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ABSTRACT: Ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic

acid (NTA) were evaluated in column studies (each 0.1, 0.01, or 0.001 M) for

their ability to extract lead (Pb) and chromium (Cr) from contaminated soil

(Pb
tot
= 1300 mg/kg; Cr

tot
= 4940 mg/kg; pH = 10.3) collected at an abandoned

industrial facility. The EDTA was eluted at pH 3.0, 5.5 (ambient), and 10.0,

and the NTA at pH 3.0 and 11.1 (ambient). The efficiency of Pb and Cr solu-

bilization was influenced by solution pH and chelant-metal chemistry; the

EDTA, a hexadentate ligand, solubilized both metals more effectively than

did the quadridentate NTA. Lead and Cr removal increased with higher EDTA
concentrations; however, higher NTA concentrations did not remove signifi-

cantly greater amounts of Pb or Cr (P < 0.05). The 0. 1 M EDTA at pH 3.0 and

10.0 removed 86.5% and 87. 1% Pb after 200 pore volumes, respectively. The

0.1 M NTA (pH 3) recovered 29.5% soil Pb. The 0.1 M EDTA, pH 5.5, recov-

ered 40.9% soil Cr, and the 0. 1 M NTA at pH 1 1 . 1 removed 28.5%. The lower

Cr removal compared to that for Pb may be explained by the chemical forms

of each metal in the soil: 89.8% Cr occurs in residual forms, which are not

readily extractable except by exhaustive processes. In contrast, only 45.7%

Pb occurs in residual form. Initial flushing with 0.1 N HC1 followed by

chelant flushing did not significantly improve removal of either Pb or Cr. Pb

removal via soil flushing was equal or greater in effectiveness to that by ex-

situ processes.
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INTRODUCTION

Soils at numerous industrial sites are contaminated with heavy metals

(Richards, et a/., 1993; Cairney, 1987). Metal-rich sites pose potential hazards

to public health and the environment via contamination of groundwater and sur-

face water as well as through plant uptake.

The use of technologies which eliminate or reduce the hazardous charac-

teristics of waste is now being given greater priority over traditional contami-

nant removal methods, such as excavation followed by landfilling. Available

treatment technologies for remediating metal-contaminated soils include solid-

ification/immobilization processes, soil washing {ex-situ), and soil flushing

(in-situ).

Metals on weathered metalliferous sites occur in complex forms (Kabata-

Pendias and Pendias, 1992), and their mobility is controlled by several chemi-

cal and physical phenomena, including soil pH, soil type, cation exchange capacity.
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particle size, contaminant concentration, and the presence of organic and inor-

ganic compounds. Many of these factors are interdependent (Reed, etal, 1995).

Metal removal efficiencies during soil flushing depend not only on soil charac-

teristics but also on metal characteristics, extractant chemistry, and processing

conditions. Chelating agents, such as ethylenediaminetetraacetic acid (EDTA)

and nitrilotriacetic acid (NTA), bond with the metal to facilitate solubilization

in the extraction medium. The ability to form stable metal complexes makes

EDTA and NTA effective extractants for metal-contaminated soils (Davis and

Singh, 1995; Elliott and Brown, 1989; Cline, et al., 1993).

Chelants vary in effectiveness for Pb or Cr removal; the result is affected by

the presence of different solid forms of the metals in the soils, differences in

pH during extraction, and interference from other cations which complex with

the chelate (Elliott and Brown, 1989; Brown and Elliott, 1992; Tuin and Tels,

1990; Hsieh, et ah, 1989; Shirk and Farrel, 1985). The solid forms of Pb or Cr

present in a soil depend on the source of the contamination and also the extent

of redistribution of the metal in the soil following contamination. After Pb or Cr

is added to soil, they may be redistributed by the formation of secondary min-

eral precipitates, adsorption onto soil mineral particles, or by complexation with

soil organic matter (Heil, et al., 1996).

In certain situations, remediation via ex-situ processes may be difficult if a

site contains utilities or structures. Thus, an in-situ treatment process (i.e., forc-

ing an extractant through an intact soil to flush out metals) would alleviate some

of these problems. In general, in-situ technologies are able to treat large volumes

of soil more economically and more safely than ex-situ technologies because

there is no excavation (Reed, et al, 1995). However, little fundamental research

has been carried out on the in-situ flushing of metals (Davis and Singh, 1995).

Recent soil treatment studies have assessed remediation effectiveness of soils

spiked with soluble metal salts (Cline and Reed, 1995; Reed, et al, 1995; Davis

and Singh, 1995; Chen, et al, 1995; Macauley and Hong, 1995). The removal

efficiencies measured may be greater than those observed when washing cont-

aminated soils which have been weathered for long periods. In the current study,

the authors investigated the use of several solutions for Pb and Cr removal from

a soil contaminated for decades with metals in various insoluble forms. Specif-

ically, the objectives were to (1) assess the relative abilities of EDTA and NTA
in the in-situ extraction of Pb and Cr from a contaminated soil and to (2) com-

pare the effectiveness of in-situ and ex-situ metal removal from the soil. In a pre-

vious study (Pichtel and Pichtel, 1997), EDTA and NTA solutions were assessed

for their relative abilities in the ex-situ washing of a Pb- and Cr-contaminated

soil. Based on these studies, EDTA and NTA concentrations of 0.1, 0.01, and

0.001 M were selected as soil flushing solutions for the present study.

EXPERIMENTAL METHODS
The soil material, a mixture of native soil and industrial waste, was collect-

ed from a closed chemical facility in the United Kingdom. Sample preparation
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Figure 1. Pb recovery from soil using EDTA at ambient pH (5.5).
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as well as the chemical and physical analyses are described elsewhere (Pichtel

and Pichtel, 1997). The soil had a pH of 10.3, 1300 mg Pb/kg, and 4940 mg
Cr/kg. The soil contained 82.8% sand-sized particles, making it suitable for

soil flushing processes. A sand fraction of 50-80% or more typically increases

the effectiveness of soil washing (U.S. Environmental Protection Agency, 1991).

Column studies were conducted using PVC columns measuring 2-cm inter-

nal diameter and 5 cm in length. Contaminated soil was packed in the column

with a final bulk density of 1 . 1 g/cm3
. The column was plugged at both ends with

rubber stoppers and glass wool. Flushing solutions were introduced from the

bottom of the columns to saturate the soil. A flow rate of 2.0 ml/min was estab-

lished for all columns on a Masterllex Model 7568 peristaltic pump. Extraction

solutions included ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic

acid (NTA) at 0.1, 0.01, and 0.001 M. Solutions were used at the ambient pH
value (5.5 for EDTA and 1 1 . 1 for NTA) or at pH 3.0 using HC1, and 10.0 (EDTA
only) using NaOH. In one set of experiments, a solution of 0.1 M HO was passed

through the columns for the first 100 pore volumes with subsequent flushing

by either 0.1 M EDTA or 0.1 M NTA (ambient pH).

Column effluent samples were acidified with concentrated HNO. Concen-

trations of soluble Pb and Cr were measured via flame atomic absorption spec-

trophotometry (Perkin-Elmer model 2240, Norwalk, Connecticut; Perkin-Elmer.
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Figure 2. Pb recovery from soil using EDTA at pH 3.0 and 1 1 .0.

1982). Detection limits of 0.19 and 0.08 mg/L were measured for Pb and Cr,

respectively, using standards prepared from commercial reagents.

Comparison of metal levels removed from the soil by EDTA and NTA
were performed using a one-way analysis of variance and the Student-Newman-

Keuls Test, if a significant difference was detected (P < 0.05). SigmaStat (ver-

sion 2.0 on a Windows format) was used for all calculations.

RESULTS AND DISCUSSION

Lead Removal Efficiencies. Lead removal by 0.1 M EDTA was initially

rapid (Figure 1). The overall extraction process is consistent with the two-step

metal desorption process described by Tuin and Tels (1990), Backes, et al. (1995),

and Cline and Reed (1995); that is, a rapid initial desorption was followed by

gradual release. The lower extraction efficiency after the first 20-25 pore vol-

umes is presumably a result of stronger Pb binding to soil solids with decreas-

ing metal contamination, because binding energies associated with low sorption

densities are substantial (Benjamin and Leckie, 1981). Additionally, the removal

of progressively more stable Pb minerals or a slow rate of release of Pb2+ from

solid Pb phases may be responsible (Heil, etal, 1996). Reed, etal (1995) mea-

sured significant Pb removal from contaminated soil columns after only 1-4 pore

volumes, after which little additional Pb removal occurred.

After 100 pore volumes, the 0.1 M EDTA solution at ambient pH removed

71% of the soil Pb, which was significantly greater (P < 0.05) than the 16.8%
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and 8.0% removed by the 0.01 M and 0.001 M solutions, respectively (Figure

1). After 200 pore volumes, 89.8% of the soil Pb was extracted with 0.1 M EDTA;
however, removal at 0.1 M and 0.001 M remained virtually unchanged. Com-
mon soil metals (e.g., Ca2+

, Na+
, etc.) may compete with Pb for the chelating

agent so that excess chelant quantities (i.e., well above equimolar concentra-

tions) are needed to ensure complete contaminant removal (Reed, et al, 1995).

A chelant concentration of at least 0.00025 M is required for 1:1 concentra-

tions of Pb:extractant.

The 0.1 M EDTA solution at pH 3 removed 82.2% Pb after 100 pore vol-

umes, and 63.3% was recovered with the 0.01 M solution (Figure 2). Heil, et al

(1996) measured increased Pb removal from three soils as EDTA pH decreased.

The solubility of many Pb minerals, including Pb(OH)2, PbO, and PbCCh as well

as other Pb-crystalline solids, will increase as pH is decreased (Lindsay, 1979).

Protonation weakens the metal-lattice bonds, increasing the dissolution rate. Both

proton- and ligand-enhanced dissolution mechanisms may be operating simul-

taneously (Stumm and Wieland, 1990).

When the EDTApH was increased to 10, the 0.1 M solution removed 84.2%

Pb after 100 pore volumes, and the 0.01 M solution removed 39.2% (Figure 2).

At pH values of 1 1 or above, EDTA is present in the completely ionized tetraneg-

ative form and binds strongly to transition metal cations. EDTA was found effec-

tive for Pb recovery from soil at high solution pH values in studies by Elliott and

Brown (1989). Lead solubilization may be partly the result of solubilization of

soil organic matter or the formation of Pb hydrolysis complexes (Heil, et al,

1996). Heil, et al. (1996) found, in alkaline solutions, that a high percentage of

EDTA complexed with Ca and, to a lesser degree, with Mg and other cations.

The soil in the current study contained 8.2% Ca and 6.0% Mg (Pichtel and Pich-

tel, 1997); both may compete with target metals for the chelant. The log stabil-

ity constants for CaEDTA 2 and CaNTA- are 10.7 and 6.4, while the K
s
for

MgEDTA2 and MgNTA" are 8.8 and 5.4, respectively. The K
s
for PbEDTA2 and

PbNTA are 18.0 and 11.3, respectively (Martell and Smith, 1974).

The present data demonstrates equal or greater Pb extractability in columns

compared to batch extractions. In batch studies, 0.1 M EDTA was successful,

both at pH < 4.5 and pH > 12.5, in removing > 90% soil Pb after a single wash-

ing (Pichtel and Pichtel, 1997). Lead removal efficiencies were high in columns

compared to batch studies (Reed, et al, 1995). Lead release during column flush-

ing is apparently enhanced by the higher concentration gradient.

The quantities of Pb removed from contaminated soils via chelant extrac-

tion varies. A solution of 0.08 M EDTA removed over 90% of soil Pb from a

Pb battery-contaminated soil (Elliott and Brown, 1989). Brown and Elliott (1992)

measured 80% Pb recovery from the same soil at pH 4.0 and 0.04M EDTA. Tuin

and Tels (1990) measured variable Pb extraction from contaminated soils using

EDTA following acidification.

An increase in NTA concentration resulted in an insignificant increase in Pb

solubilization (Figure 3). After 200 pore volumes, the 0.1 M NTA solution at
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Figure 3. Pb recovery from soil using NTA at pH 3 and ambient pH (11.1).

ambient pH (11.1) removed 50.9% of the soil Pb, which was not significantly

greater than the 49.5% removed by the 0.01 M solution. The 0.1 M NTA solu-

tion at pH 3 removed 22.5% after 100 pore volumes and 29.5% after 200 pore

volumes. A total of 21 .2% was recovered with the 0.01 M solution after 200 pore

volumes (Figure 3). In batch studies, a range of 12% to 38% Pb was removed

from this soil in 0.1 M NTA under acidic conditions (Pichtel and Pichtel,

1997), which was not significantly different from those measured in the cur-

rent in-situ study.

Lead recovery in NTA was less than that accomplished by EDTA (Figures

1-3). Average Pb removed was 87.9% in 0.1 M EDTA (across all pH values)

compared to 40.2% for 0.1 M NTA. The lower extraction efficiency of NTA
when compared to EDTA may be due to competition among other soil cations

(e.g., Ca2+
) for the ligands or adsorption of the Pb-NTA complex to the soil sur-

face. Elliott and Brown (1989) suggest that NTA:Pb ratios greater than 1 : 1 reduced

Pb recovery because of adsorption of Pb(NTA)1 onto positively charged oxide

soil components. Additionally, as a result of its weaker complexing ability, NTA
is less capable than EDTA in preventing Pb hydrolysis under alkaline conditions

(1989). Castle, et al (1985) found a 10% EDTA solution to be superior to NTA
in solubilizing Pb; a 90% to 95% removal was measured. In the present study,

high concentrations of either EDTA or NTA did not reduce metal recovery.
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Figure 4. Cr removal from soil using EDTA at ambient pH (5.5).

Flushing the soil columns with HC1 prior to chelant flushing did not signif-

icantly (P < 0.05) increase Pb-extraction efficiency (data not shown). Tuin and

Tels (1990) measured 81% and 87% Pb removal from two soils which were first

extracted by 0.1 M HC1 followed by 0.1 M EDTA.
Chromium Removal Efficiencies. Overall, Cr removal from the soil was

substantially lower than that of Pb (Figures 4-5). Tuin and Tels (1990) found

Cr to be less readily extractable than Pb from four contaminated soils. Assink

and Rulkens (1987) also measured only slight Cr removal from soil. Metal removal

is based on the formation of soluble complexes. In the present study, the

majority of soil Cr is not readily reactive; 89.8% occurs as the insoluble fraction

(Pichtel and Pichtel, 1997). Therefore, a chelant concentration well above the

stoichiometric amount is necessary for maximum removal. A minimum chelant

concentration of 0.004 M is needed to form a 1: 1 ratio of chelant:Cr for opti-

mal recovery.

Increasing the EDTA concentration generally resulted in an enhanced recov-

ery of soil Cr (Figure 4). A total of 40.9% soil Cr was removed with 0. 1 M EDTA
after 200 pore volumes at ambient pH, and 21.3% and 24.8% was removed at

0.01 and 0.001 M EDTA, respectively.

In batch studies, Cr recovery using EDTA at 0.1, 0.01, and 0.001 M was

maximized at 34-36% up through pH 7 and, in no case, did a single EDTA wash-
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Figure 5. Cr removal from soil using NTA at pH 3.0 and ambient pH (11.1).

ing remove all the soil Cr (Pichtel and Pichtel, 1997). Hsieh, et al. (1989)

found that Cr removal from a contaminated soil with EDTA ranged from 35-

83% for 6 to 10 washing cycles, which demonstrates the difficulty of removing

all adsorbed Cr. Shirk and Farrel (1985) measured only 12% Cr recovery from

a contaminated soil using EDTA. The poor removal results for Cr may be a result

of the presence of immobile Cr3+
species, occurring as oxide compounds (Tuin

andTels, 1990).

Chromium removal by 0.1 M NTA (ambient pH 11.1) after 100 pore vol-

umes was 21.9%, while that by 0.01 M was 1.7% (Figure 5). Beyond pH 10.3

(i.e., pKa3 ), the chelant exists as NTA2 and, to a lesser extent, as NTA 3
, both of

which allow for partial complexation with the soil Cr. Precipitation as insolu-

ble oxides is a strongly competing reaction in this pH regime, however. When
the pH was set at 3.0, Cr removal after 100 pore volumes was essentially unchanged

with 0. 1 M NTA (20.9%); however, removal increased to 16.9% at 0.01 M. Banat,

et al. (1974) found negligible Cr solubilization from two river sediments (pH

6.8 and 7.1) using NTA in batch studies, even after 200 h shaking time. In

batch tests, Cr removal using 0. 1 M NTA over a range ofpH values did not exceed

14.0% (Pichtel and Pichtel, 1997).

The stability constant for the formation of CrEDTA" is 17 orders of magni-

tude higher than that for CrNTA (Martell and Smith, 1974); hence, the EDTA
should be more effective at removing Cr from the soil. The weaker complexing

ability of NTA limits its ability to prevent hydrolysis. Furthermore, since all
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the functional groups of the EDTA are involved in the complexation, little oppor-

tunity exists for bridging to the soil surface (Elliott and Brown, 1989). Addi-

tional recovery of Cr at high pH may be limited by the strong affinity of basic

cations such as Ca and Mg for the chelant. Ca2+
will strongly bind with the chelant

at high pH. When the columns were first acidified with HC1, elution by EDTA
or NTA (ambient pH) did not remove significantly greater quantities of Cr com-

pared to chelant flushing alone (data not shown).

CONCLUSIONS

Removal of both Pb and Cr from a contaminated, strongly buffered alkaline

mixture of soil and weathered industrial waste was typically enhanced in col-

umn studies when EDTA and NTA concentrations were increased. For a non-

pre-treated (i.e., non-acidified) soil, washing with EDTA above equimolar

concentrations was more effective than washing with NTA. NTA is less expen-

sive than EDTA, and less NTA is required, on a weight basis, to form 1 : 1 com-

plexes with metals. The slow dissolution kinetics of the Pb- and Cr-solid phases

may deter total metal removal by a chelant, and long-term flushing would be

needed for complete metal recovery.

The extent of Pb and Cr solubilization is partly a function of pH. However,

to completely acidify the soil would prove too costly due to the soil's extensive

buffering capacity. In addition, high acid strengths destroy soil structure and dis-

solve much of the soil solids. From a practical standpoint, a soil solution at either

pH extreme will be corrosive to field washing equipment. The recommended

washing treatment for the alkaline soil/waste mixture studied, based on pH adjust-

ment and other practical considerations, was 0. 1 M EDTA without acidification.

For this study soil, in-situ processes appear to be equally effective as ex-situ

processes due to the high concentration gradient for soil metals during the flush-

ing process. Additionally, the particle size distribution of the materials is con-

ducive to flushing; over 82% of the particles are present in the sand-sized fraction,

which provides for high permeability and sufficient contact of extracting solu-

tion with the contaminants.
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