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Abstract
Synchrotron-based X-ray radiation microﬂuorescence (l-SXRF) and micro-focused and powder extended X-ray absorption ﬁne structure (EXAFS) spectroscopy measurements, combined with desorption experiments and thermodynamic calculations, were used to evaluate
the solubility of metal contaminants (Zn, Cu, Pb) and determine the nature and fractional amount of Zn species in a near-neutral pH (6.5–
7.0) truck-farming soil contaminated by sewage irrigation for one hundred years. Zn is the most abundant metal contaminant in the soil
(1103 mg/kg), followed by Pb (535 mg/kg) and Cu (290 mg/kg). The extractability of Zn, Pb, and Cu with citrate, S,S-ethylenediaminedisuccinic acid (EDDS), and ethylenediaminetetraacetic acid (EDTA) was measured as a function of time (24 h, 72 h, 144 h),
and also as a function of the number of applications of the chelant (5 applications each with 24 h of contact time). Fifty-three percent of
the Zn was extracted after 144 h with citrate, 51% with EDDS and 46% with EDTA, compared to 69, 87, and 61% for Cu, and 24, 40,
and 34% for Pb. Renewing the extracting solution removed more of the metals. Seventy-nine, 65, and 57% of the Zn was removed after ﬁve
cycles with citrate, EDDS and EDTA, respectively, compared to 88, 100, and 72% for Cu, and 91, 65, and 47% for Pb. Application to the
untreated soil of l-SXRF, laterally resolved l-EXAFS combined with principal component analysis, and bulk averaging powder EXAFS
with linear least-squares combination ﬁt of the data, identiﬁed ﬁve Zn species: Zn-sorbed ferrihydrite, Zn phosphate, Zn-containing trioctahedral phyllosilicate (modeled by the Zn kerolite, Si4(Mg1.65Zn1.35)O10(OH)2 Æ nH2O), willemite (Zn2SiO4), and gahnite (ZnAl2O4), in proportions of 30, 28, 24, 11, and less than 10%, respectively (precision: 10% of total Zn). In contrast to Cu and Pb, the same fractional amount
of Zn was extracted after 24 h contact time with the three chelants (40–43% of the initial content), suggesting that one of the three predominant Zn species was highly soluble under the extraction conditions. Comparison of EXAFS data before and after chemical treatment
revealed that the Zn phosphate component was entirely and selectively dissolved in the ﬁrst 24 h of contact time. Preferential dissolution
of the Zn phosphate component is supported by thermodynamic calculations. Despite the long-term contamination of this soil, about
79% of Zn, 91% of Pb, and 100% of Cu can be solubilized in the laboratory on a time scale of a few days by chemical complexants. According
to metal speciation results and thermodynamic calculations, the lower extraction level measured for Zn is due to the Zn phyllosilicate
component, which is less soluble than Zn phosphate and Zn ferrihydrite.
 2006 Elsevier Inc. All rights reserved.

1. Introduction
Soils are the major sink for metal contaminants released
into the environment by anthropogenic activities. Unlike
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many organic contaminants, heavy metals cannot be destroyed by biogeochemical processes, and site restoration
relies on their removal. Various in situ and ex situ soil
cleanup technologies have been employed, of which the
most common are incineration, disposal in landﬁll, ﬂotation, electroremediation, bioleaching, phytoremediation,
and soil washing with chemicals (Van Benschoten et al.,
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1997; Peters, 1999; Mulligan et al., 2001; Vandevivere et al.,
2001a). Incineration and landﬁll, which account today for a
large proportion of soil cleanup operations, may lose
economic interest and public acceptance in the future because they are not environmentally acceptable when large
volumes are to be treated. They are also incompatible with
sustainable development precepts, since the soil resource is
irremediably lost. Electroremediation and ﬂotation are
generally used to treat clayey and organic soils of low permeability (Acar and Gale, 1995; Mulligan et al., 2001).
Bioleaching and phytoremediation are emerging technologies, which have low implementation costs and signiﬁcant
environmental beneﬁts, but the treatment time (i.e., typically several years) is a major obstacle to gaining commercial
signiﬁcance (Blais et al., 1992; Cunningham and Berti,
1993; Blaylock et al., 1997; McGrath, 1998; Salt et al.,
1998; Tichy et al., 1998). Soil washing is usually performed
ex situ in reactors with strong mineral acids and bases, and
is eﬃcient in term of metal solubilization. However, soil
fertility cannot be recovered when aggressive chemical
treatments are employed because the original soil texture
and biogeochemistry are destroyed irreversibly, leaving
essentially an inorganic matrix that will not support revegetation (Peters, 1999).
Chelating agents having a high aﬃnity for heavy metals,
such as EDTA, CDTA, DTPA, EDDHA, EGTA, HEDTA, and NTA, are alternatives to acid–base soil washing,
and can be used as a curative chemical treatment or in adjunct to another process (Peters, 1999). Chelants foster the
desorption of sorbed and occluded species and the dissolution of precipitated forms until equilibrium is reached
(Norvell, 1984). The amount of metal solubilized with chelating agents is at least as high as with more aggressive
chemical compounds, with less undesired eﬀects on the soil
physico-chemical properties (Elliott and Brown, 1989;
Cline and Reed, 1995; Ghestem and Bermond, 1998; Steele
and Pichtel, 1998). Also, chelants may be used to increase
the bioavailability and bioaccumulation of metals by
increasing their concentration in the soil solution. Various
metals and radionuclides have been targeted for chelate-enhanced phytoremediation, including Pb (Blaylock et al.,
1997; Huang et al., 1997; Vassil et al., 1998; Cooper
et al., 1999; Wu et al., 1999), Zn (Blaylock et al., 1997;
Ebbs et al., 1997; Ebbs and Kochian, 1998; Kayser et al.,
2000), Cu (Blaylock et al., 1997; Kayser et al., 2000; Thayalakumaran et al., 2003a,b,c), Cd (Blaylock et al., 1997;
Ebbs et al., 1997; Kayser et al., 2000; Robinson et al.,
2000), Ni, Co (Blaylock et al., 1997; Robinson et al.,
1999), U (Ebbs et al., 1998; Huang et al., 1998), and Au
(Anderson et al., 1998). As of today, the best results were
obtained on Pb-contaminated soils using Indian mustard
(Brassica juncea L.) in combination with EDTA (Blaylock,
2000). Soils contaminated by Cu and Zn are more diﬃcult
to treat with this technique, because these elements are
more bioavailable than Pb (Lombi et al., 2001), and their
presence prevents the establishment of a high-biomass crop
before the application of the chelant.

Although many chelating compounds for mobilizing
heavy metals have been evaluated, there remain uncertainties as to the optimal choice for full-scale application.
There are many factors to consider, including extraction
eﬃciency, potential adverse eﬀects on living organisms,
and degradability and cost of the chelating compound. In
addition, one generic molecule may not exist because metal
extractability by a given chelant depends on the physicochemical properties of the soil and the molecular forms
of the target metal. The molecule best suited for a certain
matrix may be the worst suited for another. Time is also
an issue. The short-term solubilization of metals is dominated by the most labile species, while the long-term
removal is determined by the replenishment of the labile
pool from more recalcitrant species. Therefore, the identiﬁcation and quantiﬁcation of coexisting solid metal species
in the soil before and after treatment are essential to design
and assess the eﬃciency of appropriate remediation
technologies.
Metal speciation in soils has been investigated with
sequential extraction procedures. In principle, this approach allows the identiﬁcation and quantiﬁcation of as
many metal forms as there are extraction steps using chemical reagents of diﬀerent binding strengths and metal-speciﬁcity. Usually, metal forms are classiﬁed into ﬁve
fractions: exchangeable, carbonate, Fe-Mn oxides, organic,
and residual fractions (Tessier et al., 1979). However, this
approach has many pitfalls, including the dissolution of
non-target phases (Ostergren et al., 1999), the incomplete
dissolution of a target phase (La Force and Fendorf,
2000), the incomplete removal of dissolved species due to
readsorption or reprecipitation (Ostergren et al., 1999; Calmano et al., 2001; Scheinost et al., 2002), and the possible
modiﬁcation of the original oxidation state of the metal or
metalloid (Gruebel et al., 1988). Therefore, metal forms
determined by chemical extractions are operationally deﬁned, and they may, or may not, reﬂect the exact nature
of the existing species. This approach also provides no
information on the crystal chemical status of the metal contaminant. As useful and as often used as these ’operational
speciation’ methods are, there is a clear need for a robust
method to reliably identify and quantify the metal species
at the molecular scale in solid matrices.
Extended X-ray absorption ﬁne structure (EXAFS)
spectroscopy is well suited to investigate metal speciation
in soils, sediments, and biological matter because of its element selectivity, sensitivity to the binding environment of
the probed element (here Zn), detection limit as low as
about 100 mg/kg for most heavy metals, no need for vacuum sample environment for elements whose atomic number is higher than about 20 (i.e., Ca), and minimal
sample preparation (Cotter-Howells et al., 1994, 1999;
Manceau et al., 1996, 2000a, 2002a, 2003a, 2004, 2005;
O’Day et al., 1998, 2000; Foster et al., 1998; Sarret et al.,
1998, 2001, 2002, 2004; Ostergren et al., 1999; Morin
et al., 1999, 2001; Savage et al., 2000; Gaillard et al.,
2001; Hansel et al., 2001; Ryan et al., 2001; Strawn et al.,
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2002; Scheinost et al., 2002; Isaure et al., 2002, 2005; Kneebone et al., 2002; Roberts et al., 2002; Kim et al., 2003; Juillot et al., 2003; Paktunc et al., 2003, 2004; Nachtegaal
et al., 2005; Panﬁli et al., 2005; Voegelin et al., 2005).
The measured EXAFS signal is averaged over all local
chemical and structural environments of the target element
in the analyzed volume, which can be problematic when the
metal is present in several forms (Manceau et al., 1996).
Fortunately, due to the heterogeneous distribution of minerals, detrital organic matter, and living organisms in soils,
the nature and proportions of metal species vary on millimeter to micron length scales, aﬀording a means to untangle the composite EXAFS signal into single-species
component spectra. Suﬃce it then to use an X-ray probe
whose lateral dimension is commensurate with this scale
of heterogeneity, as are those available at 3rd generation
synchrotron facilities (Sutton et al., 1999, 2002; Manceau
et al., 2002b). It is important to realize that the actual
chemical and structural resolution of a microprobe is higher than its spatial resolution because sub-micrometer heterogeneities make the sample inhomogeneous at the scale of
analysis. Heterogeneities at a scale larger than the resolution of the microprobe can be resolved by comparing the
species obtained from the microanalyses to those detected
in EXAFS spectroscopic analyses of the bulk sample.
However, correct identiﬁcation and quantiﬁcation of all
species at the macroscale relies on adequate statistical sampling at the ﬁeld site.
Chemically distinct microenvironments are imaged ﬁrst
with
synchrotron-based
X-ray
micro-ﬂuorescence
(l-SXRF) to characterize elemental distributions and target points-of-interest (POIs) that diﬀer in co-association
of elements for subsequent l-EXAFS analysis. If the incident X-ray beam has dimensions of a few tens of square
micrometers, then the analyzed soil area generally contains
one, and rarely more than three species, thereby increasing
the probability of recording single-component EXAFS
spectra (i.e., from pure species), or allowing the collection
of a series of distinct multi-component spectra (i.e., from
mixtures) at POIs. When more spectra than unknown species are collected, and the species proportions are suﬃciently diﬀerent both within and among the spectra, the number
of components (species) in the system can be determined by
principal component analysis (PCA). Target transformation is used to determine if a given standard spectrum is
one of the components (Wasserman, 1997; Wasserman
et al., 1999; Ressler et al., 2000; Manceau et al., 2002b).
The proportion of each species is assessed by recording
the EXAFS spectrum of several cubic millimeters from
the powdered soil sample with a low spatial resolution Xray beam (Manceau et al., 1996). Because the powder EXAFS spectrum is a weighted sum of all species spectra present in the bulk, the atomic fraction of each metal species
can be obtained by linear combination ﬁts (LCF) of this
spectrum to reference spectra previously identiﬁed by PCA.
These microscopic and bulk-averaging synchrotron
radiation tools have been successfully used to characterize
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Ni and Zn in natural (Manceau et al., 2002a, 2003a, 2004,
2005; Marcus et al., 2004) and contaminated surface and
subsurface soils and sediments (Manceau et al., 2000a;
Roberts et al., 2002; Isaure et al., 2002, 2005; Sarret
et al., 2004; Voegelin et al., 2005; Nachtegaal et al.,
2005). Here, we use this approach to determine the structural forms of Zn in the solid fraction of a soil previously
used for truck farming and irrigated by sewage water for
100 years. The soil is also contaminated by Pb and Cu,
and to a lesser extent by other metals and metalloids. As
a result of the polymetallic and aged nature of the pollution, this soil is scientiﬁcally and technically challenging
for speciation study and remediation treatment. Zn, Pb
and Cu extractability were investigated ﬁrst with batch
extraction experiments using three chelating agents, one
natural carboxylic acid, citrate, and two synthetic aminocarboxylic acids, S,S-ethylenediaminedisuccinic acid
(S,S-EDDS, hereafter referred to as EDDS), and ethylenediaminetetraacetic acid (EDTA). Citrate is an easily biodegradable complexant that is exudated in the rhizosphere of
many vascular plants for their nutrition (Hinsinger, 2001).
EDDS is a synthetic structural S,S-isomer of EDTA which
is also readily biodegradable and has been proposed as a
safe and environmentally benign substitute for EDTA in
soil washing (Vandevivere et al., 2001a,b; Tandy et al.,
2004) and chelate-enhanced phytoremediation (Grcman
et al., 2003). EDTA, the most widely studied chelating
agent, was used as a reference to evaluate the eﬃciency of
the two other chelants. The nature of dissolved and residual
Zn species after the chelant treatments were determined
by comparing laterally resolved (l-EXAFS) and powder
EXAFS spectra of the soil before and after chemical extraction. Results were used to formulate a phytoremediation
treatment that was tested in a pilot-scale experiment, which
will be reported on in a subsequent paper.
2. Materials and methods
2.1. Site description and soil samples
The studied soil comes from the Pierrelaye plain, a 1200
ha truck farming area located about 30 km northwest of
Paris (France), in the heart of an urban and industrial suburb. From 1899 to 1999, this site was irrigated abundantly
with untreated sewage water from the city of Paris. As a result, the entire area is now contaminated by a cocktail of
heavy metals, dominated by Zn, Pb and Cu. The metal
contamination is conﬁned essentially to the ploughed layer
(i.e., down to 60 cm below the surface), and the metal
content is highly variable at the hectometer, and sometimes
decameter, scale. Typical concentrations of Zn range from
150 to 3,150 mg/kg, of Pb 80 to 668 mg/kg, and of Cu 50 to
390 mg/kg (Baize et al., 2002). The compositional variation
is due to the variability of water ﬂow paths relative to the
geometry of the irrigation network. Within each ﬁeld, the
gradient of metal concentration goes downslope from
irrigation outlets and generally follows the ploughing
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direction, with higher metal contents mostly observed at
lower elevation. A survey in 1996–1998 of the entire irrigated area revealed high heavy metal contents in vegetables,
and prompted the authorities to forbid truck farming in
1999. Since then, grain corn is the only authorized crop.
An undisturbed block of about 150 cm2 horizontal · 5 cm vertical was collected in the ploughed layer from
an irrigated ﬁeld. One part of the block was freeze-dried,
impregnated with epoxy resin, and prepared as a 30 lmthick micro-polished thin section for electron and X-ray
microanalyses. Another part was freeze-dried, homogenized, and dry-sieved at 2 mm for chemical analyses, particle-size fractionation, and chemical treatments. The soil
was separated into sand (2000–50 lm), silt (50–2 lm) and
clay (<2 lm) size fractions. The sand and silt fractions were
separated by wet sieving, and the clay fraction was isolated
by sedimentation according to Stokes law. Chemical
analyses of the bulk and size fractions were conducted on
aqua regia digested samples by Inductively Coupled
Plasma–Atomic Emission Spectroscopy (ICP-AES,
Jobin-Yvon JY 70) for major elements and Inductively
Coupled Plasma–Mass Spectroscopy (ICP-MS, Perkin
Elmer 5000) for trace elements, at the Centre de
Recherches Pétrographiques et Géochimiques (CNRS,
Nancy, France). The bulk mineralogy was investigated by
powder X-ray diﬀraction (XRD) using a Siemens D501
diﬀractometer with Co Ka radiation. Homogeneous bulk
samples of the untreated soil and of the residuals after
the chemical treatments described below were pressed as
pellets for powder EXAFS measurements.
2.2. Chemical extraction experiments
Desorption measurements were carried out in single
extraction experiments with citrate, EDDS, and EDTA
according to the conditions given in Table 1. Citrate was
applied as a buﬀer solution made from free citric acid
and NaOH at pH 5.5. EDTA was used as a di-sodium salt
of EDTA, and EDDS as a tri-sodium salt of EDDS. One
gram (dry weight) of the <2 mm soil fraction was placed
in Nalgene centrifuge tubes, in which 5 mL of 102 mol/L
EDTA or EDDS, or 12.5 mL of 0.1 mol/L citrate, were
poured. The initial soil pH was 6.5–7.0, and was not adjusted after adding the extractant. No attempt was made to

inhibit possible microbial degradation. Since citrate,
EDTA, and EDDS usually form 1:1 complexes with most
heavy metals, including Zn, Cu and Pb (Francis et al.,
1992; Whitburn et al., 1999; Oviedo and Rodriguez,
2003), the theoretical minimum amount of chelating agent
needed to extract the three metals is equal to the sum of
their molar concentrations. In practice, the chelating agent
is often applied in several-fold excess to maximize metal
extraction (Linn and Elliott, 1988; Wasay et al., 1998;
Vandevivere et al., 2001a). EDTA and EDDS form strong
complexes with heavy metals, as indicated by the high
value of their metal-binding stability constants
(12.7 6 log K 6 18.78), and they also have a marked aﬃnity for heavy metals as indicated by their high selectivity
coeﬃcient (log SR = 18) relative to Ca and Fe(III), the
two main competing background cations present in the soil
(Table 2). Consequently, a 1.4 molar excess relative to the
sum of Zn, Cu, and Pb was considered suﬃcient to solubilize as much as possible of these metals (Table 1). Citrate is
a weaker complexant than EDDS and EDTA
(4.08 6 log K 6 5.9), and it has a lower selectivity for heavy
metals, suggesting a potential interference with Ca and Fe
extraction, (Table 2). For this reason, the amount of added
citrate equaled 1.4 times the sum of Zn, Cu, Pb, Ca and Fe
(Table 1).
Two series of metal extraction were performed. In the
ﬁrst, the extraction time was ﬁxed at either 24 h, 72 h or
144 h and each extraction was performed on a separate soil
sample. In the second series, ﬁve successive extractions of
the same sample, each lasting 24 h, were performed by
renewing the extracting solution at the start of each time
interval. All extractions were carried out at room temperature, with shaking at 350 rpm, and in duplicate. The pH of
the suspension was measured at the beginning and at the
end of each extraction step. All supernatants were centrifuged for 15 min at 3000 rpm and ﬁltered through
0.45 lm ﬁlters for chemical analysis by ICP-AES. The residues from centrifugation at the end of the extraction
experiments were washed with 30 mL distilled-deionized
water, the solids freeze-dried for EXAFS analysis, and
the wash solutions discarded. The extracted metal fraction
was calculated as the ratio of the amount of metal in the
supernatant to the amount initially present in the soil
sample.

Table 1
Chemical extraction procedures

Untreated soil
Citrate
EDDS
EDTA
a
b
c
d
e

Extracting solution

Molar ratio chelant/sum of elements

Sample name for EXAFS

0.1 M C6H8O7 + 0.1 M NaOH (pH 5.5)a
0.01 M Na3HEDDSb
0.01 M Na2H2EDTAc

1.4d
1.4e
1.4e

·0
· Ci
· EDDS
· EDTA

Procedure adopted from Wasay et al. (1998), and Bassi et al. (2000).
Procedure adopted from Vandevivere et al. (2001a).
Procedure adopted from Sun et al. (2001).
Molar ratio corresponded to [chelant]/[Zn + Cu + Pb + Fe + Ca].
Molar ratio corresponded to [chelant]/[Zn + Cu + Pb].
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Table 2
Stability constants of metal–ligand complexes
Citrateb
EDDSc
EDTAc

log K Ca

log K Fe(III)

log K Cu

log K Zn

log K Pb

Selectivity ratioa (log value)

3.50
4.72
10.81

11.50
22.00
25.10

5.90
18.50
18.78

4.98
13.40
16.50

4.08
12.70
18.00

0
18
18

a
The selectivity ratio (SR) is deﬁned as the ratio of the solubility of heavy metals (e.g., Zn, Cu, Pb) to that of background cations (e.g., Fe, Ca) for a
given set of metal and chelant concentrations in the system (Peters, 1999). It is calculated as [ZnL + CuL + PbL]/[FeL + CaL]. A high SR value indicates a
strong preference of the chelant for heavy metals.
b
log K values of the equilibrium M + L = ML (where L is fully deprotonated) at 20/25 C, for 0.1 M ionic strength from Smith and Martell (1989).
c
log K values of the equilibrium M + L = ML (where L is fully deprotonated) at 20/25 C, for 0.1 M ionic strength from Martell et al. (2001).

2.3. Electron and X-ray microanalyses (SEM-EDS and
l-SXRF)
Electron probe point microanalyses were performed on
two soil thin sections at the Laboratoire de Cristallographie (CNRS, Grenoble, France) with a JEOL JSM-840 A
scanning electron microscope (SEM) equipped with an
energy dispersive spectrometer (EDS) allowing the detection of elements with Z P 6. The POIs were relocated by
l-SXRF on beamline 10.3.2 at the Advanced Light Source
(ALS, Berkeley, USA), and the distribution and associations of high Z elements (Z P 18) in regions containing
the POIs were imaged by elemental mapping at 13.1 keV.
The analyzed regions were scanned with 20 lm steps and
a 16 (H) · 7 (V) lm2 (FWHM) beam size for large overview
maps, and 5 lm steps and 5 (H) · 5 (V) lm2 beam size
for detailed maps. The ﬂuorescence-yield intensity was
measured using a 7-element Ge solid-state detector and
normalized by the incident beam intensity (I0) and the
count time. Details of the beamline and X-ray ﬂuorescence
data treatments can be found in Manceau et al. (2002b)
and Marcus et al. (2004).
2.4. Extended X-ray absorption ﬁne structure spectroscopy
(EXAFS)
The chemical forms of Zn and their proportions in the
soil were determined by EXAFS spectroscopy applied at
micrometer (l-EXAFS) and macroscopic (EXAFS) scales
of resolution. Fluorescence-yield Zn K-edge l-EXAFS
spectra were recorded on beamline 10.3.2 on selected POIs
of the thin sections, chosen on the basis of elemental associations identiﬁed by l-SXRF. The size of the beam was
adjusted to match the sample heterogeneity at the analyzed
spot. Fluorescence-yield Zn K-edge bulk EXAFS spectra of
the pellet samples were recorded on the FAME beamline at
the European Synchrotron Radiation Facility (ESRF, Grenoble, France) using a Canberra 30-element Ge solid-state
detector and a 300 (H) · 100 (V) lm2 (FWHM) focused
beam. For all X-ray analyses, the sample was oriented to
45 from both the incident and detected X-ray beam.
2.5. EXAFS data analysis
The l-EXAFS and powder EXAFS spectra were
extracted from raw X-ray absorption spectra and normal-

ized using standard methods (Teo, 1986). The k3-weighted
EXAFS spectra were analyzed by combining PCA with
LCF of reference spectra to experimental data according
to the procedure described in Manceau et al. (2002b).
For this approach, an extensive database, which is a compilation of the many Zn reference compounds (both synthetic and natural) previously acquired by our team, was
used (Sarret et al., 1998; Manceau et al., 2000a, 2003b,
2004, 2005; Schlegel et al., 2001a; Isaure et al., 2005; Panﬁli
et al., 2005). This database includes primary Zn minerals
(carbonate, gahnite, phalerite, willemite, zincite, zincochromite, etc.), secondary Zn minerals, Zn sorption complexes
and precipitates (hydroxyapatite, hopeite, phosphate
dihydrate, goethite, ferrihydrite, hematite, kerolite, montmorillonite, birnessite, etc.), and Zn organic complexes
(low-molecular-weight organic acids, humic and fulvic
acids, bacterial exopolymers, and fungi cell walls).
Applying PCA to the complete set of l-EXAFS spectra
collected at diﬀerent POIs, it was generally possible to estimate the number of species contained in the sample without a priori knowledge of their identity. This number was
estimated ﬁrst using the indicator parameter, IND, which
ideally reaches a minimum between primary components
(i.e., combination of chemical species spectra) and secondary components (i.e., background signal) (for details, see
Malinowski, 1991, and Manceau et al., 2002b). Previous
studies showed that this parameter may underestimate
(Manceau et al., 2002b; Panﬁli et al., 2005), or overestimate
(Sarret et al., 2004), the real number of species. Consequently, the number of signiﬁcant component species was
evaluated by comparing the marginal improvement of the
ﬁt total (normalized sum-square total, Sarret et al., 2004)
by successively including the next principal component to
the reconstruction of the data. In addition, we veriﬁed that
all selected principal components were EXAFS-like. The
nature of Zn species was determined by target transformation, an operation that tests the suitability of each candidate species for inclusion in the spectral data set. The
closer the transformed to the original spectrum, the most
likely is the Zn species present in the sample. Finally, the
nature and proportions of Zn species contained in each
analyzed sample volume (i.e., POIs of the thin sections
and powdered samples) were determined by LCF of the
corresponding experimental EXAFS spectra to the identiﬁed Zn species EXAFS spectra. Best ﬁts were derived by
increasing incrementally the number of spectral
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components, and by optimizing the fraction of each component with each increment. The best statistical solution
was obtained when the ﬁt residual parameter (R) was
minimized
n
1 X
R¼
ðk 3 vexp ðkÞ  k 3 vmodel ðkÞÞ2 ;
ð1Þ
n  m k¼1
where n is the number of data points in the ﬁt interval, and
m is the number of components (i.e., reference spectra)
included in the ﬁt. The ﬁt interval varied between 2.5–
10.5 and 2.5–11.5 Å1, depending on the data quality.
The uncertainty in the proportion of Zn species is estimated to be approximately 10% of the total amount of Zn
(Manceau et al., 2000a, 2002b; Isaure et al., 2002). Thus,
species whose fractional amount is less than 10% should
be viewed with caution.
3. Results
3.1. Chemical and mineralogical characterization
The soil has a near-neutral pH (6.5–7.0) and a sandy
loam texture. The 40–60 cm upper layer is black and rich
in humus, and the lower layer down to 80 cm is reddish
and clayey. Optical microscopic observation of the soil thin
sections with natural and polarized light showed heterogeneous morphological textures with the presence of grains
(quartz, calcite, feldspars), coarse organic particles, ﬁnely
dispersed clay matrix, and numerous anthropogenic materials (brick residues, charcoal, industrial scoria, etc.).
Chemical and mineralogical characteristics of the soil
are reported in Table 3. The bulk soil chemistry is dominated by Si ([SiO2] = 79.6%), followed by Ca ([CaO] = 3.4%),
and Al ([Al2O3] = 2.5%). Iron comes in fourth position
with a concentration ([Fe2O3] = 2.0%) lower than the average concentration reported for French soils (3.6%) (Baize,
2000). The soil has unusually high organic carbon content
([Corg] = 3.3%), in comparison to most sandy ploughed
soils (0.7–1.0%) (Baize, 2000). Phosphorus content is also
uncommonly elevated ([P2O5] = 0.6%), in comparison to
its average value in soils (0.05%) (Sutton et al., 1999).
The higher amounts of Corg and P probably result from

long-term fertilization and intensive crop production. The
most abundant trace elements are Zn (1103 mg/kg), Pb
(535 mg/kg), and Cu (290 mg/kg). These values are on
the higher side of the concentration range measured in
the whole irrigated area, and intermediate between those
reported for nearby agricultural soils (34–63 mg/kg Zn,
18–43 mg/kg Pb, and 8–19 mg/kg (Cu) (Baize et al.,
2002), and soils impacted by smelting activities (2746–
21,078 mg/kg for Zn, 406 mg/kg for Cu, and 8876–
9135 mg/kg for Pb) (Thiry and Van Oort, 1999; Manceau
et al., 2000a; Roberts et al., 2002; Juillot et al., 2003; Sarret
et al., 2004). Consequently, the contamination of the
studied soil can be regarded as moderate and diﬀuse.
The mineralogy of the bulk soil is dominated by quartz
and calcite, mixed with minor amounts of albite, microcline, and phyllosilicate. No metal bearing phases were observed by XRD. The particle size distribution consists of
69% sand, 23% silt, and 8% clay in weight. Calculation of
elemental distribution among soil size fractions shows that
the silt and clay fractions are the main reservoirs of heavy
metals. The silt fraction contains 41% of total Zn, 47% of
total Cu, and 43% of total Pb. Although the clay fraction
represents only 8% of the soil weight, it contains 42% Zn,
35% Cu, and 42% Pb.
3.2. Metal extractability
After 24 h of reaction time, the extractability of metals
ranks in the order Cu > Zn > Pb for the three chelating
agents (Fig. 1). The higher extraction of Cu is consistent
with the higher stability of Cu–ligand complexes for the
three chelants, as indicated by log K values (Table 2). However, the relative stability of the three Cu–ligand complexes
cannot explain the diﬀerences observed among chelants.
For example, EDDS, whose complex with Cu is almost
as strong as that with EDTA, extracted more Cu (73%)
than EDTA (51%). Also, citrate extracted almost the same
amount of Cu as EDTA (55 vs. 51%), although the two Cu
complexes have a 13 order of magnitude diﬀerence in binding strength (Table 2). Similar discrepancies between stability constant values and metal extractability are observed
for Zn. Despite the marked contrast in log K (Zn) values,

Table 3
Chemical and mineralogical characteristics of the soil
Particle size distribution
(wt.%)

Element concentrations in the <2 mm soil fraction
(mg/kg)
Zn
1103

(%)
Cu
290

Pb
535

SiO2
79.6

CaO
3.4

Al2O3
2.5

K2O
0.6

Fe2O3
2.0

P2O5
0.6

27
44
29

34
49
17

25
39
36

20
41
39

Element distributions into soil size fractionsa (wt.%)
Sand (2000–50 lm)
Silt (50–2 lm)
Clay (<2 lm)

69
23
8

17
41
42

18
47
35

15
43
42

79
18
3

23
55
22

a
Mass distribution of elements in the soil size fractions calculated as Cf · Mf/Ctot, where Cf is the element concentration in the fraction, Mf is the mass
percentage of the fraction, and Ctot is the element concentration in the bulk soil.
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Fig. 1. Percentage of Zn, Cu and Pb solubilized by chemical extractions as a function of extraction time (left) and number of 24 h sequential extraction
cycles (right). The deviations within duplicates are too small to be plotted as error bars (<1%).

which range over a factor of three, the three chelating
agents extracted a similar proportion of Zn: 43% (citrate),
42% (EDDS), and 40% (EDTA) after 24 h. Likewise, the

low extractability of Pb (32% with EDDS, 26% with
EDTA, and 11% with citrate), compared to Cu and Zn,
cannot be explained by log K (Pb) values because these
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are similar in value to those of Zn and Cu. This suggests
that part of the Pb pool is more tightly bound to soil constituents than the other metals, possibly as pyromorphite
or some other Pb-phosphate phases, given the low solubility of lead-containing phosphates, their reported occurrence in lead-impacted soils, and the exceptionally high
amount of P in the soil (Cotter-Howells et al., 1994; Hettiarachchi et al., 2000; Buatier et al., 2001; Ryan et al., 2001).
More generally, two reasons may be invoked for the lack of
correlation between metal extractability and the aﬃnity of
the organic ligand for the metal as measured in pure solution: one is competitive binding of other cations (e.g., Fe,
Ca) to the chelant, and the second is that heavy metals
are bound unevenly to several constituents having diﬀerent
solubilities. These hypotheses were tested using equilibrium
solubility calculations and are presented in Section 4.
Increasing the extraction time over 24 h increased the
extracted amounts with a moderate dependence on the chelant and metal (Fig. 1). Metal extraction increased by 9%
of the initial amount of metal for Cu, 6% for Zn, and 8%
for Pb after 72 h of reaction time with EDTA, and leveled
oﬀ after 144 h. With EDDS, the extraction increased by 7%
for Cu, 3% for Zn, and 5% for Pb after 72 h, and then again
by 7% for Cu, 6% for Zn, and 3% for Pb after 144 h. With citrate, the extraction of Cu, Zn, and Pb increased by 9, 6, and
6%, respectively, after 72 h, and again by 5, 4, and 7% after
144 h (the variation between the two replicates is <1%).
Finally, the proportions of Cu, Zn, and Pb extracted after
144 h equaled 69, 53, and 24% with citrate, 87, 51, and 40%
with EDDS, and 61, 46, and 34% with EDTA, respectively.
In summary, increasing the reaction time from 24 to 144 h increased the extraction yields by only minor amounts.
Renewing the extracting solution greatly increased the
dissolved metals, but not by the same amount for the three
chelants: the solubilization curves had a logarithmic shape
with citrate, and were almost linear with EDDS (with the
exception of Cu) and EDTA (Fig. 1, Table 4). The proportions of Cu, Zn, and Pb removed from the soil after the ﬁve
extraction cycles were, respectively, 88, 79, and 91% with
citrate, 100, 65, and 65% with EDDS, and 72, 57, and
47% with EDTA. Renewing the citrate solution had a tremendous eﬀect on Pb extraction since only 11% of Pb was
extracted after the ﬁrst cycle, while the second and third cycles solubilized 39 and 24% from the remaining amount of
Pb after the ﬁrst cycle, leading to a cumulative extraction of
91% after ﬁve cycles. The successive extraction of Zn and
Cu from one cycle to another was lower than that of Pb,
since the ﬁrst cycle with citrate extracted 43% Zn and
55% Cu, the second 25% Zn and 21% Cu from the left over,
the third 6% Zn and 7% Cu, and the last even less, as indicated by the logarithmic shape of the curves. These data,
together with the fact that citrate, in combination with
bicarbonate (i.e., citrate–bicarbonate reagent), is known
to promote the dissolution of poorly crystalline Fe oxyhydroxides (Soulier et al., 1994; Trolard et al., 1995), all
collectively suggest that Pb is also associated with disordered Fe oxyhydroxides, in addition to phosphates.

This interpretation is consistent with the Cu-like and Zn-like
shape of the Pb extraction curves with EDDS and EDTA
since these two organic ligands do not selectively dissolve
poorly crystalline Fe oxyhydroxides. Equilibrium calculations presented in Section 4.2 support this interpretation.
In summary, desorption experiments showed that at
least 11% and at most 100% of the metals could be removed from the soil with chelating agents, and that the
extraction eﬃciency was higher when the chelating solution
was renewed. Renewing the solution limits re-adsorption of
the desorbed moieties, and increases the dissolution rate of
any metal-containing particles by maintaining undersaturated conditions as in stirred-ﬂow extractions (Strawn
and Sparks, 2000). These two protocols cause desorption
of metals that are held more strongly by soil constituents
than surface complexes. The nature of the Zn-containing
solid phases before and after extraction are identiﬁed below
by l-SXRF and EXAFS spectroscopy.
3.3. Metal partitioning and chemical associations
Bicolor (RB, Red–Blue) and tricolor (RGB,
Red–Green–Blue) l-SXRF maps of the lateral distribution
of Zn and Pb (R), Cu (B), and Fe (G) in two representative
regions of the soil thin sections are presented in Fig. 2. The
soil texture is heterogeneous as shown by the presence of
several millimeters to submillimeter elongated and rounded
features, dispersed in a silty to clayey matrix. These features have a diﬀerent chemical composition in RB representation, some are concentrated in Cu (i.e., blue) and others
in Zn or Pb (i.e., red). The elongated blue feature in the ﬁrst
region (Fig. 2a) was identiﬁed by optical microscopy and
SEM-EDS as root debris. Point X-ray ﬂuorescence analysis
indicated a Cu(Ka):Zn(Kb):Pb(La) ratio of 100:20:22 in
this area. Its color remained blue when Fe was added in
green in a tricolor (RGB) representation, indicating a low
Fe concentration, in contrast to the matrix. The association
of Cu with root debris suggests the existence of a Cu complex with organic matter. Many occurrences of Cu-containing root debris and detrital organic structures were
observed in the two thin sections.
The reddish to purple (mix of red and blue) cast of the
maps in RB representation shows that, with one exception
(grain POI #17), Zn and Pb are evenly distributed throughout the soil matrix. The occurrence of yellow and orange
(mix of red and green) spots (i.e., POIs #5, #9, #11, #13)
in RGB representation indicates that Zn and Pb are associated partly with Fe, but in amounts that vary greatly
from one point to another. Some spots are green, suggesting that they are aggregates of Fe oxyhydroxides. In addition, Fe is present everywhere in the clayey matrix along
with Zn, Pb, and Cu, as indicated by the brownish shade
of the two tricolor maps. The almost uniform color of
the matrix reveals that the soil is permeated with Fe, as is
commonly observed (Singh and Gilkes, 1996; Manceau
et al., 2004, 2005), but also with heavy metals. This elemental distribution suggests a structural or physical association
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Table 4
Aqueous concentrations (mol/L) in supernatants for cycling extraction experiments
EDTA exposure, cycle number
1 (24 h)
[Ca]aq
[Fe]aq
[Al]aq
[Mg]aq
[Ti]aq
[Zn]aq
[Cu]aq
[Pb]aq
[P]aq
R[MVC]
[Ca]aq/R[MVC], %
[Ca]aq/([Ca]aq + [Fe]aq), %

2 (24 h)

3 (24 h)

4 (24 h)

5 (24 h)

4.67 · 103
2.48 · 104
2.10 · 105
2.30 · 104
1.46 · 106
1.36 · 103
4.64 · 104
1.33 · 104
9.37 · 104

5.79 · 103
2.31 · 104
2.51 · 105
1.85 · 104
1.59 · 106
2.27 · 104
8.74 · 105
4.27 · 105
1.69 · 104

6.31 · 103
2.35 · 104
2.85 · 105
1.61 · 104
1.54 · 106
1.35 · 104
4.51 · 105
2.68 · 105
9.88 · 105

6.41 · 103
2.35 · 104
3.26 · 105
1.53 · 104
1.53 · 106
9.99 · 105
3.34 · 105
2.06 · 105
8.97 · 105

5.71 · 103
2.93 · 104
3.90 · 105
1.45 · 104
1.35 · 106
1.07 · 104
3.07 · 105
2.18 · 105
8.97 · 105

7.12 · 103
66
95.0

6.58 · 103
88
96.2

6.94 · 103
91
96.4

6.99 · 103
92
96.5

6.34 · 103
90
95.1

3 (24 h)

4 (24 h)

5 (24 h)

EDDS exposure, cycle number
1 (24 h)
[Ca]aq
[Fe]aq
[Al]aq
[Mg]aq
[Ti]aq
[Zn]aq
[Cu]aq
[Pb]aq
[P]aq
R[MVC]
[Ca]aq/R[MVC], %
[Ca]aq/([Ca]aq + [Fe]aq), %

2 (24 h)
3

2.54 · 10
1.80 · 103
1.25 · 103
7.70 · 104
5.34 · 106
1.43 · 103
6.68 · 104
1.67 · 104
1.35 · 103

3

2.93 · 10
1.23 · 103
8.70 · 104
2.84 · 104
6.10 · 106
3.50 · 104
1.40 · 104
6.56 · 105
7.70 · 104

3

2.84 · 10
1.03 · 103
5.85 · 104
1.23 · 104
5.07 · 106
1.64 · 104
5.18 · 105
3.96 · 105
7.94 · 104

3

2.65 · 10
1.04 · 103
5.25 · 104
8.52 · 105
5.34 · 106
1.35 · 104
3.67 · 105
3.35 · 105
8.11 · 104

2.53 · 103
1.03 · 103
3.18 · 104
4.46 · 105
4.05 · 106
1.19 · 104
2.89 · 105
3.23 · 105
8.49 · 104

8.63 · 103
29
58.5

5.87 · 103
50
70.4

4.84 · 103
59
73.5

4.51 · 103
59
71.9

4.10 · 103
62
71.1

3 (24 h)

4 (24 h)

5 (24 h)

Citrate exposure, cycle number
1 (24 h)
[Ca]aq
[Fe]aq
[Al]aq
[Mg]aq
[Ti]aq
[Zn]aq
[Cu]aq
[Pb]aq
[P]aq
R[MVC]
[Ca]aq/R[MVC], %
[Ca]aq/([Ca]aq + [Fe]aq), %

2 (24 h)

1.37 · 102
2.27 · 103
8.46 · 104
5.11 · 104
5.21 · 106
5.87 · 104
2.02 · 104
2.36 · 105
1.55 · 103

4.83 · 103
2.57 · 103
5.90 · 104
5.89 · 104
1.13 · 105
3.30 · 104
7.58 · 105
8.04 · 105
1.57 · 103

1.94 · 103
9.87 · 104
2.89 · 104
7.58 · 104
6.41 · 106
8.92 · 105
2.55 · 105
4.84 · 105
5.75 · 104

6.42 · 104
4.61 · 104
1.56 · 104
3.74 · 104
2.57 · 106
3.37 · 105
1.13 · 105
2.32 · 105
1.72 · 104

3.17 · 104
2.87 · 104
1.61 · 104
2.06 · 104
2.47 · 106
2.07 · 105
6.92 · 106
1.32 · 105
4.43 · 105

1.82 · 102
76
85.8

9.08 · 103
53
65.3

4.15 · 103
47
66.3

1.70 · 103
38
58.2

1.01 · 103
31
52.5

of Zn, Pb and Cu with ferruginous clay particles. The typical Zn(Ka):Cu(Ka):Pb(La):Fe(Ka) ratio is 30:10:12:100.
The Zn–Fe and Pb–Fe associations imaged by l-SXRF
were conﬁrmed by the calculation of cross-correlation values
(q), which were high in the ﬁrst mapped region
(qZn–Fe = 0.78, qPb–Fe = 0.71, qZn–Pb = 0.80) and moderate
in the second region (qZn–Fe = 0.53, qPb–Fe = 0.57,
qZn–Pb = 0.64). The lower q values in the second region suggest
that some Zn and Pb is not correlated with Fe. The EDS
spectra collected at POIs #5, #9 and #17 show highly
contrasting Zn(Ka):Fe(Ka) ratios: 55:100 at POI #5, 16:100 at
POI #9, and 100:45 at POI #17 (Figs. 3a–c). If a Zn-containing
Fe oxyhydroxide species exists, then it is most likely mixed

with other species in variable proportions from point to
point. The EDS spectrum collected at the large coﬀee bean
feature (#17) about 300 lm in diameter exhibited an intense
Zn ﬂuorescence peak, and low intensity Cu and Pb peaks
(Zn(Ka):Cu(Ka):Pb(La) equal to 100:23:6) (Fig. 3d). This
feature is also depleted in Fe relative to the matrix
(Fe(Ka)area:Fe(Ka)matrix = 50:100), suggesting that Zn is
probably not associated with the Fe. This result partly explains the lower qZn–Fe value of the second region. Since light
elements are not easily detected on the 10.3.2 hard X-ray
microprobe, SEM was used to complete the analysis of the
coﬀee bean. An intense X-ray line with a Zn(Ka):P(Ka) ratio
of 17:100 suggests a Zn phosphate (Fig. 3d). This grain also
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Fig. 2. Bicolor (left column) and tricolor (right column) l-SXRF maps of the distribution of Zn and Pb (red), Cu (blue) and Fe (green) in two
representative regions of two soil thin sections (a, b). The intensity of each color in each pixel is proportional to the concentration of the corresponding
element. The overall brightness of a region is related to the sum of the concentrations, and the hue is related to the diﬀerence. The numbers indicate the
spots where Zn K-edge l-EXAFS spectra were collected. Steps of 20 · 20 lm, beam size = 16 (H) · 7 (V) lm2 (FWHM).
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Fig. 3. Energy dispersive X-ray spectrometry (EDS) spectra collected with a microfocused X-ray source at POIs #5 (a), #9 (b) and #17 (c) from the elemental
maps presented in Fig. 2, and EDS spectrum collected on a scanning electron microprobe at POI #17 (d). The Fe:Zn ratio appears closer to 1:1 through SEM
compared to l-SXRF analysis because measurements were performed in vacuum in SEM and air in l-SXRF. Beam size = 5 (H) · 5 (V) lm2 (FWHM).

contains major Ca and Cl, and minor Si, Al, and K. In contrast with Zn, whose distribution pattern resembled two halfmoons, Cu was evenly distributed within the two half-moons
(see the R(Pb)–B(Cu) map) and also in the central part of the
grain and on its rim (see the R(Zn)–B(Cu) map). In R(Zn)–
B(Cu) representation, the edge and the central regions appear purple because they contain some Zn, but only one ﬁfth
that of the half-moons. In contrast, the half-moons are reddish because the Cu signal is masked by the intense Zn signal
(Zn(Ka)moons:Cu(Ka)moons equal to 100:23). The uneven
distribution of Cu and Zn suggests diﬀerent speciation for
the two metals. Two types of components were identiﬁed
by SEM: organic cells with preserved shapes that are distributed homogeneously throughout the disk-shaped area, and
microcrystalline minerals that occur interstitially between
organic cells and form the skeleton of the two half-moon
aggregates (Fig. 4). Therefore, we conclude from the
l-SXRF analysis and SEM observations that Cu is associated with the organic component, and Zn with the mineral
component.

3.4. Nature of Zn species
On the basis of the l-SXRF results, eighteen POIs (some
of them are marked on the l-SXRF maps in Fig. 2) were
selected for Zn K-edge l-EXAFS measurements. Of these
spectra, 17 could be classiﬁed into two groups on the basis
of their appearance (Fig. 5). The remaining spectrum, collected at a Zn ‘hot spot’ about 5 · 5 lm2, was identical to that
of gahnite (ZnAl2O4, Fig. 6). The spectra from the ﬁrst group
were collected in clay-rich areas, whereas those from the second group were collected in either Fe- or P-rich areas. The
ﬁrst set of spectra resembles that of Zn-containing kerolite
Si4(Mg1.65Zn1. 35)O10(OH)2 Æ nH2O (ZnKer135), a trioctahedral phyllosilicate (Fig. 5a). The spectrum of ZnKer135
exhibits splitting of the ﬁrst EXAFS oscillation at
3.8 Å1, which is systematically observed when Zn is sixfold coordinated and its octahedron shares edges with those
of ‘light’ elements (Mg or Al) as in some phyllosilicates, gibbsite, lithiophorite and hydroxy-Al interlayered 2:1 clay minerals (Manceau et al., 1987, 2000b, 2004, 2005; Scheinost
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Fig. 4. Scanning electron micrographs of the ‘coﬀee bean’ area from the
elemental map presented in Fig. 2b, at 180· (a) and 2000· (b)
magniﬁcation. The higher magniﬁcation clearly shows a pseudomorphic
texture containing biological cells and microcrystalline mineral precipitates. The lower magniﬁcation shows that the cells are homogeneously
distributed in the grain, whereas the microcrystalline minerals form two
half-moon aggregates.

et al., 2002). The nature of the host mineral will be determined below by PCA, but lithiophorite can be disregarded
immediately because no Mn was detected. Although the
spectra from #4 to #7 do not have their ﬁrst EXAFS oscillation split, they were classiﬁed in this group because their
third oscillation is halved in a similar manner as in kerolite.
This series of spectra clearly contains at least two Zn forms,
which may be either a phyllosilicate with a variable stoichiometry (i.e., varying amounts of ‘heavy’ and ‘light’ atoms
in its octahedral sheet), or an unknown Zn species mixed
with a single phyllosilicate.

The spectra of the second group have their ﬁrst oscillation shifted to higher k values, relative to those from the
ﬁrst group (4.2 vs. 3.8 Å1), indicating that Zn is in tetrahedral coordination. These spectra also have lower amplitude, suggesting that Zn is surrounded by ‘light’ atoms or
forms surface complexes. In agreement with the Zn–Fe
and Zn–P chemical associations identiﬁed by l-SXRF, an
overall spectral similarity was observed between the unknowns of the second group and Zn-sorbed ferrihydrite
(ZnFh) and Zn-containing phosphate (ZnPhos) (Fig. 5b).
However, attempts to reconstruct the unknown spectra
with a linear combination of ZnFh and ZnPhos failed,
which suggests either that one of the two inferred species
is invalid or that they are mixed with a third species.
PCA showed that the set of 17 multi-component l-EXAFS spectra could be reduced to four orthogonal components, as indicated by the IND values (Table 5).
Reconstruction of the 17 spectra with the ﬁrst two, three,
four, ﬁve, six, and seven components conﬁrmed that the ﬁrst
four components were necessary to reproduce all experimental spectral features, and a trade-oﬀ in signal-to-noise ratio
was observed between the fourth and ﬁfth component.
Therefore, the target transformation of the reference compounds from our database was performed in the orthogonal
base of the four components. The quality of the transformation was examined visually and quantiﬁed by the residual R
value between the original and the target-transformed reference spectra. Four families of Zn species were positively
identiﬁed and retained as proxies: Zn-sorbed ferrihydrite
(ZnFh), Zn phosphate dihydrate (ZnPhos), medium-Zn kerolite (ZnKer135), and willemite (Willem) (Fig. 7a).
Among the iron oxyhydroxides available in our database, Zn-sorbed ferrihydrite (ZnFh), in which Zn is fully
tetrahedral (Waychunas et al., 2002; Trivedi et al., 2004),
yielded the best reconstruction with lower R value
(R = 0.23). The assumption of Zn-sorbed goethite (not
shown) and Zn-substituted goethite (ZnGoet), in which
Zn is octahedral, yielded poor reconstructions with R values equal to 0.72 and 0.74, respectively (Fig. 7b). In particular, the shape of the ﬁrst oscillation for goethite was not
correctly reproduced by the target transformation, because
this region of the spectrum is sensitive to the IVZn/VIZn ratio, with the frequency being left-shifted when the Zn-O
distance increases (Schlegel et al., 1997). Of the various
Zn phosphate references tested, Zn phosphate dihydrate
(Zn3(PO4)2 Æ 2H2O) yielded the best reconstruction
(R = 0.25) (Fig. 7a). Other forms of Zn phosphate, including scholzite (not shown) and Zn-reacted hydroxyapatite
(ZnApat), gave poorer reconstruction with R = 0.68 and
R = 0.77, respectively (Fig. 7b).
Among the Zn phyllosilicate family of spectra, mediumZn kerolite (Si4(Mg1.65Zn1.35)O10(OH)2 Æ nH2O, ZnKer135)
gave the best spectral reconstruction (R = 0.59). The target
testing of dioctahedral Zn–phyllosilicate, simulated here
with the Zn-substituted montmorillonite from Redhill
([Zn] = 85 mg/kg)
(ZnMont),
was
unsatisfactory
(R = 1.38). Fig. 7 shows that the original and reconstructed
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Fig. 5. Zn K-edge k3-weighted l-EXAFS spectra collected at diﬀerent POIs of the two soil thin sections. Spectra are grouped in two populations according
to their visual appearance, and compared with three reference spectra, (Zn,Mg)-containing kerolite (ZnKer135), in which Zn is octahedrally coordinated
to oxygens (a), and Zn-sorbed ferrihydrite (ZnFh) and Zn phosphate (ZnPhos), in which Zn is tetrahedrally coordinated to oxygens (b).

Table 5
Output parameters from PCA
Component

Eigenvalue

INDa

1
2
3
4
5
6
7

120.0
76.4
23.8
17.7
11.1
9.9
8.4

0.0828
0.0423
0.0384
0.0360
0.0379
0.0402
0.0436

a

Fig. 6. Zn K-edge k3-weighted l-EXAFS spectrum collected at POI #18
(solid line) and its one-component ﬁt to gahnite (dotted line).

Indicator value, for details see Manceau et al. (2002b).

spectra for ZnMont diﬀered in shape and in phase in the
5–9 Å1 k-interval, whereas good agreement was obtained
with the medium-Zn (ZnKer135) trioctahedral kerolite
reference. This suggests that Zn has a trioctahedral local
environment in the phyllosilicate species, as often observed
in soils and sediments (Isaure et al., 2005; Panﬁli et al.,
2005). The average stoichiometry of the soil Zn
phyllosilicate was estimated by testing several kerolite refer-

2176

T.A. Kirpichtchikova et al. 70 (2006) 2163–2190

Fig. 7. Zn K-edge k3-weighted EXAFS spectra and target transformations of a selection of Zn reference compounds. The quality of the transformation is
evaluated by the residual R value between the original reference spectrum (solid line) and the target transformed spectrum (dotted line). (a) Zn-sorbed
ferrihydrite (ZnFh), Zn phosphate dihydrate (ZnPhos), medium-Zn kerolite (ZnKer135), and willemite (Willem) are statistically the most likely Zn species.
(b) Zn-substituted goethite (ZnGoet), Zn-reacted hydroxyapatite (ZnApat), low-Zn kerolite (ZnKer003), Zn-substituted montmorillonite (ZnMont) and
zincite (ZnO) are discriminated from the four likely species in a statistically meaningful way.

ences with various Zn/Mg ratios. The reconstruction was
poor with the pure-Zn end-member (Si4Zn3O10(OH)2 Æ nH2O, data not shown, R = 0.81), and worse with the lowZn
end-member
(Si4Zn0.03Mg2.97O10(OH)2 Æ nH2O,
ZnKer003, R = 0.94). We note that, in contrast to the dioctahedral reference, the original and reconstructed spectra
for the trioctahedral hydrous silicate references were always
in phase over the experimental k interval, independently of
their Zn/Mg ratio, strengthening the improbability of
montmorillonite as a possible Zn species. The possibility
of a Zn surface complex on the edges of phyllosilicate layers
was discarded by testing Zn-sorbed hectorite (R = 1.18,
data not shown) (Schlegel et al., 2001a,b). Other tested layered Zn species include (Zn,Al)-hydrotalcite and hydroxyAl interlayered phyllosilicate, but the obtained R values
were in the same high range as montmorillonite (1.28 and
1.39, respectively) (data not shown).
The fourth and last identiﬁed species is willemite, an
anhydrous Zn silicate (Zn2SiO4, R = 0.59). The spectrum
of this species has a characteristic sharp-pointed resonance

at 8 Å1 (Fig. 7a), which can be used to ascertain its presence in a mixture, as observed in Fig. 5b for the spectra collected at POIs #10 and #14. A number of other Zn species
previously identiﬁed or inferred in contaminated soils and
sediments, including minerals such as zincite (Fig. 7b),
sphalerite, franklinite, organic Zn complex with humic
and low-molecular-weight organic acids (Isaure et al.,
2002; Sarret et al., 2004; Panﬁli et al., 2005) were tested
and led to poor reproduction of the data, which indicates
that these species are not present in signiﬁcant amount in
the studied soil (i.e., <5–10% of total Zn, depending on
the reference). In summary, four Zn species were identiﬁed
by PCA, Zn-sorbed ferrihydrite, Zn phosphate, mediumZn kerolite, and willemite, in addition to gahnite identiﬁed
in a hot spot.
The nature and proportion of the Zn species at each
POI was determined next by LCF of the 17 multi-component l-EXAFS spectra to the ﬁve identiﬁed Zn species.
The sensitivity of this approach is illustrated below with
three spectra, one from the clayey matrix (POI #5), one
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Fig. 8. Zn K-edge k3-weighted l-EXAFS spectra (solid line) collected at POIs #5, #9 and #17, and their best one- (a) and two-component (b) ﬁts (dotted
line).

from an Fe-rich area (POI #9), and one from a P-rich
area (POI #17) (Fig. 8). The one-component ﬁt to spectrum #5 identiﬁed medium-Zn kerolite as the most likely
species (R = 0.76). Adding Zn ferrihydrite signiﬁcantly
improved the ﬁt as indicated by the 48% decrease in R
(R = 0.39). Zn ferrihydrite was often detected together
with Zn phyllosilicate, presumably because of its nanodivided nature and its frequent occurrence as ‘background’
species in soil matrices (Hochella et al., 1999; Manceau
et al., 2002b). This species is probably responsible for
the brownish cast of the two l-SXRF maps in RGB representation (Fig. 2). The one-component ﬁt to spectrum
#9 identiﬁed Zn ferrihydrite as the most likely major Zn
species at this spot (R = 0.40), in keeping with the high
Zn–Fe correlation measured by l-SXRF. A two-component ﬁt was attempted, and the assumption of a mixture
of 79% Zn ferrihydrite and 20% willemite decreased R
by 28% (R = 0.29). The one-component ﬁt to spectrum
#17 identiﬁed Zn phosphate, in agreement with the
Zn–P correlation at this point. Adding willemite in a
two-component ﬁt improved the spectral match and
reduced R by 48%. For the three spectra shown in

Fig. 8, the proportion of the third phase obtained with
three-component ﬁts was <10% and, thus, was considered
insigniﬁcant enough to only consider two-component
combinations. In particular, no layer double hydroxide
(LDH) was detected at POI #5, which is consistent with
the transformation of this species into phyllosilicate with
time (Voegelin et al., 2005).
In summary, all multi-component l-EXAFS spectra
presented in Fig. 5 were ﬁtted successfully to linear combinations of only two components taken from the set of the
four Zn species identiﬁed by PCA: ferrihydrite, phosphate,
phyllosilicate, and willemite. Gahnite was found in one Zn
‘hot spot,’ and never in a mixture with other Zn species at
the analyzed POIs.
3.5. Quantitative speciation of Zn in the untreated soil
The fractional amounts of each Zn species in the soil
were determined by LCF of the EXAFS spectrum of the
powdered soil sample to linear combinations of the EXAFS spectra of the ﬁve identiﬁed Zn species. The powder
EXAFS spectrum (noted · 0) looks intermediate in phase,
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Fig. 9. Zn K-edge k3-weighted powder EXAFS spectrum of the bulk soil
(· 0) together with the two l-EXAFS spectra collected at POIs #5 and #17.

shape and amplitude to the two l-EXAFS spectra collected
at POIs #5 and #17 (Fig. 9). To a ﬁrst approximation, the
three spectra seem to belong to a pseudobinary system, in
which one end-member is spectrum #5 (mixture of 75%
Zn kerolite and 26% Zn ferrihydrite) and the other is spectrum #17 (mixture of 61% Zn phosphate and 38% willemite). However, the bulk soil spectrum could not be
described quantitatively by a linear combination of the
two two-component spectra, according to a Æ (0.75ZnKer + 0.26ZnFh) + (1  a) Æ (0.61ZnPhos + 0.38Will). If
this were the case, then the · 0, #5 and #17 spectra would
all intersect at the same points, called isosbestic points
(Manceau et al., 1998), which is clearly not the case, for
example at 4.9, 5.4, and 9.0 Å1. This means that the ratio
of ZnKer to ZnFh, and of ZnPhos to Willem measured at
POIs #5 and #17 are not constant throughout the powdered sample. The lower amplitude of the powder spectrum
relative to the two l-EXAFS spectra results from the higher multiplicity of the Zn structural environments in the soil
volume, thereby justifying multiple-species ﬁts. Results
from the LCF indicated that Zn ferrihydrite, Zn phosphate
and Zn kerolite are predominant, because omitting any of
these species signiﬁcantly degraded the quality of the simulation (Fig. 10). Adding willemite in a four-component ﬁt
improved the spectral match and decreased the R by
17%, the best statistical agreement being obtained with a
mixture of 30% Zn ferrihydrite, 28% Zn phosphate, 24%
medium-Zn kerolite, and 11% willemite (R = 0.19). Ten
percent of willemite in the four-component ﬁt corresponds
to the generally accepted detection limit of metal species by
this linear least-squares combination ﬁt analysis of EXAFS
spectra (Manceau et al., 1996; Ostergren et al., 1999;
O’Day et al., 2000; Isaure et al., 2002). Gahnite represents
less than 10% of total Zn, because adding this component
did not signiﬁcantly improve the spectral simulation.

Fig. 10. Zn K-edge k3-weighted EXAFS spectrum of the powdered soil
sample (solid line) with three and four-component least-squares ﬁts to
linear combination of reference spectra (dotted line). The bulk soil
spectrum is best simulated (R = 0.19) with a mixture of 30% Zn-sorbed
ferrihydrite, 28% Zn phosphate, 24% medium-Zn kerolite, and 11%
willemite (estimated accuracy ±10% of the total zinc). Gahnite, ﬁrmly
identiﬁed by l-EXAFS, represents less than 10% of the total Zn, because
adding this component did not signiﬁcantly improve the spectral
simulation.

3.6. Quantitative speciation of Zn in the soil after chemical
treatments
In the following, the eﬀect of citrate, EDDS, and EDTA
treatments on the forms of zinc in the soil is examined.
Fig. 11 shows the Zn K-edge powder EXAFS spectra of
the soil before (· 0) and after 24 h treatment with citrate
(· Ci), EDDS (· EDDS) and EDTA (· EDTA), together
with the reference spectra of the four major Zn species initially present in the soil. The three chemical treatments modiﬁed
the shape of the second and third EXAFS oscillations in a
similar manner, rendering them more symmetrical than they
were initially in · 0. In particular, the doublet of the third
oscillation, which is marked in ZnPhos (black arrows in
Fig. 11), and still apparent in · 0, has disappeared. Concomitantly, two shoulders on the left tail of the second oscillation
are noticeable after treatment (semi-black arrows in Fig. 11).
These spectral changes, added to the fact that the three
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Fig. 11. Zn K-edge k3-weighted EXAFS spectra of the powdered samples
for the untreated soil (· 0) and the residuals after 24 h contact time with
citrate (· Ci), EDDS (· EDDS), and EDTA (· EDTA), together with the
reference spectra of the major Zn species identiﬁed in the untreated soil.

extractants removed about the same amount of Zn (citrate
43%, EDDS 42%, and EDTA 40%), suggest that the Zn
phosphate species was dissolved preferentially after 24 h,
thereby increasing the proportions of remaining species in
the treated soil fractions. To conﬁrm this hypothesis and
quantify the speciation of Zn in the treated soil, the spectra
of the treated soil were ﬁtted by linear combination of the ﬁve
Zn species. The one-, two-, and three-component ﬁts of the
treated and untreated soils are shown in Fig. 12, and the fractions of each component are given in Table 6. Best one-component ﬁts were obtained with Zn ferrihydrite, then Zn
kerolite was revealed as the second most likely species, and
ﬁnally willemite as the third species. The three-component
model yielded the best ﬁt for the three treated soil fractions,
as indicated by R values and the closeness to 100% of the sum
of all species. Adding Zn phosphate as a fourth component
did not improve signiﬁcantly the ﬁts, in contrast to the spectrum of the untreated soil (· 0). For this last sample, adding
Zn phosphate decreased the R value by 27% (Table 6).
Zn phosphate, which amounted to 28 ± 10% of total
Zn in the untreated soil, is below the detection limit in
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the three treated samples, which indicates that it was dissolved preferentially. The mole fraction of Zn kerolite
slightly increased from 24% in the untreated soil to
29 to 30% in the treated soil. Because of the high-amplitude and multiple-frequency shape of this reference
spectrum, its contribution to the total EXAFS signal became visible after treatment, as seen by the appearance
of the two shoulders on the left side of the second oscillation, which are reminiscent of the two shape resonances
of the kerolite spectrum at 5.2 and 5.8 Å1. The relative
proportion of willemite remained almost constant after
citrate and EDDS treatment, but increased by 6% with
EDTA.
Some zinc liberated by phosphate dissolution may have
been readsorbed on other phases. To test this, the fractional amount of each Zn species after treatment was
compared to the fractional amount of each Zn species before treatment. Results reported in Fig. 13 show that the
proportions of Zn species are, within precision, the same
in the treated and untreated samples: 30% Zn ferrihydrite, 24% Zn kerolite, and 11% willemite. Another
way to look at the data is to compare the fractional
amount of Zn phosphate in the untreated soil
(28 ± 10%) and the diﬀerence to 100% (or 93% if using
experimental values in Table 6) of the sum of the normalized proportions of each species in the treated soil
(40%). These two values are conservative, which means
that the amount of dissolved Zn is the same as the
amount of Zn phosphate in the native soil. This Zn phosphate pool is the most labile in the presence of complexing organic compounds, and is solubilized with a good
selectivity since no reagents seem to have modiﬁed significantly the proportions of Zn ferrihydrite, Zn kerolite,
and willemite.
Dissolution of Zn phosphate was conﬁrmed by the Zn
and P concentrations in the extracted solutions
(Fig. 14a). The dissolved Zn/P molar ratio was 1.0 with
EDDS and 1.5 with EDTA, similar to the ratio in Zn
phosphate dihydrate (Zn/P = 1.5), the model compound
used as a proxy for the family of Zn phosphate minerals.
This ratio was 0.4 with citrate, suggesting that this
organic molecule extracted other P-containing phases. If
the Zn/P molar ratio of the citrate-extracted Zn phosphate is 1.5, then about 6% of the 24% P extracted with
citrate was bound to Zn. The other 18% P ought to be
bound to other dissolved cations. This inference is consistent with the analysis of dissolved Fe and Ca, since
citrate extracted more Fe (11%) than EDDS (4%) and
EDTA (0.5%) and, above all, more Ca (28 vs. 2 and
4%, respectively) (Fig. 14b). The possible co-dissolution
of Zn-, Ca- and Fe-containing phosphates by citrate is
consistent with its lack of selectivity for heavy metals,
as discussed in Section 4.2.3.
In summary, the combination of chemical extractions
with quantitative EXAFS analysis revealed that citrate,
EDDS, and EDTA selectively dissolved Zn phosphate
after 24 h of treatment, and were essentially inert during
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Fig. 12. Zn K-edge k3-weighted EXAFS spectra of the untreated soil (· 0) and of the treated fractions after 24 h contact time with citrate (· Ci), EDDS
(· EDDS) and EDTA (· EDTA) (solid lines), together with one-, two-, and three-component ﬁts (dotted line) using Zn-sorbed ferrihydrite (a), plus
medium-Zn kerolite (b), and plus willemite (c). The fractions of each component are listed in Table 6. The residual R value was minimum and the sum of
Zn species was close to 100% with the three-components model (Zn-sorbed ferrihydrite + medium-Zn kerolite + willemite) for the three treated fractions
(· Ci, · EDDS, · EDTA). Adding Zn phosphate as fourth component did not improve signiﬁcantly the spectral ﬁts, in contrast to the spectrum of the
untreated soil (· 0), which is best ﬁtted with a four-components model (Zn-sorbed ferrihydrite + medium-Zn kerolite + willemite + Zn phosphate) (see
Fig. 10). The sum of all fractions equals 93% in each case, conﬁrming that the number of species included in the ﬁt is reasonable.

Table 6
Relative proportions of Zn species determined by LCF

4. Discussion

Sample

Number of ZnFh ZnKer135 Willem ZnPhos Sum R
components (%)
(%)
(%)
(%)
(%)

4.1. Original Zn speciation in soil

·0

1
2
3
4

86
78
51
30

13
20
24

1
2
3

84
68
52

24
29

· EDDS 1
2
3

92
76
54

16
29

· EDTA 1
2
3

84
70
46

22
30

Five Zn-bearing minerals were identiﬁed in this study:
Fe oxyhydroxide, phosphate, phyllosilicate, willemite,
and gahnite, in proportions of 30, 28, 24, 11, and less
than 10%, respectively. About 80% of Zn is associated with
hydroxylated secondary minerals, and the remainder with
dehydroxylated (i.e., willemite and gahnite), and probably
primary in origin, minerals. Despite the high organic content of the soil, no organic forms of Zn were detected.
Thus, the mobility of Zn in the original soil under real ﬁeld
conditions is controlled mostly by the formation of secondary minerals.
Zn-sorbed Fe oxyhydroxide is the ﬁrst of the major
forms of Zn in the soil, and was modeled with IVZn-sorbed
ferrihydrite. Although we have no direct evidence for this
species (i.e., it was always mixed with other species), our
ﬁnding is supported by three arguments. First, the target
testing revealed that Zn in the soil iron oxyhydroxide
aggregates was tetrahedral, which allows us to dismiss the
occurrence of Zn-sorbed or substituted into crystalline Fe

· Ci

86
91
91
93

0.48
0.34
0.26
0.19

12

84
92
93

0.90
0.37
0.30

10

92
92
93

0.44
0.23
0.18

17

84
92
93

0.90
0.40
0.32

20
11

28

this reaction time with respect to Zn ferrihydrite, phyllosilicate and willemite, the three other major forms of
Zn in the soil. The reasons for the higher solubility of
Zn phosphate to the three extractants are discussed
below.
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Fig. 13. Mole fractions of Zn species in the soil before (· 0) and after 24 h
chemical treatment with citrate (· Ci), EDDS (· EDDS), and EDTA
(· EDTA). Values for the treated samples were normalized to the sum of
Zn species in the untreated soil (i.e., 93% of total initial Zn). The
uncertainty is estimated to ±10% of total zinc. The results clearly show
that the Zn phosphate species is absent in the three treated soil fractions,
and that the fractional amount of the three other species is conservative
among all samples, meaning that the chelating agents selectively dissolved
the Zn phosphate component species.

oxyhydroxides, as Zn is octahedral in these species.
Second, the low amplitude of the EXAFS signal indicated
that the structural order around Zn is limited to a few atomic shells, which suggests that Zn forms a surface complex of
the type found on ferrihydrite. Third, the association of Zn
with Fe oxyhydroxide was pervasive, because it was detected everywhere throughout the soil matrix mixed with other
minerals, either as coatings on willemite and phosphate
grains, or as aggregates in association with phyllosilicate
in the ﬁnely divided matrix. Similar results were reported
by Manceau et al. (2002b), who contended that, owing to
its nanophase nature, ferrihydrite occurs as a ‘background’
species consistently throughout soil matrices. Therefore, the
tetrahedral coordination of Zn in association with iron oxyhydroxide in the soil, the pervasive distribution of this constituent and the high metal sorption capacity of ferrihydrite
in general (Davis and Kent, 1990; Spadini et al., 1994; Cornell and Schwertmann, 1996; Hochella et al., 1999), all support Zn-sorbed ferrihydrite as the most likely Zncontaining ferric phase in the soil.
Zn phosphate, modeled here with Zn phosphate dihydrate, is the second major form of Zn. Its occurrence was
determined unambiguously by l-EXAFS and supported
by SEM-EDS. Zn phosphate was observed previously in a
contaminated soil amended with phosphate, and on the
root surface of Agrostis tenuis grown on this amended soil
(Cotter-Howells and Caporn, 1996), and also in a P-rich
Zn-contaminated sediment vegetated by graminaceous

Fig. 14. Aqueous concentration of Zn and P (a), and Fe and Ca (b) in the
extraction solution after 24 h of reaction time with citrate, EDDS and
EDTA. Error bars indicate the deviation from duplicates. The percentages
correspond to the weight fractions of the extracted elements. The Zn/P
molar ratios in the extracted solutions also are indicated.

plants (Agrostis tenuis and Festuca rubra) (Panﬁli et al.,
2005). Consequently, the occurrence of this species in our
highly fertilized agricultural soil is not surprising especially
with respect to the elevated phosphorus content
([P2O5] = 0.6%) and excess of zinc ([Zn] = 1103 mg/kg).
The exact nature of Zn bound in the phosphate phase could
not be established precisely, but the featured shape of its
EXAFS spectrum suggests that this phase is relatively crystalline. Our results also suggest that this form is inorganic.
Zn-containing phyllosilicate is the third major form of
Zn. Its trioctahedral nature was established by target
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transformation. The high amplitude of the EXAFS signal
from this species is a strong indication that Zn is incorporated in the phyllosilicate structure, and does not form a
surface complex on layer edges. This result, together with
the fact that the octahedral sheets contain on average
about as many Zn as Mg atoms, suggests that Zn did not
sorb on the surface of preexisting phyllosilicate particles,
but instead that this species resulted from the coprecipitation of dissolved zinc and silica. This hypothesis is consistent with the sandy nature of the soil ([SiO2] = 79.6%, and
69 wt.% of sand fraction), since phyllosilicate readily precipitates when a dissolved metal is in contact with quartz
and silica (Manceau et al., 1999), and also with the low
amount of phyllosilicate surface sites available for metal
sorption, since the soil does not contain many clay minerals
(8 wt.%). Zn-containing trioctahedral phyllosilicate is a
common species in soils and oxidized sediments at circumneutral pH, and is a prevalent form of zinc in low-temperature continental settings in temperate climates (Manceau
et al., 2000a; Isaure et al., 2002, 2005; Panﬁli et al.,
2005). Here, this species takes up about a quarter of the total molar Zn content.
Willemite (Zn2SiO4) is the fourth Zn-species in abundance. It is an anhydrous silicate, which nominally forms
at high temperature and, consequently, has been frequently
observed in soils and sediments aﬀected by smelting processes (Thiry and Van Oort, 1999; Manceau et al., 2000a;
Isaure et al., 2002; Thiry et al., 2002). In this study, the
source of willemite is presumably also anthropogenic,
and may result either from irrigation with wastewater containing smelter dust particles or from atmospheric fallout.
The latter source is most likely since the Pierrelaye land
is located near an industrialized area from the Paris suburb. This hypothesis was tested by measuring the heavy
metal content in a soil under permanent forest located near
the agricultural land of Pierrelaye (Baize et al., 2002). The
measured concentrations of Zn (87 mg/kg), Pb (114 mg/
kg), and Cu (28 mg/kg) were much lower than in the irrigated ﬁelds (Zn 150–3150 mg/kg, Pb 80–668 mg/kg, and
Cu 50–390 mg/kg), but still higher than the estimated geochemical background (Zn 7 mg/kg, Pb 7 mg/kg, and Cu
3 mg/kg), therefore suggesting the possibility of an atmospheric input for willemite. Willemite was identiﬁed by lEXAFS in association with Zn ferrihydrite and Zn phosphate, but not with Zn phyllosilicate. The primary zinc
silicate grains of willemite may act as a physical support
for the precipitation of the two secondary Zn minerals,
but not as a chemically reactive substrate because the
weathering of willemite is expected to promote the formation of hydrous sheet silicate.
Gahnite (ZnAl2O4), the last of the ﬁve species identiﬁed
in this study, was detected only by l-EXAFS and was below the detection limit of powder EXAFS (10%). Gahnite
is a Zn spinel typically formed in high temperature metamorphic environments (Hochella et al., 1999). Consistently
with the usual natural occurrence of this mineral, anthropogenic gahnite has been described in soils and sediments

aﬀected by atmospheric fallout of Zn dusts emitted by
smelting activities (Thiry et al., 2002; Isaure et al., 2005;
Panﬁli et al., 2005). However, gahnite was also found in
an acid mine drainage site (Hochella et al., 1999), and
was reported to form in the laboratory at low temperature
during ferrihydrite breakdown reactions in the presence of
high concentrations of metals (Cornell, 1988). In this study,
gahnite was found fortuitously in a micrometer-sized Zn
hot spot, and this observation, together with the concomitance of willemite, lends support to its anthropogenic
origin.
4.2. Mechanism of metal solubilization by chelants
4.2.1. EDTA
EDTA strongly binds multivalent cations (MVCs), such
as Ca2+, Al3+, Fe3+, Cu2+, Zn2+, and Pb2+ (Table 2). For
example, equilibrium thermodynamic calculations show
that MVC-containing minerals, such as calcite, ferrihydrite, hydroxylapatite, hopeite, smithsonite, and cerussite,
are completely dissolved below pH 9 in contact with 1% excess EDTA (or EDDS), i.e., when the ligand concentration
is 1% higher than the total concentration of MVCs in the
solid phase. This is because the activity of the free (uncomplexed) ligand decreases the activities of MVCs below the
solubility limit of the solid. In our dissolution experiments,
it is important to know whether the complexation of MVCs
consumed all of the EDTA, because this information provides insight on the main chemical process responsible for
the solubilization of metals. If free ligands were present in
the suspension, then the extraction of MVCs was kinetically driven, and time-resolved measurements of the aqueous
concentration of MVCs can be regarded as representative
of the apparent dissolution rate constants of the solid
phase(s). If the ligand were totally saturated with MVCs,
then one or several MVC-containing phases dissolved rapidly, and values of [MVC]aq were in equilibrium with the
MVC-supplying phase(s). In this case, the nature of the dissolving phase(s) can be predicted from solubility constants,
MVC hydrolysis constants, and ligand–MVC complexation constants. However, this approach requires that the
unknown MVC-supplying phases and chemical processes,
such as complexation with competing ligands, desorption,
and cation exchange, are not signiﬁcant. These other processes can be ignored at high [ligand]/[solid] concentration
ratios, particularly in our cycling experiments, since the
chelant was repeatedly renewed.
In the cycling EDTA extraction experiment, 200 g/L
solid was exposed ﬁve times for 24 h each time to fresh
7 mmol/L Na2H2EDTA. The sum of the MVCs concentrations (R[MVC]) in the supernatant was nearly constant
(i.e., 6.58–7.12 mmol/L, Table 4) in each of the ﬁrst four
cycles, which suggests that the EDTA ligand was saturated
with MVCs each time, and thus that dissolution occurred
at equilibrium with respect to the solid phases. Ca was
the predominant MVC leachate, and its aqueous concentration increased from 4.67 mmol/L in the 1st cycle to
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6.41 mmol/L in the 4th cycle. [Zn]aq, [Pb]aq, and [Cu]aq
concomitantly decreased, but not enough to compensate
the Ca variation; so the [Ca]aq to R[MVC] ratio increased
from 66% in the 1st cycle to 92% in the 4th cycle. This indicates that Ca was more available than other divalent metals
and could satisfy the constant EDTA demand. All these results suggest that EDTA was in equilibrium with a Ca-supplying phase, which is likely calcite since this mineral is the
second most abundant mineral species after quartz according to XRD data. The total amount of Ca solubilized by
EDTA after ﬁve extraction cycles corresponds to an equivalent concentration of calcite of 12–14 mg/g.
[Fe]aq was relatively constant from one cycle to another,
indicating that Fe, similarly to Ca, was available on EDTA
demand, i.e. in equilibrium with an Fe solid phase. More
precisely, [Fe]aq decreased slightly from 2.48 to
2.31 mmol/L between the 1st and 2nd cycle (Table 4).
From the 4th to the 5th cycle, [Fe]aq increased signiﬁcantly
by 0.06 mmol/L (from 0.235 to 0.293 mmol/L), whereas
[Ca]aq concomitantly decreased by 0.7 mmol/L (from 6.41
to 5.71 mmol/L). This ﬁnding suggests that Ca became less
available than Fe in the 5th cycle, and that the amount of
the Fe-EDTA complex in solution increased relative to that
of the Ca–EDTA.
Since [Ca]aq and [Fe]aq as well as the Ca- and Fe-supplying solids are in equilibrium with EDTA, [Ca]aq and [Fe]aq
can be predicted from equilibrium speciation calculation.
This calculation was performed with the Phreeqc for Windows code (Parkhurst and Appelo, 1999) using the Phreeqc
formatted V8.R6 Lawrence Livermore National Laboratory (LLNL) database (Wolery, 1992), unless otherwise noted. Metal–EDTA complexation constants were taken from
Smith and Martell (1976) and from the more recent NIST
database (Martell and Smith, 2004). The Phreeqc script is
presented in electronic access EA. From this calculation,
a 7 mmol/L Na2H2EDTA solution in the presence of excess
calcite and ferrihydrite equilibrates theoretically at pH 7.0
and at a molar ratio MRCa = [Ca]aq/([Ca]aq+
[Fe]aq) = 80%. When forcing the system to the experimental pH value measured in the 1st cycle (pH 7.5), calculated
MRCa equals 95.5%, which matches the experimental
MRCa values for all cycles (95.0–96.5%, Table 4). Thus,
our equilibrium model and data both predict a Ca over
Fe dominance in solution for all extraction cycles. Note
that the MRCa parameter is a good indicator of the equilibrium state of the system, because its value is essentially
independent of the presence or absence of other dissolved
MVCs. Also, and consistently with the assumed equilibrium condition, speciation calculations showed that
99.999% of EDTA was complexed to MVCs and, conversely, that most of the MVCs were complexed to EDTA.
The ferrihydrite solubility constant which yielded the
best agreement between experiment and theory was that
given by Dzombak and Morel (1990) for hydrous ferric
oxide
Fe(OH)3 + 3Hþ $ Fe3þ + 3H2 O;

log K sFe =2.5

ð2Þ
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The solubility constant given for aged FeOH3(s) in the
NIST database (log Ks–Fe = 2.69; Martell and Smith,
2004) compares closely. Using the NIST value for nonaged FeOH3(s) (log Ks–Fe = 3.39) decreased MRCa to 75%,
consistently with the lower solubility of aged vs. non-aged
ferrihydrite. Using the solubility constants given for ferrihydrite in the Minteq database (log Ks–Fe = 4.89; Jerry
et al., 1991) and in the Phreeqc built-in LLNL V8.R6 database (log Ks–Fe = 5.66, Wolery, 1992) decreased MRCa to
31 and 25%, respectively, thus predicting an Fe over Ca
dominance, in contrast to the data. None of the solubility
constants available for well crystalline Fe oxides described
the data. For example, using the solubility constant for
goethite (log Ks–Fe = 0.491, NIST database) resulted in
MRCa = 99.9% after the ﬁrst extraction, that is predicting
a [Fe]aq value of 3.5 lmol/L instead of 248 lmol/L. Similar, or even lower [Fe]aq values, were obtained with other
well crystalline Fe oxides, indicating that the Fe availability
in the cycling EDTA extraction experiments was not controlled by crystallized Fe oxide. The ferrihydrite dissolved
during the ﬁrst extraction cycle did not release Zn since
the proportion of the Zn-ferrihydrite species, as determined
by EXAFS spectroscopy, remained essentially the same before and after chemical treatment. Thus, Zn ferrihydrite
seems less soluble than ferrihydrite that does not bear
Zn. Since the studied soil has been irrigated by sewage
water for 100 years, Zn may be occluded in ﬁne-grained
crystalline aged ferrihydrite.
Aqueous concentrations of Cu, Zn, Pb, and P decreased
with the increasing number of cycles. This result suggests
that these metals are co-associated with phosphate, in
agreement with EXAFS and SXRF results. This hypothesis
was tested by calculating the aqueous concentration of
Zn-EDTA at pH 7.5 and 7 mmol/L EDTA in a quaternary
system comprising calcite, ferrihydrite, gibbsite and one of
the following phosphate minerals: hopeite (Zn3(PO4)2 Æ
4H2O), scholzite (Zn2Ca(PO4)2 Æ (H2O)2), spencerite
(Zn4(PO4)2(OH)2), Zn–pyromorphite (Zn5(PO4)3Cl), or
tarbuttite (Zn2(PO4)OH). We used the same solubility constants as Panﬁli et al. (2005) for the Zn phosphate compounds. The percentage of EDTA complexed to Zn in
the ﬁve systems was as high as 98.8, 99.7, 99.5, 98.7, and
76%, respectively. This means that EDTA has a much
stronger aﬃnity for Zn than for the other major MVCs
in equilibrium with the solid phases of the mixture (i.e.,
Ca, Fe, Al). Also, in all explored systems calculated [Zn]aq
was higher than the total Zn content in the soil (17 lmol/g
in the soil, i.e., 3.4 mmol/L in the 200 g/L suspension),
which means that when in equilibrium with calcite, ferrihydrite and gibbsite, EDTA can theoretically dissolve all tested Zn phosphate minerals. Thus, our thermodynamic
calculations support the quantitative solubilization of the
Zn–phosphate species revealed by EXAFS spectroscopy.
Zn kerolite was the only tested Zn phase that was thermodynamically stable under our experimental conditions. This
result is consistent with EXAFS results, since this phase
was shown to be essentially inert to EDTA.
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4.2.2. EDDS
Although the same extraction conditions were applied
for EDTA and EDDS, i.e., 7 mmol/L chelant concentration and 200 g/L solid content, marked diﬀerences were observed in the major element composition of the
supernatants. In the EDDS experiment, [Ca]aq (2.53–
2.93 mmol/L) was typically half that in the EDTA experiment (Table 4), but [Ca]aq remained constant in both cases
upon renewing the extracting solution, indicating that Ca
was always ‘available on demand.’ In contrast, [Fe]aq
(1.0–1.8 mmol/L) and [Al]aq (0.32–1.25 mmol/L) were
higher with EDDS than with EDTA (0.23–0.29 mmol/L,
and 21–39 lmol/L, respectively). Another diﬀerence is the
decrease of the amount of Fe and Al solubilized with
EDDS upon renewing the chelant, which is an indication
of the progressive exhaustion of the Fe and Al supplies.
Few diﬀerences were observed with heavy metals, although
slightly more were extracted with EDDS than with EDTA:
[Zn]aq ranged from 0.12 to 1.43 mmol/L with EDDS and
from 0.10 to 2.27 mmol/L with EDTA, [Cu]aq from 0.029
to 0.67 mmol/L with EDDS and from 0.031 to
0.46 mmol/L with EDTA, and [Pb]aq from 0.032 to
0.17 mmol/L with EDDS and from 0.021 to 0.13 mmol/L
with EDTA. Also, the metal concentrations always decreased with the number of cycles. Consequently, metal
extraction data may not be interpreted in terms of metal–
ligand complexation strength (or metal selectivity) under
equilibrium conditions.
Phreeqc simulations were performed with 7 mmol/L
EDDS at pH 7.5 (the experimental value) assuming, ﬁrst,
an excess of calcite, ferrihydrite and gibbsite only. Calculated [Ca]aq (2.5 mmol/L) compared well with measured
[Ca]aq (2.5–2.9 mmol/L), with the majority of calculated
[Ca]aq being uncomplexed (2.2 mmol/L). Similarly to Ca,
our calculation predicted that most of the EDDS (89%) remained uncomplexed in solution, in contrast to the EDTA
experiment. Thus, EDDS appears to be a much weaker Ca
complexant than EDTA, consistent with the six orders of
magnitude diﬀerence between the Ca–EDDS and Ca–
EDTA complexation constants (Martell and Smith,
2004). In strong contrast with Ca, but also in agreement
with log K values, EDDS was found to bind metals strongly, in particular Zn, as 99.99 and 94% of EDDS was complexed to Zn and Pb, respectively, when hopeite (Zn) and
cerussite (Pb) were added in excess to the three previous
solids. Therefore, EDDS and EDTA have mostly comparable extraction capabilities for heavy metals, but not for calcium. This diﬀerence of binding properties between EDDS
and EDTA may explain why metal extraction levels were
signiﬁcantly higher with the ﬁrst complexant since part of
the EDTA in contact with the soil may have been complexed by Ca, whose content is relatively high
([CaO] = 3.4%) (Fig. 1).
In ﬁeld conditions, EDTA and EDDS will be less concentrated than in our experimental setup. To test their relative eﬃciency toward metal extraction in dilute systems,
and more especially toward Zn from hopeite, another

simulation was performed for the same quaternary system
at 105 mol/L ligand concentration. At this concentration,
EDTA and EDDS still are excellent metal extractants from
solid phases since 99.99% of EDDS and 99.95% of EDTA
were complexed to Zn. In the same conditions, only 1.7%
of citrate was complexed to Zn. However, it will be seen below that citrate, in combination with soil microorganisms,
may dissolve reducible phases, such as Fe oxyhydroxides,
thereby releasing associated trace metals. Therefore, the
relative aﬃnity of EDDS and EDTA, on one hand, and
of citrate, on the other hand, also depends on the nature
of the host phase, and there may be cases in which citrate
is a better extractant than the other two chelants.
Two indirect lines of evidence support the hypothesis
that EDDS may be a reductant under certain conditions,
although to a lesser extent than citrate. The ﬁrst comes from
the diﬀerence between the measured (1.0–1.8 mmol/L) and
the calculated (0.4 mmol/L) concentrations of Fe in the ternary model system. Second is the fact that EDDS always
extracted more metals than EDTA, as apparent in Fig. 1.
These two observations suggest that EDDS is a weak
Fe(III) reducing reagent. If our hypothesis is valid, then
EDDS can extract trace metals by two complementary
mechanisms: complexation of metals contained in non-reducible host phases, and reductive dissolution of metal-containing host phases. Since EDDS is rapidly degraded in soils
(Vandevivere et al., 2001b), one may infer that its (bio)degradation may be coupled with Fe reduction.
4.2.3. Citrate
Equilibrium calculations showed that citrate is a weaker
ligand than EDTA and EDDS, and does not preferentially
extract heavy metals from the solid phases. Under equilibrium conditions at pH 7.8 (i.e., the experimental value of
the 1st citrate cycle), none of the tested solid phases (calcite, ferrihydrite, gibbsite, metal phosphate) was completely dissolved when reacted separately with 0.1 mol/L citrate
and assuming an MVC concentration of 0.05 mol/L in the
solid; i.e., a 100% excess of citrate. The same calculation,
but with the presence of an excess of calcite, ferrihydrite
and gibbsite (i.e., ternary system) yielded [Ca]aq = 21
mmol/L, [Fe]aq = 0.11 lmol/L, and [Al]aq = 11 mmol/L.
As much as 43% of the initial citrate remained free. The effect of citrate on a particular MVC-containing phase can
be predicted by simulating a system in which only the
MVC-supplying phase is in excess. For example, a
0.1 mol/L suspension of citrate at pH 7.8 containing only
hopeite as the solid phase yielded [Zn]aq (or Zn–citrate) = 2.5 mmol/L, meaning that only 2.5% of citrate
was complexed to Zn. Adding an excess of calcite, gibbsite
and ferrihydrite to this suspension reduced the free ligand
concentration from 97.5 to 41%, and also decreased [Zn]aq
from 2.5 to 1.3 mmol/L. The same general eﬀect was observed with other Zn-containing phases. These calculations
show that citrate does not dissolve selectively metal-containing phases. More generally, our calculations showed
that at equilibrium with a mixture of solid phases, citrate
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prefers calcite and ferrihydrite to the metalliferous phases.
The lack of citrate selectivity for metal-containing phases
contrasts with EDTA and EDDS. However, in the conditions of our experiments the dissolution of metal phases
may have been complete since citrate was in large excess
relative to the total amount of Cu, Zn, and Pb.
In the cycling citrate extraction experiment, Ca was, in
agreement with equilibrium calculations, the most
extracted MVC (Table 4). In the 1st cycle, [Ca]aq = 13.7 mmol/L, a value slightly lower than the theoretical value
(21 mmol/L) at pH 7.8 (i.e., ﬁxed to the experimental
value) and in the presence of an excess of calcite, ferrihydrite
and gibbsite. The solubility of Ca continuously decreased
afterwards from the 2nd to 5th cycle. After the 1st cycle,
[Ca]aq corresponded to an extracted Ca amount of 172 lmol
Ca/g soil, which is more than the total amount of Ca extracted in all the ﬁve EDTA (144 lmol Ca/g soil) and EDDS
(67 lmol Ca/g soil) cycles. The higher amount of extracted
Ca is mainly due to the higher amount of citrate used here
compared to the EDTA and EDDS experiments (Table 1).
Fe was the second highest MVC extracted by citrate
(Table 4). [Fe]aq increased slightly from the 1st
(2.27 mmol/L) to the 2nd (2.57 mmol/L) cycle, due probably to an increase of free citrate concentration in the 2nd
cycle as a result of the concomitant decrease of Ca–citrate.
Afterwards, [Fe]aq decreased from 2.57 (2nd) to 0.287
(5th) mmol/L, indicating that the Fe availability decreased.
The declining availability of these elements suggests that
only the most easily dissolved phases (e.g., ﬁne-grained
and amorphous phases) are removed. Experimental [Fe]aq
values measured in the 1st and 2nd cycles were inconsistent
with the predicted value from equilibrium calculations
(0.05 lmol/L). Substitution of the solubility constant for
Fe oxide that best-ﬁtted the EDTA data (log Ks-Fe = 2.5)
by the solubility constant from the Minteq database (log
Ks-Fe = 4.9) raised the calculated [Fe]aq to 20 lmol/L but,
still, did not account for the experimental concentration.
In fact, the predicted and experimental values are so diﬀerent that a solubilization mechanism other than Fe(III)-ligand equilibrium complexation must have occurred, such
as reduction of Fe(III) to Fe(II).
In the presence of a reducing agent, such as dithionite,
poorly and well crystallized iron oxides are eﬃciently and
selectively dissolved by citrate, whose role is to complex
Fe(II) and to prevent its readsorption on reactive mineral
surfaces (Kostka and Luther, 1994; Soulier et al., 1994;
Trolard et al., 1995). Since our dissolution experiments
were performed in a closed reactor, anoxic conditions
may have been created by the metabolic activity of some
common O2-scavenging bacteria, such as Escherichia coli,
Lactococcus lactis or Pseudomonas stutzer (Straub and
Schink, 2004).
Experimental [Al]aq measured at the end of the 1st citrate cycle (0.85 mmol/L) is slightly below the calculated
equilibrium concentration (2.8 mmol/L) for the calcite–ferrihydrite–gibbsite ternary system. Given that [Al]aq decreased in the following cycles along with other MVCs,
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this result suggests that the Al-supplying solid is soluble
in citrate.
Of the heavy metals extracted by citrate, Zn is the most
prevalent (Table 4). As for EDTA, Zn and P followed the
same solubilization pattern with repeated citrate extraction.
The parallel dissolution of Zn and P is consistent with the
EXAFS results, which showed that the Zn phosphate component was quantitatively dissolved after the 1st citrate
extraction cycle. The [Zn]aq/[P]aq ratio after the 1st cycle
(0.4) is lower than the stoichiometric Zn/P ratio of our Zn
phosphate dihydrate model compound. This discrepancy
can be explained by the fact that citrate lacks selectivity
for heavy metals relative to background cations (Table 2).
To verify this interpretation, equilibrium speciation calculations were performed for a model citrate solution containing
an excess of calcite, ferrihydrite, gibbsite, and Zn speciated
as hopeite. The calculated Zn solubility was 1.38 mmol/L,
that is 239, 100, and 93% of the amount measured after
the 1st extraction cycle with citrate (0.59 mmol/L), EDTA
(1.36 mmol/L), and EDDS (1.43 mmol/L). These results
conﬁrm that in a phase mixture citrate does not dissolve
preferentially the metal-containing phases, in contrast to
EDTA and EDDS. In our experiment, the Zn phosphate
component was dissolved quantitatively during the 1st cycle
because citrate was added in excess relative to the metal and
background Fe and Ca cations in the soil (Table 1). More
generally, results from Fig. 1 may give the false impression
that citrate is as eﬃcient as EDTA and EDDS in extracting
metals. In fact, the similar extractability of metals with the
three ligands is due to the fact that the chemical reactors contained 14 times more citrate than EDTA and EDDS (i.e.,
100 vs. 7 mmol/L), and a solid to solution ratio 2.5 times
lower than that in the citrate reactor (80 vs. 200 g/L). Therefore, the lower aﬃnity of citrate for metals was compensated
by increasing its concentration and decreasing the amount
of solid in the reactor.
4.3. Environmental implications
The extraction levels measured in the desorption experiments indicated that signiﬁcant removal of heavy metals
could be obtained on a time scale of hours. Therefore, adding chelating agents to the Pierrelaye soil is a possible remediation approach. The use of EDDS and citrate, and
especially of citrate whose cost is relatively low, is attractive because these molecules and their metal complexes
are easily biodegraded and, therefore, do not have longlasting eﬀects (Dodge and Francis, 1994; Huang et al.,
1998; Vandevivere et al., 2001b). Citrate rapidly dissociates
to carbon dioxide and water, thus preventing the dispersion
of its metal complexes into surface and ground waters.
However, the biodegradability of metal–citrate complexes
highly depends on their nature. For example, the tridentate
complexes of citrate with Cu and Pb are more resistant to
bacterial degradation than the bidentate complexes with Fe
and Ni (Francis et al., 1992). Note that the longer life-time
of some complexes may be an advantage in the treatment
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of certain locations such as wastewater plants, because it
may allow the recovery of the metal. Finally, both EDDS
and citrate are classiﬁed as non-hazardous chemicals to humans and the environment.
In contrast, and despite its high mobilizing capacity and
selectivity for heavy metals, EDTA is not suitable for remediation because of its slow biodegradability (Bolton et al.,
1993; Regmi et al., 1996; Egli, 2001). It has been reported
that EDTA and its complexes can persist in the
environment over several years, with heavy metal–EDTA
complexes, including Zn, Cu, and Pb, being the most persistent (Nowack et al., 1997; Satroutdinov et al., 2000).
Also, conventional biological and chemical wastewater
treatments are not eﬃcient for degrading EDTA-containing eﬄuents (Gardiner, 1976; Hinck et al., 1997). In addition to being weakly biodegraded, EDTA has been
reported to be toxic to photosynthetic organisms, inhibiting cellular division, chlorophyll synthesis and algal biomass production (Dufková, 1984). In an experiment on
living rat kidney cells, Hugenschmidt et al. (1993) showed
that at concentrations of Na2H2EDTA lower than
100 lM, which was less than the concentration required
to chelate all of the free Ca2+ ions in the growth medium,
many cells died, and cell division was severely impaired.
5. Concluding remarks
This study documents the usefulness of combining stateof-the-art X-ray techniques, modern EXAFS data reduction (i.e., PCA and LCF), chemical extractions, and
thermodynamic modeling to identify and quantify the solid
state forms of metals in contaminated soil, and to evaluate
the modiﬁcation of metal speciation upon adding organic
ligands. Zinc is predominantly, and almost evenly, bound
to iron oxyhydroxide (30%), phosphate (28%), and
phyllosilicate (24%) in the studied near-neutral (pH 6.5–
7.0) truck farming soil contaminated by sewage irrigation.
Thus, these three secondary phases control the mobility
and, in particular the bioavailability, of zinc in the ﬁeld.
As much as 40% of the soil Zn was solubilized with citrate, EDDS, and EDTA in a few hours of reaction time,
and up to 80% with citrate when the extracting solution
was renewed. Therefore, citrate, which is relatively cheap
and easily biodegraded, may be used to remediate this soil.
EXAFS revealed that the three chelants dissolved Zn phosphate selectively in the laboratory after 24 h of contact
time. The other coexisting zinc species were either not or
else only moderately aﬀected by a single extraction step,
but more solubilized when the chelating solution is renewed. This study also shows that there is no direct correlation between the amount of metal extracted and the
metal–ligand thermodynamical binding constant.
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de l’environnement de l’INRA 22, 39–54.
Baize, D., Lamy, I., Van Oort, F., Dere, C., Chaussod, R., Sappin-Didier,
V., Bermond, A., Bourgeous, S., Schmitt, C., Schwartz, C., 2002. 100
years spreading of urban waste water on market-garden soils close to
Paris (France): subsequent impacts and hazards. In: 17th World
Congress of Soil Science, Bangkok, Thailand, pp. 1–10.
Bassi, R., Prasher, S.O., Simpson, B.K., 2000. Extraction of metals from a
contaminated sandy soil using citric acid. Environ. Prog. 19, 275–282.
Blais, J.F., Tyagy, R.D., Auclair, J.C., 1992. Bioleaching of metals from
sewage sludge by sulfur-oxidizing bacteria. J. Environ. Eng. ASCE 118,
690–707.
Blaylock, M.J., Salt, D.E., Dushenkov, S., Zakharova, O., Gussman, C.,
Kapulnik, Y., Ensley, B.D., Raskin, Y., 1997. Enhanced accumulation
of Pb in Indian Mustard by soil-applied chelating agents. Environ. Sci.
Technol. 31, 860–865.
Blaylock, M.J., 2000. Field demonstration of phytoremediation of lead
contaminated soils. In: Phytoremediation of Contaminated Soil and
Water. Lewis Publ., Boca Raton, FL, pp. 1–12.
Bolton Jr., H., Li, S.W., Workman, D.J., Girvin, D.C., 1993. Biodegradation of synthetic chelates in subsurface sediments from the southeast
coastal plain. J. Environ. Qual. 22, 125–132.
Buatier, M.D., Sobanska, S., Elsass, F., 2001. TEM-EDX investigation on
Zn- and Pb-contaminated soils. Appl. Geoch. 16, 1165–1177.
Calmano, W., Mangold, S., Welter, E., 2001. An XAFS investigation of
the artefacts caused by sequential extraction analyses of Pb-contaminated soils. Fres. J. Anal. Chem. 371, 823–830.
Cline, S.R., Reed, B.R., 1995. Lead removal from soils via bench-scale soil
washing techniques. J. Environ. Eng. ASCE 121, 700–705.
Cooper, E.M., Sims, J.T., Cunningham, S.D., Huang, J.W., Berti, W.R.,
1999. Chelate-assisted phytoextraction of lead from contaminated
soils. J. Environ. Qual. 28, 1709–1719.
Cornell, R.M., 1988. The inﬂuence of some divalent cations on the
transformation of ferrihydrite to more crystalline products. Clay
Minerals 23, 329–332.

Zn speciation and solubility in soil
Cornell, R.M., Schwertmann, U., 1996. The Irons Oxides: Structure,
Properties, Reactions, Occurrence and Uses. VCH Publishers, New
York.
Cotter-Howells, J., Caporn, S., 1996. Remediation of contaminated
land by formation of heavy metal phosphates. Appl. Geochem. 11,
335–342.
Cotter-Howells, J.D., Champness, P.E., Charnock, J.M., 1999. Mineralogy of lead–phosphorus grains in the roots of Agrostis capillaris L. by
ATEM and EXAFS. Mineral Mag. 63, 777–789.
Cotter-Howells, J.D., Champness, P.E., Charnock, J.M., Pattrick,
R.A.D., 1994. Identiﬁcation of pyromorphite in mine-waste contaminated soils by ATEM and EXAFS. Eur. J. Soil Sci. 45, 393–402.
Cunningham, S.D., Berti, W.R., 1993. Remediation of contaminated soils
with green plants: An overview. In Vitro Cell. Dev. B 29, 207–212.
Davis, J.A., Kent, D.B., 1990. Surface complexation modeling in aqueous
geochemistry. In: Hochella, M.F., White, A. (Eds.), Reviews in
Mineralogy and Geochemistry, vol. 23: Mineral–Water Interface
Geochemistry. Mineralogical Society of America, Washington, DC,
pp. 177–260.
Dodge, C.J., Francis, A.J., 1994. Photodegradation of uranium–citrate
complex with uranium recovery. Environ. Sci. Technol. 31,
3062–3067.
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