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a b s t r a c t

An enhanced electrokinetic process for the removal of cadmium (Cd), nickel (Ni) and zinc (Zn) from
contaminated soils was performed. The efficiency of the chelate agents nitrilotriacetic acid (NTA),
diethylenetriaminepentaacetic acid (DTPA) and diaminocycloexanetetraacetic acid (DCyTA) was exam-
ined under constant potential gradient (1.23 V/cm). The results showed that chelates were effective in
desorbing metals at a high pH, with metal–chelate anion complexes migrating towards the anode. At low
eywords:
lectrokinetic remediation
eavy metals
equential extraction analysis
helate agents

pH, metals existing as dissolved cations migrated towards the cathode. In such conflicting directions, the
metals accumulated in the middle of the cell. Speciation of the metals during the electrokinetic experi-
ments was performed to provide an understanding of the distribution of the Cd, Ni and Zn. The results of
sequential extraction analysis revealed that the forms of the metals could be altered from one fraction
to another due to the variation of physico-chemical conditions throughout the cell, such as pH, redox
potential and the chemistry of the electrolyte solution during the electrokinetic treatment. It was found

tals w
that binding forms of me

. Introduction

Heavy metal pollution has gradually become one of the major
oncerns as they are highly toxic and carcinogenic to human beings,
nimals and plants. The extensive use of waste water irrigation,
ewage sludge, pesticide and emissions from vehicle exhausts,
ining, smelting and the rapid development of industries with-

ut effective control has resulted in a large accumulation of heavy
etals in soils [1]. The heavily polluted soils become a long-term

ource of pollution to groundwater and the ecosystem. It is there-
ore of great importance to remediate those contaminants in the
ubsurface [2].

Electrokinetic remediation is one of the most effective in situ
r ex situ soil decontamination methods, as it has high removal
fficiency and time effectiveness in soil with low permeability [3].

asically, the electrokinetic technique is based upon the action of an
lectric field generated between electrodes inserted in the medium,
ither by applying a low-level DC potential gradient or an electric
urrent [4]. Low-level current induces variations to the physico-
hemical and hydrological properties of soil due to many reactions.

∗ Corresponding author. Tel.: +30 2821037789; fax: +30 2821037850.
E-mail addresses: apostolos.giannis@enveng.tuc.gr (A. Giannis),

idarako@mred.tuc.gr (E. Gidarakos).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.070
ere changed from the difficult type to easier extraction type.
© 2010 Elsevier B.V. All rights reserved.

The reactions may include electrolysis of water, mineral decom-
position, oxidation, reduction and physical–chemical sorption [5].
The H+ cations generated at the anode enhance the desorption
of the adsorbed metals on the soil surface and at the same time
promote the dissolution of the precipitated contaminants. The pro-
duction of OH− ions at the cathode increases pH which causes the
precipitation of the metals, thus preventing their movement and
reducing the treatment efficiency [3]. In order to improve the effec-
tiveness of the technique in terms of removing heavy metals from
the soil, some researchers have conducted different applications
such as conditioning the catholyte pH [6], adding chemical reagents
to improve metal solubility [7], using an ion selective membrane to
exclude OH− migration from the cathode chamber into the soil [8],
and using an electrolyte circulation to control electrolyte pH [9].
Ethylenediaminetetraacetic acid (EDTA) is one of the most com-
monly used chelates because of its strong chelating ability for a
variety of heavy metals, but it has also been extensively used in elec-
trokinetic remediation [7,10] and its low biodegradability makes it
not such a good choice for field applications. From our data, little
attention has been given to the chelate agents – nitrilotriacetic acid
(NTA), diethylenetriaminepentaacetic acid (DTPA) and diaminocy-

cloexanetetraacetic acid (DCyTA) – as electrolyte solutions in order
to extract heavy metals through the electrokinetic process and to
change the form of the heavy metals. NTA is an easily biodegrad-
able agent while DTPA and DCyTA are strong metal chelators over
a wide pH range [11].

dx.doi.org/10.1016/j.jhazmat.2010.08.070
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Little attention has been given to adsorption/desorption of
eavy metals by the electrokinetic process, and especially to the
ependency of metal removal efficiencies upon their physico-
hemical states and the prevailing chemical conditions. To
etermine the nature of any given system in terms of chemical
pecies present and their relative mobilities, sequential extraction
nalysis has been suggested [12]. This consists of several steps that
llow one to determine the speciation of the contaminating metals,
nd may help to assess the risk of continued contamination in the
ong term [13]. Besides, residence time of heavy metals in soil is
irectly related to their bioavailability. Heavy metals present their
ighest bioavailability immediately after application to soil. Such
ime effect is ascribed to the reactions between metal ions and soils,
hich mainly include complexation, surface adsorption, exchange

eactions, chelation, and precipitation of metal ions in the soil par-
icle surface or diffusion into the mesopores and macropores of
oil leading to the conversion of highly soluble forms into less sol-
ble ones [14]. If heavy metals exist as exchangeable or adsorbed
orms on the surface of clay, organic matter and oxides with weak
onding strength, they tend to be easily moved and dispersed. How-
ver, metals complexed with organic ligands or in crystal lattices
re not easily separated or mobilized. Only a few electrokinetic
tudies have investigated a detailed chemical speciation of heavy
etals or how the metals are held (remained and bound) to the soil

onstituents [15].
The aim of this study was to examine the electrokinetic removal

f cadmium, nickel and zinc from contaminated soil. In this aspect,
he chelate agents (NTA, DTPA and DCyTA) were used to enhance
eavy metal extraction from the soil. Moreover, sequential extrac-
ion analysis was used to evaluate the speciation of metals during
he electrokinetic process in five soil fractions, as affected chelate
gents, pH and redox. The selected metals (Cd, Ni and Zn) were
sed in this study because they are mobile and can easily transport
cross the pore fluid within soil particles.

. Materials and methods

.1. Chemicals and soil preparation

All reagents used in the experiments were of analytical grade.
he chelate agents, NTA (99%), DTPA (98%) and DCyTA (98%),
ere purchased from Fluka. The heavy metals, cadmium nitrate

Cd(NO3)2·4H2O; 99%), nickel nitrate (Ni(NO3)2·6H2O; 98.5%) and
inc nitrate (Zn(NO3)2·6H2O; 99%), were obtained from Fluka,
nd were used without any further purification. For the sequen-
ial extraction analysis the following agents were used: HNO3
Fluka; 65%, w/w), H2O2 (Riedel-de Haen; 30%, w/w), NaOH (Riedel-
e Haen; 99%), acetic acid (Merck; 99.8%, w/w), hydrofluoric
cid (Fluka; 40%, w/w), sodium acetate (Riedel-de Haen; 98%),
mmonium acetate (Riedel-de Haen; 98%), and hydroxylamine
ydrochloride (Riedel-de Haen; 99%).

The test soil was sampled from an agricultural area of Chania,
rete. The soil sample was air-dried, coarsely ground and sieved
<2 mm) to remove stones and large particles. Then, it was mixed to
nsure uniformity and stored in plastic bags at room temperature.
he particle size distribution was 56% sand, 35.5% silt and 8.5% clay
16], and the main mineral constituents were quartz (9.5%), illite
46.5%), kaolinite (42%) and albite (2%). The specific gravity of the
oil was 2.38 [17] and the cation exchange capacity was 0.62 meq/g
18]. The organic content was determined as 1.53% [19]. Soil pH and

edox potential were measured by a pH meter (Crison pH 25) with a
atio of 1:2.5 soil to water [20]. For the electrokinetic experiments,
he soil was artificially contaminated (spiked) with Cd(NO3)2·4H2O
or Cd(II), Ni(NO3)2·6H2O for Ni(II) and Zn(NO3)2·6H2O for Zn(II).
he slurry mixture (700 g soil and 700 mL metal solution) was
Materials 184 (2010) 547–554

mixed mechanically for 20 d. The mixture was then allowed to set-
tle for more than 5 d, in order to complete adsorption in the soil
samples. Finally, the contaminated soil was rinsed with distilled
water. After mixing, the sample was allowed settling and two sep-
arated levels were formed: the clear supernatant phase and the
settled soil particles. The supernatant phase contained the metals
that were not adsorbed onto the soil particles. To eliminate the
free metals, this procedure was repeated three times. The analyti-
cal procedure for the spike method used in this study was similar
to that used in previous electrokinetic research [21]. The final Cd,
Ni and Zn concentrations in the soil were 115, 290 and 1200 mg/kg,
respectively.

2.2. Experimental procedure

The electrokinetic test set-up used in this study has been
described in a previous electrokinetic research [22]. The elec-
trokinetic experiments were carried out in a rectangular Plexiglas
column which included a soil cell, two electrode compartments, a
power supply and a multimeter. The soil cell was 35 cm long with a
cross-section of 10 cm × 10 cm. The two electrode compartments
(with 300 mL working volume) were placed at the end of each
soil cell. Two cylinder graphite electrodes (diameter: 3 cm, length:
10 cm) were used as the working electrodes. Two pierced Plexiglas
plates, each 0.5 cm thick and separated by a paper filter, were placed
between the soil cell and the electrode compartments to prevent
soil leakage from the soil cell to the electrode compartments.

Three different experiments were conducted to evaluate the
influence of the chelate agents NTA, DTPA and DCyTA as purging
solutions. These experiments were performed mainly to observe
the efficiency of the chelates as electrolyte solutions when flushed
in sequence to remove cadmium, nickel and zinc from the soil.
The initial concentration of the anolytes was 10−3 M NTA, 10−3 M
DTPA and 10−3 M DCyTA, while the concentration of the catholytes
was 10−1 M NTA, 5 × 10−2 M DTPA and 5 × 10−2 M DCyTA, respec-
tively. For each electrokinetic test, approximately 3600 g of dry
soil was mixed with 1200 mL of deionized water in a polyethy-
lene container, thoroughly by hand for several minutes, in order to
achieve homogeneity. The ratio of the sample weight to the volume
of water was 3 g:1 mL. The slurry was placed inside the cell (tamped
using a hand compactor so that the amount of void space was min-
imized) and a constant DC voltage gradient of 43 V was applied in
all experiments for a treatment time of 23 d. During the treatment,
electrolyte pH and redox potential were measured daily in the elec-
trode compartments. Also, the pH and the redox of the soil were
monitored at six different distances from the anode: 2.5, 8.5, 14.5,
20.5, 26.5 and 32.5 cm. Moreover, after 3, 7, 13, 18 and 23 d of exper-
imental time, soil samples were taken from these positions. The
samples were oven dried and the USEPA 3051 microwave-assisted
acid digestion method was used for the metals’ extraction. Metal
concentrations were determined using flame AAS.

Batch experiments were performed to evaluate the Cd, Ni and
Zn extraction efficiency using water at different pH values. These
tests were performed to simulate the conditions prevalent during
electrokinetic experiments to better understand the interactions
between soil-metals and interpret the results of the electrokinetic
experiments. For the batch experiments, 2 g of the spiked soil were
added to 40 mL of the washing solutions (10−2 M NaNO3 as back-
ground electrolyte), and the flasks (polyethylene) were placed on
a shaker table for 4 h at room temperature (24 ± 1 ◦C) (liquid/soil
ratio was 20 mL/g). The pH values of the suspension specimens

were adjusted to the target values by adding HNO3 or NaOH. Trip-
licate experiments were conducted to verify the reproducibility
of the testing procedure. After shaking, each suspension was cen-
trifuged at 3900 rpm for 15 min, and the supernatant was filtered
through a 0.45 �m filter, acidified and stored for analysis.
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Fig. 1. pH and redox variations in the so

.3. Sequential extraction analysis

To determine metal fractionation in the soil, a five-step sequen-
ial extraction analysis was carried out. The sequential chemical
xtraction procedures can help in assessing the potential mobil-
ty and solubility of metals in contaminated soils. The adopted
rocedure closely followed the scheme proposed by Tessier et al.
12]. However, these fraction designations may not apply to freshly
nd/or heavily contaminated soils that contain small amounts of
rganic matter [23]. Therefore, the five fractions could be cate-
orized as: (1) exchangeable and soluble forms, (2) carbonates
nd easily soluble oxides/hydroxides (weakly adsorbed) under
lightly acidic conditions, (3) Fe–Mn oxides and additional soluble
xides/hydroxides, (4) organic matter and metals associated with
asily oxidizable solids or compounds, (5) residual and strongly
eld complexes. The detailed extraction procedure for the five frac-
ions is described in Chen et al. [24].

. Results and discussion
.1. Variations of pH and redox

Fig. 1 shows the pH and redox variations profiles in the soil
nd electrode compartment of all the three experiments. The pH
during the electrokinetic experiments.

and the redox of the soil column were monitored daily at six
distances from the anode: 2.5, 8.5, 14.5, 20.5, 26.5 and 32.5 cm.
pH and redox distribution of the treated soil as a function of
time depends on the initial pH of the soil system, the acid/base
buffer capacity of the soil system, the chemical composition of
the reservoir solution, and the direction of electro-osmotic flow
[10].

When voltage potential was applied to the electrokinetic cell,
the electrolysis of water generated H+ at the anode and OH− at the
cathode. The electrolyte solutions used (NTA, DTPA and DCyTA) in
the electrode compartments had no buffer capacity, resulting in
a low pH near the anode and a high pH near the cathode. Dur-
ing the first day of each experiment, the anode compartment pH
quickly decreased to 1.5–2, while the pH in the cathode compart-
ment increased to 12. These values were almost constant during the
experiments. H+ and OH− ions migrated through the soil towards
the opposite electrode, forming an acidic and a basic front. Indeed,
the acid front favored desorption of the metallic species that con-
tributed to the transfer of charge. Regarding the soil pH, Fig. 1

indicates that at the beginning of the experiments the soil pH was
lowered from the initial value of 5.25 to approximately 2 at the
section near the anode and increased to 12 at the section near the
cathode. The acidic front generated at the anode gradually moved
through the soil towards the cathode, and lowering the pH close
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o 2 in half of the sections close to the anode (three out of the six
ections). At the next section, the soil pH was not changed from
he initial one, but pH was increased to above 8 at the two sec-
ions close to the cathode. Acar and Alshawabkeh [25] found that
he H+ ions dominate the electrokinetic system chemistry because
he mobility of H+ is 1.75 times greater than that of OH− ions. Sim-
larly, redox followed the pH variations. In the soil cell, oxidizing
onditions prevailed close to the anode (about 400 mV) and in the
iddle of the cell (200 mV), except for the area close to the cathode

−200 mV) where reducing conditions prevailed. The higher redox
alues near the anode are due to the depletion of electrons from
he anode through the external power source, and the lower redox
alues at the cathode are due to the input of electrons from the
ower source [26].

The pH and redox variations were not affected by the elec-
rolyte solutions NTA, DTPA and DCyTA. By comparing the pH and
edox profiles of the three experiments, it seems that they fol-
owed almost the same distributions. This was mainly due to the
ow buffering capacity of NTA, DTPA and DCyTA [20]. Despite the
igh concentrations of catholyte solutions, these could only par-
ially neutralize the OH− anions generated at the cathode electrode,
esulting in reducing conditions after some hours of treatment.
nder these conditions, the high pH causes a metal ion to complex
ith the chelates [5].

.2. Distribution of cadmium, nickel and zinc in the soil cell

The distribution of Cd, Ni and Zn across the soil cell for the dura-
ion of the electrokinetic experiments using the chelate agents NTA,
TPA and DCyTA is presented in Fig. 2. Soil samples were ana-

yzed after 3, 7, 13, 18 and 23 d of treatment. The chelate agents
TA, DTPA and DCyTA are anionic complexes which migrated from

he cathode to the anode through the soil-aided desorption of
etals and the formation of anionic complexes. The stability con-

tants of Cd with NTA are: 9.5 (Cd–NTA−) and 4.67 (Cd–HNTA),
ith DTPA: 19.0 (Cd–DTPA3−) and 2.3 (Cd–HDTPA2−), and with
CyTA: 19.88 (Cd–DCyTA2−). Likewise, the stability constants of
i with NTA are: 11.42 (Ni–NTA−) and 4.88 (Ni–HNTA), with
TPA: 20.2 (Ni–DTPA3−) and 5.59 (Ni–HDTPA2−), and with DCyTA:
0.20 (Ni–DCyTA2−). Last, the stability constants of Zn with NTA
re: 10.44 (Zn–NTA−) and 3.28 (Zn–HNTA), with DTPA: 18.29
Zn–DTPA3−) and 4.33 (Zn–HDTPA2−), and with DCyTA: 18.60
Zn–DCyTA2−) [27].

Using NTA as a purging solution, it was observed that after 3 d
f treatment the metals accumulated in the middle of the cell.
ue to the low pH close to the anode, cadmium, nickel and zinc
esorbed from the soil particles surface, dissolved into the pore
uid as Cd2+, Ni2+ and Zn2+, and were transported through the soil
y electromigration towards the cathode. In order to confirm this
ssumption, batch washing experiments were performed. Fig. 3
resents the extraction of Cd, Ni and Zn with water at different
H values. The removal efficiency of Cd and Zn was high at pH 2
more than 85%) while Ni removal was 79%. At pH 3, the extrac-
ion efficiency was much lower, 32, 23 and 45% for Cd, Ni and
n, respectively. At pH more than 4, the extraction of metals was
ower than 6% indicating that metals were associated to the soil
urface.

As observed in Fig. 2, the use of 10−1 M NTA in the cath-
de favored the formation of Cd–NTA− and Ni–NTA− complexes
hich migrated towards the anode. These conflicting directions

orced the metals to accumulate in the middle of the cell. From

he stability constants, it can be noticed that the NTA thermo-
ynamically prefers to form complexes with nickel when both
ickel and cadmium are present. Therefore, when NTA enters the
oil from the cathode compartment, it first forms complexes with
ickel. After the Ni has migrated further into the soil towards the
Materials 184 (2010) 547–554

anode, the new NTA molecules entering the soil will then com-
plex with Cd. After 13 d of treatment, the pH values in more than
the half cell were lower than 3, therefore the metals existed in
the dissolved phase as Cd2+, Ni2+ and Zn2+ and migrated towards
the cathode. When the Cd–NTA− and Ni–NTA− complexes entered
under such conditions, they were inclined to dissociate with Cd
and Ni, and complex with H+. By the end of the experiment 96%
of Cd and Zn, and 91% of Ni had been mobilized and transferred
towards the cathode. Despite a very effective clean up of the met-
als from the half cell, only a small amount of the metals moved
into the cathode compartment (less than 3%) because the metals
precipitated as hydroxides or had re-adsorbed onto the soil parti-
cles.

In the case of DTPA, Fig. 2 shows that only Ni–DTPA3− com-
plexes were formed after 3 d of treatment and migrated towards the
anode. More than 50% of Ni was desorbed near the cathode to the
pore fluid. It seems that DTPA prefers to complex with Ni and only
a small amount of Cd–DTPA3− and Zn–DTPA3− complexes were
formed. Probably, using 5 × 10−2 M DTPA as catholyte solution was
insufficient to form significant complexes with the metals. At the
beginning of the experiment, the pH of the soil sections close to the
anode was less than 3, and the metals existed in the dissolved phase.
Specifically, nickel existed as Ni2+ close to the anode and Ni–DTPA3−

close to the cathode, and therefore the two fronts met in the middle
of the cell where there was an increase of nickel concentration. After
13 d of treatment and until the end of the experiment, Cd and Zn
accumulated close to the cathode due to a high pH while nickel con-
centrated at the pH “jump” point. For this reason, a relatively low
level of metals removal was observed. Similarly to DTPA, DCyTA
desorbed a small amount of cadmium and zinc near the cathode
forming anionic complexes which migrated towards the anode. The
low pH at the end of the experiment favored desorption/dissolution
of the metals, so they migrated towards the cathode, where they
accumulated due to high pH. Even though DCyTA has high sta-
bility constants with the metals, only small amounts of metals
were desorbed. It should be mentioned that DCyTA is a relatively
large ligand and has low ionic mobility, therefore the amount of
DCyTA electromigration into the soil from the cathode may have
been insufficient, resulting in inadequate chelation with the metals
[28].

Comparing the three electrokinetic experiments, it appears that
the order of heavy metals transfer efficiency followed the order
Cd > Zn > Ni. In addition, slight differences can be observed between
the distribution of Cd and Zn for all three experiments. The mobil-
ity of Cd and Zn through the soil followed the same pattern [29].
These findings are consistent with previous studies conducted in
lab-scale electrokinetic experiments with chelate agents condition-
ing the cathode compartment. Reddy and Chinthamreddy [7] and
Kim et al. [30] have reported that initially the majority of the metals
accumulated in the middle of the cell but, after oxidizing conditions
prevailed, metals migrated close to the cathode due to precipita-
tion. On the contrary, Yeung and Hsu [31] attempted to remediate a
cadmium contaminated soil, and the majority of cadmium migrated
towards the anode. They have reported that after treatment, the
soil pH was lower than 5 only in the section close to the anode, and
cadmium mainly existed as Cd–EDTA−.

The undesirable accumulation of heavy metals close to cath-
ode does not disqualify the electrokinetic extraction technique as
an effective in situ soil remediation technology. It simply compli-
cates the application logistics of the technique. The problem can be
solved by careful planning of the process or using the technique in
combination with other remediation technologies [31]. The key to
successful electrokinetic removal of heavy metals from the soil is

to keep the metals in the dissolved phase. Detailed discussion on
the control of electrolyte pH to keep metals in the dissolved phase
is given by Giannis et al. [21].
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Fig. 2. Distribution of Cd, Ni and Zn profiles

.3. Speciation of Cd, Ni and Zn in the electrokinetic cell

Figs. 4–6 indicate the quantity of metals extracted in each step

f the sequential extraction analysis. It is well known that the elec-
rokinetic process alters metal speciation in soils and the process
s strongly influenced by the pH. When metals were added to the
oil, 59% of cadmium existed in exchangeable and soluble form,

ig. 3. Extraction efficiencies of Cd, Ni and Zn based on batch washing experiments.
s the soil cell during the experimental time.

while the remainder existed in tightly adsorbed forms. Significant
amounts of nickel (80%) were strongly adsorbed by Fe–Mn oxides,
while zinc distribution was 22 and 21% in exchangeable and car-
bonate forms, and more than 46% in Fe–Mn oxides. For all three
metals, as the organic matter in soil was about 1.5%, the heavy metal
adsorption in the organic fractions was low. Likewise, the residual
fractions were less than 6% due to the fresh contaminated soil. By
sequential extraction analysis, it was proved the high adsorption
capacity of exchangeable, carbonates and Fe–Mn oxides fractions
in freshly contaminated soil.

During the entire duration of the experiments, the pH in the soil
decreased near the anode and increased near the cathode as dis-
cussed in Section 3.1. The heavy metal speciation analysis was used
to understand the changes in Cd, Ni and Zn concentrations in the
soil specimen at different times and locations. In the case of the NTA
experiment, after 3 d of treatment, it was observed that exchange-
able and soluble cadmium easily migrated from the anode area
towards the cathode. The chelate agent NTA, under the influence of
the electric field, entered into the soil, generating a complex with
exchangeable forms of Cd as Cd–NTA−, and migrated towards the
anode. At the end of the experiment, the exchangeable Cd concen-
tration decreased to a very low level in more than half the cell and

Cd accumulated in the cathode area mostly as immobile hydroxyl
complexes and precipitates due to the high pH, as well as binding
to Fe–Mn oxides.

In the untreated soil, Ni was mainly bound to Fe–Mn oxides.
Even though Ni was initially Fe–Mn bound prior to treatment, it
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extraction analysis was checked for Cd, Ni and Zn. The recoveries
ig. 4. Speciation of Cd, Ni and Zn during and after electrokinetic remediation with
TA.

ould be dissolved and migrated towards the cathode area. Close
o the cathode, NTA created Ni–NTA− complexes which migrated
owards the anode, increasing the exchangeable and soluble forms
f Ni in the middle of the soil cell. At the end of experiment, Ni accu-
ulated close to the cathode as exchangeable and soluble forms

s well as being bound to Fe–Mn oxides. As seen from Fig. 2, the
istribution of Zn in the soil followed Cd distribution, but Zn speci-
tion was different from Cd. Due to the low pH close to the anode,
xchangeable and soluble Zn easily migrated towards the cathode,
esulting in an additional increase of Fe–Mn oxides in the middle
f the cell. The extended electrokinetic application caused accu-
ulation of Zn close to the cathode area, mainly bound to Fe–Mn

xides and carbonates. One study performed by Zhou et al. [32] on
u–Zn contaminated red soil also showed that soil-exchangeable
nd carbonate-fraction metal concentrations reduced to different
ractions. The results indicate that the forms of the metals could be

ltered from one fraction to another fraction due to a variation of
hysico-chemical conditions throughout the cell, such as pH, redox
otential, and the local chemistry of both liquid and solid phases
uring the electrokinetic treatment.
Fig. 5. Speciation of Cd, Ni and Zn during and after electrokinetic remediation with
DTPA.

Similar to NTA, the experiments with DTPA and DCyTA as elec-
trolyte solutions showed an accumulation of the metals close to
the cathode, following electrokinetic treatment. Cd existed mainly
in exchangeable bound forms, Ni was bound to Fe–Mn oxides, and
Zn immobilized to bound Fe–Mn oxides and carbonates. The dis-
tributions of the heavy metals based on the sequential extraction
analyses showed that the greater migration of the metals occurred
under induced electric potential if the metals initially existed in
exchangeable and soluble forms [23]. Moreover, the distribution of
the metals suggests that the electrolyte conditioning system was
capable of dissolving heavy metals by generating complexes with
the exchangeable forms of the metals. In all three metals, the loca-
tion close to the cathode – where the oxidizing conditions changed
to reducing conditions – favored metals to bind with Fe–Mn oxides.
As seen from Fig. 1, the redox potential close to the cathode was
about −200 mV. Under these conditions, Fe–Mn oxides are more
powerful and have the capacity to adsorb a great amount of metals
[33]. In summary, the mass balance recovery from the sequential
varied in the ranges of 89-110%. Hence, the sum of the five fractions
was reasonably similar to the total metal contents.

Knowledge of chemical speciation is important in evaluating the
mobility and the toxicity of heavy metals. According to the metal



A. Giannis et al. / Journal of Hazardous

F
D

s
C
a
a
r
n
o
s
D
a
e
t

4

d
a
a
c
a

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ig. 6. Speciation of Cd, Ni and Zn during and after electrokinetic remediation with
CyTA.

peciation in the soil after the electrokinetic treatment, the metals
d and Zn present in release fractions (hydroxides, exchangeable
nd carbonates). The summation of these fractions can be used to
ssess the environmental available components [34]. Although the
esults may be misleading, since a freshly prepared (spiked) soil can
ever represent an aged, complex natural contamination. Ideally,
ne would support and verify sequential extraction data with other
peciation techniques (e.g. X-ray diffraction spectroscopy) [35].
espite the problem outlined, this study yields valuable insight
s to whether significant redistribution occurs during sequential
xtraction and which of the soil properties might play the impor-
ant role in the electrokinetic treatment.

. Conclusions

In this work, the distribution of Cd, Ni and Zn was examined
uring and after the electrokinetic remediation using NTA, DTPA

nd DCyTA. The main mechanisms affecting the migration of met-
ls were the low pH close to the anode and the electrolyte solution
lose to the cathode. At the end of the experiments, most of the met-
ls accumulated at the cathode area due to the prevailing low pH

[

[
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in half the soil cell. Finally, sequential extraction analyses showed
that the binding forms of metals could be altered from one fraction
to another. After treatment, cadmium existed in the exchangeable
fraction, nickel was bound to Fe–Mn oxides, and zinc immobilized
to Fe–Mn bound oxides and carbonates.
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