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Abstract

Phase transformation of amorphous calcium carbonate (ACC) into vaterite and its
subsequent stability was investigated at a constant pH (~8.2), ionic strength, and
temperature that simulated the biological environment. Solutions containing the same
concentrations of CaCl,, NaxCOg3, and tris(hydroxymethyl)aminomethane buffer and
various concentrations of PO, (0-62.5 uM) were prepared, and precipitates in the
solutions were sampled at a constant interval to observe the morphology and type of
calcium carbonate polymorphs that appeared. The change in the Ca-ion concentration
over time, which served as a guide for phase transformation of ACC into crystalline
phases, was measured in relation to the PO, concentration. The starting time of phase
transformation was at the minimum point when the concentration was ~2-3 uM. Vaterite
spherulites consisting of needle-like crystals (0.5-2 um in length) formed only in this
PO, range and survived the experimental procedure (~2.5 h). In contrast, the starting
time of phase transformation increased exponentialy with the PO, concentration when
it was higher than 5 uM. The vaterite spherulites and calcite crystals co-precipitated,
and both polymorphs grew over time. The PO, was shown to be an accelerator for phase
transformation from ACC into vaterite at low concentrations (Ca/PO, molar ratio less
than 3000) and an inhibitor for transformation at high concentrations. We investigated
the kinetics of vaterite formation in the presence of PO, and derived an advanced
concept for cluster-based phase transformation. This investigation showed that the
appearance and stability of calcium carbonate polymorphs is easily controlled by

adjusting the PO, concentration.
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1. Introduction

Calcium carbonates are the main component of the hard tissue in non-vertebrates
and are found, for example, in shells and coral reefs. They have at least six polymorphs,
including calcite, vaterite, aragonite, amorphous calcium carbonate (ACC), and two
hydrous phases. They form as a result of metabolism in biological organisms, a process
known as “biomineraization.” Biomineralization occurs under normal pressure and
temperature in an agueous solution with neutral to weak basic pH, indicating that it is a
gentle crystallization process (Mann 2001, Sunagawa 2005, Weiner et a. 2003). The
final products have various morphologies and crystal structures, and control of these
variations can be used to generate new functional materials.

When calcium carbonates form under simulated body-environment conditions in the
absence of phosphate (PO,4) ions, ACC appears as an initial phase (Brecevic and Nielsen
1989, Gebauer et a. 2010, Mann 2001, Sohnel and Mullen 1982, Weiner et a. 2003).
The ACC nucleates by accumulation of calcium carbonate clusters and contains many
water molecules in aggregate form, so it has a loose inner structure (Brecevic and
Nielsen 1989, Pouget et al. 2009, Pouget et al. 2010, Raiteri and Gale 2010). Because
the ACC is in a rather unstable phase and has the highest solubility among the calcium
carbonate polymorphs, it rapidly transforms into vaterite via direct structure
reconstruction in solution (Brecevic and Nielsen 1989, Pouget et al. 2009, Pouget et al.
2010, Raiteri and Gale 2010).

Vaterite is also in an intermediate and unstable phase (Plummer and Busenberg 1982,
Pouget et al. 2009, Pouget et al. 2010, Sunagawa 2005). The higher solubility of vaterite
than that of calcite in neutral to weak basic pH solutions results in vaterite dissolution as

the calcite nucleates and grows (Rodriguez-Blanco et al. 2010). Phase transformation of
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vaterite into calcite proceeds via simple dissolution and growth, in contrast to that of
ACC into vaterite (Rodriguez-Blanco et al. 2010). Although calcite is the
thermodynamically most stable calcium carbonate under biological conditions, it does
not always appear in the hard tissue of non-vertebrates, suggesting that mimicking
biomineralization requires that the appearance of intermediate phases be controlled
(Mann 2001, Sunagawa 2005, Weiner et a. 2003).

The appearance and phase transformation of each calcium carbonate phase
described above occurs in the absence of PO, However, the body fluids of
non-vertebrates contain PO, although the amount is far smaller than that in the body
fluids of vertebrates. This PO, plays an essential role in the nucleation and growth of
calcium carbonates. Previous investigations have shown that the PO, extends the
lifetime of ACC by stabilizing it, which slows down the formation of crystalline
calcium carbonates (Akiva-Tal et a. 2011, Bentov et al. 2010, Sato et al. 2011).
However, this stabilization mechanismis still quantitatively unclear.

Under high pH conditions (~10), the presence of PO, ions in the solution stabilizes
the initially formed vaterite by decreasing the rate of its transformation into calcite
(Katsifaras and Spanos 1999). However, there has been little investigation of the effect
of PO, on the appearance of vaterite under pseudo-physiologica (neutral to weak basic
pH) conditions.

We investigated the effect of PO, on the phase transformation of ACC into vaterite
under the pseudo-physiological conditions of non-vertebrates. We derived an advanced
concept for cluster-based phase transformation and showed a small amount of PO,
could be used to easily control the nucleation and growth process of calcium carbonate

polymorphs.
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96

97 2. Experimental

98  2.1. Preparation of PO,-containing calcium carbonate solutions

99 All reagents were purchased from Wako Pure Inc., Japan. We first prepared four
100  mother solutions: 1 M of CaCl,, 2 M of Na;COs, 25 mM of NaCl and KH,PO,, and 62.5
101 mM of tris(hydroxymethyl)aminomethane (Tris). The pH of the Tris solution was
102  adjusted to 8.0 using HCI.
103 Next, two stock solutions (A and B) were prepared. Solution A was made by adding
104 0.5 mL of CaCl; solution and 40 mL of Tris solution to 9 mL of H,O. Solution B was
105  made by mixing 0.25 mL of NaCO3 with various volumes of NaCl and KH,PO,. The
106 volume of KH,PO, in solution B ranged from 0 to 0.25 mL and that of NaCl was the
107  volume needed so that the ionic strength of the solution was 0.055 (M/L)?.
108 Supersaturated calcium carbonate solutions were prepared by mixing solutions A
109 and B at avolume ratio of 99:1. As they were mixed, they were stirred at 400-600 rpm
110  with a magnetic stirrer. The ionic concentrations in the final solutions were 10 mM of
111 Ca" and CO5%, 0-125 uM of PO,*, and 50 mM of Tris. The pH of the final solutions
112 was a 8.2-8.3. The reacting solutions were stirred at 400-600 rpm during each
113 measurement. The solution-containing vessels were sealed using transparent film to
114  avoid a change in concentration due to evaporation. The atmosphere above the solution
115  was not intentionally controlled, but it soon reached equilibrium after measurement was
116  started dueto the closed system. All measurements were performed at room temperature
117 (~25°C).
118

119 2.2. Measurement of Ca ion concentration and pH as a guide for calcium carbonate

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212

nucleation

The change in the Ca-ion concentration of each solution over time as it was being
stirred at 400-600 rpm was measured using a Ca-ion electrode (6583-10C, Horiba Co.,
Kyoto, Japan) connected to a multi-meter (D-51AC, Horiba Co., Kyoto, Japan). The
electrode was soaked in solution A for at least 30 min prior to measurement to stabilize
the electrode intensity. Solution B was then added to solution A using a micropipette to
start the reaction. The Ca-ion concentration of the mixed solution was measured every 2
s, and the nucleation time of the material was determined using a concentration-time
curve (as described in the Results section).

The change in pH of four representative solutions (PO, concentrations of 0, 10, 20,
and 62.5 M) over time was measured using a pH electrode (6636-10D, Horiba Co.,
Kyoto, Japan) connected to a multi-meter (D-51AC, Horiba Co., Kyoto, Japan). The
solutions were stirred in the same manner as those in the Caion monitoring

experiments.

2.3. Observation of calcium carbonate precipitates using el ectron microscopies

The calcium carbonate solutions (~60 uL) were sampled at specific intervals to
observe the change in precipitate morphology and to identify the types of polymorphs
present during phase transformation. The interval was 3 min for the first 6 min and then
20 min for the duration of the experiment.

Two processes were used for the electron microscopy observations. In the first one,
2 mL of 99.5% ethanol or 99.5% acetone was added to the sample solution to
immediately stop further reaction. The mixed solution was then centrifuged for 1-2 min.

After centrifugation, the precipitates were gathered and washed using ethanol or acetone
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2 or 3 times and then left to air dry.

In the second process, the sample solution was directly centrifuged for 1-2 min, and
the precipitates were immediately soaked in ethanol sherbet for 1 min. They were then
placed in avacuum vessel for more than 5 h to be freeze-dried.

We observed the precipitates using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) and characterized them using x-ray diffraction
(XRD) and selected-area electron diffraction (SAED). No differences were observed in
the precipitate morphology or polymorph type regardless of the process used.

The treated precipitates were placed on a glass dide for field-emission SEM
(FE-SEM; S-4300, Hitachi Co., Tokyo, Japan, Tohoku University; S-4500, Hitachi Co.,
Tokyo, Japan, Waseda University) observation after Pt-Pd coating or on an amorphous
carbon film or amorphous carbon holey film for TEM (H-8100, Hitachi, Co., Tokyo,
Japan, and HF2200, Hitachi, Co., Tokyo, Japan) observation. The films were prepared
on conventional Cu grids for TEM. The acceleration voltage and amplitude for the
FE-SEM observations were 3-5 kV and 10 xA. The acceleration voltage for the TEM
observations was 200 kV. SAED patterns were obtained to characterize the materials.

In addition to observing precipitates, we measured the P ion concentration of
amorphous calcium carbonate particles using energy dispersive x-ray spectroscopy
(EDX) (EDAX GENESIS 5000, AMETEK Inc., USA, combined with a HF2200-type
scanning TEM with high-angle annular dark field mode: STEM-HAADF).

XRD (X'Pert-MPD, PW3050, Philips Co., Nederland, wavelength = 0.15406 nm)
measurements at an acceleration voltage of 50 kV and amplitude of 50 mA using a Cu
target were done to characterize the materials. The 20 step was 0.02°. We varied 20

from 15° to 80°, and the required time per each step was 0.75 s. Entrance dlit size was
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5%10 mm. The samples were prepared by sampling 5-10 mL solutions and then using
99.5% ethanol or 99.5% acetone more than ten times to stop further reaction. After the
samples were centrifuged, they were washed using 99.5% ethanol or 99.5% acetone 2 or

3 times and then left to air dry.

3. Results
3.1. Change in Ca-ion concentration and pH over time for different PO, concentrations
in relation to appearance of calcium carbonate polymorphs

We measured the change in the Ca-ion concentration in the solutions over time for
the different amounts of PO,. Figure 1a shows the results for five representative PO,
concentrations: 0, 3, 10, 20, and 62.5 uM. Except for the 62.5 uM solution, the Ca-ion
concentration immediately decreased to 3-5 mM as soon as solution B was added to
solution A. It then quickly increased to 6-7 mM. This process was completed within 10
s. The concentration then gradually increased and reached alocal equilibrium (seen asa
plateau in the figure). The rate of increasing gradually decreased over time. The time
required to reach the maximum Caion concentration showed a characteristic
relationship with the PO, concentration. It took a minimum when the concentration was
3 uM and then increased with the PO, concentration.

The Ca-ion concentration decreased after it reached the maximum point and then
stabilized at around at 0.3-0.6 mM. The rate of decrease was lower the higher the PO,
concentration. This decrease was not observed for the solution containing 62.5 uM of
PO..

We monitored the change in pH in relation to the formation of each polymorph for

four representative PO, concentrations: zero (only vaterite precipitated as crystalline
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phase), 10 (vaterite and calcite co-precipitated), 20 (calcite mainly precipitated), and
62.5 uM (no precipitation of crystalline phase). The results are shown in Fig. 1d.

The precipitates that formed during the plateau interval were observed using SEM
and TEM. The sample solutions contained spherical particles ranging in the size from
10 to 100 nm (Fig. 1b). The SAED pattern for a particle in Fig. 1c shows a halo without
any remarkable Debye rings, indicating that the particles were ACC. The formation of
ACC particles was observed for all solutions regardless of the PO, concentration.

Observation of ACC particles using STEM-HAADF/EDX showed that they
contained a trace amount of PO,. For example, the atomic ratio of Ca/P was ~15 for
particles formed in the solution containing 20 uM PO, The P ions were
inhomogeneously distributed in ACC particles and two-dimensional concentration
mapping of the P ions was impossible, probably due to average their low average
concentration. The effect of PO, on ACC formation will be discussed later.

As described in the following sections, crystaline phases (vaterite and calcite)
subsequently formed after ACC were observed in the solution. We define the point at
which the Ca-ion concentration is maximum as the point a which crystaline calcium
carbonates start to grow via phase transformation of ACC. We refer to this
crystallization threshold point as 7.

Fig. 1e shows the relationship between ¢, and the PO, concentration. For the
solutions containing less than 5 uM POy, ¢, decreased with an increase in the PO,
concentration up to 2-3 uM (where ¢, Wwas minimum at ~70 s) and then it increased.
The appearance of a minimum point at around 2-3 M is consistent with the results
shown in Fig. 1a For the solutions containing 5 to 15 uM POg, . Was very sensitive

to the PO, concentration. An approximate doubling of the concentration increased .,
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about 20 times. When the PO, concentration exceeded 15 M, the features observed at O
to 15 uM were repeated. The 7., hit a local minimum at 17 uM PO, and then
exponentially increased when the concentration increased beyond 20 uM.

For the solutions containing more than 24 uM PO, the Ca-ion concentration was
very stable over the course of the experiment (~2.5 h), the same as for the solution
containing 62.5 uM PO,. The only decrease in the concentration was a rapid one
immediately after adding solution B to solution A. This made it impossible to determine

teryse fOF these solutions.

3.2. Time evolution of calcium carbonate precipitates
The growth and phase transformation of calcium carbonates over time depended on
the PO, concentration.
3.2.1. Solutions containing lessthan 5 uM PO,

Figure 2 shows atime evolution of precipitates in PO,-free solution. ACC particles
10-100 nm in size formed immediately after solution preparation (see Fig. 1b). There
was no other calcium carbonate phase except ACC until reaching 7. After te,
spherulites with an awkward shape (1-5 um in length) appeared (Fig. 2a). They were
composed of rigid needle-like crystals 0.5-2 um in length and 10-100 nm in thickness
(Figs. 2b and d). These crystals were tightly packed and arranged. They were radially
elongated from the center of the spherulites. The spherulites grew over time, and their
morphology became spherical by 20 min after solution preparation (Fig. 2c). The
needle-like crystals separated from each other during this period, and grain boundaries
formed (Fig. 2d). The number of ACC particles was greatly reduced when the

spherulites were observed at around 7.

10
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The spherulites were observed using SAED to characterize the precipitates at the
microscopic level. Three Debye rings, although incomplete, were identified in the outer
region of the spherulites. They nearly corresponded to the (114), (300), and (118)
diffractions of vaterite (Fig. 2e). The rings were not observed in the inner region of
spherulite due to the thickness of the materials (too thick for an electron beam to
penetrate) (Fig. 2f).

Figure 3 shows XRD patterns for spherulites measured at 20 and 120 min after
solution preparation. Both patterns were essentially the same: they consisted of a broad
peak at around 20 = 20-35° (peak maximum at around 25°), which is characteristic of
ACC. The sharp peaks (solid circles) corresponded to vaterite. The observed peak
indices were ailmost consistent with those observed in SAED (Fig. 2e).

The amount of ACC and the intensity of the broad peak at around 20 = 20-35°
suggests that the vaterite spherulites contained an ACC-resembling structure, probably
in their central region. Since the phase transformation of ACC into vaterite is typicaly
direct structure reconstruction, the outer growth region of ACC aggregates is more
likely to have transformed into vaterite, leaving an amorphous-like structure in the
central region.

We concluded that the spherulites were vaterite, and that no other crystalline
cacium carbonate polymorphs (calcite or aragonite) formed when the PO,
concentration was less than 5 uM.

The morphology of the vaterite spherulites (Fig. 2c) did not show any notable

change over the course of the experiment (2.5 h).

3.2.2. Solutions containing 5 to 15 uM PO,

11
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Figure 4 shows the time evolution of precipitates in solution containing 12 uM PO..
ACC spherical particles 10-100 nm in size formed immediately after solution
preparation (Fig. 4a), the same as seen when the PO, concentration was lessthan 5 uM.

Two kinds of precipitates were observed after f..: vaterite spherulites and
rectangular crystals (0.5-5 um in size, Fig. 4b), the characteristic morphology of calcite
crystals. The surface of the crystals was essentially smooth, and some crystals had
coalesced into the vaterite spherulites (Figs. 4b and c).

The amount and size of the calcite crystals increased over time, indicating that
transformation of ACC into calcite and subsequent growth proceeded when the solution
contained 12 uM PO,. The vaterite spherulites also grew over time but the growth rate
was less than that of calcite (Fig. 4d). The growth rates of these polymorphs were
roughly estimated to be ~300 nm/h in calcite and ~200 nm/h in vaterite. Both
polymorphs no longer grew after 100 min of solution preparation in FE-SEM
observation.

Figure 5 shows XRD patterns for precipitates measured at 20 and 120 min after
solution preparation. Peaks corresponding to calcite (solid reverse triangles) and to
vaterite (solid circles) were identified. The intensities of the peaks corresponding to
calcite increased over time, indicating that the volume of calcite relative to that of
vaterite gradually increased over time. This was also observed when we compared the
volume of both polymorphs in relation to the concentration of PO, at a particular time.
Increasing the PO, concentration resulted in an increase in the calcite ratio. However,
the absolute volume of vaterite was far larger than that of cacite during the
experimental procedure (~2.5 h) when the PO, concentration was less than 15 uM. The

volume ratio between vaterite and calcite in solution containing 15 M PO, was

12
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estimated at around ¢, to be ~5:1.

3.2.3. Solutions containing more than 15 M PO,

Figure 6 shows the time evolution of precipitates in solution containing 20 uM PO..
Immediately after solution preparation, ACC particles 10-100 nm in size appeared, as
they did when the PO, concentration was less than 15 uM (Fig. 6a). Fig. 6b shows the
SAED pattern for vaterite spherulites. After ¢, vaterite spherulites and rectangular
calcite crystals were observed, as they were in the solutions containing 5 to 15 uM PO,.
Fig. 6d shows the SAED pattern for vaterite spherulites. Four Debye rings
corresponding to (112), (114), (300), and (118) diffractions were identified. Each ring
contained many Laue spots, indicating that the crystallinity of the outer region was high.

Fig. 6e shows that vaterite and calcite coexisted. Their relative volume was the

reverse of that for the 5-15 uM PO, condition. There was a small number of vaterite

spherulites (1-5 um in diameter) and a large number of calcite crystals (0.5-5 umin size).

The ratio between these polymorphs was ~1:3, estimated using the solutions at around
teryse (40 min after preparation). Vaterite and calcite continued to coexist at a constant
volume ratio up to 80 min.

A characteristic change in the vaterite morphology was observed at around 80 min
after solution preparation. Figs. 6f and g show a vaterite spherulite observed at 100 min.
The spherulite had holes in its surface and a hollow structure. TEM observation showed
that an electron beam was able to penetrate the center of the spherulites (Fig. 6g), as
expected from Fig. 6¢. This morphology suggests that the spherulites dissolved first in
their center region. The vaterite eventually disappeared: many vaterite casts remained

on the surface of the calcite crystals (Fig. 6h).
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XRD measurement showed that the ratio of calcite to vaterite increased over time
(Fig. 7). XRD patterns measured 120 min after solution preparation showed that the
peaks corresponding to vaterite had disappeared and that only those corresponding to
calcite were evident. SEM and TEM observations and XRD measurements indicated
that the dissolution of vaterite and the growth of calcite occurred over time. Phase
transformation of vaterite into calcite proceeded via a simple dissolution and growth
mechanism. Evidence of direct structure-reconstruction-type transformation between
these polymorphs was not observed.

When the PO, concentration exceeded 25 uM, precipitation of calcite was not
observed. ACC particles that appeared immediately after solution preparation survived
the experimental procedure (2.5 h). Time evolution of polymorph precipitation and the

polymorph morphology for each PO, concentration are summarized in Table 1.

4. Discussion

Analysis of the relationships between .., polymorph type and PO4 concentration
showed that PO, inhibited vaterite formation because ¢, increased exponentially with
the PO, concentration for concentrations ranging from 5 to 15 uM, where vaterite was
observed as the major precipitates. The change in ¢.,,,, when the PO4 concentration was
lessthan 5 uM is discussed below.

Previous investigations of the formation of calcium carbonate polymorphs in the
presence of PO, demonstrated that the PO, extends the lifetime of ACC by stabilizing it.
However, our investigation demonstrated that the PO, inhibits vaterite formation and
does not affect the nucleation and growth of ACC. ACC formed immediately after

solution preparation. The change in the Caion concentration due to the formation of

14

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

8/29



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

3563

354

355

356

357

358

359

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212

ACC inthisinitial stage was independent of the PO, concentration, as seenin Fig. la

The change in the formation of calcium carbonate polymorphs with a change in the
PO, concentration suggests that PO, affects the phase transformation (from ACC) and
growth of polymorphs kinetically and that it does not control the stability of each phase.
The solubility of each polymorph, at least the solubility ordering, was not affected by
the PO, concentration because the polymorph appearance order obeyed the Ostwald’'s
step law, the same asin the absence of impurities.

So how does PO, control the formation of polymorphs, especially that of vaterite, at
the microscopic level? We assume that the PO, inhibition mechanism is related to the
growth unit of calcium carbonates, i.e., the species of molecular clusters. Gebauer et al.
proposed a prenucleation cluster model for crystalline calcium carbonate growth. By
using extended x-ray adsorption fine structure and ultracentrifuge techniques, they
showed that clusters 2-4 nm in diameter form even in undersaturated solutions with
respect to calcite and vaterite and that ACC contains these clusters as the essential
growth unit (Gebauer et al. 2008). The clusters have particular structures corresponding
to those of calcium carbonate polymorphs; therefore, the ACC particles are assumed to
have several kinds of local structure in this model, such as ACC1 and ACC2. When
ACC transforms into calcite or vaterite, asin this study, particular ACC particles have a
rearranged inner structure corresponding to the final crystalline phases.

According to this model, there are two possible mechanisms for PO, inhibiting
vaterite formation. One is that the PO, inhibits the structure-reconstruction of ACC into
vaterite. The other is that PO, simply hinders the formation (growth) of vaterite clusters
in the same manner as impurities do. Regardless of the mechanisms the behavior of PO,

should be monotonic; that is, its effectiveness should increase with its concentration.
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However, the change in 7., Wwhen the concentration was less than 5 4M is inconsistent
with this assumption. The appearance of a minimum ¢, a a PO, concentration of
around 2-3 uM requires a modification of the model to explain the effect of PO, on
vaterite formation.

We assume that there are several candidate clusters corresponding to the vaterite
structure; i.e., there are many isomers. Except for the particular-structure clusters that
form the vaterite crystals, many minor clusters would be produced and contained in the
initial ACC. The stability of these minor clusters would be controlled by the PO, in
solution. The inhomogeneous distribution of Pionsin the ACC particles observed using
STEM-HAADF indicates that P ions are in the cluster voids and do not substitute for
COs3 clusters, which is necessary to control the stability of each cluster when ACC
forms.

The idea that molecular clusters can take many different structures, all
corresponding to the local energy minimum form, was established by Treboux et a. and
Kanzaki et al. using ab initio calculations for calcium phosphate clusters having a
Cay(POy4)s chemical composition, the essential unit of amorphous calcium phosphate
and hydroxyapatite (Treboux et al. 2000, Kanzaki et al. 2001). Yan and Scott also
referred to the multi-structures in Cag(PO,)e clusters (Yan and Scott 2003).

Our suggestion that vaterite clusters also have several isomers is therefore realistic.
The PO, would dissociate these minor clusters (or hinder their formation), which would
increase the concentration of calcium and carbonate ions in solution. A higher
concentration of calcium and carbonates ions would inevitably change the chemical
equilibrium between ions and clusters corresponding to those forming the vaterite

crystal-structure, and the concentration of these clusters would be increased. This would
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naturally lead to a decrease in the ¢, Of vaterite. We assume that competition between
acceleration caused by dissociating isomers and inhibition of the transformation of the
ACC structures into vaterite ones occurred in the solution and that the minimum z,,
appeared.

The PO, similarly affected the calcite formation when its concentration ranged from
15 to 24 uM, the range in which calcite was the major precipitate. The minimum 7.,
appeared at around 17 uM, and ¢ increased exponentialy when the concentration
exceeded 20 uM. This feature is essentially the same as that seen in vaterite formation,
meaning that there are several isomersin calcite clusters. The difference between calcite
formation and vaterite formation is the decreasing rate a minimum 7, The minimum
teryse ObSErVEd in vaterite formation was approximately 40% that for 0 uM PO,. In
contrast, the minimum ¢,,,,, observed in calcite formation was approximately 20% that
for 15 uM PO,. This suggests that there is less variety of isomers in calcite clusters as
compared to that in vaterite clusters or that PO, is less effective in dissociating the

isomersin calcite clusters.

5. Conclusion

Our experiments showed that a small amount of PO, in the Ca-CO3-PO, system did
not extend the lifetime of amorphous calcium carbonate but did inhibit vaterite
formation. The inhibition mechanism is not analyzed if we assume that the clusters
forming the vaterite crystal structure have a unique form when they are produced in
solution and they are composed of ACC. The idea that vaterite clusters have several

isomers could explain the experimental results. This investigation showed that the
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appearance and stability of calcium carbonate polymorphs is easily controlled by

adjusting the PO4 concentration.
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Figure and Table Captions
Table 1: Observed calcium carbonate polymorphs and time evolution of polymorph

morphology for each PO, concentration.

Figure 1: Change in Caion concentration over time as index of calcium carbonate
formation. (a) Ca-ion concentration rapidly dropped immediately after mixing but
quickly recovered at initial stage (left graph). It then decreased over time (right graph)
and stabilized at around 0.3-0.6 mM, except for 62.5 uM of PO,. (b) TEM photograph
of spherical particles that formed immediately after preparation in PO4-free solution. (c)
Change in pH over time as index of calcium carbonate formation. It rapidly increased
after mixing and stabilized at around 8.1-8.4 depending on PO, concentration. (d)
SAED pattern corresponding to (b). Particles were ACC as identified by halo region
around core and faint broad ring around halo region. (e) Relationship between
crystallization threshold point 7., and PO4 concentration: 7, Was minimum at 2-3 uM
of PO, (left graph); it then increased exponentially with PO, concentration in the 5 to 15
uM range. Local minimumin ¢.,,,; was again observed at 17 uM, and then ¢, increased

exponentially above 20 uM (right graph).

Figure 2: Time evolution of precipitates in PO,-free solution. (a) SEM photograph of
awkward-shape vaterite spherulite observed 10 min after sample preparation. (b)
Needle-like crystal in vaterite spherulite observed 20 min after preparation. (c) SEM
photograph of vaterite spherulites (sphere shape) observed 20 min after preparation.
High magnification image of round vaterite spherulite. (d) SEM photograph of piece of

spherulite. Arrows show grain boundaries. () SAED pattern corresponding to (b)
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showing (114), (300), and (118) diffractions of vaterite crystal. (f) TEM photograph of
vaterite spherulite observed 120 min after preparation. Center structure was not

observed due to thickness.

Figure 3: XRD pattern of precipitates in PO4-free solution measured at 20 and 120 min
after preparation. Peaks corresponding to ACC and vaterite (solid circles) are evident.
Tables show 26, d-spacing, and relative intensity corresponding to identified (kkl)
indices of precipitated phase at 20 and 120 min after solution preparation. 7 indicated

vaterite.

Figure 4: Time evolution of precipitates in solution containing 12 «M. (8) TEM
photograph of ACC spherical particles that formed immediately after preparation.
SAED pattern (inset at upper right) showed halo region around core and faint broad ring

around halo region. (b) SEM photograph of rectangular calcite crystal and vaterite

spherulite 20 min after preparation. Calcite crystal had coalesced into vaterite spherulite.

(c) SEM photograph of calcite crystal 20 min after preparation. Surface was essentially
smooth indicating that PO, did not have adsorbed on the surface as an inhibitor. (d)
SEM photograph showing coexistence of vaterite spherulites with calcite crystals 120

min after preparation. Both vaterite and calcite had continued to grow.

Figure 5: XRD patterns for precipitates in solution containing 12 uM PO, at 20 and 120
min after preparation. Peaks corresponding to ACC, vaterite (solid circles) and calcite
(solid reverse triangles) are evident. The calcite/vaterite ratio increased over time.

Tables show 26, d-spacing, and relative intensity corresponding to identified (4kl)
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indices of precipitated phase at 20 and 120 min after solution preparation. J and C

indicate vaterite and calcite, respectively.

Figure 6: Time evolution of precipitates in solution containing 20 uM PO,. (a) TEM
photograph of ACC spherical particles immediately after preparation. (b) SAED pattern
corresponding to (a). (c) TEM photograph of vaterite spherulites observed 40 min after
preparation. (d) SAED pattern corresponding to (c). Diffraction indexes coincided with
those of vaterite. Vaterite center was too thick for electron beam to penetrate. (€) SEM
photograph of calcite rectangular crystals coexisting with vaterite spherulites 40 min
after preparation. (f) SEM photograph of calcite rectangular crystals coexisting with
hollow vaterite spherulites 100 min after preparation. Core of vaterite spherulites had
vanished so that only outer shell remained. (g) TEM photograph of vaterite spherulites.
Note that electron beam was able to penetrate center region of spherulites. (h) SEM
photograph of calcite crystal 120 min after preparation. Cast where vaterite dissolved

and disappeared is evident.

Figure 7: XRD patterns for precipitates in solution containing 20 uM PO, at 40 and 120
min after preparation. Peaks corresponding to ACC, vaterite (solid circle) and calcite
(solid reverse triangle) are evident for 40 min while only the peaks corresponding to
calcite are evident for 140 min. Tables show 26, d-spacing, and relative intensity
corresponding to identified (4k/l) indices of precipitated phase at 40 and 120 min after

solution preparation. ¥ and C indicate vaterite and calcite, respectively.
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pH

pH = 8.0-8 4, room emperaiure and pressure

lonic strength

lomic strength = 0,137 |MIL|:. Ca= 10 mM/L, CO, = 10 mM/L. PO, =0-125 uM/L

Mixing method

Stirnng at 400-600 rpm nsing magneiic sirrer

Drving method

Washing precipitate in ethanol or acctone (o remove water, and cventually dned

PO, free POy 10 M PO, 20 uM PO, 62.5 M
0 min ACC spherical ACC sphenenl ACC sphencal ACC spherical
particles pariicles panicles particles
10 mm Valenie sphorulite, ACC sphencal ACC sphencal ACC sphencal
ACC spherical particles particles particles
paricles
20 min Vaterite spheruline, Vaterite ACC spherical ACC spherical
ACC sphenical spherulite, Calcite | panicles particles
panticles rectangular crvstal
40 nin Valerite spherulite, Yalerile Valerile ACC spherical
ACC sphernical sphemilite, Caleite | spherulite, Caleite | panicles
parnicles rectangilar ervstal | rectangular crvsial
60 min Vaterite spherulite Vaterile Vaterite ACC spherical
spherlite, Caleite | sphemline, Calene | particles
rectangular erystal | rectangular crysial
100 min Vaterite spherulite Vaterite Vaterite halo like | ACC spherical
spherulite, Caleite | stucture, Caleiie | panicles

rectangular orystal

rectangular crysial

120 min

Vaterite spherulite

WVatenig
spherline, Caleine

rectangular crystal

Calcite

rectangular crystal

ACC sphencal
panicies

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

Table 1

25



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212 8/29

570

571

572

573

574

26

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

27

8/29



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.

(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212 8/29
590
L ]
- . T
? l i d -
20 30 40 L1l 10} U
26 degree
20 min 120 min
20 |d spacing intensity |phase 2 6 |dspacing|intensity |phase |
20.74 428 44 .3/ V(004) 20.68 4.30 28.7|V(004) |
2470 3.62 80.9/V(110) 24 62 3.60 74 5|V(110)
26.88 3.34| 100.0|wV(112) 26.80 3.32| 100.0|v(112)
32.62 2.76 70.31V(114) 32.50 274 78.9|V(114) |
42.50 2.14 3.6/ V(008) 42.10 212 8.2\ V(008) ﬁ
43.68 1.86 23.0|V{300) 43.90 1.86 32.0{V(300)
4982 1.82 18.0{V(304) | 49.78 1.82 26.2|V(304)
55.66 1.66 3.1|V(224) 55.52 1.66 6.0|V(224)
501 Figure 3
592
593
594
595
596
597

28

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212 8/29

598

599

600

Figure 4

601

602

603

604

605

606

607

29

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4212 8/29

608
[ ]
. J .
gy v
3 l i 1 =
FAY o - u s "
20 degree
20 min 120 min |
2 8 _|d spacing|intensity |phase 2 @ |d spacing |intensity |phase |
20.64 432] 383|v(004) 20.78 4.28]  18.8|v(004) |
24 .60 3.62 76.6/V(110) 22.68 3.88 24.0/C(012) |
26.76 3.32]  100|w(112) 24.76 3.58|  79.2|V(110) |
29.10 3.068] 44.9/c(104) | 26.90 330, 100.0{C(104) |
3250 2.76 74.5/V(114) 29.22 3.06 59.4(C(104)
39.14 2.30 5.9/C(113) 32.64 2.74 77.1|V(114) |
42.88 2.12 5.9/C(202) 35.92 2.50 6.3/C(110) |
43.62 2.08 29.7\V(300) 39.24 2.30 16.7|C(113) |
48.80 1.88|  9.58/C(116) 4252 2.12 8.3/C(018) |
49.74 1.84 25.2\V(304) 43.72 2.06 38.5(V(300) |
5558  164]  6.3/v(229) 49.90 182]  22.9[v(309) |
69.24 1.36]  4.7|v(228) 55.60 164  7.9|v(224) |
609 Figure 5
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632
v
B
o
£
E ¥ LR T' .
8 y L v v v 120 min
£
__,H-LLH',. L2y 40 min
20 30 40 50 60 70
26 degree
40 min 120min
2 6 __|d spacing|intensity phase 2 6 __|d spacing |intensity phase
2064 430 9.1|V(004) 2276 392 11.1|C(012)
22.74 3.02 18.2/C(012) 29.10 3.06/ 100.0/C(104)
24 58 3.62 13.6|V(110) 35.66 252 11.5|C(110)
26.74 3.32 15.1|\V(112) 39.12 2.30 15.4|C(113)
29.06 3.08| 100.0/C(104) 42 86 2.10 12.6/C(202)
32.48 2.76 11.0|V(114) 47.20 1.92 13.4/C(018)
35.62 2.52 11.7/C(110) 48.20 1.88 15.3/C(1186)
39.10 232 14.5/C(113) 57.12 1.60 5.7|C(122)
42.82 2.12 13.2/C(202) 60.40 1.62 3.9|/C(214)
47.18 1.92 9.8/C(018) 64.38 1.44 4.0/C(300)
4820 1.88 10.5/C(116)
57.08 1.60 4.2|C(122)
64.34 1.44 1.7|C(300)
633 Figure 7
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