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bstract

In this paper experimental tests of heavy metals mobilization from sediments collected from an Italian harbour are presented and discussed.
atch tests of washing with an aqueous solution of chelating agent were performed at selected liquid/solid (L/S) ratios and chelant concentration

0.01, 0.05 and 0.1 M). Two chelating agents were chosen: EDTA and citric acid. The objective of the tests was to investigate metal mobilization
nd soil mineral dissolution promoted by the washing treatment. The study was focused on the mobilization of Pb, Zn, and Cu: their concentrations
n the contact solution, together with Fe and Ca concentration, were monitored along time for 144 h.

Results of experimental tests performed at different chelant concentration and L/S ratio show EDTA effectiveness in mobilizing metals bond
o the sediment. The overall amount of the three selected metals (Cu, Pb and Zn) extracted in the tests with EDTA varied in a quite narrow range
from 2.262 to 2.724 mmol), while the higher was the EDTA concentration in the washing solution, the higher the dissolution of other competitive
ations, such as Ca and Fe. In addition, a general difficulty in copper extraction from the organic fraction of the sediment was observed, due to the
igh stability of copper humate.

The mechanism of metals extraction was found to involve the initial metals salts dissolution, that was pH-dependant, followed by the development
f exchange reactions between the metal–EDTA complexes previously formed. Depending upon the pH of the washing solution an initial high Ca
issolution was observed, followed by dramatic reduction in Ca2+ content, mainly determined by calcium carbonate precipitation, as a result of the
ncrease of pH during mixing.

Metal mobilization was evaluated performing sequential extraction tests: the dissolution of Cu, Pb and Zn from the carbonate fraction of the
ediment was almost total, as the mobilization of Pb and Zn from the Fe–Mn oxides and hydroxides fraction. On the contrary, as a consequence of
he mobilization induced by washing treatment, about 17% of the remaining Cu and 10% of the remaining Zn resulted in the exchangeable fraction.

At the investigated operating conditions, citric acid was unable to extract Pb and Cu from the sediment, while at the strong acidic conditions

aintained during the extractions with citric acid, a Zn mobilization up to the 80% of the initial amount was observed, depending upon the operating

onditions in the extractions. In addition, because of the great affinity between citric acid and Fe, and the strong acidic conditions maintained
uring extraction, a high Fe dissolution was observed (up to about the 39% of the total Fe content in the sediment).

2007 Elsevier B.V. All rights reserved.
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. Introduction
Heavy metals are continuously discharged into the environ-
ents from several industrial, civil and agricultural activities

1]: as a consequence, their spread in the aquatic systems and
oil has been found to increase along time. Harbour sediments
re often rich in heavy metals: since they are not subjected to
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egradation phenomena, they can easily be suspended or dis-
olved by surface waters, thus becoming available to plankton,
ekton and benthic filter and deposit feeders [2]. As a conse-
uence they can enter the food chain and become concentrated
n fish and other edible organisms [3].

The environmental impact of marine sediment contamina-

ion depend not only by the total metals amount, but mainly by
heir mobility and availability, that influence their leaching and
nteractions with the other components of the ecosystem, such
s water and air.

mailto:luca.dipalma@uniroma1.it
dx.doi.org/10.1016/j.jhazmat.2007.01.072
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[22]: the suspension was then centrifuged at 3000 rpm for
15 min in a ALC 4226 centrifuge, the supernatant was
filtered through Whatman filter paper (0.45 �m) and then anal-
ysed by flame atomic absorption spectrophotometry (FAAS),

Table 1
Composite samples characteristics

Fraction >2 mm (wt%) 6.89
Fraction 2 > x > 0.063 mm (wt%) 14.14
Fraction < 0.063 mm (wt%) 78.97
Organic carbon (g/kg) 20.03
CaCO3 (g/kg) 81.60
pH 7.73 ± 0.3

Metals, mg/kg (mmol/kg)
Ala 32306.25 (1197.41)
Asa 9.88 (0.132)
Cda 1.08 (0.009)
Cub 79.38 (1.25)
Feb 47710.30 (854.41)
L. Di Palma, R. Mecozzi / Journal of

Marine sediments are in fact constituted by a complex het-
rogeneous mix of geochemical phases, able to bind metals by
eans of precipitation, ionic exchange and absorption reactions

4,5]. As a result, heavy metals can be found in sediments in
everal forms, including exchangeable forms such as carbonates,
ron or manganese hydroxides, organic matter and sulphides [6].
he higher heavy metal accumulation is generally observed onto

he pelitic fraction, due to the higher specific surface of silt and
lays.

In Italy it is estimated that about 10% of marine sediments
re contaminated, and so the need exist to perform experimen-
al tests to evaluate the possibility of contaminated sediment
emediation.

The technologies used for sediments remediation are sim-
lar to those generally widely adopted for soil remediation
ncluding thermal treatment, physical separation, solidifica-
ion/stabilization and washing treatments [7,8]. Since physical
nd chemical characteristics of sediments are generally quite
ifferent from that of soils, feasibility studies based upon prelim-
nary lab scale experiments are necessary to assess the success of
he technology and to evaluate the extent of remediation [9,10].

In the ex situ washing technology [11,12] undesirable con-
aminants in soils or sediments are removed by dissolving or
uspending them in a washing solution. In the case of heavy
etal contaminated soil or sediments, the washing solution

s generally an aqueous solution of a chelating agent. In the
emediation of copper contaminated soil and sediments, the
ffectiveness of EDTA has been widely demonstrated as a chelat-
ng agent in washing treatment [13–15].

In comparison with other chelating agents, EDTA presents
he following advantages: a low degree of biodegradability in
roundwater [16] and soil [17,18] and moreover a high level of
omplexing capacity with respect to heavy metals [19].

Conversely, the low selectivity of EDTA may cause a high
onsumption of this reagent due to the enhancement in the mobi-
ization of all the exchangeable cations present in the solid matrix
20]. As a consequence, a substantial excess of EDTA is gen-
rally adopted in washing treatment, thus increasing the cost
f the whole remediation process, and also inducing simulta-
eously a strong mineral dissolution, that may determine the
odification of sediment structure and cause the presence in the

xtracted solution of a great number of metals, thus affecting the
ollowing treatment of the extracted liquid phase.

In this paper experimental tests of metal extraction from con-
aminated sediments are presented and discussed. Sediments
ere collected from an Italian harbour, where a significant heavy
etal content has been observed. In particular, Cu, Pb and Zn
ere chosen as target pollutant in this study.
Fangueiro et al. [21] first verified that the main factors that

nduce metal mobilization are chelating agent concentration, pH
f the washing solution, and liquid/solid (L/S) ratio.

In our study the extraction from five different sediment
ractions (exchangeable, bound to carbonate, bound to Fe–Mn

xides, bound to organic matter and residual) was investigated.

In addition, the extent of competitive ions extractions was
lso evaluated and a comparison with citric acid as extractant
gent was also performed.
dous Materials 147 (2007) 768–775 769

Preliminary sequential extraction test were performed to eval-
ate metal distribution in the sediment, and to assess metal
vailability to leaching.

One hundred and forty-four hours of extraction tests were
hen carried out by washing 100 g samples of sediment with
queous solution 0.05 or 0.1 M of EDTA and 0.05 or 0.1 M of
itric acid, at selected liquid/solid ratios (5, 8 or 12.5).

The aim of the experimentation was to evaluate the metal
obilization induced by washing treatment, and to assess the

ossibility of reducing heavy metals content in the sediment,
imiting the dissolution of sediments minerals, in the view
f the optimisation of the washing technique for sediment
emediation.

. Materials and methods

.1. Sediment characterization

Twenty-four samples were collected at different sites and at
elected depth from an Italian harbour in the Tirrenian Sea. The
amples were stored in glass container, and then air dried at room
emperature and weighed prior to the analytical determination
f their physical and chemical characteristics. The experimental
ests were performed on an average sample, prepared by mixing
n a Hobart type mixer for 16 h an equal amount of each of the
4 former collected samples.

Table 1 shows the main characteristics of this average sample.
Twenty-five milliliters of double deionised water were added

o 10 g of the sediment. The mixture was stirred for 10 min and
llowed to settle for 30 min, pH and conductivity measurements
ere performed in the supernatant. pH was determined using
Crison GLP21 pH-meter; electric conductivity was measured
sing a Delta-Ohm HD9213-R1 conductimeter.

To determine metal content, an acid digestion was per-
ormed on 1 g of sediment, according to EPA3050B method
Pbb 87.22 (0.42)
Znb 175.70 (2.687)

a As determined by acid digestion.
b As calculated after sequential extractions.
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Table 2
Washing tests: summary of the operating conditions

Test Extractant solution L/S ratio Chelant (mmol) pH0

P1 EDTA 0.05 M 12.5 62.5 4.59
P2 EDTA 0.1 M 12.5 125 4.43
P3 EDTA 0.05 M 5 25 7.05
P4 EDTA 0.05 M 8 40 6.51
P5 EDTA 0.1 M 8 80 5.93
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sing a Philips PU9200 apparatus, after acidification with
NO3 (detection limits: Al = 0.38 mg/l; As = 0.69 mg/l; Cd =
.010 mg/l; Cu = 0.035 mg/l; Fe = 0.06 mg/l; Pb = 0.10 mg/l;
n = 0.01 mg/l).

Hydraulic conductivity was determined according to Falling
ead Method described by the ASTM standard test D 2434 [23].
Sediment organic carbon content was determined by the

alkley–Black method [24].

.2. Sequential extraction tests

On the basis of the data reported in Table 1, the study was
ocused on three selected metals: Cu, Pb and Zn. Since metal
xtraction effectiveness depends on the binding form of the ele-
ent of interest, preliminary sequential extraction using the
essier’s method [25–28] were performed to investigate their
istribution into five fractions: exchangeable, bound to carbon-
te, bound to Fe–Mn oxides and hydroxides, bound to organic
atter and residual.
The exchangeable fraction was determined through extrac-

ion with 8 mL of 1 M MgCl2 at pH 7 for 1 h. The fraction bound
o carbonates was determined after extraction with 8 mL of 1 M
aOAc adjusted to pH 5 with acetic acid for 5 h. The fraction
ound to oxides and hydroxides was determined after extraction
ith 20 mL of 0.04 M NH2OH·HCl in 25 vol.% acetic acid (pH
) for 6 h at 96 ◦C. The fraction bound to sediment organic mat-
er was determined after extraction with 3 mL of 0.02 M HNO3
nd 5 mL of 30% H2O2 (pH 2) for 2 h at 85 ◦C, followed by
mL of 30% H2O2 (pH 2) for 3 h at 85 ◦C and then 5 mL of
.2 M NH4OAc in 20 vol.% HNO3 diluted to 20 mL at room
emperature for 30 min.

The residual fraction was determined after digestion at 90 ◦C
ith 25 mL of dilute aqua regia (50 mL HCl, 200 mL HNO3 and
50 mL water) for 3 h.

At the end of the washing tests, the same procedure was used
o perform sequential extraction on the treated sediment.

.3. Extraction tests

The aim of the washing tests was to determine the optimal
onditions for metal extraction: the main operating parameter
n the tests were the nature and concentration of the extractant
olution, and the liquid versus solid ratio.

Experimental tests were performed at room temperature
20 ± 2 ◦C), in 2 l glass beaker on 100 g samples: in each test
he suspension was kept in agitation for up to 144 h at 175 rpm
y a magnetic stirrer (ARE, Velp Scientifica).

A preliminary extraction with distilled water (pH 6.8) was
arried out, to evaluate the extent of metal leaching in the absence
f any extractant agent.

Two different extractant agents were tested: EDTA and citric
cid (CA), both used as aqueous solution 0.05 M (pH equal to
.40 and 2.02, respectively) or 0.1 M (pH equal to 4.37 and 1.92,

espectively).

Three selected liquid/solid ratio were tested: 5, 8 and 12.5,
n the range successfully investigated in other experimentation
f metal extraction from soils [29].

F
m
r
f

6 Citric acid 0.1 M 12.5 125 2.87
7 Citric acid 0.1 M 8 80 3.57

In Table 2 the experimental conditions of washing tests are
ummarized: each tests was performed in triplicate. In all tests,
ith the exception of test P4, the chelant amount used was

lways in excess with respect to the overall metals amount in
he sediment as reported in Table 1, without considering calcium
mount.

The pH measured in each test in the contact solution after
0 min of stirring (pH0) are also reported in the table. The pH
alues were found to be strongly dependant upon the liquid/solid
atio, due to the high buffer power of the solid.

Since the objective of the experimentation was to maxi-
ize the amount of Cu, Pb and Zn extracted, but limiting

he mobilization of other undesirable cations, the tests were
erformed evaluating two possible factors influencing the pos-
ibility to achieve this goal: reduce the pH value, to increase
etal mobilization, and/or increase the excess of EDTA with

espect to metal availability (this latter corresponded to about
0.58 mmol in each test). Tests P1 and P2 were performed in
trongly acidic initial conditions, due to the very large excess
f EDTA together with the high L/S ratio. In the following
ests the L/S ratio was reduced, and, as a consequence, due to
he buffer effect of the sediment, the pH measured during the
ests was only slight acidic (test P4 and P5) or at least neutral
test P3).

In tests P6 and P7 the same consideration were made, but
sing citric acid as chelating agent.

At selected time interval, agitation was stopped to allow sed-
mentation and 2 mL samples of liquid were drawn and, after
ilution with distilled water, subjected to analyses.

. Results and discussion

.1. Speciation of heavy metals in the sediment before
ashing

The results of preliminary sequential extraction tests per-
ormed to assess Cu, Pb and Zn distribution in the sediment
re reported in Table 3.

Practically all copper was found in the organic fraction of
he sediment; zinc was present mainly in the residual frac-
ion, with lower and almost equal amount in the carbonate,

e–Mn oxides and organic fractions, and lead was mainly accu-
ulated in the carbonate fraction, the Fe–Mn oxides, and the

esidual fraction. Iron was present almost totally in the residual
raction.
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Table 3
Results of sequential extraction tests performed before the treatment

Fraction Cu Pb Zn

Exchangeable (%) n.d. n.d. n.d.
Carbonate (%) 8.42 ± 0.07 49.07 ± 0.02 12.97 ± 0.04
Fe and Mn oxides and hydroxides (%) n.d. 31.07 ± 7.94 29.11 ± 1.27
O
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rganic matter (%) 88.32 ± 1.24
esidual (%) 3.26 ± 0.83

Only traces for all the four investigated metals were detected
n the exchangeable fraction: this is consistent with the pH of the
ediment, since other studies have already assessed that when
ediment pH is higher than 5.6 the exchangeable amount of
etals become negligible [18].

.2. Sediment washing tests with EDTA

Sediment washing tests were performed to investigate the
obilization of the three considered contaminants (Cu, Pb and
n). As and Cd were not considered, due to their very low amount

n the sediments (as shown in Table 1).
As competitive cations, only Fe3+, because of its great amount

n the investigated sediments and since trivalent iron forms a very

table complex with EDTA (log KEDTA-Fe = 25.1), and Ca2+ were
onsidered. Several studies have in fact already assessed that
nder acidic conditions the dissolution of carbonates resulted in
huge Ca2+ release in solution [30,31].

g
w
o
w

Fig. 1. Results of sediment wa
n.d. 14.69 ± 0.44
19.86 ± 7.94 43.23 ± 1.75

This was also confirmed by the results of preliminary tests
erformed by using tap water as extractant solution (series P,
ata not shown): only a slight dissolution of calcium was in fact
bserved.

Test P also confirmed that metals were adsorbed onto sed-
ment particles in stable form: the extent of metals other than
alcium dissolved in the absence of the chelant was negligible,
nd only traces of iron were found.

Fig. 1 shows the percentage of calcium, iron, lead and zinc
ith respect to their initial content in the sediment as determined
y the total digestion of the samples, mobilized during time
n the tests performed with EDTA. The mean values of three
eplicate tests are reported. The standard deviation calculated
or the replicate tests was about 6% of the average value. Results

enerally confirm EDTA effectiveness in removing metals
eakly bond to carbonate, oxide and hydroxide fractions. It was
bserved that increasing the L/S ratio both mixing and settling
ere favoured: the settling time of the solution necessary to

shing tests with EDTA.
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Table 4
Washing tests: summary of the experimental results

Test pHf Cu (mmol) Pb (mmol) Zn (mmol) Ca (mmol) Fe (mmol) ηCu (%) ηPb (%) ηZn (%)

P1 8.15 0.454 0.238 1.570 19.75 2.61 36.33 56.68 58.62
P2 8.00 0.681 0.313 1.730 17.41 11.82 54.50 74.39 64.49
P3 7.82 0.876 0.394 1.260 10.46 1.04 70.09 93.72 47.01
P4 8.09 0.797 0.383 1.382 17.54 0.91 63.84 91.07 51.45
P 1
P 2
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that each metal was bound to different sediment fractions, and
this strongly influenced the mobilization kinetic.

From a remediation point of view, the results reported in
Table 4 and Fig. 2 show that the overall final amount of the three
5 7.76 0.852 0.419 1.393
6 4.20 0.129 0.109 2.205
7 4.65 0.140 n.d. 1.141

llow sampling at L/S = 12.5 was about 10 min, while at lower
/S the settling time was considerably higher (up to a maximum
f about 2 h for test P7).

The trend of Cu and Zn dissolution followed the same gen-
ral behavior: after an initial quick increase of metal extraction,
plateau was reached after about 72 h of mixing. The initial Cu
vailability is quite lower, with respect to Zn and Pb:copper was
ostly present in the organic fraction of the sediment, the diffi-

ulty in copper extraction shown by the results, can be attributed
o the fact that humus organic substances associate strongly with
opper in sediment [32], because they may form water insoluble
etal complexes [29]. Most metal cation form “outer sphere”

omplexes with humus functional groups (amino, carboxyl and
ydroxyl): then they remain fully hydrated and there is not a
irect binding with the ligand. Conversely, copper forms “inner
phere” complexes: functional groups on the humate replace
ome of the hydration water molecules, and, as a result, these
omplexes are very stable [33]. In addition, other studies have
lready assessed that copper extraction from the organic matter
s not pH-dependant in the presence of a large excess of EDTA
6,34,35].

Table 4 reports the amount of each metal in the contact
olution and the calculated extraction yield, together with the
easured pH (pHf), at the end of each test. The mean values

f three replicate tests are reported, together with the calculated
tandard deviation. The very close values measured for pHf in
he five tests performed with EDTA confirm again the high buffer
ower of the sediment [36].

According to Kim et al. [37], in the pH range between 4
nd 6, the order of complex stability is: Fe3+-EDTA > Cu2+-
DTA > Pb2+-EDTA > Zn2+-EDTA > Ca2+-EDTA, while under

ess acidic or alkaline conditions, Fe3+-EDTA stability is dra-
atically reduced, and at pH 8 is similar to that of Zn2+-EDTA

38]. As a consequence at the end of all the tests performed,
u2+-EDTA should be the preferred EDTA complex. On the
ontrary, the data reported in Fig. 1 and Table 4 show a general
ifficulty in copper extraction: this difficulty in copper extrac-
ion, confirmed by the lower extraction efficiencies with respect
o Pb and Zn, was due to the above mentioned high stability of
opper humate.

Since Pb was mostly bound to carbonates, the initial mobi-
ization was easier. In particular Pb initial mobilization was

trongly dependant upon the initial pH of the contact solu-
ion: under stronger acidic conditions carbonates dissolution was
avoured. After this initial increase, a continuous decrease was
bserved in all the tests, in correspondence of the increase of
9.30 2.88 68.15 99.71 51.84
4.70 33.60 10.38 25.98 82.07
7.84 15.04 11.22 n.d. 42.48

H, because of the precipitation of PbCO3, that is a competitive
eaction even in the presence of EDTA at almost neutral condi-
ions [39]. In all the tests, however, this decrease stopped, due
o the cationic exchange between Fe2+ and Pb2+ in the EDTA
omplexes. As a consequence, Pb2+ concentration in the contact
olution began progressively to increase. In the tests P3 and P5
his process continued until the end of the experiment, while,
n the tests P1, P2 and P4, the effect of the subtraction of lead
ons caused by the PbCO3 precipitation was enhanced by the

ore alkaline conditions attained. This determined a successive
rogressive decrease of Pb2+ concentration until the end of the
ests.

Zinc mobilization also appeared to be strongly influenced
y pH, since zinc was almost equally distributed among the
ifferent fractions and the dissolution of several zinc minerals
as involved during the extraction.
Fig. 1 also shows that in our tests, steady state conditions were

ot generally achieved, since even slight fluctuations in metal
ontent and pH in the contact solution were observed until the
nd of the experiments. Kinetic studies of metals extraction per-
ormed on soil or sediments, showed that few hours [29,31], are
equired to reach steady state conditions. However, as already
bserved by Kim et al. [37] in a study regarding lead extrac-
ion from contaminated soils, the extraction period needs to be
xtended in the presence of more than one extractable metal
nd, as a consequence, when competitive effects are expected.
n addition, in the present study, it must be taken into account
Fig. 2. Mass balance for the washing tests with EDTA.
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along time for tests P6 and P7. The standard deviation calculated
L. Di Palma, R. Mecozzi / Journal of

elected metals (Cu, Pb and Zn) was in a quite narrow range
from 2.262 mmol in test P1 to 2.724 mmol in test P2), while
t was different the distribution among the three metals: lead
xtraction yield was always higher, followed by copper in the
ess acidic tests (P3, P4 and P5) and by zinc in the more acidic
ests (P1 and P2). The copper extraction yield values were more
ispersed with respect to zinc, even considering the quite narrow
ange of pHf observed, thus confirming that copper extraction
as less influenced by pH.
Fig. 2 also shows the results of the mass balance performed

t the end of the tests. The presence of an higher initial available
mount of EDTA in the washing solution, determined an almost
inear increase in the total amount of the five metals extracted
R2 = 0.9092), essentially due to the enhancement in calcium and
ron dissolution.

At the same time, this increase also corresponded to an
ncrease in the contact solution of the amount of EDTA not
omplexed with the five considered metals, as shown in Fig. 2,
here the percentage of EDTA combined with all the five metals

n each test, with respect to the available EDTA in the contact
olution is reported.

.3. Leaching mechanisms

To evaluate the mechanism of metals mobilization, Fig. 3
eports the amount of Cu, Pb, Zn, Fe and Ca measured in the
ontact solution along time during the test P2. Also in this case
he mean values of three replicate tests are reported. The standard
eviation calculated for the replicate tests was about 5% of the
verage value.

An initial great availability of Ca2+ in solution was observed:
ince the tests were performed by dissolving EDTA-Na2 in
istilled water, the Ca2+ in solution was only due to calcium
arbonate dissolution.

Simultaneously a lower immediate mobilization of the other

etals in solution was observed.
The first step of the extraction mechanism was therefore

ependant upon the pH of the extractant solution. The same
rend was in fact observed in all the other washing tests, when

Fig. 3. Competitive effects in metal extraction: test P2.

f

m

dous Materials 147 (2007) 768–775 773

lower or higher initial dissolution of both calcium occurred,
ccording to the pH of the extractant solution, determined by
oth the EDTA content and the L/S ratio, as shown in Table 2.

Fig. 3 shows that the initial high Ca mobilization was
ollowed by a dramatic reduction in Ca2+ content, mainly deter-
ined by calcium carbonate precipitation, as a result of the

ncrease of pH of the contact solution during mixing, and the
evelopment of exchange reactions between the metal–EDTA
omplexes previously formed.

Due to the lower EDTA affinity for Ca2+ with respect to Fe3+

log KFe-EDTA = 25.10; log KCa-EDTA = 10.59 [26]), an exchange
eaction in fact occurred between Ca-EDTA and Fe-EDTA in
he contact solution, according to the:

e3+ + CaEDTA− → FeEDTA++Ca2+ (1)

that show how an equimolar exchange between Ca2+ and
e3+ occurred. Iron content in solution, however, did not dra-
atically arise, because of the simultaneous precipitation of iron

ydroxides [21].
The extent of carbonates precipitation was also confirmed

y the decrease shown in inorganic carbon content and electric
onductivity of the contact solution (data not shown).

The same consideration can be made for the other
hree metals (log KPb-EDTA = 18.04; log KCu-EDTA = 18.80;
og KZn-EDTA = 16.50 [29]): it must be considered, however,
hat, due to their very low concentration and their lower affinity
o EDTA with respect to iron, their extracted amount along
ime, after an initial increase, quickly achieve a practically
onstant value.

.4. Sediment washing tests with citric acid

Figs. 4 and 5 illustrate the trend of Cu, Fe, Pb and Zn extrac-
ion yield, calculated with respect to the total initial amount,
or three replicate tests was about 6%.
The results show that citric acid was not as effective as EDTA,

ainly with respect to Cu and Pb extraction, as it would be

Fig. 4. Metal extraction with 0.1 M citric acid (test P6).
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Fig. 5. Metal extraction with 0.1 M citric acid (test P7).

xpected according to the complexation constant of the con-
idered metal with citric acid (KCu-CA = 6.1; KPb-CA = 4.1). The
tronger acidic conditions at the beginning and during all the
ests (as shown by the data reported in Tables 2 and 4) determined
huge Ca dissolution, and the absence of carbonate precipitation

excluded at the measured pH values) contributed to maintain
n high Ca concentration in the contact solution until the end of
he tests.

In addition, the great affinity between citric acid and Fe
KFe-CA = 11.85) determined the exchange between iron and the
ther dissolved ions during the tests: Fe amount in the contact
olution in fact increased simultaneously to a decrease of the
oncentration of the other metals, whose concentration, how-
ver, did not dramatically decay, with the only exception of
b, due to the precipitation of PbCO3 even under acidic condi-

ions [39]. In addition, since acidic conditions were maintained
long both the tests, the precipitation of iron hydroxides did not
ccur.

As regards the extraction efficiencies of the three investigated
etals, results show that the preferred ion for citrate was Zn2+.
he calculated extraction efficiency for zinc in both tests P6 and
7 was higher to those calculated for the tests performed with
DTA, accordingly with the fact that strong acidic conditions
ere maintained during the tests (as reported in Tables 2 and 4
here the initial and final pH values are shown), thus favour-

ng zinc extraction even from the residual fraction of the
ediment.

Table 5 shows the results of the sequential extraction tests
erformed after the washing treatment P5. The remaining lead

n the sediments (about 0.25 mg/kg) was found to be almost
qually distributed between the exchangeable and residual frac-
ions (data not shown).

able 5
esults of sequential extraction tests performed after washing treatment P5

raction Cu Zn

xchangeable (%) 16.93 ± 1.38 9.81 ± 0.60
arbonate (%) n.d. 13.71 ± 1.24
e and Mn oxides and hydroxides (%) n.d. 20.38 ± 1.42
rganic matter (%) 75.55 ± 3.76 8.86 ± 0.77
esidual (%) 6.92 ± 0.24 46.32 ± 1.42

i
p
m
d
i
d
c

t
a
c
i
s

dous Materials 147 (2007) 768–775

.5. Speciation of heavy metals in the sediment after
ashing

The speciation of the investigated metals in the sediment after
he washing treatment, is in accordance with the mobilization

echanisms observed and the results discussed in the previous
ections.

The mobilization of the three metals from the carbonate frac-
ion of the sediment was almost total, as the mobilization of Pb
nd Zn from the Fe–Mn oxides and hydroxides fraction. On the
ontrary, as a consequence of the mobilization induced by wash-
ng treatment, a significant amount of Cu and Zn metal resulted
hifted to the exchangeable fraction.

As regards to the metals initially bound to the residue fraction
f the sediment, the high values of pHf measured at the end of
he tests, did not allow Zn mobilization from this fraction, but, at
he same time, an almost complete Pb mobilization was ensured.

. Conclusions

The mobilization of Cu, Pb and Zn from an Italian harbour
ediment induced by washing the sediment with EDTA or citric
cid solutions was investigated. The aim of the experimentation
as to determine the optimal conditions for the extraction of the

hree metals, and, at the same time, to investigate the extent of
ediment minerals dissolution.

Results of experimental tests performed at different chelant
oncentration and L/S ratio show that EDTA resulted to be more
ffective with respect to citric acid in mobilizing metals bond to
arbonate, oxide and hydroxide and organic matter fractions: in
articular citric acid was unable to extract lead and copper from
he sediment.

On the contrary, at the strong acidic conditions maintained
uring citric acid extractions, zinc mobilization from the resid-
al fraction of the sediment was higher. In addition because of
he great affinity between citric acid and iron, and the strong
cidic conditions maintained during extraction, an higher iron
issolution was observed (up to about the 39% of the total iron
ontent in the sediment).

However, a general difficulty in copper extraction was
bserved in both cases, due to the high stability of copper
umate.

The mechanism of extraction with EDTA was found to
nvolve an initial high Ca mobilization, depending upon the
H reached by the contact solution after mixing with the sedi-
ent, followed by a dramatic reduction in Ca2+ content, mainly

etermined by calcium carbonate precipitation, as a result of the
ncrease of pH of the contact solution during mixing, and the
evelopment of exchange reactions between the metal–EDTA
omplexes previously formed.

The mobilization of Cu, Pb and Zn from the carbonate frac-
ion of the sediment was almost total, as the mobilization of Pb

nd Zn from the Fe–Mn oxides and hydroxides fraction. On the
ontrary, as a consequence of the mobilization induced by wash-
ng treatment, a significant amount of Cu and Zn metal resulted
hifted to the exchangeable fraction.
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In the view of the field application of the washing technology
or sediment remediation, the overall results suggest that the use
f a 0.05 M EDTA washing solution would be preferred with
espect to a more concentrated one, and, in any case, increasing
he excess of chelating agent with respect to the metal availabil-
ty, may enhance EDTA consumption through undesired mineral
issolution, rather than to increase toxic metals extraction.
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