, Z.; Chen, W.; Liu, W.; He, M.; Liu, Q. CO2 sequestration by indirect mineral carbonation of
serpentine with (NH4)2SO4 as a recyclable extractant. Process Saf. Environ. Prot. 2024, 191, 2082–2094. [CrossRef]

105. Moon, S.; Kim, E.; Noh, S.; Triwigati, P.T.; Choi, S.; Park, Y. Carbon mineralization of steel and iron-making slag: Paving the way
for a sustainable and carbon-neutral future. J. Environ. Chem. Eng. 2024, 12, 112448. [CrossRef]

106. Mälkki, M.; Mäkikouri, S. Extraction of magnesium from mine tailings for carbon dioxide mineralization: A preliminary study of
the effect of ammonium sulfate to tailings ratio on products and yield. Hydrometallurgy 2024, 225, 106268. [CrossRef]

107. Ma, Y.; Yi, S.; Wang, M. Biomimetic mineralization for carbon capture and sequestration. Carbon Capture Sci. Technol. 2024, 13,
100257. [CrossRef]

108. Izumi, Y.; Iizuka, A.; Ho, H.-J. Calculation of greenhouse gas emissions for a carbon recycling system using mineral carbon
capture and utilization technology in the cement industry. J. Clean. Prod. 2021, 312, 127618. [CrossRef]

109. Qin, C.; Jiang, Y.; Zhou, J.; Zuo, S.; Chen, S.; Liu, Z.; Yin, H.; Li, Y. Influence of supercritical CO2 exposure on water wettability of
shale: Implications for CO2 sequestration and shale gas recovery. Energy 2022, 242, 122551. [CrossRef]

110. Romanov, V.; Soong, Y.; Carney, C.; Rush, G.E.; Nielsen, B.; O’Connor, W. Mineralization of Carbon Dioxide: A Literature Review.
ChemBioEng Rev. 2015, 2, 231–256. [CrossRef]

111. Huang, Y.; Zheng, X.; Wei, Y.; He, Q.; Yan, S.; Ji, L. Protonated amines mediated CO2 mineralization of coal fly ash and polymorph
selection of CaCO3. Chem. Eng. J. 2022, 450, 138121. [CrossRef]

112. Wang, S.; Kim, J.; Qin, T. Mineral carbonation of iron and steel by-products: State-of-the-art techniques and economic, environ-
mental, and health implications. J. CO2 Util. 2024, 81, 102707. [CrossRef]

113. Zhao, Y.; Itakura, K.-i. A State-of-the-Art Review on Technology for Carbon Utilization and Storage. Energies 2023, 16, 3992.
[CrossRef]

114. Rackley, S.A. (Ed.) 10—Mineral carbonation. In Carbon Capture and Storage, 2nd ed.; Butterworth-Heinemann: Boston, MA, USA,
2017; pp. 253–282.

115. Ambarita, M.; Pusparizkita, Y.M.; Schmahl, W.W.; Reswara, G.; Putra, M.M.; Pratama Lamura, M.D.; Jamari, J.; Bayuseno, A.P.
Using selective HCl and H2SO4 acids to extract calcium from extracted asphalt waste residues in preparation for subsequent
indirect mineral carbonation. Case Stud. Chem. Environ. Eng. 2024, 10, 100998. [CrossRef]

116. Walker, I.; Bell, R.; Rippy, K. Mineralization of alkaline waste for CCUS. npj Mater. Sustain. 2024, 2, 28. [CrossRef]
117. Giannoulakis, S.; Volkart, K.; Bauer, C. Life cycle and cost assessment of mineral carbonation for carbon capture and storage in

European power generation. Int. J. Greenh. Gas Control 2014, 21, 140–157. [CrossRef]
118. Lu, X.; Carroll, K.J.; Turvey, C.C.; Dipple, G.M. Rate and capacity of cation release from ultramafic mine tailings for carbon

capture and storage. Appl. Geochem. 2022, 140, 105285. [CrossRef]
119. Ofori, K.A.; Hanson, W.; Huang, K.; Pan, L. Sulfate-activated mineral carbonation of olivine minerals with mechanisms explained

by shrinking core models and by machine learning algorithm. Miner. Eng. 2024, 219, 109058. [CrossRef]
120. Tang, Y.; Yang, R.; Bian, X. A review of CO2 sequestration projects and application in China. Sci. World J. 2014, 2014, 381854.

[CrossRef]
121. Molahid, V.L.M.; Mohd Kusin, F.; Syed Hasan, S.N.; Ramli, N.A.; Abdullah, A.M. CO2 Sequestration through Mineral Carbonation:

Effect of Different Parameters on Carbonation of Fe-Rich Mine Waste Materials. Processes 2022, 10, 432. [CrossRef]
122. Woodall, C.M.; McQueen, N.; Pilorgé, H.; Wilcox, J. Utilization of mineral carbonation products: Current state and potential.

Greenh. Gases Sci. Technol. 2019, 9, 1096–1113. [CrossRef]
123. Woodall, C.M.; Lu, X.; Dipple, G.; Wilcox, J. Carbon Mineralization with North American PGM Mine Tailings—Characterization

and Reactivity Analysis. Minerals 2021, 11, 844. [CrossRef]
124. Jo, H.; Lee, M.-G.; Park, J.; Jung, K.-D. Preparation of high-purity nano-CaCO3 from steel slag. Energy 2017, 120, 884–894.

[CrossRef]
125. Daval, D.; Hellmann, R.; Martinez, I.; Gangloff, S.; Guyot, F. Lizardite serpentine dissolution kinetics as a function of pH and

temperature, including effects of elevated pCO2. Chem. Geol. 2013, 351, 245–256. [CrossRef]

https://doi.org/10.1016/j.ijggc.2014.04.002
https://doi.org/10.1016/j.ijggc.2011.01.006
https://doi.org/10.1016/j.resconrec.2024.107598
https://doi.org/10.1016/j.mtsust.2025.101078
https://doi.org/10.1016/j.conbuildmat.2024.139362
https://doi.org/10.1016/j.psep.2024.09.118
https://doi.org/10.1016/j.jece.2024.112448
https://doi.org/10.1016/j.hydromet.2024.106268
https://doi.org/10.1016/j.ccst.2024.100257
https://doi.org/10.1016/j.jclepro.2021.127618
https://doi.org/10.1016/j.energy.2021.122551
https://doi.org/10.1002/cben.201500002
https://doi.org/10.1016/j.cej.2022.138121
https://doi.org/10.1016/j.jcou.2024.102707
https://doi.org/10.3390/en16103992
https://doi.org/10.1016/j.cscee.2024.100998
https://doi.org/10.1038/s44296-024-00031-x
https://doi.org/10.1016/j.ijggc.2013.12.002
https://doi.org/10.1016/j.apgeochem.2022.105285
https://doi.org/10.1016/j.mineng.2024.109058
https://doi.org/10.1155/2014/381854
https://doi.org/10.3390/pr10020432
https://doi.org/10.1002/ghg.1940
https://doi.org/10.3390/min11080844
https://doi.org/10.1016/j.energy.2016.11.140
https://doi.org/10.1016/j.chemgeo.2013.05.020


Clean Technol. 2025, 7, 44 32 of 37

126. Stokreef, S.; Sadri, F.; Stokreef, A.; Ghahreman, A. Mineral carbonation of ultramafic tailings: A review of reaction mechanisms
and kinetics, industry case studies, and modelling. Clean. Eng. Technol. 2022, 8, 100491. [CrossRef]

127. Biava, G.; Zacco, A.; Zanoletti, A.; Sorrentino, G.P.; Capone, C.; Princigallo, A.; Depero, L.E.; Bontempi, E. Accelerated Direct
Carbonation of Steel Slag and Cement Kiln Dust: An Industrial Symbiosis Strategy Applied in the Bergamo–Brescia Area.
Materials 2023, 16, 4055. [CrossRef] [PubMed]

128. Kemache, N.; Pasquier, L.-C.; Cecchi, E.; Mouedhen, I.; Blais, J.-F.; Mercier, G. Aqueous mineral carbonation for CO2 sequestration:
From laboratory to pilot scale. Fuel Process. Technol. 2017, 166, 209–216. [CrossRef]

129. Azdarpour, A.; Afkhami Karaei, M.; Hamidi, H.; Mohammadian, E.; Honarvar, B. CO2 sequestration through direct aqueous
mineral carbonation of red gypsum. Petroleum 2018, 4, 398–407. [CrossRef]

130. Pasquier, L.-C.; Mercier, G.; Blais, J.-F.; Cecchi, E.; Kentish, S. Parameters optimization for direct flue gas CO2 capture and
sequestration by aqueous mineral carbonation using activated serpentinite based mining residue. Appl. Geochem. 2014, 50, 66–73.
[CrossRef]

131. Pasquier, L.-C.; Mercier, G.; Blais, J.-F.; Cecchi, E.; Kentish, S. Reaction Mechanism for the Aqueous-Phase Mineral Carbonation of
Heat-Activated Serpentine at Low Temperatures and Pressures in Flue Gas Conditions. Environ. Sci. Technol. 2014, 48, 5163–5170.
[CrossRef]

132. Sousa, V.; Nogueira, R.; Meireles, I.; Silva, A. Managing carbon waste in a decarbonized industry: Assessing the potential of
concrete mixing storage. Environ. Sci. Pollut. Res. Int. 2024, 31, 17804–17821. [CrossRef]

133. Wang, D.; Zhang, H.; Liu, M.; Fu, Y.; Si, Z.; Zhang, X.; Zhong, Q. The characterization and mechanism of carbonated steel slag
and its products under low CO2 pressure. Mater. Today Commun. 2023, 35, 105827. [CrossRef]

134. Wang, K.; Zheng, H.; Li, S.; Sun, Y.; Ba, H.; Ma, J. Study on carbonation behavior and carbon footprint of steel slag-calcium
carbide slag-desulfurization gypsum composite system. Sci. Rep. 2025, 15, 15199. [CrossRef] [PubMed]

135. Moon, E.-J.; Choi, Y.C. Development of carbon-capture binder using stainless steel argon oxygen decarburization slag activated
by carbonation. J. Clean. Prod. 2018, 180, 642–654. [CrossRef]

136. Triwigati, P.T.; Noh, S.; Sim, G.; Lee, J.; Kim, E.; Moon, S.; Park, Y. Investigation of pH swing carbon mineralization for valuable
element recovery and CO2 sequestration using steelmaking slag. J. Ind. Eng. Chem. 2025, 147, 658–667. [CrossRef]

137. Ravi, M.; Rathore, S.K.; Sivalingam, M. Performance evaluation of CO2 capture on using potential adsorbents in a CI engine
exhaust–An experimental investigation. Greenh. Gases Sci. Technol. 2024, 14, 138–151. [CrossRef]

138. Zhang, N.; Moment, A. Upcycling Construction and Demolition Waste into Calcium Carbonates: Characterization of Leaching
Kinetics and Carbon Mineralization Conditions. ACS Sustain. Chem. Eng. 2023, 11, 866–879. [CrossRef]

139. Zhang, N.; Huang, H.D.; Yang, R.; Zheng, A.; Moment, A. Aqueous metal ion leaching processes from high sulfur coal fly ash for
carbon mineralization: The importance of pH control on cation extraction, carbonate purity, and silicon Q structure. Chem. Eng. J.
2023, 474, 145968. [CrossRef]

140. Highfield, J.; Lim, H.; Fagerlund, J.; Zevenhoven, R. Mechanochemical processing of serpentine with ammonium salts under
ambient conditions for CO2 mineralization. RSC Adv. 2012, 2, 6542–6548. [CrossRef]

141. Lammers, L.N.; Duan, Y.; Anaya, L.; Koishi, A.; Lopez, R.; Delima, R.; Jassby, D.; Sedlak, D.L. Electrolytic Sulfuric Acid Production
with Carbon Mineralization for Permanent Carbon Dioxide Removal. ACS Sustain. Chem. Eng. 2023, 11, 4800–4812. [CrossRef]

142. Hong, S.; Park, A.-H.A.; Park, Y. Evaluation of elemental leaching behavior and morphological changes of steel slag in both acidic
and basic conditions for carbon sequestration potential. Korean J. Chem. Eng. 2021, 38, 2279–2285. [CrossRef]

143. Saran, R.; Arora, V.; Yadav, S. CO2 Sequestration by Mineral Carbonation: A Review. Glob. NEST J. 2018, 20, 497–503.
144. Luo, Y.; He, D. Indirect Carbonation by a Two-Step Leaching Process Using Ammonium Chloride and Acetic Acid. JOM 2022, 74,

1958–1968. [CrossRef]
145. Williams, J.M.; Zhang, N.; Moment, A.J. Assessment of Ammoniacal Leaching Agents for Metal Cation Extraction from Construc-

tion Wastes in Mineral Carbonation. ACS Omega 2024, 9, 29776–29788. [CrossRef] [PubMed]
146. Dri, M.; Sanna, A.; Maroto-Valer, M.M. Dissolution of steel slag and recycled concrete aggregate in ammonium bisulphate for

CO2 mineral carbonation. Fuel Process. Technol. 2013, 113, 114–122. [CrossRef]
147. Wang, X.; Maroto-Valer, M. Integration of CO2 capture and storage based on pH-swing mineral carbonation using recyclable

ammonium salts. Energy Procedia 2011, 4, 4930–4936. [CrossRef]
148. Mun, M.; Cho, H.; Kwon, J.; Kim, K.; Kim, R. Investigation of the CO2 Sequestration by Indirect Aqueous Carbonation of Waste

Cement. Am. J. Clim. Change 2017, 6, 132–150. [CrossRef]
149. Sanna, A.; Dri, M.; Maroto-Valer, M. Carbon dioxide capture and storage by pH swing aqueous mineralisation using a mixture of

ammonium salts and antigorite source. Fuel 2013, 114, 153–161. [CrossRef]
150. Kohitlhetse, I.C.; Manono, M.S.; Motsetse, C.K.; Mendonidis, P.M. A Step towards CO2 Sequestration through Mineral Carbona-

tion: Using Ammonium-Based Lixiviants for the Dissolution of Calcium from Iron-Making Blast Furnace Slag. Minerals 2024,
14, 695. [CrossRef]

https://doi.org/10.1016/j.clet.2022.100491
https://doi.org/10.3390/ma16114055
https://www.ncbi.nlm.nih.gov/pubmed/37297187
https://doi.org/10.1016/j.fuproc.2017.06.005
https://doi.org/10.1016/j.petlm.2017.10.002
https://doi.org/10.1016/j.apgeochem.2014.08.008
https://doi.org/10.1021/es405449v
https://doi.org/10.1007/s11356-023-31712-0
https://doi.org/10.1016/j.mtcomm.2023.105827
https://doi.org/10.1038/s41598-025-99803-1
https://www.ncbi.nlm.nih.gov/pubmed/40307353
https://doi.org/10.1016/j.jclepro.2018.01.189
https://doi.org/10.1016/j.jiec.2024.12.057
https://doi.org/10.1002/ghg.2256
https://doi.org/10.1021/acssuschemeng.2c04241
https://doi.org/10.1016/j.cej.2023.145968
https://doi.org/10.1039/c2ra20575k
https://doi.org/10.1021/acssuschemeng.2c07441
https://doi.org/10.1007/s11814-021-0874-5
https://doi.org/10.1007/s11837-022-05217-z
https://doi.org/10.1021/acsomega.4c03393
https://www.ncbi.nlm.nih.gov/pubmed/39005759
https://doi.org/10.1016/j.fuproc.2013.03.034
https://doi.org/10.1016/j.egypro.2011.02.462
https://doi.org/10.4236/ajcc.2017.61008
https://doi.org/10.1016/j.fuel.2012.08.014
https://doi.org/10.3390/min14070695


Clean Technol. 2025, 7, 44 33 of 37

151. He, L.; Yu, D.; Lv, W.; Wu, J.; Xu, M. A Novel Method for CO2 Sequestration via Indirect Carbonation of Coal Fly Ash. Ind. Eng.
Chem. Res. 2013, 52, 15138–15145. [CrossRef]

152. Stasiulaitiene, I.; Vajegaite, V.; Martuzevicius, D.; Denafas, G.; Sliaupa, S.; Fagerlund, J.; Zevenhoven, R. Parameters affecting
Mg(OH)2 extraction from serpentinites in lithuania for the purpose of CO2 reduction by mineral carbonation. Environ. Prog.
Sustain. Energy 2014, 33, 512–518. [CrossRef]

153. Arce Ferrufino, G.L.A.; Okamoto, S.; Dos Santos, J.C.; de Carvalho, J.A.; Avila, I.; Romero Luna, C.M.; Gomes Soares Neto, T. CO2

sequestration by pH-swing mineral carbonation based on HCl/NH4OH system using iron-rich lizardite 1T. J. CO2 Util. 2018, 24,
164–173. [CrossRef]

154. Tong, Z.; Ma, G.; Zhou, D.; Yang, G.; Peng, C. The Indirect Mineral Carbonation of Electric Arc Furnace Slag Under Microwave
Irradiation. Sci. Rep. 2019, 9, 7676. [CrossRef] [PubMed]
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