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aBSTraCT

The substitution of sulfate in apatite is of potential importance in synthetic biomaterials used in 
bone repair and reconstruction. The counter ion (e.g., Na+, K+, Mg2+, Sr2+) in the sulfate reagent may 
also be used as a source of medically beneficial ions. An understanding of the structural parameters 
controlling sulfate substitution is also important in expanding our knowledge beyond the substitution 
of carbonate in apatites.

The incorporation of sulfate in calcium and strontium hydroxylapatites, prepared in aqueous solu-
tion at pH 9, was verified by combustion analysis of sulfate, infrared and Raman spectroscopy, and by 
determination of unit-cell parameters. Sulfate could not be incorporated into barium hydroxylapatite 
because of the preferential formation of BaSO4.

The amount of sulfate substituted in the apatite was affected by the mole ratio of sulfate to phos-
phate in the reaction mixture and by the nature of the counter ion in the sulfate reagent. When sodium 
is the counter ion in the sulfate reagent, the molar amounts of both sodium and sulfate in the product 
apatite can be explained by assuming charge compensation by sodium ions and sulfate displacement 
of phosphate and calcium. With lithium as the counter ion, a greater molar amount of lithium than 
sulfate is incorporated into the apatite, an observation that requires an additional charge-compensation 
mechanism. With potassium and rubidium as counter ions, less of the counter ion is incorporated than 
sulfate, probably a result of less favorable accommodation of the larger cation in the apatite structure.

The maximum molar amount of sulfate incorporated in hydroxylapatite (prepared in the presence 
of Na+) is more than three times lower than the maximum molar amount of carbonate that can be 
incorporated, a difference that can be explained by the relative solubilities of the substituted apatites. 
The unit-cell parameters determined for both sulfated calcium and strontium hydroxylapatites syn-
thesized with the sodium counter ion show a slight increase in the a-axis length and a nearly constant 
c-axis length with increasing sulfate content. The difference in the variation of unit-cell parameters 
with anion content can be rationalized by the difference in size of the anion.

The results indicate that sulfate can be incorporated into biomaterials such as apatite or in com-
posites with calcium sulfate and that the design of new apatites and composites could include the use 
of medically desirable counter cations.
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inTroduCTion

Calcium sulfate has been used as a biomaterial since the later 
part of the 19th century. It has been used to repair bone defects, 
augment sinuses, and in various dental applications (Thomas and 
Puleo 2009; Ricci et al. 2000). Discussions of the mechanism by 
which this extraordinary compound operates usually focus on the 
efficacy of its resorption and its ability to initiate production of a 
calcium-phosphate lattice; that is, to stimulate new bone growth 
(Ricci et al. 2000). Increased calcium ion concentrations may act 
as a stimulus to osteoblasts (bone-producing cells) and inhibi-
tor of osteoclast (bone-dissolving cells) activity (Thomas and 
Puleo 2009). Calcium sulfate has been combined with organic 
compounds such as gelatin, poly(lactic) acid, and carboxymethyl-

cellulose, as well as calcium phosphate and hydroxylapatite 
[Ca10(PO4)6(OH)2, in this work designated as CaApOH]. Parsons 
et al. (1988) report on mixtures that are “osteoconductive com-
posite grouts for orthopedic use.” Mixtures of calcium sulfate 
with either apatite or calcium phosphate have been reported to 
resorb more slowly, which can have clinical advantages (Parsons 
et al. 1988; Urban et al. 2007; Fillingham et al. 2012; Yang et 
al. 2012; Kuo et al. 2015). Because apatite has a singular abil-
ity to accommodate ions by substitution, it is possible that the 
efficacy in bone healing/renewal of calcium sulfate alone and in 
composites together with hydroxylapatite may involve substitu-
tion of sulfate in the newly formed biological apatite. Moreover, 
the use of sulfated apatite (SCaApOH), rather than CaApOH, in 
mixtures with calcium sulfate may be advantageous.

Among the many anions that can function as substituents in 
apatite, carbonate has received the most attention primarily due 
to its presence in bones and teeth. The substitution of sulfate 
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