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Abstract

Carbon capture, utilization, and storage (CCUS) technologies are being developed to address the increasing CO,
emissions, mitigating the global warming and climate change. In this context, chemical precipitation has been
advanced to enhance the performance, energy-efficiency and profitability of CCUS. In this review, we first present the
fundamentals of precipitation and dissolution, and then summarize the incorporation of precipitation in each aspect
of CCUS. The controlled precipitation of CO,-rich solid during the capture of CO, by regenerable solvents can reduce
the energy demand. The mineral carbonation of silicate and industrial waste sequestrates CO, as stable solids. The effi-
ciency of mineral carbonation, either direct or indirect, is dictated by the dissolution of minerals and the precipitation
of carbonates and silica. The precipitation of calcium carbonate can be controlled to produce various polymorphs and
morphology, enabling its utilization for the enhancement of profitability and environmental benefits. Ultimately, the

prospective for future research was proposed.
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1 Introduction

The substantial emission of greenhouse gases from
anthropogenic activities has been attributed to the global
warming and climate change. The atmospheric concen-
tration of carbon dioxide (CO,), the major anthropogenic
greenhouse gas, has increased from the preindustrial
level of 280 to 420 ppm in March 2022 due to the exten-
sive use of fossil fuels [1]. According to the data of Amer-
ican National Oceanic and Atmospheric Administration,
the annual growth rate of CO, in the 2010s was averaged
to be 2.4 ppm, which can be faster considering that the
global energy demand is projected to increase by 50% in
2050 [2]. Recently, the Intergovernmental Panel on Cli-
mate Change (IPCC) suggested that the global warming
of 1.5 °C, instead of 2 °C, is necessary to minimize the
climate change to a limited level. To meet that goal, the
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IPCC estimated that the net anthropogenic emission of
CO, has to decrease 45% of 2010 levels in 2030 and the
net zero should be realized in 2050 [3]. Therefore, it is
imperative to reduce the CO, emission during the energy
transition period before the renewable energy replaces
the fossil fuels.

Carbon capture, utilization, and storage (CCUS) have
been explored extensively to provide technologies for
CO, reduction [4, 5]. The capture of CO, using regener-
able solvents from the exhaust gas of fossil fuel combus-
tion, steel making, and concrete production is the first
step of CCUS to produce high-purity CO, stream. Basic
solvents such as amines have been explored to capture
the CO, from post-combustion gas; the regeneration of
the amines is accomplished at elevated temperature and
pressure to produce high-purity CO, stream [6]. The CO,
stream can further be utilized as feedstocks in electro-
and thermo-catalytic conversion, acidifying and extract-
ing agent in food industry, and as fracking agent for
enhanced recovery of oil and shale gas [7]. Alternatively,
the CO, can be captured and utilized by the biotic route,
mainly by microalgae and the following biorefinery [8].
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The conventional storage of CO, can be accomplished by
injecting the captured CO, into geological sinks, which
requires a suitable reservoir with appropriate poros-
ity, permeability, and thickness, a cap rock with suffi-
cient sealing efficiency, and high geological stability [9].
Moreover, constant monitoring is required to detect any
potential leakage of CO, from geological sink [10].

Many advances have been explored to enhance the cost-
effectiveness of CCUS, including the control of precipita-
tion phenomenon [11, 12]. The chemical precipitation can
be implemented to improve the CCUS in different ways.
The regeneration of CO,-rich solvent is one of the most
energy-intensive processes in CO, capture. The controlled
precipitation of CO,-rich precipitate can reduce the heat
duty of regeneration as the amount of solvent to be regen-
erated is reduced [13, 14]. The potential leakage of stored
CO, and the cost of post-storage monitoring can be cir-
cumvented by the precipitation of carbonate minerals,
known as mineral carbonation. Since the carbonized pre-
cipitate is thermodynamically stable, the long-term storage
stability can be ensured without constant monitoring [15].
Moreover, the choice of feedstocks of mineral carbona-
tion is versatile, ranging from natural minerals to mining
and industrial wastes [16]. The produced precipitates can
be utilized in different industries, creating additional rev-
enues to enhance the overall cost-effectiveness and reduce
the environmental impact. Despite that many reviews are
present to cover each topic in detail [7, 16-18], this review
aims to provide a bigger picture about the incorporation
of precipitation in CCUS (Fig. 1), especially the capture of
CO, by solid-forming regenerable solvents, sequestration

Page 2 of 20

of CO, by mineral carbonation, and the utilization of pre-
cipitated carbon carbonate.

2 Principle of precipitation and dissolution

The thermodynamic driving force of precipitation in solu-
tion is described by the change in the Gibbs free energy, the
difference between the chemical potential of the dissolved
solute (p;, J] mol™?!) and solid (u,, ] mol™) (Eq. 1) [19].
Under constant temperature and pressure, the difference in
chemical potential is expressed by the supersaturation ratio
(S). For a sparingly soluble ionic solid A,Bg, S is defined as
the ratio of activity product (Q) to solubility product (Ksp).
The precipitation route depends on the degree of supersat-
uration, being homogeneous nucleation in labile zone and
crystal growth in metastable zone. The strategy to bring the
system to supersaturation scenario includes the change in
temperature, pH, and composition [20]. The temperature
alters the K, according to the van't Hoff equation. In the
case of calcium carbonate, nearly all of the polymorphs
show smaller K, as temperature increases as depicted in
Fig. 2a [21]. For protonatable species like CO,>", the solu-
tion pH dictates the speciation and therefore its solubility.
The introduction of anti-solvent facilitates the salting-out
phenomenon due to the interaction between solute, sol-
vent, and anti-solvent [22, 23].
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Fig. 2 a Solubility products of different polymorphs of calcium
carbonate at different temperature [21]. b Gibbs free energy of
nucleation as a function of radius of spherical nucleus (Assume
that the molecular volume (v)=5 x 1072° m?, interfacial energy of
cluster-water (yey) =051 m.~2, and that heterogeneous nucleation
reduces surface energy by 40%). ¢ Dissolution rate of Ca-rich and
Mg-rich silicate minerals [24, 25]
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The classical nucleation theory states that the homo-
geneous nucleation rate is related to the frequency of
effective collision and the ratio of activation energy of
nucleus formation (AG*, J) to thermal energy (kzT, J)
as shown in Eq. (3) [26]. The Gibbs free energy to form
a nucleus from saturated solution is composed by the
free energy to form a new volume (AGy, J) and new
surface (AGg, J), as shown in Eq. (4). AGy is the prod-
ucts of the number of molecules in the nucleus (j) and
the chemical potential difference expressed by S; AGq is
describable by the surface area (A, m?) and the interfa-
cial tension of the cluster-water interface (Ycy, ] m™2)
[19]. Provided that the nucleus is spherical, the volume
and surface area of nucleus is expressed by its radius r
(Eq. (5)). At critical radius r*, AG meets a maximum as
the activation energy for nucleation. Once the nucleus
becomes larger than r*, its further growth is favored.
Equation (6) shows the AG* and r* of spherical nucleus,
which decrease with greater S as shown in Fig. 2b. In
the case of heterogeneous nucleation, the surface free
energy is revised as Eq. (7) to account for the substi-
tution of substrate-water interface by substrate-cluster
interface. If the y-g approaches zero and ygy, is simi-
lar to ycy, AGg would be reduced to yew(Acyw — Acg),
suggesting that the activation energy of heterogeneous
nucleation can be lower than homogeneous nucleation.
When the supersaturation is too low for nucleation,
crystal growth could take place and its rate is related
to the supersaturation, depending on the rate-limiting
step [27].

J—A —AGx*
= Ae
P\ T 3)

AG = AGy + AGs = —jkgTInS + ycw A (4)
a4 5

AG:—B—r kT InS + 4mr®y (5)

v

AGH — 167‘[1)2ng2 . _ 2ycwv ©)
3k3T2(In S) kgTInS

AGs = ycwAcw + (Ycs — Vsw)Acs (7)

where A is the frequency of effective collision (s '), AG
is the Gibbs free energy (]) of a nucleus with a radius of
r (m), AG* is the activation energy (J) at critical radius
of r* (m), AGy is the volume free energy (J), AGg is the
surface free energy (J). j is the number of molecules
in a nucleus, v is the molecular volume (m?), ycw, Yes
and ygy are the interfacial energy of cluster-water, clus-
ter—substrate, and substrate-water interface (J m™2), S is
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the supersaturation ratio, kg is the Boltzmann constant
(1.38 x 1072 m? kg s72 K™ !), and T is temperature (K).

The dissolution rate of minerals depends on the con-
centration of surface groups. For example, the silicate
surface can be protonated, deprotonated, or chelated
by ligands. Therefore, the dissolution rate is related to
specific surface area, pH, ligand concentration, and the
degree of hydration in supercritical CO, (scCO,) [28].
Figure 2c depicts the dissolution rate of various Ca-rich
and Mg-rich silicates that are potential feedstocks for
mineral carbonation. When the silica nucleates on the
surface of silicates, the overall dissolution rate would
decrease since the surface is occupied. Dissolution plays
an important role in phase transformation of the precipi-
tate from metastable to stable phase, as will be shown in
the phase transformation of calcium carbonate.

3 CO, capture by precipitation-incorporated
solvent

The absorption of CO, by regenerable solvent is an
effective approach to post-combustion decarbonation
and produce concentrated CO, stream for sequestra-
tion. However, the high demand of energy in regenerat-
ing solvent after the capture of CO, is the bottleneck of
the process [29]. Take the most common absorbent —
monoethanolamine (MEA) as an example, its regenera-
tion energy is around 3.2-4.0 MJ per kg of captured CO,
[30]. One of the strategies to reduce the energy penalty
of carbon capture is to use a phase change solvent that
undergoes phase transition after CO, absorption, form-
ing a CO,-lean liquid phase and a CO,-rich liquid or
solid phase [12]. Since only the CO,-rich phase requires
regeneration, the energy demand of CO, capture can be
minimized. In this section, we will summarize the devel-
opment of CO, capture solvents that involve liquid—solid
phase change after CO, absorption, including amine,
ammonia, and amino acid.

3.1 Amine-based solvent

The regeneration of the aqueous amine solution is ham-
pering the large implementation of CO, capture. When
the solvent is changed to a mixture of water and alcohols,
phase separation may occur, in which the upper liquid
phase is lean in CO, and can be reused for CO, capture
without regeneration. Li et al. [31] investigated the CO,
capture by MEA, N-Methyldiethanolamine (MDEA),
diethylenetriamine (DETA), and triethylenetetramine
(TETA) in alcohol solution. Whether the precipitation
would occur depends upon the composition of solvent
and the structure of amines. As shown in Fig. 3a, the
difference between the solvation energy of DETA car-
bamate in water and alcohol was the greatest, indicat-
ing that the prominent solubility difference. Therefore,
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Fig. 3 aVariation in solvation free energy (AG,,) of selected
amines in different solvents (Reproduced from [31] with permission
from Elsevier). b Crystal structure of monoclinic and orthohombic
EDA-carbamate formed in DMF solution and DMA solution,
respectively (Reprinted from [32] with permission from Elsevier). ¢
Precipitation behavior of TETA/AMP in NMP upon CO, absorption

(Reproduced from [33] with permission from Elsevier)

the precipitation of DETA carbamate took place when
the ratio of 1-propanol increased to 60%. Li et al. [32]
reported that the crystal structure of the precipitated car-
bamate is related to the solvent composition. As shown
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in Fig. 3b, the precipitated carbamate of 1,2-ethanedi-
amine (EDA) was monoclinic and orthorhombic in N,N-
dimethylformamide (DMF) and N,N-dimethylacetamide
(DMA), respectively. The heat duty of the regeneration of
the EDA-carbamate would be different as the decomposi-
tion monoclinic and orthorhombic EDA-carbamate took
place at 136 and 151 °C with regeneration energy of 134
and 188 kJ mol ™}, respectively.

The precipitation of TETA for CO, capture was
explored in non-aqueous system. Liu et al. [34] eluci-
dated the role of ethanol in the absorption of TETA.
The higher solubility of CO, in ethanol than in water
resulted in a much greater absorption rate. Around
80% of the absorbed CO, ended up as the precipitate of
TETA-carbamate. The predominance of ethyl carbonate
(C,H;OCO?%) in ethanol solvent could be regenerated
more efficiently than the carbamate ions [34]. Gao et al.
[33] adopted the density function theory and molecular
dynamic simulations to study the phase transition of the
TETA/2-amino-2-methyl-1-propanol (AMP) in N-meth-
ylformamide (NMP). The capture of CO, involved the
formation of zwitterion (TETATCO,~ and AMP*CO,")
and a series of protonation and deprotonation reactions.
The strength of hydrogen bonding and Van der Waal
interaction dictate the solubility and aggregation of the
final product (TETA(H™),(CO,"),) (Fig. 3¢).

3.2 Chilled-ammonia process

To circumvent the problems of conventional amine sol-
vent, such as high cost, equipment corrosion, and amine
degradation, the use of ammonia as an CO, absorbent
was developed and patented as the chilled ammonia pro-
cess (CAP) [35]. The absorption of CO, by the ammonia
was facilitated between 5-15 °C. The capture solution
is regenerated at higher temperature (50 to 200 °C) and
moderate pressure (200 kPa to 13.6 MPa). While the sys-
tem can be operated below the saturation of ammonium
bicarbonate as non-solid CAP process, Sutter et al. [36]
reported that the controlled-solid formation CAP process
(Fig. 4a). Compared to the CAP that excludes precipita-
tion, the controlled-solid formation CAP could decrease
the steam demand for CO, desorption by 30% and the
specific primary energy consumption for CO, avoided
by 17%. As shown in Fig. 4b, the energy efficiency lies in
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the lower energy demand for the regeneration through
crystal dissolution. Milella and Mazzotti [37] stud-
ied the kinetics of the crystallization and dissolution of
ammonium bicarbonate in depth. The rate constants of
crystal growth and dissolution were acquired at S <0.15
and S>-0.05, respectively. Accordingly, the established
model managed to predict the rates of crystal growth and
dissolution (Fig. 4c and d), and variation in the concen-
tration of nitrogen and carbon species.

3.3 Amino acid-based solvent

Another alternative solvent for CO, capture being inves-
tigated is amino acid salts. The amino functional group
grants the amino acid salts their superior performance
than the conventional alkanoamines. The advantages
of amino acid salts include negligible volatility, higher
stability and resistance, and low environmental impact
[38, 39]. The counter ion of the amino acid salts affects
not only the CO, absorption capacity, but reaction rate.
In most cases, potassium amino acid salts outperform
the ones with sodium and lithium ion [40, 41]. The high
concentration of amino acid salts and large CO, loading
may lead to the precipitation of amino acid, carbamate,
and bicarbonate upon the decrease of pH in CO, absorp-
tion. The type of precipitate depends on the structure
and solubility of the amino acid [38]. For example, amino
acids are the preferred precipitate when primary amino
acids are used; bicarbonate salts may form for the amino
acids with more steric hindrance; carbamates may appear
when amino acid salts are used with amine-based absor-
bent [38, 42].

Sanchez-Fernandez et al. [38] reported the use of
potassium taurate to capture the CO, from flue gas with
through precipitation, denoted as DECAB process. The
precipitation of tauric amino acid in the spray tower
was driven by the change in pH. Compared to the con-
ventional MEA absorption system, the energy required
for DECAB to regenerate the absorbent decreased by
10% because less heat is required for the dissolution of
amino acid. To further improve the energy efficiency, the
DECAB-plus process was developed by regenerating only
the thick slurry and recycling the supernatant directly
to the spray tower, whose flow diagram is presented in
Fig. 5a. By doing so, the reboiler duty per ton of CO, can
be decreased by 30% [43]. As shown in Fig. 5b, DECAB
and DECAB-plus are compared with the pH-swing
and conventional MEA capture technology in several
aspects. The DECAB processes showed low environmen-
tal impact, corrosion, and energy consumption than the
MEA system. However, the low absorption flux is suscep-
tible to increase the capital expenditure [43].

The precipitation of amino acid salts can be trig-
gered by the antisolvent precipitation. Alivand et al. [44]
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demonstrated that the potassium glycinate dissolved
in DMF/water solution produced carbamate and bicar-
bonate precipitate upon CO, capture (Fig. 5c). DMF
behaved as an antisolvent that diminished the solubility
of the carbon-rich solids, including carbamide and potas-
sium bicarbonate. An optimal DMF content of 60% was
concluded to produce the greater portion of CO,-lean
supernatant and provide an absorption capacity of
0.55 mol CO, per mol of potassium glycinate. Chen et al.
[45] studied the precipitation of CO,-loaded potassium
glycinate by the addition of ethanol. Solid-liquid-liquid
phase separation was observed upon the dosing of eth-
anol. The main composition of the solid phase was gly-
cine, carbamate, and potassium bicarbonate. The upper
liquid phase was ethanol solution, and the lower liquid
phase was a mixture of glycine, glycinate, and bicarbo-
nate. More than 90% of the glycine was precipitated with
the addition of ethanol at volume ratio of 1.6, which can
minimize the energy required for regeneration.

4 CO, storage by mineral carbonation
Mineral carbonation is a geochemical process that stabi-
lizes the CO, through the formation of carbonate miner-
als with metal cations, such as Ca®*, Mg>", or Fe’" [46].
The feedstocks vary from naturally-occurring miner-
als, mining tailings, to industrial wastes. Since the end
products of carbonation are thermodynamically stable,
they can be reutilized or stored above ground without
constant monitoring [46, 47]. Mineral carbonation can
be in-situ or ex-situ [46] as illustrated in Fig. 6a. In the
case of in-situ mineral carbonation, the CO, for storage
is captured from the post-combustion stream in off-site
facilities, which is compressed and injected into a geo-
logic sink where the host rocks can react with CO, to
form carbonates [48]. Therefore, the direct geochemi-
cal reactions between pressurized CO, and minerals are
studied to resemble the in-situ mineral carbonation. On
the other hand, ex-situ carbonation is performed in a
reactor using captured CO, or flue gas, where the solid
feedstocks are carbonized through direct or indirect pro-
cess [46]. The direct carbonation is a single-step reaction,
in which the feedstocks react directly with CO,, as shown
Fig. 6b. Since the direct carbonation facilitates the metal
dissolution and carbonate precipitation at the same time,
the reaction rate is often compromised [46]. In contrast,
the indirect carbonation divides the process into multiple
steps to accelerate and optimize the carbonation process
(Fig. 6¢). The steps include the extraction of metal from
feedstocks, the conversion of metal into metal hydrox-
ide, and the precipitation of CO, using metal hydroxide
as carbonates [49]. In this section, the precipitation of
carbonate minerals is discussed based on the feedstocks,
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including nature minerals, mining wastes, and industrial
wastes.

4.1 Silicate minerals

Silicate minerals are abundant materials that can cap-
ture CO, into solid carbonates naturally. Magnesium and
calcium are commonly present in silicate minerals, ren-
dering them great potential in carbonation [11]. The mag-
nesium silicates that are abundant in the crust include
olivine ((Mg,Fe),SiO,), forsterite (Mg,SiO,), and serpentine
(Mg;Si,05(OH),). Wollastonite (CaSiOs) is representative
for the carbonation of calcium-rich silicate. The carbona-
tion of olivine, forsterite, serpentine, and wollastonite into
magnesite (MgCQO,) or calcite (CaCO;) and silica (SiO,)
follow Egs. (8)- (10), respectively [50]. The direct carbona-
tion of the silicates was studied to simulate the subsurface

carbonation using pressurized CO,, either in sub-critical or
supercritical condition.

Forsterite : Mg,SiO4 + 2CO2 — 2MgCO; + SiOs

(8)
Serpentine : Mgx,;Si,O5;(OH),+

3C0O, — 3MgCO, + 25i0, + 2H,0 ©)
Wollastonite : CaSiO3 + COy — CaCOj3 + SiOy

(10)
Considering that the CO, injected to subsurface is
in supercritical phase (T>31 °C, P>7.4 MPa) [51], the
interaction between silicates, scCO, and brine has been
studied extensively. The water content in the scCO, influ-
ences the dissolution of silicates, mass transfer, and the
precipitation of carbonates, which influence the overall
carbonation efficiency. Kwak et al. [52] investigated the
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effect of initial water content in scCO, on the direct car-
bonation of forsterite. When the water content in scCO,
is below saturation, less than 2% of forsterite was reacted.
In contrast, the presence of excessive water (20-fold of
the saturation value) in scCO, significantly promoted the
extent of reaction to 45%, as shown in Fig. 7a. Placencia-
Goémez et al. [53] elucidated the role of water film that
adsorbed on the surface of forsterite using Fourier trans-
form infrared and electrical impedance spectroscopy.
The threshold water coverage was estimated to be 1.5
monolayers, in which the dissolution and mass transport
are promoted. This was also seen in the study conducted
by Loring et al. [54] on forsterite carbonation in scCO,
where at 95 and 136% water saturation, about 2 and
10% conversion, respectively were achieved at 50 °C and
18 MPa for 24 h.

Temperature and pressure determine the equilibrium
solubility, reaction rate and activity of carbonate species.
Wang et al. [58] investigated the effect of temperature
and partial pressure of CO, on the direct carbonation
of olivine. The activation energy was found independent

of particle size, being 50 k] mol™'. At 3.4 MPa, the car-
bonation efficiency was maximized at 175 °C while a fur-
ther increase temperature impaired the efficiency [58].
The phenomenon is attributed to the decreased activity
of bicarbonate at higher temperature when the pressure
is constant [59]. Felmy et al. [60] conducted a study to
prove that even at low temperatures, forsterite is capable
of CO, sequestration through direct carbonation. Results
showed that at relatively low temperatures (30-50 °C),
forsterite first produced hydrated with water-saturated
scCO, produced magnesite (MgCO;) and amorphous
silica phase after 14 d. On the other hand, the pressure
of CO, regulates the concentration of dissolved inorganic
carbonate, which dominated the dissolution rate of diva-
lent ion from silicates. As shown in Fig. 7b, the dissolu-
tion rate of magnesium ion from heat-treated serpentine
increased linearly with the partial pressure of CO, [55].
The pretreatment of natural silicates can enhance
the reactivity toward carbonation through mechani-
cal and thermal routes. The thermal activation of ser-
pentine enhances its carbonation efficiency by the
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dehydroxylation reaction that liberates structurally
bound hydroxyl groups, producing forsterite (Mg,SiO,)
and enstatite (MgSiO;) [61]. The limiting reaction in the
direct mineralization is the dissolution of divalent ions,
which takes place at solid-liquid interface. The mechani-
cal treatment can reduce the particle size to produce
more surface for dissolution. Min et al. [56] investigated
the direct carbonation of wollastonite with different par-
ticle size (3.8—82 um) in water-bearing scCO, at 60 °C
and 10 MPa for 40 h. Regardless of the particle size, the
thickness of reacted wollastonite layer was found to be

180 nm, as depicted in Fig. 7c. In other words, the car-
bonation capacity is correlated with the available sur-
face area. Similarly, the carbonation efficiency of olivine
decreased from 66 to 10% as the particle size range
increased from 0-25 to 53-75 pum [58]. The leachability
of Mg”" from thermally activated serpentine is correlated
with its particle size. Du Breuil et al. [62] reported that
the comminution of serpentine prior to thermal treat-
ment could improve the magnesium leachability by 4
times, compared to the ones activated unpulverized.
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Table 1 Composition of the industrial wastes with potential in mineral carbonation

Chemical composition (%) Ca0 MgO Sio, Al,0, Fe, O, Ref.
Fly ash (bituminous coal) 1-12 0-5 20-60 5-35 10-40 [72]
Fly ash (sub-bituminous coal) 5-30 1-6 40-60 20-30 4-10 [72]
Fly ash (lignite) 15-40 3-10 15-45 10-25 4-15 [72]
Blast furnace slag 29-50 0-19 30-40 7-18 0.1-15 [73]
Steel slag 30-50 5-12 10-20 1-10 3-30 [74]
Red mud 0-14 - 5-30 10-22 20-45 [75]
Waste gypsum 30-32 - 1-5 <1 0-30 [76]

The silica that formed during the direct carbonation of
silicates is critical to the efficiency of CO, sequestration.
As heterogeneous nucleation is favored over the homo-
geneous, silica is preferred to deposit on the surface of
silicates, passivating the surface and hindering further
dissolution of divalent ion. Johnson et al. [63] observed
the formation of amorphous SiO, precipitate as a pas-
sivating layer in 2 d, causing the dissolution rate of oli-
vine decreased by 2 orders of magnitude. Therefore, only
7% of olivine was converted to magnesite in 94 d. Min
et al. [56] performed the carbonation on the wollastonite
possessing a pre-existing layer of silica that was formed
in aqueous nitric acid solution. Surprisingly, the pre-
existing layer of silica did not hamper the carbonation of
wollastonite. The result suggests that the porosity of the
silica layer formed in water-bearing scCO, is denser and
less porous than the silica formed in aqueous phase. The
salinity was found influential on the passivation of silica.
Johnson et al. [63] reported that the presence of 0.5 M
NaCl affected the dissolution rate of olivine during the
direct carbonation. Based on the dissolution of Mg and
Si, the authors identified two kinetic regions of dissolu-
tion. In the first 5 d of fast dissolution region, more oli-
vine was dissolved in the electrolyte-free condition than
in high saline condition. However, the presence of 0.5 M
NacCl increased the long-term dissolution rate (>5 d) by
a factor of 5. The phenomenon is attributed to the modi-
fied electrical double layer due to the presence of sodium
ion, which altered the nucleation mechanism of silica. In
several studies of statistic modelling, the increased salin-
ity was found beneficial to the rate of carbonation [56, 64,
65]. The carbonated olivine showed great difference upon
whether additional salt was present. As shown in Fig. 7e
and f, the direct carbonation of olivine without any salin-
ity led to a dense layer of silica shell. In the presence of
1.05 M NaHCO, and 1.05 M NaC(l, the silica did not
deposit on the surface of olivine but form as aggregates
[58]. The cause of the dissolution promotion is attribut-
able to the enhanced dissolution rate of silica, the local

enrichment of Na% in the vicinity of silicate surface, and
the change in the activity coefficient [57, 66].

To circumvent the slow kinetics of direct carbona-
tion, the silicate feedstocks can be carbonized directly.
Turri et al. [67] developed a process to carbonize olivine
through a series of processes, including flotation separa-
tion, acid dissolution, nickel ion separation, and selec-
tive carbonation and separation of products. Results
showed that the indirect carbonation achieved higher
carbonation efficiency (81%) than the conventional direct
process. In addition, the by-products produced in the
indirect carbonation of olivine can be further utilized.
The silica produced in the acid-dissolution of olivine in
sulfuric acid was of nano-size with a BET surface area
greater than 500 m? g~! [68]. Raza et al. [69] proposed
an economical carbonation process that produces valu-
able products such as silica and hydromagnesite. The
study proposed a multistep sequestration involving dis-
solution of synthetic forsterite in sulfuric acid. The opti-
mized conditions resulted to more than 90% dissolution
of forsterite to magnesium sulfate within 2.5 h. Eventu-
ally, more than 95% of magnesium sulfate precipitated to
hydromagnesite within 35 min.

4.2 Industrial waste
Industrial wastes containing oxides of calcium and mag-
nesium can be used as alternative feedstocks for min-
eral carbonation to avoid additional energy and costs
for extraction, transport or preparation of minerals [70].
Since the wastes are often already comminuted, the high
specific surface area grants them reactive toward car-
bonation [71]. The downside is that they are less available
than naturally-occurring minerals, making the applica-
tion limited to individual plants [50]. Some of the calcium
or magnesium-containing industrial wastes considered
for mineral carbonation are coal fly ash, slags, waste gyp-
sums, and bauxite residue, whose chemical composition
are shown in Table 1.

The composition of fly ash depends on the types of
coal, with CaO and MgO contents varying from 6—40 and
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3-10 wt%. respectively [72]. Ukwattage et al. [77] dem-
onstrated that the fly ash can be carbonized in aqueous
suspension in pressurized CO, atmosphere (3 MPa) and
elevated temperature (80 °C). The carbonation capacity
and rate are influenced by water-to-solid ratio and tem-
perature, which can be optimized at 30 wt% of solid and
120 °C to sequester 27 g CO, per kg of fly ash [77]. The
indirect carbonation of fly ash is another approach to not
only sequester CO, but convert fly ash to reusable prod-
ucts for waste minimization. Hosseini et al. [78] evaluated
the indirect carbonation of brown coal ash (CaO content
of 16 wt%) using ammonium chloride as a leaching agent
to produce calcium chloride solution, which was further
used for CO, sequestration. The ammonia produced in
the leaching process can be used as an absorbing agent
for CO, during the carbonation reaction, enabling the
regeneration of ammonium chloride. The process can fix
170 g CO, per kg of fly ash with an operation cost of $60
[78].

Blast furnace and steel slags are produced in the pro-
duction of steel and iron. Because the slags have high
calcium content (32-52% CaO) and are produced in sig-
nificant quantities, it is estimated that global steelmaking
slags could annually store up to 172 Mt of CO, world-
wide [79]. The blast furnace slag is comprised of aker-
manite (Ca,MgSi,O,) and gehlenite (Ca,AlSiO,), which
is more suitable for indirect carbonation due to the less
reactivity. On the contrary, steel slag is rich in calcium
silicates, free CaO and forsterite, rendering them more
reactive than blast furnace. Ukwattage et al. [80] studied
the direct carbonation of steel slag at different CO, pres-
sure, temperature, and liquid-to-solid ratio. The increase
in CO, pressure could enhance the carbonation rate but
resulted in similar carbonation capacity. The Ca extrac-
tion efficiency was associated with the water-to-solid
ratio. Under the optimum condition, the sequestration
of 29 g of CO, per kg of steel slag was achieved. Indi-
rect carbonation was adapted as well. Yadav and Mehra
[81] investigated the dissolution rate of steel slag and its
direct carbonation in ambient atmosphere. The carbona-
tion efficiency was correlated to the size of slags, reaching
70% of carbonation for slag particles between 25-37 pm.
Moreover, the dissolution of heavy metals is within the
permittable levels even at 90 °C. Chen et al. [82] used
pickling and rolling wastewaters to leach out ~ 10% of cal-
cium from refining slag. As shown in Fig. 8a, the leach-
ing of calcium ion decreased with the liquid-to-solid
ratio, which can be described by the pseudo-first order
kinetics. The calcium-rich slurry was then injected in a
rotating packed-bed reactor to facilitate carbonation pro-
cess under high gravity condition with various rotating
speed. As the centrifugal force improves the mass trans-
fer efficiency of gas—liquid interface, the carbonation was
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realized without the pre-capture of CO,. Figure 8b shows
that the carbonation efficiency increased with gravity
factor (B, the ratio of centrifugal force to gravity) until it
reached 235, enabling to sequestrate 0.2 g CO, per kg of
slag [82]. Chu et al. [83] developed an indirect carbona-
tion process for blast furnace slag. The sulfuric acid and
ammonia that were used for the leaching and carbona-
tion processes could be produced in an electrolytic cell,
minimizing the overall cost. The developed process man-
aged to sequester 361 g CO, per kg of blast furnace slags.

The basicity of the by-product of flue gas desulfuri-
zation renders its potential in mineral carbonation.
Gypsum (CaSO,-2H,0) is a major industrial product
produced in wet flue gas desulfurization [76]. The high
leachability of calcium from gypsum makes it ideal for
carbon sequestration, direct or indirect. Since wet des-
ulfurization-derived gypsum is close to the CO,-rich
flue gas, it is preferred to be carbonized directly using
ammonia as the CO, absorber. Considering that the
temperature of the emitted flue gas is between 50-80 °C,
Tan et al. [85] investigated the direct carbonation of des-
ulfurization-derived gypsum in ammonia solution at ele-
vated temperature (40—80 °C). Nearly all the gypsum can
be utilized at ammonia-to-gypsum ratio of 2. Song et al.
[86] reported that the direct gypsum carbonation in
ammonia solution at ambient condition can produce cal-
cium carbonate with high purity. The authors observed
the calcium concentration could reach 80 mM before the
nucleation of calcium carbonate. Therefore, the filtrate
separated before nucleation can be collected to obtain
calcium carbonate with high purity. The addition of pol-
yacrylic acid hindered the nucleation of calcium carbon-
ate, which prolonged the induction time and enhanced
the dissolved calcium carbonate level (Fig. 8c). As a
result, more calcium carbonate was obtained with the
addition of 2.7 g L™! polyacrylic acid (Fig. 8d) [84]. For
the semi-dry desulfurization process, the by-produced
ash is consisted of CaO, CaCO,, CaSO,, and CaSO; [87].
Du et al. [87] investigated the real-time direct carbona-
tion of semi-dry desulfurization waste at atmospheric
pressure and identified three distinct stage based on
CO, absorption efficiency and carbonation efficiency. By
applying the kinetic models of heterogeneous reactions,
the authors suggested that the carbonation reaction was
limited by film diffusion of CO,, chemical reaction, and
then the diffusion in product layer. Therefore, the pro-
cess was optimized at 60 °C, 100 g L™}, 400 rpm, and gas
flowrate (15% CO,) of 300 mL min~, which sequestrated
90% of CO, in 4 h [88]. Ragipani et al. [89] reported that
the direct mineral carbonation of semi-dry flue gas des-
ulfurization fly ash not only captured and sequestered
CO, but also reduced the content of sulfur in the fly
ash to comply with the requirement of supplementary
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cementitious materials (total sulfur content <5.0%) [89].
Upon pressurizing in CO, atmosphere, the sulfur con-
tent of the fly ash was extracted by the dissolution of
calcium sulfite through the neutralization of dissolved
CO,. Therefore, the total sulfur content was eliminated
from 10.4 to 4.9 wt% by direct carbonation of fly ash at
500 kPa of CO, atmosphere with a solid-to-liquid ratio
of 20 g L™, which sequestrated CO, was estimated to be
17.3 g per kg of ash [89].

The by-product of mining waste are potential feed-
stocks of mineral carbonation, including red mud, lime-
stone mine waste, and magnesium-rich tailings. The
production of alumina from bauxite produces red mud, a
highly alkaline residue that contains oxides of aluminum,

calcium, silicon and iron [90]. The carbonation of red mud
is regarded to be an inexpensive and safe process, produc-
ing of thermodynamically stable carbonates and eliminat-
ing environmental and health hazards of red mud [91].
Yadav et al [92] used red mud samples of varying size
fractions based on density via aqueous carbonation. It
was found that the mineral phases responsible for the car-
bonation of red mud are the calcium-bearing cancrinite
and chantalite. A layer of calcite was identified after car-
bonation, resulting in a carbonation capacity of red mud
of 53 g CO, per kg of red mud. Kashefi et al. [93] explored
the indirect carbonation of red mud that involved an ex-
situ multistep pH-swing process to recover silica, iron
hydroxide, and aluminum hydroxide from the leachate.
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The process extracted 85% calcium from the red mud at
80 °C within 2 h using 1 M HCL. Calcium carbonate with
98% purity was ultimately obtained and the carbonation
capacity was 34 g CO, per kg of red mud. The carbon
sequestration by limestone mining waste that is rich in
calcium and magnesium oxides (>70 wt%) was investi-
gated [94-96]. Besides calcite and magnesite, the calcium
and magnesium silicates were also the constitutes of lime-
stone mining waste that can be utilized for mineral car-
bonation [95]. The authors performed the direct mineral
carbonation of limestone waste in ambient condition at
pH 10 in ambient condition, which achieved a carbona-
tion efficiency of 5.3% in 24 h. Since the direct carbona-
tion is controlled by surface reaction, the carbonation
efficiency of the fine limestone waste (<38 pm) was 15%
greater than the coarse one (<75 um) [96]. The tailings of
chrysotile, ultramafic and mafic rocks are ideal for carbon
sequestration considering the abundance of magnesium-
containing minerals [97]. Oskierski et al. [98] assessed
the carbonation capacity of a mine tailings of a closed
asbestos mine in New South Wales, Australia. It was esti-
mated that about 70 kt CO, had been sequestered by the
above-ground mine tailings pile, carbonating them into
hydromagnesite (Mgs(CO,),(OH),-4H,0) and pyroaur-
ite (MggFe,CO4(OH),4-4H,0), since its closure 29 years
ago. The passive carbonation rate was estimated to be
4.9 kg-CO, m~2 yr~! [98], which is significantly higher
than that of chemical weathering. Power et al. [99] esti-
mated the rate of CO, mineralization during carbona-
tion of tailings of Baptiste deposit within the Decar nickel
district in British Columbia, Canada. The amount of CO,
sequestered are related to the supply of the CO,. The
direct air capture could sequester 3.5 kg-CO, m™2 yr ™},
which can be enhanced to 19 kg-CO, m~2 yr! with the
aid of aeration. The carbonation of the ultramafic tailings
with 10% CO, gas could potentially fixate 210 kt CO, yr—?,
offsetting 42—53% of the CO, emission of the mine [99].

5 Precipitation of calcium carbonate and its
utilization

Calcium carbonate is the main product in the indirect
carbonation of industrial waste which could be utilized
in various industries [17]. In this section, the factors that
control the precipitation of calcium carbonate are sum-
marized in terms of its polymorph. The utilization of
the precipitates produced in the indirect carbonation is
reviewed.

5.1 Controlled precipitation of calcium carbonate

Depending on the method and condition, calcium car-
bonate can be amorphous or crystalline. The amorphous
calcium carbonate (ACC) generally exists as monohy-
drated CaCO, [100] while the polymorphs are usually
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anhydrous, and further classified as rhombic calcite, nee-
dle-like aragonite or spherical vaterite [101]. Calcite is the
most stable phase in ambient condition, followed by arag-
onite and then vaterite [102]. The crystallization of CaCOj4
occurs in a series of processes as illustrated in Fig. 9a and
b [103, 104]. ACC precipitates first from the supersatu-
rated solution and undergoes the dehydration and recrys-
tallization as vaterite, the least stable polymorph. Lastly,
vaterite dissolves and recrystallizes into stable calcite.
The scanning electron microscope (SEM) images of the
anhydrous polymorphs, vaterite, aragonite and calcite
are shown in Fig. 9c to 9e. The differences in polymorphs
present in the precipitated CaCOj, lead to differences in
physicochemical properties which then dictate potential
application [17]. Among the three polymorphs, vaterite is
commercially the least significant while calcite is the most
commonly used. Aragonite has high length-to-diameter
ratio making it suitable for applications requiring strength
or incident light scattering [105].

The rate of phase transformation is affected by temper-
ature and pH. Shen et al. [109] revealed that the trans-
formation of ACC to vaterite/calcite is favored between
14 and 30 °C, while the formation of aragonite/calcite is
favored between 60 and 80 °C. All the phases coexist at
an intermediate temperature range of 40-50 °C [110].
The pH regulates the surface species of calcium carbon-
ate, which governs the rate of dissolution and crystal
growth and thus the polymorphs of calcium carbonate
[83]. Tai and Chen [111] reported that vaterite was the
major product at pH 7.8—-12.5 while calcite and aragonite
showed up in higher pH at ambient temperature. Never-
theless, the crystallization of aragonite at 7 °C, producing
more calcite at pH lower than 11. At 58 °C, nearly pure
aragonite was generated at pH below 10. Ramakrishna
et al. [112] explored the effect of pH on the synthesis of
nano-whisker aragonite. Pure, uniformly-sized (100-
200 nm) aragonite needles with high aspect ratio of 30,
which can be applied in lightweight plastics, biomedical,
pharmaceutical, cosmetic and paint industries. In more
alkaline condition, a mixture of calcite and aragonite was
obtained.

Aging time affects the extent of phase transformation
of calcium carbonate. Luo et al. [113] found that percent-
age of vaterite first increased with the aging time but
decreased after 20 min because vaterite is the intermedi-
ate species between ACC and calcite. The manipulation
of the aging of calcium carbonate can produce the prod-
uct with desired property. For example, vaterite has a
high specific surface area, great dispersity and lower spe-
cific gravity, which is attractive in the applications in per-
sonal care [114] and biomedical fields [115]. Jiang et al.
[116] synthesized the metastable vaterite with CaCl, eth-
anol solution and Na,CO; aqueous solution. The authors
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demonstrated that the introduction of ethanol could
enhance the stability of vaterite by forming calcium-eth-
anol complex. Up to 70% of the precipitated calcium car-
bonate retained as vaterite after being aged for 42 h.

The precipitation of calcium carbonate can be per-
formed in fluidized-bed reactor (FBR) to suppress the
homogeneous nucleation, generating calcium pellets
with scarce water. The granular calcium carbonate is flu-
idized at a sufficient upflow rate, providing vast surface
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for crystallization. A precise control of supersaturation
ratio is vital to ensure that the homogeneous nucleation
is suppressed while the crystal growth and heterogene-
ous nucleation are favored [117]. The highest recovery
of inorganic carbon as granule was at supersaturation
ratio of 10.6. While most FBR adopt alien seed materials
as fluidized medium, the purity of the resulting granules
is compromised. Sioson et al. [118] proposed to synthe-
size calcium carbonate directly to produce homogeneous
granules, i.e., no alien materials, as presented in Fig. 9f.
The authors observed that the calcium-to-carbonate
ratio dictated the size of granules and its settleability.
The nucleation rate was described by pseudo-second
order reaction rate, suggesting that the double-displace-
ment chemical reaction of the precipitation of calcium
carbonate.

The presence of impurity or additives can modify the
surface of calcium carbonate, affecting the rate of disso-
lution and hence the polymorphs. Zhang et al. [119] stud-
ied the effect of the presence of Mg”" on the formation
of CaCOj crystals, particularly aragonite. It was demon-
strated that at low Mg”" concentration (Mg/Ca molar
ratio of 0-1), amorphous calcium carbonate directly
transforms into aragonite. The high Mg®* concentrations
(Mg/Ca molar ratio of 2—4) caused amorphous CaCOj; to
transform into monohydrocalcite first, followed by the
gradual transformation into aragonite. The presence of
ferrous ion influenced little on the formation of CaCOj,
at high supersaturation. However, the nucleation of
CaCO; is inhibited by the ferrous ion at supersaturation
ratio <4 with respect of vaterite. Once the size of nucleus
is greater than the critical value, the growth rate was pro-
moted by iron ions [120]. The effect of using different
absorbents during CO, capture has been studied. When
ammonia was used as the absorbent, ammonium carba-
mate (NH,COOQO™) could be formed, which stabilized the
metastable vaterite and resulted in a mixture of vaterite
and calcite [121]. The existence of metastable polymorph
is attributable to the slow desorption rate of the amine-
absorbents, such as AMP [122]. In contrast, the use of
MEA, diethanolamine and MDEA led to the formation
of pure calcite crystal. This was because of the fast des-
orption rate of the amines, which enables the complete
phase transformation to calcite [122].

5.2 Utilization of precipitated calcium carbonate

Calcium carbonate is widely used as fillers of paints,
coatings, polymers, pigments, plastic and cement
[123]. The precipitated calcium carbonate from the
sequestration of CO, via indirect carbonation serves as
potential substitutes to the present calcium carbonate
that is synthesized from natural ores. The utilization
of calcium carbonate derived from CO, sequestration
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in cementless CaO-activated blast-furnace binder was
studied [124]. The compressive strength of the speci-
men with 20 wt% precipitated calcium carbonate was
23% greater than the control specimen. The improve-
ment in the mechanical strength is attributable to the
filler effect and the reduction in pore size. The precipi-
tated calcium carbonate from the carbonation of dolo-
mite was used to as a filler of polyethersulfone hollow
fiber membrane for oil-in-water filtration [125]. The
introduction of 3 wt% aragonite improved the antifoul-
ing of the membrane by modifying the hydrophobicity
of the membrane, enabling an oil reflection greater than
99% and water permeate flux of 102 L m~2h~".

Life cycle analysis and techno-economic analysis have
been performed to evaluate the potential of the utiliza-
tion of precipitated calcium carbonate. Teir et al. [126]
evaluated the economic and environmental feasibility of
the production of calcium carbonate from stainless steel
plating slags to replace the ground calcium carbonate
used in papermaking. It was estimated that nearly 300 g
of CO, can be avoided per kg of calcium carbonate
produced. With the consideration of the revenue from
calcium carbonate, investment and operation costs, a
payback period of 2.2 years was projected. According
the study of John et al. [127], the production of calcium
carbonate by captured CO, using wollastonite resulted
in an annual expenditure of 2.3 million US dollars.
Therefore, the use of industrial waste as a feedstock
of indirect carbonation is necessary to be profitable.
Life cycle analysis has been conducted to evaluate the
environmental benefit of utilizing the calcium carbon-
ate that is produced by the carbonation of industrial
waste with captured CO,. Batuecas et al. [128] adopted
the life-cycle analysis on the use of nano calcium car-
bonate produced from carbonation of waste produce
as the filler of cement. Figure 10 depicts the optimized
scenario to capture and utilize the CO, emitted during
the clink production. While the conventional Portland
cement exhibits a climate change category of 0.96 kg
COyq per kg of cement, the cement with 2 wt% of nano
calcium carbonate obtained a value of 0.3 kg CO,,, per
kg of cement. Such result confirms that the utilization of
the carbonized precipitate is capable of mitigating CO,
emission more effectively. The scenario of the produc-
tion of calcium carbonate from the indirect carbona-
tion of steel converter slag was assessed by Mattila et al.
[129]. The carbonation of steel converter slag features
a negative CO, emission of 0.3 kg CO,,, per kg of cal-
cium carbonate, as compared to 1.04 kg CO,, per kg of
calcium carbonate that is produced from natural lime-
stone. Notably, the post-treatment such as recycling the
washing water may contribute substantial carbon emis-
sion and environmental impact of the process.



Lin et al. Sustainable Environment Research (2022) 32:45

Page 16 of 20

0.33 kg Cadl,
recovered from
other processes

CO, capture unit

0.74 kg CO,

Raw | Clinker production
materials 0.84 kg-CO, per kg clinker

(Reproduced from [128] with permission from Elsevier)

Mineral

" 0.23 k
\ carbonation &
0.15 kg CO, 0.59kg CO, 0.25kg nanoCaCO,
(Emission to air) (to be used) nanoCaCO5; To be sold
or used

Clinker
0.88 kg

Others

Fig. 10 Proposed production of cement with the utilization of calcium carbonate produced from the sequestration of CO, via indirect carbonation
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6 Summary and future direction

Several advances have been made to incorporate chemi-
cal precipitation to enhance the effectiveness of carbon
capture and sequestration. The precipitation and dissolu-
tion are dictated by the degree of supersaturation, which
can be controlled by either temperature difference, pH
swing, or the change of solution composition. In the cap-
ture of CO, from carbon-rich stream, the precipitation of
CO,-rich solid takes place, which can minimize the quan-
tity of solvents to be regenerated and thus the heat duty.
The precipitate that forms in chilled-ammonia process, is
ammonium bicarbonate while those form in amine-based
and amino acid-based solvents are carbamate and bicar-
bonates. In order to facilitate the precipitation of amino
acid- and amine-based reagent, the solvent composition
is crucial to tune its precipitability upon CO, absorption.
The common solvents are alcohols, DMF and NMP. The
future direction for the precipitation-incorporated car-
bon capture technology should be focused on the precise
control of precipitation in order to prevent clogging and
scaling in pipelines and reactor. The screening of effec-
tive phase-change solvent and amino acid/amine is also
necessary to reduce the degradation of the reagent, the
corrosion to the equipment and effective CO, absorption
efficiency.

The mineral carbonation harnesses the dissolution of
calcium and magnesium from silicates or industrial waste
to precipitate CO, as thermodynamically stable carbon-
ates, providing an effective way to sequester CO, without
the need of leakage monitoring. The mineral carbonation
can take place in situ with Mg- and Ca-rich silicates with

scCO,. The water content and salinity of the scCO, were
vital to enable a fast dissolution rate of silicates and pre-
vent silica to form a passivating layer on surface. The phe-
nomena are attributable to the hydration of the silicate
surface and the inhibition of heterogeneous nucleation
due to the high salinity. On the other hand, the ex-situ
mineral carbonation can be optimized by the pretreat-
ment of the feedstocks to enhance the dissolution of Ca*"
and Mg?*. The activation includes the increase of surface
area by comminution, the enhancement of leachability
by thermal treatment, and the divide the dissolution and
precipitation as two stages, i.e., indirect carbonation. The
research direction of direct mineral carbonation lies in
the inhibition of silica passivation and the enhancement
of the reaction thickness of the feedstocks. The use of
additives with surface selectivity may be used to regulate
the dissolution and precipitation behavior. The indirect
carbonation is recommended to focus on the maximation
of the production of valuable products such as silica, car-
bonate minerals.

The precipitation of calcium carbonate is essential to
optimize mineral carbonation. The morphology of cal-
cium carbonate dictates its physicochemical proper-
ties which then define its usability. It is therefore crucial
for technologies intended to produce this product to
not only assess the purity, but the morphology as well.
The generated product can also be subjected to tests to
verify its usability. Most of the studies on the synthesis
of CaCOj; used chemicals as carbonate source instead
of producing it from CO,. For more advanced research,
strategies on CO, capture using flue gas and feedstock
materials must be incorporated in the assessment of the
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synthesis variables and methods. This will replicate more
closely the actual process and give more accurate product
characterization in order to gauge marketability.
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