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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 CaCl2, Na2CO3, and 
tris(hydroxymethyl)aminomethane buffer and various concentrations of PO4 (0–62.5 µM) were pre-
pared, 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 PO4 concentration. The starting time of phase transformation was at the minimum point 
when the concentration was ∼2–3 µM. Vaterite spherulites consisting of needle-like crystals (0.5–2 
µm in length) formed only in this PO4 range and survived the experimental procedure (∼2.5 h). In 
contrast, the starting time of phase transformation increased exponentially with the PO4 concentration 
when it was higher than 5 µM. The vaterite spherulites and calcite crystals co-precipitated, and both 
polymorphs grew over time. The PO4 was shown to be an accelerator for phase transformation from 
ACC into vaterite at low concentrations (Ca/PO4 molar ratio <3000) and an inhibitor for transforma-
tion at high concentrations. We investigated the kinetics of vaterite formation in the presence of PO4 
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 PO4 concentration.
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introduction

Calcium carbonates are the main component of the hard tis-
sue 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 “biomineralization.” 
Biomineralization occurs under normal pressure and temperature 
in an aqueous solution with neutral to weak basic pH, indicating 
that it is a gentle crystallization process (Mann 2001; Sunagawa 

2005; Addadi et al. 2003). The final products have various mor-
phologies and crystal structures, and control of these variations 
can be used to generate new functional materials.

When calcium carbonates form under simulated body-envi-
ronment conditions in the absence of phosphate (PO4) ions, ACC 
appears as an initial phase (Brecevic and Nielsen 1989; Gebauer 
et al. 2010; Mann 2001; Söhnel and Mullin 1982; Addadi et al. 
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, 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, 2010; Raiteri and Gale 2010).

Vaterite is also in an intermediate and unstable phase (Plum-
mer and Busenberg 1982; Pouget et al. 2009, 2010; Sunagawa 
2005). The higher solubility of vaterite than that of calcite in 
neutral to weak basic pH solutions results in vaterite dissolu-
tion as the calcite nucleates and grows (Rodriguez-Blanco et 
al. 2010). Phase transformation of vaterite into calcite proceeds 
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