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Abstract

CO, mineralization plays a critical role in the storage and utilization of CO,. Coal fly ash (CFA) and red mud (RM) are
widely utilized as CO, mineralizers. However, the inert calcium species in CFA limit its carbonation capacity, meanwhile
the substantial Ca®* releasing of RM is hindered by a covering layer of calcium carbonate. In this study, CO, mineraliza-
tion in a composite system of CFA and RM was investigated to enhance the carbonation capacity. Multiple analyzers were
employed to characterize the raw materials and resulting mineralization products. The results demonstrated that a synergis-
tic effect existed in the composite system of CFA and RM, resulting in improving CO, mineralization rate and efficiency.
The produced calcium carbonate was ectopically attached the surface of CFA in the composite system, thus slowing down
its coverage on the surface of RM. This phenomenon facilitated further releasing Ca** from the internal RM, thereby
enhancing CO, mineralization efficiency. Meanwhile, the inclusion of RM significantly improved the alkalinity of the
composite system, which not only promoted the dissolution of Ca*" of the inert CaSO,(H,0), in CFA, but also acceler-
ated CO, mineralization rate. The investigation would be beneficial to CO, mineralization using industrial solid wastes.

Keywords CO, mineralization - Coal fly ash - Red mud - Synergistic effect

1 Introduction

Escalating greenhouse gas emissions, especially CO,, have
inflicted significant harm on global ecosystems, resulting in
devastating climate changes. Various strategies have been
proposed for the utilization and storage of CO,, encom-
passing land filling (Afra et al. 2023), chemical conver-
sion (Fernandez-Gonzalez et al. 2022), biotransformation
(Bajracharya et al. 2017) and mineralization (Koytsoumpa
et al. 2018). Among these approaches, CO, mineralization
stands out as an effective and sustainable method for the
permanent and safe storage of CO, in a stable carbonate
mineral form, emulating natural rock weathering processes
(Zevenhoven et al. 2008; Seifritz 1990).
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CO, mineralization involves the carbonation of indus-
trial alkali metal wastes and natural minerals (Romanov
et al. 2015). The direct reaction between CO, and natural
minerals is hampered because of needing energy-intensive
pretreatment to release their alkaline components (Wang
and Maroto-Valer 2011). In contrast, industrial alkali metal
wastes like coal fly ash (CFA) and red mud (RM) have
gained prominence due to their low cost, high reactivity,
and proximity to CO, emission sources (Sanna et al. 2012).
While CFA exhibits a low Ca>* content and inert nature,
limiting its carbonation capacity during CO, mineraliza-
tion. RM has a high Ca’* content, but the Ca** cannot be
quickly and fully released because the resulting calcium
carbonate would cover the remained RM, thereby reduc-
ing its overall carbonation potential and efficiency. Conse-
quently, there is a pressing need for further advancements to
enhance the carbonation capacity of both CFA and RM for
CO, mineralization.

As a byproduct of coal combustion, CFA accounts for
60 wt%—88 wt% of the total combustion residue of coal-
fired power plants (Yao et al. 2015; Ram and Mohanty
2022; Brent et al. 2012). CFA contains various inorganic
components such as Si0,, Al,0;, CaO, Fe,05, Na,O, MgO,
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and CaSO, (Yuan et al. 2022). Despite being used as a filler
for bricks, roads, or dams, a significant amount of CFA is
still discarded in soil or ash ponds, raising serious environ-
mental concerns (Liu et al., 2018). Exploring the potential
of CFA for CO, mineralization presents a promising oppor-
tunity to permanently and securely store CO, in stable car-
bonate minerals.

Previous studies have primarily focused on the feasibil-
ity of CFA carbonation, employing gas-solid and aqueous
routes (Pei et al. 2017; He et al. 2013), with the latter being
more effective (Noack et al. 2014; Ding et al. 2022; Danan-
jayan et al. 2016). Ho et al. (2021) employed low-Ca** con-
taining CFA for direct wet mineralization of CO,, achieving
a maximum carbonation capacity of 31.0% (6.3 g-CO,/kg-
CFA). Yuan et al. (2022) found that CFA exhibited higher
carbonation capacity under supercritical CO, conditions
than that low-pressure conditions, reaching a maximum of
54.9 g-CO,/kg-CFA. Ji et al. (2017) discovered that CFA
containing active Ca/Mg crystal phases exhibited enhanced
CO, solidification, and the reactivity of calcium phases sur-
passed that of magnesium phases.

The content and form of Ca®* in CFA play a pivotal
role in determining its CO, sequestration potential. Highly
active calcium crystal phases in CFA include lime (CaO),
slaked lime (Ca (OH),), calcium silicate (CaSiO;), and
gypsum (CaSO,). Lime (CaO), slaked lime (Ca (OH),),
and calcium silicate (CaSiO;) can directly participate in
the mineralization reaction with CO,, while the inert gyp-
sum (CaSO,) would generate CaCO; with CO, only in an
alkaline environment (Wang et al. 2020). Therefore, during
CFA carbonation, the introduction of another alkaline solid
waste, such as RM or calcium carbide slag, may be benefi-
cial to the mineralization reaction between CaSO, in CFA
and CO, under alkaline conditions. The approach has the
potential to significantly enhance the utilization rate of Ca>*
in CFA and improve its effectiveness for CO, sequestration.

RM is an alkaline solid waste generated during the
alumina refining process of bauxite. RM poses signifi-
cant environmental hazards and incurs high disposal
costs (Geng-Fuhrman et al. 2004; Yang and Xiao 2008;

Table 1 Chemical composition of the raw materials (wt%)

Oxide CFA RM
Sio, 45.53 19.39
Al,O4 26.94 5.53
Fe,04 10.85 8.60
CaO 3.20 54.32
TiO, 233 -
K,0 1.94 0.29
SO, 1.45 0.83
P,04 0.87 0.87
Na,O - 2.75
MgO 0.29 0.88
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Tsakiridis et al. 2004). Due to its high content of alkaline
components, such as CaO, RM exhibits potential for CO,
sequestration through carbonation processes. Mucsi et al.
(2021) found that extending the reaction time and per-
forming mechanical grinding increased the carbonation
capacity of RM by 1.7%, while significantly reducing the
pH of the resulting suspension. Revathy et al. (2021) dem-
onstrated that temperature, CO, pressure, liquid-to-solid
ratio, and reaction time had a significant impact on the
carbonation capacity of RM.

Currently, research efforts primarily focus on utilizing
CO, absorption to neutralize the alkalinity of RM, with lim-
ited attention paid to its carbonation capacity. One of the
major challenges associated with RM is its low carbonation
capacity and the generation of water-soluble Na,CO;. Add-
ing gypsum or concentrated brine could increase the con-
tent of free and soluble Ca’* and Mg?* in RM system, thus
enhancing its ability to mineralize CO, (Han et al. 2017).

Due to the huge output and containing abundant calcium-
bearing compounds, CFA and RM are remarkably promis-
ing for CO, mineralization in a large scale. The combination
of CFA and RM holds great promise for enhancing the car-
bonation capacity for CO,, given that the strong alkalin-
ity of RM would facilitate releasing inert Ca** from CFA,
and thus reducing the overall alkalinity of RM (Liang et al.
2018). This approach provides a feasible solution for CO,
sequestration and solid waste management.

In the study, the potential of utilizing CFA and RM as
a composite system was investigated to improve the car-
bonation capacity without other additional chemicals. The
impact of the CFA and RM compound system on CO,
mineralization rate was monitored using a pH meter, while
the effect of the compound system on CO, mineraliza-
tion efficiency was determined through thermogravimetry.
Additionally, mineral phases, microstructures, and particle
distributions of the original samples and the mineralization
products were analysed using X-ray diffraction (XRD) and
scanning electron microscopy (SEM).

2 Experimental section
2.1 Materials

CFA and RM were collected from a power plant and an alu-
mina plant in Shanxi Province, China, respectively. They
were dried at 105 °C for 24 h prior to use. Then, RM was
crushed with a pulverizer and passed through 200-mesh
sieve. CO, used in the experiments had a purity of 99.99%.
The chemical composition of the CFA and RM samples was
presented in Table 1 according to X-ray fluorescence spec-
trometry (XRF) analysis.
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Fig. 1 Diagram representing the
experimental procedure
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2.2 Experimental section

The CO, mineralization process was conducted as follows.
Initially, 100 mL of deionized water was added to a three-
necked flask and placed on a thermostatic magnetic stir-
rer. The reactions were conducted at a specific temperature
for a certain duration of time, with varying CO, flow rate
and amount of reactants. The raw materials underwent a
5-minute hydrolysis in a three-necked flask. Subsequently,
CO, was injected into the flask while continuously moni-
toring the pH value. CO, injection continued until the pH
value remained stable for 10 min, upon which the reaction
was terminated. Finally, the carbonated solid product was
filtered, and the residue was dried at 105 °C for 4 h. The
experimental process and equipment used are depicted in
Figs. 1 and 2, respectively.

2.3 Sample characterization

Multiple analytical techniques were employed to
investigate the mineralization behavior and product

characteristics. The mineralization rate was determined
in real-time using an online pH meter (PHS-201 F,
China). The microstructure and elemental composition
of the raw materials and mineralization products were
observed using scanning electron microscopy and energy
dispersive spectroscopy (SEM-EDS, HITACHI, S-4800,
Japan). XRD (D2-Phaser, Bruker, Germany) was used to
identify the mineralogy of the raw materials and miner-
alization products. The chemical composition of the raw
materials was analyzed using X-ray fluorescence spec-
trometry (XRF, S8 Tiger, Bruker, Germany). The thermal
stability of the raw materials and mineralization prod-
ucts was determined using thermogravimetric analysis
(TG, Pyris 1, Perkinelmer, USA) with an Al,O; crucible.
The structural changes of the materials before and after
mineralization were analyzed using Fourier transform
infrared spectroscopy (FT-IR, Shimadzu IR Affinity-I).
The infrared spectra of all samples were collected in the
wavenumber range of 400-4000 cm™! using the KBr pel-
let method.
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Fig.3 TG-DTG curve of sample during carbonation reaction

2.4 Calculation of CO, mineralization efficiency and
rate

The mineralization efficiency of the alkaline solid waste
was calculated using Egs. (1)-(3) (Vassilev and Vassileva
2020; Miao et al. 2021). The theoretical carbonation capac-
ity of the solid waste was determined using Eq. (1):

44 44 56 44
Th meo, = {% <77l(‘ao + 070 ~ 55 X mg()3> + 10 x 1000 (1)

where T _meo, (g-CO,/kg- solid waste) represents theo-
retical CO, storage mass fraction, while Mca0 (g-CaO/g-
solid waste), 503 (g-SO,/g- solid waste), and "MgO
(g-MgO/g- solid waste) are the mass fractions of CaO,
SO;, and MgO in the sample, respectively.

The weight loss of the mineralization product obtained
from the thermal gravimetric analysis (Fig. 3) indicated
that the weight loss before 105 °C was due to the evapora-
tion of free water in the product (Ji et al., 2019), while the
weight loss between 105 and 500 °C was due to the loss of
bound water in the product. The weight loss between 500
and 900 °C was attributed to the decomposition of calcium
carbonate in the CFA, resulting in the release of CO, (Ni et
al. 2017).

Equation (2) was used to determine the carbonation
capacity of the sample (Wang 2019):

Amisoo—go0eC
miosec — Amisgo—gooeC

MCoy,= x 1000 (2)

where "C0, represents the carbonation capacity,
Amsgo—gooec 1s the weight of fixed CO, after reaction, and
Mmigsec — Amsgo—goec 18 the weight of the raw material.
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Fig.4 t-pH curve of carbonation reaction for CFA, RM + CFA and RM.

Amygsec is the mass before the decomposition of the min-
eralization product.

The mineralization efficiency was defined using Eq. (3),
The results obtained from the mineralization efficiency cal-
culations were used to assess the potential of the alkaline
solid waste as a CO, storage material:

mco,

" T o
—mCOsg

x 100% 3)

Equation (4) defines CO, mineralization rate, and the out-
comes from these calculations could evaluate the speed at
which the alkaline solid waste could be utilized as a CO,
sequestration material (Ma et al. 2021).

_ pHﬁnal—pH

9 p initial ( 4)

pHg,.s signifies the pH level at the end of CO, mineralization,
PH; i1 denotes the pH level at the begin of CO, mineraliza-
tion, while # denotes the duration of the mineralization reaction.

3 Results and discussion

3.1 Comparison of CO, mineralization in the single
and composite systems

As displayed in Fig. 4, the initial pH of aqueous solution
with dispersing CFA was approximately 11.0, which rapidly
dropped to 5.6 at the end of the reaction. The dispersed RM-
containing aqueous solution had a initial pH of 12.2, which
underwent mineralization to achieve a pH of 6.7. For the
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composite system of RM and CFA, the pH initially reached
11.7, which was due to OH™ concentration increase result-
ing from alkaline species hydrolysis in RM. The composite
system exhibited a pH close to 6.3 at the end of the reaction,
surpassing the pH of the single CFA system.

The mineralization equilibrium time for CFA, RM + CFA,
and RM was found to be 357 s, 1464 s, and 4742 s, respec-
tively. The expected mineralization equilibrium time (At)
and mineralization rate of CFA+RM were calculated to be
2549.5 s (2T5M2) and 0.0021 units/s (;29=) (Maetal. 2021),
respectively. However, the actual At and mineralization
rate of CFA+RM during the pH drop process were 1464 s
and 0.0037 units/s (%), respectively. The mineralization
rate increased by 76.2% (W x 100%). When the
RM:CFA ratio was 1:1, the expected carbonation capacity
should have been 120.35 (g-CO,/kg-solid waste) (272555)
(Fig. 5) (Ni et al. 2017), while the actual carbonation
capacity was 135.51 (g-CO,/kg-solid waste). The carbon-
ation capacity increased by 12.60% (1222112035 5 100%).
These findings demonstrated the presence of a synergistic
effect between RM and CFA, resulting in heightening min-
eralization rate, carbonation capacity, and mineralization
efficiency.

The temperature and CO, flow rate were generally
assumed to be the factors that impacted the mineralization
reaction (He et al. 2013). As shown in Fig. 6a, the mineral-
ization efficiency initially increased and then decreased with
increasing temperature. The phenomenon could be attrib-
uted to the exothermic nature of the mineralization reaction,
which was not conducive to the reaction at high tempera-
tures (Lee et al., 2018). Additionally, excessively high tem-
peratures could lead to decreasing the solubility of CO, in
the aqueous solution. Furthermore, increasing CO, flow rate
resulted in the stabilization of mineralization efficiency, as
exhibited in Fig. 6b. This observation could be explained by
the low solubility of CO, in water, i.e., a small amount of
CO, could saturate the aqueous solution, making the effect
of CO, flow rate not obvious.

3.2 Influence of different CFA:RM ratios in the
composite system on CO, mineralization

The carbonation capacity of the sample at an RM:CFA ratio
of 5:5 was expected to be 120.35 g-CO,/kg-solid waste
based on calculations. However, the actual carbonation
capacity was found to be 135.51 g-CO,/kg-solid waste,
indicating a 12.60% increase in carbonation capacity. This
fact highlighted the synergistic effect of RM and CFA on
CO, mineralization.

Figure 7 illustrates the changes in mineralization capacity
and efficiency of RM and CFA at various ratios. The miner-
alization capacity of the composite obviously decreased as
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the ratio of RM and CFA reduced. The mineralization effi-
ciency gradually increased when the ratio of RM and CFA
ranged from 10:0 to 5:5, and it decreased when the ratio of
RM was less than 5:5. These results provided compelling
evidence of the enhanced mineralization reaction resulting
from the synergistic effect of RM and CFA. Interestingly,
a gradual decrease in RM content within the composite
system was correspond to a gradual decrease in the theo-
retical carbonation capacity. However, contrary to expecta-
tions, the mineralization efficiency demonstrated a gradual
increase until the RM to CFA ratio reached 5:5. Remark-
ably, the maximum mineralization efficiency was achieved
at this specific ratio.

Figure 8 illustrates the growth rate of carbonation
capacity under different RM and CFA ratios. A negative
growth rate of -22.91% was observed at the 1:9 of RM

@ Springer

RM:CFA

and CFA ratio, indicating a negative synergistic effect on
mineralization. In contrast, positive growth rates were all
observed for other ratios, signifying a synergistic effect
under those conditions. Notably, the highest growth rate
of carbonation capacity, reaching 12.60%, was achieved
at the 5:5 RM:CFA ratio. These findings further con-
firmed the synergistic effect of RM and CFA on CO,
mineralization, and underscored the critical role of an
optimized RM and CFA ratio in maximizing mineraliza-
tion efficiency.

3.3 Insight into of synergistic effect in the
composite system for CO, mineralization

The cooperative impact of CFA and RM composite sys-
tems on CO, mineralization was examined by analyzing
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the mineralogical features of these composite systems
before and after mineralization. As depicted in Fig. 9, the
peaks corresponding to CaO and Ca(SO,)(H,0), were
observed by referencing standard PDF cards during XRD
analysis, which was in accordance with the report (Ji et
al.,2019). The existence of inactive Ca(SO,)(H,0), could
account for the low mineralization efficiency observed
in CFA. The high reactivity of 2Ca0O-SiO, (C2S) in raw
RM resulted in a substantial production of CaCO;. In
the composite system, the inclusion of RM resulted in
the disappearance of the peak associated with Ca(SO,)
(H,0), after mineralization when the RM:CFA ratio
exceeded 5:5. However, if the RM:CFA ratio was less
than 5:5, the Ca(SO,)(H,0), peak persisted, indicating
that the alkalinity supplied by RM may not fully dissolve

Ca(S0,)(H,0),, potentially accounting for the reduced
mineralization efficiency at RM:CFA ratios below 5:5.
Upon surpassing a 5:5 ratio of RM to CFA, the inactive
Ca(S0,)(H,0), of CFA could be fully dissolved in the
composite system, which would lead to a sharp Ca®*
increase and the corresponding calcium carbonate. The
produced calcium carbonate would cover the surface of
RM besides CFA, which would hinder further releasing
of other Ca?* in the interior part of RM, thus leading to
mineralization efficiency decrease.

As shown in Fig. 10, all five samples displayed peaks
at 712 cm™!, indicating the presence of CaCO;. Further-
more, peaks at 876 cm™! and 1447 cm™! were observed
in carbonated RM: CFA of 5:5, carbonated CFA, and
carbonated RM, which were assigned to the out-of-plane
bending vibrations and anti-symmetric stretching vibra-
tion of the C-O group in CaCOj;, respectively. According
to the previous literature (Wang 2019), these peaks corre-
sponded to the in-plane and out-of-plane bending vibra-
tions of the O-CO- group in CaCO;, respectively.

SEM observations were carried out on the provided
raw materials and mineralized products, as depicted in
Fig. 11. After CO, mineralization in the single RM sys-
tem, numberous fine needle-shaped calcium carbonate
crystals were covered on RM surface, limiting further
releasing of Ca" in the internal RM. Conversely, a small
quantity of flake-like calcium carbonate was attached on
CFA surface due to its low Ca’" releasing in the single
CFA system. Within the composite system, substantial
Ca’* was released from calcium species, leading to large
amount of calcium carbonate formation. The generated
calcium carbonate not just covert the RM surface but
also attached to CFA surface. Reduced calcium carbonate
coverage on RM surface was expected to enhance further

@ Springer
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Fig. 11 SEM images of fresh
materials and carbonated
products

Carbonated CFA:RM=5:5

releasing of Ca’" in the internal RM, thus facilitating
CO, mineralization in the composite system.

The synergistic effect of CFA and RM accelerated the
efficiency and rate of CO, mineralization. In the compos-
ite system, CFA offered large amounts of surface attach-
ment sites for the generated calcium carbonate, which
would reduce the coverage of calcium carbonate on the
RM surface, facilitating the releasing of Ca?* in RM.
Furthermore, alkaline oxides in RM underwent hydro-
lysis in the composite system, releasing high concentra-
tions of OH™. The increased alkalinity encouraged the
dissolution of Ca(SO,)(H,0), within the CFA, increasing
the free Ca’* in the composite system, thereby elevat-
ing the CO, mineralization efficiency. Additionally, the
increased alkalinity with the inflution of RM promoted
CO, mineralization rate (Song et al. 2020).

4 Conclusions

In this study, the effect was investigated for combining
CFA and RM for CO, mineralization, which revealed
that the combined system of CFA and RM had a positive
impact on the mineralization rate and efficiency. Notably,
the mineralization rate and efficiency increased by 76.2%

@ Springer

Carbonated CFA

Carbonated CFA:RM=5:5

Carbonatcd RM

and 12.60% in a composite system of CFA and RM with
mass ration of 5:5, respectively, compared to the calcu-
lated weighted averaged ones in the individual CFA and
RM. The synergistic effect of RM and CFA was attributed
to the ectopic adherence of the generated calcium car-
bonate to CFA surface and the increased alkalinity of the
system caused by RM addition. The ectopic adherence of
calcium carbonate to CFA surface promoted Ca** releas-
ing from the internal RM. Moreover, the increased alkalin-
ity leaded to the dissolution of the inactive CaSO4(H,0),
in CFA. This study would provide valuable insights into
the synergistic effects of different components on CO,
mineralization and pave the way for the development of
effective and efficient CO, mineralization.
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