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FORWARD

Metal mining énd smelﬁng activities throughout the world have
contaminated land with heavy metals in excess of natural soil conditions. Costs
associated with excavation and Iandfi"ing of contaminated soil have proven to be
expehsive; therefore, research on alternative mefh'ods is_ needed. Recent
research has investigated the use of in-situ chemical immobilization treatments to
reduce metal solubility and bioavéilébility. The majority of these metal
immobilization studies have focuéed on investigating the reduction of metal
solubility and bioavailability associated with chemical treatments. In addition to
soil contamination, many mining énd sfneltihg sités have significant groundwater
contamination as a result of metal transport through contaminated soils.
Research efforts to investigate the effectiveness of chemical immobilization
treatments for reducing the mobility and transport of heavy metals fro.m
contaminated soils are needed. The work reported here seeks to address that
need. This work couples the ‘inVe_stigation 6f metal sblub’ility and transboft from
contaminated soils amended with éhemical 'im‘mobiliz’fatio.n treatments. ‘This
dissertation is presented i'n‘.two chaptefs foIIoWing fhé manuscript_‘format for
submission to the Journal of Environmental Quality or the Soil Science Society of

America Journal.



CHAPTER |

REDUCING HEAVY _METAL SOLUBILITY AND TRANSPORT IN SMELTER

CONTAMINATED SOILS USING CHEMICAL IMMOBILIZATION
ABSTRACT

Chemical immobilizatién treatments that adsorb/precipitaté soil solution
Cd, Pb, and Zn:can prevent surface andlgroundwater contamination from the
transport of heavy metals. The objective of this study was fo evaluate
agricultural limestone (AL), mineral rock phosphate (RP), and diammonium
phosphate (DAP) chemical immobilization treatments to reduce heavy metal
solubility_ and transport in a smelter contaminated sbiL Chemical treatments
were: check with no chemicals added, 10 g DAP kg™ (2300 mg P kg™"), 90 g DAP
kg™ (20700 mg P kg™), 60 g RP kg™, 180 g RP kg™, and 170 AL g kg™ mixed
thoroughly with thé soil. An additional treatment included Iayered 180 g RP kg™.

Mixed RP treatments were the least effective for reducing total Cd, Pb,
and Zn elution from the contaminated soil. Limestone, although moderately
effective for reducing Cd and Pb (45% and 54.8% reduction ove.r.the untreated

check), was a poor performer for removing Zn from solution. Layered RP at 180



g kg™ was the most effective for reducing Pb transport with a 99.9% reduction
over the untreated control; however, DAP treatments were superior for reducing
Cd and Zn elution. Increaeing DAP from 10 to 90 g kg™’ released As via ligand
exchange and elevated total As eluted from 0.13 t0 29.5 mg kg™'. Total P eluted
through 60 pore volumes for the same DAP amendments was 2.31 mg and 335
mg, respectively. The1v0 g DAP kg™ treatment was the most effective for
immobilizing heavy metals transported from the contaminated.soil, with only
5.4% of Cd, 1.1% of Pb, and 4.2 % of the Zn eluted compared \‘Ni‘th the untreated

soil.
INTRODUCTION

Historical and modern metal mining and smelting activities have
contaminated soil and water resources with 'heavy metals. The action of natural
geochemical weathering processes has transported and redistributed heavy
metals from‘contaminated soils and industrial wastes to surrounding soils,
streams, and groundwater (Fuge et al., 1993; Paulson, 1997). This redistribution
of heavy metal contaminants through transp.ort‘proeesses continues to ‘endanger
water supplies and threatens the health of surrounding ecosystems and human
populations. |

Cleanup of contaminated sites and disposal of metal-laden wastes are
costly endeavors. ‘Although highly effective at lowering risk, remediation

technologies based on the excavation, transport, and landfilling of metal



contaminated soils and wastes are expensive. More cost-effective techniques
treat contaminants in place; however, some methods may temporarily
exacerbate environmental risks. Soil washing methods increase metal solubility
and mobility to remove them from contaminated soil profiles. Increasing metal
mobility for soil washing of contaminants may also increase the risk for transport
and redistribution of contamination to underlying soil and groundwater
(Vangronsveld and Cunningham, 1998). Othér in-situ techniques, such as
vitrification are not feasible due to the high costs of energy needed. In-situ
chemical immobilization is a remediatio_ntechniqu‘é that involves the addition of
chemicals to contaminated soil to form less sbiubie and less mobile metal
compounds. Products of chemical immobiii'Zation reactions should be less
soluble and mobile to reduce heavy metal transport to surface and groundwater
from contaminated soils. Additionally, chemical immobilization treatments may
also be used as reactive barriers to}prevent nﬁeiél seepage from recovery pits
and other processing areas on active and defunct smelter sites. Types of
chemical treatment materials include organic, alkaline, or phosphate compounds
that adsorb, chelate, or complex heavy metals in soil and reduce metal solubility‘.
Compared with other remediation techniques, in-situ chemical immobilization is
less expensive than other remediation techniques and may provide a long-term
remediation solution through the formation of low solubility metal minerals and/or
precipitates.

Alkaline materials used as chemical immobilization treatments include

calcium oxides, calcium and magnesium carbonates (limestone), and industrial



by-products such as cement kiln dust and alkaline fly ash. Alkaline amendments
can reduce heavy metal solubility in soil by increasing soil pH and metal sorption
to soil particles (Filius et al., 1998; McBride et al., 1997). Increased sorption of
metals to soil colloids can decrease mobile metals in solution and reduce metal
transport in contaminated soils. Additionally, increased soil pH and carbonate
buffering can allow the formation of metal-carbonate precipitates, complexes,
and secondary rhinerals (Chlopecka and Adriano, 1996; McBride, 1989; Mench
et al., 1994). Metal-carbonate minérals formed with addition of carbonate-rich
limestone can decrease heavy metal solubility and reduce metal rhobility and
transport. | |

Additions of phosphate or having sufﬁcieht soil P status have proven to be
extremely effective for reducing metal solubility. Ruby et al. (1994) indicated that
adequate soil phosphate was responsible formation of insolﬁble complexes and
the reduction in potential Pb. Experiménts involving treatment of metal
contaminated soils with rock phosphates (apatite and hydroxyapatite) have
shown that formation of metal-phosphate precipitates and minerals reduced
heavy metal éolubility. [nsoluble and geochemically stable lead pyromorphites
such as hydroxypyromofphite [Pbs(PO4)30OH] and chloropyromorphite
[Pbs(PO4)sCl] have been found to control Pb solubility in apatite amended
contaminated soils (Chen et al., 1997; Eighmy et al., 1997; Laperche et al., 1996;
Ma et al., 1993; Ma et al.,1995; Ma and Rao, 1997; Zhang and Ryan, 1999). In
" addition to reducing metal solubility, phosphate amendments are also effective at

reducing metal bioavailability associated with incidental ingestion of soil by



humans (Lambert et al., 1994; Zhang and Ryan, 1898). Rock phosphate
treatments are also effective for reducing plant bioavailability of heavy metals
(Basta and Gradwohl,‘ 1998; Chlopecka and Adriand, 1996; Laperche et al.,
1997). Although apatite treatments are effective for reducing metal solubility and
bioavailability, more research is needed on its effectivenéss for reducing the
mobility and transport of heavy metals éuch as Cd, Pb, ahd Zn.

Other research has shown that phospha.te sourcés with higher solubility
than rock phosphate (i.e. phosphate saits) could be used to increase the
efficiency of lead pyromorphite formation (Cooper et al., 1998; Hettiarachchi et
al., 1997; Ma ef al., 1993; P_ierzy_n’ski a-nd S‘chwaﬁb,v_1993). Ma ahd Rao (1997)
suggested that P sources with hvigh'e‘r sOIUbv’iIitv’y could be mixed with rock
phosphate to increase the effectiveneés of lead immobilization in contaminated
soils. Soluble phosphate has been shown to reduce Cd and Pb solubility
(Santillian-Medrano and Jurinak,'1975). Other soluble phosphates have been
shown to induce the formation of heavy metal phosphate precipitates. Materials
such as Na;HPO, (Cotter-Howells and Capron, 1996) and pyrophosphate (Xiev
and MacKenzie, 1990) are highly effective for forming précipitates and increasing
sorption Pb and Zn. Another soluble phosphate sdurce, diammonium phosphate
[(NH4)2HPO4] (DAP), currently represents roughly 70% of the total US production
of phosphate fertilizer products (US Dept.‘o‘f Commerce, 1998). Research with
DAP as a chemical immobilization treatment has shown decreased Cd solubility

-in soil cadmium suspensions (Levi-Minzi and Petruzzelli, 1984). A contrasting

research result showed that DAP decreased soil pH via nitrification and was



therefore ineffective for reducing metal solubility in agricultural soils (Pierzynski
and Schwab, 1993). Of the soluble P sources, commercial fertilize_rs and sodium
phosphates are the most readily available materials in large quantities that may
be needed for remediaﬁon of contaminated sites.

Most studies investigating chemical ihmobilizatibn treatments have
focused on reducing bioavailability‘(i.e. pléﬁts, gastrointestinal), solubility, or
extractability (i.e. sequential extractions). Additional information is needed on the
effect of chemical treatments for reducing the mobility and transport of Cd, Pb,
and Zn. The objective of this study was to evaluate and compare the ability of
agricultural limestone, rock phosphate, and diammonium_ phosphate treatments

to reduce heavy metal solubility and transport in a smelter contaminated soil.
MATERIALS AND METHODS

Surface soil (<20cm) with elévated reéidual concentrations of Cd, Pb, Zn,
and As was collected from an inopérative smelter site in Northéastern Oklahoma.
Soll was air-dried and sieved (<2mm) prior to use. Collected soils had recently
been treated with coérse Iiméstone. The soil exhibited effervescence Wifh -
addition of 1M HCI ind.icating the presence of free carbonates. Soil pH (1:1,
soil:water) was determined by Qombination electrode. Particle size analysis was
determined using the hydrometer method (Gee and Bauder,' 1986). Total‘ metal
contamination in the soil was determined by X-ray fluorescence (Karathanasis

and Hajek, 1996). The contaminated soil was also tested to determine its



hazardous waste disposal status using the Toxicity Characteristic Leaching
Procedure (TCLP, SW-846 Method 1311) (U.S. EPA, 1986). Furthermore, the
soil was extracted with 0.5M Ca(Nog)z at a 1:20 soil:solution ratio for 16 hours to
_estimate potential bioavailability (Basta and Gradwohl, 2000).

Three chemical treatment materials were evaluated for reducing the
solubility and transport of Cd, Pb, and}-Zvn: agricultural limestone (AL) (104%
effective calcium carbonate equivalveht “(ECCE) as CaCO3), mineral rock
phosphate (RP) 7(1.2.4% P - carb‘onated fluorapatite North Caroliné source - size
40 mesh), and reagent grade diémmonium phosphate (DAP 23% P)
[(NH4)2HPO,4]. Treatments were: check soilv with nc chemicals added, 10 g DAP
kg™ (2300 mg P kg™), 90 g DAP kg (20700 mg P kg™"), 60 g RP kg, 180 g RP
kg™, and 170 g AL kg™ mixed thoroughly with the with soil. An additional
treatment included 180 g RP kg'1’, layered in the transpoft column. Phosphate
amendments Were based on proViding a spéciﬁc P/ total metal (Miota)) molar
ratios. Total metal was defined as the sum of total Cd, Pb, and Zn determined by
XRF. This scheme was chosen because treatments were targeted to immobilize
the total of these metals in thc contaminated soil. A 3/5 P/Mtotal ratio corresponds
to the stoichiometric P/Pb ratio for chloropyromorphite [Pbs(PQO,)sCl] and has
been reported as the basis of hydroxy‘apatite.‘arv]d apaﬁté treatments to lead-
contaminated soils (Lapérche etal., 1996; Ma et al., 1993; Zhang et al., 1998;
Zhang and Ryan, 1999). The 180 g RP kg™’ treatment corrcspcnds to an
approximate 3/5 P/Mta ratio, and the 60 g RP kg".1 toa 1/5 P/Migtal ‘ratio. These

RP treatments were mixed thoroughly with the soil prior to repacking in the



transport columns. In addition to investigating RP treatments mixed with the
contaminated soil, a layered treatment of 180 g RP kg™ was also investigated to
simulate a reactive chemical barrier. This treatment involved layering RP on‘the
top of the column and pumping soil solutiqn'upwards through the contaminated
soil and then through the RP layer. With the low solubility of RP, the total applied
phosphate does not correspond directly with total P in solution. Because of the
high water solubility of DAP, the 3/5 P/Motas molar ratio of the 90 g DAP kg'1
(20700 mg P kg™") treatment supplies much more soluble phosphate per mass of
treatment than RP. A lower rate of 10 g DAP kg™ (2300 mg P kg™
corresponding to a 1/15 P/Mtotal ratio was also investigated. The agricultural
limestone treatment was based on the formation of metal-carbonate precipitates
with the form MCOQO3, where M = Miota @S préviously described. The actual rate of
170 g AL kg'1 was 1.5 times the stoichiometric amount needed to convert Mioa) to
metal-carbonate precipitates. All DAP and AL amendments were mixed
thoroughly with the soil prior to uniform repacking into acrylic transport columns.
Chemical immobilization treatments were evaluated using solute transport
experiments with repacked soil columns similar to methods described by Selim
and Amacher (1996) (Fig. 1); Column dimensions Wére 4 cm inside diameter by
7.5 or 10 cm in length. 1;eflon filters (0.45um, Micron Separations, Inc.,
Westboro, MA) were placed between the soil matrix and end caps on each end
of the column to preveﬁt loss of fines from the soil column. An additional filter of
the same type was placed between the soil matrix and the RP on the 180 g RP

kg™ layered treatment. Soils were saturated with type 1 reagent grade water



(>18.0 MQecm at 25°C) (ASTM, 1992) with continuous upward flow using a

piston pump (Fluid Metering, Inc., Syosset, New York) until saturation and
allowed to equilibrate for 48 hours prior to leaching. Eighmy et al. (1997)
indicated that 24 hours was sufficient for pseudo-equilibrium and solid phasé
precipitation of metél phos-phate compounds to occur with additions of soluble
phosphate to combustion residues. Our preliminary studies showed that a
‘steady state within the column was obtained_after 24 hours of pre-equilibration.
We selected a pre-equilibration period of 48 hours to ensure an equilibrated
system. After the equilibration period, a saturated upward flow regime was
resumed and soil solution fractions were cdl‘lected with a fraction collector (ISCO
Inc., Lincoln, Nebraska) through 60 pdre volumes. Column effluent was passed
through Teflon tubing and an in-line 0.45um filter before colleétion into glass test
tubés. Sample effluent pH was immediately analyzed after collection by
combination electrode. Effluent was then acidified With trace metal grade HNO3
(pH<2) (APHA, 1992) for metal analysis (Al, As, Ba, Ca, Cd, Cr, Cu, K, Fe, Mg,
Mn, Na, Ni, Pb, Zn) by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). Metal eluted in solution was normalized to
concentrations per 100 g of soil for comparison of treatments. Elution curves for
As, Cd, Pb, P, and Zn were plotted for each column experiment. Numeric
integration of metal mass eluted (through 60 pore volumes) per mass of soil was
calculated and Darcy flux (q), and soil bulk density (ps) were determined.
Following each metal elution experiment, 50 mg Br L™ solution was

introduced as a conservative tracer to investigate the possibility of transport

10



related non-equilibrium. The tracer solution was introduced as a continuous flow
until complete breakthrough was obtained. Collebted effluent fractions were
analyzed for Br by ion chromatogréphy. Bromide tracer breakthrough curves
were also plotted and fitted using the model COLLYJMN 1.4 (Brown et al., 1996) to
examine the flow regime and determine the potential for transport related non-
equilibrium. |

Chemical analyses were performed USing calibration curves determined
from standards prepared from gertified stock solutions. Sample blanks were
analyzed to determine any matrix effécts, which allowed for correction of
instrument response. Trace metal control standa'rds‘ wéré used to assess
instrument precision and accuracy. Limits of detection (LOD) were determined
from the summation of three standard deviations (3c) of the instrument response
for seven repeated analyses of a sample blank_solut‘ion. Practical quantitative
limits (PQL) of detection were set at ten times the LOD '(APHA, 1992). Solution

concentrations below the PQL were assigned the value of zero in data analysis.
RESULTS AND DISCUSSION

Soil Properties and Contaminants

The contaminated soil was a sandy loam with 67% sand, 29% silt, and 4%
clay with a soil pH of 6.8. Thé total levels of metal contamination in the soil as
determined by X-ray fluorescence (XRF) and TCLP extractable levels are

reported in Table 1. Total Cd, Pb, and Zn in the soil are well above background

11



soil concentrations (Holmgren et al., 1993). TCLP extractable Cd and Pb exceed
regulatory levels indicating the soil qualifies as a hazardous material that requires
remediation and disposal in a hazardous waste facility. The high amounts of Cd,
Pb, and Zn extracted with 0.5M Ca(NOs)» indica_te a large pdrtion of the total
heavy metals in the soil is potenﬁally bioavailable (Table 1) (Basta and Gradwohl,
2000). Total elemental content for each element in g kg'ﬁ1 (in parentheses) were:
Si (193), Al (38), Ca (24), Mg (2.5),V'K (6.1), Fe (47), Mn (1.9), Ti (3.2), P (0.39),
and Cr (0.27). As indicated by the Si to Fe ratio, the collected material exhibits
chemical properties of soil and not an iron-based smelting waste. Saturated
paste extractions were used to determine soluble anions and EC. Soluble anions
in mg L™ (in parenthesis) were: Cl (26.6), SO4' (1556.6), and NO; (21.7). Soil EC

was 2.15dS m™.

Contaminant Transport

Solution pH values varied only 0.2 units ranging from 6.8 to 7.2
throughout the duration of all column elution experiments. Solution calcium
eluted over the course of all experiments was in excess of 0.005 M Ca (200 mg
Ca L'1). indicating a well buffered system from the prior limestone amendments to
the soil. Because soil solutions were well buffered with Ca, the exclusion of
additional background electrolytes from the eluting solution likely had no adverse
effect on soil strucfure or aggregate sfability during leaching. The experiment

values for bulk density, Darcy flux, and pore volume are given in Table 2. Soil

12



bulk densities (pg) in the repacked columns ranged between 1.26 and 1.38 g cm™
and Darcy flux between 1.70 to 4.88 cm hr™".

Bromide breakthrough curves for all columns were sigmoid shaped and
showed no apparent tailing, indicating hdmogenous packing and well-satisfied
boundary‘conditions. Breakthroughs c}ur‘vves showed behavior representative of a
conservative tracer in borous media and conformed to the assumption of local
equilibrium with r? values above 0.99 for all fitted curves (daté n'otrshown). These
results indicate that transport-related non-equilibrium was not a factor in any of
the experiments. | |

Plotted elution curves for Cd (Fig. 2), Pb (Fig. 3), and Zn (Fig. 4) illustrate |
the differences in release and transpoft of he'avy metals for eac;h of the
amendménts. Numerical integration of observed solution Cd, Pb, and Zn eluted
through 60 pore volumes allows for Qirect comparison of treatmehts for reducing

the total mass metal transported (Table 3).

Rock Phosphate Treatment

Layered RP at 180 g kg™ showed 99.9% reduction in Pb eluted compared
with the untreated ch‘éck‘, bu‘t was not as effective for reducing Cd and Zn elution
(<25% reduction in total Cd éndv Zn) (Table 3). Mixed RP‘:treatments proved to
be somewhat ineffective for reducing Cd, Pb, and Zn leached,from the
contaminated soil, with high percentages of (#73%) of total metéls eluted in
comparison to the untreated soil (Table 3). Phosphorus was not detected in

effluent from any of the RP treated soils. Overall, metal elution curves for all RP

13



treatments, with the exception of the 180 g’ RP kg™ layered treatment and Pb
elution, closely followed the untreated soil metal elution curve but at slightly lower
concentrations (Figs 2-4). The improved efficiency of the layered RP treatment
over the mixed treatment could be due to a greater effective surface area and
increased contact time of soil solution that allows for the immobilization of Pb

within the RP matrix.

Limestone Treatment

The agricultural limestone treatment>wasmoderately effective} at reducing
Cd and Pb elution but was} ‘m.uch less effective for reducing the cumulative mass
of metals eluted form_the soil. Thev AL treétmvent increased soil effluent pH from
- 6.8to 7.2. This small increase in pH had only modest effects on metal }solubility
and thus did not show a pronounced reduction in metal release and transport
from the contaminated soil. 'Although'moderétely effective for reducing Cd (45%) ‘
and Pb (54.8%) over the untreated check, AL was a poor performer for removing

Zn from solution (Table 3).

Diammonium Phosphate Treatment

Amendments of DAP were effective for decreasing the metal eluted from
the contaminated soil. Both DAP treatments decreased the amounts of Cd
eluted from the contaminated soil (ng. 2). Fér the 90 g DAP kg'1}treatment,
solution Cd fell below the instrument PQL (6 pg L) at 4 pore volumes and

remained below measurable limits through 60 pore volumes. Compared with the

14



untreated soil, only 5.4% and 8.1% of the total Cd was eluted from 10 and 90 g
DAP kg™ treatments, respectively (Table 3). DAP also decreased the amounts of
Pb eluted (Fig. 3) with only 1.1% of the total eluted from the control soil for the 10
g DAP kg™ treatment (Table 3). Furthermore, eluted Pb in solution was reduced
below the instrument PQL (70 pg L") after 2.5 pore vqumee for the 90 g DAP kg
' and after 3.2 pore volumes for the 10 g DAP kg™ treatments. Eluted Zn was
also reduced by addition of DAP (Fig'.v 4), with Zn in solution falling below the
PQL (15 ug L) after 4.6 pore volumes for the 90 g DAP kg treatment.

However, total reduction of Zn based on the untreated soil was far greater (4.2%) -
for the 10 g DAP kg™ treatment than for the 90 g DAP kg'1 treatment (24.7%).

Application of DAP released large a‘r'no‘unt's ‘of As from the contaminated
soil (Fig. 5). Increasing DAP from 10 to 90 g kg™ elevated the total As eluted
from 0.13 to 29.5 mg kg™ over 60 pore volumes (Table 3), with As concentrations
in solution as high as 147 mg As L™ Phosphete additions increased As elution
apparently by phosphate-arsenate Iigand exchange. Peryea and Kammereck
(1997) and Peryea (1991) reported similar phosphate induced release and
transport of As when P was added to orchard soils spiked or contaminated with
lead avrsenate.

Elution curves of Cd, Pb, and Zn from the 90 g DAP kg™ treatment all
exhibited higher initial concentrations then the 10 g DAP kg'1 treatment, but then
quickly decreased to solution concentrations below instrument detection. For the_
90 g DAP kg™ treatment, solution collected from the first 5 to 7 pore volumes of

elution was dark colored at early times and faded to clear after approximately 10

15



pore volumes. The coloration of effluent fractions was unique to this treatment
and may have indicated the formatioh of metal-organic complexes in this soil
system. Phosphate compounds have long been USe_d in extraction of soil organic
matter for characterization (Swift, 1996). The high amounts of phosphate added
could have allowed the formation of highly soluble and mobile metal-organic-
phosphate complexes. In addition to the potential of complex formation, the
Darcy flux for the 90 g DAP kg'1 treatment was 2-times greater than for the 10 g
DAP kg™ treatment. This higher flux coUld have further contribufed to the
chemical disequilibration in the system at early elution times and increased the

solution concentration of heavy metéls available for transport. -

Phosphate Elution

Large additions of P to the contaminated soil may in¢rease the risk of
eutrophication to phosphate-limited surface water bodies. Phosphorus elution
curves for the DAP amended column experimehts are shown in Figure 6. As P
application increased, the mass of P eluted from the treated soil éolumns
increased. Total phosphorus eluted ‘from the DAP treatments through 60 pore
volumes was 2.31 mg for the 10 mg DAP kg™ treatment and 335 mg for the 90
mg DAP kg™ (Table 2). The summation of total P eluted from the 10 hg DAP kg™
! treatment corresponds to < 1% ofthe.total P added to the system; however, P.
eluted from the 90 mg DAP kg’ represents 10.5% of the totall P added. The low
percentage of total P eluted from the 10 mg DAP kg™ treatment indicates an |

adequate pre-equilibration period for sorption and/or precipitation to occur. As

16



previously indicated, excessive As was released with the 90 mg DAP kg™
treatment which may have contributed to chemical non-equilibrium of hea\(y
metals with this treatment. Additions of soluble phosphate >10 mg DAP kg™
(>2300 mg P kg™) have limited potential for improving reduction 6f eluted heavy
metals from this soil and will likely increase eluted P and As. Soluble phosphate

was not detected in the RP and AL treated experiments.

| Effects of Chemical Treatments on Soil pH

Ammoniu‘m-based fertilizers can result in soil acidification (}Spos‘ito, 1989).
Soil acidification from diammqhium phoéphate would ihcreaée solubility and
mobility of heavy metals in soils.- To inve‘s}t}igate the effect of cherﬁical tréatments
on soil acidification,vamended soils were incubated at 0.22 % volumetric water
contenf at 30° C for 6 months. Soil pH Was. monitored periodically using a 1:1 |
soil:water ratio and a combinatioh} pH‘ electrode. For the DAP amended soils, soil
pH values decreased from 7.1 to 6.5 after 2 months and then remained constant.
The presence of free carbonates in the coarse limestone that was previously
added to the soil (in the field) likely buffered the system. Other researchers have
used liming materials}éldng with solublé phosphaté, treafnients to buffer against
decreases in pH (Hettiaréchchi et al.; 1997, 1999; Brown et al., 1999) and many}
of the rock phosphate sources are carbonated‘for‘ms of apatite that have some
value as a liming méterials. As éxpected, ch'ange in soil 'pH with the AL and RP
treatments was negligible with pH values in the neutral (6.9-7.1) range after the

incubation period.
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SUMMARY AND CONCLUSIONS

Overall, the 10 g DAP kg’ application was the most effective for
immobilizing heavy metals eluted from the cohtaminate’d soil with only 5.4% of
Cd, 1.1% of Pb, and 4.2 % of the Zn elut‘ed when compared With the untreated

Asoil. Application of DAP released As from thé contaminated soil (via ligand
exchange) and increasing DAP from'1(_) tb 90 g kg™ elevated the total As eluted
from 0.13 to 29.5 mg kg™ over 60 pore volumes. Total phosphorus eluted from
the DAP treatmenfg (60 pore volumes) was 2.31 mg (< ‘1°/_o of the total added) for
the 10 mg DAP kg™ treatmént and 335 ‘mg. (10.5% of the total added) for the 90
mg DAP kg™ treatment. Layered RP at 180 g kg™ was the ‘most effective
treatment for reducing Pb transport with a 99.89% reduction over the untreated
control; however, DAP treat.ments Qutperformed this treétment for Cd and Zn
elution. Mixed RP at both treatments investigated was mostly ineffective in
reducing Cd, Pb, and Zn elution from the contamin‘ated soil. Limestone, although

moderately effective for reducing Cd (45%) and Pb (54.8%) over the untreated

| check, was a poor performervfor removing Zn from solution (Fig. 7).

Chemical imm_obilizatfdh of h'eavy}metals using DAP provided the most
effective method of reducing métal solubility andmobility. DAP treatments not
only removed large ém_ounts of Pb from solution, but were also highly effective at
reducing Cd and Zn solubility and transport. Application échemes with' DAP must
be carefully planned to reduce As release and P elution, and co-application of |

liming materials with DAP may be necessary to offset potential soil acidification.
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Table 1. Total content, TCLP extractable, and 0.5M Ca(NO3), extractable Cd, Pb, As, and Zn for the smelter-
contaminated soil.

0.5M Ca(NOs),

Element Total Content T TCLP Extractable Extractable
———————— mg kg™ mg L’ (reg. limit 1) mg kg™
Cd 1090 _ 39.9+1.59 (1.0) 155.7+4.44
Pb 5150 21.0+0.58 (5.0) 12.3+.0.43
As 152 0.03 £0.002 (5.0) 0.25+0.02
Zn 69200 1171+ 32 (NA) 585.5+17.8

T Total content determined by XRF
T Specified by U.S. EPA Method 1311 (U.S. EPA, 1986)
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Table 2. Summary of transport parameters from untreated and amended soils.

Amendment Treatment Length Flux Pb VEIT: ';';e

g kg cm cm hr” gcm™ mL

Control - 7.5 1.70 1.31 39.4
DAP 10 7.5 2.43 1.29 40.1
DAP 90 10 4.84 1.26 54

AL 170 10 4.72 1.36 49.7

RP 180LT 10 4.88 1.36 49.9

RP 60 7.5 2.06 1.34 38.1

RP 180M% 7.5 2.46 1.38 36.5

1 = Layered treatment (L)
I = Mixed treatment (M)
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Table 3. Cumulative mass of As, Cd, Pb, Zn, and P collected from miscible displacement experiments and percent of
metal eluted from the untreated column (in parentheses) through 60 pore volumes of elution.

Treatment As Cd Pb Zn P .
mg kg™’ mg kg™’ ug kg™’ mg kg" mg

Control ND 149 (100) 460 (100) 108 (100) 0.52

DAP 10 0.13 0.8 (5.4) 52 (1.1) 45 (4.2) 2.31

DAP 90 29.5 1.2 (8.1) 447 (9.7) 247 (22.9) 335
AL 0 6.7 (45.0) 252 (54.8) 84.4 (78.1) -
RP 180L 0 7.0 (47.0) 0.5 (0.11) 81.6 (75.6) -
RP 60 0 12.7 (85.2) 418 (91.0) 94.1 (87.1) -
RP 180M 0 109 (73.2) 376 (81.7) 79.3 (73.4) -
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Figure 1. Schematic of solute transport apparatus.
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Figure 2. Cadmium elution curves for untreated and amended soils.
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Figure 3. Lead elution curves for untreated and amended soils.

28




No Treatment

DAP 10 g kg

DAP 90 g kg™

AL 170 g kg’

RP 180 g kg'1 Layered
RP 60 g kg

RP 180 g kg™ Mixed

QOOROOLONRX

1
| LI N

20 30
Pore Volumes (V/Vo)

Figure 4. Zinc elution curves for untreated and amended soils.
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Figure 5. Arsenic elution curves for untreated and DAP amended soils.
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Figure 6. Phosphate elution curves for untreated and DAP amended soils.
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Figure 7. Percent of total Cd, Pb, and Zn eluted through 60 pore volumes
from the amended soils based on totals from the control soil (100%).
DAP10 - dlammonlum phosphate 10 g kg DAPS90 - dlammonlum
phosphate 90 g kg ; AL - agrlcultural I|mestone 170 g kg RP180L -
rock phosphate 180 g kg layered; RP60 - rock phosphate 60 g kg™
mixed; RP180 - rock phosphate 180 g kg " mixed.
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CHAPTERII

DIAMMONIUM PHOSPHATE AMENDMENTS FOR REDUCING
HEAVY METAL SOLUBILITY AND TRANSPORT

IN SMELTER-CONTAMINATED SOILS
ABSTRACT

Phosphate treatménfs can reduce metal release and}'tfansport from
contaminated soils tovsafeguard natural resources; however, diammonium
phosphate (DAP) has received little;_res)earch‘ attention as a chemical
immobilization treatment. The objectives of this study were (i) to evaluate DAP
as a chemical immobilization treatment, (ii) to identify chemical processes
responsible for metal transport in DAP amended soils, and (iii) to investigate the
potential solids controlling metal solubility i‘n DAP amended soils.

Soil contaminated with Cd, Pb, Zn, and As was collected from a defunct
smelter site. DAP treatments of 460, 920, 23‘00 mg P kg'1, and an untreated
check were evaluated using solute transport'expériments. Increasvihg DAP
decreased the total amount of metal transported. Application of 2300 mg P kg™
was the most effective for immobilizing Cd, Pb, and Zn eluted from the

contaminated soil. Observed metal elution curves were fitted with a transport
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model for quantitative comparisons of retardation (R) and distribution coefficients
(Kg). Increased R-valueé with increased DAP treatment indicated slowed metal
breakthrough with increasing P application. Increased Ky values indicated slower
partitioning rateé of sorbed metal to mobile metval phases, and a decrease in
concentration of mobile metal species with increasing DAP treatment

Chemical speciation of equilibrated soil solutions revealed a decrease in
the total mass of highly mobile Cd, Pb, and Zn slpecies with DAP treatment.
Activity-ratio diagrams showed DAP shifted the mineral controlled solubility of
Cd, Pb, and Zﬁ td sparingly soluble metal-phosphate minerals. Chemical
immobilization treatments using DAP are efficient af reducing the solubility and

transport of Cd, Pb, and Zn in smelter contaminated soils.
INTRODUCTION

Extraction and processing of metal ores has contaminated soil and water
resources throughout the world with heavy metals. Highly contaminated land
- exposed to natural weathering processes has dispersed mefal contarhinants
beyond historic boundaries to éurrounding soils, streams; and groundwéter (Fuge
et al., 1993; Paulson, 1997). The redistribution of metal c;_ontaminants through
transport processes endangers the quality Qf waters used for hurhan
consumption and threatenvs‘the welfare of surrounding ecosysfems. Zinc is an
essential plant nutrient, but excessive soil concentrations are phytotoxic to most

plants (Adriano, 1986) and prevent the establishment of vegetation. Such barren
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sites result in increased redistribution of m_étal contaminants through wind and
water erosion (Dudka and Adriano,. 1997). A nutritionally essential metal,
ingestion of Zn by mammals in surplus of dietary needs is unlikely to cause
chronic health effects. Unlike Zn, other metalloids and metals including As, Cd,
and Pb are not essential nufrients and are toxic to mammals at elevated
concentrations. Ingestion of Cd and Pb through contaminated vegetation, water,
or indirect ingestion of soil can lead to renai dysfunction, carcinogenesis, loss of
‘Ca- in bone (ltai-Itai disease), chronic neuropathy, hypertension, and other
disorders (Goyer, 1996). Effects are more prono‘u‘nced in high-risk-individuals
(i.e. children and the elderly). |

Restoration of contaminated sites and the disposal of metal contaminated
soils and wastes is labor-intensive and expensive. Remediation technologies
based on the excavation and landfilling of metal contaminated soils and wastes
are highly effective at lowering risk to humans and the environment; however,
these methods are costly due to the high price of disposal in hazardous waste
landfills and the transport of waste and backfill soil. In-situ chemical
immobilization is a rémediation teshnique thét involves addition of chemicals to
contaminated soil to reducs the SOlubiIity' of metals thfoUgh fnetal sOrptidn and/or
precipitation. Decreased metal solubility and mobility will reduce heavy metal
transport from contaminated soils to surface a‘nd groundwater. Compared with
other remediation techniques, in-situ chemical immobilization is less expensive
than excavation and landfilling, and may provide a long-term remediation solution

through the formation of stable metal minerals and/or precipitates.
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Chemical immobilization research using phosphate addition has included
mineral apatite and synthetic hydroxyapatite materials. These materials have
proven to be effective at reducing the solubility and bioavailability of heavy
metals through the formation of metal-phosphate minerals (Chen etal, 1997'; Ma
et al., 1995; Ma and Rao, 1997). In addition to reducing metal solubility, rock
~phosphate amendments are also effective at reducing metal bioavailability
associated with ihcidental ingestion of soil by humans (Lambert ét al., 1994,
Zhang and Ryan, 1998) and associated with} plant phytotoxicity (Basta and
Gradwohl, 1998; Chlopecka and Adriano, 1996; Laperche et al., 1997). Although
apatite treatments afe effectiv}e for reducing metal solubility and bfoavailability,
research on metal mobility and travnspo'rt have proven it mostly ineffective for
reducing the release and transport»of Cd and Zn from contaminated soils
(McGowen, 2000).

Soluble sources of phosphate could provide an abundance of solution
phosphorus and increase the efficiency of metal-phosphate mineral formation
(Berti and Cunningham, 1997; Cooper et al., 1998; Hettiarachchi et al., 1997; Ma
et al., 1993). Metal-p.hosphate minerals were shown to control metal solubility in
soil suspensions When s_ol"uble phosphorus Was added (Santillian-Medraho and
Jurinak, 1975), and induéed ‘the‘formation of heavy metal phosphate precipitates
(Cotter-waells and Capron, 1996). Investigation of solﬁble. the ph‘osphaté
fertilizers, monoammc‘)ni'u‘m phosphate (MAP) and diammoniurh phosphate

(DAP), showed that that MAP decreased and DAP increased the amount of Cd
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fixed by the soil (Levi-Minzi and Petruzzelli,1984). Pierzynski and Schwab
(1993) found DAP ineffective for reducing metal bioavailability to soybeans.

Research efforts investigating chemical immobilization treatments have
focused on reducing the bioavailability (i.e. plants, gastrointestinal), solubility, or
extractability (i.e. sequéntial_ ext‘raction"'s) of metals; however, information is
needed on the effect of treatments for reducing the mobility and transport of Cd,
. Pb, and Zn. Extensive work has been done to model metal trénsport through soil
(Jurinak and Santillian-Medrano, 1974;‘Selim et al., 1990; Selim, 1992; Selim
and Amacher, 1996). Methods used for these studies involvedvthe addition of
metals to uncontaminated soilsusing batch equilibration»techniques‘ and addition
of pulses of metal in solution through fepacked L.lncontam‘inat_ed soils in miscible
displacement experiménts. | |

When investigating metal mobility in-.contaminated soils, most studies
describe changes in metal content With dépth (Scocért et al., 1983), model metal
transport observed in soil profiles (Cernik et al., 1994), report observed
distributions of metal in solution (Paulson, 1997), or endeavor to describe metal
mobility in soils using sequential extraction schemes (Li and Shuman, 1996).
Studies conducted on the release and transborf of metals from amended
contaminated soils are few. Jones et al. (1997) i_nve_stigated‘the transport of As
in contaminated mine tailings fqllowing liming. Peryea and Kammereck (1997)
investigat‘ed the release énd mbvement of As with additions of phosphate
fertilizers to arsenate-contaminated orchard soils. Although extremely insightful,

these studies did not apply transport models as part of their evaluations.
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Research on diammonium phosphate [(NH;),HPO4] (DAP) as a chemical
immobilization treatment has been minimal. DAP is a major source of P fertilizer
ahd currently represents approximately 70% of the total US production of
phosphate fertilizer products (US Dept. of Commerce, 1998). Commercially
available in large quantities, DAP could prove to be an economical (currently
US$250-275 per Mg)‘and effective metal immobilization treéﬁnent. Further
research is needed on the reduction of heavy fhetal solubility, mobility, and
transport in DAP amended smelter-cohtaminated soils.

The objectives of this_study were (i) fo evaluaté the effectiveness of DAP
as a chemical immobilization treatment to reduce heavy metal solubility and
transport in a smelter contaminated sbi'l, ‘(ii) to identify chemical processes
responsible for metal transport in DAP amended soils, and (iii) to investigate the

potential solids controlling metal solubility in DAP amended soils.
MATERIALS AND METHODS

Surface soil (<20 cm) with elevated residual concentrations of Cd, Pb, Zn,
and As‘was collected at an inoperative smelter site in Northeastern }Oklahomav
from an area that had recently been treated with coarse limestone. Soil was air-
dried and sieved (<2mm) prior to use. The soil exhibited effervesce_nce with
addition of 1M HCL indicating the presénce of freé carbonates. Soil pH (1:1,
soil:water) was determined by combination electrode. Particle size analysis was

determined using the hydrometer method (Gee and Bauder, 1986). Total metal
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contamination in the soil was determined by X-ray fluorescence (XRF)
(Karathanasis and Hajek, 1996). The contaminated soil was also tested to
determine its hazardous waste disposal status using the Toxicity Characteristic
Leaching Procedure (TCLP, SW-846 Method 1311) (U.S. EPA, 1986).
Furthermore, the soil wés extracted with 0.5M Ca(N03)2 (1:20 soil:solution) for 16
hours (Basta and Gradeo‘hl, 2000) to esfimaté potential metal bioavailability.

Diammonium phosphate treatments Weré evaluated using solute transport
experiments with repacked soil columns similar‘td' methods described by Selim
and Amacher (1996). Reagent grade diamm’_on‘iu'm phosphate, (NH4).HPO4 (23
%P), was added as an arﬁendment to the _covnt}aminated soils based on the total
moilarity of Cd, Pb, and Zn metal in the soil. Phospyhate amendments were based
on preliminary experiments (McGowen, 2000) that included a 3/5 P/Mqa molar
ratio treatment (Mo = £ of total Cd, Pb, and Zn determined by XRF). The 3/5
ratio corresponds to the stoichiometric P/Pb ratio of chloropyromorphite
[Pbs(PO4)sCl] and has been reported as the basis of hydfoxyapatite and apatite
treatments to lead-contaminated soils (Zhang and Ryan, 1999; Ma et al.,1993;
Laperche et al., 1996; Zhang et al., 1998). Because DAP supplies much more
soluble phospﬁate than apatites, lower rates were.éelected for this study and the
3/5 P/Miota treatment was omitted due to)high P (335 mg P) and As (29.5 mg As
kg™") released through 60 pore volumes of eIutioh (McGowén,‘ 2000). DAP was
added to the soil at 460, 920, and 2300 mg P kg™'. These treatments correspond
to approximate P/M, ratios of 1/74, 1/37, and 1/15 respectively. Phosphate

amendments were mixed thoroughly with the soil prior to uniform repacking into
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acrylic transport columns (Fig. 1). Teflon filters (0.45um) were placed between

the soil matrix and end caps on each end of the column to prevent loss of fines
from the soil column. Column dimensions were 4 cm inside diameter by 7.5 cm
in length. Soils were saturated with fype 1 reagént grade water (>18.0 MQecm at
25°C) (ASTM, 1992) with continuous upward flow using a piston pump (Fluid
Metering, Inc., Syosset, New York) u‘ﬁtil saturation and allowed to equilibrate for -
48 hours prior to further leaching. Aftér the.equilibration period, a éaturated flow
regime was resufﬁed and soil solution fractions were collected with a fraction
collector (ISCO Inc., Lincoln, Nebréska)‘th}mugh 60 pore voilumes.' Column
effluent was passed thrqugh Teflon tubing and an in-line 0.45um filter before
collection into glass tesf tubes. Sample effluent pH and anion concentra"cions (F,
Cl, Br, NOz, PO4, and SO,) were immediately analyzed ’aftevr‘ collection by
combination electrode and ion chromatography. Re'maining; effluent was
acidified with trace metal grade HNO3 (pH<2) (APHA, 1992) for metal analysis
(Al, As, Ba, Ca, Cd, Cr, Cu, K, Fe, Mg, Mn, Na, Ni, Pb, Zn) by Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES).
Chemical analyses were performed using calibration curves determined
from standardé prepared from certified stock solutioﬁs. Sample blanks Were
- analyzed to determine any matrix effects, which allowed for correction of
instru'ment response. Trace metal control stan'darvdsvwerfeb used to assess

instrument precision and accuracy. Limits of detection (LOD) were determined

from the summation of three standard deviations (3c) of the instrument response -

for seven repeated analyses of a sample blank solution. Practical quantitative
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limits (PQL) of detection were set at ten times the LOD (APHA, 1992). Solution
concentrations below the PQL were assigned the value of zero in data analysis.
Elution curves for As, Cd, Pb, P, and Zn were plotted for each column
experiment. Metal eluted in solution was ’normalized tq concentrations per 100 g
of soil for comparison of treatments. Numeric integration of metal mass eluted
(through 60 pore volumeé) per mass of soil was calculated. Darcy flux (q), soil
bulk density (pp), and volumetric watef content‘were determined. Observed
rhetal breakthrough curves were fitted using “the transport model COLUMN 1.4
(Brown et al., 1996) and retardation (R), was determined. When rhetal '
concentrations in solution fell below the detecfion limit of the ihstrdment, a
minimum R for the metal species was eétimated using the instrument PQL and

the empirical calculation indicated with equation [1].
R=Mr/PQLe0 [1]

Where My is the total mass of eluted metal species per volume of media leached,
PQL is the practical quanvtitative limit of the metal species, and 6 is‘the volumetric
water content of the transport apparatus (See Appendix 1 for derivation).‘
Distribution coefficients (Kq) were determined from the .fitted and estimated

retardation values using equation [2]. |

Kq = (R-1)0 / pp : [2]

Where 6 is the volumetric water content and py, is the bulk density.
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Following each metal elution experiment, 50 mg Br L™ tracer solution was
introduced as a conservative tracer to define flow parameters and investigate the
possibility of transport related non-equilibrium. The tracer solution was -
introduced as a continuous flow until complete breakthrough was obtained.
Collected effluent fractions' were analyzed for Br' by ion chromatography.
Bromide tracer breakthrough curves were also plotted and fitted using the model
COLUMN 1.4 to determine retardation (R) and dispersion Coefficients (D).

Preliminary studies showed thet metels within the t'ransport apparatus
reached steady state after 24 hours of pre-equilibration. We selected a pre-
equilibration period of 48 hours to ensure t'he first solution f,racti:on eluted was an
accurate representation of the soil solution in-an equilibrated soill system}
Because the soil within each column was saturated and equilibrated for 48 hours
prior to leaching, the first solution: eluted is an adequate representation of the soil
solution at equilibrium. Eighmy et al. (199‘}7‘)"indicated that 24 hours was sufficient
for pseudo-equilibrium and solid phase precipitation of metal phosphate
compounds to occur with additions of soluble phosphate to combustion residues.

Chemical analyses obtained from the first fraction samples were input into
the chemical equilibrium speciationmodel MINTEQA2 (Allison et. 'al, 1'991) to
predict species activity in solution. To investigate the potential formation of metal
phosphate precipitates or minerals formed from the immobilization treatments,
activity-ratio diagrams were constructed (Sposito, 1994). Graphical methods
such as activity-ratio diagrams can be used to describe and qualitatively interpret

mineral solubility data to determine potential minerals controlling metal solubility
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and their relative solubility with respect to other minerals. Dissolution equilibria of
probable minerals controlling metals solubility and transport in contaminated soils -
were used to construct the diagrams. Chemical spegiation data obtained from

the first fraction .of each column effluent were plotted on the diagrams to identify

minerals potentially controlling heavy metal solubility.
RESULTS AND DISCUSSION

Soil Properties énd Contaminénts

Selected soil propertiés and Ie\/els of metai contamination in the soil as
determined by X-ray fluorescence (XRF), TCLP eXtractabIe, and 0.5M Ca(NQOs3),
extractable are reported in Table 1. Total Cd, Pb, and Zn in the soil are well
above background soil concentrations (Holmgrenet- al., 1993). _TCLP extractable
Cd and Pb exceeded regulatory Ievéls‘indicating the soil qualifies as a.hazardous
material and requires remediation and disposal at a hazardous waste facility.
The high amounts of Cb, Pb, and Zn extracted with O.5M Ca(NO3)2 indicate a
large portion of the total heavy metals in the soil is relatively soluble, potentially
bioavailablé, and fnobile (Basta and Gradwohl, 2000). ,T»o‘talvelemental content,
determined by XRF, for each element in g kg™ (in parentheses) were: Si (193), Al
(38), Ca (24), Mg (2.5), K (6.1), Fe (47), Mn (1.9), Ti (3.2), P (0.39), and Cr
(0.27). As indicated by the Si to Fe ratio, the collécted material exhibits chemical

properties of a soil material and not an iron-based smelting waste. Soluble
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anions (in parentheses) determined from saturated paste extract were: Cl (26.6

mg L), SO4 (1556.6 mg L), and NO5 (21.7 mg L™"). Soil EC was 2.15dS m™. |

Contaminant Transport

Typically, weak electrolytes‘ (0.01 to 0.001 M Ca) are included in the
eluting solution to maintain ionic strength and aggregate stability of the soll
‘system (Selim and Amacher, 1996). To accuratelly determine solution chemical
speciation and probable mivneral phases controlli’ng metal solubility, background
electrolytes were excluded from eluting s},oluvtio‘ns used in the metal transport
experiments. S‘oluble calcium concentrations in eluent'fracﬁons was in excess‘of
0.005 M Ca (200 mg Ca L™ through 60 pore Volumes for all experiments,
indicating a well-buffered system from the prior limestone amendments to the
soil. With the Ca concentrations measured in solution in excess 0.005M Ca over
the duration of all experiments, fhe exclu‘sion of additional background
electrolytes probably did not adversely effect soil structure or aggregate stability.
Solution pH _valués varied only +0.2 units ranging from 6.8 to 7.2 throughout the
duration of all column elution experiments.

Plots of metal éluﬁon curves show that DAP amendments decreased the
metal eluted from the cont'amina‘ted soil. | Increasing Pvadditions incrementally‘
decreased the amou‘nts of Cd eluted from the contaminated soil (Fig. 2).
Similarly, P additiohs decreased the amounts of Pb eluted; however, treatmentsv
of 920 and 2300 mg P kg™ displayed similar Pb elution curves (Fig. 3). Likewise,

P addition reduced the amount of Zn eluted, but only slight differences were

44



observed for the Zn elution curves from the P amended soils (Fig. 4). Numerical
integration (through 60 pore volumes) of observed solution Cd, Pb, and Zn eluted
(symboils in Figs. 2-4) indicated increasing DAP application decreased the total
amount of métal transported (Table 2). The mixture of DAP with the
contaminated soil at 460 mg P kg'1 decreased the Cd and Pb transported by
roughly half and also produced a 19-fold decrease in the amount of Zn
transported (Table 2). A concomitant décrease in Cd and Pb transported was
realized with the 920 mg P kg™ application, but little difference in Zn elution was
shown by increasing applied P. Increaéing the DAP application from 920 to 2300
mg P kg’ further reduced Cd and Pb eluted but also increased As eluted from
0.003 to 0.13 mg kg™ over 60 pore yOIumes. Phosphate édditions ihcreased As
elution apparently due to phosphate-arsenate ligand exchange. Peryea (1991)
and Peryea and Kammereck (1997) reported similar phosphate }induced release
and transport of As when P was added to Orchafd soils spiked or contaminated
with lead arsenate. Only slight increases in total As eluted wjth P added were
observed in treatments < 2300 mg P kg™'. Furthermore, the 2300 mg P kg™
application showed little improvement for further reducing Zn elution over the 460
mg P kg'' treatment. Overall, the 2300 mg P kg™ application was the most
effective for immobilizing heavy metals eluted from the contaminated soil with
only 5.4% of Cd, 1.1% of Pb, and 4.2 % of the Zn eluted when compared with the |
untreated soil (Table 2).

Large additions of P to the contaminated soil may increase the risk of

eutrophication to sensitive surface water bodies. Phosphorus elution curves for
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all column experiments are shown in Figure 5. As P application increased, the
mass of P eluted from the treated soil columns increased. Total phosphorus
eluted from the DAP treatments through 60 pore volumes was 0.32, 0.78, and
2.31 mg for the 460, 920, 2300 mg P’kg‘1 treatments, respectively (Table 2).
These summations of total P eluted correspond to < 1% of the total P added to
each of the repacked soil columns. Furthermore, the low 'percentages of total P
eluted indicate an adequate pre-equilibfation.period for sorpﬁOh and/or
precipitation to occur. | |

Model—fifted elution c}urves for Cd, Pb, and Zn are show’n‘ as solid lines in
Figs. 2-4. Experiment parameters (bulk density,,DarCy flux, énd water content),
best-fit retardation (R), and calculated distribution coefficients (Kq) are given in
Table 3. Soil bulk densities (pg) in the repacked columns ranged between 1.26
and 1.31 g cm®and Darcy flux between 1.70 to 2.43 cm hr”'. Fitted metal elution
curves for most treatments had r* >0.9 and were well described by tHe COLUMN |
model. Elution of Pb from the 920 and 2300 mg P kg™ treatments resulted in
only a few fractions with concentrations above detection limits; therefore, these
datasets were not fi’tted with the model.

Model-fitted metal elution curves showed increasing ret'ard'at}i'on (R)A with
increasing P application (Table 3). Retardation factors increased by
‘approximately 2-fold fc_>___r Cd and 6-fold for Zn between the untreated soil and the
2300 mg P kg™ treétmenté. Lead retardation factors.inéreased approximately 3.5
fold with the addition of 460 mg P kg™'. These increases in R with added DAP

indicate that metal breakthrough is slowed by increasing P applications.

46



Accordingly, distribution coefficients calculated for each metal indicate slower
rates of metal partitioning from sorbed/precipitated phaseé to mobile phases, with
rates that decrease with corresponding increases in DAP treatment. Calculated
distribution coefficients increased frqm 40t09.0L kg'1 for Cd, from 2.9t0 10.8 L
kg™ for Pb, and from 2.5to 17.1 L kg™ for Zn (Téble 3).

Lead elution from the 920 and 2300 mg P kg™ treatments resulted in only
a few fneasured sarhples above the PQL. For these Pb eIutionvcurves the
calculated minimum R does not follow the trend of increasing retérdatio’n values
(and increasing Kq) with increased applied P (Table 3). This could be due to the
variability of Pb c‘oncentrations measured (above the PQL) in the samples that
were used to make the estimations for minimum Pb retardation.

With the exception of the two estimated values for Pb, model-fit R and
calculated Ky values increased with increasing P treatment. In general,
increased retardation (R) values ind'iCa"te s‘lowed’ métal movemént through the
soil column (Fetter, 1993). This condition concurs with the di‘minished total metal
transported through the column with increasing P a'pplication. By definition,
distribution coefficients (Ky) relate the ratio of mass of solute sorbed on soil to the
concentration of solute in solution at equilibrium with the mass of sblute sorbed
on soil (Fetter, 1993). Using this definition, increasing Kq yalues indicate
increased solute sorbed onto soil and less solute in solution. Therefore,
increases in calculated distribution coefficients (Kg) indicate slower partitioning
rates of sorbed (or precipitated) metal to mobile metal phases and an overall

decrease in mobile metal available for transport.
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Bromide breakthrough curves for all columns were sigmoid shaped and
showed no apparent tailing, indicating homogenous’ packing and well-satisfied
boun.da}ry conditions. Breakthrough curves showed behavior representative of a
conservative tracer in porous media and conformed to the assumpﬁon of local
equilibrium with r? val'ueé above 0.99 for all fits (Figure 6). These results indicate

that transport-related non-equilibrium was not a factor in any of the experimentsQ

Metal Speciation and Mobility

Solution speciation data wés"used to investigate the formation of ion pairs
and complexes in fhe amended soils. COmpIexatibn of dissolved lead, cadmium,
or zinc with other anions at smelter sites (i.e. Cl and SO,) that fesults in
uncharged or anionic chemical species may increase heavy métal mobility
(McLean and Bledsoe, 1992). Similarly, éhemical treafments that reduce
formation of anionic or uncharged dissolved metal chemical species can reduce
heavy metal mobility in contaminated soils. Because the formation of ‘me-tal—ion |
pairs influences metal mobility in soils, determining the form of metal in soil
solution can provide inference to potential leaching hazards. Assuming negative
charges dominate the soil surfat:es, low mobility species Were defined as cationic
species with +1 or +2 valence (M?*, MO_H*), and high mobility species were
defined as uncharged and/or anionic species with -1 or -2 valence [MSO,°,
M(SO.),%, etc.]. |

Chemical speciation of equilibrated soil solutions revealed an increase in

the percentage of high mobility metal species (anionic and uncharged species)
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with increased DAP treatment (Table 4). Phosphate addition could have
increased solution sulfate (through ligand exchange) and formed the MSO,° and
M(SO.):> complexes, increasing their percentage of the total species in solution.
The increase in highly mobile soluble species with phosphate addition appears to
indicate that DAP treatments may increase heavy metal mobility through soil. |
This would directly contradict results obtained from the metal elution curves.
However, closer inspection reveals that the concentration of high mobility species
decreased with increasing DAP treatment (Table 4). Although the percentage of
high mobility species is increased, the totaI concentration of high mobility species
in solution is decreased by increasing DAP treatm'ent. Species perCen‘tages are
relative to the total concentration in solution. When the perCentages of high
mobility species are multiplied by the total metal concentration, the total mass of
high mobility species is progreesively decreased with _DAP amendments.
Consequently, treatment of contaminated soil with DAP reduced the total mass of
anionic or uncharged dissolved metal chemical species in soi}ution and

decreased heavy metal mobility through the contaminated soil.

ProbabIeFMineraI Solid_Pnases and Metal Solubility

Chemical immobilization treatments decrease metal soiubiiity through the
formation of metal-phosphate precipitates and increase Iongfterm stability by
forming less soluble and more stable metal-phosphate minerals (Mench et al.,
1998). Long-term geochemical stability of the solid phases formed by chemical

immobilization must be evaluated to determine the potential long-term
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effectiveness of such treatments. Decreased partitibning rates, indicated by
| increased Ky values (Table 3), are likely due to the formatioh of metal phosphate
precipitates or minerals. Probable Cd, Pb, and Zn mineral phases invesﬁgated
using the geochemical speciation model MINTEQAZ2 (Allison et al., 1991) are
listed in Table 5. o
The Cd-H,;PO4 activity-ratio diagram (Fig. 6) indicates that octavite
(CdCO; log Ksp - -12.8) may control Cd solubility in soils without added P.
However, when P is added as DAP, the diégram suggests that cadmium
phosphate Cd3(PO4)2 (log Ksp = -38.1) becomes the mineral controlling Cd
solubvility. This in'dicates that DAP a'pplicétion shifted the mineral controlled
solubility of Cd from a relatively soluble Cd-éérbonate (octavite) to a sparingly -
soluble Cd-phosphate. | The much lower solubility product of Cd3(PQ4), implies
that a less soluble Cd solid phase is formed with addition of DAP. Other
research results have shown that Cd3(IPO4)2 can control Cd svol‘ubility in-
phosphate sufficient soils or soils amended with phosphate (Santillian-Medrano
. and Jurinak, 1975; Street‘ et al., 1977).

The Pb-H,POy activity ratio diagram (Fig. 8) indicates that anglesite
(PbSOy4 log Ksp = -7.79) m'ay control Pb solubility in soils without added P. With
the addition of P as>DAP,~the diagram implies that hydroxypyromorphite (log Ksp
= -76.8) becomes the mineral gon’trolling Pb solubility. _Sim'ilar.to the results
obtained for Cd, thris suggests that DAP shifted the mineral controlled solubility
from a relatively soluble PbSQO4 to the sparingly soluble Pb-hydroxypyromorphite.

Hydroxypyromorphite has been recognized as a mineral controlling Pb solubility
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in many soils amended with phosphate méterials. Other researchers have
verified the presence of hydroxypyromorphite in chemical immobilization studies
using solubility diagrams (Santillian-Medrano and Jurinak, 1975), and
spectroscopic instruments including XRD and SEM-EDX (Laperche et al., 1997;
Laperche et al,, 1996; Ma et al., 1993; Ruby et al., 1994; Cotter-Howells and
Capron, 1996). | |

From the activity-ratio diagram‘s for Zn minerals (Fig. 9), predicted
solubility of Zn was apparently controlled by the phosphate mineial hopeite
(Zn3(POy4)2*4H,0) in soils with ho added phosph.ate. For phosphate treatments
of 460 and 920 mg P kg™ the mineiél p,otentially controlling Zn solubility is Zn-
pyromorphite (log Kso =-63.1). Therefore, fu,rther reduction in metal solubility |
occurring with addition of DAP could be due to excess phospha:te precipitating
metal ions as metal phosphates. As \lvith Cd and Pb, the shifi from‘hopeite to Zn-
pyromorphite indicates that addition of shifted the mineral cont_rolled solubility of
Zn to a less soluble mineral phase. This would effectively reduce Zn
concentration in solution and reduce totalamounts available for transport. For
the 2300 mg P kg™ treatment, hopeite is the predicted mineral controlling Zn
solubility; however the solubility lines are converging near the values of H,PO, =
10™. With the close convergence of these solubility lines, Zn-pyromorphite couId’

possibly be the mineral controlling Zn solubility for this treatment as well.
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Effect of Diammonium Phosphate Addition on Soil pH

Application of ammonium-based fertilizers can potentially acidify the so>il
(Sposito, 1989). Reduction in soil pH from application of diammonium phosphate
would increase metal solubility and mobility. To investigate the effect of DAP on
soil acidification, soils were incubated at 0.22 % volumetric water content at 30°C
for 6 months. Soil pH' was monitored beriodically using a 1:1 soil:water ratio and
a combination pH electrode. Soil pH \)alues decreased from 7.1 to 6.5 after 2
months and then femained constant. The presence of free carbonates present in
the limed soil likely buffered the system pH and prevented acidification to pH <
6.5. Researchers‘investigating soluble»phosphates have often included liming
materials to buffer against drastic decreases in pH (Hettiarachchi et al., 1997,
1999; Brown et al., 1999). Additions of liming materials with soluble phosphate
chemical amendmenté are crucial for maintaining desirable pH and controlling

metal solubility.
SUMMARY AND CONCLUSIONS

Soluble phosphate as DAP provided effective immobilization of heavy
metals in a smelter contarhinatedisoil.,b The 2300 mg P kg™ application was the
most effective for immobilizing Cd, Pb, and Zn eluteq.-from,the contaminated soil
when compared with the untreated check. This tréatment coﬁésponds toa

P/Myotar ratio of 1/15, where Moo = Z total Cd, Pb, and Zn determined by XRF.

DAP treatments <2300 mg P kg™ had a similar effect on reducing metal transport
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but with lower efficiency. Model fitted metal elution curves showed increased
retardation factors (R) and distribution coefficients (Ky) with increased DAP
application. Increased R factors indicated slowed metal transport with DAP
treatment. Increased Ky values were likely due to the formation of metal
phosphate precipitates and/or increaséd sorption.

Chemical speciaﬁon of effluent fracﬁons indicated that the total mass of
highly mobile hea\)y metal species (anionic and/Qr uncharged) decreased with
DAP treatment. Chemical immobilization treétments reduced solubility and
mobility of heavy metal species in contaminated soils by forming less soluble
solid-phase minerals or mefal-phosphate p‘récipitates. Activity-ratio diagrams
showed DAP app]ication shifted the mineral controlied solubility of Cd from
CdCOs; to less soluble Cd3(PQOy).. Predibted minerals controlling Pb solubility
were shifted from PbSO4 to less soluble Pb-hydroxypyromorphite. Activity-ratio
diagrams predicted phosbhate minerals as controlling Zn solubility with and
without added P. However, treatment with DAP changed the probable solid
phases controlling Zn from hopeite to Zn-pyromorphite.

Chemical immobilization of heavy metals using DAP is an effective
method of reducing metal solubility and mobility. DAP is inex"pensive and
commercially ayailable in large quantities as a fertilizer. In-situ treatment with
DAP at the 2300 mg P kg™’ treatment corresponds to estimated material costs of
only US $2.5 m™ to 60 cm depth (assuming bulk dénsity of 1.4 g cm™) compared
with US $730 m™ to 60 cm depth for excavation and landfilling (Vangronsveld

and Cunningham, 1998). The optimum P/M;. ratio of 1/15 observed for this
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study soil may differ with varying concentrations of reactive metals in other
contaminated soils and wastes. Co-application of liming 'materials with DAP may

be necessary to offset potential soil acidification.
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APPENDIX A

Estimate of minimum retardation (R) from Practical Quantitative Limit (PQL).

R= 1+%—°-Kd [1]
Therefore :
0
Ky=R=1)— 2]
P
Also:
c .
Ka== . ¢ =K, ¢ 3]
M, =c’p, +cb [4]

substitute equation [3] into equation [4]
M; =K,-c-p, +cB [5]

substitute equation [2] into equation [5]

simplify
M; =c[(R-1)68 +8] [7]
rearrange
MT=c{(R-1>p3-pb+e} 6]
Mr=c 6 (R) [8]
M, oM
R=E§ or R~PQL-9 [9]

Key to terms

R = retardation

pp = bulk density

6 = volumetric water content

Kq = distribution coefficient

My = total mass of eluted metal species per volume of media leached

¢ = mass of solute adsorbed per dry weight of soil (total concentration in media)
¢ = concentration per aqueous volume (concentration of PQL)

60



19

Table 1. Selected soil properties and contaminant concentrations of the smelter-contaminated soil.

C°'|‘Et|2’r:2‘:t“” Total Content t TCLP Extractable °é’ﬂr§§§§§é’z
-------- mg kg™ mg L™ (reg. limit 1) mg kg™’
Cd 1090 39.9+1.59 (1.0) 155.7+4 .44
Pb 5150 21.0+0.58 (5.0) 12.3+.0.43
As 152 0.03+0.002 (5.0) 0.25+0.02
Zn 69200 1171+32 (NA) 585.5+17.8
Particle Size Fractions pH (1:1)
Sand (0.05t0 2.0 mm)  Silt (0.05 to 0.002 mm)  Clay (<0.002mm)
% 6.8

67 29 4

T Total content determined by XRF
T Specified by U.S. EPA Method 1311(U.S. EPA, 1986)
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Table 2. Cumulative masst of As, Cd, Pb, Zn, and P collected from miscible displacement experiments and percent of

metal eluted from the untreated column (in parentheses) through 60 pore volumes of elution.

P Treatment As Cd Pb Zn P
mg P kg™ mg kg™ mg kg™ ng kg™ mg kg™’ mg
0 ND 14.9 (100) 460 (100) 108 (100) ND
460 0.003 71 (47.7) 237 (51.4) 57 (5.3) 0.32
920 0.002 41 (27.5) 95 (2.1) 6.0 (5.6) 0.78
2300 0.13 08 (5.4) 52 (1.1) 45 (4.2) 2.31

T As, Cd, Pb, and Zn are expressed on a kg soil basis (mg kg'1); P expressed on mass basis (mg)
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Table 3. Summary of transport parameters, best-fit retardation (R), and calculated distribution coefficients (Kq) for Cd, Pb,

and Zn elution from untreated and DAP amended soils.

P Cd Pb Zn
Treatment -ength  Flux Pb 0 R Kgq r? R Kg r? R Kq r
mg P kg™ cm  cmhr' gem® % L kg™ L kg™ L kg™
0 7.5 1.70 1.31 0.38 14.8 40 0995 10.9 29 0992 95 2.5 0.993
460 7.5 210 1.29 0.39 16.7 47 0987 377 108 0.970 159 45 0.984
920 7.5 2.41 1.29 0.37 18.1 49 0993 582t 164 - 20.9 57 0.992
2300 7.5 2.43 1.29 0.38 314 9.0 0.923 30.6t 8.74 - 58.8 17.1 0.903

T Estimated from equation based on practical quantitative limit (PQL) of instrument method.
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Table 4. Soil solution Cd, Pb, and Zn speciation data from untreated and DAP amended soils.

Metal Spepies ' . High
P (% of total metal in solution) T % _L_ow % _H_lgh Total Mobility
Metal Treatment M2 MOH® MSO,° M(SO,).> Other Mobilityt Mobilityt Conc. Conc.
mg kg % mg L’ mg L’
0 54.6 - 38.0 5.5 1.9 54.6 43.5 7.2 3.1
cd 460 35.5 - 43.3 20.9 0.3 35.5 64.2 3.7 23
920 39.1 - 43.0 17.1 0.8 39.1 60.1 24 1.5
2300 22.4 - 36.5 38.8 23 224 75.3 1.0 0.78
0 445 4.8 454 41 1.2 49.3 49.5 0.20 0.10
460 29.0 25 52.3 156.9 0.3 31.5 68.2 0.17 0.12
Pb 920 30.1 8.4 48.9 12.3 0.3 38.5 61.2 0.11 0.06
2300 18.9 3.5 455 30.6 1.5 22.4 76.1 0.04 0.03
0 58.6 6.5 30.9 3.6 0.4 65.1 34.5 58 20
460 421 3.7 39.0 14.9 0.3 45.8 53.9 4.0 2.1
Zn 920 417 12.0 34.8 11.0 0.5 53.7 458 4.3 2.0
2300 27.9 5.2 34.5 29.2 3.2 33.1 63.7 4.4 2.0

t = % Low Mobility includes cationic metal species (M M)

+ T % High Mobility includes uncharged and anionic metal species (M° M'" M?)
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Table 5. Metal phosphate minerals and their solubility products.

Mineral Equilibrium Reaction Log Kep Source
Octavite CdCO; = Cd*' + CO5* -11.3 t
Cd(OH) Cd(OH), = Cd* + 20H" -14.7 T
Cadmium Phosphate Cd3s(POs4); = 3Cd* + 2P0 -38.1 t
Soil Cadmium Soil-Cd = Cd?* -7.00 I
Anglesite PbSO4 = Pb?* + SO.% -7.79 t
Lead Phosphate PbHPO, = Pb?" + HPO,* -11.43 §
Cerrusite PbCO3 = Pb%" COs* -12.8 1
Lead Hydroxypyromorphite Pbs(PO4)sOH = 5Pb**+3P0O>+0OH" -76.8 §
Lead Chloropyromorphite Pbs(PO4)sCl = 5Pb**+3P0O>+CI -84.4 #
Smithsonite (calamine) ZnCO; = Zn?* + CO* -9.9 Tt
Zincite ZnO+2H* = Zn?* + H,0 11.16 ¥
Hopeite Zn3(POy)204H,0 = 3Zn* + 2P0O,> + 4H,0 -35.4 1t
Zinc pyromorphite Zns(P0O4)s0H = 5Zn?**+3P0,>+0OH" -63.1 1t

T Jurinak and Santillian-Medrano, 1974; ¥ Lindsay, 1979; $ Nriagu, 1972;
T Santillian-Medrano and Jurinak, 1975; * Nriagu, 1973; T Nriagu, 1984; ¥ Kuo, 1986
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Figure 2.

No treatment
460 mg P kg™
920 mg P kg™
2300 mg P kg™

SOpDo
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Pore Volumes (V/Vo)

Observed (symbol) and fitted (line) cadmium elution curves for
untreated and DAP amended soils.
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Figure 3. Observed (symbol) and fitted (line) lead elution curves for untreated

and DAP amended soils.
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Figure 4. Observed (symbol) and fitted (line) zinc elution curves for untreated
and DAP amended soils.
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Figure 5. Phosphorus elution curves for untreated and DAP amended soils.
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Figure 6. Observed (symbol) and fitted (line) bromide breakthrough curves.
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Figure 7. Cadmium activity-ratio diagram with soil solution speciation data.
CdCO, line assumes CO,(g) = 10 >° M.
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Figure 8. Lead activity-ratio diagram with soil solution speciation data.
Solution Cl'=10*M, SO, = 10 "*M, and CO,(g) = 10 *° M.

73



Smithsonite
N
-3 - Zincite
® No treatment
. ® v 460 mg P kg
e B 920 mg P kg”
N -4 & 2300 mg P kg
o)}
o
-5 |
'6 T T T T T
-8 -7 -6 -5 -4 -3

log H,PO,

Figure 9. Zinc activity-ratio diagram with soil solution speciation data.
Assumes amorphous FeOH, controls Fe solubility,

CO,(g)=10">°M, and pH =7.
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