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This study presents the results of laboratory-scale experimental tests of contaminant extraction from marine
sediment slurries. The sediment was collected in a harbour situated in a high-density industrial area,
characterised by a high pollution level of heavy metals. The objective of this study was to investigate the
effectiveness of selected chelating agents (rhamnolipids, EDDS, EDTA and citric acid) in heavy metal
removal from contaminated sediments. To this aim, contamination of the sediment used in this experiment
was artificially increased to reach final values of 1250 mg·kg−1 Cu and 2026 mg·kg−1 Pb. The investigated
parameters during the washing tests were chelant concentration and overall washing time. To evaluate
the sediment characteristics, COD and acid digestion were performed, whereas total organic carbon and
heavy metal concentration were determined on the solutions extracted. The results show that the use of
EDDS and EDTA gave good extraction efficiencies (up to 95%), unlike the lower removal rates achieved
by using citric acid and rhamnolipids. In addition, major cations, mainly Fe and Ca, were found to be
strong competitors with the target metals for metal–ligand complex formation.
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1. Introduction

For centuries, heavy metals, along with other metals and minerals, have been released from their
natural chemical compounds through industrial activities and processes into surface waters. As
a consequence, their spread in aquatic systems and sediments has been found to increase over
time. Harbour sediments are often rich in heavy metals; because heavy metals are not subjected to
degradation, they can easily be suspended or dissolved by surface waters, thus becoming available
to plankton, nekton and benthic filter and deposit feeders [1], finally entering the food chain [2].

The technologies used for sediment remediation are similar to those widely adopted for soil
remediation, including thermal treatment, physical separation, solidification/stabilisation and
washing [3,4]. In ex situ washing technology [5], undesirable contaminants in the sediments
are removed by dissolving or suspending them in an aqueous solution of a chelating agent [6,7].

Chelating agents are ligands that form a complex with the substrate; although the bonds may
be any combination of coordination or ionic bonds, chelating agents have the ability to solubilise

*Corresponding author. Email: luca.dipalma@uniroma1.it

ISSN 0275-7540 print/ISSN 1029-0370 online
© 2011 Taylor & Francis
DOI: 10.1080/02757540.2010.534084
http://www.informaworld.com

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
Po

lit
ec

 C
at

] 
at

 0
4:

49
 3

1 
D

ec
em

be
r 

20
11

 



98 L. Di Palma et al.

metals ions. Synthetic chelating agents, such as ethylenediaminetetraacetic acid (EDTA), have
been widely investigated as efficient extracting agents to enhance performance in soil/sediments
washing [8–12]. Chelating agents have the potential to perturb the natural speciation of metals and
influence metal bioavailability. The largest concern, however, is that many chelating agents are
only slowly biodegradable and are therefore rather persistent in the environment [13]. The main
factor that should be considered when selective extracting agents are used include effectiveness,
cost, public and regulatory perception, but also biodegradability and degradation products, toxicity
to humans, plants and animals, and ability to recycle.

As an alternative to synthetic ligands, more biologically produced (biosurfactants) biodegrad-
able substances have been tested in laboratory-scale applications, for example, citric acid and
S,S ′-ethylenediaminedisuccinic acid (EDDS), a structural isomer of EDTA containing two chiral
carbon atoms resulting in the existence of three optical isomers, [S,S]-EDDS, [R,R]-EDDS and
[R,S]-EDDS [14].

Biosurfactants are biologically produced by yeast or bacteria from various substrates, includ-
ing wastes. They generally consist of several functional groups, such as glycolipids, lipopeptides,
phospholipids, fatty acids, neutral lipids, polymeric and particulate compounds. A group of bio-
surfactants that has been studied extensively in the recent years are rhamnolipids, produced by
Pseudomonas aeruginosa [15–17].

In this study, the use of rhamnolipids was compared with EDTA, citric acid and EDDS, for
chelant-assisted washing of a sediment sample collected at an Italian harbour. The objective of
this study was to evaluate the effectiveness of rhamnolipids in copper and lead removal from
the sediment, based on the selectivity of rhamnolipids with respect to these metals. According to
Neilson et al. [18] and Ochoa-Loza et al. [19], the relative complex stability of the metal–ligand
complex for the investigated metals is in the order: for rhamnolipids, Cu > Pb > Fe(III) > Ca; for
citric acid, Fe(III) > Pb Cu > Ca; and for EDDS and EDTA, Fe(III) > Cu > Pb > Ca, on the basis
of the stability constants values reported in the literature [20,21].

2. Materials and methods

The sediment was collected in a harbour situated in a high-density industrial area located in the
south of Italy, characterised by a high level of metal pollution. The contamination of the sediment
used in this experimentation was increased artificially to reach final values of 1250 ± 50 mg·kg−1

of Cu and 2026 ± 70 mg·kg−1 of Pb. Table 1 reports selected characteristics of the sediment used.
Artificial contamination was carried out in order to obtain a concentration approximately twice the
Italian regulation limit for copper and lead at an industrial site (600 mg Cu·kg−1, 1000 mg Pb·kg−1

soil) [22]. After 60 days, the samples were subjected to laboratory-scale washing experiments
using EDTA in the form of disodium salt, citric acid in the form of trisodium salt, EDDS in the
form of C10H13N2Na3O8 and rhamnolipids (Rh) in the form of the product BioRecOil (4% w/v
solution, Jeneil Biosurfactant CO., LLC) [16]. The washing tests were performed by varying the
additive concentration, at a constant 10 : 1 v/w solution-to-soil ratio (30 mL of washing solution
·3 g−1 sediments). Blank tests with distilled water were performed to evaluate the removal of
contaminants only by physical mixing. Two selected surfactant concentrations were used, equal
to the total molar amount of Pb and Cu, tests 1 : 1, or Pb, Cu and extractable Fe, tests 1 : 1 (Fe),
respectively. In order to determine the maximum value of Fe that each additive can extract from
the sediment sample (extractable Fe), a preliminary 24 h washing with a 0.1 M solution of EDTA
was carried out. Extractable Al and Ca were also determined in the same test. For rhamnolipids
only, a further test at a molar ratio of 2.31 : 1 with respect to the total amount of Pb and Cu was
also performed, according to Mulligan [15].
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Chemistry and Ecology 99

Table 1. Selected sediment properties.

Properties Value

Water content (%) 38.41
Bulk density (kg·dm−3) 1.58
pH 6.6
Particle size distribution (%)
>2 mm 5.39
0.063 < x < 2 mm 43.43
<0.063 mm 51.18

Metals (mg·kg−1)

Fe 27,481 ± 320
Fe extractable 1532.8 ± 80
Cu 50.2 ± 4.5
Pb 26.9 ± 3.0
Al 12,300 ± 210
Al extractable 20.02 ± 5.0
Ca extractable 33.07 ± 8.5

Samples were taken after 20, 40 and 60 min, and 2, 6, 24, 48 and 120 h of mixing in an orbital
shaker (200 rpm) and then filtered (0.45 μm). The filtrates were then analysed to determine metal
concentration by atomic absorption spectrometry, using a Philips PU 9200 instrument, after an
acid digestion, using the EPA3050B method [23]. Metal removal was determined based on the
initial metal content in the sediment and all results are reported as %wt metal removal. The
dissolved organic carbon (DOC) was also determined using a Shimadzu TOC-5000 analyser. pH
was measured after mixing 10 g of soil samples with 25 mL of a 0.01 M solution of CaCl2.

To evaluate the competitive mechanisms among the cations, two parameters were introduced
and calculated after 24, 48 and 120 h of mixing: the specific removal efficiency (SRE) for Pb and
Cu, defined according to the equation:

SRE = 100

∑
(Pb + Cu)

∑
(Pb + Cu + Fe + Ca)

, (1)

and the specific utilisation rate (SUR), defined, assuming an equimolar reaction in complex
formation [24], according the equation:

SUR = 100

∑
(Pb + Cu)

M
, (2)

where M is the total moles of additives added in the washing vessel.
In the definition of SRE, mainly Ca and Fe were considered as competitive metals, because

negligible amounts of Al and Mg were always detected in the washing solutions.
Sequential extractions according to theTessier procedure [25,26] to determine metal distribution

among the fractions exchangeable, bound to carbonates, bound to Fe–Mn oxides, bound to organic
matter and residual, were also performed.

3. Results and discussion

3.1. Extraction kinetic

The results of preliminary blank tests showed that no Pb and a negligible amount of Cu (0.47% wt)
were extracted simply by washing the sediment with distilled water during 24 h. This extraction
can attributed to the solubilisation of organic matter from the sediment; the final DOC of the
extracted solution was 22 mg·L−1.

D
ow

nl
oa

de
d 

by
 [

U
ni

v 
Po

lit
ec

 C
at

] 
at

 0
4:

49
 3

1 
D

ec
em

be
r 

20
11

 



100 L. Di Palma et al.

Figure 1. Cu removal for (Pb + Cu) : additive. 1 : 1 molar ratio.

Figure 2. Pb removal for (Pb + Cu) : additive. 1 : 1 molar ratio.

This is in accordance with the results of several studies that previously assessed the stability of
Cu, Pb and Fe adsorbed onto soil or sediment over a wide range of pH values [27,28].

Figures 1–4 show the results of the extraction tests. Each test was performed in triplicate and
average values are reported in the figures. The average standard deviation calculated was in the
range 2.2–4.5%.

As shown by the results reported in Figure 1, Cu mobilisation started immediately in the test
where EDTA or EDDS were used. However, for EDTA and EDDS, different shapes were seen for
the the metal concentration versus time curves; whereas EDTA showed a progressive increase in
Cu mobilisation over time until the end of the test, EDDS showed a maximum after 24 h of mixing
(corresponding to ∼78% of Cu extraction). The particular shape of the curve for the extraction
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Chemistry and Ecology 101

Figure 3. Cu removal for (Pb+Cu+Fe) : additive. 1 : 1 molar ratio.

Figure 4. Pb removal for (Pb+Cu+Fe) : additive. 1 : 1 molar ratio.

with EDTA is quite similar to that found by other researchers at different ligand concentrations
[5]. For both the tests performed with rhamnolipids were and citric acid, conversely, low extrac-
tion efficiencies were calculated. When rhamnolipids were used, the extraction efficiency always
increased over time, up to a maximum of 26% after 120 h of mixing in the equimolar test, and 57%
after 120 h in the test performed with a rhamnolipid versus metal ratio of 2.31. When citric acid was
used, the Cu extraction efficiency showed a progressive decreasing behaviour until the end of the
test. The affinity order observed at the end of the tests was in agreement with the order expected on
the basis of the complex stability constants order for Cu: EDTA > EDDS > Rh > CA [18,20,21].

As shown in Figure 2, the initial Pb removal efficiency was generally quite low for all the
additives used with respect to Cu. In addition, except for EDDS, Pb extraction started slowly, as
a result of the competitive mechanisms among Pb and the other metals present in the sediment
(mainly Al, Ca, Cu and Fe) that occurred during mixing [20,27,29]. Also in this case, the EDDS
showed a Pb removal extraction peak of 57% after 6 h of mixing followed by a decreasing trend,
whereas EDTA showed an increasing extraction until a Pb removal extraction peak of 75% after
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102 L. Di Palma et al.

48 h of mixing. A similar behaviour was shown by rhamnolipids at 2.31 : 1 molar ratio (the
maximum Pb extraction efficiency was about 20% after 24 h of mixing), while, on the contrary, Pb
extraction by EDTA, after the initial increasing phase, from 24 to 48 h of mixing, quickly rised up
to 70%, and this value was about the same calculated at the end of the tests (after 120 h of mixing).
For the others additives the maximum removal rate was of 20% for Rh at 2.31 molar ratio, of 15.5%
for the 1 : 1 molar ratio and of 35% for citric acid, respectively. Citric acid showed a particular
behaviour; during the first 48 h of mixing an increasing Pb extraction was observed, followed by
a sudden reduction in the Pb concentration in the solution. This behaviour is in accordance with
results obtained in another study [29], in which the desorption of pollutants by citric acid in batch
tests was found to be optimal over a quite narrow pH range (6–7), and quickly decrease in alkaline
conditions, as a consequence of the strong interaction of citrate with Fe- and Al-coatings of the
sand surface (the average pH measured in the tests performed using citric acid was ∼7.5). The
Pb initially extracted was then replaced by Fe in the complexes with citric acid, thus becoming
available for precipitation as hydroxide, as observed in other studies, where Pb extraction from
contaminated soils was found to be strongly pH dependent, and suddenly decreased at pH 6–8
[20] Also, in this case, the affinity order observed at the end of the tests was in agreement with
the expected complex stability constants for Pb: EDTA > EDDS > Rh > CA [18,20,21].

As observed in other studies [21,27,30,31], the removal rate increased with increasing additive
concentration in each test. As shown in Figure 3, in the presence of an excess of additive with
respect to the target metals (Cu and Pb), all the additives, with the exception of rhamnolipids,
showed a slight reduction in Cu removal efficiency starting from 2 days of mixing. This can
be attributed to the development of competitive mechanisms among copper and iron ions in
solution, which was not expected when rhamnolipids were used. As regards the extraction of Pb
in tests with an excess of additives, EDTA and EDDS showed the higher removal rate, as shown
in Figure 4, with a peak of ∼72 and 69%, respectively. A lower extraction by both citric acid
and rhamnolipids was observed: they showed a maximum Pb extraction efficiency of 33% after
48 h of mixing, and of 7.4% after 6 h, respectively. Also, in this case, the order of the extraction
efficiencies calculated at the end was in accordance with the the complex stability constants
(EDTA > EDDS > > Rh > CA) [18,20,21].

3.2. Competitive effects and mass balances

The SRE values calculated for each experimental tests after 24, 48 and 120 h of mixing are reported
in Table 2.

Table 2. SRE (%) values for each test at 24, 48 and 120 h of washing.

SRE (%)

Test Additive concentration 24 h 48 h 120 h

1 Rh 1:1 39.4 8.0 31.9
2 Rh 2.31:1 48.4 60.9 58.9
3 Rh 1:1 (Fe) 16.4 10.6 31.0
4 EDTA 1:1 82.5 86.1 72.6
5 EDTA 1:1 (Fe) 69.1 66.0 57.0
6 CA 1:1 59.7 56.3 29.2
7 CA 1:1 (Fe) 72.7 69.4 33.7
8 EDDS 1:1 71.7 67.3 62.9
9 EDDS 1:1 (Fe) 67.5 66.8 60.5

Notes: SRE, specific removal efficiency; Rh, rhamnolipids; EDTA, ethylenediaminetetraacetic acid;
CA, citric acid; EEDS, S,S ′-ethylenediaminedisuccinic acid.
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Chemistry and Ecology 103

The SRE is a measure of the selectivity of the additive towards the target metals: higher SRE
values corresponded to higher amounts of Pb and Cu extracted from the sediment.

Results show that the calculated SRE values followed a trend dependant upon the additive used
in the experiments.As regards rhamnolipids, in both the tests performed at equimolar concentration
with respect to Cu and Pb or Cu, Pb and Fe, the calculated SRE showed an initial decrease over
time, followed by a further increase. This indicates that at higher contact times between the
solution and the sediment, equilibrium conditions were approached. As would be expected on the
basis of the affinity scale for rhamnolipids, an increase in washing time corresponded to higher
amounts of Cu and Pb in the contact solution, as a consequence of the cation-exchange reactions
between Fe and Cu or Pb complexes [27].

As regards EDTA, the higher affinity for Fe(III) is shown by the decrease in SRE during time;
nevertheless, despite the increase in Fe removal, only a slight decrease in Cu removal (Figure 1)
and Pb removal (Figure 4) was observed. This indicates that equilibrium conditions were still
not attained at the end of the tests. Moreover, in the case of EDTA, the strong acidic conditions
observed in the batch test (the initial pH values were 4.80 in test 4 and 4.70 in test 5, respectively),
induced a high initial calcium solubilisation, that was competitive with Pb and Cu extraction.
In addition, according to Kim and Ong [32], under acidic conditions (pH < 6.5) iron in soil was
found to strongly compete with Pb for EDTA ligand sites.

A decrease in SRE over time was also observed in the tests when citric acid or EDDS were
used, although alkaline conditions were established in these tests: the calculated SRE values were
lower with respect to the corresponding values calculated for EDTA.

All the observed removal trends were, however, in a good agreement with the order of stability
constants mentioned previously.

Table 3 reports the SUR values calculated in the tests. This parameter indicates the percentage
of additive actually bound to the target metals (Pb and Cu). This parameter can be used to evaluate
the extent of undesired additive consumption in the remediation operations.

As shown in Table 3, when rhamnolipids were used, the calculated SUR value was generally
lower than for the other additives, with the exception of citric acid, thus resulting in the need for
a higher rhamnolipid dose to achieve the same metal-extraction efficiency as EDTA or EDDS.
However, in view of a remediation process involving use of this additive, it can be assessed that this
may not be a problem, owing to the higher biodegradability of rhamnolipids in the environment
with respect to common synthetic additives such as EDTA or EDDS [15,18]. Table 3 also shows
the mass balance for the additives in each test, assuming that the free additive corresponded to the
difference between the total number of moles of additives added in each test and the total number
of moles of Ca, Cu, Fe and Pb mobilised.

Table 3. Additives mass balance.

SUR Total additive combined Free additive

Test Additive concentration 24 h 48 h 120 h 24 h 48 h 120 h 24 h 48 h 120 h

1 Rh 1:1 2.1 2.6 22.4 5.2 32.4 70.0 94.8 67.6 29.9
2 Rh 2.31:1 12.6 17.2 18.3 25.9 28.1 31.0 74.0 71.8 68.9
3 Rh 1:1 (Fe) 4.0 2.5 11.4 24.3 23.4 36.8 75.7 76.6 63.2
4 EDTA 1:1 39.9 70.8 72.0 48.3 82.2 99.2 51.7 17.8 0.8
5 EDTA 1:1 (Fe) 31.4 31.3 27.2 45.4 47.4 47.6 54.5 52.5 52.4
6 CA 1:1 25.2 26.3 9.7 42.2 46.7 33.2 57.8 53.3 66.8
7 CA 1:1 (Fe) 23.2 23.7 10.3 31.9 34.2 30.6 68.1 65.8 69.4
8 EDDS 1:1 67.7 51.2 46.6 97.9 76.0 84.2 2.1 23.9 15.8
9 EDDS 1:1 (Fe) 47.1 53.6 49.1 69.8 80.1 81.1 30.2 19.8 18.9

Notes: SUR, specific utilisation rate; Rh, rhamnolipids; EDTA, ethylenediaminetetraacetic acid; CA, citric acid; EEDS, S,S ′-
ethylenediaminedisuccinic acid.
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104 L. Di Palma et al.

Results show that increasing the amount of additive in the extractant solution, gave a higher
amount of free additive at the end of the test. The strong decrease in Pb extractions observed in the
tests performed using citric acid (tests 6 and 7) and discussed previously, resulted in a dramatic
reduction in SUR from 48 and 120 h of mixing. It can be also noticed that at the end of test 4,
almost all the EDTA was combined with the investigated cations.

3.3. Evaluation of metal mobilisation through sequential extraction tests

The final step of the study consisted of an investigation into metal mobilisation induced by each
additives, in order to evaluate whether, as a consequence of the extraction, the target metals were
also displaced towards more labile species. Tessier’s method, based on a sequential extraction,
was used to evaluate the distribution of Cu and Pb among five fractions: exchangeable, bound to
carbonates, bound to Fe–Mn oxides, bound to organic matter and residual. Sequential extraction
procedures offer the major advantage that, to a certain extent, they simulate various environmental
conditions to which the sediment may be subjected; deductions can then be made about the trace
metal levels likely to be observed under these conditions in the environment. Possible applications
include evaluation of the effects of dredging operations and the prediction of trace metal behaviour
in the water.

In Figures 5 and 6 the results of sequential extractions performed on the sediment samples
subjected to 48 h washing treatment are shown. In particular, Figure 5 refers to Pb distribution,
whereas Figure 6 refers to Cu distribution. The results show that, as a consequence of the extraction
treatment, the amounts of Pb present in the exchangeable and organic fractions were lowered in
all the tests performed. The remaining Pb was almost totally bound to the carbonate, oxides–
hydroxides and, mainly, residual fractions. Becasuse this fin al fraction is the most stable, the
Pb remaining after the extraction treatment is not expected to show significant bioavailability.
Only in the tests performed using rhamnolipids was a non-negligible amount of both organic and
exchangeable Pb detected in the sediment after the extraction. As regards the different behaviour
shown by each additive, it can be noticed that only EDDS and, mainly, EDTA gave a strong
mobilisation of Pb from the residue form to more labile species, as a consequence of the more
acidic conditions established during washing with this additive [33,34].

Figure 5. Sequential extraction tests for Pb.
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Chemistry and Ecology 105

Figure 6. Sequential extraction tests for Cu.

Figure 6 shows that the initial Cu amount was present mainly in the organic and residue
fractions: only the higher concentration of rhamnolipids allowed the mobilisation of Cu from
the organic fraction, although lower than the mobilisation induced by the other additives. In the
tests performed with EDTA and EDDS only, a substantial reduction in the Cu in the carbonate
fractions of the sediment was observed. In the tests performed with citric acid the exchangeable
form practically disappeared. By contrast, as a result of the treatment with EDDS, EDTA and, to
a lesser extent, rhamnolipids, the total amount of Cu in the sediment was lowered, but an increase
in the exchangeable fraction was observed, thus increasing Cu bioavailability [26,35].

4. Conclusions

The results of a study on 120 h of sediment washing using the four additives EDTA, EDDS, citric
acid and rhamnolipids are reported and discussed. The study focused mainly on the comparing
the selected additives for the removal of Pb and Cu, and the mechanisms possibly interfering with
the extraction process, including competition in complex formation with sediment major cations.

On the basis of our experimental results, the efficiencies of rhamnolipids and citric acid were
comparable, although rhamnolipids showed a higher calculated specific utilisation rate (SUR)
and a similar calculated specific removal efficiency (SRE), due to its higher affinity for Cu and
Pb with respect to competitive major cations. The use of EDDS and EDTA gave good extraction
efficiencies (up to 70%) for both metals, but their action resulted in the extraction of large amounts
of competitive cations, mainly Ca and Fe, and in the case of Cu, an increase in metal bioavailability.
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