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INTRODUCTION 

Lead, a naturally occurring metal, has always been present in soils, surface waters and ground 
waters. Lead content of agricultural soils ranges from > 1 mg/kg to 135 mg/kg with a median value of 11 
mgkg (1). Inner-city neighborhoods in most of our major cities have mean or median soil Pb 
concentrations in excess of 1000 mg/kg (2-6) with values as high as 50,000 mg/kg being reported (7). 
Most of these elevated lead concentrations observed in the urban soils are assumed to come from various 
anthropogenic sources: industrial emissions, vehicular emissions and exterior lead paint (8). Additionally, 
lead has been added to soil as the insecticide lead arsenate, impurity in fertilizers as well as from mining 
and smelting activities (9). Further, lead is a contaminant of concern in about one third of the National 
Priorii List (NPL) sites and over 400 Superfund sites have excessive soil Pb concentrations (10). Thus, 
its use by society; paints, chemical additives, tools and weapons, as well as other consumer and industrial 
products, coupled with inadequate disposal or recycling by society have caused environmental systems 
(soils) to become repositories for the metal. It is also apparent that not only are soils the repository for 
environmentally released Pb, but it is retained in the zone of addition (9). 

According to the Center for Disease Control (CDC) lead poisoning is the most common and most 
devastating environmental disease affecting young children. Over the past decade the blood Pb level 
associated with impairment has decreased from 25 pddL to 10 kg/dL, as we have learned that levels 
above 10-1 5 pg/dL can significantly reduce IQ and learning ability in children (1 1). Because of the 
reduction of Pb in automotive emissions, and reduction of Pb in food due to changes in canning technology, 
both food and automotive emission Pb levels have decreased nearly 10 fold in the past 15 years (12). 
During the same time frame median blood Pb levels in suburban children have fallen from about 20-25 
pg/dL in 1970 to 3-4 pg/dL in 1990. With the normal variance (and varied amounts from Pb in plumbing 
systems) some suburban children exceed 15 pg/dL. But over 50% of children in the center city exceed 
15 pg/dL limit (13). Thus, lead risk to young children is now recognized as the most sensitive limit for Pb 
in the environment (1 1). CDC estimates that Pb poisoning in children costs billions of dollars in medical 
and special education expenses and decreased future earnings. Lead paint, Pb in drinking water and Pb 
in soil are the major sources of exposure. Children exposed to high levels of soil and dust Pb have been 
found to have high blood Pb in numerous cases (7). Lead in soils contaminated by smelter emissions, 
automotive emissions, or paint residue have been found to cause increased blood Pb in children when soil 
Pb exceeds 500-1000 mg/kg (14-17). In other cases, social factors and/or soil chemical factors alter 
exposure and/or bioavailability of the soil Pb and little or no increases in blood Pb are observed even with 
soils containing 5000 mg Pb/kg (18). Further, Pb in mining soils appears to have lower bioavailability than 
Pb in urban dusts (19-21). Cotter-Howells and Thornton (18) reported low blood Pb levels in children living 
in an area with soils (about 5000 mglkg) derived from PbS mining wastes. Studies have found the 
relationship (slope of blood Pb/soil Pb) for children in smelter and urban areas to range from 1.1 to 7.6 
pgldUlO00 mg/kg, while for children in mining areas the relationship ranges from 0 tu 4.8 pg/dUIQOO 
mglkg (22). Suggesting that Pb in soils contaminated from mining activities is less bioavailable than Pb 
in soil derived from urban and smelting sources. Three possible explanations have been offered for the 
observations: the size of the Pb containing particle, the species of Pb in soil; and the geochemical matrix 
incorporating the Pb species. These results are interpreted as indicating that because of specific 
adsorption , soil Pb bioavailability increases with increasing soil Pb concentration and that the form of soil 
Pb alters its bioavailability. 

Programs to reduce exposure from Pb paint and Pb in drinking water are moving forward. No 
program exists on contaminated soil Pb because, according to CDC and EPA, there is insufficient 
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information available on which to base such a program. They state that far less is known about the 
hazards of soil Pb- and how to address those hazards-- than about paint or water. Thus, information is 
needed to better characterize the problem, determine pathways of exposure, and determine effective 
remediation methods. 

Remediation treatments for soils attempt to capitalize on the differences in physical and chemical 
properties between a contaminant and soil constituents. For example, remediation efforts for metal contami- 
nated sites use properties such as solubility, density, particle size distribution, surface chemistry, boiling 
point or magnetic susceptibility to allow separation and recovery. Metals found as relatively soluble 
species or weakly sorbed to soil clays might be solubilized by the application of mild organic acids. If the 
metals are present as separate mineral particulates, then their typically higher density might permit the 
physical separation of these species from the less dense aluminosilicate and organic constituents of soils. 
Otherwise, these forms could be bound in a solid cement or vitreous glass matrii. If the metal species are 
volatile, then a soil heating method might allow recovery. Separation methods relying on the magnetic 
susceptibility of ferromagnetic or strongly paramagnetic metal species have also been attempted. More 
detailed discussions of remediation technologies can be found in the literature (23-28). 

Many biological, chemical and physical process have been proposed for soil remediation. Some 
of the processes can be either applied to excavated soil or used in situ. However, reduction in exposure 
to soil Pb has typically been accomplished by soil removal for off site disposal, covering, or diluting by 
mixing with uncontaminated soil. Cost, logistical concerns, and regulatory requirements associated with 
excavation, ex situ treatment and disposal can make in situ treatment an attractive option. Our current 
understanding of Pb exposure and factors which effect its bioavailability as well as its environmental 
chemistry may allow development of less costly and environmentally less disruptive methods of 
remediation. 

METHODOLOGY 

In response to the need for cost effective technology to immobilize Pb, we have collaborated with 
Ohio State University to examine the feasibility of Pb immobilization by phosphate rocks. This approach 
is based on the hypothesis that Pb phosphates are the most insoluble Pb minerals, these materials are 
resistant to acid weathering, and these materials are less bioavailable than other Pb forms. The 
experimental approaches utilized in this research have been laboratory scale solution studies, resin 
studies, dialysis studies, soil studies, and feeding studies. 

RESULTS 

We have shown that Pb is rapidly and effectively precipitated from solution by orthophosphate 
(aqueous P, hydroxyapatite, or phosphate rock) to form a series of Pb phosphates (29-31). We have used 
hydroxyapatite and phosphate rock as the primary P source and have shown that they are effective in 
attenuating Pb in aqueous solution, exchangeable form and contaminated soil material, to below the U.S. 
EPA action level of 15 pg/L dissolved Pb. Phosphate rocks from Florida, North Carolina and Idaho are also 
shown to be effective in removing Pb from aqueous solution (29). The final product of Pb immobilization 
is primarily hydroxypyromorphite (Pb,,(PO$,(OH),), which is stable even at pH as low as 3. Results of 
chemical and x-ray diff raction (XRD) analysis, scanning electronic microscopy (SEM), and scanning 
transmission electronic microscopy (STEM) strongly support the mechanism of dissolution of hydroxyapatite 
and precipitation of hydroxypyromorphite. Aqueous P concentration is a key factor in determining the 
effectiveness of Pb immobilization and the formation of hydroxypyromorphite. Thus pH is important since 
it determines solubility of hydroxyapatite or phosphate rock. Hydroxyapatite or phosphate rock not only 
supplies P to immobilize Pb, but also provides Ca to replace Pb from exchange sites. This is especially 
important in contaminated soils and solid wastes where the bulk of the Pb is in labile rather than soluble 
form. 

We have also shown that hydroxyapatite can effectively immobilize aqueous Pb in the presence 
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of common soil solution anions: NO;, Cr, F, SO,'-, and COF (30). Lead concentrations were reduced 
from initial levels of 5 - 100 mg/Lto below the EPA dissolved Pb action level of 15 p4/L except at very high 
C0:- concentrations, whose levels are unlikely to be found in contaminated soils and wastes. 
Hydroxyapatite was transformed to hydroxypyromorphi te after reaction with F%(NO,), in the presence of 
NO,', SO:-, and Cot-; to chloropyromorphite (Pb,o(PO&CI,) after reaction with PbCI,; and to 
fluoropyromorphite (Pb,,(PO,),F,) after reaction with PbF,, respectively. Hydroxyapatite dissolution followed 
by precipitation of hydroxypyromorphite, chloropyromorphite, or fluoropyromorphite was the main process 
during the reaction, but Pb adsorption by hydroxyapatite and cation substitution of Pb for Ca on 
hydroxyapatite may also have occurred. 

We have also investigated the effects of metals such as Zn, Cd, Nil Cu, Fe2+, and AI on Pb 
immobilization by hydroxyapatite as well as the effectiveness of hydroxyapatite in attenuating these metals 
(31). We have shown that not only do these metals have no significant effect on Pb immobilization by 
hydroxyapatite at low concentrations (<20 mgll), but also these metals themselves are removed by 
hydroxyapatite. The amount of metab removed depends on the concentrations of Pb and metals, as well 
as the types of metals. At higher concentrations (>20 mg/L), Cu is most effective in inhibiting Pb 
immobilization by hydroxyapatite, followed by Fez+, Cd, Zn, AI, and Ni. Hydroxypyromorphite was the only 
mineral detected by XRD besides hydroxyapatite after Pb reaction with hydroxyapatite in the presence of 
these metals. The amounts of hydroxypyromorphite formed decreased with an increase in metal 
concentrations, according to XRD. The order of inhibition of hydroxypyromorphite formation is positively 
correlated with the solubility of the other metal phosphates and supports a mechanism of competitive 
precipitation. 

Hydroxyapatite also removed Pb2+ from Pb-EDTA solution in the presence of excess EDTA. 
Indicating that basic Ca-phosphates can sequester Pb even in the presence of strongly complexing organic 
ligands. In longer term experiment, hydroxyapatite was effective in immobilizing Pb2+ for up to 16 weeks, 
confirming the stability of the reaction product. In another experiment, a mixture of hydroxyapatite and 
hydroxypyromorphite were reacted with anion exchange resin. Lead concentrations in the suspension of 
hydroxyapatite and hydroxypyromorphite were low (< 168 nmoVL) in spite of the fact that the anion 
exchange resin extracted PO4% from solution, which again demonstrated the stability of 
hydroxypyromorphite over hydroxyapatite. Additionally, the mixture of hydroxyapatite and 
hydroxypyromorphite was also reacted with aqueous Ca2+ to study the possibility of Ca2+ substitution for 
Pb2+ on hydroxypyromorphite. Higher Ca2+ concentrations resulted in slightly higher Pb2+ concentrations 
(< 158 nmoVL), possibly as a result of hydroxyapatite precipitation and hydroxypyromorphite dissolution. 
We have illustrated that exchangeable Pb can be precipitated by reacting hydroxyapatite with a cation 
exchange resin saturated with Pb. No hydroxypyromorphite was detected in the hydroxyapatite residue, 
indicating the reaction did not occur in bulk solution. The resin was coated with hydroxypyromorphite 
indicating that hydroxyapatite not only immobilized Pb, but supplied cations (Ca) to displace Pb from the 
resin which, was immediately precipitated as hydroxypyromorphite. In further evaluations of the reaction 
we mixed hydroxyapatite with several Pb contaminated soils and allowed them to react for several days. 
Sequential extraction of the samples illustrated that the hydroxyapatite addition reduced the labile fractions 
of soil Pb (soluble and exchangeable) and increased the residual fraction of soil Pb. 

In animal feeding experiments we have illustrated that Pb bioavailability followed the order: Pb- 
acetate >> contaminated soil> pyromorphite = control and that the addition of apatite or rock phosphate 
to the contaminated soil reduced the bioavailability of the contaminated soil Pb. Thus, illustrating that the 
formation of phyromorphite in soils not only reduce the solubility of the soil Pb, but reduce its bioavailability. 
In fact even without allowing time for reaction, the addition of the phosphate (apatite or rock) to the 
contaminated soil was effective at reducing soil Pb bioavailability. 

CONCLUSIONS 

Our results strongly demonstrate that both hydroxyapatite and phosphate rocks were effective in 
reducing Pb solubility and bioavailability through dissolution of hydroxyapatite or phosphate rocks and 
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precipitation of pyromorphite. The effective and rapid Pb2+ immobilization from solution and contaminated 
soils by hydroxyapatite or phosphate rock, the limited effects from other minerals, anions, and cations, the 
apparent environmental stability of the reaction products, along with the ready availability and lowcost of 
hydroxyapatite or phosphate rock suggest that this approach might have great merit for cost-effective in 
situ immobilization of Pb contaminated water, soils, and wastes. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Holmgren, G.G.S., M.W. Meyer, R.L. Chaney, and R.B. Daniels. 1993. Cadmium, lead, zinc, copper, 
and nickel in agricultural soils of the United States of America. Jour. Environ. Quality. 22:335-348 

Angle, C.R., M.S. Mclntire, and A.V. Colucci. 1974. Lead in air, dustfall, soil, housedust, milk, and 
water: correlation of blood lead in urban and suburban school children. Trace Substan. Environ. 
Health, 8:23-29. 

Johnson, D.E., J.B. Tillery, and R.J. Prevost 1975. Levels of platinum, palladium, and lead in 
populations of Southern California. Environ. Health Presspect . 12:27-33. 

Bornschein, R. 1986. Lead in soil in relation to blood lead levels in children. Trace Substan. Environ. 
Health. 20:322-332. 

Mielke, H.W., J.L. Adams, P.L. Reagan, and P.W. Mielke. 1989. Soil-dust lead and childhood lead 
exposure as a function of city size and community traffic flow: the case for lead abatement in 
Minnesota. Environ. Geochem. Health. 

Madhaven, S., K. Rosenman, and T. Shehata. 1989. Lead in soil: recommended maximum 
permissible levels. Environ. Research. 49:136-142. 

Chaney, R.L., H.W. Mielke and S.B. Sterrett. 1989. Speciation, mobility and bioavailability of soil 
lead. [Proc. Intern. Conf. Lead in Soils: Issues and Guidelines. B.E. Davies and B.G. Wixson (eds.)]. 
Environ. Geochem. Health 11 (Supplement):l05-129. 

EDF, 1990. Environmental Defense Fund. "Legacy of Lead: America's Continuing Epidemic of 
Childhood Poisoning". (Washington DC: EDF, March, 1990) 

Davies, B.E. 1990. Lead. In Heavy Metals in Soils. B.J. Alloway (Ed) Blackie and Son Ltd., Glasgow. 

Komianos, W.L. 1992. "Managing the risk of lead exposure". Environmental Protection (July/August 
1992). 

U.S. Department of Health and Human Services. 1991. Preventing Lead Poisoning in Young 
Children. A statement by the centers for disease control October, 1991. 

Bolger, P.M., C.D. Carrington, S.G. Caper and M.A. Adams. 1991. Reductions in dietary lead 
exposure in the United States. Chem. Spec. Bioavail. 3:31-36. 

Agency for Toxic Substances and Disease Registry (ATSDR). 1988. The Nature and Extent of Lead 
Poisoning in Children in the United States: A Report to Congress. DHHS Doc. No. 99-2966. US Dept. 
Health Human Service, Public Health Service. Atlanta, GA. 

US CDC (Center for Disease Control). 1985. Preventing lead poisoning in young children: A 
statement by the Centers for Disease Control. Jan. Atlanta, GA., No.99-2230. 

263 



15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

US-EPA (Environmental Protection Agency) 1989. OSWER Directive #9355.4-02 "Interim Guidance 
on Establishing Soil Lead Cleanup Levels at Superfund Sites. Sept. 1 , 1989. 

US-EPA. (Environmental Protection Agency)l986. Air Quality Criieria for Lead., EPA-600/8-83/02cF. 

Duggan, M.J. and M.J. Inskip. 1985 Childhood exposure to lead in surface dust and soil: A 
community health problem. Public Health Rev. 13:l-54. 

Cotter-Howells, J. and 1. Thomton. 1991. Sources and pathways of environmental lead to children 
in a Derbyshire mining village. Environ. Geochem. Health 13:127-135. 

Freeman, G.B., J.D. Johnson, J.M.Killinger, S.C.Lao, P.I.Feder, A.O.Davis, M.V.Rudy, R.L.Chaney, 
S.C.Lovre, and P.D.Bergstrom. 1992. Relative bioavailability of lead from mining waste soil in rats. 
Fundamental and Applied Toxicology 19388-398. 

Davis, A., M.V. Rudy, and P.D.Bergstrom. 1992. Mineralogic controls on arsenic and lead 
bioavailability in soils from the Butte mining district, Montana,U.S.A. Environ. Sci. Techol26:461-468 

Rudy, M.V., A.Davis, J.H Kempton, J.W. Drexler, and P.D. Bergstrom. 1992. Lead bioavailability: 
Dissolution kinetics under simulated gastric conditions. Environ. Sci. Techol. 26:1242-1248. 

Steele, M.J., B.D. Beck, B.L. Murphy, and H.S. Strauss. 1990. Assessing the contribution from lead 
in mining wastes to blood lead. Reg. Tox. Pharm., 11:158-190. 

US-EPA. (Environmental Protection Agency)l994. Engineering Forum Issue. Considerations in 
deciding to treat contaminated soils in situ. EPA/540/S-94/500 

US-EPA. (Environmental Protection Agency)l994. A literature review summary of metal extraction 
processes used to remove lead from soils. EPA/600/SR-94/006 

Wommel, S. etal, 1993, " Cleaning of contaminated soils - a treatment concept," irr Contaminated Soil 
'93, edited by F. Arendt, Kluwer, The Netherlands, pp. 1287-1294. 

Pearl, M. and P. Wood, 1993, "Separation Processes for the Treatment of Contaminated Soil," in 
Contaminated Soil '93, edited by F. Arendt, Kluwer, The Netherlands, pp. 1295-1304. 

Swartzbaugh, J. etal, 1992, "Remediating Sites Contaminated with Heavy Metals, Parts I, II and 111," 
Hazardous Materials Contro!, Nov/Dec 1992. 

Sims, R., 1990, "Soil Remediation Techniques at Uncontrolled Hazardous Waste Sites, A Critical 
Review," Journal of the Air and Waste Management Association, Vol. 40, No. 5, May 1990, pp. 704- 
732. 

Ma, Q.Y., S.J. Traina, T.J.Logan, and J.A.Ryan. 1993. In situ lead immobilization by apatite, Environ. 
Sci. Technol. 271803-1810. 

Ma, Q.Y., T.J.Logan, S.J. Traina, and J.A.Ryan. 1994. Effects of NO3-, Cr, F, SO:, and C0,2'on 
Pb2+ immobilization by hydroxyapatite. Environ. Sci. Technol. 28:W-418. 

- 

Ma, Q.Y., S.J. Traina, T.J.Logan, and J.A.Ryan. 1994. Effect of aqueous AI. Cd, Cu, Fe(lI), Nil and 
Zn on Pb immobilization by hydroxyapatite. Submitted to Environ. Sci. Techno1.28:1219-1228 

264 


