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aBStract

Arsenate (As5+) substitution in the hydroxylapatite structure was examined using a combination 
of crystallographic and spectroscopic techniques. Samples of hydroxylapatite, the As5+-substituted 
analog (synthetic johnbaumite), and five intermediate compositions were synthesized from solution. 
Synchrotron X-ray diffraction data show that all samples are single-phase, confirming complete 
substitution. No evidence is found for lowering of symmetry below P63/m. Rietveld structure refine-
ments show progressive expansion of the unit cell with increasing As substitution, which can be 
accounted for primarily by an average expansion of the tetrahedral site. Sizes of Ca polyhedra show 
little variation as a result of As substitution. NMR results show no evidence for local clustering of 
PO4 tetrahedra. EXAFS confirms that the size of As-centered tetrahedra remains constant across the 
solid-solution series.
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introduction

Occurrences of dissolved As in surface and ground waters 
and observed adverse health effects have emphasized the need 
for better understanding of reactions that govern As mobility 
in the environment. Arsenic is commonly released to aqueous 
solutions by oxidative weathering of arsenides and reduced 
As in ore minerals and by dissolution of arsenite and arsenate 
minerals formed in oxidation zones of ore bodies. Release of 
As species sorbed onto mineral surfaces is also recognized as 
a source of dissolved As. Anthropogenic sources may also be 
important locally. Incorporation of As in precipitating phases is 
one of the dominant strategies for its removal from water. The 
effectiveness of this sequestration approach depends on the 
solubility and stability of the As-containing phase. Solubilities 
of As3+ and As5+ minerals vary widely, and As3+ and As5+ aqueous 
species, dominantly oxyanions, may be mobile in surface waters 
depending on redox and pH conditions. Much attention has been 
given to methods for removal of dissolved As from wastewaters 
associated with mining activities (Robins 1985; Nishimura and 
Robins 1998; Donahue and Hendry 2003) and from drinking 
water (Mondal et al. 2006; Choong et al. 2007). In the case of 
As5+-containing waters, addition of lime has been used widely 
to induce precipitation of calcium arsenate phases. Despite the 
overall effectiveness of this method, studies have shown that 
solubilities of some initially formed calcium arsenates are not 
sufficiently low to limit dissolved arsenate concentrations within 
water quality guidelines (Robins 1981). In addition, the high pH 

values caused by lime addition favor uptake of atmospheric CO2 
over time, which has been shown to result in conversion of some 
initially formed calcium arsenate phases to calcium carbonate, 
accompanied by release of As (Robins 1985). Nevertheless, 
precipitation of calcium arsenate phases remains a widely used 
method for limited removal of As from waste and drinking 
waters and may control dissolved arsenate concentrations in 
some natural waters. 

Nishimura and Robins (1998) and Bothe and Brown (1999a, 
1999b) conducted extensive synthesis experiments at ambient 
temperatures to evaluate the conditions of formation and solubili-
ties of different calcium arsenates. Their results demonstrated 
that different phases form, depending on subtle variations in 
synthesis conditions. The formation products varied in Ca/
As stoichiometry, degree of hydration, and solubility. Several 
groups (Bothe and Brown 1999a, 1999b; Massuyes et al. 1969; 
Mahapatra et al. 1987; Myneni et al. 1997, 1998; Moon et al. 
2004; Zhu et al. 2006) have synthesized the phase Ca5(AsO4)3OH, 
which corresponds to the mineral johnbaumite, first described by 
Dunn et al. (1980). This mineral phase is the arsenate analog of 
hydroxylapatite, Ca5(PO4)3OH, as well as the hydroxyl analog 
of svabite, Ca5(AsO4)3F. Because hydroxylapatite (HAP) is the 
most stable form of calcium phosphate and exhibits a moderately 
low solubility, Nishimura and Robins (1998) speculated that the 
arsenate analog, Ca5(AsO4)3OH, designated hereafter as AsHAP, 
is also likely to exhibit a low solubility, and therefore may be 
effective in limiting dissolved arsenate concentrations. Experi-
mental studies, however, have demonstrated that the solubility 
of AsHAP is significantly greater than that of HAP (Bothe and 
Brown 1999b; Mahapatra et al. 1987; Myneni et al. 1997; Zhu et * E-mail: rjreeder@stonybrook.edu


