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Calcium carbonate is one of themost commonminerals, and its polymorphic formation and transformation

pathways from the amorphous to crystalline phases are well documented. However, the effects of locally

created pH changes on the preferential formation of amorphous calcium carbonate (ACC) or its crystalline

phase remain poorly understood. In this study, the influence of the initial solution pH on the precipitated

polymorphs of calcium carbonate was investigated by the rapid mixing of each solution containing

calcium or carbonate ions in the absence of additives. The results showed that the amount of recovered

ACC particles was associated with the availability of fully deprotonated carbonate ions. A secondary

crystalline phase was identified as the vaterite phase, but no polymorphic change to produce the more

stable calcite was detected during 5 h of stirring. Interestingly, during the early stage of pouring, the

vaterite morphology was dependent on the generated pH range, over which ACC particles were

stabilized (pH > 10.3), followed by the hydration–condensation processes. When the pH was sufficiently

low (pH < 10.3) for bicarbonate ions to participate in the carbonation reaction, croissant- or cauliflower-

like aggregates with layered structures were obtained. In contrast, typical spherical vaterite particles were

obtained at a high initial pH when the carbonate ions were dominant. Meanwhile, vaterite particles that

were formed in the presence of an excess of carbonate ions were irregular and separate agglomerates.

These results elucidate the formation of ACC and the morphologies of the vaterite products.
1. Introduction

Calcium carbonate (CaCO3), one of the most commonminerals,
is naturally produced during the mineralization of marine
organisms over millions of years and constitutes almost 4% of
the crust of Earth.1 In addition, CaCO3 is involved in the global
carbon cycle, affecting the chemistry of the oceans and the
climate on Earth, and its presence is of particular signicance
in geoscience, such as in the context of biomineralization.2 This
mineral is also important in various industrial elds owing to
its use as a versatile material in numerous applications, such as
cement, paper, food additives, and drug delivery.3,4 Moreover,
diverse carbonation processes for the reduction of CO2 gas have
been developed at the lab and industrial scales (e.g., mineral
carbonation producing carbonated minerals in reactions of
divalent cations such as Ca or Mg with CO2 gas or Ca looping
utilizing a carbonation–calcination cycle in a twin uidized bed
reactor-based system).5,6
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Calcium carbonate exists in the forms of various poly-
morphs, including hydrous amorphous calcium carbonate
(ACC) and anhydrous vaterite, aragonite, and calcite; hydrated
crystalline phases, such as monohydrocalcite (CaCO3$1H2O)
and ikaite (CaCO3$6H2O), are also known.7 The nucleation and
crystallization of CaCO3 are considered to be representative of
the processes for other minerals, because the least stable and
most soluble polymorph is generally crystallized rst.8 Speci-
cally, nucleation is induced in a solution of Ca and carbonate
ions that have become supersaturated, and the most soluble
ACC (�log Ksp¼ 6.4) is rapidly formed and transformed into the
least stable vaterite crystals (�log Ksp ¼ 7.91), followed by
aragonite (�log Ksp ¼ 8.34) or the most stable calcite (�log Ksp

¼ 8.48).9,10 However, the preferential formation of different
polymorphs and the transformation of ACC into crystalline
polymorphs, such as spherical vaterite and rhombohedral
calcite, are known to depend strongly on parameters such as the
pH, temperature, and saturation level of the solution.11

More specically, the inuence of pH on the polymorphs of
CaCO3 has drawn signicant attention because the structures of
the formed crystalline polymorphs are reportedly dependent on
that of the original ACC, which is affected by the solution
pH.12–16 For example, Gebauer et al.12 produced proto-calcite and
proto-vaterite ACC at pH 8.75 and 9.80 (neutral and high pH),
© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively, and concluded that the variation in pH was the
main factor in determining the structure and stability of the
resulting ACC. Meanwhile, Tobler et al.15 examined the crystal-
line pathways of CaCO3 over initial pH values ranging from 11.8
to 13 using a carbonate solution containing NaOH. They
showed that higher pH values induced longer ACC lifetimes and
that the ACC formed at higher pH values was directly trans-
formed into calcite without passing through the vaterite phase.
In particular, in fast solution-mixing methods wherein precip-
itation was initiated within 3 s, local solution differences in pH
or saturation degree during the early stage of precipitation
appeared to cause ambiguous and inconsistent results
regarding the effect of the initial pH on the generated poly-
morphs.16–19 For example, Rodriguez-Blanco et al.16 reported
that the initial mixing pH dened the crystalline pathway of
ACCs, wherein a neutral mixing pH (pouring a Na2CO3 solution
of pH 11.2 into a CaCl2 solution of pH 6.7) produced ACC that
was directly transformed into calcite, whereas a high mixing pH
(pouring a CaCl2 solution into Na2CO3 solution) formed ACC
with a vaterite local structure. In contrast, Oral and Ercan17

observed that a low initial pH (i.e., the use of a NaHCO3 solution
of pH 8 or 10) produced a substantial amount of vaterite;
however, Zhou et al.18 reported that vaterite was the only
product of the carbonation reaction of a CaCl2 solution (at pH
1.5, 3.0, or 6.9) and Na2CO3 (at pH 11.2). Furthermore, Kontrec
et al.19 reported that increasing the initial pH promoted the
formation of calcite over a pH range of 8.5–10.5. Interestingly,
transmission electron microscopy monitoring of the CaCO3

nucleation process under reagent mixing conditions revealed
that the direct transformation of ACC into calcite was unlikely
to occur;20 thus, it appears necessary to investigate systemati-
cally the inuence of pH on the polymorphs of CaCO3 precipi-
tated by rapid mixing in the absence of additives.

In the current study, we aimed to examine the effects of pH
on the crystalline pathway and subsequent morphological
changes of ACC using fast mixing-based solution methods. For
this purpose, the pH was automatically monitored every 10 s at
a constant temperature of 25 �C in the absence of additives. The
carbonation experiments were performed using equal volumes
and concentrations of Ca and carbonate ions, wherein the most
common reagents were employed, namely, CaCl2$2H2O and
Table 1 Solution conditions and pouring directions in the carbonation e

Ca solution Source CaCl2$2H2O
Initial concentration (mM) 20 50
Volume (mL) 300 30
Concentration aer mixing (mM) 10 25
Initial pH 5.6 5.6

Pouring directiona [ Y [
Carbonate solution Source Na2CO3 Na

Initial concentration (mM) 20 50
Volume (mL) 300 30
Concentration aer mixing (mM) 10 25
Initial pH 11.2 11

[(Bi)carbonate]/[Ca] 1 1

a Down- and up-arrows indicate pouring the Ca solution into the carbonat

© 2022 The Author(s). Published by the Royal Society of Chemistry
NaHCO3/Na2CO3. The initial pH of the carbonate solution was
determined by varying the volume ratio of the bicarbonate and
carbonate ions. Furthermore, for comparison, an excess
concentration of carbonate ions was employed to set a constant
pH, which is of particular interest in the early stage of the
carbonation reaction.

2. Experimental

All carbonation experiments were performed in 1 L three-
necked double-jacketed glass vessels, and an external circu-
lating water bath (RW-1025, JEIL TECH, South Korea) was
employed to maintain the solution temperature at 25 �C. A
mechanical stirrer (WiseStir® HT120DX, Daihan Scientic,
South Korea) was installed at the center of the reactor and was
used to mix the solution at 300 rpm. The pH and temperature of
the mixture were measured using a pH electrode (Model GTDJ,
Wedgewood Analytical, USA) and were automatically recorded
every 10 s using a computer. The conductivity of the solution
was measured by an on-line conductivity meter (EC-4110-RS,
Suntec Co. Ltd, Taiwan, China). The experimental scheme was
broadly divided into two categories with (i) equal volumes and
concentrations of the aqueous calcium chloride and carbonate
solutions and (ii) an excess concentration of carbonate ions (for
pH buffering). In the rst category, to vary the initial mixing pH,
several carbonate sources were employed, namely, NaHCO3,
NaHCO3/Na2CO3 (50/50 vol%), and Na2CO3 solutions. The
carbonation reaction was initiated in both pathways via the
rapid pouring (<10 s) of the calcium chloride solution into the
carbonate solution or of the carbonate solution into the calcium
chloride solution. The inherent pH values of the NaHCO3,
NaHCO3/Na2CO3 (50/50 vol%), and Na2CO3 solutions were 8.7,
10.4, and 11.2, respectively, and these were denoted as C9, C10,
and C11, respectively (C ¼ carbonate, number ¼ closest pH
integer). Not only considering the solubility of CaCO3 at
a neutral pH (i.e., �13 mM), but also ensuring that the lowest
reagent quantities enabling particle characterization were
employed, the concentrations of the calcium chloride and
carbonate solutions were both set to 50 mM to give a CaCO3

concentration of 25 mM aer mixing. Once the solutions had
been mixed, the solution pH decreased due to both the low pH
xperiments

50 50 50 1000 1000
0 300 300 300 80 40

25 25 25 91 48
11.2 5.6 5.6 5.6 5.6

Y [ Y [ Y [ Y Y Y

2CO3 Na2CO3 Na2CO3/NaHCO3

(50/50 vol%)
NaHCO3 Na2CO3 Na2CO3

50 50 50 1000 1000
0 300 300 300 800 800

25 25 25 909 952
.2 11.2 10.4 8.7 11.2 11.2

1 1 1 10 20

e solution and the carbonate solution into the Ca solution, respectively.
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of the Ca solution and the production of CaCO3. The untreated
pristine CaCl2$2H2O solution at pH 5.6 (Ca6) was employed in
most reactions, but a CaCl2$2H2O solution at pH 11.2 (Ca11,
modied using a 0.5 M NaOH solution) was also used to
compare specically the pH values resulting from the low pH of
the Ca solution upon solution mixing. To compare the effects of
the pH values resulting from the production of CaCO3, a 20 mM
Ca11 solution was mixed with an equal concentration of C11
because the production of a low amount of CaCO3 was followed
by a small pH drop. In addition, to maintain a constant solution
pH in the experiments aer the mixing process, a 10- or 20-
times higher concentration of carbonate ions than their stoi-
chiometric ratio was utilized for the formation of CaCO3. The
detailed conditions for each set of experiments are listed in
Table 1. All chemicals were purchased from Sigma-Aldrich
(analytical grade, USA) and used without further purication.
All aqueous solutions were prepared using deionized water
obtained from a Milli-Q 18 MU cm system (Millipore, USA).

The CaCO3 precipitates immediately formed, and the
suspension (�40 mL) was sampled at predetermined intervals
(5, 15, 30, 60, 180, and 300 min) during an overall reaction time
of 5 h using a 100 mL polypropylene syringe (BD Plastipak®,
USA). Filtration was then performed using a 0.2 mm nylon
membrane lter (Whatman™, USA), and the ltered particles
were washed with deionized water and anhydrous ethanol
several times prior to drying overnight at 60 �C. In addition, the
ltrate was acidied using instrumental-grade HNO3 (5%, v/v),
and the amount of dissolved Ca ions was determined by per-
forming inductively coupled plasma-optical emission spectros-
copy (Optima 5300DV, PerkinElmer, USA). The amount of
CaCO3 particles was estimated from the difference between
concentrations of dissolved Ca in the initial solution of CaCl2-
$2H2O and in the sampled solutions.

The obtained particles were then analyzed via X-ray diffrac-
tion (XRD; X'Pert MPD, Philips Analytical, The Netherlands)
over the 10–65� 2q range using Cu Ka radiation in the step-scan
mode because of the low signal-to-noise ratio of the amorphous
phase. The tube voltage was 45 kV, the tube current was 200 mA,
and 0.01� steps of 1 s duration were employed. The morphol-
ogies were examined using eld-emission scanning electron
microscopy (FE-SEM; SU8230, Hitachi, Japan) at the Jeonju
Center of the Korea Basic Science Institute. To capture the
surface details, an acceleration voltage of 10 kV and a working
distance (WD) of 8–13 mm were used in the secondary electron
(SE) mode using the upper detector (U). The samples were cast
onto C tape and coated with a thin layer of Pt to eliminate the
charging effect.

3. Results and discussion
3.1. Formation of calcium carbonate particles

The precipitation of CaCO3 is known to proceed within 1 s
under solution-based mixing conditions, and the generation of
a local pH difference is inevitable upon particle formation,
regardless of the employed mixing speed.14 For example, if
a calcium chloride solution of low pH (i.e., an intrinsic pH of
5.6) is poured into a sodium carbonate solution of high pH (i.e.,
19342 | RSC Adv., 2022, 12, 19340–19349
an intrinsic pH of 11.2), CaCO3 particles are formed in a higher
pH environment than in the situation in which a high pH
carbonate solution is poured into a low pH Ca solution. In this
context, Rodriguez-Blanco et al.16 demonstrated that the former
system produced calcite directly from ACC in 20 min, whereas
the latter produced calcite from vaterite in 6 h.

Fig. 1 shows the variations in both the amount of dissolved
Ca and the pH of the solution as functions of time. Irrespective
of the pouring direction, as long as the solution source is the
same, the pH converges at the same point within 10 s and
develops the same increasing or decreasing trend over time
(Fig. 1A and B). All experiments instantly produced white CaCO3

particles, even at the point of contact between the two solutions,
except in the Ca6/C9 experiments, in which the particles began
to appear aer �15 min. Further, the amount of generated
CaCO3 is dependent on the carbonate source rather than the
pouring direction (Fig. 1C and D). Interestingly, the change in
pH does not show a linear relationship with the amount of
precipitated CaCO3. More specically, following pH merging
upon mixing of the solutions (i.e., over a time < 10 s), the pH
remains relatively stable over �10 min (or slightly longer in the
case of C9) prior to exhibiting a sharp decrease (or a gradual
decline in the C9 experiment). This trend is followed by a broad
decrease or increase in the slope gradient in the cases of C11 or
C9 and C10, respectively, with the nal pH approaching a value
of �8.3. This nal pH value corresponds to the equilibrium pH
of the carbonate/bicarbonate system under ambient condi-
tions.21 In contrast, aer reaching equilibrium, the amount of
precipitated CaCO3 remains stable over time, indicating that no
relationship appears to exist between the amount of precipi-
tated CaCO3 and the change in pH. When comparing the results
obtained using the C9 and C10 carbonate sources, the differ-
ence in the amount of precipitated CaCO3 is relatively large (i.e.,
�5 mM) despite an essentially insignicant pH difference of <1
aer 10 s. Moreover, despite the pH changes occurring in the
later stages of the process, no increase in the amount of
recovered CaCO3 particles was obtained for the Ca6/C10 and
Ca6/C9 systems.

In the carbonate/bicarbonate system, the pH of the solution
changes according to the dissociation equilibrium equation: pH
¼ pKa + log[CO3

2�] � log[HCO3
�], where the dissociation

constant (pKa) of the bicarbonate ion is 10.3.21 However, pre-
dicting the solution pH in the case of CaCO3 precipitation is
more complicated than in the case in which bicarbonate and
carbonate ions exist in solution because both CaCO3 precipi-
tation and carbonate ion formation from bicarbonate ions
lower the solution pH through proton generation. Moreover, in
addition to the dissociation equilibrium of the (bi)carbonate
species in solution, the pH constantly changes according to the
equilibration of (bi)carbonate ions with atmospheric or dis-
solved CO2. The possible reactions involved in this process can
be summarized as follows:

CO2(aq) 4 H+ + HCO3
� (1)

HCO3
� 4 H+ + CO3

2� (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Variations of the pH in solution (A and B) and the amount (mM) of precipitated CaCO3 particles (C and D) with time after the rapidmixing of
equal volumes of the reactant solutions. Ca and C represent the calcium chloride and sodium (bi)carbonate solutions, respectively, and the
adjacent number represents the starting pH values of the individual solutions.
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Ca2+ + HCO3
� 4 CaHCO3

+ (3)

Ca2+ + HCO3
� 4 H+ + CaCO3(s) (4)

Ca2+ + CO3
2� 4 CaCO3(s) (5)

In addition, in the reactions using C9, wherein almost all
carbonate sources were HCO3

� species, the observation that
CaCO3 was not recovered aer 5 or 15 min conrmed that the
reactions outlined in eqn (2)–(4) were extremely slow. Further-
more, at C10 using the NaHCO3/Na2CO3 (50/50 vol%) system,
60 wt% of CaCO3(s) was formed aer 5 min compared with the
amount of solid formed aer 5 h stirring. Meanwhile, when
using C11, >90 wt% of CaCO3 particles was formed aer 5 min.
This rapid crystallization and induction time of <1 s were likely
related to the availability of the fully deprotonated carbonate
ion species, i.e., CO3

2�.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Provided that the pH changes were interpreted based on the
amount of precipitated CaCO3, when C11 was used as the
carbonate source, the initial drop in pH likely contributed to the
formation of CaCO3(s), whereas the steady drop was related to
the equilibrium reaction between the bicarbonate and
carbonate species. When C9 and C10 were used, the pH drop
was attributed to the formation of CaCO3(s); however, CaCO3

precipitation was an ongoing process during the increase in pH
until a reaction time of �180 min. In terms of bicarbonate/
carbonate equilibrium, the formation of carbonate from bicar-
bonate appeared to be responsible for the gradual increase in
pH, as evidenced by the similar rates of CaCO3 precipitation
observed for reagents C9 and C10. Following the consumption
of carbonate ions in the rapid carbonation reaction occurring in
the C10 system, the rate of CaCO3 recovery was similar to that in
the C9 system (which contained no carbonate ions), and the
amount of precipitated CaCO3 increased with time in both
RSC Adv., 2022, 12, 19340–19349 | 19343
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cases. It therefore appeared that the amount of recovered
CaCO3 was dependent on the carbonate source (i.e., bicarbonate
or carbonate) rather than the solubility of the CaCO3 product at
a specic solution pH.
Fig. 2 XRD spectra of the precipitated CaCO3 particles of (A) vaterite
and (B) ACC after the rapid mixing of equal volumes of calcium
chloride and sodium (bi)carbonate solutions. The bottom spectrum
shows the standard XRD pattern of vaterite with the P63/mmc space
group (JCPDS no. 33-0268).
3.2. Investigations of the polymorphs of the generated
calcium carbonate

The formation of ACC occurs rapidly upon solution mixing, and
it has been reported that the pH values of the two solutions can
affect the short-range structure of ACC, ultimately leading to
a specic transformation into either calcite or vaterite.12,14 Table
2 lists the polymorphs of the CaCO3 particles obtained as
functions of time. With the exception of a single set of experi-
ments in which C9 was used as the carbonate source, ACC
particles were instantaneously formed at the point of mixing,
and the particles recovered aer 5 min of stirring were
composed of only ACC; no crystalline polymorphs were present
in this sample. In contrast, the particles recovered aer 15 min
(and up to�300min) were composed of only vaterite (JCPDS no.
33-0268) with a space group of P63/mmc. Indeed, the XRD
patterns in Fig. 2 indicate that all samples were composed of
either ACC or vaterite. As shown in Fig. 2B, the recovered ACC
particles included a small amount of vaterite, which is apparent
from the major reections of the vaterite phase; nevertheless,
the gure clearly shows the dominance of the poorly ordered
amorphous phase exhibiting broad humps located at 2q values
of �30� and 45� (Fig. 2B).16 Based on the low-magnication FE-
SEM images, in which ACC particles are spread widely and
vaterite particles are spread sparsely in a random manner (see
Fig. S1†), the miniscule vaterite signal in Fig. 2B likely origi-
nated from an incidental transformation caused during the
sample handling process (i.e., washing with deionized water or
exposure to air before analysis). Whenmono-protonated HCO3

�

was used as the carbonate source (i.e., in the case of C9), no
precipitation was observed until aer�15min, and only a small
amount of particles (�0.12 mg/40 mL) was recovered aer
30 min; this product was also identied as vaterite.

Curiously, the suspension rapidly became slightly trans-
parent at �10 min under all conditions, with the exception of
the experiments conducted using C9. Fig. 3 shows photographs
Table 2 Polymorphs of the calcium carbonate particles obtained from
containing different carbonate sources (50 mM)

Conditions

Ca source Pouring directiona Carbonate source

CaCl2$2H2O (Ca6) / Na2CO3 (C11)
)

CaCl2$2H2O (Ca11) / Na2CO3 (C11)
)

CaCl2$2H2O (Ca6) / Na2CO3/NaHCO3 (C10)
)

CaCl2$2H2O (Ca6) / NaHCO3 (C9)
)

a Right- and le-arrows indicate pouring the Ca solution into the carbona

19344 | RSC Adv., 2022, 12, 19340–19349
of the reactors taken at 5 and 15 min. The time between when
these images were recorded is correlated with the point at which
the pH plateau begins to collapse and a rapid decrease in pH is
detected (Fig. 1A and B). Moreover, this time indicates the
duration for which ACC is stable in solution prior to the crys-
tallization process.22 The conductivity decrease is also evident in
the cases of Ca6/C10, Ca6/C11, and Ca11/C11 and is attributable
to the increased amount of CaCO3 particles recovered aer
15min compared to that aer 5 min in the cases of Ca6/C10 and
Ca6/C11. Even in the case of Ca6/C11, the amount of precipi-
tated CaCO3 is increased in the sample at 15 min compared to
the fast mixing of a calcium chloride solution (50 mM) with solutions

Time (min)

5 15 30 60 180 300

ACC Vaterite Vaterite Vaterite Vaterite Vaterite

ACC Vaterite Vaterite Vaterite Vaterite Vaterite

ACC Vaterite Vaterite Vaterite Vaterite Vaterite

No solid No solid Vaterite Vaterite Vaterite Vaterite

te solution and the carbonate solution into the Ca solution, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Possible reaction pathway based on the observation of particles formed over time. Variations of (A) pH and (B) conductivity in solutions
with time after the rapid mixing of equal volumes of the 50 mM Ca11/C11. Ca and C represent the calcium chloride and sodium (bi)carbonate
solutions, respectively, and the adjacent numbers represent the starting pH values of the individual solutions.

Fig. 4 Relative amount (%) of ACC recovered after 5 min of mixing
equal volumes of the 50 mM reactant solutions compared to the
amount recovered at the end of the carbonation process. Ca and C
represent the calcium carbonate and sodium (bi)carbonate solutions,
respectively, and the adjacent numbers represent the starting pH
values of the individual solutions.
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that at 5 min (see Fig. S2†). However, because the amount of
CaCO3 remains unchanged aer 5–300 min in the case of Ca11/
C11, the decrease in conductivity is involved only in the trans-
formation of ACC into vaterite (Fig. 3B). The pH variation of
Ca11/C11 is also depicted in Fig. 3A for comparison. Consid-
ering that the polymorphs of the particles recovered aer 5 and
15 min were respectively identied as ACC and vaterite, the
transformation of ACC into vaterite proceeds via a dehydration–
condensation pathway. As shown in Fig. 3B, the conductivity
decreases over time. The curves have regions of slight and
steady decreases in slope, wherein loss of water is likely to
occur; the regions with rapidly decreasing conductivity seem to
indicate condensation. Combining the XRD results with the
decreases in both pH and conductivity, the transformation of
ACC into vaterite is unlikely to proceed via a dissolution–
precipitation mechanism.20 If the reaction proceeded via
a dissolution–precipitation pathway, the conductivity would
increase because of the dissolution of ACC and decrease with
precipitation. Our observation is analogous to that obtained in
a previously reported study, wherein the original ACC particles
rapidly dehydrated and condensed into vaterite by reorganiza-
tion of the internal structure within the individual nano-
particles (the authors conrmed the loss of water using Fourier
transform infrared spectroscopy).23 The amount of ACC recov-
ered aer 5 min of stirring was evaluated relative to the
carbonate and Ca sources employed in the mixing process
(Fig. 4). Specically, in the case of C9, the carbonate species was
essentially HCO3

� alone, whereas in the case of C10,
© 2022 The Author(s). Published by the Royal Society of Chemistry
approximately half of the carbonate species was CO3
2� owing to

the fact that pKa of the bicarbonate ions was 10.3; upon mixing
with the low-pH calcium solution (Ca6), the portion of CO3

2�

was slightly reduced. In the case of C11, almost all carbonate
ions were in the CO3

2� form, although the portion of CO3
2�

again decreased upon mixing with the low-pH Ca solution. In
RSC Adv., 2022, 12, 19340–19349 | 19345
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the case of C11/Ca11, the initial pH of the Ca solution was set to
11, and the decrease in CO3

2� resulting from pH lowering was
diminished. Thus, for the C10/Ca6, C11/Ca6, and C11/Ca11
systems, the amounts of ACC recovered were approximately
44%, 90%, and 98%, respectively. These results indicate that
ACC formation is dependent on the pH and availability of
CO3

2�.
3.3. Morphological changes in the produced calcium
carbonate

Although CaCO3 particles began to precipitate even before the
solution became homogenously mixed, all crystalline phases
ultimately resulting from our system had the vaterite structure,
independent of the pH generated in the solution upon rapid
mixing. Previously, it was reported that the particle size of ACC
determined the specic polymorph present in solution, which,
in turn, was associated with the reactant concentration.
Specically, it was reported that a lower concentration resulted
in a reduced pH decrease during carbonation, in addition to an
increase in particle size, which led to an increase in the
proportion of calcite formed compared to that of vaterite.22

Thus, based on the above study, we decided to observe the
crystallization pathway using a lower reactant concentration
(i.e., 20 mM), as shown in Fig. 5, which compares images of the
particles and solution pH changes for the standard (50mM) and
lower (20 mM) reactant concentrations. More specically, at the
lower reactant concentration of 20 mM, the particles sampled
aer 5 min and between 15 and 300 min were conrmed once
again to be ACC and vaterite, respectively. Notably, larger ACC
particles seemed to be produced at 20 mM (Fig. 5B); however,
these particles had in fact merged and therefore appeared larger
than those obtained at 50 mM (see Fig. S3†). Moreover, the
crystalline vaterite products obtained at the lower reagent
concentrations exhibited comparable sizes and shapes,
although a slight difference (pH 9.1 and 9.5 at 50 and 20 mM,
respectively) in the solution pH was observed aer 15 min.
Thus, all vaterite crystals formed under these different
Fig. 5 FE-SEM images (collected by SE (U) detector) of the precipitated C
(A) 50 mM and (B) 20 mM reactant solutions. (C) Variations of pH over
carbonate and sodium (bi)carbonate solutions, respectively, and the a
solutions.

19346 | RSC Adv., 2022, 12, 19340–19349
conditions exhibited the typical spherical morphology, with
rough surfaces originating from the aggregation of
nanoparticles.24

As shown in Fig. 5A, for the ACCs formed at reactant
concentrations of 50 mM, the shapes and sizes of the ACC
particles are identical, irrespective of the carbonate or Ca source
(with the exception of C9, where particle formation is not
observed). Thus, Fig. 6 depicts the representative morphologies
of the CaCO3 particles obtained when Ca6 was individually
reacted with C9, C10, and C11. Interestingly, the morphology of
vaterite changes with variation in the carbonate source, whereas
the individual shapes are identical in all samples obtained
between 15 and 300 min for the same carbonate sources. It
should be noted here that the vaterite morphologies are iden-
tical for the Ca11/C11 and Ca6/C11 systems and thus are not
shown separately. Furthermore, when only CO3

2� (i.e., C11) was
used, the typical spherical morphology was obtained, and the
pH at which the ACC particles were stabilized (i.e., over the
initial�10 min) was >10. In the C11/Ca6 and C11/Ca11 systems,
the precipitation process was terminated at 15 and 5 min,
respectively, as indicated by the amount of precipitated CaCO3

reaching a plateau (Fig. 1C). However, when C9 and C10 were
used, croissant-like aggregates gradually tapering from the
center to both ends were obtained (Fig. 6). These aggregates
were layered structures composed of plate-like or cauliower-
like grains, and such unique morphologies of vaterite have
been previously reported following crystal formation at pH
values < 9.18,25 In terms of the precipitation kinetics, in the
15 min samples recovered for the C9 and C10 systems, the
precipitation of CaCO3 was not complete; in these two systems,
only �60% and 75% of the precipitated CaCO3 present was
recovered aer 30 and 15 min, respectively. However, the
precipitated CaCO3 particles did not show a signicant differ-
ence in the particle size distribution for each system of C9 and
C10 (see Fig. S4†). In both cases, when the carbonation
(precipitation) was almost nished and the amount of CaCO3

precipitated reached a plateau, the pH was less than 8. The slow
aCO3 particles obtained after the rapid mixing of equal volumes of the
time under the different conditions. Ca and C represent the calcium
djacent numbers represent the starting pH values of the individual

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FE-SEM images (collected by SE (U) detector) of the precipitated vaterite particles obtained after the rapid mixing of equal volumes of the
50 mM calcium chloride and sodium (bi)carbonate solutions. Here, the carbonate source solutions were NaHCO3, NaHCO3/Na2CO3 (50/
50 vol%), and Na2CO3 at initial pH values of 8.7, 10.4, and 11.2, respectively.
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precipitation kinetics resulting from the carbonation reaction
with mono-protonated HCO3

� species would favor the produc-
tion of plate-like layered shapes instead of random growth in all
directions, the latter of which would lead to spherically shaped
particles. However, despite the different morphologies of the
vaterite particles, magnied images of the rough surfaces
indicated that the building blocks were likely to be the same
nanoparticles. This observation is compatible with that
mentioned in a previous report, which stated that vaterite
particles were composed of nanoparticles with rough surfaces,
regardless of the crystal growth process and nal morphology.26
Fig. 7 FE-SEM images (collected by SE (U) detector) of the precipitate
sodium carbonate solutions. Here, the concentration of the carbonate s
and the pH was maintained at 11.2 after mixing of the reactant solutions

© 2022 The Author(s). Published by the Royal Society of Chemistry
Spherulitic growth is a rapid process in which new nano-
particles are continuously nucleated on the surfaces of existing
particles with no structural relationship to generate
micrometer-sized spherulites.27 Based on our results, which are
consistent with those of a previous report suggesting that the
spherulitic growth of vaterite particles to generate spherical
aggregates is preferable at higher pH,18 we hypothesized that
larger spherical particles could be formed at a constant high pH
of 11.2. Thus, using an excess of fully deprotonated carbonate
ions (i.e., CO3

2�), irregular agglomerates were formed, as shown
in the FE-SEM images presented in Fig. 7. Although the building
d vaterite particles after the rapid mixing of the calcium chloride and
olution was 10 times higher than that of the calcium chloride solution,
.

RSC Adv., 2022, 12, 19340–19349 | 19347
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Fig. 8 Schematic illustration showing the formation process of vaterite particles.
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blocks were also likely to be nanoparticles, the newly nucleated
particles appeared to be stacked in a disorderly manner,
resulting in an even rougher surface. Similar observations were
reported previously,28 wherein the formation of more nuclei
under constantly high solution pH conditions increased the
density of nuclei and promoted their subsequent random
agglomeration. Meanwhile, the existing nuclei at low pH were
grown on the surfaces of particles to adhere to the lowest energy
rule, resulting in a regular spherical shape.

These results indicate that the vaterite morphology is
dependent on the pH generated upon mixing the two reactants,
in which the ACC particles stabilize for some time (when the pH
is higher than �8.3) and then merge while losing water and
condense to yield a secondary crystalline phase of vaterite
(Fig. 8). Once the vaterite morphology initially starts to form in
the pH range in which the ACC is stabilized, the subsequently
formed particles are likely to be stacked following the precedent
morphology. The vaterite morphology is not changed in the
300 min sample despite the increased amount compared to that
at 5 min. In conclusion, based on our results, the instant
inhomogeneity of the solution pH resulting from both the
pouring and mixing processes is unlikely to have a signicant
effect on the phases formed, but the pH aer mixing could
inuence the phase morphology of the secondary crystalline
form of calcium carbonate.

4. Conclusions

In this study, we investigated the inuence of pH on the crys-
talline pathways and subsequent morphological changes
occurring in CaCO3 formed by rapid mixing-based solution
methods. To vary the initial mixing pH, three carbonate sources
19348 | RSC Adv., 2022, 12, 19340–19349
were employed, namely, NaHCO3 (C9), NaHCO3/Na2CO3 (50/
50 vol%, C10), and Na2CO3 (C11) (C ¼ (bi)carbonate, number ¼
closest pH integer), along with two calcium chloride solutions
(i.e., Ca6 and Ca11). The pouring direction was also varied, i.e.,
the carbonate solution was added to the calcium chloride
solution, or vice versa. It was found that for each combination of
source solutions, the pH converged at a specic point within
10 s of mixing. Interestingly, the precipitation kinetics was
dependent on the availability of the fully deprotonated
carbonate ion species, namely, CO3

2�. Specically, with the
exception of one set of experiments using NaHCO3 solution
(C9), the formation of white particles was instantaneously
detected, and the particles recovered aer 5 min were identied
as poorly ordered ACC particles. The amounts of ACC recovered
were �44%, 90%, and 98% for the C10/Ca6, C11/Ca6, and C11/
Ca11 systems, respectively. In contrast, all particles recovered
aer 15 min (i.e., between 15 and 300 min) were identied as
vaterite (JCPDS no. 33-0268) with a space group of P63/mmc,
although the product morphologies were different depending
on the conditions employed. For example, when the carbonate
ions (CO3

2�) were the dominant species, spherical particles
with relatively constant size distributions were obtained
regardless of the initial solution concentrations employed or
the size of the initially produced ACC particles. In contrast,
when a solution with dominant bicarbonate ions was utilized
(i.e., HCO3

�), croissant-like aggregates that gradually tapered
from the center to both ends were detected. These aggregates
were identied as layered structures composed of plate-like and
grape-like grains for the C9 and C10 systems, respectively.
Under a constantly high pH of 11.2 (caused by an excess of
carbonate ions), the morphology of vaterite with a higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
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surface roughness appeared to be irregular agglomerates
composed of nano-sized particles. Our study, therefore, repre-
sents the rst systematic investigation of the inuence of the
initial solution pH on the polymorphs of calcium carbonate
precipitated by rapid mixing in the absence of additives. This
development will be elaborated upon through a systematic
study of the transformation rate of calcite from vaterite.
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