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Abstract. The forrns
and mobility of Cu
(290 mg/kg), Zn (1] 03 mg/kg),
and Pb (535 mg/kg) in a soil used for
intensive truck farining from the Region Ile-de-France,
and which has been irrigated for more than a century with
city of Paris, have been studied by chemical treatments and advanced x-ray techniques.
sewage water ftom the
Elemental associations and forms of metals were determined qualitatively
and quantitatively
by a combination of
physical techniques, including yPIXE
(Cu, Zn, Pb), pSXRF
(Cu, Zn), EXAFS
(Zn) and powder EXAFS (Zn). The
nature, number, and relative proportion
of Zn species were obtained by principal
analysis and
component
decomposition
of Zn K-edge EXAFS spectra. These data collectively
indicate that Cu is associated mainly with
organic matter, and that Zn and Pb are bound essentially to mineral constituents.
Four Zn-containing
species were
positively identified
and willemite
: Zn-phosphate and phyllosilicate
as dominant species, and Zn-Fe oxyhydroxide
(Zn2SiO4) as minor species. Studies are underway to determine the structural forms of Cu
and Pb. Depending on the
chemical treatment, up to 70% Cu, &mdash;Zn,
50%and &mdash;Pb
85%
can be removed in a few days with citrate and EDTA.
Citrate is generally at least as efficient as EDTA, and it has the advantage ofbeing easily biodegradable
and, hence,
less harmful to ecosystems.
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2. 2 Metal

Extraction

Experiments

The mobility of HMs in the soil was evaluated with EDTA and citrate. For EDTA extraction,
1 g of soil
citrate treatment, 1 g of soil
was mixed with 5 mL of 0. 01 M Na2EDTA at room temperature [3]. In the
first series of
was mixed with 12 mL of 0. 1 M citric acid, adjusted to pH 5. 5 with 0. 1 M NaOH [4]. In the
experiments (kinetics study), metal extractability
of extraction
(24 h, 72 h
was measured for different time
and 144 h). ln the
second series of experiments,
metal extractability
was measured
extraction cycles of 24 h with renewal of the
extractant every cycle. All experiments
leachates and solid fractions were analyzed by ICP-AES.
2. 3 Microprobe
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(Saclay, France). Elemental
Pierre Süe Laboratory
with a Si (Li)
maps were recorded by measuring
detector the
fluorescence
radiation
induced by a 2. 5 MeV H+ beam with a current of 300 pA and a
cumulative
charge of 2 Ile. Samples were scanned with a 5 pm step and a beam dimension
of 5x5 pm.
The pSXRF
maps were recorded on the 10. 3. 2 beamline at the Advanced Light Source (ALS, Berkeley,
USA) operating at 1.9 GeV and 200-400 mA. The samples
were scanned with a 5 pm step trough a
5x5 llm sized X-ray beam. The fluorescence-yield
Ge solid-state
was measured using a 7-element
detector and normalized
by 10.
of HMs and their
The forms

proportions
by extended X-ray absorption
fine
were determined
Zn-and
Cu-K-edge
EXAFS
structure (EXAFS)
spectroscopy.
spectra were recorded on the thin soil
sections in fluorescence mode with a lOx5 pm sized beam delivered by the 10. 3. 2 beamline at the ALS.
Bulk EXAFS
beamline
measurements
at the
were performed
on the pellet samples on the FAME
European

Synchrotron
Radiation Facility (ESRF, Grenoble, France). The fluorescence
signal on FAME
data reduction was carried out
was measured with a Canberra 30-element Ge solid-state detector. EXAFS
following
of Zn containing
species
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a standard procedure [5]. The
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3. RESULTS
3. 1 Extractability

AND

DISCUSSION
of Heavy

Metals

The mass percentages of HMs extracted with EDTA and citrate against time and number of washings are
presented in Figure 1. The extractability
of metals in 24 h ranks as follows Cu &gt; Zn » Pb
for both
extractants. Citrate extracted more Cu and Zn than EDTA, with values equal to 55 and 50% for Cu, and
43 and 40% for Zn, respectively.
The contrasted behavior of Pb, and specifically
its lower extractability
compared to Zn and Cu (25% with EDTA and 10% with citrate), suggests that lead is more tightly bound
Single extraction
for 144 h removed 65 to 70% Cu, 45 to 50% Zn, and 25 to 35% Pb.
to soil constituents.
Kinetics
studies showed that the extraction
off after 72 h with
whereas no
rate levelled
EDTA,
equilibrium
was reached with citrate after 144 h of treatment. In all
cases, metal removal increased when
the extraction
procedure was repeated (Fig. lb). The
extraction
shape with
curves have a logarithmic
citrate and a liner-sape
with EDTA. Removal of Pb
with citrate increased from 10% to 50% and to 85%
with one, two and four extraction

cycles.
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Figure 1. Metal extractionas a functionof extractiontime (a) and numberof extractioncycles(b) with EDTA (solid line) and
citrate(dottedline) expressedasmasspercentages.
3. 2 Speciation of Heavy Metals
pPIXE elemental maps (not shown) showed a heterogeneous distribution of Zn, P and Fe at the
micrometer scale. High Zn amounts were observed in P-rich and Fe-depleted aggregates. Two different
aggregates were examined and had the same Zn/P ratio of-2. Pb, and also Zn, were detected in the fine
clay matrix. The presence of multiple metal species (at least for Zn) was confirmed by GSXRF. Zn and Pb
86), suggesting an association with Fe
were highly correlated with Fe (cross-correlation value p= 0.
oxides. Lower Cu-Fe correlation values were observed systematically, and Cu was found to be bound
predominantly to organic debris. The contrasted behavior of Zn and Cu is illustrated in Figure 2 using the
population-segmentation method [6].

Zn

Cu

Cu
Cu
abc
methodto isolate metal species(a) Bicolor map of Zn (green)and Cu (red). The large
Figure 2. Population-segmentation
reddish(Cu-rich) areain the centerwas identifiedby light microscopyas organic matterwith a reticular structure.Wherever
there is Cu, thereis also Zn, but the Zn/Curatio variesthroughoutthe area.(b) Zn vs. Cu scatterplot.Thereare two distinct
is colored in green,the
branchesof points with roughly constantZn/Curatio in each population. The high-Zn/Cu population
low-Zn/Cuis in red. Intermediateareais in blue. (c) Greyscalemaps for Zn and Cu coloredaccordingto membershipin the
populationsdefinedas in partb. Thereare threeregions,within the organicarea,outsidethe organicarea,anda borderregion.
Thebrightnessof each pixelis relatedto the Zn or Cu concentration.While thegreenregionis relatively brighterin Zn that the
red one,andvice versafor Cu,both metalsarepresentin all regions,but probably in different forms.
Zn K-edge EXAFS
spectra were collected in three regions-of-interest : (Zn, P)-, (Zn, Fe, P)- and
(Zn, clay)-rich areas. A selection of point spectra is presented in Figure 3a together with the bulk EXAFS
spectrum. As expected, the bulk spectrum has an intermediate shape since it is a component spectrum
corresponding to a weighted average of spectra from individual species. Four Zn species were positively
by kerolite) as dominant
identified so far : Zn-containing phosphate and phyllosilicate (herein modelled
species, and Zn-sorbed amorphous Fe oxyhydroxide (modelled by ferrihydrite) and Zn-containing
bulk EXAFS spectrum was successfully
anhydrous silicate (willemite)
as minor species. The
reconstructed with a linear combination of the first three Zn species (Figure 3b), the fourth being
quantitatively scarce. Studies are underway to detennine the chemical forms of Cu and Pb.
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Figure 3. Zn K-edge EXAFS analysis. (a) EXAFS spectra collected in (Zn, P)-, (Zn, clay)- and (Zn, P, Fe)-rich areas (A, B and
AB, respectively) compared to the bulk EXAFS spectrum. (b) Three-component least-squares fitting of the bulk EXAFS
spectrum by a linear combination of reference spectra. The best simulation was obtained for 43% Zn-phosphate
(Zn3 (PO4) 2. 2H20)
+ 40% Zn-kerolite (Si4 (Mgl, 78Zni. 22) 010 (OH) 2-nH20)
+ 14% Zn-ferrihydrite (estimated accuracy : t1O% of
the total Zn). Willemite (Zn2SiO4), firmly identified by liEXAFS,
represents less than 10% of the total Zn because adding this
component does not significantly improve the spectral simulation.
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