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Time-resolved in situ studies of apatite formation in aqueous solutions
Olaf Borkiewicz,1,* John Rakovan,1 and Christopher L. Cahill2
1
Department of Geology, Miami University, 114 Shideler Hall, Oxford, Ohio 45056, U.S.A.
Department of Chemistry, The George Washington University, 725 21st Street NW, Washington, D.C. 20052, U.S.A.

2

Abstract
Formation of hydroxylapatite through the precipitation and evolution of calcium phosphate
precursor phases under varying conditions of temperature (25–90 °C), pH (6.5–9.0), and calcium to
phosphorus ratio (1.0, 1.33, 1.5, and 1.67) comparable to those found in many sediments and soils
were studied. The products of low-temperature precipitation were analyzed by ex situ X-ray diffraction and SEM, as well as time-resolved in situ synchrotron X-ray diffraction. Rietveld refinement was
used for quantitative evaluation of relative abundances during phase evolution. The results of ex situ
investigations conducted at ambient temperature and near-neutral pH indicate formation of amorphous
calcium phosphate, which over the course of experiments transforms to brushite and ultimately hydroxylapatite. The results of in situ X-ray diffraction experiments suggest a more complex pathway
of phase development under the same conditions. Some of the initially formed amorphous calcium
phosphate and/or crystalline brushite transformed to octacalcium phosphate. In the later stage of the
reactions, octacalcium phosphate transforms quite rapidly to hydroxylapatite. This is accompanied or
followed by the transformation of the remaining brushite to monetite. Hydroxylapatite and monetite
coexist in the sample throughout the remainder of the experiments. In contrast to the near-neutral pH
experiments, the results from ex situ and in situ diffraction investigations performed at higher pH yield
similar results. The precipitate formed in the initial stages in both types of experiments was identified
as amorphous calcium phosphate, which over the course of the reaction quite rapidly transformed to
hydroxylapatite without any apparent intermediate phases. This is the first application of time-resolved
in situ synchrotron X-ray diffraction to precipitation reactions in the Ca(OH)2-H3PO4-H2O system. The
results indicate that precursors are likely to occur during the natural or induced (e.g., with application
of Ca+PO4 amendments) formation of hydroxylapatite in many sedimentary environments.
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Introduction
Calcium phosphates are of great significance in a range of
fields including geology, chemistry, biology, medicine, and
materials science. Among these compounds apatite, with the
ideal chemistry Ca10(PO4)6(OH,F,Cl)2, has gained considerable
attention owing to its many functional properties that allow for
a wide range of applications such as hard tissue analogues, catalysts, liquid-chromatographic columns, phosphors, and chemical
sensors. Recently there has been interest in apatite as a metal
sequestration agent in water treatment, in contaminated soil remediation, and in radioactive waste confinement (Bostick et al.
1999; Chen et al. 1997a, 1997b; Ewing 1999, 2001; Ewing and
Wang 2001, 2002). The unique crystal structure and chemistry of
apatite allow for numerous substitutions of both metal cations and
anionic complexes (Hughes and Rakovan 2002; Pan and Fleet
2002; Rakovan and Hughes 2000). High stability with respect
to pH and temperature, low solubility (Elliott 1994; Hughes and
Rakovan 2002; Rakovan 2002), high affinity for many substituent elements and high sorption capacity make it an excellent
candidate for heavy metal stabilization (Arey et al. 1999; Chen
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et al. 1997a; Fuller et al. 2002; Jeanjean et al. 1995; Laperche et
al. 1997, 1996; Ma et al. 1995; Mandjiny et al. 1998; Manecki
et al. 2000a, 2000b; Miyake et al. 1986; Perrone et al. 2001;
Suzuki et al. 1981, 1982, 1983, 1984, 1985; Takeuchi and Arai
1990; Traina and Laperche 1999; Xu et al. 1994). New strategies
involving use of mineral formation in contaminated soils and
sediments, referred to here as metal stabilization by phosphate
amendment, proceed by precipitation and incorporation of metal
ions into mineral structures, most importantly apatite. The idea
of this application is formation of a co-precipitated mineral that
will not dissolve or leach over a long period of time. After incorporation into mineral structures, metals are far less dispersible,
are less bioavailable and thus pose a substantially reduced health
and environmental risk.
From biological studies of hydroxylapatite formation, it has
been found that at low pressure and temperature the formation
of hydroxylapatite is often preceded by the precipitation of other,
less stable, phosphate minerals that over time transform to apatite
(Heughebaert and Nancollas 1984a, 1984b; Hohl et al. 1982;
Rakovan 2002). Numerous studies designed to mimic conditions
found in biological systems report formation of different precursor
phases depending on the experimental conditions such as calcium
and phosphorous concentrations, temperature, ionic strength,
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