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Abstract 

 
Today marine sediments dredged from coastal areas must be considered a resource of materials to be 

reused. For this purpose, innovative, effective and sustainable technological processes are needed in 
order to guarantee the possibility of reusing materials in various application sectors. Heavy metals are 

some of the pollutants with particular toxicity, persistence and bioaccumulation. In the sediments, 

metals are present in various chemical forms (speciation), the determination of which is fundamental 

for optimization of remediation process by washing. For this purpose in recent years, different 
techniques that use washes with chelating solutions have been tested for metals removal from 

contaminated marine sediments. This work critically illustrates the applications of washing method for 

metal remove from marine sediments, taking as a case study experiments conducted on sediments of 

the coastal area of Taranto. The aim of the study is to discuss the efficacy of selected chelating agents 
(EDDS, EDTA, citric acid, etc.) for sediment remediation. The effects of different operating parameters 

such as the type of washing solution, the reaction time, the concentration of the chelating solution, pH 

and the solution / sediment ratio are illustrated. The speciation of metals on treated and untreated 

sediments, performed with Tessier's sequential extraction method, proved to be a useful tool for 
assessing the mobility of heavy metals and changes in their distribution in the different phases after 

washing treatments. The kinetics of the extraction process for various metals and for the various 

chelating compounds are also presented. The final results show that the use of EDDS (ethylenediamine-

N, N'-disuccinic acid) as a chelant provided good extraction efficiencies unlike the lower removal rates 
found with the use of citric acid. 
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The remediation of contaminated marine sediments is a current problem, especially in 

port areas. Dredging in these areas produces large quantities of materials often sent to 

landfills or in fill areas due to the high volumes to be managed and the presence of toxic 

pollutants in the sediments. At present, however, dredged sediments can be enhanced and 

used both in civil applications and industrial with appropriate “ex situ” treatments including 

bioremediation, extraction with solvents, oxidation and / or reduction processes, stabilization, 

thermal desorption (Bianchi et al., 2008; Dermont et al., 2008; Kim et al., 2011; Mulligan et 

al., 2001; Peng et al., 2009). Among the “ex situ” remediation technologies of the soft type, 

sediment washing has found considerable interest especially for the decontamination from 

heavy metals: this technique has high efficiency, low environmental impact and the 

possibility of recovering materials (Savvides et al., 1995; Tandy et al., 2004). Generally, 

metals are present in sediments in different chemical forms (speciation) on which 

bioavailability depend. The fine particle size fractions are usually the most contaminated 

ones, so washing techniques are often associated with a separation of the various fractions to 

increase the efficiency of further treatments or reduce the volumes to be treated. For some 

years, chelant-assisted washing has been proposed as a valuable treatment for the 

remediation of heavy metal in contaminated soils and sediments (Di Palma and Mecozzi, 

2007; Di Palma et al., 2011; Peters, 1999). The chelating agents are capable of promoting the 

removal of heavy metals from the sediments by mechanisms mobilization from the solid 

particles, dissolution of metal-containing solid phases or ion exchange. One of the most 

studied chelating agents was EDTA (Di Palma and Mecozzi, 2007); other authors (Nystroem 

et al., 2006) have reported extraction of metals from port sediments using both acid solutions 

of HCl and saline solutions of NaCl. 

The purpose of this paper is to provide a review of the applications of sediment 

washing for metal decontamination. A case study relating to washing experiments, conducted 

as part of a PON project on sediments taken in the harbour area of Taranto, is illustrated and 

discussed (Dredge Project, 2007). The use of different chelant type (EDTA, EDDS and citric 

acid) has been illustrated, as well as the influence of different parameters such as chelant 

concentration, pH and extraction time.  

The speciation of heavy metal, by selective extractions (Tessier et al., 1979) before 

washing treatment, is an important tool in order to acquire information about exchangeable 

compounds and metal bioavailability. For each metal analyzed, different percentage of 

decontamination was observed with three studied chelating solutions. It is also highlighted 

that the presence of other interfering metals (e.g. calcium and iron) is a factor that often 

influences the efficiency of the treatment. 

 

2. Materials and methods 

 

2.1. Study area 

 

The coastal marine area of Taranto falls within a Site of National Interest (SIN) for 

remediation because it presents significant problems of environmental impact related to the 

presence of a high industrial concentration. The contamination of sediments in this area 

represents a problem both for dredging activities, necessary for development of the port area, 

and for the risks of spreading pollutants in the marine ecosystem.  

In this area, the integrated management of sediments with the possibility of reusing 

materials therefore represents a very topical issue also in relation to the movement of large 

volumes of sediment (2.3 Mm³), largely contaminated, due to the need for dredging 

interventions for harbour development (Fig. 1). The development of sustainable processes of 
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“ex situ” decontamination of sediments therefore represents an important factor of 

environmental sustainability for reuse of materials and reduction of landfill operations. This 

paper reports the results of sediment washing tests carried out with different chelating 

solutions on sediment samples taken in the port area of Taranto during an important national 

project (Dredge Project, 2007). 

 

 
 

Fig. 1. Areas of the Taranto harbour subject to dredging 

 

2.2. Sediment analysis 

 

After collection sediment samples were homogenized and stored in polyethylene 

containers. On the samples, physical and chemical analyses, including grain size distribution, 

water content, pH, total organic carbon were affected. Metals content (Hg, Cd, Pb, Cu, Ni, 

V) was determined by atomic absorption spectrophotometry, after acid digestion in a 

microwave oven. The range of metal levels in analyzed sediments is show in Table 1. In 

some samples the levels of Hg, Cd and Pb were higher than the limits defined by ISPRA for 

the sediments of the Taranto SIN. Metals speciation was affected before washing treatment 

through extraction procedure of Tessier et al. (1979) in order to identify the following 

fractions: exchangeable, carbonate bound, Fe and Mn oxides bound, organic matter bound 

and sulphides, residual.  

As an example, the various metal fractions present in a sediment sample are 

illustrated in Fig. 2. As can be seen for example in the case of copper, vanadium and lead, 

the greater percentage of the metal is bound to oxides of iron and manganese. For nickel and 

vanadium, is significant the presence of metals in the residual fractions that are difficult to 

dissolve. It is evident that this type of information is fundamental for understanding the 

effectiveness of washing treatments with chelating solutions. 
 

Table 1. Concentration range of heavy metals in sediments sampled in the harbour area of Taranto 

 

Concentration (μg g-1 dry weight) 

Hg Cd Pb Cu Ni V 

0.05 - 2.95 0.14 - 2.91 5.03 - 64 2.8 - 44.5 6.8 - 54.4 11.2 - 77.6 
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Fig. 2. Distribution of metals in the various fractions of a marine sediment sample 

 

2.3. Choice of chelating compounds 

 

Ex situ sediment washing with chelating compounds such as, aminopolycarboxylate 

chelants (APCs) is a viable treatment alternative for metal decontamination. EDTA and its 

homologs have been widely used among the APCs in the ex situ washing processes. An 

increasing interest was focused on the development and use of the eco-friendly APCs having 

better biodegradability and less environmental toxicity. A review about the use of various 

chelants has been published by Lestan et al. (2008). The most tested chelators were: 

rhamnolipids, S,S-isomer of ethylenediamine-N,N’-disuccinic acid (EDDS), 

ethylenediamine tetraacetic acid (EDTA), citric acid and nitrilotriacetic acid (NTA) (Di 

Palma et al., 2011; Polettini et al., 2006, 2007; Vandevivere et al., 2001). Among these, the 

EDTA is certainly the most investigated both for its easy availability on the market, and for 

the high complexing capacities towards most of the heavy metals.  

The EDDS has been also particularly tested in the variuos researches, because it has a 

greater affinity for some metals such as copper. In addition, the toxicity and persistence of 

this chelator is lower than EDTA (Meers et al., 2008): EDDS can therefore be considered a 

biodegradable chelants. However, the complexing agents used are not specific for heavy 

metals; other cations present in the sediment at higher concentrations, such as Ca, Mg or Fe, 

can decrease the chelation efficiency of the metals of interest (Di Palma et al., 2011). The 

high concentration of calcium makes this cation a powerful competitor of heavy metals, 

when working around neutral pH values. As for the competitive effect of iron, Fe (III) 

complexes almost 100% of EDTA up to a pH of 7: the EDTA-Fe complexes are extremely 

more stable than those with calcium. However, among chelating agents, EDDS seems to be 

less influenced by the presence of Ca and Mg with high extraction efficiency towards various 

metals (Polettini et al., 2007). 

 

2.4. Washing experiments 

 

As regards sediment washing treatments, three different chelating agents were tested: 

the EDDS trisodium salt chosen for its characteristic of biodegradability and efficiency in 

chelation, the EDTA in the form of the sodium salt and citric acid. Washing experiments 

were carried out with a single extraction experiment: 5 g (dry weight) of sediments were 

treated with each type of chelating solution. The washing time (2, 24 or 48 h) and the 

extraction operating conditions have been selected on the basis of previous kinetic 

experiments (Polettini et al., 2007). Molar concentration of the chelating agents was 0.2 M. 
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All extractions were carried out at room temperature and pH 5. At the end of the extraction 

the solution was filtered, acidified and analyzed. The residual sediment was washed with 

deionized water, dried at 60 ° C and analyzed. 
 

3. Results and discussion 

 

The percentage of extracted metals for each chelating solution is shown in Fig. 3. The 

washing experiments have demonstrated that, after two hours of treatment, extractability of 

metals followed the order Cd > Pb > Cu > V > Ni > Hg for the EDDS solution. The citrate 

solution had a low efficiency on Cu, V and Ni extraction; on the contrary, citrate is known to 

promote the dissolution of Cd and Pb. The higher extraction percentage of Pb and Cd is 

consistent with the higher stability of complexes formed with the two chelants (EDTA and 

EDDS). However, the relative stability of the complexes cannot explain alone the differences 

observed in the extraction percentage. For example, EDTA, whose complex with Pb is 

almost as strong as that with EDDS, extracts more Pb (87%) than EDDS (60%). 

Also, citrate extracted almost the same amount of Pb as EDDS. Similar discrepancies 

between stability constant values and metal extractability were observed also for Cd. The 

EDDS and EDTA chelating agents extracted a similar proportion of Vanadium (V). Likewise, 

the low extractability of Ni and V, compared to Pb, Cd, Cu, suggest that these metals are 

strongly bound to sediment than other metals, probably in the form of sulphides with low 

solubility. This is confirmed by the speciation analysis (Fig. 2) in which it is possible to 

observe how most of Ni and V are present in the residual fraction that is difficult to soluble. 

In summary, washing experiments confirm that the examined metals could be removed from 

the sediment with chelating agents and that the extraction efficiency is higher especially 

when the metals are found in the exchangeable and/or carbonate fraction. 
 

 

 
 

Fig. 3. Percentage of metals removed by chemical extraction after (a) 2, (b) 24 and (c) 48 h 
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The use of EDDS and citrate, and especially of citrate whose cost is relatively low, is 

attractive because these chelants are easily biodegraded and, therefore, do not have 

environmental toxicity. Results show, instead, that citrate is weaker ligand than EDTA and 

EDDS and does not quantitatively extract heavy metals from sediments. After 48 h washing, 

Pb was removed with maximum efficiencies (up the about 95.0% with EDDS and 89.3% 

with EDTA). As regard Cu the metal was removed until 87.1% with EDDS and until 95.5% 

with EDTA). After 48 h washing, the removal efficiency increased for all metals.  

Cadmium removal is similar for two chelating agents, EDTA, EDDS with 60-75 % 

removal efficiency after 48 h; low decontamination instead was observed after 48 h using 

citric acid as chelant. For Cd a reduction in removal percentage was observed after a time 

greater than 48 h: in fact, after 24 h of treatment with EDTA the removal efficiency was 

95 %, but after 48 h of treatment the removal efficiency was 63 %.   

The reduction in extraction efficiency after long contact time with the chelating 

agents, it is an important phenomenon and may be attribute either to sorption mechanisms of 

the newly formed metal-chelant complexes onto the active sites of sediment particles, or to 

exchange reactions between metal-chelant complexes. Metal speciation analysis allowed to 

make some important considerations: the results display that the chelating agents are capable 

of extracting, in addition to the easily mobile fraction (exchangeable and carbonate bound), 

part of other less mobile forms (i.e., Fe oxides and sulphides). The reasons may be that, in 

addition to the inability of chelating solutions to solubilize such fractions, re-adsorption of 

chelant-metal complexes or metal ions in to organic matter fraction of the sediments could 

play an important role in the metals bioavailability. 

The analysis of the extraction kinetics of the sediment washing process produces 

useful information on the relationship between the percentage of metals extracted and the 

extraction time (Chen et al., 2017; Polettini et al., 2006). On the sediments examined, 

extraction tests were carried out at different times (from 2 to 48 hours) for all the metals and 

for the three chelants used. By way of example, Fig. 4 illustrates the case of lead and copper. 

As can be seen for all three chelants, the greatest removal efficiency is obtained after an 

extraction time of 48 hours (Fig. 3). Cu display slowest extraction kinetics compared to Pb. 

This may be due to the fact that Cu is usually strongly associated to organic matter in soils 

and sediments. So, the slower extraction kinetics of the copper could be explained with the 

formation of a low percentage of Cu chelates complexes during washing treatment. 

 

 
(a)         (b) 

 
Fig. 4. Kinetics of the extraction process for (a) Cu and (b) Pb with the different chelating agents 
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4. Conclusions 

 

From the results shown and from the considerations made, it is evident that the 

greatest metal removal efficiency is obtained with EDDS solutions after an extraction time of 

48 h. The calcium, magnesium and iron present in the sediment matrix compete with the 

chelant, but EDDS is the least affected by this competition. For a chelating / metal ratio of 1: 

1 it was observed that the efficiency scale for metals removal was: EDDS > EDTA > Cit. 

The washing process certainly produces a change in the speciation of the various metals: 

after extraction, the adsorption of chelates on the sediment or a re absorption of the same 

metals on the sediment particles can affect the process. The washing, however, remove the 

metals in the sediment, especially those present in the exchangeable or easily soluble 

fractions. In reality, the washing treatment must be combined with other preliminary 

treatments (particle size separations, elimination of interstitial water and chlorides) to ensure 

adequate levels of decontamination of the treated materials. Chelation is a pH-dependent 

process: the increase in the concentration of the chelant does not, however, produce a 

significant increase in the removal process. Multi-step washing processes with several 

coupled chelants can, however, lead to better results than single-stage extractions. 
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