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Abstract:

Global climate warming poses a significant threat to the human living environment, and CO,
geological utilization and storage (CGUS) technology is regarded as a promising strategy
for reducing carbon emissions. CO, mineralization represents a crucial aspect of CCUS
technologies, offering a safe and stable method for carbon sequestration. Nonetheless, the
complex interactions among CO,, fluids, and minerals present challenges for large-scale
mineralization storage. Controlling the carbonation rate under varying reaction conditions
proves to be a difficult task. Additionally, carbon mineralization reactions may lead to
structural alterations in geological formations and wellbores, which introduces potential risks
to the safety of carbon storage. This paper offers a comprehensive review and introduction to
the latest advancements of CO, mineralization in three scenarios: in oil reservoirs and saline
aquifers, in basalt, and through the utilization of solid waste. Following the presentation of
representative studies conducted in recent years for each scenario of CO, mineralization,
this paper discusses the primary challenges exist in the pursuit of greenhouse gas reduction
through large-scale CO, mineralization. Finally, this review proposes future development
directions and strategies to address these challenges. This review serves as a directional

reference for future research on CO, mineralization.

1 Introduction

The rising concentration of atmospheric carbon dioxide
(CO») resulting from fossil fuel combustion, deforestation, and
industrial processes has been identified as the primary driver of
global climate change (IPCC, 2022). To limit global warming
to 1.5-2°C above pre-industrial levels, as outlined in the Paris
Agreement, aggressive CO, mitigation strategies are essential.
Among these strategies, CO, geological utilization and storage
(CGUS) has emerged as a critical technology for reducing
anthropogenic CO, emissions (Kammerer et al., 2023; Oelkers
and Cole, 2008; Zhang et al., 2020). The IPCC has recognized
CGUS as a technically feasible approach for achieving signifi-
cant reductions in CO, emissions from the combustion of fossil
fuels, the production of fossil fuels, the burning of biomass-
based fuels, and certain industrial processes (Tayari and Blum-
sack, 2020; Xu et al., 2004; Zhang et al., 2009). Typical CGUS
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methods involve capturing CO, from point sources and storing
it in deep geological formations, such as oil and gas reservoirs
or saline aquifers, as illustrated in Fig. 1.

CO; mineralization, commonly referred to as mineral trap-
ping, is one of the key mechanisms that facilitate long-term safe
storage of injected CO, (Edouard et al., 2023). This process,
also known as in-situ mineral carbonation, involves the reaction
of CO, with reactive minerals in geological formations, thereby
converting CO, into stable carbonates. This method offers a
secure and permanent storage solution (Kumar and Shrivastava,
2019). Through CO, mineralization, CO; is chemically bound
into solid carbonates (e.g., magnesite, calcite), effectively elim-
inating the risk of CO, leakage (Cao et al., 2023).

CO; mineralization has three typical scenarios. The first
scenario is CO, mineralization by aluminosilicates (i.e.,
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Fig. 1 Demonstration of CGUS (IPCC, 2023)
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Fig. 2 Comparison between the contribution of mineral trapping in normal sandstone and the
contribution of mineral trapping in basaltic and ultramafic rocks (Rani et al., 2013)

NaAlSiO;, CaAlSiO;, etc.), which commonly occurs in
sandstone-type oil/gas reservoirs and saline aquifers. The rate
of CO, mineralization by most aluminosilicates is relatively
slow, which only contributes to 10-15% overall CO; trapping
after 1000 years of CO, injection (Dessert et al., 2003; Kump
et al., 2000; Moosdorf et al., 2014). Therefore, for most oil/gas
reservoirs and saline aquifers, CO, mineralization is not regard-
ed as a primary trapping mechanism (Snabjornsdottir et al.,
2020). The second scenario is CO, mineralization by basaltic
and ultramafic rocks. Olivine, serpentines and pyroxenes are
the primary contributors to CO, mineralization by basaltic and
ultramafic rocks. The rate of CO, mineralization by olivine,
serpentines and pyroxenes is fast, which can contribute to 80%
CO, trapping only after 10 years of CO, injection (Fig. 2).

Therefore, CO, mineralization in basaltic and ultramafic rocks
has garnered significant attention in recent years, emerging
as one of the most prominent research areas in CGUS (Lei
et al., 2021; Rosenbauer et al., 2012; Wang et al., 2023). The
third scenario is CO;, mineralization by solid wastes exhibiting
high reactivity with CO,, such as high-calcium fly ash, mine
tailings, carbide slag, etc. to form solid materials with good
mechanical strength (Schaef et al., 2011; Xiong et al., 2017).
These materials can be used for backfilling coal mine goafs
and other open underground spaces. The CO, mineralization
approach using solid wastes has attracted widespread attention
in recent years, as it not only effectively sequesters CO, but
also enables the reuse of solid waste materials (Yin et al., 2024).
Also, the reaction rate between CO, and solid waste materials
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is generally fast, so a considerable CO, uptake by solid waste
materials within a short time frame can be ensured (Oelkers
et al., 2019; White et al., 2020).

This review begins by introducing the reaction mechanisms
underlying CO, mineralization. It then systematically summa-
rizes representative studies conducted in recent years on the
aforementioned three scenarios of CO, mineralization. Fol-
lowing this, the review addresses the key challenges currently
impeding large-scale CO, mineralization. Finally, it proposes
future research directions and potential strategies to overcome
these challenges.

2 Reaction mechanisms of CO, mineralization

CO, mineralization relies on the chemical reaction between
dissolved CO; and reactive minerals containing calcium (Ca),
magnesium (Mg), iron (Fe), etc. to form stable carbonate min-
erals. The generalized reaction of CO, mineralization can be
summarized as Eq. (1):

(Mg, Ca, Fe)Al,Si,03,(s) + yCOz(aq) —

x(Mg, Ca, Fe)CO;(s) + wAl**(aq) + ySiO»(aq) O

where, (Mg, Ca, Fe),Al,Si,O, represents a general form of
minerals containing Ca, Mg and Fe, CO, represents dissolved
carbon dioxide, (Mg, Ca, Fe)COj3 represents solid carbonates
(the stable form in which CO, is sequestered), A" represents
dissolved aluminum ion, SiO; represents dissolved silica. Note
that AI**(1) can combine with SiO5(1) to form clay minerals,
and SiO;(1) can precipitate to form amorphous SiO,(s) or quartz
(Xiong et al., 2017).

The process of CO, mineralization typically occurs in three
main stages:

(1) Dissolution of CO;: CO, dissolves in formation water,
forming carbonic acid (H,COs3), which dissociates into bicar-
bonate (HCO5") and protons (H"), as shown in Eq. (2).

COZ + HQO Ld H2C03 « HCOg +H" (2)

(2) Mineral dissolution: Protons react with silicate minerals,
releasing divalent cations (Mg?", Ca?*, Fe?*), as shown in Eq.

3).

(Ca, Mg, Fe),SiO4 + 4H" —

0y . (3)

2(Ca, Mg, Fe)™™ + 2H,0 + SiO,

(3) Carbonate precipitation: Cations react with bicarbonates

to form solid carbonates (e.g., magnesite, calcite, siderite), as
shown in Eq. (4).

(Ca, Mg, Fe)** + HCO; — (Ca, Mg, Fe)CO; | +H*  (4)

The above reaction process can be illustrated by Fig. 3.

Some representative CO, mineralization reactions are sum-
marized below:

(1) Reactions between CO, and aluminosilicates in the sub-
surface, as shown in Egs. (5)—(7):

Ca-feldspar:

CaAl,Si,05+3H,0+CO, — CaCO5+2A1(0H); +2Si0, (5)

Fe-bearing muscovite:

K4(FCQV5Mg0.5)Alzsi3O1](OH)2 + 4H20 + 5C02 -
0.5MgCO; + 0.5FeCOs + 2A1(OH); + 4K™ + 3Si0, + 4HCO;5
(6)

Chlorite:

Mg5A128i301()(OH)g + 5C02 -

7
5MgCO, + 2A1(OH); + 3Si0, + H,0 M

(2) Reactions between CO; and basaltic/ultramafic minerals
in the subsurface. In carbon mineralization, CO, reacts with
minerals rich in Ca and Mg to form carbonates, such as calcite
(CaCOs3), magnesite (MgCO3), and dolomite (CaMg(CO3);).
Some representative reactions are shown as Egs. (8)—(12):

Wollastonite:

CaSiO; + CO, — CaCO; + Si0, (8)

Olivine:

Mg,Si04 + 2C0O, — 2MgCO; + SiO, 9

Pyroxenes:

CaMgSi,0q + 2C0, — CaMg(CO5), + 2Si0, (10)

Serpentine polytypes:

Mg;Si,0s(OH), + 3CO, — 3MgCO; + 2H,0 + 2Si0, (11)

Brucite:

Mg(OH), + CO, — MgCO; + H,0 (12)

(3) Reaction between CO; and industrial wastes. Some alka-
line solid wastes (e.g., steel slag, fly ash, cement and concrete
waste, red mud, etc.) contain CaO, MgO, Mg(OH),, Ca(OH);,,
CaSi0O;, C-S-H (calcium silicate hydrate), NaAl(OH),, etc.,
which can react with CO; to form carbonates, as shown in Egs.

(13)(19).

Ca0 + CO, — CaCOs (13)

MgO + CO, — MgCO;, (14)
Mg(OH), + CO, — MgCO, + H,0 (15)
Ca(OH), + CO, — CaCO; + H,0 (16)
CaSiO; + CO, — CaCOj5 + SiO, (17)
C-S-H + CO, — CaCO3 + H,0 + SiO, (18)
2NaAl(OH), + CO, — Na,CO; + 2A1(0OH); + H,0  (19)
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Carbonate precipitation

Fig. 3 Schematic diagram of carbon mineralization process (Cao et al., 2024)

3 CO; mineralization by aluminosilicates in
sandstone

Aluminosilicates, which consist of aluminum (Al), silicon
(Si), and oxygen (O) in their structure, play a crucial role in the
composition, diagenesis, and overall properties of sandstones,
which commonly serve as composing rocks of CO, storage
formations of large-scale CGUS projects (McGrail et al., 2017;
White et al., 2020). The CO, mineralization process of alumi-
nosilicates, as a crucial step in geological CO, sequestration,
contributes to the safe storage of CO;.

3.1 Principles of mineralogy

Sandstones primarily contain the following aluminosilicates:
1) Feldspars (Na-feldspar, K-feldspar, Ca-feldspar, etc.)(Ennis-
King and Paterson, 2007; Lindeberg and Wessel-Berg, 1997)
. These are the most abundant aluminosilicates in many sand-
stones, especially in arkosic and lithic arenites. 2) clay minerals
(e.g., kaolinite, illite, smectite, chlorite, etc.). Clay minerals are
formed from the weathering of feldspars and other unstable
minerals. Clays are key diagenetic products in sandstone. 3)
micas (muscovite, biotite). Though less common, micas some-
times contribute to the aluminosilicate content in sandstone. A-
luminosilicates are fundamental to sandstone petrology, affect-
ing texture, diagenesis, and reservoir behavior (Knauss et al.,
2005). Their presence and transformation determine whether
a sandstone becomes a good hydrocarbon reservoir or a tight,
impermeable rock.

For sandstone formations that typically contain aluminosil-
icates, if quartz content in sandstone is high, and contents of
anorthite and illite are low, the CO,-brine-sandstone interaction
is expected to be limited, and the contribution of mineral trap-
ping to overall CO; trapping becomes low (Tempel and Harri-
son, 2000). However, if the sandstone formation contains large
amounts of reactive minerals like anorthite and illite, the CO,-

brine-sandstone interaction will become obvious. A previous
study has demonstrated that though most aluminosilicates have
relatively low dissolution rates, anorthite and illite have higher
dissolution rates and contribute to CO, mineralization within
relatively short reaction time (Geloni et al., 2011). Sensitivity
analysis showed that anorthite and illite facilitate more CO,
mineralization than other aluminosilicates, with anorthite and
illite showing 0.68 and 0.46 correlation coefficients with CO,
mineral trapping, respectively. Also, another study discovered
that anorthite and illite dissolve better at high temperatures
(higher than 80 °C). Therefore, if a sandstone formation con-
tains high volume fractions of anorthite and illite and the for-
mation temperature is high, the mineral trapping of CO, can be
observed within a short time scale (Alkan et al., 2010; Zheng
et al., 2010). The mineral alteration observed in the experiment
is shown in Fig. 4.

3.2 Experimental and numerical simulation
studies

The process of CO, mineralization by aluminosilicates has
been widely studied by both experimental and numerical ap-
proaches. Experiments were performed using samples from
a glauconitic sandstone aquifer in the Alberta Sedimentary
Basin, to validate results obtained with a batch geochemical
model. The laboratory experiments were performed for one
month at 105 °C and 9 MPa CO, pressure to accelerate the
reaction rate, because the kinetics of aluminosilicate reactions at
room temperature are generally slow to observe any significant
CO, consumption in a reasonable length of time (Black et al.,
2015). Though the temperature and CO, pressure were raised,
the experimental results indicated that very little CO, was
trapped through reaction with aluminosilicate minerals within
one month (Gunter et al., 1993). Extending the model to the
field, it was found by Gunter et al. (1993) that the CO, trapping
reactions by aluminosilicates would take hundreds of years to
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Fig. 4 Alteration of sandstone minerals under the action of CO;: (a) ankerite (Ank) before
reaction; (b) ankerite (Ank) after reaction; (c) dawsonite (Daw) before reaction, Q
represents quartz; (d) dawsonite (Daw) after reaction; (e) albite (Ab) before reaction; (f)

albite (Ab) after reaction (Yu et al., 2012)

complete after the formation water was equilibrated with CO, at
the temperature of the aquifer (54 °C) and at the proposed CO,
injection pressure (26 MPa). Even under favorable conditions
where aluminosilicate mineral dissolution and subsequent car-
bonate mineral precipitation are likely to occur (i.e., pH 4.5 to 6,
fluid flow velocity less than 5 m/year, and 50100 years or more
after the start of injection), it will still take 200 to 2000 years
for conversion of 60-90% of injected CO, into solid carbonates
when the reservoir rock has a sufficient volume fraction of
divalent cation-bearing aluminosilicate minerals (Izgec et al.,
2017; Izgec et al., 2008).

White et al. performed a numerical assessment of the CO,
storage potential at a site located in the Colorado Plateau of cen-

tral Utah, utilizing ChemTOUGH to simulate the injection of
CO; into sandstone formations (White et al., 2020). The results
of the study indicated that approximately 21% of the injected
CO; would be stored in mineral form after 1,000 years, while
52% would dissolve in water as a gas, and 17% would escape.
Additionally, the calculations conducted by (Wang et al., 2016)
illustrated the evolution of injected CO, within geological for-
mations, as depicted in Fig. 5. Xu et al. used geochemical mod-
els to study the chemical reaction between sandstone aquifer
and CO,, and found that the reaction between sandstone and
CO, will lead to the precipitation of secondary carbonate min-
erals such as dawsonite, calcite, muscovite, siderite, magnesite,
etc., resulting in a decrease in porosity and permeability of
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the CO,; storage formation (Xu et al., 2008). Li et al. studied
the water-CO,-rock interaction between a mixture of albite,
dolomite, orthoclase, quartz and anorthite (mimicking typical
sandstone compositions) and natural aquifer water (obtained
from the Springerville-St (Li et al., 2015). Johns CO, field).
They observed precipitation of kaolinite when the CO, con-
centration was 0.03 mol/kg, and precipitation of dawsonite
when the CO; concentration was 0.07 mol/kg. Vermolen et al.
added CO; to rock samples saturated with formation water until
the concentration of CO, reached 1 mol/kg. They observed
that the reduction of pH caused the formation of alunite, and
some of the precipitated kaolinite was dissolved. This study
exhibits the significant effect of CO, concentration and aquifer
pH on mineral dissolution and precipitation (Vermolen et al.,
2009). Knauss et al. conducted a numerical simulation to study
geochemical interaction between injected CO; and sandstone at
Bunter CO,; storage formation, North Sea, and the simulation
results predicted precipitation of CaCOs3, which caused a 20%
porosity reduction of the sandstone (Knauss et al., 2005).

In summary, previous studies have shown that CO, storage
in most sandstone formations requires at least 200 years for
the mineral trapping by aluminosilicates to have a noticeable
contribution to the overall CO, trapping.

4 CO, mineralization by basalts

Basalt, which is widely distributed across the globe, as
demonstrated in Fig. 6, presents an alternative approach for the
mineralization and storage of CO,. The technology for CO,
mineralization and storage in basalt has garnered significant
attention owing to its high level of safety, long-term stability,
and potential for large-scale implementation. Basalt is rich in
magnesium-bearing and iron-bearing minerals, such as olivine
and pyroxene, which can undergo CO,-water-rock interactions
to form stable carbonate minerals, including magnesite and
calcite (Chairat et al., 2007). This process facilitates the long-
term fixation of CO,(Gudbrandsson et al., 2014). In compar-
ison to traditional storage methods employing saline aquifers
or depleted oil and gas reservoirs, basalt mineralization stor-
age provides several advantages, including accelerated reaction
rates, increased storage capacity, and exceptionally low leakage
risks. These attributes render it suitable for addressing large-
scale CO; emission reduction efforts (Van Herk et al., 1989).

4.1 Reaction rates of different basalt minerals

Basalt comprises a diverse array of minerals, including o-
livine, plagioclase, pyroxene, basalt glass, serpentine, and crys-
tal basalt (Cao et al., 2024). The release rates of metal ions from
these different mineral components exhibit significant varia-
tions (Sneabjornsdottir et al., 2020). The dissolution behavior
of basaltic minerals is a critical factor influencing the efficiency
of CO, geological storage, with the kinetics of these processes
being contingent upon the crystal structures of the minerals
involved (Mcgrail et al., 2003). As the predominant mineral in
magnesium-iron basalt, olivine is characterized by a rapid dis-
solution rate (Noack et al., 1993). Under acidic conditions, the
dissolution of olivine adheres to a proton-promoted mechanism,
whereby surface-coordinated Mg?* ions are preferentially sub-
stituted by H" ions, resulting in the destabilization of the silicate

framework (Gislason and Oelkers, 2003). Recent investigations
have observed the formation of a 2—5 nm thick amorphous
silica layer on the mineral surface during the initial stages
of dissolution; this layer hinders the transport of subsequent
reactants, leading to an exponential decline in the dissolution
rate over time (Aradottir et al., 2012; Golubev et al., 2005).
Notably, the presence of Fe?" in olivine can induce localized
microbattery effects during dissolution, giving rise to pitting
phenomena, with dissolution rate variations in different regions
reaching up to 10-fold differences (Lasaga, 1984; Munz et al.,
2012; Siegel, 1984).

The dissolution behavior of plagioclase minerals demon-
strates a marked dependence on compositional differences, with
the dissolution rate of anorthite being 1-2 orders of magni-
tude faster than that of albite (Gudbrandsson et al., 2008).
This disparity primarily arises from variations in the activation
energy linked to the release of AI** from diverse structural
environments (Oelkers, 2001). Within the neutral pH range,
the dissolution of plagioclase is governed by the breakage of
Al-O bonds, and its rate is closely correlated with the coor-
dination number of Al (Kampman et al., 2009). The presence
of organic ligands in the fluid phase, such as oxalic acid, has
been shown to enhance the dissolution rate of anorthite by
5-8 times through the formation of complexes with AI**. The
dissolution of pyroxene minerals exhibits characteristics akin
to chain silicates, which are associated with the exposure of
Si-O chains (Gautier et al., 2001). In CO;-saturated aqueous
solutions, the Fe?* released during the dissolution of pyroxene
may participate in carbonate precipitation, establishing a self-
catalytic cycle that results in long-term dissolution rates being
30-50% higher than those observed in short-term experimental
assessments (Hénchen et al., 20006).

Basalt glass, which forms as a result of rapid cooling dur-
ing volcanic eruptions, exhibits significantly distinct dissolu-
tion behavior when compared to its crystalline counterparts
(Carroll and Knauss, 2005). Its amorphous structure results
in dissolution rates that are 10—-100 times faster than those of
crystallized minerals with similar compositions, and it does not
display crystal face anisotropy. The dissolution process results
in the formation of a weathering layer characterized by depth-
dependent gradual changes in chemical composition (Song
et al., 2023). As a representative hydrous silicate, serpentine
experiences dissolution controlled by the oxidation of Fe?",
with dissolution rates in oxidizing conditions being 1-2 orders
of magnitude greater than those in reducing conditions. The
unique structure of glassy basalt promotes the development of
a network of micro-cracks during fluid penetration, effectively
increasing the reactive surface area over time and exhibiting
“self-accelerating” dissolution characteristics (Lehmann and
Possinger, 2020; Loubser, 2013).

The layered structure of serpentine minerals results in pro-
nounced anisotropy in dissolution rates, with the rate perpendic-
ular to the [001] direction being 10-20 times greater than that
measured parallel to this direction (Goldberg and Slagle, 2009;
Yang et al., 2016) . Under alkaline conditions, the preferential
leaching of interlayer Mg?* can lead to mineral curling and
delamination, thereby increasing the reactive interface (Awad



Yin Y, et al. GeoStorage, 2025, 1(2): 91-112 97

Q'

6]

S 60}

‘3‘ —-Gas

e —@—Dissolve

€ 407 | —A—Mineralized
3

o)

o

|

Ordos IBasirQr

Depth (m)
0

100 1000

Time (y)

1000 2000
Distance from injection well (m)

3000

10000

Fig. 5 The evolution of the injected CO, in the formation (Wang et al., 2016)

North
Pacific
Ocean

W Oceanic igneous plateaus or continental flood basalts

W Oceanic ridges <30 MPa

Fig. 6 Locations of basalts (Snabjornsdottir et al., 2020)

et al., 2000). Recent research has identified that magnesium
silicate nanoparticles generated during the dissolution of ser-
pentine may act as nucleation sites for carbonate precipitation,
thereby establishing a coupled dissolution-precipitation mech-
anism (Beaulicu et al., 2010; Maher and Chamberlain, 2014).

4.2 Factors influencing the reaction rate of
basalt

The dissolution kinetics of basalt minerals are governed by a
combination of environmental factors, with temperature, pres-
sure, pH, and fluid flow conditions serving as the most critical
control parameters (Rani et al., 2013). Temperature affects the
dissolution process by modifying both the reaction activation
energy and the diffusion coefficient, as quantitatively described
by the Arrhenius equation (Zhang et al., 2022). For common
basaltic minerals such as olivine, the activation energy for
dissolution ranges from 60 to 80 kJ/mol, resulting in an increase
in dissolution rate of 2—3 times for each 10°C rise in temperature

(Awad et al., 2000). Under high-pressure conditions (>10 M-
Pa), the solubility of CO; increases non-linearly with pressure.
For example, increasing the pressure from 1 MPa to 10 MPa
can enhance the dissolution rate of basalt glass by 5-8 times,
primarily due to the increased concentration of carbonates and
improved fluid permeability (Choubineh et al., 2019). Further-
more, the dissolution behavior under supercritical CO; (scCO5)
conditions is characterized by a distinct kinetic inflection point
around 7.38 MPa and 31.1°C, where the carbonate product layer
formed on the mineral surface is thinner (<50 nm) and more
porous, thereby facilitating sustained chemical reactions (Rosso
and Rimstidt, 2000).

pH is a critical variable controlling the dissolution mecha-
nism. In acidic conditions, the dissolution process is predomi-
nantly governed by a proton-promoted mechanism (Tester et al.,
1994). In neutral to weakly alkaline conditions, the direct attack
of water molecules on the silicate bonds becomes the rate-
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limiting step (Iglauer and Al-Yaseri, 2021). In strongly alkaline
environments, the nucleophilic cleavage of Si-O-Si bonds by
OH- further enhances the dissolution rate (Abdulelah et al.,
2021). The pH versus dissolution rate curve for basalt minerals
typically exhibits a “U” shape, with minimum dissolution rates
occurring in the pH range of 5 to 7 (Metz et al., 2005). Fluid
dynamic conditions modulate the dissolution process by influ-
encing mass transport and surface renewal. When the Reynolds
number (Re) exceeds 10*, the boundary layer thickness can
decrease to 10—100 um, resulting in a 3—5 fold increase in the
dissolution rates of plagioclase. Microfluidic experiments have
corroborated that minor variations in flow rates at the pore scale
(50-500 pum) can lead to significant changes in the morphology
of the dissolution front, shifting from uniform weathering to
finger-like channel growth (Hénchen et al., 2006; Jarvis et al.,
2009).

Coupling effects among various environmental fields have
emerged as a key focus of contemporary research (Ali et al.,
2019). The synergistic interaction between temperature and
pH is evident; at low temperatures, the pH effect dominates,
while the influence of temperature becomes more pronounced
at higher temperatures (Voigt et al., 2021). The coupling of
pressure and flow is noted in the stability changes of fluid path-
ways under high confining pressures; specifically, a confining
pressure of 10 MPa can maintain micro-cracks in an open state,
effectively increasing the reactive surface area by 2-3 times
(Ali et al., 2023). Recently developed in situ characterization
techniques facilitate real-time monitoring of multiple param-
eters, thereby revealing critical transition points in mineral
dissolution mechanisms.

The spatial and temporal heterogeneity of environmental
conditions gives rise to non-linear characteristics in dissolution
behavior (Bandstra and Brantley, 2008a). Field monitoring data
indicate that the dissolution rates of minerals in basalt aquifers
decrease along fluid flow pathways, with rates in the first 10
meters being 1-2 orders of magnitude higher than those at 50
meters (Jeschke and Dreybrodt, 2002; Wells et al., 2017). This
scale effect is challenging to replicate in laboratory settings and
is primarily extrapolated through reaction-transport models.
Long-term experiments have revealed an “aging” phenomenon
in mineral dissolution, with rates during the initial phase being
5-10 times higher than those observed during the stable phase,
closely associated with the development of a passivation layer
on the surface (Seyama et al., 1996; Yekeen et al., 2020).

Environmental factors also play a decisive role in the for-
mation of secondary minerals (Prigiobbe et al., 2009). In low-
temperature conditions, an amorphous silica product layer is
readily formed, while high-temperature environments promote
the precipitation of layered silicates, such as montmorillonite
(Blum and Lasaga, 1988). These secondary phases alter the ef-
fective reactive surface area and mass transport pathways, pro-
viding feedback that regulates the dissolution rates of primary
minerals (Al-Yaseri et al., 2021b). Under conditions favorable
for CO, storage, the precipitation of secondary carbonates can
locally elevate pH, creating a self-regulating mechanism that
stabilizes dissolution rates over time (Giammar et al., 2005).

4.3 Typical basalt carbon sequestration projects

Multiple demonstration projects worldwide have validated
the feasibility of CO, mineralization and storage technology,
with the CarbFix (Iceland), Wallula (USA), SOLVE (Nor-
way), and CO,-DISSOLVED (France) projects representing
innovative technological approaches across different geological
scenarios (Pogge von Strandmann et al.,, 2019). The Carb-
Fix project, implemented at the Hellisheidi geothermal field
in Iceland, is the largest in situ basalt mineralization project
globally. Its core technological breakthrough involves the CO,-
geothermal water mixed injection strategy (molar ratio of 1:3),
which facilitates the mineralization reaction through both the
thermal energy and dissolved ions (Ca®>" and Mg?" concen-
trations >100 mg/L) of geothermal fluids (Schwartz, 2022).
Monitoring data indicates that the injected CO, achieved a
mineralization rate exceeding 95% in less than two years, sig-
nificantly faster than early predictions, attributed to the project’s
innovative stepped injection scheme (Gislason et al., 2010). The
strategy begins with a low CO; proportion (10%) to activate
the mineral surface and gradually increases to 50%, thereby
continuously renewing the reaction interface (Schwartz, 2018;
Sigftusson et al., 2018). Geochemical tracing confirmed that the
primary mineralization products are predominantly magnesite
and calcite, uniformly distributed without localized blockage
(McGralil et al., 2017). Additionally, the project developed a
real-time microseismic monitoring system with a positioning
accuracy of 10 meters, successfully providing early warnings
for three microfracture activities induced by carbonate precipi-
tation (Ajoma et al., 2020). The picture showing the conversion
of CO; into calcite in the CarbFix project is shown in Fig 7.

The Wallula deep basalt demonstration project in the United
States adapted technology to the characteristics of continental
basalt, with its core innovation being the use of a supercritical
CO; injection mode (Schwartz, 2018). The project operates at
depths of 800—1000 meters in the Columbia River basalt group
and enhances the release rate of Fe?* by five times through
the addition of 0.1 mol/L sodium citrate as a complexing a-
gent, thereby promoting the precipitation of iron-magnesium
carbonates (Gislason et al., 2018). Observations from an un-
derground fiber optic sensing (DTS/DAS) network indicated a
15% increase in wave velocity in the near-well region (<30 m)
six months post-injection, reflecting mineral fill effects (White
et al., 2020). Notably, the project employed a pulsed injection
strategy (two months of injection followed by one month of
suspension), alleviating the permeability decline caused by car-
bonate precipitation. This approach provides critical insights
for basalt reservoirs with high clay content. Monitoring has
shown that the mineralization rate stabilizes at 70-80%, with
no leakage detected (Matter et al., 2011).

The SOLVE project in Norway explores a saline formation-
mineral co-storage technology in offshore basalt formations in
the North Sea. Its distinguishing feature is the development of
a self-adjusting acid system, which dissolves minerals at low
pH (<4) and automatically demulsifies to release CO, as the
pH increases (>6), achieving spatial separation of dissolution
and precipitation processes (Johnson et al., 2005). Project data
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Fig. 7 Evidence of CO, mineralization in the CarbFix project (Snabjérnsdottir et al., 2017)

demonstrate that this technology improves CO; reach efficien-
cy by 40%, with a mineralization rate of 50 kg/m’ per year
(Tsakiroglou et al., 2018). The project also pioneered a remote
monitoring technology based on nano-magnetic particles, al-
lowing for the inversion of carbonate distribution (accuracy
+5%) by monitoring the electromagnetic response changes of
injected Fe;O4-SiO; nanoparticles (50 nm in diameter) (Han
et al., 2019; Miocic et al., 2014).

The CO,-DISSOLVED project in France represents a shal-
low low-temperature mineralization approach, where CO, is
dissolved in groundwater and injected into a basalt aquifer
located 150 meters deep in the Paris Basin (Luhmann et al.,
2017). The project’s innovation lies in utilizing the natural
iron minerals (hematite, magnetite) in the aquifer as catalysts,
accelerating carbonate nucleation through the Fe?* cycle (Gisla-
son et al., 2018). Monitoring results indicate that although low
temperature (25°C) initially slows down mineralization (30%
after two years), a self-accelerating characteristic emerges in
the later stages, with a mineralization rate reaching 90% after
five years. The low-cost monitoring technology developed by
the project serves as a model for small-scale community-level
storage (Rahman et al., 2022).

5 CO; mineralization by industrial wastes

CO; mineralization by industrial wastes is recognized as
a promising emission reduction technology with significan-
t potential for large-scale CO, sequestration applications, as
illustrated in Fig. 8 (Zhang et al., 2024). CO, mineralization
by industrial wastes refers to a process that mimics the natural
mechanism of CO, mineral absorption, utilizing naturally oc-
curring ores or solid waste that contain alkaline or alkaline earth
metal oxides to produce stable solid carbonates via carbonation
reactions (Liu et al., 2025; Wang et al., 2025). Industrial solid
waste rich in calcium and magnesium oxides, such as fly ash,

slag, carbide slag, and construction debris, possesses consid-
erable CO, mineralization potential due to its large annual
production and high reactivity (Xu and Mo, 2024). The CO,
mineralization by industrial wastes is typically accomplished
through a non-in-situ mineralization process. This methodology
involves collecting reactive industrial wastes (e.g., calcium-
rich fly ash, calcium- and magnesium-rich tailings), grinding
them into fine particles, and facilitating their reaction with CO,
in a controlled industrial environment (Raganati et al., 2024).
Following the reaction between industrial waste and carbon
dioxide, the resultant material is placed in above-ground un-
derground spaces, such as coal mine goaf areas, for permanent
disposal (Xie et al., 2015).

5.1

Industrial solid waste represents a significant source of raw
materials for CO, mineralization and storage, with treatmen-
t technologies categorized into direct and indirect methods
based on their reaction mechanisms and process characteristics
(Ramasenya et al., 2025a). The direct mineralization method
facilitates carbon fixation through the direct reaction between
CO; and the alkaline components present in solid waste, oper-
ating via a three-step reaction mechanism that involves water
(Morales-Florez et al., 2011). Studies on the direct mineral-
ization of steel slag have demonstrated that a carbonation rate
exceeding 80% can be achieved within 24 hours under standard
conditions (Griinhduser Soares et al., 2022). Recent advance-
ments in this technology have employed mechanical activation
to enhance the specific surface area to 15-20 m?/g, resulting
in a significant increase in the carbonation rate by 3-5 times
(Ren et al., 2020). The utilization of supercritical CO, further
amplifies the reaction rate by one to two orders of magnitude
when compared to gas-phase CO, conditions (Duan et al., 2024;
Rahmani, 2020).

Mineralization methods
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Fig. 8 Schematic diagram of CO, mineralization by industrial wastes (Chen et al., 2021)

Dry mineralization technology has gained considerable at-
tention due to its operation without a liquid phase medium.
This process typically functions under conditions of 30-70%
relative humidity and temperatures ranging from 50 to 200°C,
with the reaction dictated by surface adsorption-diffusion mech-
anisms (Cardenas-Escudero et al., 2011). Recent research in-
dicates that the carbonation depth of steel slag exposed to a
CO, atmosphere increases parabolically over time, and steam
activation pretreatment can enhance the reaction rate by 2-3
times (Ebrahimi et al., 2018). Conversely, wet mineralization
occurs within the liquid phase and can be subdivided into three
pathways depending on pH conditions: acidic, neutral, and
alkaline. Although acidic wet methods facilitate rapid reaction
rates, they encounter challenges related to equipment corrosion
and subsequent neutralization procedures. Neutral wet methods
stabilize the pH at 7-8 by incorporating buffers, achieving
carbonation rates of 60-80% under mild conditions. Alkaline
wet methods, while ensuring thorough reactions, necessitate
strict controls to prevent the formation of silicate gels that could
obstruct the reaction (Wang et al., 2024). In terms of reactor
design, fluidized bed reactors exhibit favorable adaptability for
both dry and neutral wet methods, while high-pressure reactor
systems are better suited for acidic wet processes (Rahmani,
2018).

The indirect mineralization method utilizes a two-stage pro-
cess involving medium extraction and precipitation separation.
The acidic extraction typically involves the use of HCI, H,SO4,
or organic acids to dissolve metal ions from solid waste at pH
levels between 2 and 4 (Li et al., 2023). In contrast, the alkaline
extraction method employs ammonium salts such as NH4Cl
through ion exchange to extract Ca>*/Mg?" ions, achieving a
metal ion recovery rate of 85% under optimized condition-
s. Following extraction, the solution is treated with CO, for
carbonation, where controlling the saturation index between
0.5 and 1.5 ensures the production of high-purity carbonate
products (Xu et al., 2024a).

The industrial application of these various technological
pathways reflects differentiated development trends. The direct
method, owing to its simplicity, has achieved commercializa-
tion within the construction materials sector, exemplified by
Canada’s CarbonCure technology, which incorporates steel slag
mineralization products as concrete additives, sequestering 25
kg of CO; per cubic meter of concrete (Ebrahimi et al., 2017).

The indirect method, on the other hand, offers advantages for
the production of high-value-added products. Dry mineraliza-
tion shows promise for in-situ storage in solid waste landfills,
while wet mineralization is more appropriate for centralized
treatment (Liu et al., 2021). From a techno-economic perspec-
tive, both direct and dry methods present lower normalized
costs but comparatively limited carbonation rates; conversely,
indirect and wet methods, although associated with higher cost-
s, can achieve carbonation rates exceeding 90% alongside high
product purity (Kaithwas et al., 2012).

5.2 Mineralization characteristics of different
solid waste materials

Industrial solid waste utilized for CO, mineralization and
storage primarily includes steel slag, fly ash, phosphogypsum,
and tailings, all of which are significant sources of raw ma-
terials due to their high content of alkaline components such
as Ca and Mg. The mineralogical characteristics and chemical
composition of these solid wastes substantially influence their
mineralization behavior and storage efficiency.

Steel slag is regarded as the most promising mineralization
feedstock, owing to its high alkalinity and abundant free CaO,
which confer excellent CO, fixation capabilities. Research in-
dicates that the theoretical CO, storage potential of converter
steel slag can reach 200-300 kg/t under standard conditions,
with dicalcium silicate and free CaO serving as the primary
active components. The nano-sized Ca(OH), clusters present
on the surface of steel slag particles act as preferential sites for
carbonation reactions (Xu et al., 2024a). Mechanical activation
enhances the specific surface area of steel slag, thereby improv-
ing its carbonation efficiency. Notably, the 2—-5% Fe, O3 content
in steel slag exhibits catalytic effects, promoting electron trans-
fer through the Fe>*/Fe*" cycle during the wet mineralization
process, which in turn increases the precipitation rate of calcium
carbonate (Chen et al., 2021). However, the presence of heavy
metals, such as Cr and Pb, in steel slag may leach under acidic
mineralization conditions, necessitating the maintenance of pH
levels above 6 to ensure environmental safety. The carbonation
reaction process of steel slag is illustrated in Fig. 9.

The mineralization behavior of fly ash is closely linked to
its glassy phase content (Yao et al., 2024). The high-calcium
glassy phase in circulating fluidized bed (CFB) ash exhibits
rapid dissolution characteristics, wherein the release of AI**
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Fig. 9 The reaction processes of calcium component in steelmaking slag (Xu et al., 2024a)

ions competes with Ca?" to form calcium aluminum garnet,
thereby reducing CO, fixation efficiency (Peng and Xia, 2024;
Singh et al., 2024). Selective extraction of Ca>* using an NH4Cl
solution can achieve carbonation rates exceeding 75% (Luo
et al., 2024). The presence of unburned carbon in fly ash has a
dual effect: it acts as a nucleation site to promote carbonate pre-
cipitation while also adsorbing CO;, molecules, hindering gas-
solid contact. Microwave oxidation pretreatment can reduce the
unburned carbon content to below 1%, while also relaxing the
glassy structure to enhance the dissolution rate (Luan et al.,
2024; Niu et al., 2024; Xia and Peng, 2024).

The mineralization of phosphogypsum necessitates conver-
sion through an ammonium salt medium. Impurities present
in phosphogypsum compete with Ca>" to form precipitates,
which consequently decreases the purity of calcium carbon-
ate to 80-85% (Szczygiel and Jagoda, 2013). The addition of
sodium polyacrylate can selectively inhibit the co-precipitation
of impurities, resulting in a product purity exceeding 95%.
Importantly, the (NH4),SO4 solution generated as a byproduct
from this process can be recovered through membrane separa-
tion, achieving an ammonium ion recycling rate greater than
90% (Zhang et al., 2022). The mineralization characteristics of
metal tailings are constrained by the stability of their silicate
structures. Olivine tailings require strong acidic conditions with
pH < 3 for effective dissolution, which can lead to silica gel
encapsulation issues (Tian, 2002). Conversely, high-silica tail-
ings must undergo alkaline fusion activation to disrupt the Si-O
network, thereby enhancing their CO, fixation potential (Xie
et al., 2022).

The reaction of CO, with wellbore cement can lead to cement
degradation and an increased risk of leakage (Gan et al., 2020).
This reaction can occur rapidly over a short period, and its
changes, as depicted in CT scans, are illustrated in Fig. 10.
When the cement-based materials involved in the CO, reaction
are derived from construction waste, this process promotes CO,
mineralization and storage (Kravchenko et al., 2024; Kuoribo
et al., 2024). The mineralization of construction waste, such as
discarded concrete, exhibits multi-scale characteristics (Teo et
al., 2022). Macroscopically, the carbonation reaction progress-
es inward from the surface; microscopically, the carbonation
of C-S-H gel results in a reduction of its Ca/Si ratio from
1.7 to 0.8, forming nanopores that facilitate CO, penetration

(Tian, 2002; Ravichandran et al., 2024). Additionally, steam
curing pretreatment can increase the CO, absorption capacity
of construction waste (Kaptan et al., 2024; Naguib, 2024; Yuan
et al., 2024).

5.3 Factors influencing the iate of
mineralization

Industrial solid waste constitutes a significant raw material
for CO, mineralization and storage, with its reaction efficien-
cy being influenced by multiple factors, including material
properties, reaction conditions, and process parameters (Kusin
et al., 2024). Regarding material properties, the chemical com-
position of solid waste determines its theoretical CO, storage
potential; for instance, steel slag, which contains 10-15% free
CaO, demonstrates strong CO, fixation capabilities. The min-
eral phase composition also affects reaction reactivity, with
amorphous phases exhibiting greater reactivity compared to
crystalline phases (Karishma et al., 2024). Additionally, the
specific surface area and pore structure dictate the size of the
reactive interface, while mechanical activation can significantly
enhance reaction rates (Lee et al., 2021). In terms of reaction
conditions, temperature plays a crucial role in the mineraliza-
tion process by influencing both reaction kinetics and CO;
solubility. The partial pressure of CO, dictates the driving
force of the reaction; consequently, increasing the pressure
can enhance the carbonation rate of steel slag. pH levels also
regulate the reaction pathway, with acidic conditions promoting
the leaching of metal ions, whereas alkaline conditions favor the
precipitation of carbonates. Furthermore, process parameters
such as the liquid-to-solid ratio affect mass transfer efficiency,
and stirring intensity determines the thickness of the boundary
layer (Tetteh et al., 2021).

To improve the CO, mineralization efficiency of solid waste,
several enhanced reaction technologies have been developed
in recent years, which can be classified into three main cat-
egories: physical activation, chemical activation, and process
intensification (Senthilkumar et al., 2025). Physical activation
techniques increase reaction activity by modifying the physical
properties of the solid waste, with mechanical milling being
the most commonly employed method. By reducing the par-
ticle size of steel slag, the reaction rates can be significantly
improved. Microwave activation utilizes dielectric heating to
selectively excite polar molecules, thereby relaxing the glassy
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Note: Scale represents the relative change in gray scale

Fig. 10 The alteration area of cement under the action of CO, based on post-processing of CT
scans: (a) 7 days; (b) 14 days; (c) 28 days; (d) 56 days (Gan et al., 2025)

structure of fly ash and enhancing its dissolution rate. Ultrasonic
cavitation produces localized high temperatures and pressures,
which can continuously refresh the reaction interface and in-
hibit the formation of passivation layers. Chemical activation
techniques modify reaction pathways through the addition of
specific reagents. Acidic activation employs HCIl, H,SOu, or
organic acids to dissolve metal ions under pH conditions rang-
ing from 2 to 4, with acetic acid concentrations of 0.5-1 mol/L
achieving Ca extraction rates from steel slag exceeding 90%.
Catalytic activation involves the introduction of carbonic anhy-
drase or metal oxides to enhance the hydration reaction rate with
CO;. Process intensification techniques improve efficiency by
optimizing reactor design and operational conditions. Supercrit-
ical CO, technology leverages the unique physical properties
of scCO,, resulting in mass transfer rates that are one to two
orders of magnitude higher than those observed with gas-phase
CO; (Navarro et al., 2025).

5.4 Characteristics and applications of
mineralized products

The mineral phase composition of solid waste CO, miner-
alization products is primarily determined by the type of raw
materials and the conditions under which mineralization occurs.
Steel slag-based mineralization products predominantly consist
of calcite, with minor amounts of aragonite and vaterite present.

In contrast, the products derived from fly ash typically in-
clude hydrotalcite-like minerals, while the transformation prod-
ucts of phosphogypsum yield high-purity calcite (Ramasenya
etal., 2025a). The mechanical properties of these mineralization
products directly influence their value in engineering applica-
tions. The compressive strength of steel slag-based products
can reach 50-80 MPa, comparable to that of ordinary Portland
cement. In comparison, although fly ash products exhibit lower
strength, they demonstrate superior toughness (Wang et al.,
2025). This difference can be attributed to variations in their
microstructural characteristics: the calcium carbonate crystals
in steel slag products form a rigid framework through tight
interlocking, whereas the hydrotalcite phase in fly ash products
possesses a layered structure that allows for energy absorption
through slip (Jang et al., 2025). Additionally, the dissolution
rate of steel slag products is lower than that of limestone, which
is attributed to the calcium silicate protective layer formed on
their surfaces. Notably, by carefully controlling the degree of
carbonation, self-healing materials can be synthesized, enabling
the repair of micro-cracks through the continued carbonation of
unreacted Ca(OH); in humid environments (Nakao et al., 2025).

Within the construction materials sector, mineralization
products are primarily utilized as aggregates or additives. For
instance, incorporating steel slag mineralization products into
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concrete has been shown to enhance compressive strength.
Construction materials formulated with fly ash products pos-
sess a density that is only 60—70% of that of traditional prod-
ucts, as well as a 30% reduction in thermal conductivity. In
the chemical industry, high-purity calcium carbonate products
find applications in the plastics, paper, and coatings sectors.
In environmental engineering, mineralization products act as
passivators for the remediation of heavy metal-contaminated
soils. Furthermore, nano-structured magnesium carbonate has
exhibited promising application potential in high-end fields
such as pharmaceutical carriers and catalyst supports (Liu et al.,
2024).

6 Enhanced mineralization techniques

The efficiency of CO2 mineralization and storage technolo-
gy, as well as process control, is heavily dependent on the pH
environment and the catalytic mechanisms within the reaction
system. Research has demonstrated that precise regulation of
pH typically maintained within the range of 2 to 10 combined
with the use of efficient catalysts, can significantly enhance
both the dissolution rate of silicate minerals (such as olivine
and serpentine) and the efficiency of carbonate precipitation
(Phukan et al., 2021).

During the acidic enhanced dissolution stage (pH<5), both
inorganic acids (e.g., HCl and H,S0O,) and organic acids (e.g.,
oxalic and citric acids) facilitate the leaching of Mg?* and Ca?*
ions through proton-promoting mechanisms. For example, a
0.5 M oxalic acid solution at 80°C can enhance the dissolution
rate of olivine by 8-10 times (McGrail et al., 2017). However,
excessive acidification (pH<2) may lead to the collapse of the
silicate tetrahedral structure, thereby inhibiting the ongoing
reaction. To mitigate this issue, novel buffering systems have
been developed to maintain an optimal pH window of 4-6,
which ensures effective dissolution kinetics while preventing
structural degradation of the minerals. Experimental results
confirm that this strategy increases the magnesium extraction
rate from serpentine by 40%.

Significant advancements have also been achieved in catalyt-
ic technologies during the alkaline carbonation stage (pH>8).
Biomimetic carbonic anhydrase catalysts, designed to mimic
the active sites of biological enzymes (specifically the Zn?'-
OH structure), have successfully lowered the activation energy
of the CO, hydration reaction from 35.6 kJ/mol to 21.4 kJ/mol,
resulting in a reaction rate enhancement of up to 105 times
(Flaathen et al., 2010). Additionally, nanometer-sized Ni-Fe
bimetallic catalysts (with particle sizes ranging from 5 to 10
nm) facilitate the dehydration of HCOj;" through surface oxygen
vacancies, thereby increasing the nucleation rate of magnesite
by three orders of magnitude at 150°C (Squires and Wolf, 2006).
The development of pH-responsive smart catalysts is particu-
larly noteworthy; for instance, Fe;O4 nanoparticles coated with
polydopamine release Fe?" ions under acidic conditions (pH
< 6) to enhance mineral dissolution, while serving as nucle-
ation sites for carbonate precipitation in alkaline environments
(pH>8). This approach effectively achieves spatiotemporal cou-
pling of the dissolution-precipitation process (Gudbrandsson
et al., 2014).
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The coupling technology of geothermal systems and CO2
mineralization and storage (Geothermal-CCUS) has garnered
significant attention in recent years as an innovative pathway
for achieving negative emissions. The core principle of this
approach lies in leveraging the thermodynamic properties and
chemical composition of geothermal fluids to substantially ac-
celerate the rate of CO2-rock interactions (Maher and Cham-
berlain, 2014).

When geothermal water is mixed and injected with su-
percritical CO2 in specific ratios, a synergistic mechanism
of ”thermal-chemical-mechanical” enhancement can be estab-
lished, resulting in mineralization efficiencies that are 3-5
times greater compared to conventional brine injection methods
(Morse and Arvidson, 2002; Vriens et al., 2020). The divalent
cations present in geothermal water participate in rapid carbon-
ation reactions with dissolved CO2. Experimental data indicate
that under conditions of 150°C and 15 MPa, the dissolution
rate constant for plagioclase in basalt increases from 1072
mol/(m?-s) to 1071 mol/(m?-s), while the precipitation rate of
secondary carbonates improves by two orders of magnitude
(Moore et al., 2012).

7 Challenges and future directions in CO,
mineralization

7.1 Barriers to large-scale deployment

CO; mineralization and storage involves the reaction of CO,
with calcium- and magnesium-rich rocks and solid waste mate-
rials to produce stable carbonate minerals, such as calcite and
dolomite. This process represents a significant technological
pathway for achieving long-term and safe carbon sequestration
(Lei et al., 2021; Rosenbauer et al., 2012; Wang et al., 2023).
However, the technology encounters several challenges during
large-scale engineering deployment. The suitability of geolog-
ical storage is constrained by the need for spatial and temporal
alignment between reservoir properties and engineering pa-
rameters (Goldberg and Slagle, 2009). Effective sequestration
target areas must simultaneously fulfill multiple requirements,
including mineral abundance, rock permeability, caprock in-
tegrity, and geothermal gradients. In global sedimentary basins,
only approximately 7—12% contain sufficiently thick ultramafic
formations, such as oceanic basalt and ophiolites, and their spa-
tial distribution is highly uneven. For instance, basalt outcrops
in regions like Iceland and Oman demonstrate high reactivity,
with porosity values ranging from 12% to 25% (Noiriel and
Soulaine, 2021).

Rock permeability serves as a critical limitation, as the per-
meability of basalt matrices is typically low and largely de-
pendent on fracture networks for fluid pathways. Field mea-
surements indicate that fracture permeability exhibits strong
anisotropy, which can lead to fingering phenomena following
CO; injection, resulting in local over-saturation in some areas
while other regions remain inadequately reacted (Hellevang
et al., 2013; Kumar and Shrivastava, 2019). Numerical simu-
lations suggest that in typical basalt reservoirs, CO, injection
rates exceeding 20 kg/s can cause carbonate precipitation that
reduces permeability near the wellbore by 60% within six
months. Therefore, pulse injection or acidizing may be neces-



104

sary to maintain long-term injectivity (Liu et al., 2019; Pham
et al., 2014).

The deep geothermal gradient also significantly influences
the mineralization pathway. When temperatures exceed 80°C,
magnesite (MgCO3) tends to form preferentially over hydro-
magnesite (McGrail et al., 2017). While magnesite is more sta-
ble, its high nucleation energy barrier can extend the induction
period by 3 to 5 times. Additionally, fluid overpressure may
activate faults; for example, the Wallula project in the United
States observed a 20-fold increase in microseismic activity
during injection, with a maximum magnitude of 2.3 (Wang
etal., 2023). Furthermore, the presence of pyrite (FeS) in certain
serpentinized peridotites can release hydrogen sulfide (H,S) in
acidic CO; fluids, posing corrosion risks to wellbore equipment
and environmental toxicity concerns. The interplay of kinetic
and geological constraints frequently results in actual seques-
tration efficiencies that fall short of laboratory predictions. For
instance, field monitoring data from Iceland’s CarbFix project
indicate that while 95% of injected CO, mineralized within two
years, the presence of clay interlayers has led to the establish-
ment of sequestration “blind spots,” allowing approximately
5% of CO;, to migrate in a free state (Marieni et al., 2021).

Consequently, future technological development must es-
tablish a cross-scale cognitive framework that integrates
molecular-scale reaction mechanisms with basin-scale trans-
port patterns, thereby enhancing overall sequestration certainty
through adaptive injection regulation.

7.2 Scientific and technical challenges

The large-scale deployment of CO, mineralization technolo-
gy encounters multidimensional and multiscale scientific chal-
lenges, as well as technical challenges related to reaction kinet-
ics. The reaction rate directly influences both the engineering
feasibility and the scalability potential of this technological
pathway (Ajoma et al., 2020). From the perspective of reac-
tion kinetics, the dissolution-precipitation process of silicate
minerals is constrained by intrinsic reaction rates, which are
primarily governed by the dual limitations of molecular-scale
interfacial reaction mechanisms and macroscopic mass trans-
fer efficiencies (Gysi and Stefansson, 2012; Wolff-Boenisch
et al., 2004). The dissolution rates of silicate minerals, such as
olivine and serpentine, are controlled by the stability of their
crystal structures, resulting in relatively low dissolution rate
constants under standard temperature and pressure conditions.
This slow kinetic characteristic necessitates geological time
scales for mineral carbonation to occur under natural conditions
(Sigfasson et al., 2018).

Experimental studies demonstrate that the dissolution rate
of minerals is highly sensitive to reaction conditions. For in-
stance, increasing the temperature to 150-200°C can enhance
the dissolution rate of olivine by 2 to 3 orders of magnitude,
due to a reduction in activation energy from approximately 80
kJ/mol to around 50 kJ/mol (Phukan et al., 2021). An acidic
environment (pH 3-5) can promote the leaching of magnesium
ions via proton-driven mechanisms; however, excessive acid-
ification (pH < 2) may result in the collapse of the silicate
tetrahedral structure, subsequently inhibiting continuous reac-
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tion (Gislason et al., 2010). Moreover, the secondary minerals
formed during the reaction, such as amorphous SiO; and lay-
ered double hydroxides, can develop dense passivation layers
on the mineral surface. High-resolution transmission electron
microscopy observations indicate that the thickness of these
passivation layers can reach 50-200 nm, and their nanopore
volume fraction (<10%) significantly obstructs the transport
of reactants, leading to an exponential decay of the effective
reactive surface area over time (Sun et al., 2022).

To address these limitations, current research efforts are fo-
cusing on synergistic activation strategies across multiple phys-
ical fields (Ali et al., 2019). In the domain of mechanochem-
istry, high-energy ball milling reduces the particle size of min-
erals to submicron levels, resulting not only in an increased
specific surface area (from 0.5 to 5.3 m?/g) but also in the
introduction of dislocations and grain boundary defects within
the particles, which can lower the dissolution activation energy
by 30-40% (Waszczuk et al., 2016). In the field of catalytic
chemistry, organic acid ligands (such as oxalic and citric acid-
s) can selectively extract magnesium ions through chelation,
leading to an increase in the dissolution rate of serpentine by
5 to 8 times. Additionally, biological enzymes (like carbonic
anhydrase) can accelerate the generation of carbonate ions by
lowering the hydration energy barrier of CO, (Hu et al., 2016).
It is essential to note that although these enhancement methods
have achieved significant breakthroughs at the laboratory scale,
scaling them to industrial levels presents challenges related
to energy consumption and costs. For example, maintaining a
reaction temperature of 150°C necessitates continuous thermal
energy input, resulting in an energy consumption of 1.2 to 1.8
GJ per ton of CO; sequestered, which substantially impacts the
net reduction benefits of the entire process.

7.3 Engineering and operational hurdles

The integrity risks associated with wellbores in CO, geo-
logical storage present a complex challenge that encompass-
es multiple physicochemical processes. Central to this issue
are the long-term interactions within the supercritical CO,-
brine-cement-steel multiphase system under conditions of high
temperature and pressure. The wellbore system acts as the
sole conduit linking the surface to the underground reservoir;
consequently, any failure in its integrity may directly lead to
sequestration failure, resource wastage, or even safety incidents
(Lecolier et al., 2006; Li et al., 2015; Zhang et al., 2013).

From the standpoint of material degradation mechanisms,
the carbonation process of the cement sheath exhibits distinct
zonal characteristics. Following CO, infiltration in the near-
wellbore region, a rapid carbonation reaction occurs, resulting
in the transformation of Ca(OH), and C-S-H gel into CaCO;
and amorphous SiO,. While this process initially enhances the
density of the material, it can ultimately give rise to the for-
mation of micro-annular gaps ranging from 10 to 50 um at the
cement-steel interface over time (Spokas et al., 2019). Notably,
when the reservoir temperature exceeds 50°C, the rate of the
carbonation reaction escalates exponentially. Accelerated test-
ing has demonstrated that, under the influence of supercritical
CO,, the compressive strength of oilwell cement consistently
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declines, while permeability exhibits an upward trend.

Furthermore, subsurface displacement resulting from reser-
voir compaction or uplift can induce shear deformation of the
casing. This deformation may result in localized strains of up to
2% at the casing connections, which significantly surpasses the
elastic limits of the steel (Zhang et al., 2013). From a monitoring
perspective, the degradation of wellbore integrity often exhibits
nonlinear characteristics. Data obtained from distributed fiber
optic sensing indicate that early signs of damage to the cement
sheath are manifested by a reduction in acoustic wave velocity
and abnormal temperature gradients, while casing corrosion
results in a systematic decrease in the rigidity of the pipe.
However, once damage accumulates to a critical state, a sudden
integrity failure can transpire within the system (Olsen and
Rimstidt, 2008). Leakage resulting from well failure can lead
to catastrophic incidents, as illustrated by a leakage event in a
carbon sequestration project in Illinois.

This “gradual-then-sudden” behavior contributes to a high
rate of false alarms in traditional threshold alarm systems, there-
by underscoring the urgent necessity for the development of
machine learning-based multi-parameter fusion early warning
technologies. In terms of risk mitigation, the most effective
current technological strategy involves the “material-structure-
process” collaborative optimization aimed at reducing the car-
bonation rate. Additionally, the deployment of intelligent com-
pletion technologies can facilitate the automatic activation of
sealing mechanisms upon the detection of micro-leaks. It is im-
perative to emphasize that the management of wellbore integri-
ty must span the entire lifecycle of the sequestration project,
encompassing rock mechanics evaluations during the drilling
phase, real-time pressure control during the injection period,
and long-term monitoring in the post-sequestration phase. Each
stage of this process necessitates rigorous quality control and
continuous technological innovation.

7.4 Economic and infrastructural barriers

The large-scale commercial application of CO, mineraliza-
tion and storage technology confronts significant economic
challenges. This cost is considerably higher than current carbon
trading prices, which generally fall below $50 per ton (Hu et al.,
2016).

From a technical perspective, the analysis of cost challenges
reveals primary challenges across three stages: front-end raw
material acquisition, mid-stage reaction intensification, and
back-end product handling. In the front-end raw material supply
chain, the costs associated with the mining and pretreatment of
suitable silicate minerals for mineralization represent 35-45%
of total expenses (Sjoberg and Rickard, 1985). Moreover, the
geographical distribution of high-grade ore bodies is markedly
uneven, with 90% of economically extractable reserves concen-
trated in a limited number of regions. This concentration results
in elevated raw material costs due to long-distance transporta-
tion (Frisbee and Hossner, 1995).

Economic constraints in the mid-stage reaction intensifica-
tion are even more pronounced. To address the limitations
imposed by natural mineralization rates, existing technological
pathways typically depend on high temperature, high pressure,
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or chemical additives (such as organic acids and ionic liquids) to
enhance the process. However, these methods incur substantial
operating costs (Wogelius and Walther, 1991). The thermal
energy required to maintain continuous flow reactors at 200°C
is estimated to be between 1.8 and 2.5 GJ per ton of CO,,
translating to fuel costs in the range of $30 to $45 per ton of CO,
based on industrial natural gas prices (Al-Yaseri et al., 2021a).
The often-overlooked hidden costs associated with back-end
product disposal are significant, as each ton of mineralized CO,
generates approximately 2.5 to 3.5 tons of solid waste. The
management of these by-products requires seepage treatment
or potential for value-added utilization, both of which are con-
strained by market capacity and transportation limitations (Ali
etal., 2019).

It is important to recognize that cost variations may arise un-
der different geological conditions. In-situ mineralization elim-
inates mineral extraction costs; however, the expenses related
to drilling, completion, and monitoring requirements maintain
high overall costs. Conversely, ex-situ mineralization, while
enabling controlled reactions, encounters offsetting costs linked
to CO; capture and transportation, thereby diminishing its tech-
nical advantages (Rimstidt et al., 2012). Evaluating the learning
curve effect shows that the cost of mineralization technology
has decreased by only 28% over the past decade, significantly
lower than the cost reduction rates observed in photovoltaics
and lithium batteries. This limitation is primarily due to the
inherent complexity of the reaction processes, which hampers
equipment standardization and the realization of economies of
scale.

To overcome these economic challenges in the future, a
multifaceted approach is essential. Developing low-grade min-
eral utilization technologies may contribute to lowering raw
material costs (Phukan et al., 2021). Additionally, innovative
catalytic systems, such as biomimetic carbonic anhydrases,
show promise in moderating reaction conditions and reducing
energy consumption by up to 60%. Furthermore, a CO,-EOR
collaborative model could facilitate shared infrastructure and
shorten the return on investment period from 15 years to 8—10
years. Ultimately, the commercial-scale deployment of CO,
mineralization and storage technologies is likely to materialize
only when global carbon prices consistently exceed $80 per ton
and when policies provide long-term guarantees of 10—15 years.

8 Conclusions

CO, mineralization has gained recognition as an effective
carbon sequestration strategy owing to its inherent safety and
long-term stability. This work presents a systematic review
of recent progress in CO, mineralization technologies, with
particular focus on three scenarios: (i) CO, mineralization in
sandstones, (ii) in situ mineralization within basalt formations,
and (iii) ex situ mineralization utilizing solid waste materi-
als. Through an extensive analysis of representative studies
across these three mineralization pathways, we critically e-
valuate recent technological advancements including: reaction
acceleration methods, geothermal energy-enhanced mineraliza-
tion processes, machine learning applications for mineralization
process optimization, and advanced wellbore materials. The
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review further identifies four critical challenges hindering the
large-scale implementation of CO, mineralization for green-
house gas mitigation: (1) Technical and logistical barriers to
large-scale deployment; (2) Fundamental scientific challenges
in reaction kinetics; (3) Potential leakage risks and long-term
storage security; (4) Economic viability and cost-effectiveness
considerations. Building upon this comprehensive assessment,
we propose strategic research directions and potential solutions
to address these challenges. This study provides both a timely
synthesis of current knowledge and a framework to guide future
research in CO, mineralization technologies.
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