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Soil amendments can be used to cost-effectively reduce
the bioavailability and mobility of toxic metals in contaminated
soils. In this study a field demonstration was conducted
at a Pb-contaminated site to evaluate the effectiveness of
P-induced Pb immobilization. Phosphate was applied at

a 4.0 molar ratio of P to Pb with three treatments: T1, 100%
of P from H3POs; T2, 50% P from H3PO, + 50% P from
Ca(H2POy),; and T3, 50% P from H3PO4 + 5% phosphate
rock. Phosphate amendments effectively transformed soil
Pb from the nonresidual (sum of exchangeable, carbonate,
Fe/Mn, and organic) to the residual fraction, with residual
Pb increase by 19—48% for T1, 22—50% for T2, and
11—-55% for T3, respectively. Lead immobilization was
attributed to the P-induced formation of chloropyromorphite
[Pb1o(PO4)6Cl,], which was identified in the surface soil,
subsurface soil, and plant rhizosphere soil. Occurrence of
chloropyromorphite was evident 220 days after P addition
for T1 and T2 treatments and 330 days for T3. Visual MINTEQ
model and activity-ratio diagram indicated that lead
phosphate minerals controlled Pb%* activities in the P-treated
soils. Phosphate treatments significantly reduced Pb
translocation from the roots to the shoots in the St. Augustine
grass (Stenotaphrum secundatum), possibly via the
formation of chloropyromorphite on the cell walls of roots.
This field observation suggested that P amendments are
efficient in reducing Pb mobility via in situ formation of insoluble
chloropyromorphite minerals at a field setting. Lead
immobilization shows a long-term stability. A mixture of
H3PO, and phosphate rock yields the best overall results
for in situ Pb immobilization, with less soil pH change and
less P leaching. Application of combined H3sPO, with
phosphate rock may provide an effective alternative to
the current phosphate remediation technologies for
contaminated soils.
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Introduction

Biogeochemical cycling of metals in the environment de-
pends on their chemical forms. Significant fractions of metals
in contaminated soils are often present in the potentially
bioavailable fractions (1). Thus, considerable effort has been
focused on developing cost-effective technologies to control
metal bioavailability and mobility in contaminated soils.
Amendment-induced changes in metal biogeochemistry may
significantly lower metal solubility and their ecotoxicity,
providing a strategy for remediation of metal contaminated
soils.

Phosphate has been shown to effectively immobilize Pb
in contaminated soils (2—8). Its effectiveness is based on
P-induced conversion of reactive Pb into less labile lead
phosphate. In the presence of adequate P, lead-phosphates
are at least 44 orders of magnitude less soluble than galena
(PbS), anglesite (PbS0O,), cerussite (PbCOs;), and litharge
(PbO), which are common Pb minerals in contaminated soils
(9, 10). Natural lead-phosphate minerals have been identified
in contaminated soils (10—13). In light of their intrinsically
low solubilities, efforts have been made to form lead-
phosphates in lead-contaminated soils through P addition.
Highly soluble forms of P (e.g. Na;HPO, or KH,PO,) can
significantly reduce Pb bioavailability (14, 15) via formation
of lead-phosphate (4). Ma et al. (16) showed that less soluble
hydroxyapatite [Ca;o(PO4)s(OH),] effectively immobilizes
aqueous Pb via formation of hydroxypyromorphite. Phos-
phate rock [PR, primarily Caio(PO.)eF-] is also shown to
effectively immobilize Pb from aqueous solution and lead-
contaminated soils (6). The main mechanism of Pb im-
mobilization is via dissolution of PR and subsequent pre-
cipitation of pyromorphite-like minerals [Pb1o(PO4)sX2, X =
F, CI, Br, OH] (16). Direct evidence for the formation of
pyromorphite in Pb contaminated soils upon P addition has
been reported using X-ray diffraction (XRD), scanning
electron microscopy (SEM), atomic force microscopy (AFM),
and extended X-ray absorption fine structure spectroscopy
(EXAFS) techniques (7, 9, 17, 18).

If sufficient soluble P is provided, dissolution of solid-
phase soil Pb is the rate-limiting step for formation of
pyromorphite-like minerals (7, 8). Laperche et al. (9) reacted
hydroxyapatite with litharge/massicot (PbO) and cerussite
at pH 5—8 and found that conversion to hydroxypyromor-
phite was the fastest at pH = 5. Thus, acidity of the soil is
important in Pb immobilization using phosphate amend-
ment. Adding HsPO, would lower soil pH to facilitate
dissolution of soil Pb and increase activity of soluble P to
enhance pyromorphite formation. Application of HsPO, to
contaminated soils has been shown to stabilize and reduce
leaching of Pb (5, 8). Insoluble chloropyromorphite was
identified in H3PO, treated Pb-contaminated soils and in
mine tailings (19, 20). Unfortunately, treatments with highly
soluble H3PO4 may increase the risk of P-induced eutrophi-
cation (4). Less soluble P such as PR and apatite may reduce
such a risk in addition to supply a continued source of P in
the soil to react with Pb. Hence, application of combined
H3PO, with less soluble P sources may be a good choice.
However, information for this method is lacking.

In addition, since in situ Pb immobilization does not
change total Pb concentration in a soil, it is important to
obtain information on the time required for reducing soil Pb
bioavailability after P application as well as the long-term
stability of Pb immobilization. With time, continued P
consumption by plants may cause decomposition of the lead
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TABLE 1. Selected Physical and Chemical Properties of the Soil and Phosphate Rock?

CECe %

gkg™t

pH? cmol kgt omd sand silt

Clay P Pbr Cur Znt

soil 6.95+0.19 575+0.85 3.91+090 87.7+137 9.0+158 3.35+054 0.89+0.16 11.6+ 157 2.64+0.11 1.95+0.83

PRf 7.10 £0.31 ND9 ND ND ND

ND 143 +9.87 BDL" BDL 0.054 + 0.004

a Data represent an average of twelve replicates with a standard deviation. ? pH was determined with a 1:1 ratio of soil/water. ¢ Cation exchange
capacity. ¢ Organic matter. € Total concentration. "Phosphate rock. 9 Not determined. " Below detection limit (Pb < 0.25 mg kg™, Cu < 0.20 mg

kg™).

phosphate compounds previously formed. Similarly, changes
in soil biogeochemistry may affect the permanence of the
P-induced modifications.

In the present study, a field demonstration of Pb-
immobilization using HsPO, combined with Ca(H,PQOs,), or
phosphate rock amendments was conducted at a lead-
contaminated urban site. The objectives of this research were
(1) to demonstrate P-induced phytoavailability and miner-
alogical changes of Pb at a contaminated site; (2) to apply
geochemical modeling to predict minerals controlling Pb
activity in P-treated soils; (3) to compare the effects of different
P sources on in situ Pb immobilization; and (4) to assess
long-term stability of in situ immobilization of lead at a
contaminated site.

Materials and Methods

Site Characterization. The demonstration site is located in
northwest of Jacksonville, Florida. It is a nearly-level area of
~4100 m? (71.4 m x 57.3 m) with surface runoff in a west to
southwesterly direction. The site is used for battery recycling
and salvage yard with discharge of waste oil during 1940s.
The site map, soil characteristics, pollutants of concern, and
contamination distribution were reported in Cao et al. (21).
Overall, the soil is slightly alkaline and mainly contaminated
with Pb from both spatial and vertical dimension. Cerussite
was the predominant form of Pb at the site. The hotspot is
centered in the north-central part of the site. For other metals
(Cuand zn), their concentrations also remained 10—100 times
higher compared to their normal concentrations found in
Florida soils (21).

Experimental Plot Establishment. Four tested plots were
established in the north-central (hotspot) part of the site.
Selected soil properties at tested plots are given in Table 1.
Each plot consisted of an area of 4 m?, which was isolated
by high-density polyethylene geomembrane liner of 2.5-mm
in thickness to prevent flooding out of or into the plots. The
plots were separated 1.5-m in distance from each other to
avoid possible inter-plot contamination. Phosphate amend-
ments were applied to three plots (T1, T2, and T3) with three
treatments, respectively, at a 4 molar ratio of P to Pb based
on the results of our preliminary test (21). The total amount
of P added was calculated for the surface soil of 0—20 cm
depth. To pre-acidify the soil, half of the P was first applied
to the three plots on 02/17/2000 as H3PO, by mixing it with
25 L of water and spraying it uniformly in each area (liquid-
to-solid ratio L/S = 0.03). The plots were then covered with
aplastic sheet to maintain the moisture content of the surface
layers and to prevent leaching from rainfall. On 03/27/2000,
40 days after the first application, the second half of the P
amendments was applied as HsPO, in T1, Ca(H2POy), in T2
and phosphate rock (PR) in T3 by uniformly mixing them
with a shovel to a depth of 20 cm. This is a passive mixing
approach with minimum site disturbance compared to the
large-scale field operation using machinery such as plus mills.
The plot without P treatment was set as the control (TO).
After the second P application, the plots were exposed to
rainfall. St. Augustine grass (Stenotaphrum secundatum) was
predominantly and naturally growing at the tested site. After

P application, aboveground biomass regenerated from the
roots. Phosphate rock used in this research was obtained
from Occidental Corp (White Spring, FL; Table 1). It consists
mainly of Ca;o(PO4)sF2 with substantial COz2~ substitution in
the structure (6). In our study, low concentrations of Pb and
other metals were detected in the PR (Table 1).

Soil and Plant Sampling. Triplicates of soil samples were
collected from each plot at 6 depth intervals of 0—10, 10—20,
20-30, 30—40, 40—60, and 60—80 cm on 7, 50, 130, 220, 330,
and 480 days after the first P application. All soil samples
were air-dried and passed through a 2-mm sieve, followed
by HNO3/H,0, hot block digestion procedure (USEPA
Method 3050a) for metal analysis. St. Augustine grass was
collected and separated into roots and aboveground biomass.
After being rinsed with deionized water, the aboveground
biomass was oven-dried at 65 °C for 4 d and digested with
USEPA Method 3050a, while roots were cleaned ultrasonically
in deionized water to completely remove soils and then oven
dried for digestion. Rhizosphere soils obtained by ultrasoni-
fying roots were collected on a 0.2 um membrane filter.

Soil Pb Fractionation. A modified sequential extraction
procedure developed by Tessier (22) was used to separate
soil Pb into different fractions. The scheme operationally
separated Pb into the following fractions: water soluble and
exchangeable (WE), carbonate (CB), Fe—Mn oxides (FM),
organic (OC), and residual (RS) fractions. The residual fraction
was determined after digestion using HNOz/H,0, (USEPA
Method 3050a). To ensure quality, a comparison of summed
fractions using Standard Reference Material (SRM2710) was
compared to total Pb content via digestion using HNO3s/
H,0,. The summed fractions averaged 103 & 10% of the total
Pb, indicating a good recovery using the fractionation scheme.

Lead Activity Modeling. Twenty milliliters of 0.01 M Ca-
(NOg3), was added to 2 g dried soils from the control and
P-treated plots. The mixtures were shaken for 24 h at 25 °C.
After the equilibration period, the soil solutions were filtered
with 0.45 um membrane followed by pH determination and
anion concentration analysis. Remaining portions were
acidified to pH < 2 for metal analysis. The results of ion
analysis were then put into the chemical equilibrium
speciation model Visual MINTEQ (23) to calculate Pb species
activity in soil solution. An activity ratio diagram of Pb was
developed on the basis of dissolution equilibrium of Pb
minerals. Chemical speciation data obtained from Visual
MINTEQ were plotted on the diagram to identify minerals
potentially controlling Pb solubility.

X-ray Diffraction and Electron Microscopy Analysis. Soil
clay fractions were separated from all soil samples by wet
centrifugation (24) and analyzed using XRD. Samples were
scanned from 2 to 60° 26 with Cu Ko radiation on acomputer-
controlled diffractometer equipped with stepping motor and
graphite crystal monochromator. Selected samples analyzed
by XRD were further examined by using a scanning electron
microscopy (SEM, JSM-6400/TN500, JEOL, USA), equipped
with an energy-dispersive X-ray elemental spectrometer
(EDS). Part of the fresh root samples collected 480 days after
P application from T2 plot was examined with a transmission
electron microscope (TEM Philips 420EM) coupled with EDS.
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FIGURE 1. pH changes in the surface soils (0—10 cm) in the tested
plots as a function of time. T0, control; T1, HsPO,; T2, HsPO, +
Ca(H,PO.); T3, HsPO, + phosphate rock.

Preparation of the root sections followed the procedure
developed by Laperche et al. (25).

Chemical Analysis. Soil organic matter was determined
using the Walkley-Black procedure (26). Cation exchangeable
capacity (CEC) was examined using the method of Rhoades
(27). Total phosphorus was measured colorimetrically with
aShimadzu 160U spectrometer using the molybdate/ascorbic
acid method (28). Anions (Cl, Br, F, SO4, and PO,) were
determined by using ion chromatography (Waters 2690
Separations Module, Waters Corporation, USA). Metals (Pb,
Cu, Zn, etc.) were determined by using inductively coupled
plasmaspectrometry (Thermo Jarrell Ash ICAP 61-E, Franklin,
MA) and by using graphite furnace atomic absorption
spectrometry (Perkin-Elmer SIMMA 6000, Perkin-Elmer
Corp., Norwalk, CT). Elemental analysis followed EPA ap-
proved QA/QC plan with a blank, a duplicate, a spike and
a SRM analysis every 20 samples. Quality control samples
included Standard Reference Materials of soil (SRM 2709
San Joaquin Soil, 2710 Montana Soil) and plant (1547 Peach
Leaves) (U.S. Department of Commerce National Institute
of Standards and Technology, Gaithersburg, MD 20899).
Satisfactory precision and accuracy were required to be within
+20% and between 85 and 120%, respectively.

Data Analysis. All results are expressed as an average of
triplicates with standard deviation, and treatment effects were
determined by analysis of variance according to general linear
model procedure of the Statistical Analysis System (SAS
Institute Inc.). Significance was tested at the 0.01 and 0.05
probability levels.

Result and Discussion

Effects on Soil pH. As expected, application of Pamendments
impacted the pH of this sandy soil with relatively low buffer
capacity (>89% sand, Table 1). Soil pH was reduced in all
P-treated plots due to addition of HzsPO, (Figure 1). Among
all treatments, T1 produced the greatest decrease in soil pH,
while T3 produced the least (p < 0.05). Application of Ca-
(H2PO,), or phosphate rock combined with H;PO, maintained
a soil pH slightly higher than H3PO,4 alone. Soil pH in the T3
plot decreased to its lowest point (pH 5.2) on day 7 after the
treatment, then gradually recovering to finally stabilize on
day 130. For the T1 and T2 treatments, soil pH reached its
lowest point on day 50, and stabilized on day 220 and 330,
respectively. In addition, soil pHs in all P-treated plots were
close to those in the control soil one year after P application,
though still slightly lower. Initial low pH induced by H3PO,
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FIGURE 2. X-ray diffraction patterns of the clay fractions from surface
soils (0—10 cm) in P-treated plots as a function of time. T1, T2, and
T3are the same asinFigure 1. CS, Cerussite; CIP, Chloropyromorphite;
PR, Phosphate rock.

would favor dissolution of soil Pb (8). Reduction of soil pH
was expected with addition of HsPO4; however, care should
be exercised when applying HsPO, due to enhanced mobility
of P and other heavy metals (21).

Mineralogical Analysis for the P-Treated Soils. Analysis
of mineralogical changes over time resulting from P addition
using XRD helps to better understand the mechanisms of Pb
immobilization in the soils (Figure 2). Of the three most
prominent peaks of chloropyromorphite [Pb1g(PO4)sCl], two
can be seen at 2.96 and 2.87 A in T1 (HsPO,) and T2
[HsPO4 + Ca(H.PO,),] treated soil after 220 days of P
application, indicating that less soluble chloropyromorphite
mineral was formed in situ in these soils. For T3 (H3PO4 +
PR) treated soil, formation of chloropyromorphite took a
longer time since PR is less soluble than H3PO, or Ca(H,-
PO,).. Chloropyromorphite was not observed in T3 soil until
after 330 days. Note that no fluorpyromorphite [Pb1o(PO4)sF-]
was found in the T3 although F is a constituent of PR.
Formation of chloropyromorphite instead of fluorpyromor-
phite in PR treated soil is expected since the former has lower
solubility. Previous studies (11, 20, 29) showed that chlo-
ropyromorphite is present in old mine fields.
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FIGURE 3. Scanning electron microscopy element dot maps of (a)
T2 surface soil (0—10 cm), (A) chloropyromorphite crystal, (B) Ca,
(C) P, (D) Pb, Scale bar = 20 gm; and (b) subsurface soil (30—40
cm) taken from T2 plot 330 days after P application. T2, HsPO, +
Ca(H,PO.),, (A) chloropyromorphite crystal, (B) P, (C) Pb, Scale bar
=5 pum.

Formation of chloropyromorphite after P addition was
further evidenced by a SEM elemental dot map (Figure 3a),
which showed the association of Pb with P in a soil sample
taken at day 330 from T2 plot. The results were similar for
T1 and T3 (data not shown). The efficiency of P treatments
to immobilize Pb continued in the subsurface soil. SEM
elemental dot map of a soil sample taken from 30 to 40 cm
of T2 plot showed the association of Pb with P in the
subsurface soil (Figure 3b). It may result from downward
movement of P added as H3PO, or Ca(H.PO.).. These results
confirm that Pb immobilization can be achieved at a
significant depth in a soil profile.

The peak at 2.96 A in T1 and T2 soils was highest after
day 220, suggesting that more chloropyromorphite minerals
were formed between 50 and 220 days. It was worthwhile to
note thatin T3, the intensities of the PR peaks (between 2.70
A and 2.80 A) on days 330 and 480 were lower compared to
the same peaks on days 50 and 130. The reduced peak

mod
@sod
=220d
E330d
E480d

Pb in each fraction (%)

WE CB FM ocC RS
Fractions

FIGURE 4. Pb distribution in T1, T2, and T3 treated surface soils
(0—10 cm) as a function of time. T1, T2, and T3 are the same as in
Figure 1. WE, water-soluble and exchangeable; CB, carbonate; FM,
Fe—Mn oxides; OC, organic; RS, residual. Columns with the same
letter within a fraction are not significantly different at p < 0.05.

intensity of PR with time might indicate further dissolution
of PR. Formation of chloropyromorphite in this study
occurred slowly in contrast to typical laboratory incubation
results. Rabinowitz (15) reported that no difference was
observed after 1, 3, or 7 d of incubation of contaminated soil
with P, where P and Pb are generally subjected to vigorous
shaking. It implied that the reaction between P and soil Pb
is essentially complete in a day. However, formation of
chloropyromorphite in this field study took longer since P
was applied using a passive method of mixing where P is
relatively less well mixed with Pb than in a laboratory setting.
Also, low liquid-to-solid ratio (L/S = 0.03) at the site
determined that diffusion was probably the operative
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FIGURE 5. Pb distribution in the soil profile (0—80 cm) 480 days after P application. T1, T2, and T3 are the same as in Figure 1. WE, CB,

FM, OC, and RS are the same as in Figure 4.

transport mechanism, causing a relatively long conversion
time. Once chloropyromorphite was formed, it is relatively
stable since no changes in the XRD peaks (2.96 A) were
observed in P-treated soils after 330 days (Figure 2).

Coupled with formation of chloropyromorphite, H3PO,-
induced dissolution of cerussite, the main form of Pb at the
site (Figure 2), was also evident as indicated by the disap-
pearance of the peaks at 3.56 A for soil samples taken from
T1to T3 (Figure 2). Our dataare consistent with the hypothesis
that P-induced Pb immobilization was mainly through a
dissolution-precipitation mechanism (16).

Lead Distribution in P-Treated Soils. Chemical frac-
tionation has been used to evaluate the efficacy of decon-
tamination treatment (7, 14). Assuming the nonresidual metal
(sum of the exchangeable, carbonate, Fe—Mn oxides, and
organic fraction) is more bioavailable than the residual metal,
then the effectiveness of in situ remediation of metal
contaminated soils can be assessed with more effective
treatments converting greater amounts of metal from the
nonresidual to the residual fraction or from more to less
bioavailable forms (30).

Before P treatment (day 0), lead in the contaminated soils
was primarily associated with the CB fraction (42.5—44.5%),
followed by FM > RS > WE > OC (Figure 4). The sum of Pb
associated with the WE and CB fractions accounted for over
50% of the total Pb, which indicated that a substantial quantity
of Pb in the contaminated soil may be available for plant
uptake. Xian (31) found the sum of Pb associated with WE
and CB bound forms were strongly correlated with Pb uptake
by cabbage (Brassica oleracea) and kidney bean (Phaseolus
vulgaris L.) plants. Addition of phosphate to the soil
significantly reduced the first three fractions (WE, CB and
FM) and significantly increased the RS fraction along with
a slight increase in OC Pb (Figure 4). Phosphate treatments
increased residual Pb by 19—48%, 22—50%, and 11—55% for
T1, T2, and T3, respectively, implying that all P treatments
were able to modify the partitioning of Pb from the
nonresidual/potentially available phase to the residual/
unavailable phase. In this respect, the major transformation
was a decrease of the CB—Pb by up to ~40%, while the
residual phase was increased by up to 55%, consistent with
the designed strategy of dissolving cerussite with phosphoric
acid, allowing for the precipitation of geochemically stable
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pyromorphite (6). A significant decrease of Pb in the WE+CB
fractions should reduce Pb bioavailability.

Conversions of nonresidual to residual Pb occurred
gradually with time (Figure 4). On day 50, residual Pb
increased by 20%, 22% and 11% for T1, T2, and T3,
respectively, not enough for lead phosphate to be detected
by XRD (Figure 2). The conversions did level off by 220 days
for T1 and T2, as well as by 330 days for T3 (Figure 4). This
is probably because half of the P in T3 was added as PR,
which slowed the dissolution of cerussite and precipitation
of chloropyromorphite due to its low solubility compared to
HsPO,4 and Ca(H,PO4),. This is consistent with the XRD data
(Figure 2) in that chloropyromorphite peaks for T3 were not
observed until day 330. It was possible that some of the Pb
transformation from the nonresidual to residual may have
occurred during the extraction process (7). However, the fact
that residual Pb in all P-treated soil increased with time
(Figure 4) strongly demonstrated that conversion of soil Pb
to more stable forms actually occurred in the field. Therefore,
a sequential extraction scheme can be effectively used to
evaluate the effectiveness of Pamendment to immobilize Pb
in a contaminated soil.

Among the three P treated soils, PR (T3) was most effective
in converting Pb from the nonresidual to residual fraction
(to 74%), while the H3PO,4 treatment (T1) was the least effective
(<64%). It was possible that Pb could be adsorbed on the
nondissolved fraction of PR in addition to formation of chloro-
pyromorphite. Similarly, Hettiarachchi etal. (32) also reported
that PR was more effective than triple superphosphate or
phosphoric acid in reducing Pb bioavailability for the Zn—
Pb contaminated soils in their experiment.

Phosphate was not only effective in modifying Pb dis-
tribution in the surface soil but also in the subsurface soil.
Phosphate converted Pb from nonresidual to residual fraction
throughout the soil profile except at depth of 60—80 cm
(Figure 5). It is possibly attributable to the H;PO, migration
down. At the 30—40 cm depth, Pb in the residual fraction
increased from 4.5% to 17—19% in the P-treated soils relative
to the control. This immobilization was also demonstrated
by the close association of Pb with P as shown in SEM dot
map of 30—40 cm deep soil in T2 (Figure 3b).

Lead Activity Controlling Minerals. The activity-ratio
diagram can describe and qualitatively interpret mineral



TABLE 2. Equilibrium Reactions for Lead Minerals and Complexes at 25 °C

mineral equilibrium reaction logk®2
anglesite PbSO, = Pb2" +S042~ —7.79
cerussite PbCO3 + 2H" < Pb2t + CO,(g) + H20 4.65
PbHPO, PbHPO, + H* < Pb2+ + HyPO4 —4.25
hydroxypyromorphite Pbs(PO4)30OH + 7H' < 5Pb2t + 3H,PO4~ + H,0 —4.14
chloropyromorphite Pbs(PO4)3Cl + 6H* = 5Pb2* + 3H,PO,~ + CI- —25.05

2 Data from ref 33.
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FIGURE 6. Lead activity-ratio diagram at 25 °C with soil speciation data. Plotted lines assume [CI7] = 10~* M, [S0,%7] = 107 M, [H']
= 10755 M, and [CO,(g)] = 107%° M. TO, control; T1, T2, and T3 are the same as in Figure 1.

solubility data to determine potential minerals controlling
metal solubility and their relative solubility (34). Potential
Pb minerals and complexes used in the model Visual MINTEQ
and the Pb activity-ratio diagram were listed in Table 2. In
the current study, plotted lines assume [Cl] = 1074 M, [SO4]
= 102 M, which was determined based on the average of
the tested plots. According to the Pb activity ratio diagram
(Figure 5), Pb solubilities decreased in the following order:
PbCO; > PbSO4 > PbHPO,4 > Pbs(PO4)sOH > Pbs(PO4)sCl in
the range of 107°—10-2 mol H,PO,~ L. For the control (TO),
modeled Pb?* activities were supersaturated with regard to
cerussite respective of day 50 or day 480 (Figure 6). It indicated
that cerussite may control Pb solubility in the soils without
P treatments, in agreement with the data of XRD patterns
(Figure 2). However, P treatments reduced Pb?" activities.
On day 50 Pb?" was supersaturated with less soluble PbHPO,
in all P-treated soils, showing that PbHPO, controlled Pb
solubility. Pb activity in the P-treated soils decreased with
time and was supersaturated with chloropyromorphite in all
P-treated soils on day 480. These results agreed with XRD
data (Figure 2) in that chloropyromorphite were not found
until 220 days for T1 and T2 as well as 330 days for T3. Lead
phosphate has been recognized as a mineral controlling Pb
solubility in many P-amended soils (19, 35).

Phosphorus Distribution in the P-Treated Soil
Profile. Since the treatment plots were exposed to rainfall,
soil P enrichment and leaching may be an environmental
concern for in situ Pb immobilization using P amendments.

Soluble P sources (e.g. HsPO4, KH,PO,) pose a high risk of
enhanced P eutrophication, while less soluble P sources
(e.g. apatite, PR) pose less. Hettiarachchi et al. (32) reported
that Bray-1 extracted much more P in triple super phos-
phate treated soils than in PR treated soils. Therefore, it is
important to evaluate P distribution when phosphate was
used to immobilize Pb in a field test from the viewpoint of
potential secondary contamination of P and P utilization
efficiency.

Figure 7 illustrated the P retention in the surface and
profile soil of three P-treated plots as a function of time.
Phosphorus in all treatments was mainly present in the
surface with 45—55%, 52—65%, and 72—77% of added P for
T1,T2,and T3 (Figure 7a). T3 kept more P in the surface soil
than T1 and T2. A significant decrease of P was observed for
T1and T2 between 50 and 220 days. However, slight changes
occurred over time for all P treatments after 220 days,
especially for the PR application, indicating that most of the
P loss occurred within the first 220 d in the surface soil.

As expected, downward migration of P was observed in
this soil with low buffering capacity (Table 1), and this
movement accounts for Pb immobilization in subsurface
soil (Figure 3b). On day 50 after first P application there was
no significant difference of P loss between the treatments
with >94% of added P remaining in the soil profile (0—80
cm). Comparable with surface P, a significant loss of profile
P occurred between 50 and 220 days, and profile P, especially
in T1 and T2 treatments, decreased with the time (Figure

VOL. 36, NO. 24, 2002 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 5301



TABLE 3. Pb Concentration in the St. Augustine Grass (Stenotaphrum secundatum) Grown in the Control and P-Treated Plots

shoots (mg kg~! DW)

roots (mg kg~! DW)

220 day 330 day 480 day
TO 77 + 6.24a 55 + 6.55bc 75 + 4.58a
T1 43 + 4.35cd 20 + 4.35f 52 + 3.46bc
T2 62 + 7.81b 39 + 6.00de 56 + 9.53b
T3 43 + 8.88cd 30 + 9.00ef 22 + 5.19f

220 day 330 day 480 day
113 + 23.2h 140 + 22.5gh 202 +40.1g
356 + 47.8d 444 4+ 18.7c 223 + 28.7ef
981 + 91.0a 600 + 45.8b 360 + 29.8d
289 + 24.4e 110 £+ 10.5h 158 + 19.9gh

2 Mean £ SD (n = 3) with the same letter in the same part of grass are not significantly different at p < 0.05. TO, control; T1, H;POy4; T2, H3PO,

+ Ca(H,POy),; T3, H3PO, + phosphate rock.

100

90
80 a a
70 b
60 | ¢ b T
50 ¢ ¢ ¢ BT
40 - oT3
30

20

P retained in the surface soil (%)

10

0 |

120

100 a

80

=
0 T2
oT3

20

P retained in the soil profile (%)

50 220 330 480

Time (day)

FIGURE 7. Phosphorus retained in the surface (0—10 cm) (a) and
soil profile (0—80 cm) (b) from P-treated plots as a function of time.
T1, T2, and T3 are the same as in Figure 1. Columns with the same
letter within a time are not significantly different at p < 0.05.

7b). Approximately 93—99% of the added P remained in the
soil in treatments T3, while 80—94% and 84—97% of added
P remained in treatments T1 and T2, respectively. The fact
that less P downward movement and less P loss in the T3
than T1 and T2 indicates that PR treatment poses the least
risk of eutrophication to the environmentand provides more
P to react with Pb in the soil.

Effects of P Application on Pb Phytoavailability. Three
cuttings of the grass were collected at 220, 330, and 480 days
and analyzed for total Pb (Table 3). Aboveground biomass
regenerated from the roots after each cutting. Theoretically,
successive removal of the grass biomass from the soil would
reduce Pb in both roots and shoots with cutting. This was
true for the roots in which Pb concentrations in the control
and treatments decreased with time (p < 0.05) but not for
the shoots exceptin T3 (p < 0.05) (Table 3). It may be because
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FIGURE 8. Transmission electron microscopy of Pb deposit on
the cell wall of St. Augustine grass (Stenotaphrum secundatum)
grown in T2 P-treated soil taken on 480 days after P application.
T2, H3PO, + Ca(H.P0,),. Magnification: 20 000.

the grass was naturally growing at the site before P amend-
ments, so Pb uptake by plants varied with the growth phases.
Optimization of the growing conditions may result in an
increased yield without decreasing metal concentrations in
the plant (36). It was difficult to compare the biomass among
treatments since there was biomass difference before P appli-
cation because the grass was naturally growing on the site.

Nevertheless, shoot tissue Pb contents decreased signifi-
cantly (p < 0.05) after P amendment with reduction of 31—
64%, 20—29%, and 44—71% for T1, T2, and T3, respectively,
relative to the control TO. Similar results were obtained in
the previous investigations that tissue Pb concentrations in
maize (Zea mays), barley (Hordeum vulgare), and sudax
(Sorghum bicolor L. Moench) were reduced after application
of P to Pb polluted soils (25, 37). However, the Pb concen-
tration in the plant roots was elevated in all P-treated plots
except treatment T3 in which Pb concentrations in the roots
were < the control after 330 and 480 d, respectively (Table
3). Similar results were observed by Laperche et al. (25) who
reported that when adding high quantities of P to a Pb
contaminated soil, the content of Pb in the plant roots was
> the unamended soil. It is likely that P uptake enhanced Pb
uptake, probably due to improved plant nutrition. It was
found that Pb uptake in the roots was positively correlated
with P (r = 0.84, p < 0.05). In addition, H3;PO, addition
possibly resulted in a temporary increase in Pb activity in
the soil. Note, elevation of Pb in the root seemly contradicted
with Pbreduction in 0.01 M Ca(NOs), extract after P treatment
(Figure 6). However, Pb uptake is related to soil Pb phyto-
availability. Different chemical forms of Pb have different
availability. Therefore, Pb reduction in 0.01 M Ca(NO3);
extract does not necessarily mean Pb uptake reduction.

It is conceivable that interactions between heavy metals
and P may occur in plants similarly to those known to occur
in the soil (38). Consequently, we hypothesized that Pb was
accumulated inside the root or on the root surface as lead
phosphate. Thus, less translocation of lead would occur from
the root to shoot, reducing shoot Pb concentrations. The
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FIGURE 9. X-ray diffraction patterns (a) and scanning electron
microscopy element dot map (b) of a root rhizosphere soil in T2 plot
taken on 480 days after P application. CIP, Chloropyromorphite. (A)
chloropyromorphite crystal, (B) P, (C) Pb, Scale bar = 2 um.

hypothesis was supported by TEM evidence of roots grown
in T2 treated plot that showed Pb deposited on root cell
walls of roots (Figure 8). Furthermore, EDS showed associa-
tion of Pb with P (data not shown), indicating that formation
of a lead phosphate occurred in the roots. Similarly, others
reported that analysis of a root section by TEM showed Pb—P
deposited next to root cell walls grown in hydroxyapatite or
PR treated soils (25). The exact mineralogical identity of the
Pb deposit in the root is under further study.

Another possible explanation for chloropyromorphite
formation in the rhizosphere may be that plant roots created
local acidity, which may have enhanced the local dissolution
of apatite grains and precipitation of pyromorphite on the
root surface (18, 38). The association of pyromorphite with
the outermost layer of root cells and the contribution of root
exudates in pyromorphite formation were found by Cotter-

Howells (38). XRD patterns indicated a peak of chloro-
pyromorphite at approximately 2.97 A in the rhizosphere
soil from the T2 amendment (Figure 9a) which was absent
in the control. Also, SEM examination showed that Pb was
associated with P (Figure 9b). Therefore, formation of a Pb—P
precipitate within the root rhizosphere and in the bulk soil
after P application would be responsible for the reduced
translocation of Pb from the roots to the shoots and therefore
areduction of Pb concentration in the above-ground biomass.

Based on our field results, P amendments were effective
in reducing Pb mobility via in situ formation of insoluble
chloropyromorphite minerals in the field. The formation of
chloropyromorphite in the soils and on the root cell wall of
St. Augustine grass were responsible for decreasing lead
translocation from the roots to shoots, thereby reducing shoot
Pb concentration. A mixture of HsPO4 and phosphate rock
was most effective for Pb immobilization, with the least
impact on soil pH, and posing the lowest eutrophication
risk. For more efficient Pb immobilization, pH reduction using
HsPO, became necessary to dissolve carbonate-bound Pb
and make Pb readily available for the geochemically stable
Pb phosphate formation. We conclude that combined HzPO,
with phosphate rock application can be more effectively used
to immobilize Pb in contaminated soils, thus offering an
alternative technology for phosphate to remediate contami-
nated sites. However, caution should exercised to maximize
lead immobilization and minimize potential adverse impacts
caused by application of phosphate amendments to soils.
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