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ABSTRACT

This study was conducted to evaluate the effects of P, Mn oxide, and time on bioavailable Pbin five
metal -contaminated soils or mine spoils in the absence or the presence of plants, and to evaluate the effect of
those treatments on phytoavailability of Pb, Cd, and Zn. The addition of P or Mn oxide reduced bioavailable Pb
compared to control, as measured by amodified physiologically based extraction procedure (PBET). The
maximum reduction in bioavailable Pb was always observed with the addition of P and manganese oxides
together. X-ray diffractometry analyses support the PBET results, indicating that more“ pyromorphite-like
minerals’ may have formed in the presence of both P and Mn oxides. Synergistic effects from the presence of
Mn oxidewith Pinreducing Pb bioavailability were still evident after extensive cropping of the soils. Several
mechanisms, alone or in combination, may have been responsible for this synergistic effect. The concentrations
of Pb, Cd, and Zn in sudax and Swiss chard plant tissues were reduced in the presence of soluble P, and soluble
P or insoluble P with Mn oxides. Thisnew improved in situ technique to remediate Pb-contaminated soil and

mine wastes has advantages over standard methods.
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INTRODUCTION

L ead-contaminated soil isaprimary
source of Pb exposureto young children.
Remediation procedures used today for Pb-
contaminated soilsare costly, disruptive, and not
sustainable. Insituremediation techniques
overcomemany of thesedisadvantages. It has
been suggested that the formation of Pb phos-
phatesin soils contaminated with both Pb and P
isrespongblefor immobilizing Pb, thereby
reducing the bioavailability of Pb (Ruby etd.,
1994). Lead phosphates, and in particular
pyromorphites, are some of themost stable
formsof Pbin soilsunder awiderange of
environmental conditions(Nriagu, 1973).
Experimental evidence supportsthe hypothess
that |lead phosphates canformrapidly inthe
presence of adequate lead and phosphatein
aqueoussystems(Maet al., 1993; Zhang and
Ryan, 1999) and in Pb-contaminated soils
(Lapercheetd., 1996; Zhang et al., 1998). In

addition to theformation of insoluble Pb com-
pounds asameansof reducing Pb
bioavailability, adsorption of Pbrepresents
another potentialy important processfor
reducing Pb bioavailability. McKenzie(1980)
demonstrated that Pb adsorbs moreor less
irreversibly to manganese (1V) (hydr)oxides
over iron oxides by afactor of 40, suggesting
that manganese oxides can be used asastrong
adsorbent or scavenger for Pb. Twoincubation
studieswere conducted to evaluate the effects
of (I) Psource, level of B andtimeand (I1) P
and/or Mn oxideon bicavailablePbinfive
meta -contaminated soilsor minespoils. A
greenhouse experiment was conducted to
evaluatethe effect of apresenceof plantson
bioavailable Pbinin situ-treated (P or/and Mn
oxide), Pb-contaminated soils, and to evaluate
theeffect of thosetreatmentson
phytoavailability of Pb, Cd, and Zn.
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MATERIALSAND METHODS

Five contaminated soilgminewaste
materids(TCR, AR, Joplin, Dearing, and
Gaena) werecollected from thetri-statemining
area. Total metal concentrationsranged from
1200 to 9100 mg Pb/kg, 30 to 190 mg Cd/kg,
and 4500 to 42600 mg Zn/kg. Selected
physical and chemical propertiesof thematerias
aregiveninTable 1.

I ncubation Study |

Seven trestmentswere used asfollows:
zero P (control); 2500 mg P/kg astriple super-
phosphate (TSP2500); phosphate rock
(PR2500); phosphoricacid (PA2500) or
preacidificationto pH 5.0 with acetic acid
followed by TSP (acetic); and 5000 mg of TSP
(TSP5000). Predetermined amounts of CaO
wereadded for al samples, except for the
control and PR, 24 hrsafter Ptreatment to
increasethesoil pHto 7.0to 7.5. Triplicate
sampleswereincubated for fivedifferent
sampling times (3, 28, 84, 252, and 365 days)
at 20% gravimetric moisture content and 25°C.
Air-dried sampleswereanalyzed for soil pH,
plant available P (Bray-1 extractable P), and

bioavailable Pb by amodifiedinvitro
bioaccessibility test (physiologically based
extractiontest- PBET) (Ruby et a., 1996). The
concentration of Pbin PBET extractswas
analyzedusing ICP-AES. X-ray diffraction
datawas collected for the<10 :m sizefraction
separated by usingan ATM sonic Sifter.

Incubation Study 11

Ninetreatmentswere used asfollows: zero
P (control); 5000 mg P/kg astriple super
phosphate (TSP) or phosphaterock (PR);
2500 mg of MnO,/kg (X); 5000 mg of MnO,/
kg (2X); PR (PR5000); 2500 mg of MnO, +
5000 mg of Pas TSP (TSP+X) or PR
(PR+X); and 5000 mg of MnO, + 5000 mg of
Pas TSP (TSP+2X) or PR (PR+2X). Prede-
termined amounts of CaO were added for all
samples, except for the control and PR, 24 hrs
after Ptreatment toincreasethe soil pH. Tripli-
cate sampleswereincubated for three different
sampling times (4, 12, and 24 weeks) at 20%
gravimetric moisture content and 25°C. Air-
dried sampleswere anayzed for soil pH and
bioavailable Pb. X-ray diffraction datawas
collected asdescribed before.

Tablel. Sdected chemical and physical propertiesof soil materias (#2 mm fraction) prior to

treatment gpplications.

Soil M aterial Sand Silt Clay CEC Total P pH Organic Carbon
% cmol/kg mykg okg
TCR 38 42 20 18.3 998 7.0 26.1
AR 44 40 16 181 855 7.0 26.6
Joplin 56 30 14 38.0 750 6.7 36.5
Chat 78 16 6 29 293 7.2 58
Dearing 76 20 4 45.6 360 6.0 371
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Greenhouse Study

Sudax [ Sorghumvulgare (L.) Moench]
and Swisschard variety Fordhook giant [ Beta
vulgaris(L.) Koch] wereused. Eight treat-
mentsintriplicatewere eval uated asfollows. no
P (control); 2500 mg P/kg soil asTSPfertilizer
(TSP2500); 5000 mg P/kg soil as TSP
(TSP5000) or PR (PR5000); 5000 mg of
MnO, /kg soil (2X); 2500 mg Pastriple
superphosphatefertilizer plus5000 mg of
MnO,/kg of soil (TSP2500+2X); 5000 mg Pas
TSP plus 5000 mg of MnO,/kg of soil
(TSP5000+2X); and 5000 mg Pas PR plus
5000 mg of MnO,/kg of soil (PR5000+2X).
After thefourth cutting of sudax, soil samples
were collected, air dried, and anayzed for
bioavailable Pb. Plant tissue Pb, Cd, Zn, and P
concentrationswere al so measured.

RESULTSAND DISCUSSION

I ncubation Study |
The acetic, PA2500, and TSP5000
treatmentsreduced soil pHt05.2"0.3inal

materia sexcept chat (datanot shown). The
addition of TSP2500 reduced soil pH to
5.7"0.2inal materials, whereas PR had no
effect on soil pH evenat thehighest level.
Calcium oxide additionsincreased soil pH to
near 7.0 inmost samples. The samplesthat
received TSP5000 had thelowest pH of all
materialstested, indicating that the CaO added
wasnot sufficient to neutraizetheacidity
created by the dissolution of TSP,
Plant-available Pin soilscan beesti-
mated by oneof several methodsdepending on
soil characteristics (Kuo, 1996). Bray-1
extractable Pisgenerally usedfor acidicto
near-neutral soils. Soilstreated with TSP
(TSP2500, TSP5000, and acetic) and PA2500
had levelsof Bray-1 Pwell abovethosere-
quired for normal plant growth (Table2).
However, PR2500 and PR5000 did not change
Bray 1-Plevelsggnificantly, indicating the
relativeinsolubility of PR compared to the other
Psources. Although excessivelevelsof plant-

Table2. Bray-1 extractable Pin soil materialsat two sampling times.

Soil M aterial
TCR AR Joplin Chat Dearing
Treatment (3 d 365d (3d 365d [3d 365d |3d 365d |3d 365 d
———————————————————————————————————————— MO/KGr--== === === m o

Control 124 dt [123e ([132e |136¢C 109e (103e (14d 17 e 4e 12 e
TSP2500 (1705b |1728 c (1796 c |1336b |1759c (1565c [1479b |1092c |862b |685b
TSP5000 (2864 a |2876a (3061 a |2140a |284la (2527 a |2737a |2181 a |1488a |1133 a
acetic 1427 ¢ (1407d |1148d |1191b (1507 d |1419d (732 ¢ 859d |746¢c |561lc
PR2500 146d [(142e |158e |160c 132e |121e |32d 48 e le 15e
PR5000 159d (162e |176e |203c (162e |155e (44d 79e 20e [22e
PA2500 1855b (1846b [2239b |1988a [1935b (1809b (1375b |1316b |487d |437d

T Meanswith the sameletter withinacolumn arenot significantly different at P<0.05.
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Figurel. Bioavailable Pb by PBET for the Dearing material. Bioavailable Pbisexpressedasa
percentage of bioavailable Pbin the control sample. Meanswith the sameletter withinaphaseare

not significantly different at P<0.05.
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Figure?2. Bioavailable Pb by PBET for the Dearing material. BioavailablePbisexpressedasa
percentage of bioavailable Pbin the control sample. Meanswith the sameletter withinaphaseare

not sgnificantly different at P<0.05.

available Parenot harmful to plants, they have
been correlated with higher Plossesin runoff.
Thus, PR may present lessof an environmental
risk from enhanced eutrophi cation compared to
the other P sources.

Ingenerd, thereproducibility of
bioavailable Pb vaueswashigher inthe
stomach phasethan in theintestinal phase.
Average coefficients of variability were 6"3%
for the stomach phase and 14"6 % for the
intestinal phase.

Thetreatment-by-timeinteractionwasnot
significant and, therefore, dataarereported as

averaged over time. Without exception, al soil
amendmentsreduced bioavailable Pbin both
the stomach and intestinal phases, compared to
thecontrol (only Dearing and Joplin dataare
shown; Figures1and 2).

For the Dearing material, the PA2500
treatment produced the greatest reductionin
bioavailable Pb and PR2500, theleast for both
thestomach andintestinal phases(Figure 1).
Preacidificationwith acetic acid produced
significantly lower bioavailable Pb comparedto
thesame amount of Pfrom TSPor PRinthis
sample, but not inthe others (Figures 1 and 2).
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Figure 3. Effect of timeon bioavailable Pb by PBET for the Joplinmaterial. Meanswiththesame
letter within atreatment are not significantly different at P<0.05.

A dagisavitrified glassby-product formed by
the smelting processand generally iscomposed
of Fe,O,, CaO, and SIO, (Medlin, 1997). The
pH of ~6.0for the Dearing smelter dag materia
indicatesthat it did not contain any CaO.
However, Pb solidsinthismateria may haveFe
and Si oxiderinds, and dissolution of theserinds
during preacidification could have promoted the
reaction between the Pb solidsand P

For all materialsexcept Dearing, PR was
equally or moreeffectivethan TSPor H,PO,in
reducing bioavailablePb. Thedissolution of
PR and subsequent formation of pyromorphite
can beexpressed asfollows:
Ca, (PO,), X (s)+6H" (aq) -
5Ca* (ag)+ 3H,PO; (aq)+X (aq) D

5Pp2* (aq)+3H ,PO; (aq)+X' (aq) =
Pb, (PO, ), X () +6H" (aa) @

where X=F, OH-, or Cl". Theadditionof Pas
PR had little or no effect on soil pH (datanot
shown). Becausethedissolution of apatite
requiresfreeH* ions, PR applied to anear-
neutra soil material would not undergo dissolu-
tiontoagreat extent. Thisunreacted Pcould

then dissolvein the stomach phase of the PBET,
resulting inmore Pbimmobilization compared to
any of the soluble P sources.

Inthisstudy, Pb bioavailability wasinflu-
enced littleby time, and resultsweresimilar for
al materias. Datafor the Joplin soil are shown
asanexample (Figure 3). Thelack of atime
effect suggeststhat either the reactionsbetween
soil Pb and P occurred within thefirst three
daysof theincubation and changed little thereaf-
ter, or that the reactions between soil Pband P
inthe stomach-phase solution werenot influ-
enced by the contact timefor soil Pband P,

X-ray diffraction patternsfor selected
treatmentsof Dearing soil areshowninFigure
4. Of thethree most prominent peaks of
hydroxypyromorphite (Pb,(PO,),OH, HP), two
can be seen without interference from quartz
(2.85and 2.97 A, JCPDF 24-586). Both of
these peaks a so were present in the control,
indicating that the materia s contained pyromor-
phite prior to Pamendment. Theaddition of P
from the soluble P sourcesincreased theinten-
sity of the 2.85 A peak, indicating that more
“pyromorphite-likemineras’ formed after P
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Figure4. XRD patternsfor selected treat-
mentsfor the# 10-:m particle sizefraction of
theDearing materid.

addition. The phosphoric acid-treated samples
(PA2500) had themost intense pyromorphite
peak and showed thegreatest reductionin
bioavailable Pb by PBET (Figure1). Two
peaksat 2.85 and 2.97 A, attributed to HP,
were also present in the PR-treated Dearing
sample, although theintensitieswere not
different than the control (datanot shown).

Incubation Study 11

Thetreatment by timeinteraction was
not significant and, therefore, dataare presented
asaveraged over time(Figures5and 6). The
useof either Por Mn oxidesignificantly reduced
bioavailable Pb asmeasured by PBET inall five
soilscompared to thecontrol. Increasing the
amount of Mn oxide added further reduced
bioavailable Pb. Thegreatest reductionin Pb
bioavailability was observed when soilswere
treated with Pand Mn oxidestogether. Several
mechanisms, aloneor in combination, may have
been responsiblefor thissynergistic effect.
Thoseinclude enhanced sorption of Pb onto
phosphate-sorbed Mn oxide surfaces; formation
of insoluble pyromorphite-likemineralsonthe
surfacesof Mn oxides; and reductivedissolution
of Mn oxideintheacidic stomach phase of
PBET test, dlong with Pand Pb solidsfollowed
by reprecipitation of Pb and P, or Pb-Mnand P
asstable compounds. Reduced solubleMnin
thestomach phase of PBET extractionsof both
Mn oxideand P-treated soilswereobservedin
support of these hypotheses.

Asobservedinthepreviousincubation
study, HP peaks (2.97 and 2.85 D) were
present inthecontrol indicating that HPwas
present inthe Dearing materia prior to P
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Figureb. Bioavailable Pb by PBET for the Dearing material. Bioavailable Pbisexpressedasa
percentage of bioavailable Pbin the control sample. Meanswith thesameletter withinaphaseare

not sgnificantly different at P<0.05.
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Figure6. Bioavailable Po by PBET for theJoplinmaterial. Bioavailable Pbisexpressed asa
percentage of bioavailable Pbinthe control sample. Meanswith thesameletter withinaphaseare
not sgnificantly different at P<0.05.

addition. Also, theaddition of Pas TSP
increased theintensity of 2.85 D peak of HP,
indicating that more“pyromorphite-like
minerals’ formed in the presence of P (data
not shown).

Flouroapatite (FA) isthe major component
of the PR used inthese studies. Thethree most
intense peaks of FA wereat 2.80, 2.77, and
2.70 D (JCPDF 15-876). Figure7 shows
those FA peaksin the samplesthat received
PR. However, theintensity of those peakswas
reduced and the symmetry was changed com-
pared to the pure PR materia (datanot shown).

Only themost intenseMn oxide
(cryptomelane) peak at 2.39 D wasobservedin
the 2X -treated soil samplesat four weeks
(Figure7). A complete disappearance of
cryptomel ane peakswas observed when
cryptomelane was added with TSP (datanot
shown) or PR (Figure 7). Sorption of Pbonto
oxidescould beresponsiblefor the disappear-
anceof X-ray lines.

Greenhouse Study
Theaddition of Pand/or Mn oxidesignifi-
cantly reduced bioavailable Pb compared tothe
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Figure7. XRD patternsfor cryptomelaneand
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control, even after extensive cropping of the
soils(Figure 8). Thegreatest reductionin soil
bioavailable Pb wasstill observedin samples
treated with acombination of Pand Mn oxidein
al materia stested. Theaddition of TSP2500
did not produce reductionsin bioavailable Pb,
suggesting that removal of Pinthe TSP-
amended soilsby plantscould reversethe
beneficid effect of Pon bioavailable Pb, unless
thereissufficient soluble P present (TSP2500
vs TSP5000) or soluble PiscombinedwithMn
oxides (TSP2500 vsT SP2500+2X).

The concentrationsof Pb, Cd, and Znin
shoot tissue of both sudax and Swisschard
were reduced upon soluble P addition (datanot
shown). Theaddition of cryptomelaneaso

reduced tissue Pb concentrationsinsudax. The
addition of PR alonedid not change plant
tissue metal concentrations. The addition of
PR and Mn oxide reduced plant tissue Pb
concentrations, and to lesser extent Cd and
Zn. Enhanced sorption of metals by P-
sorbed Mn oxide surfaces could be the
reason for this observation.

ACKNOWLEDGMENTS

Funding fromthe Kansas State University
Department of Agronomy, Kansas Technology
Enterprise Corporation, and the EPA EPSCoR
programisgratefully acknowledged.

REFERENCES

JCPDF International Center for Diffraction
Data. 1979. Swarthmore, PA, Inor-
ganic phases.

Kuo, S., 1996. Phosphorus. p. 869-919. In
D. L. Sparks(ed.) Methods of soil
analysis. Part 3. 39ed. SSSA Book
Ser. 5. SSSA, Madison, WI.

Laperche, V., S. J. Traing, P. Gaddam, and T. J.
Logan. 1996. Chemical and minera-
ogical characterizationof Pbina
contaminated soil: Reactionswith
synthetic apatite. Environ. Sci. Technol.
30:3321-3326.

McKenzie, R. M., 1980. Theadsorption of
lead and other heavy metalson oxides
of manganeseandiron. Aust. J. Soil.
Res. 18: 61-73.

Ma Q.Y.,S.J. Traing, and T. J. Logan. 1993.
Insitulead immobilization by apetite.
Environ. Sci. Technol. 27:1803-1810.

Medlin, E. A., 1997. Aninvitro method
for estimating therelative
bioavailability of lead in humans.
Master’s Thesis, Department of

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch



O control

TSP2500

TSP5000

@ PRS600

LY
S
[
N I I I

% Bioavailable Pb
3

Stomach Phase

22X

TSP2500+2

X
LN TSPS000-4-

Intestinal Phase

Figure8. Bioavailable Pb by PBET for the Joplin soil after four cuttingsof sudax. Bioavailable Pb
isexpressed asapercentage of bioavailable Pbinthe control sample. Meanswiththe sameletter
withinaphasearenot significantly different at P<0.05.

Geological Sciences, University of
Colorado, Boulder.

Nriagu, J. O., 1973. Lead orthophosphates-I1.

Stability of chloropyromorphiteat 25°
C. Geochimicaet CosmochimicaActa
37:367-377.

Ruby, M. V., A. Davis, and A. Nicholson.
1994. Insituformation of lead phos-
phatesin soilsasamethod to immobi-
lizelead. Environ. Sci. Technol. 28:
646-654.

Ruby, M. V., A. Davis, R. Schoof, S. Eberle,
and C. M. Sdllstone. 1996. Estimation

of bicavailability usngaphysologicaly
based extraction test. Environ. Sci.
Technol. 30: 420-430.

Zhang, P, J. A.Ryan,and J. Yang. 1998. In
vitro soil Pb solubility inthe presence of

—hydroxyapatite. Environ. Sci. Technol.

32: 2763-2768.

Zhang, P, and J. A. Ryan. 1999. Formation of
chloropyromorphitefrom galena(PbS)
inthe presenceof hydroxyapatite.
Environ. Sci. Technol. 33: 618-624.

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch

133



