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Abstract: Research focusing on waste management and CO2 mineralization simultaneously has
been a popular topic in the mining community, and a common approach is to mineralize CO2 with
coal-based solid waste (CSW, e.g., gangue (CG), fly ash (FA), coal gasification slag (CGS)) produced
by mining activities. Despite the understanding of CO2 mineralization by cementitious materials,
the mineralization capacity of alkali-activated CSWs remains unknown. Therefore, the mineral
composition evolution and mineralization capacity of different alkali-activated materials (prepared
with CG, FA, CGS, and sodium hydroxide (which works as the alkali-activator), respectively) are
investigated with the adoption of Gibbs Energy Minimization Software (GEMS). The results indicate
that the abovementioned three alkali-activated CSWs are majorly composed of calcium silicate
hydrate, magnesium silicate hydrate, kaolinite, sodium zeolite, and liquid. Due to the difference in
the chemical composition of different CSWs, the amount of hydration products varies. Specifically,
the alkali-activated CSWs made with CGS have the maximum calcium silicate hydrate (C-S-H), while
those prepared with FA enjoy the lowest porosity. In addition, the CO2 mineralization process will
result in the formulation of carbonate and, theoretically, the maximum quantity of mineralized CO2

is less than 20% of the binder used. Furthermore, compared with CG and CGS, FA is characterized
with the highest mineralization capacity. The findings in this study contribute to the understanding
of CO2 mineralization with alkali-activated CSWs.

Keywords: coal-based solid waste; coal mining; backfill; alkali-activated materials; CO2 mineralization

1. Introduction

Coal-based solid wastes (CSWs), namely, coal gangue (CG), fly ash (FA), and coal
gasification slag (CGS), are emitted in the coal mining and utilization processes. The
annual emission of CG, FA, and CGS in China exceeds 680 Mt, 750 Mt, and 100 Mt,
respectively [1–3]. The stockpiled CSWs occupy farmland and pollute the soil, water,
and the atmosphere [4,5]. Therefore, the utilization of CSWs must be resolved. Backfill
mining is an environmental mining technology that offers the advantages of rock strata
movement control [6], underground water protection [7], and solid waste utilization [8,9].
Consequently, it has received considerable attention in the research on coal mining.

Carbon dioxide (CO2) gas, in particular, has the greatest influence on the global cli-
mate and is the primary cause of global warming [10,11]. Recently, the growing carbon
emissions have posed a formidable challenge both to the coal mining and coal utilization
industries [10,11]. Xu et al. [12] reported that a coal mining region will become a zero or
negative carbon base in the future. Carbon capture and sequestration in the underground
are likely to be the future research directions of coal-based industries. However, under-
ground CO2 sequestration is still in its infancy, and the research on CO2 sequestration
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technologies, equipment, and materials remains incomplete. The most convenient approach
is to use backfill pastes as the carrier to sequestrate CO2 in partitioned confined under-
ground spaces (Figure 1) [13]. Figure 1 shows the schematic of backfill mining combined
with CO2 sequestration. Evidently, after coal mining, a confined space is built in the goaf,
and the CO2 gas transmission pipeline arrayed with different gaps is set in the confined
space. Subsequently, the backfill materials are prepared and transported to the confined
space through the backfill slurry delivery pipeline. After backfilling and the setting of
pastes, the CO2 gas is transported to the confined space along the pipeline to react with the
pastes. This is an ideal treatment approach for underground CO2 mineralization, which
is different to Carbon Capture, Utilization and Storage (CCUS), because using backfill
materials to sequestrate CO2 is safer than CCUS; the explosion of geological storage can
lead to the leakage of CO2 into the atmosphere, and the ground movements might seriously
compromise the storage integrity, leading to earthquakes [13].
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The backfill material is the key element for CO2 sequestration, and the backfill pastes
can be prepared with CSWs, such as CG, FA [14,15], and CGS, with minimal cement [16,17]
or activators [18,19]. Wang et al. [20] developed a new testing system to investigate the
effect of different initial parameters on mineral carbonation, such as initial water-to-binder
ratio, sample porosity, and CO2 pressure. They found that the maximum CO2 consumption
ratio reached 15% within 48 h of carbonation. Chen et al. [21] found that carbonation curing
increased the carbonation rate by nearly four times compared with natural curing, and
each ton of cemented paste backfill could ideally absorb approximately 78.4 kg of CO2.
It is known that the common chemical compositions of CG, FA, and CGS are CaO, SiO2,
Al2O3, and Fe2O3 [22,23]; however, their contents differ [24,25]. This results in a difference
in their activity levels. Suescum-Morales et al. [26] found that mixes with CO2 curing and
the substitution of FA with MgO resulted in an improvement of CO2 absorption of 2 g
CO2/kg. The increase in mass due to CO2 capture was 6.91%, 9.39%, and 12.26% at the
ages of 7, 14, and 28 d, respectively, compared to mixes cured with 0.04% (reference) and
5% (CO2 curing) of CO2. Miao et al. [27] found that the highest CO2 adsorption capacity of
2.64 mmol/g at 25 ◦C was achieved with the acid-treated sample.

Alkali-activated material is an environmentally friendly material without cement and
with high solid wastes, which is widely applied in bridge, building and mining [23,28].
The solid wastes consist high amorphous phases that could react with alkali to produce
geopolymers/gels [23]. In these solid wastes, FA and slag are the most widely applied
materials due to their being easily acquired. Different to FA, CG needs to be calcined
at 500–900 ◦C to transfer the crystal minerals, such as kaolinite (Al2O3·2SiO2·H2O), to
amorphous metakaolin (Al2O3·2SiO2 or AS2) [22,24,29]. CGS is a new kind of solid waste
consisting of crystal and amorphous phases; the crystal phases include quartz and calcite,
and the amorphous phases consist of carbon residue and aluminosilicate. CGS has been
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studied as a supplementary cementitious material [30]. Recently, the CO2 binding capacity
of alkali-activated materials was studied. Nedeljković et al. [28] found that alkali-activated
pastes have similar CO2 binding capacities regardless of the FA/slag ratio. It was observed
that the silicate functional groups corresponding to the reaction products in the pastes are
progressively changing during the first 7 days. It was also found that the CO2 bound in the
alkali-activated pastes occurs, to a substantial extent, in an amorphous form. The results in
Jani and Imqam’s [31] experiment indicated that the surface of the FA-based alkali-activated
cement cores is not substantively changed after the exposure to CO2, and no reduction in
compressive strength was observed; it was summarized that the FA is hard to react with
the CO2. However, for backfill pastes, the composition and CO2 mineralized properties
of alkali-activated CSWs prepared with different CSWs, especially for alkali-activated CG
and CGS, remains unclear.

To address this, the composition and CO2 mineralization properties of different CSWs
used as backfill material was investigated in this study. Backfill pastes prepared with three
typical CSWs—CG, FA, and CGS—were employed, with sodium hydroxide as the activator,
and their properties were systematically studied using the Gibbs Energy Minimization
Software (GEMS). This study can serve as a reference for solid waste recycling and carbon
sequestration in the mining industry.

2. Materials and Methods
2.1. Materials

In this study, three types of typical CSWs reported in the literature—CG [29], CGS [30],
and FA [31,32]—were used as the raw materials. The chemical compositions of the CG, FA,
and CGS were detected by X-ray fluorescence analysis (XRF) according to literatures [30–32]
and normalized to 100% (Table 1). These oxides in the raw materials are among the range
reported in the previous literature [1–3], showing that they are representative for the CSWs.
In addition, sodium hydroxide (NaOH) was selected as the admixture to activate the CSWs.

Table 1. Chemical compositions of CSWs (wt.%).

Material SiO2 Al2O3 FexOy CaO MgO K2O Na2O TiO2 SO3

CG 65.50 24.50 3.86 3.04 0.55 1.93 0.62 / /
FA 41.33 41.55 5.21 8.49 0.49 / 0.69 1.40 0.84

CGS 55.52 17.66 12.24 9.17 2.11 / / / 3.30

2.2. Mix Proportion

Table 2 lists the mix proportions of the alkali-activated CSWs in this experiment. The
water-to-binder ratio (w/b) of all pastes in the experiment was 0.8. The binder consisted of
solid waste and NaOH, and the ratio of NaOH was 0–20% based on the binder. Additionally,
to examine the CO2-mineralized capacity of the binders, the CO2 addition was set in the
range of 0–100% for the pastes.

Table 2. Proportion of the experiment.

Group Binder Type Binder Weight/g Activator/% CO2
Dosage/% w/b

Alkali-activated CG CG + NaOH 100 0–20 0–100 0.8
Alkali-activated FA FA + NaOH 100 0–20 0–100 0.8

Alkali-activated CGS CGS + NaOH 100 0–20 0–100 0.8

2.3. Thermoldynamic Model and Calculation

The GEMS (http://gems.web.psi.ch/, accessed on 17 June 2021. Paul Scherrer Institute,
Villigen, Switzerland) [33–35] was used to determine the composition and CO2 mineralized
performance of alkali-activated CSWs. GEMS is a Gibbs Energy Minimization program

http://gems.web.psi.ch/
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package for interactive thermodynamic modeling of heterogeneous aquatic (geo)chemical
systems, especially those involving metastability and dispersity of mineral phases, solid
solution-aqueous solution equilibria, and adsorption/ion exchange.

GEMS described the reactions based on the chemical equilibria theory (e.g., consider-
ing gypsum in a glass of water). The primary reaction is described by Equation (1).

CaSO4·2H2O→Ca2+ + SO4
2− + 2H2O (1)

The complex formation solubility products depending on the equilibrium constants
are expressed in Equations (2)–(5). Here, the equilibrium constants depend on temperature
and pressure.

KS0 = [Ca2+]·[SO4
2−] = 10−4.58 (2)

K = [CaOH+]/[Ca2+]·[OH−] = 101.22 (3)

K = [CaSO4
0]/[Ca2+]·[SO4

2−] = 102.3 (4)

K = [H+]·[OH−] = 10−14.00 (5)

In this experiment, the considered solid solutions of all the cases were modelled in
GEMS using the simple ideal mixing model. The environmental temperature and pressure
for alkali activation and CO2 mineralization were 20 ◦C and 0.1 MPa (1 bar), respectively.
The database used in this study was Cemdata18 [36]. Cemdata18 database in GEM can be
freely downloaded (http://www.empa.ch/cemdata (accessed on 11 October 2018)) and is
fully compatible with the GEMS version. Here, the alkali-activated material (AAM) and
deselection of cement (PC) were applied in this software.

The calculated steps of this study are drawn as follows: The CG, FA, and CGS were
defined firstly as raw materials in GEMS according to Table 1. The, all the elements
necessary to model alkali or carbonation reactions, including H, C, N, O, Na, Mg, Al, Si, S,
Cl, K, Ca and Fe, were selected. The activity and ionic strength of the ions, such as Ca2+,
were calculated with reference to the extended Debye–Hückel model (Equations (6)–(8)).
After that, the mix proportions for the pastes (Table 2) were input into GEMS and the
reactions were performed.

log γ =
−AZ2

√
I

1 + Ba
√

I
+ bI (6)

where γ is the activity coefficient, A and B are P, T is dependent coefficients, a is an average
distance of approach of two ions of opposite charge (or the ion-size Kielland’s parameter
for individual ions), b is a semi-empirical parameter (~0.123 for KOH and ~0.098 for NaOH
electrolyte at 25 ◦C), I is the effective molal ionic strength, and

A = 1.82483 ∗ 106ρ0.5
0 (ε0 · T)−1.5 (7)

B = 50.2916ρ0.5
0 (ε0 · T)−1.5 (8)

where ρ0 is density (g·cm−3) and ε0 is the dielectric constant of pure water at the tempera-
ture T (K) and pressure P (bar) of interest.

From the solubility products, K, of solids calculated at different temperatures, T, the
Gibbs free energy of reaction, ∆rG0, the Gibbs free energy of formation, ∆fG0, and the
absolute entropy, S0, at T0 = 298.15 K were obtained according to Equations (9) and (10).

∆rG00
= ∑

i
vi∆ f G0 = −RT ln K (9)

∆aG0
T = ∆ f G0

T0
− S0

T0
(T − T0) +

∫ T

T0

C0
pdT −

∫ T

T0

C0
p

T
dT (10)

http://www.empa.ch/cemdata
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where vi are the stoichiometric reaction coefficients, R = 8.31451 J/mol/K, T is the tempera-
ture in K, and C0

p is the heat capacity at constant pressure. The apparent Gibbs free energy
of formation, ∆aG0

T , refers to standard Gibbs energies of elements at 298.15 K.
Additionally, the aqua in the pastes which could be recognized as the pore was

calculated by GEMS.

3. Results and Discussion
3.1. Composition of Alkali-Activated CSWs

Composition is fundamental to alkali-activated CSWs, and significantly affects their
properties [16,19]. Figures 2–4 show the compositions of alkali-activated CG, FA, and CGS
pastes with different amounts of NaOH after the completion of all chemical reactions. As is
evident from Figure 2, alkali-activated CSWs are primarily composed of calcium silicate
hydrate (C-S-H), magnesium silicate hydrate (M-S-H), kaolinite, goethite, natrolite, quartz,
and liquid. With increased NaOH addition, the kaolinite reacts with NaOH to produce
natrolite. The reaction is described by Equation (11). When the NaOH content reaches
20 wt.%, the kaolinite in the CG is completely consumed.

Al2O3·2SiO2 + SiO2 + NaOH→ Na2Al2Si3O10·2H2O (11)
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Figure 3 shows the compositions of alkali-activated FA with additions of different
amounts of NaOH. Compared with alkali-activated CG, except for C-S-H, M-S-H, kaolinite,
goethite, and natrolite, alkali-activated FA contains additional hydrates, such as gibbsite,
staettingite, troilite, and OH-hydrotalcite, because of the higher Al content in FA than CG.
The hydrates in the CGS activated by NaOH contain more C-S-H gel and Trollite, as shown
in Figure 4. This is because CGS has higher CaO and Fe2O3 content than CG and FA, as
shown in Table 1.

However, in practical applications, FA and CGS typically have a higher content of
amorphous phases, which are excellent raw minerals for alkali activation. While CG
includes kaolinite, quartz, and calcite, these phases are difficult to be activated in alkali.
Therefore, FA and CGS are more suitable raw materials for alkali-activated CSWs than
CG. However, the thermal activated CG is good material for alkali activation; this is
because the high content of clay mineral in gangue is found to be a potential source of
pozzolan, while proper activation is needed to improve the pozzolanic reactivity of gangue
due to its relatively stable (crystalline) chemical structure. The metakaolin formed after
thermal activation is an amorphous mineral demonstrating excellent pozzolanic properties
(Equation (12)), containing silica and alumina in an active form which can react with calcium
hydroxide (CH) or NaOH derived from cement hydration or alkali activation [22,24,29].

Al2O3·2SiO2·2H2O 500−900 °C−−−−−−→ Al2O3·2SiO2 + 2H2O(g) (12)

The compressive strength property of alkali-activated materials depends on their
mineral compositions and pore structure [29,32]. Higher C-S-H and lower pore content
result in better compressive strength. In addition, several studies [37,38] have reported
that the optimum Na2O (chemical expression of the alkali activator) amount based on the
binder is 4%. To compare the compositions of the three types of alkali-activated CSWs,
8 wt.% NaOH was added to activate the alkali-activated CSWs. The quantitative com-
position results of alkali-activated CSWs are presented in Table 3. The cementitious hy-
drates, including C-S-H, M-S-H, and natrolite, in alkali-activated CG, FA, and CGS reached
26.95 cm3/100 g, 35.80 cm3/100 g, and 37.93 cm3/100 g, respectively, while the total pore
content was 25.62 cm3/100 g, 14.99 cm3/100 g, and 30.31 cm3/100 g, respectively. The
higher the hydrate content and the lower the porosity, the better the mechanical and
permeability properties of cementitious materials. Although the hydrate content of alkali-
activated FA and CGS is almost identical, the porosity of alkali-activated FA is significantly
lower than that of alkali-activated CGS. Among the three pastes, the cementitious hydrate
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content of the alkali-activated CG is the lowest. Therefore, for the same amount of alkali
activator, the performance of alkali-activated FA is better. This result is consistent with
those reported in previous studies using FA as the alkali-activated raw material [4,15,23].

Table 3. Compositions (cm3/100 g) of the alkali-activated CSWs with 8 wt.% NaOH.

Mineral Alkali-Activated CG Alkali-Activated FA Alkali-Activated CGS

C-S-H 6.98 15.77 17.13
M-S-H 1.09 0.95 4.05

Kaolinite 19.20 13.13 11.35
Goethite 1.28 1.42 2.88
Troilite 0.01 0.24 0.93

Natrolite 18.88 19.08 16.75
Quartz 11.75 / 6.12

Gibbsite / 16.84 /
Pore 25.62 14.99 30.31

3.2. CO2-Mineralization Property of Alkali-Activated CSWs

C-S-H and M-S-H phases have a variable composition that depends on the prevailing
Ca/Si and Mg/Si ratios in the system that can change by CO2 mineralization/carbonation,
pozzolanic reaction, leaching caused by the ingress of water, and/or chemical attack.
The CO2-mineralization alters the compositions of the materials, and thus changes the
properties alkali-activated materials. To further compare the CO2 mineralization perfor-
mance of the three types of alkali-activated CSWs, the effect of CO2 dosage, ranging from
0% to 100% based on the binder, was systematically investigated. The results are presented
in Figures 5–7.
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As shown in Figure 5, with an increase in CO2, C-S-H, M-S-H, goethite reacts with
CO2, and its content decreases. The reactions are expressed in Equations (13)–(15). CO2
mineralization leads to the accelerated removal of Ca/Mg element from the C-S-H/M-S-H
gels, resulting in a lower Ca/Si and Mg/Si ratio of the gel and a degradation of the stability
of C-S-H/M-S-H. These carbonation reactions produce a large amount of water, resulting
in an increase in the liquid phase. It is found that sodium zeolite cannot be carbonated,
as its chemical composition is Na2Al2Si3O10·2H2O, in which no Ca and Mg elements are
found. In addition, when the CO2 addition exceeds 20%, C-S-H in alkali-activated CG
decreases rapidly. When the CO2 addition reaches 30%, the C-S-H gel disappears. M-S-H
and goethite can also be carbonated. When the CO2 addition exceeds 60%, all the minerals
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that can be carbonated react, causing the carbonation to cease and the liquid phase content
dose to remain constant. It is worth noting that C-S-H and M-S-H gel are the key elements
that provide mechanical and durability properties [39,40]. This result reveals that CO2
addition should not exceed 20 wt.%

(CaO)a(SiO2)b(H2O)c + CO2 → CaCO3 + SiO2 + H2O (13)

(MgO)d(SiO2)e(H2O)f + CO2 →MgCO3 + SiO2 + H2O (14)

FeO(OH)·nH2O + CO2 → Fe2(CO3)3 + H2O (15)
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As shown in Figure 6, with increasing CO2 addition, the reaction of CO2 with alkali-
activated FA is similar to that with alkali-activated CG, while the initial C-S-H content
differs due to the higher CaO content in FA. Moreover, the liquid content in alkali-activated
FA is lower than that in the alkali-activated CG group, as the liquid phase (aqua) can be
recognized as a pore which decreases the compressive strength of materials; it indicates
that the compressive strength of alkali-activated FA is better. The initial C-S-H gel content
in alkali-activated CGS is the highest among the three types of pastes, as shown in Figure 7.
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In addition, the liquid volume in alkali-activated CGS is much higher than that in alkali-
activated FA, which is consistent with the experimental results presented in Section 3.1.

From the above reactions, it is evident that the carbonation reactions result in the
decrease of cementitious hydrates and increase of calcite and liquid. As reported in the
previous work [16,20,21], the effects of CO2 mineralization on the microstructure and
compressive strength are depending on their reaction degree, which can be divided into
two stages. At the initial CO2 mineralized stage, the calcite and magnesium carbonate
produced in the reactions act as fillers to fill the pores in the cementitious matrix, resulting in
a decrease in the pore content and an increase in the compressive strength; while at the later
stage, most of the C-S-H or M-S-H are carbonated by the CO2; this finding provides support
for the degeneration of microstructure and strength of the matrix [41] (as shown in Figure 8).
Thus, the carbonation in the alkali-activated CSWs should be precisely controlled based
on its mineral compositions and microstructure. Otherwise, the insufficient compressive
strength of the backfill materials struggles to control the movement of strata.
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3.3. Effect of CO2 Mineralization on the Volume of Alkali-Activated CSWs

CO2 mineralization involves chemical reactions that carbonate hydrates in the presence
of CO2, resulting in a solid volume change. The volume change of the cementitious materi-
als is a serious problem, especially in the alkali-activated materials, such as shrinkage and
expansion [22,23,26]. Shrinkage or expansion is considered as a free dimensional change
without external loading, which can cause cracking in the paste or at the paste/aggregate
interface under restrained condition. To examine the impact of CO2 sequestration on solid
volume changes in alkali-activated CSWs, comparisons were performed with the same
NaOH addition. Further, the effect of CO2 addition, ranging from 0–100%, was examined
based on the binder.

As shown in Figure 9, with an increase in CO2, the volume of the three types of alkali-
activated CSWs initially decreases, then increases, and finally stabilizes. This is because
C-S-H, M-S-H, and goethite initially react with CO2 to produce carbonated products and
water. In this process, the solid volume of the product increases, resulting in a decrease
in the solid volume of the alkali-activated CSWs. When the C-S-H gel is carbonated,
the solid phase volume reaches the lowest point. Subsequently, the solid phase volume
increases, and the carbonated volume of M-S-H and goethite increases. The solid phase
volume content then increases until all hydrated products are carbonated, and the solid
phase volume remains constant. Comparing the solid phase volume content of the three
types of alkali-activated CSWs reveals that the order of volume content is alkali-activated
FA > CG > CGS, which is consistent with the experimental results presented in Section 3.1.
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3.4. CO2 Sequestrated Potential of CSWs in Underground Space

The underground space backfilled with solid wastes to mineralize CO2 is considered
to be a potential future substitute for carbon capture, utilization, and storage (CCUS).
CO2 mineralization is safer than the geological storage facility in that in the geological
storage facility, there might be sudden blowouts or explosions leading to a leakage of CO2
into the atmosphere, or the ground movements might seriously compromise the storage
integrity, leading to earthquakes. However, the underground space for CO2 sequestration is
unclear. It is estimated that the underground space in the goaf will reach 23.452 billion m3

by 2030 [42]. This indicates the potential to explore underground space in the future. To
examine the suitability of the underground space for disposing and utilizing CSWs and
CO2, three types of solid wastes were compared based on the results presented in this
section, and the proportions in Table 4 were selected. The results are presented in Figure 10.

Table 4. Proportion of alkali-activated CSWs for backfill and CO2 storage.

Material Solid
Waste/g NaOH/g Water/g Volume of

Binder/cm3
CO2 Storage
on Binder/%

Alkali-activated CG CG-92 8 80 84.80 20
Alkali-activated FA AA-92 8 80 82.42 20

Alkali-activated CGS CGS-92 8 80 89.52 20

As shown in Figure 10, if the underground space is fully backfilled with solid waste, the
theoretical utilization of CG, FA, and CGS can reach 254× 108 t, 262× 108 t, and 241 × 108 t,
respectively, and the theoretical CO2 storage can reach 55 × 108 t, 57 × 108 t, and 52 × 108 t,
respectively. This will have a significant frontal impact on the environment. However,
the actual CO2 sequestration efficiency is generally much lower than the theoretical value,
which mainly depends on the material properties, such as particle size and composition, or
process parameters, such as temperature and pressure. Previous studies [16,26,27] have
found that the actual CO2 storage efficiency can exceed 10% of the theoretical values;
therefore, the potential utilization of CO2 is still appreciable.
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4. Conclusions

In this study, the composition and CO2 mineralization of alkali-activated CG, FA, and
CGS were comprehensively investigated by GEMS. The following conclusions were drawn.

(1) The hydration products of alkali-activated CG, FA, and CGS are calcium silicate
hydrate (C-S-H), magnesium silicate hydrate (M-S-H), kaolinite, goethite, natrolite,
and liquid. Alkali-activated FA also produces gibbsite, troilite, and OH hydrotalcite
because of the different chemical compositions;

(2) The cementitious hydrate content in alkali-activated FA and CGS is almost identical;
however, the porosity of alkali-activated FA is significantly lower than that of alkali-
activated CGS, and the cementitious hydrate content in alkali-activated CG is the low-
est. For the same amount of NaOH, alkali-activated FA offers superior performance;

(3) Hydrates, such as C-S-H, M-S-H, and goethite, can easily be carbonated to produce
carbonates and water. The carbonization reaction results in volume changes in the
pastes. The maximum theoretical CO2 sequestration capacity should be less than 20%
based on the pastes; otherwise, the backfill materials will be destroyed;

(4) CG, FA, and CGS have a high potential for use as backfill materials in underground
space and in CO2 sequestration. In particular, FA offers superior performance.

This study provides a comprehensive chemical understanding of the effect of CO2
mineralization on the composition of alkali-activated CSWs with different coal-based solid
wastes. The strength and volume change properties of alkali-activated CSWs in application,
however, need to be studied in future work.
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