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abstract

CaCO3 particles are widely employed in different elds due to their properties, such as tunable size and
morphology, tailored porosity and surface area, biocompatibility and nontoxicity. Therefore, many researchers
have studied and developed several synthesis methods, even with and without additives. Among them, the
synthesis of CaCO3 through the carbonation method can be considered the most eco-friendly and innovative
one. A continuously growing research effort has been devoted to this method since it could represent a potential
process for CO, mitigation. Furthermore, this method could involve the use of several wastes as raw inputs, such
as ue gases, distiller waste, steel converter slag, oil shale ash, waste concrete, etc., which would reduce the
environmental impact of the process. This review article is mainly focused on this approach and the process
parameters that affect the yield, particle size, morphology and crystalline phase. The control of size and
morphology through different experimental setups and the use of additives is also described. Furthermore, the
current uses of CaCO; in different elds, such as material Iling, papermaking, medicine and personal care, are
discussed, and its role in these applications is reported.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Contents

1. Introduction. . . . . . . ..
1.1. CaCOs overview.

12. CaCOsz polymorph hlghllghts and appllcatlons .........

1.21. Vaterite . . .

1.22.  Aragonite

123. Calcite. . . .
2. CaCOj synthesis methods .

2.1
22.
23.
24.
25.
26.

Spontaneous precipitation .

Microbially induced calcite prempltatlon
Slow carbonation method .

Reverse emulsion . . . . .
Hydrothermal and solvothermal synthesns
CO, bubbling methods carbonation .

3. Synthesis of CaCO3 through carbonation .
Carbonation as an alternative for CO, mltlgatlon ........

3.1
32

H,0-C0,-Ca®* system description

3.21.  Mass transfer .

3.2.2.  Precipitation mechanlsm

3.23.  Carbonation of Ca(OH), slurries

3.24.  Carbonation of solutions containing CaCl,-CO, absorber promoters

Corresponding author.
E-mail address: fabio.deorsola@polito.it (F.A. Deorsola).

https://doi.org/10.1016/j.powtec.2021.117050

0032-5910/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

© O© OO NNNNOOODOODOORDEDWWWNN

11


http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2021.117050&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.powtec.2021.117050
mailto:fabio.deorsola@polito.it
https://doi.org/10.1016/j.powtec.2021.117050
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/powtec

F. Liendo, M. Arduino, F.A. Deorsola et al.

3.25.  Calcium-rich wastes carbonation
3.3. Reactors
34.

4.  Conclusions
Declaration of Competing Interest

Acknowledgements . . . . . . L L L L L e

References

AddItIVES . . . . o s

Powder Technology 398 (2022) 117050

1. Introduction

Nano and micro materials are widely used nowadays due to their
properties, which can signi cantly improve different processes or appli-
cations. They show high surface areas and volume, which enhance mass
and heat transfer and provide contact area, favouring the interaction
with other compounds in order to facilitate and control chemical reac-
tions. They can be synthesized through many routes, such as reactive
precipitation, crystallization, sol-gel, hydrothermal synthesis, even mi-
crowave or ultrasound-assisted methods. The properties of these mate-
rials can be tailored according to the synthesis method. Several
parameters, such as supersaturation, temperature, pH, ionic strength,
stirring, etc., have substantial effects on the nal properties of the mate-
rial. Among the most studied materials, metal oxides, such as copper
oxide, aluminium oxide, zinc oxide, metals such as gold, silver and plat-
inum, and mineral carbonates, like magnesium and calcium carbonate,
can be cited.

1.1. CaCO3 overview

Precipitated Calcium Carbonate (PCC) is a widely studied material.
The versatility and design of CaCO3 particles have aroused considerable
interest in both the scientist and the industrial community due to their
wide eld of applications and biocompatibility. PCC is widely used as

ller in paints, pigments, plastics, bres and cement, according to its
characteristics, such as morphology and size.

CaCOs is present in nature in the forms of chalk, limestone, marble,
and it is produced by the sedimentation of the shells of small fossilized
snails, shell sh and coral. CaCO5 exists in three different crystalline

forms, which are, in the order of stability, calcite, aragonite and vaterite
[1]. These crystalline phases of calcium carbonate have different crystal
structures and morphologies, as illustrated in Fig. 1. Vaterite crystals
have a hexagonal structure, aragonite crystals show an orthorhombic
structure, while calcite crystals present a rhrombohedral structure.

The mechanism of precipitation of CaCO3 has been widely studied,
and it is divided into three main stages: i) predominant presence of
Amorphous Calcium Carbonate (ACC) nucleated at the beginning of
the process; ii) dissolution of unstable ACC and recrystallization into
vaterite and calcite iii) dissolution of the metastable vaterite and recrys-
tallization into the most stable crystalline form, calcite [2 5]. However,
the other polymorphic forms, vaterite and aragonite, can be formed by
controlling the synthesis parameters, such as temperature, pH, satura-
tion levels, and additives concentration [6 13]. For instance, tempera-
tures higher than 40 °C and the addition of Mg?* ions in adequate
concentration generally lead to the formation of needle-like aragonite
metastable particles [6 10]. This is because Mg?* is incorporated into
the calcite lattice but not into the lattice of aragonite, increasing the sol-
ubility of calcite and decreasing the aragonite growth [14,15]. On the
other hand, vaterite could be favoured by pH lower than 12 and ade-
quate concentrations of ammonium ions. These ions can be adsorbed
on the surface of the precipitated vaterite particles and can stabilize
these particles avoiding the previously described transformation into
calcite [11 13]. The nucleation and growth are in uenced by the satura-
tion level determined by Eq. (1), where aca2+, acozz and K, are the
activity coef cient of calcium ions, carbonate ions and the solubility
product of the CaCOj3 respectively. The kg, varies for each crystalline
phase according to its stability, consequently it is lower for the most
stable crystalline form, calcite.

Fig. 1. Crystal structures and typical morphologies of a,d) vaterite; b,e) aragonite; c,f) calcite.
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1.2. CaCO3 polymorph highlights and applications

CaCO3; has a wide variety of applications according to the
polymorphism since different properties and features characterize the
various crystal phases. According to the nal use of the product,
different morphologies can be synthesized by varying the operating
parameters, as reported in Table 1.

1.2.1. Vaterite

Vaterite is easily formed at high supersaturations, but it is metasta-
ble, and once formed, it may turn into aragonite or calcite [3,16]. How-
ever, there are several applications of CaCO3 where vaterite is preferred
over the other crystalline phases due to its porosity and tuneable size
and morphology [17,18]. Among such applications, personal care and
biomedical elds can be mentioned [17 19]. It has also been proven a
bene cial effect as cement ller [20].

1.2.1.1. Personal care. Vaterite is inert and has low toxicity and good me-
chanical and chemical properties, making it a very interesting material
for personal care applications. It improves rheology, physical robustness
and visual appearance [17]. It demonstrates a good performance as
abrasive, absorbent, anticaking agents, buffers, llers colorants and
emulsion stabilizers [17,21 23].

Strong demand for spherical vaterite particles has arisen in the oral
hygiene eld due to their excellent cleaning properties without being
excessively abrasive [17,21]. The use of vaterite particles in dentifrices,
teeth whitening and mouthwashes provides them cleaning and abra-
sive characteristics [24]. Their abrasive effect is also employed to re-
move paints [17].

The whiteness and absorbent properties of CaCO3 particles have also
been employed in several make-up and skin care cosmetics [17]. Be-
sides, they are even employed for sunscreens fabrication because
vaterite particles of a certain size can scatter UV light [21].

1.2.1.2. Biomedical applications. Nanometric vaterite is widely employed
in dental care and regenerative medicine as bone cements, dental im-
plants and scaffolds, especially because it has better mechanical
strength with respect to polymers [25,26].

High porosity and surface area make it an interesting material also for
drug delivery and as preservative containers since its structure provides
an opportunity to absorb a large range of biomolecules [17,25,27,28].
Their properties allow the absorption of a wide range of biomolecules,
especially owing to their surface morphology [17]. Besides, being
added to the scaffolds, cell proliferation and differentiation towards oste-
oblasts are facilitated due to their micro pore structure. Moreover,
vaterite in contact with body uid dissolves immediately, supplying cal-
cium ions, while part of it recrystallizes as the most stable phase, calcite.

Table 1
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At the same time, the pH can be neutralized at the in amed site of im-
plantation by action of the released carbonate ions. Moreover, vaterite
is found to co-precipitate some therapeutics, such as nucleic acids, en-
zymes, antibodies and proteins [17].

1.2.1.3. Filler in cement materials. Vaterite nanoparticles have exhibited a
good performance as ller material in cement, even better than the cal-
cite ones in some cases. In fact, they can enhance both the effect of the
acceleration of the early age hydration of cement and the lling effects,
thus increasing the nal properties of the cementitious materials. In ex-
periments carried out by Hargis et al., vaterite reduced the set time with
respect to calcite, although the particle size of vaterite and calcite were
different, 2 and 4.5 m respectively [20]. The exural and compressive
strength of the cement are determined by the chemical transformations
that the cement paste suffers during the ageing process. One of them is
the transformation of monosulfoaluminate into monocarboaluminate
[20,29]. This reaction is accelerated by employing vaterite instead of cal-
cite, probably due to the fact that vaterite, being metastable, can dissolve
and react with monosulfoaluminate to form monocarboaluminate in a
faster and effective way [20].

1.2.2. Aragonite

Aragonite crystals are metastable but slightly more stable than vaterite.
Aragonite is the main component of nacre and mollusc shells [30]. The
classical morphology of aragonite is needle-like [19,31,32]. Nonetheless,
other morphologies, such as pyramid-shaped [31], multi-layered [32],
hubbard squash-like [32], pseudo hexagonal and dendrite-like, have also
been synthesized. The applications of aragonite depend on the aspect
ratio (length/diameter ratio) of the needle, which depends on the synthe-
sis method and the operating parameters of the synthesis [9,30,31,33].
Among the applications of aragonite, bone regenerative medicine [34], pa-
permaking [35,36] and ller in rubber and plastic [31] can be cited.

1.2.2.1. Regenerative medicine. Bioactive materials have the capability to
create a biomimetic apatite layer in contact with bone upon implantation,
which is the consequence of good tissue integration [37]. Calcium carbon-
ate shows a good in vitro bioactivity which has been attributed to different
factors, especially to the ability of aragonite to modulate environmental
calcium ion leading to its conversion into carbonate apatite crystals
under biomimetic conditions [34]. Incorporation of CO3 ions through
the substitution of phosphate groups increases the effectiveness of cell
adhesion and proliferation [38], and it has an important effect on the
physical and chemical properties of apatite, such as solubility and
dissolution rate [34].

1.2.2.2. Papermaking. Calcium carbonate has been used as ller in alkaline
papermaking for years to reduce costs and to provide desired end-use
properties of paper products [35]. Although increasing the ller amount
can improve certain properties like brightness, porosity, smoothness,
etc., it could cause some problems, such as reduced paper strength
and stiffness, increased size demand, abrasion, and dusting [6,35]. The
implementation of needle-like aragonite particles can provide better
properties to paper in terms of higher bulk, brightness, opacity and

Favorable conditions for the synthesis of the different CaCO3 polymorphs through the carbonation route and their main applications.

Polymorph  Stability Operating conditions Applications

Calcite Most stable CaCO3 polymorph at any temperature High pH and supersaturations Personal care [61,63 67]
Biomedical applications [26,58,60,62,68 73]
Filler [29,55,58,74 80]

Aragonite Metastable Use of Mg?* as additive. High temperature and low pH. Regenerative medicine [34,37,38]
Papermaking [6,35,39]
Filler in rubber and plastics [31,40]

Vaterite Least stable CaCO3 polymorph Use of NHj as additive. Low supersaturation and pH. Personal care [17,21 24]

Biomedical applications [17,25 28]
Filler in cement materials [20,29]
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strength, as well as improved retention [39]. Hu et al. tested the tensile
strength and folding endurance of the paper by using commercial PCC
and needle-like aragonite as ller. Samples lled with needle-like parti-
cles showed higher tensile strength and folding endurance, which sug-
gests that this morphology is indeed able to improve paper strength [35].

1.2.2.3. Filler in rubber and plastic. Needle-like aragonite particles with a
very high aspect ratio are particularly employed as ller in rubber and
plastic, because they increase the bending strength of these materials.
Therefore, needle-like aragonite particles are employed in car bumpers
and dashboards as ller incorporated into thermoplastic and polypro-
pylene resins [31]. Besides, whisker aragonite particles showed better
performance than calcite in polyvinyl alcohol and polypropylene com-
posites. Aragonite particles increased tensile and impact strengths of
the composite, improved the glass transition temperature and the de-
composition temperature [40].

1.2.3. Calcite

Calcite is the most stable polymorph of CaCO3 at any temperature
[1,16,41,42]. It is easily synthesizable through the carbonation route
without additives or speci c conditions of temperature or pressure
[19]. Nonetheless, the shape and size of these particles can be tailored
for speci c applications by tuning the operating parameters. Lots of
works have been carried out to control the morphology, obtain calcite
with several morphologies, and avoid the formation of metastable
phases [43 58]. The control of shape, size and biocompatibility [56,59]
of calcite crystals makes them very useful for a wide range of
applications, such as personal care, biomedical applications and ller
[19,55,58,60 62].

1.2.3.1. Personal care. Calcite, similarly to vaterite, is used in dental care
by adding it to soft drinks [61]. Khoozani et al. added calcite nanoparti-
cles to soft drinks and determined that they can avoid or reduce tooth
erosion [61] caused by eating/drinking acidic products [63]. Nanometric
calcite can be employed for early caries lesions since it acts as a calcium
source to retain the Ca®* ions in the supersaturation state in the enamel
minerals [64]. The deposition of Ca%* ions on the demineralized enamel
surface might support the remineralization process of the outer enamel
caries lesion [65]. In fact, some researchers have added calcite micropar-
ticles (size <10 m), which supports the reduction of enamel deminer-
alization likely due to the buffering power of abrasive particles [66]. The
results of Cury et al. suggest that abrasive CaCO3; may enhance the effect
of uoride present in dentifrice on dental caries control [66]. High-
stable spherical and porous calcite exhibits high adsorption capability
for Immunoglobulin Y, thus leading to an enhanced antibacterial effect
against oral bacteria [67].

1.2.3.2. Biomedical applications. Calcite particles with a hollow or porous
spherical structure are useful for drug delivery and cancer treatment
[58,62,68]. Drugs and protein like Doxorubicin (DOX, an anticancer
agent) [68,69] Betamethasone phosphate (BP, a type of medicine used
to reduce in ammation, irritation, and pain) and Erythropoietin (an es-
sential hormone for red blood cell production) [70] can be incorporated
and loaded on the surface of hollow or porous calcite or into its structure
[68 70]. Calcite is also widely used in bone implants, since it bonds di-
rectly to the bone [26,60]. It is possible to form bone substitute scaffolds
with controlled internal architecture through a simple slip-casting pro-
cess [71]. This is because carboxylate and sulphate groups in the bone
matrix can bond strongly to the exposed calcium sites of calcite to
form stable calcium-carboxylate and calcium-sulphate compounds
[72]. Vaterite can also be employed thanks to its spherical and porous
structure, although it could degrade after three months when placed
in a bone generating defect due to its instability [73].

1.2.3.3. Filler. Calcite nanoparticles have a good performance as ller in
cements and enhance the exural and compressive strength of

Powder Technology 398 (2022) 117050

cementitious materials [29,55,74]. The enhancement depends on the

ller content and the particle size. Microsized calcite particles provide
an acceleration of the hydration rate of calcium silicates, but the nal
properties after 28 days of curing are not improved [74]. On the other
hand, nanosized calcite particles improved both the hydration rate be-
cause it acts as seeding, and the nal compressive and exural strength,
since their dimension provides them the capability to Il the small
cracks [74,75].

Stable calcite particles have been employed as llers in polymers like
polypropylene [76 79] and polyethylene [80]. The addition of calcite to
polypropylene composites improves the wear properties of the material
[77,78]. This is because the presence of crystals in semi-crystalline poly-
mers will increase the temperature of glass transition, owing to the re-
sistance of the crystals to the movement of polymeric molecules [78].
The effect depends on the morphology and crystal faces of calcite [79].
In the case of polyethylene, calcite particles increase the mass density
of the product and improve the modulus of Young above that of the
neat matrix and well above the reduced moduli of Young of the
rubber-reinforced product [80]. Calcite particles with a hollow structure
have been tested in vacuum insulating panels (VIPs) as core material,
showing a good performance for energy saving applications. Therefore,
they could be employed also as sound and heat insulating materials in
paint and coating [58].

2. CaCO3 synthesis methods

CaCO3 can be considered easy to be synthesized, and several
biomimetic methods are employed as an attempt to mimic the natural
process for the synthesis of complex and elegant shapes, for example
shells in marine animals [19]. Nature uses biomolecules and ions to
produce nuclei, which are then transformed into various shapes.

In biomimetic methods, many additives are used (in low quantity,
ppm or g/L), which do not alter the chemical properties of CaCO3. The
role of additives is mainly to interact with Ca™*, provide active sites
for the nucleation, and subsequently bond to a preferential surface by
preventing or favouring the growth of CaCOz particles in speci ¢
crystallographic planes. This enables the control of the size and
stabilizes different morphologies, such as spheres, hollow spheres,
pyramidal particles, ower-like, laminated particles, etc. Besides, the
additives can interact with the surface, potentially stabilizing metasta-
ble aragonite or vaterite particles over stable calcite particles.

The next paragraphs will describe how the size, morphology and poly-
morphism of CaCO3 can be controlled by the synthesis method and the
operating parameters, such as temperature, pH, supersaturation, etc.

2.1. Spontaneous precipitation

This method consists in the mixing of a calcium salt solution with a
carbonate salt solution, as illustrated in Fig. 2a. The most used calcium
salts are CaCl,, CaSO, and Ca(NOsz),. On the other hand, Na,COs,
(NH4)2CO03, K>CO3 and Mg,CO3 are employed as carbonate source for
this synthesis method. This method can also involve the use of
additives in order to favour a crystalline form over the others or to
control the size or shape of the CaCOs.

The most extensively studied system is the reaction between dis-
solved Na,CO3 and CaCl,, which can be performed in different ways,
especially by varying the addition rate of the Na,CO3 solution to the
CaCl, one and vice versa. Many studies have demonstrated that this
system generally leads to the synthesis of calcite particles, especially
at high supersaturations at any temperature [81 83]. However,
different strategies have been investigated to promote the formation
of the vaterite and aragonite polymorphs in this system. For instance,
it has been reported that the simultaneous addition of both CaCl, and
Na,CO3 solutions could stabilize the abovementioned polymorphs
[16,84]. Moreover, low levels of pH and saturation gave rise to the
formation of vaterite and aragonite [81,83].
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Fig. 2. Different CaCO3 synthesis methods. a) spontaneous reaction. b) Microbial induced calcite precipitation. c) Slow carbonation. d) Reverse (W/O) emulsion. e) Hydrotherml synthesis

f) Bubbling method. Figure modi ed from manuscript published by Boyjoo et al. [19].

The formation of aragonite in this system is also clearly favoured by
employing high temperatures (>40 °C) and adequate concentrations of
magnesium-based additives [16,83,85,86]. On the other hand, additives
such as ethylene glycol (EG) and KH,PO, have been employed to
enhance the formation of vaterite [18] and calcite [83], respectively.
The use of ultrasounds has also favored forming aragonite crystals by
starting from Na,CO3 and CaCl, [87]. While, the formation of mainly
vaterite particles was favored by substituting Na,COz with NaHCO3 [82].

Different sources of carbonate ions, such as NH,HCO3;, K,CO3 and
MgCO3 are also employed. According to Hu et al., who synthesized
CaCOj3 starting from NH4HCO3 and CaCl, solutions, the presence of
NH; ions created an interaction onto the surface of the vaterite
particles that stabilizes them and favours its formation [12]. A similar
system was studied by employing (NH,4)>CO3 and led to vaterite and
calcite formation according to the Ca>*/CO3 molar ratio (R). High R
values promoted the vaterite transition phase to calcite, while low
values, which means high NH3™ ion concentrations, stabilized vaterite
crystals avoiding the phase transition into calcite [88]. Chang et al.
performed some experiments at 25 °C by using K,CO5 as carbonate
source and determined that at high pH values, the formation of
vaterite was fostered, while at low pH values, the calcite content was
increased up to 35% and by increasing the temperature up to 50 and
80 °C mainly aragonite was obtained [8]. The use of MgCO3 as
carbonate ions source enhanced the formation of aragonite over any
crystalline phase [6]. Different Ca>* sources, such as Ca(NO3), Ca(OH),
and CaSO, were also employed in the synthesis of CaCO3 particles,
which led to the synthesis of aragonite particles [6,10].

In addition, ammonium carbamate [89] and urea [90] have been
used as sources of carbonate ions, as these compounds hydrolyze in
an aqueous solution to form ammonium carbonate, which subsequently
can react with calcium ions to form precipitated calcium carbonate [91].
The concentration of urea and carbamate is determinant in the

de nition of the nal crystal phase and morphology of CaCOs. Prah
et al. proved that by this precipitation route, calcium carbonate is rst
formed as an amorphous phase, which then transforms into a
crystalline phase [89]. They investigated the effect of the temperature
and the initial concentration of the reactants on the crystal
morphology and structure by employing calcium acetate and
ammonium carbamate in a stoichiometric ratio. They observed that
calcite was formed at low concentrations of the reactants through the
transformation of unstable phases, ACC, vaterite and aragonite, into sta-
ble calcite. Instead, vaterite was stabilized at high concentrations
avoiding the calcite formation via vaterite. The temperature did not sig-
ni cantly affect the crystal phase, but the crystal size was reduced with
its increase. Nan et al. studied the precipitation process by mixing a cal-
cium dodecyl sulfate solution (44 mmol/L) with a urea solution with
different concentrations [90]. Subsequently, the resulting solution was
placed in an autoclave at 120 °C for 24 h. They exploited the bene ts
of hydrothermal synthesis, which will be discussed subsequently [90].
They observed that by increasing the urea concentration, the morphol-
ogy changed from tabular sphere-shaped vaterite into bicone-shaped
calcite. They attributed the polymorphic selectivity to the synergistic ef-
fects of the concentration of CO3 , the pH value, the amount of anionic
dodecyl sulfate and the presence of NH;™ ions [90].

Dimethyl carbonate (DMC) has also been employed as a CO,
precursor in the solution. This is possible due to the base-catalyzed hy-
drolysis of the DMC, forming CO, in the solution and avoiding the gas-
liquid interface. It has been reported by Gorna et al. that ACC precipi-
tates in a very reproducible way as monodisperse spherical particles
of sub-micrometer diameter [92]. They controlled the nucleation of
ACC by varying the CaCl, concentration and pH (NaOH concentration),
aiming at a narrow PSD ranging between 0.4 and 1.2 m [92]. Dietzsch
et al. studied the CaCO5 crystallization mechanism in the presence or
absence of polyelectrolytes, like Na-PMA, as additives. Without their
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presence, they observed the classical calcite crystallization via vaterite
from ACC formed through a rst heterogeneous nucleation process
at the air-water and air-vessel interface, followed by a second
homogeneous nucleation process in solution. On the other hand, the
heterogeneous nucleation step was suppressed in the presence of poly-
electrolytes [93]. These results were similar to those obtained by Huber
and coworkers [94]. This method has also been employed to produce
cellulose-PCC composites in the presence of cellulose micro brils, con-
trolling the crystallization methods and modifying the crystallization
mechanism to lead to the crystallization of aragonite crystals [95].
These composites could provide some advantages to the pulp and
paper industry, reducing costs, increasing paper strength and provide
enhanced ller retention [95].

2.2. Microbially induced calcite precipitation

Urea hydrolysis was also exploited to synthesize CaCO3 through
biomineralization induced by bacteria with high urease activity. The
Microbially induced calcite precipitation (MICP) process is described
in Fig. 2b. Urease plays an important role in urea hydrolysis. This
method has been employed by several researchers [96 99]. This novel
method is very attractive, as controlling the process parameters (pH,
bacteria type and concentration, and calcium and urea concentration)
allows the synthesis of CaCO3 with different crystal morphologies and
phases. Thus it can be used in several applications, such as heavy
metal removal from the environment, bioconsolidation of soil and
sand, biocementation and CO, sequestration. Gorospe et al. controlled
the crystal phase by using different calcium sources, like calcium
chloride, calcium acetate, calcium lactate and calcium gluconate.
Literature reviews concerning the most important factors affecting the
MICP process were published by Anbu et al. [96] and Krajewska [98].

2.3. Slow carbonation method

This method consists in spontaneous precipitation, where CO% ions
are produced from the dissolution of the CO, gas in an alkaline solution.
The CO, is formed via slow hydrolysis of an additive, typically
(NH4)2CO3 [19]. Generally, a CaCl, solution, with or without additives,
is introduced in a desiccator, where crushed (NH,4),CO; is also placed.
The (NH4)>,COz releases NHz and CO,, which are consecutively
absorbed in the calcium solution, and the CaCO3 formation takes place
as illustrated in Fig. 2c. Several researchers have studied this method
for the synthesis of CaCO3 [14,100 103].

Xu et al. employed this method to synthesize hollow spherical ACC
stabilized by phytic acid [100]. The ACC was obtained by increasing
the phytic acid concentration in the CaCl, aqueous solution, despite its
instability. On the other hand, rhombohedral calcite was observed in
the absence of any additive [100]. Ajikumar et al. studied a very
similar system but adding different amounts of 0.75 mol/L MgCl, to
change the Ca®*’Mg?* ratio (1:0, 1:3, 1:6 and 1:9 ratios were
employed). Ajikumar and coworkers [101] obtained rhombohedral
calcite without additives, as Xu et al. [100]. Instead, by increasing the
MgCl, concentration (1:3 ratio), spherical calcite was obtained, and
further addition of MgCl. led to the dense spherical ACC stabilization
[101].

Guo et al. explored the synergistic effect of PEG-b-pGlu (synthetic
polymer) and the solvent mixture on the growth of calcium carbonate
by employing this method and they obtained stabilized vaterite with
several structures [102]. Mixtures of N,N-dimethylformamide (DMF),
and other solvents, such as THF, n-propanol, ethanol, and 1,4-dioxane,
were applied. In the presence of pure DMF, the main crystal phase
was calcite, but by mixing it with nonionic water (NIW), vaterite was
stabilized [102]. DMF:THF and DMF:methanol mixtures promoted the
precipitation of rhombohedral calcite, DMF:propanol and DMF:ethanol
mixtures promoted the synthesis of spherical vaterite particles, while
multibranched hierarchical structures were achieved by employing
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DMF:1,4 dioxane [102]. Xu et al. [103] also experimented this method
by employing poly(styrene-alt-maleic acid) as an additive and obtained
calcite mesocrystals with hierarchical pyramidal self-similar morphol-
ogy associated with self-similar growth.

More recently, Harris and Wolf [14] synthesized CaCOj3 particles
through this method by employing a CaCl, aqueous solution with
MgCl, as an additive and studied the effect of the desiccator volume.
This parameter had not been evaluated before. The Ca>*’/Mg?™ ratio
employed was 1:10, and three different volumes, 21, 11.5, and 3 dm?,
so-called large, medium, and small desiccator, respectively, were con-
sidered. The crystals formed at the gas-liquid interface by using a glass
slide were characterized. Thus, it was possible to observe that with
large desiccators, aragonite crystals were formed at the gas-liquid inter-
face, as expected due to the presence of magnesium. This effect was not
evident in medium and small desiccators, as ACC with not-de ned
shape and hexagonally-packed spherical ACC crystals were formed, re-
spectively [14]. Further studies without the presence of MgCl, led to the
synthesis of a mixture of calcite and vaterite crystals in the small,
medium, and large desiccators, similarly to those obtained by Xu et al.
[100] and Ajikumar et al. [101]. These studies indicate that the effect
of an additive on the polymorphism of the crystals synthesized
through this method is strongly dependent on the size of the desiccator.

2.4. Reverse emulsion

The reverse emulsion is a thermodynamic dispersion of water and
oil channels stabilized by interfacial layers of surfactants with or with-
out co-surfactants and consisting of bi-continuous microstructures,
which can be used as micro-reactors (see Fig. 2d) and templates for
preparing nanomaterials [19]. The con nement of reagents in the aque-
ous droplets and the adsorption of surface-active agents on the growing
crystals through the implementation of this method allows the simulta-
neous control of the mesoscale crystal surface and the intrinsic mor-
phology [104]. Hence, the most important factors that affect this
method have been widely studied by several researchers [104 112].

Thachepan et al. [105] investigated this approach by involving
the encapsulation of a soluble crystallization inhibitor (sodium
polyphosphate) into the water droplets of a reverse microemulsion pre-
pared by mixing sodium carbonate-containing NaAOT microemulsions
(water/surfactant molar ratio, w, equal to 10) with an isooctane suspen-
sion of Ca(AOT), reverse micelles. They determined that sodium
polyphosphate in uenced the polymorphism and morphology of
the precipitate since the crystallization process is determined by the
surface adsorption of the polyphosphate ions, particularly on the
vaterite crystals. Hence, increasing the additive concentration from 0
to 1 g/L passed from the synthesis of aragonite to aragonite-calcite mix-
ture and pure vaterite at the highest additive concentration [105]. Other
microemulsion attempts to synthesize CaCOz have been conducted, for
instance, from oil-rich water/CTAB/1-pentanol/cyclohexane micro-
emulsions, which can mediate a well-de ned condition for hexagonal
vaterite crystal growth and its conversion to more stable prismatic cal-
cite after several days [104]. Tai and Chen [106] mixed CaCl, and Na,CO3
AOT/isooctane/water microemulsions by employing several water/
surfactant molar ratios (w = 5 16), water/oil molar ratio (WOR), and
R ratio. They reported that the R ratio is the main determinant factor
in crystal size and habit. The w value greatly in uenced the particle
size and habit of calcium carbonate because it strongly affected the sta-
bility and size of aqueous droplets. For example, the particle shape
changed from spherule to disk and then to irregular shape by increasing
the w ratio [106].

Furthermore, other additives, such as potato starch, Fe and Cu?*
ions, etc., in the microemulsions can also direct the precipitation in an-
other way. Thus, tailoring the crystal size and habit, even nanosized par-
ticles with different morphologies can be obtained [106,107]. As
previously reported, several surfactants can be employed. Even poly-
meric surfactants have been investigated, which could form a complex
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that stabilizes ACC through preferential adsorption of the polymer on its
surface, blocking further growth and preventing any phase transforma-
tion to a metastable or stable phase [108].

The reverse emulsion method has also been employed to prepare
hybrid nanocomposites and hybrid polymeric particles with various
CaCO3 nanoparticles, which were synthesized through a mini
emulsion technique using 2-hydroxyethyl methacrylate (HEMA)
monomer, able to induce the formation of rod-like stable calcite
nanoparticles [109,110].

The use of unconventional techniques like ultrasonic cavitation was
also tested to promote the synthesis of nanoparticles, e.g. Fukui and
Fujimoto [109,110] employed this technique, which favored the synthe-
sis of nanoparticles, as Badnore and Pandit did [111]. Ultrasonic cavita-
tion favors the production of smaller droplets than conventional
mechanical stirring, which results in smaller particles with a narrower
Particle Size Distribution (PSD) [108,111]. Besides, ultrasounds favor
the crystalline phases of CaCO3 over ACC [111].

2.5. Hydrothermal and solvothermal synthesis

The hydrothermal method consists of heterogeneous reactions for
the synthesis of inorganic materials in aqueous media above ambient
temperature and pressure. Practically, one of more precursors are
placed in a sealed stainless steel autoclave and heated above the water
boiling point, generating a dramatic increase in pressure [113]. The pre-
cursors mixture is maintained under such conditions for several hours,
which allow the production of highly crystalline materials (see
Fig. 2e). Solvothermal synthesis is similar to the hydrothermal method,
but the solvent consists of an organic solvent mixture. These methods
have been employed to synthesize several nanomaterials, including ce-
ramic materials. Rarely, CaCO; crystals have been synthesized through
this method [114 118]. Mainly calcite crystals, with a low content of
the vaterite and aragonite polymorphs, have been obtained with this
method; nonetheless, the size and morphology of the product were
successfully modi ed by using surfactants and varying the process
parameters.

(NH,)>CO3 and CaCl, were employed as precursors in an agueous
solution without surfactants at 200 °C by Sulimai et al., obtaining
mainly calcite crystals with vaterite presence [114]. On the other
hand, Zhao et al. synthesized CaCOs crystals with controlled
morphology by employing CaO in Oleic Acid (OA)/ethanol as well as
OA/Ethylene glycol (EG) mixtures at different temperatures (160-200-
240 °C). The temperature variation and the use of different surfactants

cetyltrimethylammonium bromide (CTAB), sodium dodecy! sulfate
(SDS), poly N-vinyl-2-pyrrolidone (PVP) and polyethylene glycol
(PEG) led to the synthesis of calcite crystals [115]. Nonetheless, the
XRD spectra of the synthesized CaCO; showed different signal
intensities for the crystalline planes, thus indicating that the
morphology of the crystals was modi ed [115].

Other studies involved the use of these surfactants in different mix-
tures. Chen et al. employed PVP as a surfactant with Ca(CH3COO),
and CO(NH>), as reactants in a diethylene glycol (DEG)/water mixture
[116]. They obtained structured microspheres mainly formed by
primary calcite nanocrystals (50-100 nm), pointing out their
agglomeration. They also observed the presence of aragonite crystals.
Otherwise, Ranjbar and Taher used SDS as a surfactant at 200 °C starting
from a Ca(NO3),-H,0 aqueous solution in molar stoichiometric ratio to
carbonate ions, reducing the crystal size and agglomeration of calcite
crystals by increasing the synthesis time [117].

A novel microwave-assisted hydrothermal method was employed
by Zieba et al. [118]. They performed the synthesis starting from a mix-
ture of CaCl, and Na,CO3 in a molar ratio of 1:1 at 180 °C and 90 atm.
They previously mixed the starting mixture of reactants through
mechanochemical process in a planetary mill at 500 rpm in dry state
for 30 min for its initial activation before the next microwave-assisted
hydrothermal treatment (MWT). The MWT was conducted in saturated
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vapor or under a layer of water, thus modifying the porous structure of
the calcite crystals. In the saturated water vapor, the crystal size was re-
duced and particles showed well-de ned edges, while under the layer
of liquid they obtained larger crystals with smoothed edges.

2.6. CO, bubbling methods — carbonation

The carbonation method consists in a gaseous CO, stream reaction
with a calcium alkaline solution, as shown in Fig. 2f. Several
researchers have explored the carbonation method to synthesize
CaCO3 and precipitation mechanism for years. The work carried out by
Juvekar and Sharma [119] can be cited among the rst studies dated
to 70s, where the CO, absorption in a lime suspension was studied.
This process was already employed at the industrial stage for the
production of CaCOs3. Still, knowledge on its mechanism was lacking
and not enough reliable data were present in the literature at that
time [119]. Thus, they studied the process from the absorption of the
CO, bubble to the precipitation of CaCOz, by employing a bubble
column as gas-liquid contactor [119]. However, several technologies
and types of reactor have been explored and are still under investigation
in order to maximize the performance of the process nowadays
[9,19,46,120 123]. Many factors, such as additives, reactor or operating
conditions, can in uence and tailor the nal properties of the product
[9,123,124] and they will be discussed in detail in the next sections.

3. Synthesis of CaCO3 through carbonation

Although the production of CaCO; is already an industrialized
process, many researchers are still studying this process to assess
different routes by involving waste conversion, obtain higher CO,
conversions and achieve an intensi cation of the process, which could
provide better control on the nal properties of the particles.

3.1. Carbonation as an alternative for CO, mitigation

Nowadays, CO2 mitigation represents a big challenge to which a
great research effort is devoted. Carbonation seems to be a successful
approach thanks to its long-term storage of carbon dioxide deriving
from industrial gaseous streams. Different reagents can be used to ob-
tain CaCO3 particles through carbonation. Mainly Ca(OH), or CaO
slurry are used as sources of Ca®" ions [31,51,52,62], but also CaCl,
and CaSO,4 coupled with a suitable alkalinity source are frequently
used in the CaCO3 precipitation reaction [44,125].

Some Life Cycle Assessment (LCA) regarding the synthesis of CaCO3
through carbonation are present in literature [126,127], and some
others concern mineral carbonation, which involves minerals rich in
calcium and magnesium, like wollastonite and serpentine [128 132].
Moreover, these studies assess the process considering raw material
wastes coming from other processes, such as steel converter and
phosphogypsum desulfurization, which present a high carbonate-free
calcium content in form of CaO and Ca(OH), [126,133].

Mattila et al. suggested that if industrial wastes, like slag and CO,, are
available, it is environmentally bene cial to use them to produce
precipitated CaCOs. This approach saves natural resources as
limestone, reduces energy consumptions and overall CO, emissions
[126]. Zakuciova et al. also concluded that the production of CaCO3
through the calcium loop reduces the CO, emissions in the ue
gases [127].

Since 1990s, mineral carbonation has been the main carbonation
method to produce mineral carbonates. This process involves the reac-
tion between CO, and alkaline earth metals, present in naturally
occurring silicate minerals. The mineral carbonation can be carried out
either in situ, by injecting CO, in silicate-rich geological formations, al-
kaline aquifers, or ex situ, occurring above ground in a chemical process-
ing plant. Because of the low natural abundance of calcium oxide and
hydroxide, the ex situ carbonation requires a pretreatment step for the
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extraction of the metal oxides from the silicate rocks, which are rela-
tively abundant over the world [129,130,134]. For this reason, silicate
minerals such as olivine, serpentine, dolomite and wollastonite, are con-
sidered attractive feedstocks of calcium. Even though wollastonite and
dolomite minerals present higher content of calcium oxide, their rela-
tive abundance is low, so olivine and serpentine are the most frequently
used silicates in ex situ carbonation [129].

However, the use of natural silicate rocks requires energy-intensive
processes including mining, transport and grinding. Therefore, more re-
cently, numerous studies have been carried out to use calcium-
containing industrial waste, such as steel slag, bottom ash from munic-
ipal solid waste, oil shale ash, waste concrete, cement kiln dust, and
brines [135].

Moreover, gypsum deriving from the desulfurization of ue gas was
used by Song et al. to obtain calcite or vaterite particles by carbonation
in an aqueous ammonia solution [136]. Another material that can be
used to produce PCC is dolomite, CaMg(COs3)», which provides a Ca-
Mg-rich solution after a leaching process. Altiner et al. successfully syn-
thesized pure aragonite crystals in the reaction temperature range of
40 70°C[33].

Finally, seawater and brines from desalination processes are re-
ported as calcium ion sources. In the rst case, seawater and cement
kiln dust (CKD), an alkali industrial by-product, was employed in the
carbonation process, exploiting a double effect both as calcium feed-
stock and as a solvent for Ca elution from CKD [137]. In the second
case, brine collected from a seawater reverse osmosis process for indus-
trial water supply was employed for CO, mineralization [138].

Another interesting waste is the calcium-rich brine, called post-
distillation liquid, deriving from the Solvay process, responsible for the
salinity of the surrounding soil and groundwater. This waste contains
approximately a concentration of CaCl, equal to 1 mol/L, with the
presence of other ions, such as SOZ , Mg?™, etc. The carbonation of
this waste could be an interesting approach to produce precipitated
CaCOj; in the waste management framework. This process is currently
being studied by several researchers, exploring its feasibility
[81,139,140]. Czaplicka et al. studied the in uence of selected CO,
absorption promoters on the characteristics of the CaCO3, obtaining
agglomerates of mixed vaterite and calcite polymorphs with
micrometric dimensions [140].

Nonetheless, the control of the properties of the product still repre-
sents a challenge due to the high concentration of foreign ions that can
affect the crystallization process. The yield of calcium carbonate precip-
itation in a gas-liquid system mainly depends on the ratio between the
concentrations of Ca®* and promoter [140]. As high as the promoter
concentration is, the higher the CO, absorption capacity will be, so the
reaction with calcium ions could occur according to the mechanism
described in the following section.

3.2. H,0-CO,-Ca2™ system description

It is fundamental to understand the interaction among the main
compounds involved in the carbonation process, that is the H,0-CO,-
Ca®* system, as illustrated in Egs. (2) to (22). First, the absorption of
the CO,, which is thermodynamically limited by pressure and
temperature, must be considered. The rate of absorption depends on
the liquid-gas contact surface area (a) and the mass transfer coef cient
(Kp), which is determined by the ow regime [119]. Afterwards, the
process breakthrough to the conversion of CO, to carbonic acid by
reaction with water and its subsequent dissociation into bicarbonate
and carbonate ions due to the interaction with H* and OH" (see
Egs. (2) (6)). The concentration of H could be related to the
presence in solution of acids that can be used as calcium extraction
agents [130,141,142]. Strong acids such as HCI, H,SO, and HNO3
completely dissociate into H and X ions, while the dissociation of
weak acid, such as HCOOH and CH3COOH, is determined by the acid
dissociation constant K, as in Eq. (7). The concentration of OH”
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depends on the Ca(OH), concentration or on the concentration of the
absorption promoter, such as NaOH, Mg(OH),, KOH, NH3 and amines.
Because NaOH and KOH are strong bases, they dissociate completely,
therefore the concentration of OH™ in solution equals the base concen-
tration. Conversely NHz, amines and Mg(OH), are weak bases, so the
OH™ concentration varies according to their basicity (Ky) (see Eq. (8))
[122,143 145]. Higher concentrations of OH™ enhances the CO,
absorption. Thus, the transformation of CO, into the ionic species is
boosted since the equilibrium is shifted to the formation of CO3 ions.
Finally, once the CO3 ions are formed, they react with the Ca®™ ions,
producing the precipitation of CaCO3 induced by the supersaturation.
When amines are used as absorption promoters, the carbonation
process takes place according to the pathway described from Egs. (17)
to (22). So, it is given by the formation of zwitterion and carbamate
from the reaction of the dissolved CO, with the amine. Zwitterion and
carbamate ion undergo deprotonation by the amine. Subsequently, the
deprotonated product is hydrated to form HCOz ions, which react
afterwards according to the previously described mechanism. The
value of the equilibrium constants of Eqs. (17) (22) will depends on
the employed amine.

The precipitation process depends on the solubility product of the
different CaCO3; phases summarized in Eq. (16) (ACC, vaterite,
aragonite and calcite). The crystallization is also in uenced by the
CaCO$ formation, described in Eq. (11), which could favor the crystal
growth of the CaCOs [146]. Furthermore, the reactions involving
the formation of CaOH™ and CaHO3" ions, highlighted in Egs. (9) and
(10), could affect the CaCO5 crystallization, especially the growth
mechanism interacting with the crystal surface. Nonetheless, many
researchers do not consider them in numerical calculations since the
low values of the equilibrium constants indicate that their formation is
not favored, and their concentration can be negligible for the ionic
balance [147 149]. Instead, ions such as Cl-, SO3 , provided by the
calcium source and ions like Na™, K™, NHZ, etc., provided by other
absorption promoters, generate an interaction with the whole process
according to Egs. (12), (13) and (14), which could not be negligible in
terms of the ionic balance. This interaction foresees a liquid-solid equi-
libria, a salt precipitation, which will depend on the solubility product.
For example, in case of CaCl, and NaOH, the solubility products for
Egs. (12), (13) and (14) are 792, 1.3 and 132, respectively. Thus, the
ion equilibria, absorption and precipitation processes are affected.
Even these ions can interact with the CaCO3 surface, thus in uencing
the growth habit of the crystals [122,143 145].

According to the experimental setup, operating conditions, absorption
and gas mixtures, one of the mechanisms described before, namely absorp-
tion, transformation and precipitation, could control the process. Therefore,
absorption, chemical reaction and precipitation rates must be considered
[150]. Several researchers pointed out that, in the presence of calcium hy-
droxide or in alkaline solutions, the transformation of aqueous CO, into
CO3% and the precipitation reactions are instantaneous; thus, the CO,
absorption is the limiting step [119,150,151].

a) Carbonic species and water equilibria

COz()  CO2(aqy K.a @
COs¢aqy + H20  HaCOs¢agy Kn = 0,034 ®)

H2COz5a¢  HCOj 4o b HPsagp Koz = 4.31 x 1077 4 [148]
HCO3 1op €05 s P HPsap Ka = 4.68 x 107 () [148]
H20 HPug POH o Ky =1x10" (6) [148]
b) lon-pair equilibria

Hxaaqb Hbaaqb b X daqp Ka (7)

BOH@g)  BPaagp POH o Kp 8)

CaHCOb . Ca™iag P HCO; 1oy Kearco:r = 5.50 x 1072 (9) [148]
CaOHpaan Cazpaaqb p OH daqp Keaon™ = 5.02 x 107 (10) [148]
CaC0g Ca™ sy P CO3 4 Kcacos, = 1.61 x 10°® (11) [148]
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¢) Solid-Liquid phase equilibria [152]

CaXow Ca™Psagp P2X saqp Ksp1 (12)
BHCO356  BPiacy P HCOg 15 Kspz 13)
B2COssp  2BPaq b CO3 sacp Kspa 14
Cad0Hb,y, Ca?Pig P 20H sags Ksp cacory, = 5.5 x 10°® (15)
CaCOsp Casaq P COF 4o Kep acc=1x10 °© (16) [152]

Ksp var =123 x10 8
Ksp ara=4,6x10 °
Ksp calc = 3.3 x 10 °

d) CO,-alkanolamine aqueous system equilibrium [143]

COp(aqy + RNH,
COx(aqy + RoNH

RN*H,CO0x¢aq) Kea, @an
RNHCO, Keq, (18)

RN*HyCOpgaqrt RNHa  RNHagagy + RNHCO2(aq) Keq, (19)
RoNHCO, + RoNH  RoNHagagy + RoaNCO2¢ag)y Keq, (20)
RNHCOj(aq) + H20  RNH + HCOs¢aq) Keg, (21)
RaNCOsagy + HoO  RoNH + HCOgaqy Keg, (22)

3.2.1. Mass transfer

The mass transfer plays an important role since the creation of su-
persaturation conditions depends directly on it. Therefore, it has been
widely studied by many researchers that stated that the absorption of
CO, in a suspension of lime is accompanied and boosted by a fast
reaction in the gas-liquid Im [119,153]. The use of gas mixtures has
notasigni cant effect since the resistance from the gas side can be con-
sidered negligible; however, low partial pressures thermodynamically
limit the process [119]. The absorption process depends on the inter
and intra-molecular phenomena; hence, macro and micromixing in u-
ence the absorption performance [150].

In the H,0-C0O,-Ca®* system, the highest supersaturation levels are
reached at the gas-liquid interface because the highest concentration of
CO, and CO3 are present in this region, as can be inferred by
considering the Im theory of gas-liquid mass transfer followed by chem-
ical reaction. Therefore, the nucleation of CaCO3 takes place near that
zone. Then, the precipitated particles diffuse into the liquid bulk where
lower supersaturation levels are present and growth is favored. Thus,
the mass transfer coef cient has an interesting effect on the CaCO3
precipitation and its properties. For instance, larger mass transfer
coef cient values lead to rapid precipitation and smaller particles
synthesis [150]. Higher mass transfer leads to lower Damkohler
numbers (dimensionless number expressing the reaction rate to mass
transfer rate ratio), which indicates that the crystallization process is
more homogeneous and higher supersaturation levels can be obtained
in the liquid bulk. Consequently, nucleation can be favored over the
growth phenomenon. Accordingly, the speci ¢ volume of the
experimental setup, de ned as the ratio between the liquid bulk
volume and the gas-liquid surface, V (m3/m?), affects the PSD shape,
which could be broader or narrower depending on the crystallization
mechanism described previously. Hence, for large speci ¢ volumes
(V=0.002), there are many issues with the control of the PSD as the pre-
cipitated crystals at the gas-liquid interface diffuse to the liquid bulk and
subsequently, grow. Thus, favoring the synthesis of large particles with
a broad PSD as determined by Shun et al. through basic simultaneous
equations for the Im theory of gas-liquid mass transfer accompanied
with chemical reaction coupled to the distributed population and mass
balances for crystallization. Otherwise, this drawback can be reduced by
employing an experimental setup with a higher speci ¢ volume
(V<0.002), leading to narrower PSD [150]. Many studies of intensi cation
processes indicate that using a reactor with microchannels with low spe-
ci ¢ volumes allowed the synthesis of nanoparticles with a narrow PSD
[9,45,120,123]. Another way to enhance the mass transfer and reduce
the PSD heterogeneity is to implement dispersed CO, microbubbles in
the liquid, which provides a homogeneous supersaturation and the
precipitation in the whole reactor and the gas-liquid surface is higher
[47,154].
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The mass transfer can also be enhanced by using suitable additives,
one of which is terpineol. The polar hydroxyl group (OH) in terpineol
is prone to interact with the aqueous phase, while the other nonpolar
groups tend to be absorbed on the bubble surface. It is well known
that terpineol, which usually exists in the gas-liquid interface, can re-
duce the surface tension of bubbles, preventing the aggregation of
small bubbles and increasing their stability [154]. Even the initial con-
centration of Ca(OH), affects the absorption rate since high
concentrations result in a delay in the pH drop due to the continuous
dissolution of the Ca(OH),. Therefore, the CO, absorption is fast
during the beginning of the carbonation, and the mass transfer
coef cient is higher likewise [151]. Nevertheless, the solubility of CO,
is decreased by the high concentration of electrolytes, i.e.
thermodynamically, the process could be affected [151]. The
carbonation mechanism affects, consequently, the CaCO5 precipitation
mechanism and kinetics.

3.2.2. Precipitation mechanism

In reactive precipitation, chemical reaction, nucleation and growth
are the three main steps occurring simultaneously. Therefore, it is
worth controlling these three steps during the precipitation. As already
stated, high degrees of supersaturation lead to the nucleation of small
particles. Then, to obtain CaCO3z nanoparticles, it is important to
achieve high supersaturation ratios, uniform spatial concentration
distribution and identical growth time for all crystals. Macromixing
and micromixing occur simultaneously in the reactors and must be
enhanced and homogenized. Uniform spatial concentration
distribution of any component on the vessel scale can only be
achieved by macromixing, while uniform spatial concentration
distribution on the molecular scale can be reached by intense
micromixing [155]. Hence, the CO, absorption mechanism takes a
crucial role in the CaCO3 particles synthesis in order to obtain a high
micromixing level. Micromixing is a key factor determining the degree
of the supersaturation concentration of the solute and its local spatial
distribution [2].

Different precipitation mechanisms can be obtained through the car-
bonation method, resulting in CaCO3 with numerous morphologies and
different sizes and crystal phases. Among the most peculiar
morphologies obtained, rhombohedral and spherical particles are the
most common [41,48]. Both, the method and the operating
parameters can in uence the mechanism and habit of the particles,
which emphasize the role of the liquid-gas interface on the physico-
chemical properties of the precipitated particles [156]. Hence, other
morphologies, such as hollow particles [58], rhombohedral crystals
[49,50], scalenohedral crystals [49], needle-like crystals [32], ower-
like particles [87], have been obtained. In addition to the operating pa-
rameters, the use of additives can also affect the mechanism of precipi-
tation as described before for the other synthesis methods. In order to
control the size, besides to understand and enhance the mass transfer,
the kinetics of precipitation, nucleation and growth must be studied.

3.2.3. Carbonation of Ca(OH), slurries

The most studied system of carbonation to synthesize CaCOs
particles involves Ca(OH), slurries. The carbonation of a Ca(OH),
slurry at room temperature and without additives generally leads to
the synthesis of calcite [8,49,51,55,56,58,62,157 159]. The synthesis
from calcium hydroxide is manageable since minor agglomeration
issues can turn up. In fact, Ca(OH), provide calcite stabilization
according to the experimental data published by Kilic et al. [160].
However, size and shape can be tailored by varying the operating
parameters of the process. In the carbonation of Ca(OH), slurries, the
absorption rate mainly in uences the CaCO; crystallization, meaning
reactor geometry, CO, ow rate, temperature and pH. However, the
slurry concentration also in uences the process. All these parameters
directly affect the Ca®*/C03 ratio (R).
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3.2.3.1. Temperature. The in uence of temperature is complex because it
decreases the CO, solubility but affects all the equilibrium constants of
the carbonation system. The increase of the temperature entails a
higher dissolution of Ca(OH), and a lower CaCOj solubility product
(Ksp) [16], meaning higher supersaturation ratios and crystallization
rates. The agglomeration kinetics is also increased by the temperature
[161,162]. Moreover, all these singular processes, nucleation, growth
and agglomeration, could be enhanced by increasing the temperature,
as this increase could provide the necessary energy for these processes
according to the Arrhenius equation [163].

Garcia-Carmona et al. [146] obtained larger crystals by increasing
the temperature, meaning that the growth Kkinetics is more
temperature-dependent, indicating it has the highest activation energy.
Similar results were obtained by Santos et al., who increased the size of
the calcite crystals by increasing the process temperature.

The CaCO3 growth habit can also be controlled by varying the
temperature. For instance, Wen et al. [52] obtained plate-like particles
at 20 °C, and granular particles at 40 °C. Domingo et al. obtained rhom-
bohedral sharp-edged particles at 45 °C while the presence of
scalenohedral particles was observed by decreasing the temperature
to 25 °C [49]. Other researchers con rmed these results, reporting ag-
glomerates constituted by small rhombohedral particles obtained at
40 °C and scalenohedral particles at 20 °C, as shown in Fig. 3 [163].

At low temperatures, such as ambient, vaterite formation is possible;
however, its conversion to calcite is rapid due to its instability. Carbon-
ation at temperatures above 40 °C makes it possible to obtain a mixture
of aragonite and calcite under mechanical stirring without any additive
[32]. Santos et al. obtained pure aragonite at temperatures higher than
50 °C and under mechanical stirring [32]. Some studies demonstrated
the aragonite formation at high temperatures (>70 °C) starting from
Ca(OH); slurries [31,32]. Furthermore, in certain cases, depending on
the environmental conditions, aragonite transforms to calcite over
time due to its metastability [164]. Therefore, the temperature is a
favourable factor for the nucleation of aragonite, but not for its
stabilization [51,164].

3.2.3.2. Ca(OH), slurry concentration. The Ca(OH), concentration slurry
increases the R-value, which seems to be one of the most important
factors in uencing the crystallization of CaCOg3 in this kind of system.
The higher the R values, more boosted is the calcite crystal growth
[146,165,166]. This effect is probably due to higher Ca®*/CO3 ratios
enhancing the formation of a pair of CaCO3 growth units at the CaCO5-
solution interface. Thus, this favors the calcite growth in the (104) direc-
tion [146]. Besides, high R values entail high conductivities, which could
have an important effect on the crystal growth, forming scalenohedral
crystals, as suggested by Garcia-Carmona et al. [146]. This statement is
in good agreement with Gomez-Morales et al. [165], who also indicated
that higher Ca®*/(CO% +HCO;) ratios favor the formation of
scalenohedral crystals.

Gomez-Morales et al. stated that in the case of an excess of Ca**
ions, the zeta potential ( ) of calcite crystals is positive, as reported by
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several researchers [58,160,167,168]. Hence, the HCO; and CO3 are
easily attached on the crystal surfaced, thus enhancing the crystal
growth.

Higher R values also entail higher CaOH™ ion formation, leading to a
pH decrease that generates CaHCO3 and H™. These ions interact with
negatively charged carbonate ions in the (110) faces, since many
carbonates are coplanar with Ca atoms in this direction. This
interaction could avoid the growth of the (110) direction and promote
this kind of growth [104].

Therefore, the crystal size is highly affected by the Ca(OH),
concentration. Several researchers reported that higher initial
concentrations of Ca(OH), normally produce larger CaCOg3 particles
[158,169,170], since R values are higher and longer synthesis times
are needed, thus favoring growth phenomena.

3.2.3.3. Reactor geometry. The range of Ca(OH), concentrations
in uencing the particle dimension varies according to the reactor type
and its speci ¢ volume (V). Reactors with a speci ¢ volume higher
than 0.002 m®/m?, as stirred reactors, make it possible to synthesize
smaller particles but not nanosized crystals when operated at
concentrations below 0.1 mol/L. On the other hand, experimental
setups with a speci ¢ volume lower than 0.002 m®/m?, as RPB, and
ultrasound-assisted systems favor the synthesis of nanosized crystals
when operating with Ca®* concentrations in the range 00.1 0.5 mol/L.
Nonetheless, a general trend can be depicted, where higher initial con-
centrations favor the synthesis of larger crystals. These aspects will be
deeply discussed in Section 3.3.

3.2.3.4.CO, ow rate. The particle size also increases by decreasing the
CO, ow rate and its composition in the gas phase since the synthesis
times are longer [53,157,170,171]. Furthermore, low CO, owrates
decrease the CO% ions production, thus reducing the supersaturation
and favouring growth over nucleation. Anyway, these trends can vary
from reactor to reactor. For example, con icting behaviours with
respect to the Ca(OH), concentration and the CO, owrate were
obtained in a bubble column, in a Stirred Tank Reactor (STR) and
Couette Taylor (CT), as reported by Wen et al. [52] and Jung et al.
[172] respectively. However, the description of these and other
experimental setups will be discussed more in detail in Section 3.3.
Similar to the solubility product (Ksp) of calcite, which decreases
with the temperature, i.e. the solubility is reduced [16], the solubility
of CO, is reduced as well with the temperature [173,174]. Therefore,
the change of the temperature on the carbonation process surely
affects the mechanisms and kinetics of both, carbonation and
precipitation [49]. Its in uence is not clear, but it has been
demonstrated that the morphology of calcite is modi ed.

3.2.3.5. Mixing. The mixing type mainly affects the mass transfer. Both
magnetic and mechanical stirring lead to the synthesis of calcite crystals
[51,146,175]. In the carbonation of Ca(OH), slurreis, the stirring speed
does not signi cantly affect the crystal phase, since generally calcite is

Fig. 3. Effect of temperature on morphology and growth habit of CaCO3. Adapted from [163].
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mainly obtained. Nonetheless, the crystal size is reduced by increasing
the stirring speed, as the mass transfer is enhanced and the
agglomeration is avoided [171,172,175].

The use of ultrasounds instead of mechanical stirring has also been
studied [53,169]. It was established that ultrasounds enhance the CO,
absorption and provide higher supersaturations, which favor the
synthesis of smaller particles with a sharper PSD than in the case of me-
chanical stirring. Furthermore, the use of ultrasounds avoids agglomer-
ation and aggregation phenomena due to the induced cavitation
[53,169]. Santos et al. have also suggested that ultrasonic mixing is an
additional favourable factor for the nucleation of aragonite [32,176].
They obtained aragonite through carbonation under sonochemical stir-
ring at low temperatures (30 40 °C) without additives. Ultrasound
cavitation applies waves in the range of 16 100 kHz, generating high
local pressures and temperatures with could promote the nucleation
of aragonite [32].

3.2.4. Carbonation of solutions containing CaCl,-CO, absorber promoters

Many researchers have been interested in this topic, and the investi-
gations have been carried out through some experimental campaigns
[83,163,177]. The interest in this topic comes from the high amount of
calcium-rich wastes, which entail a Ca®* solution containing other
ions in solution, especially where a CO, absorber promoter is involved
[125,178]. From these studies, it can be noticed that kinetics is
strongly in uenced by several factors, such as temperature and
presence of ions like NHZ, Mg®™, SOZ or CI". The presence of these
ions could even induce the formation of a preferential crystal phase
over the others, as in the case of NH; or Mg?™* that promote vaterite
and aragonite, respectively [177]. The effect of temperature, CO, ow
rate, calcium concentration and other parameters does not have a
speci ¢ trend. The main remarks of the different systems will be
discussed below.

3.2.4.1. CaCl,-NH,0H-CO, system. Several researchers carried out the
precipitation of CaCO3 by employing ammonia in order to provide an
alkaline medium for CO, absorption. They found out that NH;™ ions
can stabilize vaterite when ammonia is added in excess with respect
to calcium and CO, (according to Eq. (23)) [11,13,125,136]. This
occurs because NHj ions interact with the CO3 ions present on the
surface of the negatively charged crystal planes. Here, vaterite
presented a spherical morphology, which is its most frequently
observed shape [12,136].

CO, b 2NH3 b CaCl, b H,O ¥ CaCOs3 b 2NH4CI 023p

NH4OH  NH -+ OH kp = 1.78 x 10°° 24)

Spherical calcite particles were obtained by Kim et al. [43] by using
Ca(OH), instead of CaCl,. This occurs because calcium hydroxide
provides high alkalinity, which shifts the equilibrium of ammonium
hydroxide (See Eq. (24)) to the left and a lower concentration of NH;
ions is present, disfavoring the stabilization of vaterite. Nevertheless,
the presence of NH,OH modi es the growth mechanism since
spherical calcite particles were obtained instead of -classical
rhombohedral calcite particles [43]. Han et al. controlled and
increased the calcite content by decreasing the CO, ow rate
and concentration [44]. These conditions led to low carbonation rates
and longer synthesis times, which induced the vaterite transformation
into calcite. Another particular case of production of pure calcite by
using gaseous ammonia is reported by Sun et al. [45]. A simultaneous
absorption of NHz and CO, in a CaCl, solution was performed in a RPB.
They obtained pure calcite nanoparticles, probably due to the high
gravity effect of the RPB employed, which intensi es the micromixing
and therefore the precipitation is intensi ed too. However, the effect
of the RPB will be discussed more in detail in Section 3.3.
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3.2.4.2. CaCl,-NaOH-CO, system. Na™ ions have a very small ionic radius
and they do not have an important role in the crystallization kinetics
[179]. The NaOH concentration regulates the pH of the solution, which
can in uence the CaCO3z polymorphism, and low pH values seem to
promote vaterite formation [83]. Chen et al. also demonstrated
the effect of the pH. The pH in uences the nucleation rate, since the
induction time is reduced at pH higher than 10.5 11 [83]. On the
other hand, a lower pH leads to higher HCO3; concentrations, which
favor the formation of CaCO$ ion pairs. Thus, the crystal growth was
increased under these conditions [41,104,165]. Furthermore, low pH
values entail instability leading to a higher formation of HCO; and
CaHCO3, which interacts with the CaCOz surface, acting as a link
between the precipitated particles to form these nanocrystal
agglomerates [58,168].

Marin-Rivera et al. obtained calcite crystals at higher CaCl,
concentrations (20 g/L) [143]. Similar results were obtained by
Alamdari et al., who obtained rhombohedral crystals from CaCl, [177].
This is because the increase of the calcium concentration leads to
longer synthesis times, inducing the vaterite transformation into calcite.

Chen and coworkers also individuated the growth dependence on
crystal size through seeded tests, from where they concluded that crys-
tal growth of larger particles increased with the crystal size [83]. Hence,
it is possible to state that crystal growth mainly depends on tempera-
ture, presence of foreign ions, crystal size and supersaturation.

3.2.4.3. CaCl,-Mg(OH),-CO, system. Magnesium ions have been shown
to promote nucleation and stabilization of aragonite particles with a
high ratio aspect through the carbonation route [6,31,33,35,180].
MgCl, and Mg(OH), are generally used to provide Mg?* ions, which
can substitute the Ca?™ in calcite to form Mg-calcite because they are
very interchangeable [31]. In such a way, the magnesium ions inhibit
the calcite growth and favour the aragonite formation [31,180], and by
increasing the Mg®* concentration, the content of aragonite increases
[35]. Generally, at high temperatures (80 °C), the aspect ratio increases
by increasing the Mg/Ca ratio from 3:2 to 5:1 [31,35], but further addi-
tion of MgCl, (Mg/Ca ratio > 5) could favour the formation of
pyramidal aragonite particles [31]. Anh et al. suggested that the effect
of Mg?™* ions also depends on the pH since they observed that the
content of aragonite increased by decreasing the pH of the
carbonation process by maintaining the same MgCl, concentration
[180].

3.2.4.4. CaCl,-CO, system with other CO, absorber promoters. Other
organic CO, absorber promoters, especially amine-based organic
solvents, as polyethylenimine (PEIl), ethanolamine (MEA), and
aminoethylethanolamine (AEEA) have been employed to synthesize
CaCOj3 crystals through carbonation. The increase in temperature
enhanced the absorption-crystallization rate since the decomposition
of zwitterion/carbamate is enhanced by increasing the temperature
[181]. The temperature increase entails an increment in the crystal
size, indicating that the increase in the crystal growth is more
temperature-dependent than the other phenomena. A very important
aspect to highlight is that mixtures of metastable aragonite and vaterite
crystals are obtained by employing these kinds of organic solvents
[143]. The gas ow rate did not signi cantly affect the crystal size, but
vaterite crystals were favored over aragonite crystals by increasing the
gas ow rate [143].

3.2.5. Calcium-rich wastes carbonation

Several wastes have been employed to synthesize CaCOs crystals in
order to assess the feasibility of the process. Jeon and Kim used
seawater and Cement Kiln Dust (CKD) with NaOH in order to basify
the calcium solution, and the content of vaterite was modi ed
according to the operating conditions [137]. Low NaOH dosages, i.e.
low pH, led to the formation of vaterite. At high CO, ow rates, which
means higher OH™ ions consumption by the reaction with the
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Fig. 4. Representative micrographs of precipitated CaCOs: (a) from pure CaCl, solution and (b) from distiller waste solution. Adapted from [177].

Table 2

Effect of the impurities present on the distiller waste on the kinetic parameters of the pre-
cipitation of CaCO; through the carbonation route. (CO, concentration 20% v/v, 25 °C, 1
atm). Data extracted from experiments published by Alamdari et al. [177].

Calcium Agglomeration constant, Nucleation constant. Growth
solution ke ((g solution)™ kn ((g solution)™ constant,
(m*)™) [Op) kg (ms™)
Pure CaCl, 13 x 107 1415.54 6.08 x 1071°
Distiller waste  8.80 x 1072 894 417 x 10

absorbed CO,, higher contents of vaterite were also obtained [137].
Other researchers have employed CKD to synthesize CaCO3 crystals
through the carbonation route [182].

Alamdari et al. studied the mechanisms of nucleation, growth and
agglomeration for the precipitation of CaCO3; through CO, absorption
into a pure CaCl, solution and into a distiller waste solution from a
soda ash plant. In such a way, they determined that the higher ionic
strength (by employing the distiller waste solution), i.e. the presence
of foreign ions, generates interaction within the CaCOg3 clusters, thus
reducing the nucleation rate. Foreign ions also interact with the
precipitated particles surface, probably by blocking some growing
planes, thus in uencing the kinetics, but also the mechanism, of
growth: in fact, in this case spherical particles with rough surfaces
were obtained. On the other hand, rhombohedral particles were
synthesized in the case of pure CaCl,, as highlighted in Fig. 4, On the
other hand, the agglomeration coef cient was increased, therefore
larger particles were synthesized [177]. These results are summarized
in Table 2.

Furthermore, they determined that the operating conditions, such as
CO, concentration in the gas phase or gas ow rate, do not affect the
kinetic parameters for nucleation and growth. This is in good
agreement with Liu et al.,, who determined the in uence of the
temperature [163]. They employed phosphogypsum (PG) as a low-
cost calcium resource which was used to prepare CaCOs crystals. The
values of nucleation and growth coef cients increased with the
temperature, as summarized in Table 3. Therefore, the temperature
in uenced even the morphology and habit of particle growth. Small
rhombohedral crystals, forming agglomerates and scalenohedral

Table 3
Effect of the temperature and CO, owrate on the kinetic parameters of the precipitation
of CaCOj3 through the carbonation route published by Liu et al. [163].

Temperature CO, owrate Nucleation constant. k,, Growth constant, kg
(mL/min) (number/(mol®®m®®min))  (m*2/(mol®*min))

20 138 8.04 x 10° 275 x 10°°

20 251 9.9 x 10%* 273 x 10°

30 138 9.73 x 10%® 413 x 10°

30 251 1.73 x 10 4.27 x 10°

40 138 1.21 x 10%° 9.81 x 10°

40 251 151 x 10 9.36 x 107°
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particles, were obtained at 40 and 20 °C, respectively, as illustrated in
Fig. 3 [163].

The ef uent from the soda ash manufacturing process (Solvay) has
also been employed to prepare CaCOj3 crystals [81,135,140,178].
Somani et al. emulated the Solvay waste and obtained different CaCO3
polymorphs according to the employed calcium concentration. They
observed that calcite crystals were favored at concentrations higher
than 1 mol/L, while a small amount of aragonite crystals were present
at lower concentrations [81].

Czaplicka and Konopacka- yskawa also emulated the Solvay ef uent
using ammonia as the CO, absorption promoter [178]. They obtained
mainly vaterite crystals regardless of the concentration of the
reactants with sizes below 5 m, employing a gas ow rate equal to
30 dm®h [178]. Czaplicka et al. employed other kinds of CO,
absorption promoters, such as triethanolamine (TEA) and
triethylamine (Et3N), to evaluate their effect on the process. They
obtained mainly vaterite when TEA was employed as CO, absorption
promoter, and mainly calcite crystals when EtsN and NH,OH were
employed [140]. These results differ from their previous study because
they employed a higher gas ow rate in this study (60 80 dm®/h).
According to the SEM micrographs, the smallest crystals were obtained
using EtsN with sub-micrometric size but high degree of agglomeration.
In fact, the PSD showed a bimodal distribution with a sub-micron pop-
ulation and another one around 5 m. The use of Et3N also led to the
synthesis of sharp-edged crystals, while with NH,OH and TEA, crystals
with a higher rough surface and larger sizes were observed [140].

3.3. Reactors

Several reactors and experimental setups have been employed to
synthesize CaCO3 nanoparticles. They are illustrated in Fig. 5 and are
summarized in Table 4 with detailed information about their
performance, mainly expressed in terms of reagents employed,
obtained polymorphism, particle size and CO, conversion.

In a gas stirred tank reactor (STR), various types of mixers and
sparger design can be used to create homogenous mixture of both cal-
cium hydroxide suspension, CaCO3 particles suspension and gas
bubbles created in the reaction system. The gas phase can be fed to
the reaction mixture by a surface contact, nozzles in the bottom part
of the vertical baf e or sintered glass [183]. The performance of a gas-
sparged STR is strongly linked to the sparger design [184]. Tank
contactors with at-blade turbine stirrers were used by Kakaraniya
et al. [185] and Ukrainczyk et al. [186]. They obtained microparticles
with dimensions of 4 mand 0.02 2 m respectively, whereas uniform
calcite nanoparticles with the mean size of 24 110 nm nanoparticles
were synthesized by means of a surface-aerated tank reactor
[185,186]. Several morphologies were obtained by varying the sparger
design, such as hollow and rice-like particles [58,62,175]. The sparger
design directly affects the K,a; thus, in uencing the whole
precipitation mechanism while the stirring velocity in uences the gas-
liquid interface. Traditional STR provide low mass transfer coef cients
around 10 1/s according to numerical correlations extracted from
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Fig. 5. Different experimental setups-reactors employed for the synthesis of CaCO3 through carbonation route. a) Rotating Packed Bed reactor; b) Microporous tube in tube microchannel
reactor; ¢) Microstructure minireactor; d) G-L Membrane Contactor; e) Surface-aerated stirred tank; f) Jet ow reactor; g) Gas sparged stirred tank reactor; h) Microbubble generator;

i) Couette Taylor reactor; j) Bubble column.

the literature [187,188] and
[184,187,189 192].

Liendo et al. obtained calcite microparticles with broad PSD in a
magnetic STR starting from a Ca(OH), slurry [175]. Slightly smaller
calcite crystals were obtained by Jung et al. by employing a
mechanical STR [172]. Several researchers have employed mechanical
STR, and most of them obtained dispersed calcite crystals with sizes
larger than 200 300 nm [169] [47,62]. The morphology of the calcite
crystals obtained with these kinds of reactors was scalenohedral
forming laminated crystals [47,146,175].

Another strategy to enhance the process is by modifying the bub-
bling method. Atliner et al. employed a microbubble generator (MBG),
in which the small size of the generated bubbles provides a considerably

results obtained experimentally
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higher mass transfer surface than those of conventional bubble STR.
Thus, favoring the formation of smaller particles and higher CO,
conversions [47,193]. Ulkeryildiz et al. fed the CO, through an ori ce
in the proximity of the liquid surface in order to allow the undissolved
CO, to be purged into the atmosphere. In the vicinity of the ori ce, the
CaCOg crystallizes and, by the action of the mechanical stirring, the
crystals are pumped into the bulk, and new Ca(OH), arrive to react
with the CO, [62]. They also used a jet ow reactor in another work
[58]. This consisted in a mechanically stirred reactor with the liquid
recirculation in a portion of volume close to a coil pipe with holes
from where the CO, is fed. In such a way, the contact between gas and
liquid occurs and the CaCO3 particles are formed; subsequently, the
pumped liquid drives them into a Ca(OH), rich zone to stabilize them
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Table 4
Carbonation-precipitation performance of different reactors. Polymorphism, Particle size and CO, conversion.
Reactor Reagents Polymorphism Particle size CO, Ref.
(dp, nm) conversion
Rotating packed bed (RPB) CaCl,/NH3/CO, Rhombohedral calcite 44 72 Not reported [45,170]
Ca(OH),/CO, 17 36
Microporous tube in tube microchannel Ca(OH),/CO, Rhombohedral calcite 25 70 6-52% [123]
reactor (MTMCR)
Microstructure minireactor (MSMR) Ca(OH),/CO, (29.8% v/v) Rhombohedral calcite 39 110 20% [199]
G-L Membrane Contactor (MC) Ca(OH),/CO, Rhombohedral calcite 75 80 Not reported [46]
Surface-aerated stirred tank (SASR) Ca(OH),/CO, Rhombohedral calcite 24 110 >95% [171]
Gas sparged stirred tank reactor (STR) Ca(OH),/CO, Spherical [47], hollow [58], rice-like [62] and 100 2000 [47] 1-21% [47] [47,58,62,146]
rhombohedral [146] calcite 400 [58] 50% [58]
900 [62] 11% [62]
>6120 [146] <9% [146]
Microbubble generator (MBG) Ca(OH),/CO, Rhombohedral calcite 80 530 2-27% [47,193]
Couette Taylor (CT) Ca(OH),/CO, Rhombohedral calcite 512 Not reported [172]
Closed loop Reactor (CLR) Ca(OH),/CO, Rhombohedral calcite 50 100 16 % [48]
Bubble column (BC) Ca(OH),/CO, Plate like and spherical calcite 100 1750 4 8% [52]

[58,160]. The coil pipe is placed in the upper corner, so crystallization
and stabilization zones are created. This setup promoted the
production of submicron particles and CO, conversions were equal to
50%, higher than that obtained in other STR setups.

STR reactors show poor mass transfer coef cients (low Da num-
bers), meaning slow rates of carbonation and formation of CO3 ions,
which is rapidly consumed by the reaction with the Ca®* ions [151].
In these cases, the process is controlled by the absorption of CO, [151].
Under such conditions, the supersaturation ratio is low. Hence, the
growth is promoted, and it s unlikely to obtain small particles such as
nanoparticles.

The segregation issues often observed in conventional mechanically-
STRs generally led to the synthesis of large particles with wide PSD
[45,47]. An increase in the initial calcium concentration can be per-
formed to overcome this issue. This leads to an increase in the initial su-
persaturation and a reduction of the induction time. As a result, smaller
particles can be synthesized [125,165,194].

Fig. 6. Countercurrent RPB structure. (1) gas inlet; (2) rotator; (3) packing; (4) Liquid
distributor; (5) casing; (6) liquid outlet; (7) gas outlet; (8) liquid inlet. Extracted from
reference [217]. This gure was published in China Particuology, Vol 1, Jianfeng Chen
and Lei Shao, Mass production of nanoparticles by high gravity reactive precipitation tech-
nology with low cost, Page 64-69, Copyright Elsevier (2003).
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Couette Taylor reactor, surface-aerated stirred tank and closed-loop
reactor are among other experimental setups that have been employed
to synthesize CaCOj; crystals through carbonation. These setups exploit
the bubbling in a liquid bulk to absorb CO, and can reduce the
segregation issues. In a Couette Taylor (CT) reactor, calcite
micrometric particles were obtained [172]. The CT, unlike STR, provides
homogeneous crystals since the unique mixing behavior of the Taylor
vortices effectively encouraged homogeneous mixing conditions [172].
The surface-aerated stirred tank (SASR) provides appropriate condi-
tions to synthesize nanoparticles and CO, conversions higher than
95%. In such a setup, the CO, is continuously fed during the whole
process to make up the CO, consumed by the reactions in the liquid to
keep a constant pressure of 400 kPa, making possible to obtain these
high CO, conversions [171]. The closed-loop reactor (CLR) also led to
the production of nanoparticles, as reported by Thriveni et al., with
CO, conversions equal to 16% [48]. Bubble columns (BC) gave the
possibility to obtain plate-like microparticles or spherical nanoparticles
as the initial concentration of calcium increased [52].

Segregation issues can also be reduced and avoided by process in-
tensi cation [120]. Process intensi cation is widely exploited in the ab-
sorption and precipitation process [123,176,195]. High-gravity and
sonochemical processes enhance both absorption and precipitation
since the turbulence and micromixing are improved. An improved
micromixing leads to the synthesis small particles with a narrow PSD
[9,45,53,170,196].

For instance, by employing sonochemical STR an enhanced mass
transfer and reduced Da number can be achieved with low calcium con-
centrations [169]. In fact, the use of ultrasounds induces cavitation with
high-frequency mechanical waves, and this phenomenon affects the re-
action system. Upon fragmentation of the bubble, the radicals generated
therein get released into the medium, where they can induce or acceler-
ate chemical reactions. Therefore, an enhanced mass transfer with a ho-
mogeneous mixture is provided, and agglomeration is additionally
avoided. Furthermore, ultrasounds generate radical interaction with
cations, thus enhancing the precipitation kinetics to obtain a product
with higher crystallinity and sharp size distributions.

A Packed Bed Reactor was employed by Liendo et al. to produce nano-
sized rhombohedral calcite crystals [175]. They attributed the reduction
in size with respect to the results obtained in a STR to the increased
mass transfer that this kind of reactor can provide (around 102 1/s)
[175]. Furthermore, the turbulence in the PBR enhanced the micromixing
and allowed the synthesis of nanosized crystals. They concluded that the

ow regime strongly in uences the CaCOjz crystallization through
carbonation.

Another experimental setup that exploits improved gas-liquid mass
transfer and micromixing is the RPB, which is a high-gravity device that
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Main effects of additives on properties of CaCO3 particles via carbonation precipitation.
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Additive Additive type  Concentration Operating conditions  Main effect Application(s) Ref.
NHZ lon NHZz/Ca®* Low pH Promote vaterite formation Some of vaterite applications [43,125,136]
ratio > 1
Mg?* lon Mg?*/Ca®™* Low pH Promote aragonite formation Some of aragonite applications [31,180]
ratio > 1 Temperature >30 °C
Eu(NO3)3 Inorganic 0.01 0.08 mol/L T=10 15°C Reduced the particle size of Optical materials [158]
additive rhombohedral crystals
T=25 45°C Favored the formation of spindle like
crystals
Phosphoric Inorganic 35 10 g/L 70 °C Promoted aragonite formation Filler in plastic, rubber and paper [9]
acid additive industry
PAA Organic 0.75 g/L 95 °C Promoted aragonite formation Pulp and paper industry [164]
additive
Sucrose and Organic In the presence of Promoted calcite over aragonite Some of calcite applications [31]
glucose additive Mg?™* ions
Terpineol Monoterpene 0.1 1% Room conditions. Smaller CO, bubbles and decreased dp,. Polymer ller [154]
alcohol CO, 25% v/iv
Ethanol Alcohol 10 50% v/v NHZ /Ca®* ratio=1  Favored vaterite over calcite Some of vaterite applications [136]
NHZ /Ca®* ratio > 1 Favored aragonite over vaterite Some of aragonite applications
PAM Anionic 0.02% T=20°C Increased the CaCOj3 by controlling Not reported [205]
Polyacrilamide aggregation and enhanced carbonation
T=40°C Promoted aragonite formation Plastic and paper ller
EDTA Chelating 0 0.003 mol/L  Room conditions. Promoted the synthesis of CaCO3 Filler of plastics, rubber and paper [206]
agent CO, 25% v/iv nanoparticles (Size < 100 nm)
Oleic acid Surfactant 0 3.5% wt 5°C<T<25°C Reduced the CaCOj3 size Material reinforcement [207]
In the presence of
ethanol
CTAB Cationic 2% 80 530 Reduced the d,, and favoured Paper coating [209,210]
surfactant rhombohedral shape
SDS Anionic 2 g/L Room temperature Favours hombohedralcalcite particles Not reported [211]
surfactant and 4.9 12.04 MPa with rough surface
Tween 80 Non ionic 2g/L Room temperature Promotes aggregated plate like nano Not reported [211]
surfactant and 4.9 12.04 MPa particles
ODHP 0 2% Room conditions. Reduced particle size. Provided Filler in plastics, rubber and paint [212]
CO,/N, mixture hydrophobicity to CaCO3
PGP Polymer 0.2 0.4% Room conditions. Modi ed the CaCO3 Increasing the in-situ polymerization [213]
CO, 33% v/iv Chain like particles were obtained by degree and thermal stability of PET
increasing the PGP concentration
PGP-NaOH-SA  Polymer 2% Room conditions. Surface modi cation. Hydrophobic Filler of PET [214]
mixture CO, 33% v/v particles.
Petroleum Oil dispersion  Not speci ed Oil dispersion d, about 10-30 nm CaCOg3 based nanodetergents as [215]
sulfonic acid (heptane, etOH and with narrow PSD lubricants
NHz)
HABS Oil dispersion  Not speci ed Oil dispersion d, about 10-30 nm CaCOg3 based nanodetergents as [216]

(MetOH and diluent
oil)

lubricants

provides a kLa equal to 10 1/s [197]. The RPB setup is illustrated in Fig. 6.
The gas is fed from the outer edge to the inner edge of the rotor, while the
liquid is fed in the edge of the rotor and  ows through the rotating packing
to the outer edge by the action of centrifugal force. The gas stream comes
in contact with the liquid one in the packing bodies in counter-current
mode. In there, CO, is absorbed by the liquid and reacts to form CaCOs.
The liquid, owing through the packing, forms a thin Im under the high
shear eld. Due to the very high turbulence and dispersion, the large
interface renewal rate and the thin Ims (10 80 m) of liquid in the
RPB, the mass transfer of CO, is greatly enhanced, resulting in a great
increase in the nucleation rate [45]. Micromixing (i.e., mixing at the molec-
ular scale) is the last stage of turbulent mixing and consists of the viscous-
convective deformation of uid elements, followed by molecular diffusion
[120]. Nucleation time is strongly dependent on induction time ( ). From
the viewpoint of chemical reaction engineering, the reaction rate and sub-
sequent nucleation in precipitation is controlled by the intrinsic kinetics
without the in uence of micromixing in the region of t,, < and
controlled or in uenced by micromixing when t,, > . In the RPB, the t,
is about 0.1 ms and smaller than (1 ms) [170,198]. RPB has lower t,,
than several reactors, such as STR, CT, US-assisted reactors, CLR, etc. [45].
Therefore, RPB reactors have been successfully employed for the synthesis
of nanoparticles with very sharp PSD.

Rhombohedral calcite nanoparticles were obtained by employing
both CaCl, and Ca(OH), in an RPB, although calcium hydroxide led to
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the synthesis of smaller crystals and narrower PSDs [45,170]. Wang
et al. synthesized CaCOsz in a RPB and the CO, owrate was
determinant on the crystal phase, morphology and size. Higher CO,

owrates enhanced the carbonation rate, hence the CO3 ion
concentration and thus the supersaturation increased, leading to a
higher calcite content with a lower content of short needle-like particles
due to shorter synthesis times as well as growth times. On the other
hand, small owrates then led to higher aragonite content and higher
aspect ratio [9]. These results are in good agreement with experimental
data published by Altiner and Yildirim [33] and Santos et al. [32]. The ro-
tating speed had also an important role. By increasing the rotating speed
of the RPB from 600 to 1200 rpm, the aragonite content and particle
length were increased, while the particle diameter was reduced, there-
fore the aspect ratio was higher. A further increase of the rotating speed
led to calcite formation, probably due to the enhancement of carbon-
ation, thus producing a higher supersaturation, which favours the cal-
cite formation as in the case of high CO, owrates [9].

The Microporous tube-in-tube microchannel reactor (MTMCR) rep-
resents another intensi cation alternative that favored the formation of
nano calcite starting from Ca(OH), with a CO, conversion up to 52% at
low CO, ow rates [123]. Rhombohedral calcite nanoparticles were
obtained in a microstructure mini-reactor (MSMR) starting from Ca
(OH), and employing diluted CO,, which was converted by 20% [199].
In a membrane contactor (MC), also nano calcite was obtained [46].
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In the RPB, as well as other reactors as MTMCR, and MSMR, where
the liquid is continuously recirculated (as illustrated in Fig. 5a,b,c, and
k), the effect of the liquid is also important, and hence it has been deter-
mined. Sun et al. determined that an increase of the liquid volumetric

ow rate generated an increase of the gas-liquid interfacial area and
mass transfer, which increased CaCO3 nucleation rate and decreased
the mean particle size of CaCO3 [45]. By employing CLR, MTMCR, and
MSMR, the trend of the effect of the liquid ow rate was very similar
to that observed by Sun et al. [48,123,199].

On the other hand, ultrasounds-assisted carbonation, RPB, MTMCR,
and MSMR, are setups that enhance the carbonation process,
i.e., lower Danumbers. In these cases, the process is controlled by intrin-
sic kinetics, hence provides high supersaturation rapidly, which favors
the rapid formation of small particles that subsequently grow. By in-
creasing the initial concentration of Ca(OH),, the synthesis time
would be increased under Ca®"/CO3% ratio and supersaturation
conditions favoring growth over nucleation [146].

Similar contradictions can be found among the results of some
works concerning the effect of the gas ow rate. Sun et al. observed
that the particle size decreased by increasing the gas ow rate in an
RPB and attributed this trend to the reduction of the synthesis time
[45], in good agreement with other research works carried out with dif-
ferent experimental setups [123,199]. Instead, MBG showed an opposite
trend according to the data from the experiments of Altiner et al. [47].
This reactor favored the formation of very well dispersed small bubbles,
avoiding the segregation issues normally present in the traditional STR
[45,47]. These advantages were reduced by increasing the gas ow
rate, favoring larger particle synthesis [47,193]. Again, the Da number
in uences the performance of the experimental setup. Low Da numbers
lead to the synthesis of small particles. Therefore, if the increase of the
gas ow rate decreases the Da number of the experimental setup, as
in the case of the RPB or STR, the particle size will be decreased. Other-
wise, the synthesis of smaller particles will be favored by decreasing the
gas ow rate, as in the case of the MBG.

3.4. Additives

Additives are very useful to obtain CaCO3 particles with a speci ¢
polymorphism. While calcite particles can be produced without
additives, they are largely employed to synthesize vaterite and
aragonite particles. Nevertheless, even for calcite particles, some
additives are employed to control the size or morphology. Table 5
summarizes the main effects of additives on the CaCO3 properties
obtained via the carbonation-precipitation route.

Ammonium ion-based compounds are widely used as additives to
promote the synthesis of vaterite particles. Under stoichiometric condi-
tions (NHz/Ca®™* = 2), calcite is the predominant phase present in the
mixture [43,125,136], while pure vaterite particles can be obtained
under excess of ammonia [136]. Song et al. increased the content of
spherical vaterite particles under stoichiometric conditions by adding
ethanol, but under ammonia excess conditions and in the presence of
ethanol, aragonite formation was observed [136].

Other inorganic additives have been employed to tune the CaCO3
properties. Rhombohedral and spindle-shaped CaCO3 particles doped
with Eu®* ions, with potential applications as optical materials with
strong red emission, were synthesized by the addition of Eu(NO3)3
[158]. The europium nitrate reduced the particle size of the
rhombohedral particles (CaO concentration 0.5 1 mol/L) but did not
affect the spindle-shaped particles (CaO concentration 1.5 4 mol/L). Ac-
cording to XRD analysis, Zhou et al. stated that only calcite was detected,
indicating that Eu®* ions have successfully entered into the CaCO3 host
lattices [158]. According to their analysis, the spindle-shaped CaCO5:Eu®
* showed a far weaker luminescence than rhombohedral CaCO5:Eu*™
under the same measurement conditions, attributed to the different
internal and surface defects of the matrix [158].
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Mg>™ ion is the most effective ion additive to promote aragonite
synthesis. However, its effect depends not only on its concentration
but also on other factors like Ca/Mg ratio, temperature, pH, and pres-
ence of other additives, as mentioned before [31,180].

Phosphoric acid has also been tested as aragonite promoters without
the use of magnesium [9]. The H3PO,4 content controls the morphology
in a carbonation synthesis carried out at 70 °C in a Rotating Packed
Bed (RPB) reactor, passing from spindle calcite particles without
additive to needle-like aragonite crystals with a concentration of 7 g/L.
The aspect ratio increased with the H3PO, content, although the
diameter of the needle-like particles (500 nm) remained constant. A
further increase of the H3PO, content did not change the phase
control [9]. Phosphoric acid reacts with Ca(OH), before the
carbonation process, thus producing very ne and needle-like hydroxy-
apatite particles [200,201], which act as heterogeneous nucleators, and
the aragonite growth takes place on them [9].

Polyacrylic Acid (PAA) has also been tested as aragonite promoters
and seems to stabilize the aragonite phase. It is because the polyacrylate
ions can react with the Ca®* ions to form a complex on the surface in the
c-axial direction of the needle-like aragonite crystal [164]. This com-
pound causes a delay of the crystal growth in the direction perpendicu-
lar to the c-axis and thus the stabilization of aragonite crystals. Hence, it
in uences the formation and growth of aragonite whiskers, while the
calcite formation is restrained [164]. Therefore, Pan et al. obtained stable
aragonite particles at high temperatures (>40 °C) through the carbon-
ation route [164].

Other organic additives, such as glucose, sucrose, citric acid, malic
acid and phthalic acid have been tested with magnesium chloride in
order to determine their effect on the formation of aragonite through
the carbonation route [31]. Glucose and sucrose inhibit the formation
of aragonite, even in the presence of MgCl, [31]. Phthalic acid does not
in uence the formation of aragonite, but promoted the crystal face (2
2 1) of the aragonite [31]. Therefore, the effect of the additives on the
aragonite formation depends on their structural characteristics. For
instance, glucose, sucrose, citric acid and malic acid may disrupt the
aragonite formation by reacting with magnesium ions, thus reducing
its effect of aragonite promotion. On the other hand, phthalic acid
chelates to calcium ions with its two carboxylic groups and this
chelation may be associated with the speci c crystal face and the yield
of aragonite [31].

Terpineol, monoterpene alcohol, has also been employed to synthe-
size CaCOj3 particles by Xiang et al. [154]. Terpineol enhances the
absorption of CO, and leads to smaller particles. By increasing the
terpineol content from 0.1% to 1%, it was possible to decrease the
particle size [154]. Besides, Terpineol increases the stability of small
CO, bubbles and prevents their coalescence, enhancing the mass
transfer of CO, into the solution and favoring the formation of CaCO3

ne particles [154]. Nevertheless, further addition of terpineol (>1%)
led to the synthesis of larger particles with an irregular shape [154].
This terpineol effect was not noticed when employed in an
experimental setup with poor mass transfer coef cients like that used
by Feng et al. [157].

Alcohols have also been employed as additives to stabilize vaterite
crystals [136,202,203]. Some experiments with a certain ethanol con-
tent led to the synthesis of vaterite crystals in the presence of stoichio-
metric amounts of ammonia and calcium. This is because ethanol
interacts with the Ca®" ions, thus forming solvent cages to shield
Ca%* on CO3 , which can reduce the activity of CO3 during the
reaction [204]. Nevertheless, in the case of ammonia excess, a high
ethanol content could favor the formation of aragonite [136]. On the
other hand, glycine negative ions migrates to Ca®*, thus participating
in the nucleation of CaCO; and stabilizing the primary vaterite
particles [202,203]. Moreover, Guan et al. pointed out that there is a
co-effect of glycine molecular and gas-liquid interface, i.e. the bubble
method in uenced also the polymorphism of particles [203].
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Polyacrylamides (PAMs) have been used to control the morphology and
particle size during the carbonation process. During PCC synthesis, the use
of anionic PAM promoted the aggregation of unreacted calcium hydroxide
particles and calcium carbonate nuclei, leading to an increase in aggregate
size and reduced reaction time for the carbonation process [205].

EDTA has been used to control the CaCOs particle size. The presence
of EDTA accelerated the carbonation rate. A faster carbonation process
was favorable to nuclei formation and led to the formation of super-

ne particles with a diameter of less than 100 nm [206]. Also, surfactant
additives have been employed to control particle size. Monodispersed
CaCO3 nanoparticles have been synthesized by introducing CO,
through a tube into a Ca(OH), slurry added with an ethanol solution
of oleic acid. A proper amount of oleic acid prevents the growth of the
nanoparticles through the deposition of resultant from oleic acid and
Ca?* as hydrophobic Ca(C;7H33C00), on the surface of CaCO,
nanoparticles [207]. However, when the amount of oleic acid is
excessive, although the growth is restrained, the particles tend to
agglomerate due to the carbon-carbon double bond attached to the sur-
face of CaCO; crystals, as stated by Wang et al. [207,208].

Additionally, the surfactant in uenced the PCC structural properties,
such as the pore size distribution and the surface area [209,210]. The ad-
dition of CTAB (hexadecyltetramethylammonium bromide) or sodium
oleate additives (up to 2 wt %) inhibited particle growth and led to rhom-
bohedral particles of 20 100 nm rather than microsized scalenohedral
particles. CTAB- and oleate-modi ed calcium carbonate nanoparticles
are heavily useful in paper coating because they improve paper proper-
ties such as smoothness, brightness, whiteness, and opacity [209].
Zhang et al. also employed CTAB, but they did not nd any signi cant
effect on the morphology and size by its employment [211]. However,
other surfactants as sodium dodecyl sulphate (SDS) and
polyoxyethylene-80-sorbitan monooleate (Tween 80) were employed
by Zhang et al. [211]. They stated that, in the presence of SDS, alkyl chains
carry negative charges, which can be absorbed onto the positively
charged faces of CaCOs3, inhibiting their further growth and leading to
the formation of rhombohedral particles with a rough surface.

On the other hand, Tween 80 is a kind of non-ionic surfactant. It was
preferably absorbed on the neutral faces of the CaCO; crystal leading to
the formation aggregated plate-like crystals along the c-axis. The incre-
ment of the pressure led to larger particles (2 4 m) [211].

Moreover, octadecyl dihydrogen phosphate (ODHP) was added as
an additive, acting on the crystal growth and controlling the CaCO3
size [212]. The additive concentration was varied from 0 to 2%, being
1% the optimal dosage for the crystal size since smaller particles were
obtained. This additive modi ed the surface of the PCC. It seems to
react with bicarbonate and calcium ions, thus modifying the CaCO3
surface and making it possible to obtain hydrophobic CaCO; particles.
Therefore, super ne calcite particles were obtained by Sheng et al. by
employing octadecyl dihydrogen as an additive [212]. Thus, this
surface modi cation of calcium carbonate with hydrophobic species
would lead to a great expansion of applications of CaCOz as ller in
plastics, rubber, and paint, since mineral particles are hardly dispersed
in a polymer matrix [212].

Furthermore, polyethylene glycol phosphate (PGP) has been em-
ployed as an additive modifying the CaCOs surface. In the experiments
performed by Chen et al., calcite grew in the classical rhombohedral
shape with a particle size between 40 and 60 nm in the absence of PGP.
Similar particles (40 nm) but with high roughness were obtained with
0.2% of PGP, which indicates its deposition on the CaCOs surface.
Instead, with 0.4%, the morphology changed considerably, and chain-
like aggregated nanoparticles with size from 50 to 500 nm were obtained
[213]. The results proved that the PGP/CaCO3 weight ratio could be
considered an alternative and versatile tool for adjusting the
morphology and the size of the crystals. At the beginning of the
crystallization process, the nucleated CaCO3 adsorbs PGP due to the elec-
trostatic potential interactions between PGP and Ca?*. Thus, the adsorp-
tion of organic matter on calcite can balance the relative loss in the
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crystallization energy and promote the nucleation of primary calcite
nanoparticles coated by PGP. At a low PGP/CaCOs ratio, most PGP mole-
cules exist in the form of micelles, and the number of free PGP molecules
is few. So, the effect of PGP on morphology is not obvious. As PGP/CaCO3
ratio increases, the number of the free PGP molecules increases, so the for-
mation of chain-like nanoparticles is favored. The formation of such struc-
tures is due to the primary CaCO3 nanoparticles adsorbed by PGP which
preferentially interact with the head group and oxygen atoms of the
free PGP via hydrogen bonds, causing small entities aggregation to
occur and yielding to well-oriented polycrystalline aggregates. The crys-
tals develop along the PGP chain until they collide with each other
[213]. These particles were employed for the in-situ preparation of poly
(ethylene terephthalate) (PET), and the resulting nanocomposite lled
with the modi ed CaCO; exhibited a better dispersion of the
nanoparticles, a higher polymerization degree, and better thermal
stability [213]. Furthermore, PGP deposition on CaCOj3 inhibits the
reaction between CaCO3 and TPA, leading to some dif culties in the in-
situ preparation of CaCO3/PET. Therefore, these nanocomposites avoid
the high costs required for the fabrication of conventional PET [213].

Chen et al. [214] also used PGP mixed with NaOH and stearic acid
(SA) as an additive. This method effectively made it possible to produce
hydrophobic CaCO3 during the carbonation at room temperature, unlike
results with only PGP [213]. SA increased the hydrophobicity of CaCOs,
and a 2% addition favored the synthesis of completely hydrophobic
CaCOs particles [214]. Also, NaOH showed an interesting effect on the
hydrophobicity of the CaCOs: its presence provided hydrophobicity to
CaCOs3. Nevertheless, it showed a maximum at 0.5% due to the
electrostatic interaction with SA, which could inhibit the CaCO3
surface modi cation by SA. PGP notably increased the hydrophobicity
of the CaCOj3 particles and remarkably modi ed the morphology since
the aggregation increased with the PGP concentration. This increase
led to a lower available surface of CaCOs, and the SA could modify the
entire CaCO3 surface. In this work, the researchers also made some
considerations regarding the mechanism of formation of CaCO3 with
these additives and divided the process in two main steps, nucleation
of CaCO3 and their aggregation. At the beginning of the nucleation
process, SA and PGP generate a certain preferential orientation at the
Ca(OH), CaCO3z CO; interface [214]. Due to the electrostatic potential
interactions between SA and Ca®™, SA is adsorbed on CaCO; while
soluble PGP exists at the interface in the form of the micelles and free
PGP molecules [214]. The micelle can play an important role in increas-
ing SA, and free PGP molecules solubility could play a function as a tem-
plate in the crystallization process [214]. Calcium ions absorbed by SA
interact with the head group and oxygen atoms of PGP via the covalent
bond and hydrogen bonds, respectively [214]. A high ratio of PGP/CaCO3
allows the nucleation of particles over the PGP chain until they collide
with each other. Instead, at low ratios, short chains of rhombohedral
particles are obtained in agreement with their previous results about
the in uence of PGP [213]. These hydrophobic particles were consid-
ered to be tested for the in-situ preparation of PET.

Oil dispersion of CaCO3 to be employed as nano detergents has also
been synthesized through the carbonation route using additives [215].
Kang et al. used petroleum sulfonic acid (Ar-SOzH (Ar-:aryl group),
purity N66 wt%, inorganic acid b3 wt%, Mn  470), ethanol, heptane,
and ammonia [215]. Besides, they employed an RPB to overcome differ-
ent carbonation challenges in STR that make them inef cient [215].
They obtained more monodispersed particles by employing the RPB.
The as-prepared liquid-state nano-detergents were constituted of
CaCO3 nanoparticles coated with an oil-soluble surfactant of [Ca(Ar-
S0O3),] monodispersed in oil, which showed an average particle size of
6 nm, high stability of >18 months, and solid content of 38.5 wt%. This
product should have a good performance as a lubricant for modern
machines [215]. CaCO3z-based nano-detergents were also prepared by
carbonation using heavy alkyl benzene sulfonate acid (HABS), methanol
and diluent oil [216]. The formation of CaCO3 calcite from ACC via
vaterite was identi ed through XRD analysis. The effect of the methanol
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content, CaO/total alkalinity calcium ratio, and CaCl, content on the
particle size were also determined. The addition of methanol led to
larger particles, while the increase of the other two parameters
allowed the formation of smaller particles. The increase of these three
parameters reduced the solid waste generated from the reaction,
meaning higher calcium conversions. Methanol is crucial for the
solubilization of lime. It is supposed that methanol mainly locates at
two sites: the polar core of reverse micelles and the interfacial zone of
the surfactant layer plays as a cosurfactant and markedly reduces the
rigidity of micelles [216].

4. Conclusions

In this review article, the carbonation approach for the synthesis of
CaCO3 was summarized. The process mechanism, as well as the effect
of the operating parameters on the properties of calcium carbonate
(size, shape and polymorphism) were described. Parameters such as
supersaturation, temperature, pH, Ca®>*/CO3 ratio and ow regime
play an important role in the CaCO3 crystallization process through
carbonation. High supersaturation, high pH values, and low
temperatures favor the synthesis of calcite crystals. In these
conditions, the Ca®>*/C0O% ratio can signi cantly affect the crystal
growth habit of the calcite crystals, modifying the morphology of the
product. Conversely, low supersaturation, low pH values, low
temperatures, and low Ca?*/CO% ratios lead to the synthesis of
vaterite crystals. Instead, high temperatures are determinant to
synthesize aragonite crystals. The ow regime can determine the
crystal size, directly affecting the CO, absorption rate, the controlling
step in the carbonation-precipitation process.

The particle properties can be tailored for a determined nal applica-
tion by using some additives like NH; ions, Mg®* ions and surfactants
in order to control the size, shape and polymorphism of CaCOs.

Concerning the reactor aspects, besides traditional and established
apparatus like gas-liquid contactors and bubble columns, novel experi-
mental setups exploiting process intensi cation techniques, such as ro-
tating packed bed or microstructure minireactors, have been employed.
These techniques avoid segregation issues and improve the CO,
absorption and micromixing, allowing the synthesis of nanoparticles
with narrow PSD, the achievement of higher CO, conversions as well
as CaCOg particles with tailored properties. However, these intensi ed
processes still lie on a laboratory scale, and further investigations are
needed to reach an industrial level.

In conclusion, the synthesis of CaCO3 through the carbonation route is
a continuously growing eld of research, since it is a simple and versatile
process providing sub-micrometric and nanometric material with high
purity, suitable to be employed in several applications. Besides, it is a
high potential process for the reuse of industrial wastes and mitigation
of CO, in a circular-economy approach. In this framework, a lot of work
has been done as a wide range of industrial Ca-rich wastes have already
been tested, and the operating parameters have been varied and opti-
mized in order to obtain sub-micrometric CaCO3 particles. Further
studies are required in this eld, such as the possibility of producing
valuable CaCOj particles starting directly from ue gases containing
CO,, thus reducing or avoiding the very expensive puri cation steps.
From a point of view of process intensi cation, current techniques
should be deeply studied in order to bring these technologies to a larger
scale. The aim of these studies should be the reduction of the high-
energy intensity of the process. The current achievements and efforts
are promising and indicate that this technology can be industrially ap-
plied, thus allowing CO, emissions mitigation.
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