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Abstract

Development of aminopolycarboxylate chelants (APCs) having enhanced biodegradability is
gained increasing focus to replace the EDTA and its homologs those used widely for the ex-situ
treatment of contaminated soils and are potential eco-threats. The paper reports the chelant-assisted
extraction of the toxic metals (Cd, Cu, Pb and Zn) from the metal-spiked European reference soils
(Eurosoil 1 and Eurosoil 4) using biodegradable APCs, namely EDDS, GLDA and HIDS. The
effects of chelant-to-metal molar ratio, solution pH and metal-chelant stability constants were
evaluated, and compared with that of EDTA. The selectivity aptitude of the biodegradable chelants
towards the toxic metals was assumed from the speciation calculations, and a proportionate
correlation was observed at neutral pH. Pre- and post-extractive solid phase distributions of the
target metals were defined using the sequential extraction procedure and dissolution of metals from
the theoretically immobilized fraction was witnessed. The effect of competing species (Al, Ca, Fe,
Mg and Mn) concentrations was proven to be minimized with an excess of chelant in solution. The
highlight of the outcomes is the superior decontamination ability of GLDA, a biodegradable APC, at

minimum chelant concentration in solution and applicability at a wide range of pH environments.
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1.0 Introduction

Contamination of natural soils becomes obvious in recent days due to the increasing chemical-
based agricultural practices, industrial activities and waste disposal (Peters 1999, Dermont et al.
2008a, 2008b). The metal-contaminated soil can either be left as is in the site or can be moved to a
secure disposal site with continuous monitoring to limit any possible subsequent contamination
(Abumaizar & Smith 1999). However, the excavation and confinement of soil are no longer
considered to be a permanent or economically beneficial option solution (LeStan et al. 2008) and,
instead, decontamination of the soil is employed for the re-exploitation of the contaminated sites
(Abumaizar & Smith 1999, Dermont et al. 2008b).

For the treatment of metal-contaminated soils, the available remediation techniques include:
solidification/stabilization; in-situ biochemical stabilization (soil amendments with inorganic and
organic compounds); soil washing technologies including physical separation methods (such as
flotation techniques) and chemical extraction processes (such as acid and chelant extraction); in-situ
soil flushing; bioleaching, electrokinetic remediation, and phytoremediation (Mulligan et al.
2001, Virkutyte et al. 2002, Mulligan & Wang 2006, Loser et al. 2007, Dermont et al.
2008a, 2008b, Kumpiene et al. 2008, LesStan et al. 2008, Vangronsveld et al. 2009, Dermont et al.
2010). Generally, the term ‘soil washing’ refers as an ex-situ treatment method for separating
contaminants from the contaminated media via chemical, physical or physicochemical procedures
(Evanko & Dzombak 1997, Dermont et al. 2008b). The term ‘soil flushing’ is typically used for
describing the in-situ soil washing (Evanko & Dzombak 1997, Dermont et al. 2008a). The
effectiveness of in-situ washing treatment is scarce because the extractants has limited permeability
when the soil is in its intact state. Furthermore, site-specific control measures are required to prevent
the migration of contaminants into the surrounding groundwater environment (Abumaizar & Smith
1999). Therefore, the soil washing technique is generally performed as an ex-situ method (Peters
1999). Acids, bases, chelants, surfactants, alcohols, solvents, water, and reducing agents, or other
additives are checked as the extracting agent in the soil washing processes (Griffiths 1995).
Furthermore, soil washing technology is not limited to the use of washing reagents (i.e. the soil

washing technology that uses chemical procedures for dissolving or desorbing the metal
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contaminants in the washing solution). Particle separation method (i.e. the soil washing technology
that uses physical procedures for separating the metal contaminants from the soil) is often used as
soil washing unit process or in combination with chemical extraction techniques (Dermont et al.
2008a, 2008b). According to recent literature review, the most common applications at field-scale or
full/commercial-scale of ‘soil washing’ technology have been based on physicochemical or particle
separation processes rather than chemical extraction processes (Dermont et al. 2008a, 2008b).

The higher costs of chemical-based soil washing, mostly as a consequence of cost of reagents
and of the treatment of the washing solutions, limit its application at the commercial scale. However,
acid washing and chelant-induced soil washing are the two most recommended metal-contaminated
soil remediation methods for practice (Rampley & Ogden 1998), because those comply better with
the factors responsible for the mobilization of metals in soils such as, changes in the acidity, changes
in solution ionic strength, changes in the redox potential and formation of complexes (Pickering
1986). The metal sorption capacity of most soils is exceeded when the extent of contamination is
very high, and the excess metals get immobilized in the soil by the formation of insoluble
precipitates or incorporation into the crystalline structure of soil fractions (Davis & Singh
1995, Pichtel & Pichtel 1997). Acids induce an increased solubility of metals through ion exchange
and soil matrix dissolution, while it may destroy the basic structure of the soil leaving it unsuitable
for further vegetation (Bricka et al. 1993, Peters 1999). Chelants form stable water-soluble
complexes with the metals and, therefore, considered as the most effective extractant for the
treatment of metal-contaminated soils (Pichtel & Pichtel 1997, Abumaizar & Smith 1999, Peters
1999).

Aminopolycarboxylate chelants (APCs), such as EDTA and its homologs, are recommended
widely for the ex-situ treatment of contaminated soils and solid waste materials (LeStan et al.
2008, Hasegawa et al. 2010, 2011). However, the use of synthetic APCs (e.g. EDTA) in the soil
remediation projects may cause an environmental concern (Nowack 2008). Thus, EDTA must be
recycled in order to keep treatment costs at a reasonable level and to avoid the release of EDTA in
the environment (Dermont et al. 2008b). The use of bio-surfactants may be an interesting alternative

to conventional soil washing reagents (Mulligan & Wang 2006). Besides, development and
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evaluation of alternative APCs with enhanced biodegradability and less eco-toxicity is considered
(Tandy et al. 2004, Hauser et al. 2005, Zhang et al. 2008, Arwidsson et al. 2010a, 2010Db). The [S,S]-
ethylenediaminedisuccinic acid (EDDS) and nitrilotriacetic acid (NTA) are extensively studied as
the biodegradable substitute to EDTA (Pichtel & Pichtel 1997, Vandevivere et al. 2001, Tandy et al.
2004, Hauser et al. 2005), while the use of NTA is restricted due to the risk of adverse health effects
(Ebina et al. 1986).

Comparative performances of EDTA with other alternative eco-friendly extractants were
reported for the real soil samples from contaminated sites (Pichtel & Pichtel 1997, Steele & Pichtel
1998, Tandy et al. 2004, Hauser et al. 2005). The heterogeneity in the sample sources and
contaminant inputs produced ambiguous patterns in the corresponding extraction results, and make it
difficult to predict a standard performance outline of a chelant. To study the behavior of a new
chelant for a particular application, hence, use of artificially contaminated soil is preferred to
generate the homogeneity in terms of uniform metal concentration and solid phase fractionation, soil
composition, contamination process, and contamination period (Jiang et al. 2011).

In the present study, European (EU) reference soils namely Eurosoil 1 (ES-1) and Eurosoil 4
(ES-4) used as samples, which representatively reflects two of the most frequent and typical soil
varieties of the EU-area (Gawlik et al. 2001a). The soils, ES-1 and ES-2, were spiked with the toxic
metals (Cd, Cu, Pb and Zn) and aged to ensure complete and even exposure of every soil particle to
the contaminants. The metal-contaminated soil was later treated with the biodegradable APCs
namely EDDS, DL-2-(2-carboxymethyl) nitrilotriacetic acid (GLDA) and 3-hydroxy-2,2'-
iminodisuccinic acid (HIDS). Our research group proposed GLDA and HIDS for ex-situ soil
washing application beforehand, and described the corresponding complex formation characteristics
with various toxic and non-toxic metal ions (Begum et al. 2012a, 2012b) and appraised for the
treatment of ‘real’ organic-rich metal-contaminated soils (Begum et al. 2012c). As a continuation of
our ongoing search of biodegradable APCs for designated applications, we are reporting the
applicability of the biodegradable GLDA or HIDS as the alternate to EDTA for the removal of toxic
metals from the metal-contaminated EU soils. The prime objective is to understand the standard

behavioral outline of GLDA or HIDS at homogeneous conditions, which was not reported before.
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The effects of different extraction variables, such as, concentrations of chelant in solution, pH
conditions, competing species contents in the soil and the metal ion selectivity preferences in terms
of the metal-chelant stability constants were considered to explain the APC-induced release pattern

of metals from the soil.

2.0 Experimental

2.1 Materials

2.1.1 Soil samples

Two EU reference soils, namely Eurosoil 1 (ES-1) and Eurosoil 4 (ES-4), obtained from EC-
JRC-IRMM (European Commission Joint Research Centre, Institute of Reference Materials and
Measurements) were used. The origins of ES-1 and ES-4, respectively, are Sicily, Italy and
Normandy, France, and were collected from a maximum depth of 30 cm from the specified locations.
The soil fractions < 2 mm were carefully sieved, homogenized and bottled following the procedures
as described elsewhere (Gawlik et al. 2001b). The certified and indicative values of the ES-1 and

ES-4 soils as obtained from the EC-JRC-IRMM are compiled in Table 1.
2.1.2 Chemicals

All the chemicals were of analytical reagent grade and used as received from the manufacturer.
Biodegradable chelants used were EDDS (Chelest; Osaka, Japan), GLDA (AkzoNobel; Amsterdam,
Netherlands), and HIDS (Nippon Shukubai; Tokyo, Japan). The performances of the biodegradable
chelants were compared with that of the EDTA (Wako Pure Chemical; Osaka, Japan). EDTA, a non-
biodegradable synthetic chelant, is recognized as the most effective chelant to remove heavy metals
(especially Cd, Cu, Pb and Zn) from contaminated soil (Dermont et al. 2008b) and was selected as
the reference chelant. Information about the used chelants is compiled in the Table 2.

A PlasmaCAL multi-element solution in 5% HNO3 (SCP Science; Québec, Canada) was used as
the stock solution to prepare the standards for metal concentration measurements. Nitrates of
cadmium and copper (Wako Pure Chemical; Osaka, Japan), and Titrisol ampoules of lead and zinc
(Merck KGaA; Darmstadt, Germany) were used to prepare the stock solutions of metals for spiking

the soils. The stock solutions were diluted with ultrapure water on a weight basis to prepare the
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working solutions ranging from mM to pM. The ultrapure water (resistivity > 18.2 MQ-cm) that
used throughout the experimental process was produced using the Arium Pro water purification
system (Sartorius Stedim Biotech GmbH; Goéttingen, Germany).

Acetic acid/sodium acetate (HOAc/NaOAc) (Kanto Chemical, Tokyo, Japan), N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) (Nacalai Tesque; Kyoto, Japan), or N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS) (Sigma-Aldrich; St. Louis, MO) were used as the

buffer reagents.
2.1.3 Laboratory wares

Low-density polyethylene bottles (Nalge Nunc; Rochester, NY), perfluoroalkoxy tubes and
micropipette tips from (Nichiryo; Tokyo, Japan) were used. All the laboratory wares were

thoroughly cleaned following the procedure described by Hasegawa et al. (2011).

2.2 Methods

2.2.1 Spiking of soils with metals

The EC-JRC-IRMM reference soils, ES-1 and ES-4, were spiked with a solution containing 500
UM of Cd, Cu, Pb and Zn ions. The soil-to-solution ratio was set at 1:5. The soil-solution mixtures
were then subjected to the wet-aging process by continuous shaking treatment in an end-over-end
shaker at 100 rpm for 10 days. During the wet-aging step, the soil particles were expected to be
completely and evenly exposed to the metal contaminant added to the mixture. The suspension was
then centrifuged at 3000 rpm for 10 min to separate the soil solids from solution using Kokusan H-
701FR centrifuge (Kokusan Corporation; Tokyo, Japan). The contaminated soil solid fraction was
rinsed with the ultrapure water to displace entrapped and loosely bound contaminant ions. The
contaminated wet-aged soil was dried in an oven at 70 °C for 24 h followed by thorough mixing.
The soil was then allowed to be air-dried at room temperature, and the process was completed after

21 days.
2.2.2 Determination of the metal contents in soils

The metal contents in the soil samples were determined using the digestion treatments of the soil

samples using a Multiwave 3000 microwave reaction system (Anton Paar GmbH; Graz, Austria).
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The pre-cleaned PTFE vessels of the microwave reaction system were fed with 1 g of the target soil
sample and a mixture of 60% HNO3 (3 mL) and 36% HCI (9 mL). The suspensions of soil-liquid
mixtures obtained after the digestion treatments were filtered through cellulose membrane filters of
0.45 um pore size (Advantec; Tokyo, Japan), and the filtrate was then evaporated on a hot plate at
60 °C until the total volume reduced to a few milliliters. The resulting concentrates from the
evaporation treatment were diluted to a volume of 100 mL with ultrapure water and stored at 4 °C
until the analysis. The multi-elemental analysis was performed using the ICAP 6300 (Thermo Fisher
Scientific; Waltham, MA) inductively coupled plasma optical emission spectrometer (ICP-OES). A
blank was treated with the same as the samples, and each of the treatments was performed in
triplicates. Total contents of Cd, Cu, Pb and Zn in the untreated and spiked soil samples are given

in Table 3.
2.2.3 Chelant-assisted extraction of the metals from contaminated soils

The metal-spiked reference soils, ES-1 and ES-4, were subjected to batch extraction treatments
with the biodegradable chelants (EDDS, GLDA and HIDS) and the reference chelant EDTA. Two
different chelant concentrations (0.01 and 0.05 M) were used at a soil-solution ratio of 1:10 (w/v)
with varying pH conditions of 4, 7 and 10. The chelant solutions pH were maintained using buffer
reagents (pH 4: 1 M HOAc/NaOAc, pH 7: 0.1 M HEPES, pH 10: 0.1 M CAPS) and were adjusted
using either HCI or NaOH (1 M), while the same prepared using ultrapure water only were used as
controls. The equivalent chelant: metal (Cd + Cu + Pb + Zn) molar ratios for the different chelant
concentrations were ranged from 3 to 16.

Each of the extraction treatments was conducted step by step. In the first step, 1 g of metal-
spiked soil sample (ES-1 or ES-4) was added to 10 mL of chelant solution. In the second step, the
soil-chelant solution mixture was shaken for 1 h at about 30 rpm and at 20 = 3 °C in an end-over-end
shaker. In the third step, the solid-solution suspension from the second step was immediately
centrifuged for 10 min at 3000 rpm to separate the supernatant from the solid phase. In the fourth
step, the supernatant was passed through a cellulose membrane filter of 0.45 um pore size. The next
and final step is the storage of the filtrate at 4 °C until the analysis using ICP-OES. A set of control

experiments were also carried out using ultrapure water as the extractant to determine the water-
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washable metal fraction in the soil samples. Each extraction was performed in triplicates with or
without chelant solutions to estimate the reproducibility of the consequences at same circumstances.
The efficiency of the extraction protocol was validated by applying the same to BCR-700 (a
naturally contaminated EC-JRC-IRMM reference soil) using EDTA as the extractant at pH 7 and at
20 £ 3 °C. The results obtained for the EDTA-extractable fractions of BCR-700 were compared with
the certified reference values (Table 4). A good operational performance of the applied extraction
protocol can be assumed from the coefficients of variation between the certified and experimental

values that ranged between 2.6 and 8.4%.
2.2.4 Fractionation of the metals in the soils before and after chelant-assisted extraction

The mobility and distribution of the spiked metals in the soils before and after the chelant-
assisted extraction at neutral pH condition was explored using the selective sequential extraction
(SSE) process, which employs a series of gradually aggressive extractants (Tessier et al. 1979, Maiz
et al. 2000, Ph 2002). The SSE scheme was originally proposed by Tessier et al. (1979) to define the
metal distribution in the soils into five different fractions, e.g. exchangeable (fraction 1 or F1),
bound to carbonates (acid soluble; fraction 2 or F2), bound to iron and manganese oxides (reducible;
fraction 3 or F3), bound to organic matter (oxidisable; fraction 4 or F4) and residual (fraction 5 or
F5). Digestion treatments of the residue from the SSE process (either before or after chelant-assisted
extraction) were conducted to determine the total metal content in the respective soil samples. The
compositions of the extraction solutions and the contents of the spiked toxic metals (Cd, Cu, Pb and
Zn) in different operationally defined fractions before the chelant-assisted extraction treatment are

shown in Table 5.

3.0 Results and Discussion

3.1 Influence of soil properties on the metal distribution

The properties of the ES-1 and ES-4 soils correspond to the FAO soil unit cambisols and
lubisols (Gawlik et al. 2001b), respectively, and are suitable for a wide range of agricultural uses
(TUSS Working Group WRB 2007). The clay content (%) was ~3.5 times higher in ES-1 (75.0) than

that in the ES-4 (20.3). In terms of pH in water, ES-1 was of mild acidic type while ES-4 was of
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slight basic. The total carbon content (Cy), organic carbon content (Corg) and total nitrogen content
(Nit) (g kg™) and effective cation exchange capacity (CEC; mmol kg™) in ES-4 soil was about 50%
less than that in the ES-1 (Table 1). Although there were marked variations in the soil parameters,
the coefficient of variation (%) in the total uptake of metals in the soils (ES-1 and ES-4) upon
spiking treatment was below 4% (Cu-0.5, Pb-3.1 and Zn-3.6) except that of Cd (7.3) (Table 3).
Artificial contamination of soils is expected to generate homogeneity among the samples (Jiang et al.
2011), and the comparable total metal contents in the metal-fortified ES-1 and ES-4 soil samples
supported the observation.

The total metal content expresses the cumulative amount of metals adsorbed in the soil solid
structure, while the leachable metal amount from the contaminated soil samples depends on the
modes of metal retention within the soil (Barona et al. 2001). The SSE treatments of the metal-
spiked ES-1 and ES-4 soils indicate an analogous distribution pattern of Cd in the operationally
defined fractions of soil solid phases while the content of the Cu, Pb and Zn are varied to a
significant extent (Table 5). The differences in the contents of clay, Ci: and Corq between the ES-1
and ES-4 may influence the relative penetration behavior of the metals within the soil structures
(Horn et al. 1994, Abumaizar & Khan 1996, Peters 1999), and may induce the variation in the
mobilization of toxic metals (Cu, Pb and Zn) in the solid phase fractions of the ES-1 and ES-4. The
metal adsorbed in the F1 is the ‘most-labile’ followed by the contents in the other fractions (F2 > F3
> F4 > F5) in terms of the leachability. Hence, the potential mobility character of the studied toxic
metals based on the contents in the F1 followed the same sequence of Cd > Zn > Pb > Cu in both

ES-1 and ES-4.

3.2 Influence of the chelant-to-metal molar ratio

The EDTA, EDDS, GLDA and HIDS are multidentate chelants of non-selective nature and
usually form 1:1 molar ratio complexes with most of the heavy metals (Begum et al. 20123, 2012b).
The molar concentration of the chelants is recommended to be greater than that of the target metal
species presented in the soil to minimize the competition effect with those of the non-toxic
constituents (e.g. Ca**, Fe**, Mg®*, AFP*) (Lestan et al. 2008, Zou et al. 2009, Begum et al. 2012c).

There are reports showing that a ratio >1 between the chelant and target metals is sufficient to

10
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achieve a satisfactory extraction performance (Elliott & Brown 1989, Tandy et al. 2004). In the
present study, two typical EU soil types (ES-1 and ES-4) contaminated with toxic metals (Cd, Cu,
Pb and Zn) were treated with the biodegradable chelants (EDDS, GLDA and HIDS) using chelant-
to-metal molar ratios of ~3 and ~16.

The comparative extraction performances of the chelants at varying chelant-to-metal molar
ratios and at controlled solution pH are illustrated in Fig. 1. The impact of the change in the chelant
concentrations (0.01 to 0.05 M) can be compared using the coefficient of variation (%) in the
extraction rates achieved, as given below in the parentheses:

ES-1, Cd: HIDS (52) > EDTA (33) ~ EDDS (33) > GLDA (16) (pH 4)

HIDS (18) > EDDS (4) > GLDA (3) > EDTA (1) (pH 7)
HIDS (30) > EDDS (12) > EDTA (11) > GLDA (9) (pH 10)
ES-4, Cd: HIDS (35) > EDDS (22) > EDTA (17) > GLDA (11) (pH 4)
EDDS (30) > HIDS (22) > GLDA (12) > EDTA (6) (pH 7)
EDDS (27) > HIDS (22) > GLDA (8) > EDTA (<1) (pH 10)

ES-1, Cu: HIDS (39) > EDTA (36) > EDDS (22) > GLDA (15) (pH 4)
EDTA (7) > GLDA (3) > EDDS (2) > HIDS (1) (pH 7)
EDTA (15) > HIDS (9) > EDDS (7) > GLDA (6) (pH 10)

ES-4, Cu: EDTA (21) > HIDS (19) > GLDA (7) > EDDS (6) (pH 4)
EDTA (8) ~ HIDS (8) > EDDS (7) ~ GLDA (7) (pH 7)
EDDS (12) > GLDA (7) > HIDS (6) > EDTA (2) (pH 10)

ES-1, Pb: EDDS (62) > HIDS (55) > EDTA (39) > GLDA (23) (pH 4)
EDDS (8) > EDTA (4) ~ GLDA (4) > HIDS (3) (pH 7)
HIDS (22) > EDDS (16) > EDTA (14) > GLDA (8) (pH 10)
ES-4, Pb: EDDS (54) > HIDS (36) > EDTA (27) > GLDA (16) (pH 4)
EDDS (42) > HIDS (26) > GLDA (21) > EDTA (11) (pH 7)
EDDS (28) > > HIDS (17) > EDTA (15) > GLDA (3) (pH 10)

ES-1, Zn: HIDS (43) > EDDS (32) > EDTA (31) > GLDA (11) (pH 4)

11
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EDTA (1) > EDDS (< 1) ~ GLDA (< 1) ~ HIDS (< 1) (pH 7)
HIDS (13) > EDTA (8) > EDDS (6) > GLDA (3) (pH 10)
ES-4, Zn: EDDS (22) > HIDS (21) > EDTA (18) > GLDA (9) (pH 4)
EDDS (18) > HIDS (10) > GLDA (8) > EDTA (6) (pH 7)
EDDS (20) > GLDA (9) ~ HIDS (9) > EDTA (3) (pH 10)

A minimum variance in the coefficient of variation (%) indicates a negligible or least impact
due to the application of increased chelant doses while a higher difference specifies the reverse. The
general trend is that the application of increased chelant-to-molar ratio results in increases in the
metal extraction rates (%). Such a consistent increment in extraction rates with increased chelant
dosing is a common phenomenon (Papassiopi et al. 1999, Tandy et al. 2004). There are some
exceptions in the results showing minimum effect (coefficient of variation is < 1%) on the removal
efficiency of the chelants with the increasing doses e.g. Cu with HIDS and Zn with all the
biodegradable chelants at pH 7 (ES-1) and Cd with EDTA at pH 10 (ES-4). It can be explained by
assuming that the chelant dose was above the requirement of soil (Elliott & Brown 1989, Steele &
Pichtel 1998, Zou et al. 2009).

The variation with the change of solution pH is commonly uppermost for pH 4 followed by
those observed for pH 10 and then pH 7, i.e. the effect of increasing chelant application is somewhat
minimized when the solution pH is maintained to neutral. Metal extraction from ES-1 soil is
improved better than that of the ES-4 soil with the increase of chelant doses; hence, a stronger
binding of metal species within the soil solid phases of ES-1 can be assumed. The extraction
performance of chelants is improved with the increasing chelant-to-metal molar ratio at a significant
rate with EDDS and HIDS, mostly. The notable extraction efficiency of GLDA among all the
chelants with the application of minimum chelant dose (0.01 M) was observed in the most number of
cases (54% of the total 24) followed by EDTA, EDDS and HIDS in a respective order regardless of

the pH conditions or soil types.

3.3 Influence of the extractant solution pH

Extractant solution pH can influence the retention capability of the metal adsorbed in soil

(Peters 1999). Furthermore, it can affect the mechanisms of contaminant extraction from soil by

12
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controlling the metal species concentration in the aqueous state, the solubility of chelants in solution,
sorption or desorption and ion-exchange behavior of the metals (Kim & Ong 1999, Lim et al.
2004, Polettini et al. 2007, Zou et al. 2009). A significant enhancement in the metal extractions with
chelants was easily-achieved at chelant-excess (0.05 M) conditions, hence, discussed in detail in this
section. The observations, as illustrated in Fig. 2, indicate a substantial metal mobilization capability
of the chelants with a varying effect on the extraction efficiencies due to the solution pH.

In the control runs with ultrapure water, the metal extraction rate was below 5% in most cases
with some exceptions observed at pH 4, which correspond to the negligible amount of water-soluble
content of Cd, Cu, Pb and Zn in the fortified soil samples. At least, 86% of the target metal contents
were extracted at the chelant-rich condition at pH 4 while some exceptions observed for EDDS and
HIDS. GLDA performed better than EDTA or other biodegradable chelants for the extraction of Cd,
Cu and Zn at pH 4 irrespective of the soil types, while EDTA showed up superior efficiency for the
separation of Pb. The rate of metal extraction at pH 7 with the use of 0.05 M chelant solution was
typically about 80%. The metal extraction efficiencies of the chelants for both the ES-1 and ES-4
soils followed similar orders: Cd— EDTA > GLDA > EDDS > HIDS; Cu- EDDS ~ EDTA > GLDA
> HIDS; Pb— EDTA > EDDS > GLDA > HIDS; Zn- EDTA > EDDS > GLDA > HIDS. EDDS
displayed best extraction efficiencies among the biodegradable chelants for the extraction of Cu, Pb
and Zn at neutral pH conditions, and the Cd extraction was optimum with GLDA. The extraction
rates at pH 10 (~90%) was better as compared to those observed for pH 7 while comparable with the
same of pH 4 in many cases. The chelant-induced metal-extraction rates at pH 10 with EDDS were
either better or comparable to that of GLDA or HIDS in maximum cases, while the extraction of Pb
remained lower than the other target metals with the latter ones.

The averaged extraction rates at neutral condition (pH 7) is either lower or comparable than that
of the acidic (pH 4) or alkaline (pH 10) conditions, which is attributable to the lesser solubility of
oxides and other solid phases through the formation of metal hydroxy complexes (Elliott & Brown
1989). On the contrary, a higher metal extraction efficiency at acidic pH is likely either caused by
the concurrent release of the retained metal species and an exchange of the H* from the soil surface

functional groups (Stumm 1992, Lim et al. 2004), or an increased solubility rate of the carbonate-
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bound metals (Vandevivere et al. 2001). The increased extraction at alkaline conditions is caused by
the increase of the reactive species L™ in solution, which results in higher formation rate of the

soluble coordination compounds of the chelants (Fischer & Bipp 2002).

3.4 Influence of the metal-chelant stability constants

Chelants form soluble complexes with the metals, and the corresponding stability of those
complexes in solution is one of the key parameters for considering a chelant as a solvent in any
chelant-based washing scheme (Nowack 2002). The fundamental stability characteristics of a metal-
chelant (ML) complex in solution can be assumed from its stability constant (logKw.) value (Martell
& Hancock 1996). The corresponding complexes of the ML systems (M = Cd**, Cu®, Pb**, Zn**, L
= EDTA, EDDS, GLDA, HIDS) have the following logKu. sequences: (a) EDTA: logKc, >
logKppL > logKzn ~ logKcqr, (b) EDDS: logKcy > logKzn > logKpep. > logKcqr, (€) GLDA and
HIDS: logKcyL > logKpp > logKza > logKcqr (Table 2). Since the other correlated factors (e.g. pH
or interfering effects from the species derived from the side reactions) are ignored during the
calculation of logKmi, ‘conditional stability constant (log K'm.)’ is defined to measure the relative
strength of the actual metal-chelant species present in the aqueous systems at different equilibrium
conditions (Davidge et al. 2001). The logK’w. of the ML complexes was calculated using HySS2009
(Alderighi et al. 1999) in terms of the H" ion activity in solution (Table 2). The selectivity aptitude
of the chelants towards the metal ions in terms of the change in the logK’y. of the ML complexes is
shown in Fig. 3.

A chelant is considered suitable for practical use having the logK'm. > 6 (Orama et al. 2002)
and, accordingly, the biodegradable chelants are unsuitable for the separation of the target metals
other than Cu at the pH < 5. Therefore, the metal extraction performance perceived at pH 4 for
EDDS, GLDA, HIDS cannot be associated with the stability of ML complexes (M = Cd**, Pb*,
Zn?*) in solution (Fig. 3). Instead, the factors those controls the interaction between the chelant
solution and the metal constituents of the contaminated soil at acidic pH condition (as stated in detail
in the previous section) can be taken into account. The selectivity of the chelants for the formation of
CuL complexes were also not complaints with the usual order. An orderly reduction in the extraction

rates occurred in the maximum number of circumstances with the lowering of logK’w. values at pH

14


http://dx.doi.org/10.1007/s11270-012-1381-4

Water, Air, & Soil Pollution (2013) 224: 1381. DOI: http://dx.doi.org/10.1007/s11270-012-1381-4

7, and the exceptions were typically observed at 0.01 M chelant dosing. The logK'm. of the ML
complexes and the corresponding extraction patterns can be correlated in very few cases at pH 10.
The inconsistencies in the extraction patterns were attributable either to the lower formation rate of
metal-EDDS or higher formation rate of metal-GLDA complexes.

The substandard extraction performance of EDDS can be related to the predominant formation
of FEEDDS complexes over other metal-EDDS species at lower pH conditions, lower rate of
formation (59%) of the dominant species (HEDDS®) in solution at neutral pH conditions, and a
decreased dissolution of the metal ions due presumably to metal hydroxide precipitation at pH > 10
(Hong & Pintauro 1996, Vandevivere et al. 2001). GLDA generates aqueous acid in the soluble state,
which persist in solution over a wide concentration range than the other chelants, can act as a
dissolution agent of carbonate formations and also prevents re-precipitation of metal ions on the soil
surface favoring the higher extraction efficiency (Wolf et al. 2010, Begum et al. 2012a, 2012b).
Furthermore, Kinetic hindrance is commonly occurred at a varying extent during the coordination
interactions between the metal ions and the multidentate chelants (Nowack 2002), which may take

priority over the general extraction preferences.

3.5 Influence of the solid phase distribution of metals in soil

The partitioning of metals within the soil solid phase can be correlated with the varying
reactivity and behavior of the soil-bound metals towards the extracting solutions (Barona et al. 2001).
The fractionation of metals (Cd, Cu, Pb and Zn) in the solid phase of the raw soils and the chelant-
treated soils was defined operationally using the SSE scheme, and the impacts of chelant application
(EDTA, EDDS, GLDA and HIDS; pH = 7) on the distributed metal contents are shown in Fig. 4.
The cumulative total metal contents obtained from the SSE steps (Table 5) were higher compared to
the total amounts derived from the one-step digestion process (Table 3).

The SSE treatment revealed that 99.5, 79.5, 92.8 and 95.2% of the total Cd, Cu, Pb and Zn
contents in the ES-1 soil were bound in the non-detrial fractions while it was 99.7, 88.8, 95.0 and
98.0% in the ES-4 soil. The term “non-detrial’ represent the metal contents partitioned cumulatively
in the exchangeable (F1), acid-soluble (F2), reducible (F3) and oxidisable (F4) fractions other than

those associated with the residual fraction (F5), and are considered easily extractable with the
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application of chelants (Steele & Pichtel 1998). A significant total of the Cd (~ 80%) was partitioned
in the F1, while ~ 48% of the Zn was in the F2 irrespective of the soil types. The Cu contents were
either substantially incorporated in the F4 (ES-1), or remarkably distributed in the F2 and F3 (ES-4).
The Pb was equivalently distributed in the F2, F3 and F4 (ES-1) and F2, F3 (ES-4). The metals
integrated in the exchangeable fraction (F1) have highest lability among all the fractions, whereas
the amount bound to that fraction is insignificant for Cu (< 3%), Pb (~ 3%) and Zn (~ 20%). The
content of metals in F5 is mostly < 5% and represents the metals incorporated within the crystalline
lattice of the soil, which is comparatively lower than those observed for naturally contaminated soils
(Tandy et al. 2004, Begum et al. 2012c). It should be noted that the metal contaminants in the ‘real
polluted soils’ are not limited to ionic forms or sorbed metals, but it may be under particulate forms
or low soluble forms. In effect, the metal contaminants in the hazardous sites may result from the
solid wastes containing high content of metals (e.g. paint fragments rich in Pb,
metallurgical/mining/industrial wastes containing heavy metals, bullet fragments from the small
arms' firing ranges, etc.) (Dahlin et al. 2002, Dermont et al. 2008a, 2008b, 2010). Hence, the
contaminants are not sorbed onto solid particles but the metal-rich particles are randomly distributed
in the soil.

A considerable decrease of the toxic metals partitioned in the F1 and F2 to a minimum value of
5% was observed. The reduction in F1-Cd content was above the indicated least value, which may
be due to the maximum accumulation of Cd in the F1. The extraction rate of F2-Cd and F2-Pb was
comparatively low with HIDS and can be linked to the lowest complexation capacity of the HIDS
among the chelants towards the corresponding metals. A significant variation can also be noted with
the ES-4 soil at 0.01 M chelant dose regarding the decrease of F2-Pb and F2-Zn contents. A large
fraction of the total Pb and Zn was partitioned in the F2 of ES-4 soil indicating the higher affinity of
those metals to that particular soil phase, and the resultant lower extraction performance perhaps
pointed toward the incapability of chelants in suppressing that attractive interaction at 0.01 M dose.

Toxic metals partitioned in the F3 (reducible content) was reduced to no less than half of the
initial content after the chelant treatment of the contaminated soil in most of the cases. The

extractability of HIDS was also comparatively lower for F3-metal contents (Cd, Pb and Zn) except
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for F3-Cu irrespective of the chelant concentration applied, while a similar pattern was evident with
EDDS at a low chelant-to-molar ratio. The extraction behavior of HIDS or EDDS for the F3-metals
either attributable to the lower complexation ability of the corresponding chelants or the deficient
interaction aptitude towards the metals incorporated in that specific segment.

The metal contents in the extracts of F4 and F5 represent, respectively, the less labile fraction
bound to the organic matter, humic acids and sulphides, and the most-persistent fraction in the soil
solid phases. Hence, the more the content conformed to F4 and F5 fractions the less the total
extraction rate of the corresponding metal was expected. A higher rate of accumulation ensued for
Cu (ES-1, 68.9; ES-4, 30.6) and Pb (ES-1, 37.7; ES-4, 19.2) in the corresponding fractions while that
of Cd (ES-1, 1.5; ES-4, 0.5) and Zn (ES-1, 11.9; ES-4, 3.5) were negligible. Accordingly, lower
extraction rates of Cu and Pb with chelants was witnessed than the other target metals. An exception
was observed for ES-4 soil at 0.05 chelant dosing, which can be related to its lower Coq content.
Nevertheless, release of toxic metals occurred from the theoretically immobilized fractions of the
contaminated soil when treated with the chelants. Such happenings can be attributable to the
capability of the organic chelants in inducing mineral dissolution via surface complexation with the
metals (Stumm 1992, Sun et al. 2001, Lim et al. 2004). Besides, the mechanism of metal transport
from soil to solution is not only reliant on the solid phase incorporation of the metals but also
correlated with other related phenomena, e.g. comparative formation rate of the soluble dominant
species in solution, precipitation of the metals in the soil solid phase, re-sorption of the metal-chelant
complexes in the active surface sites of the soil matrix and so on (Peters 1999, Barona et al.

2001, Tandy et al. 2004).

3.6 Influence of the coexisting metals in soils

The pseudo-selectivity behaviors of the APCs towards the toxic cations in a system much
influenced by the presence of the coexisting non-toxic metals, e.g. Al, Ca, Fe, Mg and Mn (Nowack
2002, Tandy et al. 2004). The total concentrations and solid phase distribution of the coexisting non-
toxic metals (Al, Ca, Fe, Mg and Mn) in the raw ES-1 and ES-4 soils are given in Table 6, and the
total extractable contents (%) of the coexisting metals after washing with the ultrapure water

(control) and the chelants (EDTA, EDDS, GLDA and HIDS) of neutral pH are listed in Table 7. The
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relative distributions of the coexisting non-toxic metals in the soil solid phases before and after the
treatments with chelants of pH 7 are illustrated in Fig. 5.

The water-only washing treatment specified a minimum extraction of the coexisting metals
other than the Ca and Mg, while the chelant-assisted washing ensured a significant transfer of Ca,
Mg and Mn from soil to the solution phase (Table 7).

The dissemination of the Al and Fe in the F1 was about to null and were extremely low in F2 (<
1%) in both ES-1 and ES-2 in comparison with the other elements (Table 6), which is most likely
because of the strong tendency of these metals to form oxides and hydroxides (Abollino et al. 2006).
A considerable amount (%) of the total Al (ES-1: 81; ES-4: 80) and Fe (ES-1: 73; ES-4: 78) content
was immobilized in the residual fraction (F5) of the raw soils. The F5-metal fraction is theoretically
difficult to get to via the chelant-assisted washing treatment, and the fact was established from the
percentage released contents of the Al and Fe (Table 7 and Fig. 5). Almost quantitative release of Al
and Fe attached in the F3 and F4 fractions were observed (Fig. 5), which are possibly derived from
the dissolution of amorphous and, to a lesser extent, of crystalline oxides (Li et al. 1995, Zhang et al.
1998).

The Mn content partitioned in F3 (fraction that signifies the content bound to Fe and Mn oxides)
of ES-4 soil (66%) was highest among all the operationally defined fractions, and it was 21% in ES-
1 soil (Table 6). The release of Mn from F3 was insignificant from both the soils (Fig. 5), which
reflects the weakness of the chelants in the dissolution of manganese oxides (Maiz et al. 2000). The
extraction of Mn content from ES-1 soil was > 40% irrespective of the chelant doses applied, while
it was in the range of 11 to 43% for ES-4 soil depending on the chelant content in solution (Table 7).
However, the total Mn content in the raw ES-1 or ES-4 soil (Table 6) was ignoble enough, as
compared to the other coexisting metal species, to post an assuming possibility of interferences even
at the low chelant dose.

The cumulative Ca and Mg contents (%) in F1 and F2 (ES-1: Ca— 93, Mg- 89; ES-4: Ca— 65,
Mg- 88) indicated the availability of the maximum fractions of the total Ca and Mg contents for
extraction with chelants (Table 6). The chelant-assisted extraction behavior of the coexisting metals

(Table 7 and Fig. 5) reveals that Ca or Mg can compete with the toxic metals. However, any such
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competing effect may become prominent at the low chelant-to-metal ratio, particularly with the
EDDS and HIDS (Table 7 and Fig. 4). The speciation calculations and geochemical modeling
specify an adequate availability of the free chelants at a chelant: metal ratio of > 10 (Tandy et al.
2004, Polettini et al. 2007), and, hence, a higher chelant-to-molar ratio is recommended for eluding

the likely consequences from the co-existing interfering metal species.

4.0 Conclusions

Batch extraction treatments were performed on two types of EU-reference soils, ES-1 and ES-4,
spiked with Cd, Cu, Pb and Zn to explore the removal of the toxic metals using biodegradable
chelant options (EDDS, GLDA and HIDS) alternate to EDTA. The pattern of metal transports in the
soils through the artificial contamination process showed a comparable incorporation of Cd while it
was dissimilar for Cu, Pb and Zn, and the order of total content assimilated in the exchangeable
fraction is Cd > Zn > Pb > Cu. Two different chelant-to-molar ratios of 3 and 16, respectively, were
used for the metal extractions, and an increased concentration of chelant in solution facilitated higher
rate of metal removal. GLDA typically performed better than the other biodegradable options at the
low chelant-to-molar ratio, including the reference chelant EDTA, and the order of efficiency was as
follows: GLDA > EDTA > EDDS > HIDS. An overall characteristic order of extraction efficiency of
the biodegradable chelants at different pH conditions followed any of the following patterns, e.g.
GLDA > HIDS > EDDS, GLDA > EDDS > HIDS or EDDS > GLDA > HIDS. The effect of
extractant pH on the rate of extractions became minor in the presence of an excess of chelant in
solution (0.05 M). The formation rate of the metal-chelants complexes in solution assumed to be
correlated with the rate of extractions of the corresponding metals at neutral pH conditions, while the
deviations occurred at acidic or basic pH was presumably attributed to the lower formation
efficiency of metal-EDDS complexes or higher formation rate of metal-GLDA. However, mostly the
differences of the extractability of the metals at pH 7 and with an excess of chelant in solution was
very low, if not insignificant, despite great (more than 5 orders of magnitude) differences of the
stability constants. Therefore, the significance of the correlation between extraction degrees and
stability constants is contentious. The solid phase fractionation of soils indicates that a minor

dissolution of the metal contents from the least-labile residual fraction can be induced with the
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application of chelants. A higher chelant-to-molar ratio ensures the accessibility of free chelant for
easy amenability of the target metal species avoiding the possible competition effects from the
coexisting metals.

It should be noted that the co-dissolution of soil components during chemical washing treatment
may occur, which is critical from the environmental and economic point of view. Besides, the
management of washing effluents containing the metals is also an important aspect in the design of
soil washing processes. A closed-loop treatment process that ensures the metal recovery from the
washing solutions and recycling of the chelant for simultaneous application will reduce the
cumulative cost-factor and is, therefore, preferable. Furthermore, although the experiments carried
out with spiked soils produce many interesting data, the results do not reflect the diversity and
complexity of a real contaminated soil. Therefore, it is necessary to pay a careful attention

concerning the extrapolation of the results and the comparison with field case studies.
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Table 1: Soil properties

Properties Unit Soils

Eurosoil 1 Eurosoil 4
Soil type FAO soil unit Vertic cambisol Orthic luvisol
Clay % 75.0 20.3
pH is water - 6.21 £0.30 75+0.7
pH in 0.01 M CaCl, - 5.65+0.24 6.8+0.6
Total carbon content (Cyq) gkg™ 33.9 145
Organic carbon content (Corg) gkg™ 32.7 131
Total nitrogen content (N) gkg™ 3.4 1.6
Effective cation exchange capacity (CEC) mmol kg™ 283.2+3.0 159.0£5.8

& Extract from report of the EC-JRC-IRMM (European Commission Joint Research Centre, Institute of Reference Materials and
Measurements). The methods of measurements are described elsewhere (Gawlik et al. 2001b). Uncertainty in measurements is
included wherever mentioned in the EC-JRC-IRMM report.
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Table 2: Chemical structures, acid dissociation constants (pK,) of the chelants, stability constants (logKw.)
and conditional stability constants (logK"w.) (at different pH) of metal-chelant complexes, and initial

speciation of chelants (at pH 7) in the assay mixtures (chelant: metal = 1:1)

Chemical structures and pK, of the chelants

Hooc COOH COOH OH

H
N
Hooc j H Hooc /\)\N ~Ncoon HooC OOH
SN coon N J::
Hooc \/\N OOH
H OH OH
OOH
OOH

EDTA EDDS GLDA HIDS
pKal pKaZ pKaS pKa4 pKal pKaZ pKaS pKa4 pKal pKaZ pKaS pKa4 pKal pKaZ pKaS pKa4
200 269 613 10.37 295 386 684 10.01 256 349 501 9.39 214 3.08 4.07 9.61

logKwmL, logK" L and speciation of chelant in the assay mixture (chelant: metal = 1:1)

Chelant  Metal  logKy. logK” . at different pH ® Speciation of chelant
0, e
> 3 7 5 5 7 8 9 0 11 P (% of total chelant)
EDTA® Cd 16.5 4.1 6.1 8.0 100 11.8 131 141 150 155 144 120 CJEDTA® (99.8)
Cu 18.78 6.7 8.5 10.3 123 140 153 161 16.2 153 134 105 CUuEDTAZ? (99.8)
Pb 18 75 100 116 126 136 146 152 153 146 128 100 PbEDTA? (99.8)
Zn 16.5 4.1 6.1 8.0 100 118 131 141 141 130 111 88 ZnEDTAZ (99.8)
EDDS?® Cd 10.9° - - 22 38 58 75 87 97 102 91 7.1 CJEDDS? (99.5)
Cu 18.36 4.4 7.0 9.4 115 134 151 16.0 16.1 153 136 110 CuEDDS?* (99.8)
Pb 12.7° - 05 34 56 76 92 101 102 94 75 47 PbEDDS? (92.7),
PbHEDDS (7.3)
Zn 13.4° - 12 41 63 83 100 112 112 100 80 5.1 ZnEDDS* (66.8),
ZnHEDDS (33.2)
GLDA® Cd 10.31 19 35 46 58 68 78 88 97 100 94 83 CAGLDAZ (99.3),
CdHGLDA (0.7)
Cu 13.03 26 51 68 84 96 106 113 113 103 87 6.2 CuGLDA* (99.5)
Pb 11.6 21 42 58 71 82 91 98 98 87 69 50 PbGLDAZ (99.3),
PbHGLDA™ (0.7)
Zn 11.52 2.2 4.1 5.7 70 81 9.1 10.1 100 85 6.6 4.6 ZnGLDA? (99.3),
ZnHGLDA (0.7)
HIDS ° Cd 7.58 13 25 29 34 41 50 60 69 73 67 56 CdHIDS? (91.4),
Cd,HIDS (3.9)
Cu 12.58 38 54 68 79 90 99 107 110 106 9.2 6.7 CuHIDS? (98.6),
Cu(OH)HIDS* (1.4)
Pb 10.21 1.7 34 46 56 66 75 82 84 79 67 49 PbHIDS? (99.3),
Pb(OH)HIDS* (0.7)
Zn 9.76 05 27 40 51 61 72 81 84 77 64 45 ZnHIDS? (98.6),

Zn(OH)HIDS* (1.4)

& At 25 °C (u = 0.1 M), (Martell et al. 2004).

P At 20 °C (1 = 0.1 M), (Martell et al. 2004).

¢ At 25 °C (u=0.1 M), (Begum et al. 2012h).

¢ The change in conditional stability constants of various metal-chelant complexes in terms of the solution pH is calculated with the
aid of the computer program HySS2009 (Alderighi et al. 1999).

¢ Initial speciation of chelant in the assay mixture at pH 7 containing the chelant and metal ion (1:1 molar ratio) was calculated using
the computer program HySS2009 (Alderighi et al. 1999). Only the two most important chelant species are listed. Other species is not
mentioned, when the % formation of the dominant species is > 99.5.
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Table 3: Total contents of the target toxic metals (Cd, Cu, Pb and Zn) in the untreated and metal-treated

Eurosoil 1 and Eurosoil 4

Metal Unit Euro Soil-1 Euro Soil-4

Untreated® Treated” Untreated ® Treated”
Cd mg kg‘l 0.8£0.3 357.7x 7.2 0.2x01 309.2x£5.8
Cu mg kg‘l 115x14 1946+ 5.3 5716 196.7 £13.4
Pb mg kg™ - 547.7+ 8.0 - 583.2+17.4
Zn mg kg‘l 80.2+25 1448.3 + 18.6 326+1.5 1347.1+13.1

& The raw samples of Eurosoil 1 and Eurosoil 4 as obtained from the EC-JRC-IRMM (European Commission Joint Research Centre,
Institute of Reference Materials and Measurements) were subjected to the digestion treatment (n = 3) to determine the total metal
contents. The bottle containing the soil sample was manually shaken for 5 min to re-homogenize the content before the treatment.

® Raw samples of Eurosoil 1 and Eurosoil 4 were spiked with a solution containing Cd, Cu, Pb and Zn ions at a soil-to-solution ratio of
1:5. The digestion treatments (n = 3) of the metal-treated soils were conducted after completion of the total cycle of spiking process.
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Table 4: Validation of the extraction scheme: Comparison of the certified and experimental data of EDTA-

extractable contents of metals (Cd, Cu, Pb and Zn) in BCR-700°?

Metal Certified value (mg kg™)° Experimental value (mg kg™)° Coefficient of variation (%)
Cd 65.2+3.5 77.1+1.3 8.4
Cu 89.4+28 844+21 2.9
Pb 1035 108.5+£4.9 2.6
Zn 510 £ 17 582.4+12.6 6.6

4 BCR-700 is a soil reference material from the EC-JRC-IRMM (European Commission Joint Research Centre, Institute of Reference

Materials and Measurements).

b BCR-700 is certified for EDTA and acetic acid-extractable trace element (Cd, Cr, Cu, Ni, Pb, and Zn) contents following
collaboratively tested and harmonized procedures (Pueyo et al. 2001, Rauret et al. 2001). The mentioned certified value is for EDTA-

extractable contents of metals.

“EDTA was used as the extractant and the extraction protocol was employed at pH 7 and 20 + 3 °C (n = 3).
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Table 5: Chemical interpretation, extraction conditions and fractionation of toxic metals (Cd, Cu, Pb and Zn) in the metal-treated Eurosoil 1 and Eurosoil 4

Chemical Extraction conditions (for 1 g of metal-spiked soil) Fractionation of metals (%)
Interpretation Extractants and other conditions Duration Eurosoil 1 Eurosoil 4
Cd Cu Pb Zn Cd Cu Pb Zn
Exchangeable 1 M MgCI, (pH 7; 8 mL), continuous 1h 799+25 1603 1.3+£05 16.5+3.6 82.1+3.0 27+03 3.3+0.7 201+27
agitation, 20 (+ 3) °C
Acid soluble® 1 M NaOAc (pH 5, adjusted with aceticacid;  5h 132+38 146+42 30.8+38 47522 12.8+29 295+46 38.7+27 47.8+3.8
8 mL), continuous agitation, 20 (+ 3) °C
Reducible ? 0.04 M NH,OH-HCI in 25% (v/v) aceticacid 6 h 54+0.7 149+10 30.2+38 24.1+3.1 47+12 37.2+38 38.8+4.7 28.6+4.8
(20 mL), occasional agitation, 96 (+ 3) °C
Oxidisable 0.02 M HNO; (3 mL) + 30% H,0, (pH 2, 2h 1.0+£04 48.4+3.6 30.5+45 70+£11 0.2+0.1 19.4+0.2 14.2+32 15+0.3
adjusted with HNOj3; 5 mL), occasional
agitation, 85 (+ 3) °C
30% H,0, (pH 2, adjusted with HNO3; 3 3h
mL), intermittent agitation, 85 (+ 3) °C
3.2 M NH4OACc in 20% (v/v) HNO3 (5 mL), 30 min
continuous agitation, 85 (+ 3) °C
Residual HNO; + HCl at a ratio of 1:3 (v/v) - 05+0.1 20.5+0.6 7.2+1.0 48+22 0.3+x0.2 11.2+43 50+0.6 2007
Recovery of total metal contents from the solid phase fractions (mg kg™) 363.2 211.9 585.6 1535.4 337.7 218.1 627.1 1474.0

& The fractions names ‘acid-soluble’, ‘reducible’ and ‘oxidisable’ were originally termed as ‘bound to carbonates’, ‘bound to iron and manganese oxides’ and ‘bound to organic matter’ by Tessier et al. (1979).
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Table 6: Total contents and fractionation of coexisting metals (Al, Ca, Fe, Mg and Mn) in Eurosoil 1 and Eurosoil 4

Elements Total contents (mg kg™)? Fractionation of metals (%)”
Eurosoil 1 Eurosoil 4 Eurosoil 1 Eurosoil 4
F1 F2 F3 F4 F5 F1 F2 F3 F4 F5

Al 10083+71 8503+31 0 02+0.1 3.0+1.1 154+38 81.4+33 0 0.1+0.1 6.0+17 13.4+£32 805%46
Ca 2525+ 22 3407 £ 45 84.8 £3.1 79+15 3.8+04 26+18 0904 50.7+3.2 13.7+£4.2 26.4+28 35104 5617
Fe 32726 £73 14407 +24 0 0.1+0 18.8+2.9 8.6+3.1 72.5+3.9 0 0 20.1+3.4 20+£09 77.9+3.9
Mg 18571+71 15949 + 52 58.0+0.6 31.2+04 28+17 1.5+£1.0 6.5+29 66.8+0.1 205+15 26+19 0.6+0.2 95+33
Mn 218+ 4 453+ 4 476 £4.1 73117 21.3+3.9 75+0.3 16.3+3.2 13.2+4.6 6.7+21 66.2 £ 4.6 27+0.2 11.2+45

& The raw samples of Eurosoil 1 and Eurosoil 4 as obtained from EC-JRC-IRMM (European Commission Joint Research Centre, Institute of Reference Materials and Measurements) were subjected to the
digestion treatment (n = 3) to determine the total metal contents. The bottle containing the soil sample was manually shaken for 5 min to re-homogenize the content before the treatment.

®The raw samples of Eurosoil 1 and Eurosoil 4 were treated with a series of gradually aggressive extractants to define the solid phase distribution of the metal species as recommended by Tessier et al. (1979) (n
= 3). The extraction conditions are mentioned in Table 5. The details of the different fractions are as follows: F1- exchangeable, F2— acid soluble, F3— reducible, F4— oxidisable, F5- residual.
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Table 7: Water- and chelant-extractable fraction of coexisting metals (Al, Ca, Fe, Mg and Mn) in Eurosoil 1 and Eurosoil 4

Total extractable fraction of coexisting metals (%) ?

Elements  Eurosoil 1 Eurosoil 4
Control EDTA EDDS GLDA HIDS Control EDTA EDDS GLDA HIDS
0.01M 0.05M 0.01M 005M 001M 005M 001M 0.05M 0.01M 0.05M 0.01M 005M 001M 005M 0.01M 0.05M
Al 49+ 1.0+ 1.8+ 0.1+ 3.4+ 1.1+ 0.1+ 6.5+ 29+ 2.3+ 1.8+ 0.1+ 1.1+ 6.1+ 1.8+ 1.8+ 0.6+ 17.7
1.3 0.6 0.2 0.03 0.5 0.3 0.04 0.6 0.2 0.2 0.3 0.04 0.1 0.2 0.7 0.05 0.07 0.2
Ca 317+ 513+ 889+ 309+ 493+ 493+ 802+ 403+ 675% 171+ 496+ 694+ 158+ 228+ 262+ 27+% 25.0+ 351+
4.8 4.8 3.2 3.8 2.2 45 2.1 5.1 1.2 35 4.6 1.8 0.8 4.6 2.5 0.6 3.8 1.7
Fe 6.8+ 143+ 21.8+ 158+ 172+ 158+ 14.8 £ 195+ 9.8+ 54+ 51+ 6.7+ 22+ 172+ 48+ 119+ 3.9+ 25.4 +
0.1 0.2 2.7 1.2 4.6 0.2 0.4 0.1 1.4 0.2 1.3 0.4 0.03 2.3 0.3 0.1 0.4 0.3
Mg 35.0+ 326+ 332+ 340+ 309+ 331+ 312+ 335+ 304+ 354+ 363+ 311+ 347+ 331+ 352+ 319+ 330+ 330z
4.0 0.4 1.4 2.0 2.6 2.0 3.6 2.7 3.6 1.6 2.6 1.4 3.3 2.2 4.2 4.0 1.6 34
Mn 16.4 + 548+ 592+ 467+ 517+ 468+ 503+ 422+ 465+ 5.9+ 224+ 434+ 118+ 384+ 178+ 389+ 34+ 29.1+
3.7 4.6 1.1 1.5 0.5 3.2 1.7 1.0 0.6 1.8 2.9 2.4 1.2 0.3 2.1 1.2 0.05 0.7

& The raw samples of Eurosoil 1 and Eurosoil 4 as obtained from EC-JRC-IRMM (European Commission Joint Research Centre, Institute of Reference Materials and Measurements) were subjected to the
washing treatment (n = 3) using the ultrapure water (control) and the chelant solutions (EDTA, EDDS, GLDA and HIDS) of pH 7, and the extracts were analyzed to determine the total extractable metal contents.
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Figure 1. Comparative extraction (%) of the toxic metals (Cd, Cu, Pb and Zn) at varying chelant-to-
metal molar ratios (3 and 16) from the Eurosoil 1 and Eurosoil 4 with different chelants (EDTA,
EDDS, GLDA and HIDS) at controlled solution pH.
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Figure 2. Comparative extraction rate (%) of the toxic metals (Cd, Cu, Pb and Zn) at varying pH
conditions (4, 7 and 10) from the Eurosoil 1 and Eurosoil 4 with different chelants (EDTA, EDDS,
GLDA and HIDS; 0.05 M).
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Figure 3. Extraction selectivity of the biodegradable chelants (EDDS, GLDA and HIDS) towards

the toxic metals (Cd, Cu, Pb and Zn) in terms of the order (largest to smallest) of conditional metal-

chelant stability constants (logK'm) from the Eurosoil 1 and Eurosoil 4.
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Figure 4. Comparative distribution of the toxic metals (Cd, Cu, Pb and Zn) in the solid phase of
Eurosoil 1 and Eurosoil 4 before and after the treatment with different chelants (EDTA, EDDS,
GLDA and HIDS; pH =7).
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Figure 5. Comparative distribution of the coexisting metals (Al, Ca, Fe, Mg and Mn) in the solid
phase of Eurosoil 1 and Eurosoil 4 before and after the treatment with different chelants (EDTA,
EDDS, GLDA and HIDS; pH = 7).
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