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Abstract: The electrokinetic remediation (EKR) method has been extensively considered for the
removal of inorganic pollutants from contaminated dredged sediment. In addition, the use of
chelating agents as electrolyte solutions has been beneficial in increasing the mobility of metals.
This study investigated the metals’ (Cd, Cr, Cu, Pb, and Zn) mobilities by assessing the effect of
two environmentally friendly chelating agents, ethylenediaminedisuccinic acid (EDDS) and citric
acid (CA), in enhancing the EKR efficiency under a periodic voltage gradient. The results showed
that, for the same concentration (0.1 mol L~1), CA is more suitable for enhancing the removal of Cr
(67.83%), Cu (59.77%), and Pb (32.05%) by chelating and desorbing them from the sediment matrix
and concentrating them in the electrode compartments. EDDS provided efficiency to improve the
Cd extraction percentage (45.87%), whereas CA and EDDS had comparable improvement removal
impacts on Zn EKR (39.32% and 41.37%, respectively). From the comparison with previous results
obtained with a continuous voltage, applying a periodic voltage gradient associated with a low
concentration of chelating agents led to a promising result.

Keywords: electrokinetic; remediation; dredged sediment; metals; chelating agents

1. Introduction

Dumping contaminated sediments into the marine environment could result in signifi-
cant environmental impacts on the fauna and flora [1]. This operation is thus rigorously
restricted in accordance with French legislation and standards. As such, contaminated
sediment from harbors and inland waterways should be managed and treated separately on
land as waste if necessary. Sediment treatment can be divided into physical, biological, and
chemical technologies including thermal degradation/extraction, biological decontamina-
tion, chemical oxidation/reduction/separation, electrokinetics, stabilization/solidification,
and washing [2,3]. Of these, EKR is a reliable method for separating pollutants from differ-
ent polluted materials. EKR was initially developed as a mitigation method for polluted
soil, and, during the last 30 years, it has been recognized as a practical in situ and ex
situ remediation technique for clay-rich soils and fine-grained, low-permeability harbor
sediments. When electric potential is applied via electrodes integrated into the porous
medium, it induces various complex mechanisms, such as electrolysis, electromigration,
electro-osmosis, and electrophoresis [4]. The voltage gradient generates the electro-osmotic
flow of water [5,6], and solubilized neutral pollutants can be also transported with the
pore fluid [7]. Enhanced EKR is highly dependent on the type of processing solution
used. The main reaction, inherent to the EKR, is water electrolysis. It generates H* at the
anode side and OH" at the cathode side, and thus causes metals to precipitate close to the
cathode side because of the alkaline pH rise [8]. Over the last few years, chelating agents
have been extensively used to enhance metals’ solubilization for EKR [9-13]. The needed
amount of chelating agent depends on the concentration of metals to be chelated and of the
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kind of chelating agent used. Most of the complexes are negatively charged when the pH
values range between 4 and 10, and should, therefore, migrate towards the anode. Each
metal complex has an optimum pH and an active pH range in which the metal complex is
stable [11,12]. Chelating agents, such as ethylenediaminetetraacetic acid (EDTA) and citrate,
are ligands capable of coordinating with central metal cations in at least two sites to form
chelate complexes. Due to the particular molecular structure of chelating agents, they may
form multiple bonds to a single metal ion, even from sorbed species and solid precipitates.
In EKR, chelated metal cations (M"") can take place in the form of more soluble anionic
complexes that can be transported, such as M-EDTA™ and M-citrate™ [14-16].

In previous studies on EKR [12,17], it was found to be interesting to use chelating
agents, such as citric acid (CA), EDDS, nitrilotriacetic acid (NTA), or EDTA, for the removal
of many metals when an electric field was continuously applied. However, less investiga-
tion has been carried out on the advantages of the application of a periodic electric potential
associated with chelating agents [12,18]. For this purpose, a series of EKR tests, improved
by various chelating agents, was carried out in this study. This periodicity generally gener-
ates an electrical current that follows an up-and-down pattern. When the voltage was not
applied, it allowed time for the mass transfer of charged solutes from the soil to the aqueous
medium, causing a higher current when the voltage was applied again [18]. Moreover,
the use of a periodic voltage gradient can contribute to generating a significantly higher
overall EOF than when a continuous voltage is applied. Cameselle et al. described that a
longer contact time between sediment particles and CA (when voltage was not applied or
during the preconditioning step) could favor its sorption onto particles, which modifies
the zeta-potential, leading to a more negatively charged surface and to a better EOF [7].
Therefore, applying a periodic voltage gradient can enhance the decontamination of the
overall sediment column: the highest pulsed current intensity can be favorable for metal
removal [19]. The present study aims to compare and evaluate the enhancement effect
of CA and EDDS in EKR with the application of a periodic voltage gradient for metals’
(Cd, Cr, Cu, Pb, and Zn) removal from dredged, naturally contaminated sediment. The
originality of our research is that it covers a wide range of metallic elements, since a few
reported experiments are dealing with so many simultaneous elements in a single run.
Another advantage is the use of environmentally friendly EDDS chelating agent that is
scarcely used, despite its interest. The novelty of this investigation is the application of a
periodic voltage gradient associated with a low concentration of chelating agents (CA and
EDDS) to extend the previous study [11] using a continuous voltage.

2. Materials and Methods
2.1. Sediment Sampling

A dredged sediment sample was collected at the disposal site (Tancarville, Normandy,
France) and stored at a temperature of 4 °C. Its properties are presented in Table 1.

Table 1. Properties of the dredged sediment.

Parameter Values Standards
Clay 6.3%
Silt 86.2% Multisizer 2000-Malvern, UK
Sand 7.5%
Organic matter content 2.6% NF EN 12879
Carbonate 30.5% NF EN ISO 10693
pH 84+02 NF ISO 10390
Electrical conductivity 1.82 +0.20 mS cm~! NF ISO 11265
Moisture content 84 + 1% NF P 94-050
Specific gravity 1.36
Hydraulic conductivity 33 x 1077 mS~! NF X30-442
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Table 1. Cont.

Parameter Values Standards
cd 4.6 + 0.006
Cr 136.34 + 0.20 . 1
Cu 63.97 + 0.24 mg kg
Pb 64.66 & 0.22 SO 12914
/n 222.80 £+ 0.67

* Dry mass, mean values obtained from 5 replicates.

2.2. Experimental Setup and EKR Test

The experimental EKR setup, described in previous papers [17,19], was composed of
Teflon material, including a sediment cell (containing 0.4 kg of material) and two electrode
compartments. Graphite electrode plates were placed in each electrode compartment,
separated from the sediment by a porous filter paper (0.45 um) and a grid. Two pumps
filled the electrodes reservoirs with aqueous processing fluids. After each EKR test, the
sediment was removed from the cell and cut into four slices (S1 to S4 from the anode to the
cathode) for analysis.

Different processing electrolytes containing EDDS-Na3 or citric acid (CA) were pre-
pared at a concentration of 0.1 M and used to supply the two electrode compartments. A
voltage gradient (1 Vem™!) was applied periodically (5 days on/2 days off cycles) for a
duration of 24 days (Table 2). During the EKR experiment, the outlet effluent’s volumes
were measured continuously and the cumulative electroosmotic flow (EOF) was evaluated
as the difference between the input and output volume of the additive solution in each
electrode compartment.

Table 2. Experimental conditions.

Voltage

Exp. N Anolyte and Catholyte Concentration Gradient Mode
1 EDDS 01M 1Vem™! Periodic
2 CA ’ 5 days on/2 days off

2.3. Analytical Methods

For the metals’ extraction, three aliquots of treated sediment were collected from
each sliced section, dried for 48 h at 35 °C, and ground. Each 0.5 g sub-sample was
introduced into PTFE tube vessels, sealed, and heated for 10 min in a microwave unit
(170 °C, 1200 W output) in order to mineralize the sediment using 10 mL of concentrated
nitric acid: hydrochloric acid 3:1 (v:v) (MarsX, CEM Corporation, Matthews, IL, USA).
After cooling, the liquid extracts were diluted to 50 mL and filtered through 0.45 um PTFE
filters. The metal concentrations (Cd, Cr, Cu, Pb, and Zn) were analyzed in triplicate using
an ICP-AES (ICAP 6300, Thermo Fisher Scientific, Waltham, MA, USA).

3. Results
3.1. Current Variation and Electro-Osmotic Flow (EOF)

As shown in Figure 1, the general trend of electrical current showed a decrease at the
beginning, and then stabilized at a low value [17]. The initial higher values were due to the
solubilization of inorganic species, which lead to the rise of the electrical conductivity [20].
After a while, the ionic species were depleted as they moved by electromigration, causing
the current to decrease with time until achieving a stable value [21].
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Figure 1. Time evolution of the electric current.

The electric current generated by the applied periodic voltage followed an up-and-
down pattern. When the voltage was not applied, it allowed time for the mass transfer
of charged solutes from the soil to the aqueous medium, causing a higher current when
the voltage was applied again [18,19]. The most important value of electric current was
observed in the EDDS experience, while the undermost value was noted for the CA because
high amounts of Na* counterions were introduced with EDDS. Using chelating agents
to solubilize the metal elements contained in the porous medium increased the current
intensity and conductivity.

The cumulative EOF in the cathode compartment for each experiment is presented
in Figure 2. The highest cumulative EOF (1966 mL) was noted for the Exp.1-test (EDDS).
The cumulative EOF can be affected by variations in the zeta potential [22]. Moreover, it is
reported in the literature that the zeta potential is impacted by the surface charge of solid
particles, the pH, and the ions’ concentrations in the pore solution [23]. These factors are
able to not only affect the EOF level, but also its direction, which can be inversed from the
cathode to the anode in particular cases. The chelating agents selected for these experiments
do not only enhance the removal rate by the formation of chelates/complexes and the
increase of the metals’ solubility, but they also modify the interstitial fluid chemistry and
therefore directly affect the zeta potential of the sediment particle surfaces [24,25]. The
result provided by the EDDS test shows an increase in the cumulative EOF, which can be
correlated with the highest value of electrical current.

2000
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1000 A

Cumulative EOF (mL)

500 1

0K ' , . . '
0 100 200 300 400 500 i
Time (h)
—&— Exp. n°1 EXp.n°2 =-=-= OFF e ON

Figure 2. Time evolution of cumulative EOF in the cathode.

3.2. Sediment pH and Electrical Conductivity (EC)

Figure 3 displays the pH values that were monitored in the sediment samples after
the EKR test. It shows that the sediment underwent an overall pH modification compared
to the initial value, and the pH value at the anode was lower than that at the cathode.
This trend was more remarkable for CA than EDDS. Using CA as an acid buffer helped to
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maintain a low acidification process when compared to the initial pH value, particularly
near the anode where H* was produced by water electrolysis. However, the high amount
of carbonates in the natural sediment, responsible for its buffer capacity, prevented the
advance of the acidic front from the anode to the cathode [26].

12

10 +

S1 S2 S3 5S4

e « = |nitial pH === Exp. n°1 Exp. n°2

Figure 3. Distribution of pH after EKR test.

As can be seen in Figure 3, the addition of EDDS led to a notable rise in the pH value,
particularly near the cathode where OH™ was produced by water electrolysis, causing
alkaline pH values of 8.2 and 9.5 close to the anode and the cathode, respectively. Unlike
CA, EDDS is not an acid buffer and could not contribute to acidifying the sediment matrix,
even at the anode side.

The measured EC values in each section of the sediment sample from the anode
to cathode are shown in Figure 4. The global tendency of the sediment EC after EKR
treatment was at a lower level than the initial value, indicating a significant decrease in
ionic species. When using CA as a processing fluid, the EC stayed higher close to the anode
area under acidic conditions (allowing the solubilization of metal ions), but it decreased
near the cathode because of the significant migration of mobile ions near the cathode, which
migrated efficiently. In contrast, in the EDDS test, the value of EC of the sediment samples
increased as it approached the cathode. This behavior was the effect of ion precipitation
due to the alkaline conditions (8.9 to 9.5), which led the ions to not be depleted as they
were not soluble in alkaline pore water [12].

16 +

12 +

EC (mS/cm)

08 + =

04 1

S1 S2 S3 S4
= « = |Initial EC =@ Exp. n°1 - Exp. n°2

Figure 4. Distribution of EC after EKR test.

3.3. Metal Removal

The metals removal efficiency after each test, defined as the ratio of the removed
concentration and initial one, is shown in Figure 5. Solubilized cationic metals migrate
through electromigration from the anode to the cathode side, but, as mentioned above, the
buffering capacity of the natural sediment counteracts the acidification of the sediment
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and prevents metal solubilization and electromigration. However, the chelating agents
EDDS and CA helped to desorb metals and form anionic complexes that migrated from
the cathode to the anode through the matrix [11,14,27,28]. Considering the EDDS solution,
the results indicated that the metal with the better removal efficiency was Cr (nearly 54 %)
and Pb was the least removed metal (about 5.5 %). After EKR treatment, the target metals’
removal efficiencies were achieved in the order of Cr > Cu > Cd > Zn > Pb. When using
EDDS, the stability constant values with Ca, Mg, and Fe were shown much lower than
those with metals such as Cd, Cu, Pb, and Zn [27]. This led to a reduction in the competition
between major cations and metals for complex formation and induced great metal removal
for Cd, Cu, Pb, and Zn [27]. Using CA as a chelating agent, the metal recoveries were in
the order of Cr > Cu > Zn ~ Cd > Pb. The best-removed metal was Cr (about 67.8 %) and
Pb was the least eliminated from the sediment matrix (about 32.1%). With the exception
of Cd and Zn, CA was more efficient than EDDS for eliminating Cr, Cu, and Pb, as the
electromigration of solubilized species near the anode side could occur in addition to the
migration of the complexes. Pb was particularly difficult to remove from the sediment
when using EDDS as a processing fluid at 0.1 mol L™}, and in a pH range of 8.2-9.5. The
Pb removal efficiency for the CA test was six times higher, but Pb remained more difficult
to remove. Indeed, Pb has a significantly higher ionic radius than the other studied metals
and the chelation with EDDS or CA was probably more difficult. Additionally, it seemed
that the elimination of Pb was favored by the acidic environment induced by the CA bulffer.
With EDDS enhancement, the result shows that the mobility of Pb was not effective, in
contrast to reported results in the literature [28]. Additionally, in a previous study on
the same sediment type and using EDDS with a continuous voltage [11], the best metal
removals were obtained in the order of Cu > Cr > Cd =~ Pb > Zn, which was different from
that obtained in the present study. In comparison, better removals were obtained when
using a periodic voltage as in this setup for all target metals, except for Pb. Applying a
periodic voltage enhanced the metals” removal, as reported previously, because the pulsed
current intensity was favorable for metal removal [19].

80

60 1 : —

40

Removal Efficiency (%)

Cr Cu

OExp.n°1 BExp. n°2

Figure 5. Metal removal efficiencies after each test.

The enhancement of Cd removal by the EDDS chelate formation was higher than that
obtained in the CA test. Regarding Cd, the migration as a free cation was probably low, even
ata pH of around 6.5, in the case of CA application. Moreover, the stability of Cd complexes
with citrate is low; therefore, its migration to the anode was low [29]. It can be seen from
Figure 5 that the percentage removal efficiency of Zn was quite high for the two tests. Using
EDDS or CA led to similar results (respectively 41.4% and 39.3% removals). The Zn was
disposed to precipitate as a hydroxide when the pH was >7; its removal could mainly
be attributed to the formation of chelates with EDDS or CA, which, in preference, move
toward the anode compartment. The effectiveness of the chelating agent in the removal of
metals is affected by several parameters, such as the metal ions, the electrolyte conditions,
and the most important parameter, pH [10,30]. However, the ratio of chelate/metal must
also be considered. Here, using a low concentration (0.1 M) of EDDS showed significant
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removals of the targeted metals, except Pb, and these results are similar to those obtained
with a concentration twice higher [27].

4. Conclusions

The EKR experiments demonstrate that significantly enhanced recovery of metals from
dredged sediment was obtained by using an intermittent gradient voltage combined with a
weak concentration of chelating agents. The results provided for CA, an environmentally
friendly compound, indicated effective removals of all of the target metals. However,
EDDS, which is also a green chelating agent, was also very efficient for metal removal,
except for Pb. CA and EDDS had equal effectiveness in eliminating Zn, but EDDS was
more effective for Cd removal. This investigation established that the metals’ removal was
not solely correlated with the stability constants of metal-chelate complexes, but was also
influenced by the pH of the sediment matrix and the metal speciation, as mentioned in
a previous study [11]. Applying a periodic voltage has positive effects on enhancing the
mobility of metals and reducing energy and additive consumption.
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