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INTRODUCTION

Broad knowledge exists about the role of phosphate miner-
als (primarily apatites) in regulating the behavior and
bioavailability of Pb in soils and wastewater (Suzuki et al. 1981,
1982, 1984; Nriagu 1984). Several studies have described the
application of hydroxylapatite (HAP) amendments, resulting
in the in-situ immobilization of Pb as highly stable pyromor-
phite (Nriagu 1972; Gauglitz et al. 1992; Ma et al. 1993; Xu
and Schwartz 1994; Ruby et al. 1994; Ma et al. 1995; Ma 1996;
Laperche et al. 1996, 1997). To utilize such remediation tech-
nologies effectively, it is important to understand the mecha-
nisms of the Pb uptake process and the characteristics of the
reaction products. To this end, recent microscopic and spectro-
scopic studies (Lower et al. 1998a, 1998b) were conducted
which showed that OH bearing pyromorphite [HPY =
Pb10(PO4)6(OH)2] may precipitate either heterogeneously on the
hydroxylapatite (HAP) surface or homogeneously from solu-
tion, depending upon the initial saturation state.

Most previous research on the reaction between apatite and
aqueous Pb (with exceptions such as Ma et al. 1995; Valsami-
Jones et al. 1998) has focused on synthetic HAP. Although a
principal inorganic constituent of bones and teeth, and hence
of bone meal fertilizers, HAP is a rare mineral in abiotic sys-
tems. Natural apatites exhibit large variations in F, Cl, and OH

contents (Hughes et al. 1989). Phosphate rock used as a fertil-
izer consists of apatites closer in composition to the fluorapa-
tite (FAP) or chlorapatite (CAP) end-members of the
HAP-CAP-FAP solid solution series. Moreover, in soils, pyro-
morphite [PY = Pb10(PO4)6Cl2] is more likely to form than HPY
because PY is more thermodynamically stable at ambient con-
ditions (Nriagu 1974, 1984) and because of the common oc-
currence of Cl in soil solutions. Thus, we expand upon previous
research involving the HAP/HPY system (Lower et al. 1998a,
1998b) to include Cl- and F-containing phases. The research
here analyzes reacting solid phases and crystalline reaction
products by a variety of techniques to obtain clues for reaction
mechanism(s). We also investigate how initial conditions af-
fect reaction products. We used relatively high initial Pbaq con-
centrations, to promote formation of solid precipitate observable
by various microscopic and analytical techniques. A macro-
scopic study of thermodynamic and kinetic considerations, in-
cluding detailed solution-based analysis, is presented by
Manecki (1999). This study focused on Pb-containing precipi-
tates and did not measure potential Pb adsorption.

Results of the research described below, and of Lower et al.
(1998a, 1998b) demonstrate that experiments on nucleation
mechanisms of pyromorphite precipitation from aqueous solu-
tion should be designed with caution. The apparent nucleation
mechanism depends on the initial experimental conditions and
can easily be induced by experimental procedures which result
in differences in initial saturation conditions.
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ABSTRACT

Apatites provide a mechanism for in-situ remediation of Pb-contaminated sites, by supplying
phosphate which combines with dissolved Pb to form highly insoluble pyromorphite. This study
expanded upon previous research using hydroxylapatite (HAP), to focus on how the surface proper-
ties of natural chlorapatite (CAP) and fluorapatite (FAP) affect pyromorphite nucleation and growth,
when aqueous Pb2+ ([Pb] < 50 mg/L as PbCl2) is reacted with apatite at pH = 4.2, 22 °C. A combina-
tion of atomic force microscopy (AFM), scanning electron microscopy (SEM), optical microscopy,
energy dispersive X-ray fluorescence spectroscopy (EDS), infrared spectroscopy (FTIR), and X-ray
diffraction (XRD) was used for in-situ and ex-situ examination of the interface and the reaction
products.

A variety of experiments were performed, and pyromorphite [PY = Pb10(PO4)6Cl2] was the only
identified reaction product. PY nucleated both homogeneously (directly from solution) and hetero-
geneously on CAP and FAP; relationship between PY and HAP could not be determined defini-
tively. The nucleation mechanism was sensitive to initial experimental conditions, which suggests
that care should be taken to consider initial conditions in designing sorption and nucleation experi-
ments. Heterogenous nucleation on FAP and CAP showed strong evidence for epitaxy. Epitaxial
crystals of PY on CAP and FAP grew away from the substrate surface, which was the only source of
phosphate available for crystal growth. Epitaxial crystals showed distinctly different morphologies
from homogeneously nucleated crystals, and appeared to grow by a spiral growth mechanism.
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