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The Removal of Pb and Cd from Heavily Contaminated Soil
in Kayseri, Turkey by a Combined Process of Soil Washing
and Electrodeposition

Aydeniz Demir Delil and Nurcan K€oleli

Department of Environmental Engineering, Faculty of Engineering, Mersin University, Çiftlikk€oy Campus,
TR-33343, Mersin, Turkey

ABSTRACT
In this study, a combined system of soil washing and electrodeposition
was designed to remove Pb (16381§643 mg/kg) and Cd (34347§1310
mg/kg) from contaminated soil. 0.05 M Na2EDTA was used as a chelating
agent for the remediation of soil, taken from the nearby city Kayseri,
Turkey. As a result of the batch extraction tests, maximum removals were
determined as; at the 20:1 liquid: soil ratio for Pb is 60.7%, for Cd at the
30:1 liquid: soil ratio is 67.4%. An electrochemical treatment was applied
to the waste washing solution which appeared to be the second
pollutant after the Na2EDTA extraction from the soil. With extraction tests
of Pb and Cd, being transformed from the solid phase to the liquid phase.
The electrochemical treatment (electrodeposition), performed in three
different potential (6 V, 8 V and 10 V) and maximum removal efficiencies,
were found 99.7% and 80.3% at 10 V for Pb and Cd, respectively.

Speciation tests (BCR) were carried out, both before and after the
soil washing process, to evaluate the redistribution of metal fraction in
the soil. The fraction, associated with the organic substance, was found
as 10.67% for Pb and 1.81% for Cd. The metal bioavailability factor
increased after soil washing, which indicates that EDTA could enhance
the mobility of Pb and Cd.

KEYWORDS
Combined system;
electrodeposition; PTEs
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1. Introduction

Heavy metal contamination in the soil has begun to become one of the most important envi-
ronmental problems in the world (Doumett et al., 2008; Udovic and Lestan 2012; Wuana
et al., 2010). The contamination occurs in the soil due to anthropogenic activities such as min-
ing activities, pesticide and fertilizer applications, fossil fuels combustion, industrial discharge
and rapid industrialization (Fayiga and Saha, 2016; Sarwar et al., 2017; Zhang and Gao, 2015).

Remediation of contaminated soils with heavy metals has been one of the most difficult
issues because of their toxic effects and their non-degradability, their persistence when
adsorbed onto the soil colloids and other constituents (Demir et al., 2015; Dermont et al.,
2008; Lal et al., 2018; Lestan et al., 2008; Voglar and Lestan, 2012).
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Distribution of heavy metals in the soil varies depending on some parameters. These are (1)
adsorption potential of the soil, (2) mobility of adsorbed heavy metal and (3) substitution
potential of adsorbed heavy metals (Yong and Mulligan, 2004). The solubility and behavior of
the heavy metals in the soil are influenced by the properties of the surroundings such as pH,
total metal content, presence of organic substances and redox conditions (Yong et al., 1992).

Because soil is a non-renewable natural resource, remediation of soil is necessary to pro-
tect it and reduce the contaminants (Finzgar and Lestan, 2008). It is very significant to apply
appropriate cleaning methods to contaminated soil, in order to decrease the risk of heavy
metal contamination.

Among soil remediation technologies, soil washing with chelants is the most common
used due to being effective, having a soil-friendly remediation and a very high efficiency to
separate the heavy metals from both soils and sediments (Demir et al., 2015; Dermont et al.,
2008). In this method, the pollutant has only changed phase, it cannot be claimed to be elim-
inated of the pollutant completely. Soil washing involves dissolving and removing contami-
nants from the soil matrix by means of chemical agent and also being combined with other
technologies to complete remediation (Jankaite and Vasarevicius, 2005).

The operating parameters that affect soil washing include the type of extraction, concen-
tration, both soil and solution pH, liquid:soil ratio (mL/g) and retention time (Giannis et al.,
2009; Zou et al., 2009).

Soil washing using chelating agents is known to be an important method for the removal
of heavy metals from the soil. Ethylenediaminetetraacetic acid (EDTA) has been mostly
used for soil washing, since it has an effective ability in chelating the divalent cations and it
is relatively inexpensive compared to other chelants (Demir and Koleli, 2013a; Naghipour
et al., 2016; Pociecha and Lestan, 2009). EDTA has the tendency to increase the metal
desorption/dissolution into the soil because it formulates negatively charged complexes with
metal cations (Me) such as [Me(HEDTA)]¡, [Me(EDTA)]2¡.

However, after the use of EDTA in soil washing, a complex waste solution containing
toxic metal ions is generated, which require a further treatment method to remove metal
ions from the solution before discharge (Voglar and Lestan, 2012). Waste washing solutions
containing complexed ions with EDTA cannot be treated efficiently using traditional meth-
ods, such as filtration, flocculation and participation (Voglar and Lestan, 2012).

Therefore, there is a need to develop an innovative and promising treatment method that
enables completely removal of pollutants. Electrochemical treatment methods have attracted
attention as an alternative wastewater treatment method in recent years (K€orbahti and
Tanyolaç, 2009). They have begun to use widely with its many benefits such as high removal
efficiency, low cost, minimum level of chemical usage, simple operation parameters and
combined with other treatment processes. This technology has replaced of traditional pro-
cesses that are found to be less effective for eliminating specific organic and inorganic pollu-
tants (Ait Ahmed et al., 2016; Chen, 2004; Hahladakis et al., 2016; Voglar and Lestan, 2012).

Briefly, when a low-voltage direct current (DC) is applied to the wastewater, charged par-
ticles and polar pollutants in the medium move between anodes and cathodes through elec-
tromigration, electroosmosis and electrophoresis transport mechanisms (Acar and
Alshawabkeh, 1993; Wang et al., 2006). The movement of contaminants is toward the ano-
des for negatively charged ions and toward to the cathodes for positively charged ions (Ait
Ahmed et al., 2016; Giannis et al., 2009; Hahladakis et al., 2016). Electrochemical treatment
processes are classified under three main headings notably, electrocoagulation and

470 A. D. DEL_IL AND N. K€OLEL_I



electroflotation, electrooxidation and electrodeposition (Chen, 2004). The pollutant is
removed from the waste water by one of these methods.

Within the electrochemical methods, special attention is given to the electrochemical
reduction/oxidation method. This method has the potential to keep certain heavy metals out
of the contaminated environment, either permanently (Yao, 2010).

Not being adequate enough when used alone, soil treatment methods are mostly used
combined or sequentially to be more effective in removing pollutants. In recent years, com-
bined treatment methods, including electrochemical processes, have been used for the reme-
diation of heavy metals from contaminated soils (Alc�antara et al., 2009; Bahemmat et al.,
2016; Demir and Koleli, 2013b; Hahladakis et al., 2014; Hosseini et al., 2011; Udovic and
Lestan, 2010).

The difference of this study is that two distinct treatment methods are applied together/
consecutive in two steps for heavy metals removal from the soil.

The combined treatment process is performed in two steps: (i) batch washing in soil
(solid phase) with EDTA, followed by (ii) electrochemical treatment process in waste wash-
ing solution (liquid phase), as shown in Figure 1 (Ng et al., 2014).

The aim of this study was to assess the efficiency of a combination of soil washing and
electrochemical process to treat waste washing solution containing toxic metal like Pb and
Cd. This combined process is a new approach to the treatment of waste washing solution,
and further second step also can be used to refine industrial waste water containing heavy
metals.

2. Material and methods

2.1. Soil sample and analysis

Soil used in this study was collected from the top 25 cm surface layer of a Pb mine tailings
area in Kayseri, Turkey. The study area is the place where the wastes generated as a result of
Pb mining and metallurgy activities are stored. Lead mining and primary Pb metallurgical
activities usually generate large volumes of waste, the storage of which may cause serious
damage to the environment. This waste is a source of potentially toxic trace elements (Pb,

Figure 1. Schematic diagram of a two-step combined treatment process.
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As, Cd, Zn, Cu, Mn) that can be released into soils, surface waters and groundwater (Gallego
et al., 2002; Sierra et al., 2013). The soil sample contained 16381 mg Pb/kg, 34347 mg Cd/kg,
carried to the laboratory in plastic containers. There are some high values (see max. levels of
Zn, Pb and others) which are not typical in natural soils (Gallego et al., 2002). The soil sam-
ple was air-dried and crushed to pass through a 2 mm sieve. Standard soil analyzes were
made on homogenized original and remediated soil samples.

The soil moisture content was determined by weight loss at 105 �C for 24 h. Soil pH was
measured in a 1:2.5 (w/v) ratio of soil and 0.01 M CaCl2 mixture was prepared according to
(Peech, 1965) and measured using a pH meter (Orion3 Star pH meter).

The soil sample was analyzed for organic matter by modified Walkley–Black
titrations (Nelson and Sommers, 1996), cation exchange capacity (CEC) by the ammonium
acetate method (Chapman, 1965), and soil texture by the hydrometer method (Bouycous,
1962), carbonate content by calcimeter method as described by Allison and Moodie (1965),
total soil surface area by BET method, elemental analysis by X-ray fluorescence spectropho-
tometer (model XRF Rigaku Rix 2000), total heavy metal concentrations according to EPA
3050B (US EPA, 1996) method using an atomic absorption spectrophotometer (AAS, Perkin
Elmer AAnalyst 700). The X-ray diffraction (XRD) analysis was performed to characterize
the mineral phases of the soils. All of the analyses were carried out on both original contami-
nated and remediated soil samples. Controls of the analytical procedure were performed
using blanks and two quality control standards (CRM 7003 and CRM 483) which were
treated in the same way with the experimental samples.

2.2. Soil washing experiments

The extraction performance of EDTA was examined as a function liquid: soil (L:S) ratio, and
pH of solution, and also washing time. The mass of the soil sample was 10 g for each experi-
ment. In order to determine the optimized conditions, soil washing experiments were con-
ducted with different L:S ratios (5:1, 10:1, 20:1, 30:1, 40:1 and 50:1 v/m), pH (3-9) and
extraction time (0.25–36 h). It was concluded that the most appropriate EDTA concentra-
tion was 0.05 M, given in previous studies (Demir and Koleli, 2013b), therefore the soil
washing experiments were carried out at this concentration.

The pH experiments were performed with 0.05 M Na2EDTA at 175 rpm at 25 �C for 24 h.
To investigate the influence of pH and contact time on Pb and Cd removal every 1.0 g of the
soil was mixed with 20 mL 0.05 M Na2EDTA solution at 175 rpm at room temperature.
After the washing processes, the soil suspensions were filtrated through a Whatman 42 filter
paper and the soluble Pb and Cd concentrations in left solution were acidified to a pH of
� 2.0 with 1:1 and HNO3 was analyzed using AAS. All sample analyses were conducted in
triplicate and averaged values were reported.

The removal efficiencies of Pb and Cd in soil were calculated from Equation (1) where C1

and Cs are the concentrations of Pb and Cd in filtrate (mg/L) and soil (mg/kg), respectively;
V1 is the volume of filtrate (L) and ms is the dry mass of the soil (kg).

Removal Efficiency %ð ÞD C1 V1

Cs ms
£ 100 (1)
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2.3. Electrochemical removal tests in waste washing solution

Batch electrochemical tests were carried out in a fixed bed reactor schematically as shown in
Figure 2. The electrochemical cell consisted of a Pt anode and Pb granule cathode (electrode
surface 48 cm2, distance between electrodes 50 mm). Voltage was held stable for each run
with a retention time for 6 h. The anode and cathode were not consumed during the electro-
chemical tests.

The reduction potentials were determined at electrode potential of ¡1.0 V and ¡0.6 V vs.
Ag/AgCl at potentiostat (CH 600A Model) for Pb and Cd, respectively. Therefore, all elec-
trochemical reduction experiments were carried out between these values which correspond
to the cell potential at 6 V, 8 V and 10 V.

For the electrochemical tests, 25 g of air-dried soil were added to 500 mL of 0.05 M
Na2EDTA, and the flasks were placed on a shaker for 24 h at room temperature. The wash-
ing solution obtained in the first step was put in the electrochemical reactor. The initial pH
of the solution was measured as 8.82, the pH was left unregulated and 1 mL samples were
taken at regular intervals and diluted with deionized water, acidified with 1:1 HNO3 to pH 2
and stored in low temperatures to be used in further metal analyses with AAS during the
electrochemical process. The pH and conductivity of the solutions in electrochemical reactor
were also measured.

Electrochemical Removal Efficiency %ð ÞD Co ¡Ce

Co
£ 100 (2)

The electrochemical removal efficiency of Pb and Cd in the electrochemical reactor,
depending on time, were calculated in Equation (2), where Co is the initial Pb or Cd ion

Figure 2. A fixed-bed electrochemical reactor.
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concentration (mg/L) in waste washing solution and Ce is equilibrium Pb or Cd ion concen-
tration in treated solution at any time (mg/L).

2.4. Metal fractionation, mobility and bioavailability

We used a BCR sequential extraction procedure to determine the association of Pb and Cd
with different soil fractions in nonwashed original soil and washed remediated soil. The
four-step sequential extraction (BCR) procedure is summarized in Table 1.

The leachability of Pb and Cd in the soil before and after remediation was defined
according to the toxicity characteristic leaching procedure (TCLP) (US.EPA, 1995). The
soil sample (1 g) was sieved to <2 mm and shaked in 20 mL of 0.0992 M acetic acid
and 0.0643 M NaOH extraction solution (20:1 ratio) with a pH of 4.93§0.05 for 18 h
at 300 rpm. At the end of the procedure, the substances were filtered through What-
man 42 filter paper, acidified with concentrated HNO3 to pH < 2 and stored at 5 �C
for Pb and Cd determination by AAS.

In order to determine bioavailability by plant, the diethylenetriaminepentaacetic acid
(DTPA) test was performed both before and after EDTA-washing as described by Lindsay
and Norvell (1978). The metal bioavailability factor (MB) is calculating by dividing the ratio
of the metal concentration in the DTPA extract by the sum of all the fractions, which, on the
other hand, is used to assess the bioavailable forms of metals in the soil as earlier reported by
Wei et al. (2016).

3. Results and discussion

3.1. Properties of soils

The values of some properties before and after remediation of the soils are given in Table 2.
The particle size distribution of original soil was determined as 48.96%, 46.78%, 4.32% for
sand, silt and clay, respectively.

The soil texture was sandy loam (SL) according to the texture triangle. The sandy loam
soil is suitable for applying soil washing because metal mobility is higher than the clayey soil
in these types of soils. It is known that the adsorption capacity of clay soils is higher than
sandy loam soil (Sangiumsak and Punrattanasin, 2014). Soil pH and soil texture play impor-
tant roles in controlling metal mobility, with most metals (in free ionic form) being more
mobile in acidic, coarse-textured soils (McBride, 1994).

Original and remediated soils demonstrated the following properties; pH 7.78 and 7.41,
490 and 130 mg/kg K2O, 1.75 and 1.6 CEC (meq/100 ), 4.75% and 5.68% of organic matter,

Table 1 . Summary of BCR four-step sequential extraction procedure.

Step Fractionation Solution

1 Soluble and exchangeable, carbonate 40 mL of 0.11 M CH3COOH for 16 h at 22 § 5 �C
2 Bound to reducible metal oxides

of Fe and Mn–fraction
40 mL of 0.5 M NH2OH¢HCl added 2 M HNO3 for 16 h at 22 § 5 �C

3 Bound to organic matter and sulfides,
(oxidizable)

10 mL of 8.8 M H2O2 at 85 § 2 �C then 1 M CH3COONH4

adjusted to pH 2 § 0.1 with concentrated HNO3

4 Residual 25 mL of HCl: HNO3 D 3: 1, aqua regia
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lime content 11% and 9% and specific surface area 7.05 and 2.41 m2/g, respectively. Metal
concentrations for Pb and Cd were 16381 and 34347 mg/kg of soil for original and 3176 and
6307 mg/kg of soil for remediated, respectively.

The desorption/mobility of heavy metals in the soil depends on the amounts of heavy
metals adsorbed by soil particles and other soil chemical properties such as cation exchange
capacity, oxidation-reduction potential, the presence of Fe–Mn oxides in soil, including clay
and organic matter contents (Ashraf et al., 2012; Kabata-Pendias and Pendias, 2001).

The XRD analyses were showed ankerite, celsian, albite and coesite minerals of both origi-
nal and remediated soil. These minerals usually contain such as Si, Ca, Mg, Al, Fe, Na ele-
ments and are not in the class of clay minerals, so the adsorption capacity of the soil is low.

Because the soil used this study has low clay, adsorption capacity and cation exchange
capacity (CEC), the mobility of heavy metal ions is expected to be high in this soil. There-
fore, the soil washing method will be appropriate for removing heavy metals from such soil
in first step (Wuana et al., 2010).

3.2. Batch washing tests in contaminated soil

Figure 3 shows the mechanism of a combined soil remediation process using EDTA in the
first step and electrochemical treatment of the waste washing solution in the second step,
sequentially.

In order to determine the optimum conditions, batch washing experiments were carried
out in soil samples, thus optimum performance parameters were identified.

As shown in Figure 4(a), liquid: soil ratio has a significant effect on the removal of Pb and
Cd. As the solid–liquid ratio increased, the amount of Pb passing through the solution
increased and the concentration of Pb decreased in the soil.

The removal efficiency was lower at the 5:1 liquid: solid ratio, because there is an insuffi-
cient mixing between heavy metal ions and EDTA which affected the removal efficiency sig-
nificantly (Wei et al., 2016).

It is better understood from Figure 4(a) that the removal efficiency of target metals
decreased at liquid:soil (L:S) ratios above 20:1 and 30:1 for Pb and Cd, respectively. The
highest removal efficiency of Pb was 60.7% at L:S ratio of 20:1 and 69.2% of Cd at L:S ratio
of 30:1, respectively. There was no significant increase between 20:1 (67.4%) and 30:1

Table 2. Some physical and chemical properties of the soils.

Soil properties Before remediation After remediation

pH 7.78 7.41
Electrical conductivity (mS/cm) 3.2 2.43
Organic matter (%) 4.75 5.68
K2O (mg/kg) 490 130
Lime (%) 11 9
CEC (meq/100 g) 1.75 1.6
Specific surface area (m2/g) 7.05 2.41
Sand (%) 48.96 48.12
Silt (%) 46.78 46.02
Clay (%) 4.32 6.09
Texture Silty loam Silty loam
Total Pb (mg/kg) 16381 § 643 3176 § 101.4
Total Cd (mg/kg) 34347 § 1310 6307§ 255
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(69.2%) L:S ratio for Cd removal efficiency, therefore the optimum L:S ratio for both metals
was determined as 20:1 which is the maximum removal of Pb.

When the EDTA concentration is constant, the removal efficiency is directly related to the
L: S ratio (Zou et al., 2009). While the removal of Pb increased when the ratio increased from
5 to 20, the removal of Cd increased when the ratio increased from 5 to 30.

After 20:1 and 30:1 L: S ratio for Pb and Cd, respectively, the removal efficiency decreased
as the L:S ratio increased. One of the main reasons for this is the presence of multi-metal cat-
ions at high concentrations in soil contaminated with mine tailings. For this reason, the abil-
ity of EDTA to complex with metals decreased in increasing L:S ratios. Because only a small
portion was effectively transformed into metal–chelant complexes, while the excess
remained in free form or form complexes with other cations (Ca, Mg, Fe, Al, etc.) in soil
(Zou et al., 2009). EDTA is not only selective for Pb and Cd, it is actually a complex for all
metals in contaminated soil. Another potential reason was that the added EDTA was either
less or more complex than the stoichiometric rate 1:1 metal–EDTA complex (Zhang et al.,
2010).
a) with 0.05 M Na2EDTA, L:S ratio 20:1 at 175 rpm in natural pH
b) with 0.05 M Na2EDTA at 175 rpm in natural pH for 24 h
c) with 0.05 M Na2EDTA, L:S ratio 20:1 at 175 rpm for 24 h
Heavy metal extraction efficiency depends on the time allowed for reaction between the

chelant and metal ions bound to the soil solid phase (Finzgar and Lestan, 2007). The time-
dependent washing process with chelating agent leads to dissolution and desorption of heavy
metals from contaminated soil (Wei et al., 2016).

In our study, as shown in Figure 4(b), the Pb ions transported from soil to the solution have
stabilized in a short time, like 2 h, and there is not much change in the Pb concentrations in
the waste solution after this time. The removal efficiency of Pb was 52% at the end of 2 h, 58%
of Pb was removed from the soil at the end of the experiment (duration time 36 h).

Figure 3. Mechanism of two-step combined soil remediation process.
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Many studies in literature have shown that 2 h washing time was sufficient for the equilib-
rium of the Pb ions in the washing solution (Demir and Koleli, 2013a; Zhang et al., 2010).

When the Cd curve is examined (Figure 4(b)), it can be seen that Cd ions passing through
from soil to solution are not stable in 2 h. The concentration of Cd ions that moved to the

Figure 4. The removal efficiencies of Pb and Cd under three influencing factor conditions (a)with 0.05 M
Na2EDTA, L:S ratio 20:1 at 175 rpm in natural pH (b) with 0.05 M Na2EDTA at 175 rpm in natural pH for
24 h (c)with 0.05 M Na2EDTA, L:S ratio 20:1 at 175 rpm for 24 h.
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solution reached the equilibrium after 20 hours and the removal efficiency of Cd was 81%.
Wuana et al. (2010) reported that at the end of the 6 h contact time, the extraction yields of
EDTA were 56.70% Cd, and 50.50% Pb. Taking these results into consideration, all further
experiments were performed in a 24 h reaction time for each washing step.

The solubility of heavy metal ions in the soil depends on the structure of heavy metals as well
as their chemical compounds, pH, and Eh (redox potential) mechanisms. Among these factors,
especially pH is an important parameter affecting the desorption/mobility of metals from con-
taminated soil. The initial pH of washing solutions were 4.49 for 0.05 M EDTA. As seen in
Figure 4(c), the removal curve depending on pH showed the same behavior for Pb and Cd.

The highest removal yields were attained at pH 3 and 4.5 for Pb and Cd, respectively. This
is an expected result for heavy metals because the extraction efficiency generally increases
under low pH values, and the removal efficiency is lower under the alkaline condition (Wei
et al., 2016). In order to provide a high removal of Pb and Cd from contaminated soil, the
waste washing solution required for the second stage was obtained with 0.05 M EDTA and
at 20:1 liquid:solid ratio, at the natural pH of EDTA (4.5) and for 24 h reaction time.

3.3. Electrochemical removal of Pb and Cd from waste washing solution

In the second step, we treated the waste washing solution in an electrochemical cell using Pt
anode and Pb granule cathode, without pH regulation and the addition of chemicals. The
concentrations of Pb and Cd before treatment in the electrolytic cell were 9952 mg/L Pb,
23160 mg/L Cd and the pH of the waste washing solution was 8.32.

When the constant potential is applied, the current is usually reduced and eventually
depleted depending on time during the electrochemical process. Table 3 shows that the elec-
trochemical treatment effectively removed Pb and Cd from the waste washing solution.

After 6 h contact time, 88.9%, 99.2% and 99.7% of Pb was removed at 6, 8 and 10 V and
Cd was removed 18.4%, 54.6%, 80.3% at 6, 8, 10 V, respectively.

The pH of waste washing solution decreased during the electrochemical treatment from
8.32 to 7.07 at 10 V. The initial electrical conductivity in the waste washing solution was
high, 12.07 mS/cm, but as expected, decreased at the end of the electrochemical process
regardless of the potential applied (down to 7.33 mS/cm at 10 V).

3.4. Effect of extraction on metal fractionation and mobility

Table 4 gives the results of sequential extraction procedures performed to assess Pb and
Cd distribution in the soil both before and after the soil washing process. Metals in the

Table 3. Effect of applied potential on Pb and Cd removal, pH and EC.

6 V 8 V 10 V

B.E A.E B.E A.E B.E A.E

pH 8.32 8.22 8.32 7.95 8.32 7.07
EC (mS/cm) 12.07 7.75 12.07 7.86 12.07 7.33
Removal efficiency of Pb, % — 88.9 — 99.2 — 99.7
Removal efficiency of Cd, % — 18.4 — 54.6 — 80.3
�B.E: Before Electrochemical Process
�A.E: After Electrochemical Process

478 A. D. DEL_IL AND N. K€OLEL_I



soil are found in different forms, depending on both the soil and their chemical proper-
ties. According to step 1 of BCR, the metals in ionic form are bound to carbonates and
the exchangeable fraction and they were released in the washing solution as F1. Con-
centration of Pb and Cd in the F1 was 7356 mg Pb /kg and 20305 mg Cd/kg in the
original soil; corresponding to extraction yields of 46.67% Pb and 62.13% Cd, respec-
tively (Table 4, Figure 5).

In the step 2 of BCR, metals bound to amorphous Fe and Mn oxides and hydroxides
(Fraction 2) were determined to be 4579 mg/kg Pb and 3658 mg/kg Cd; corresponding to
extraction yields of 29.05% Pb and 11.19% Cd in original soil. It can be deduced that soil is
suitable for the soil washing method since they have composed the sum, F1CF2; approxi-
mately, 75% Pb and 73% Cd in this soil.

In the third step, metals bound to organic matter and sulphides (Fraction 3) were found
as 10.67% and 1.81% for Pb and Cd, respectively. Summarily, the total percent of non-resid-
ual fractions extracted were 86% Pb and 75% Cd in original soil. Both Pb and Cd were the
most abundant metals in the carbonates and the exchangeable fraction (F1). This is a factor
increasing the extraction efficiency of the washing solution.

Figure 5. Distribution of Pb and Cd in original soil determined by the BCR sequential procedure.

Table 4. Fractionation (BCR), mobility (TCLP) and bioavailability by plant (DTPA) of metals before and after
soil remediation (standard deviations n D 3).

Original soil (mg/kg) Remediated soil (mg/kg)

Pb Cd Pb Cd

Fraction
F1 7356 § 149.5 20305 § 341.8 1656 § 133.5 5547§ 58.5
F2 4579 § 146.5 3658 § 83.5 1080 § 123.5 521§ 57.5
F3 1682 § 102.1 592 § 28 183 § 13.1 102§ 9
R 2146 § 78 8125 § 104 182 § 11.4 136§ 2
S 15763 § 164.2 32680 § 295.2 3101 § 45.5 6306§ 35

Pseudo total 16381 § 643 34347 § 465.1 3176 § 101.4 6307§ 255
TCLP 961 § 3 3601 § 48.5 916 § 2.5 3117§ 34.2
DTPA 34 § 1 473 § 9 134 § 1 320§ 2.4
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BCR tests performed in remediated soil showed that the amount of metal decreased in all
the fractions after soil washing (Table 4; Figure 6). The exchangeable, reducible, organic mat-
ter and residual fractions of Pb (7356, 4579, 1682 and 2146 mg/kg) recorded before soil
washing, were decreased to 1656,1080, 183, 182 mg/kg (77%, 76%, 89% and 92% lowering)
after EDTA-washing, respectively. About 73%, 86%, 83% and 98% of Cd (Figure 6) were low-
ered from the exchangeable, reducible, organic matter, and residual fractions, respectively.

Comparing Figure 5 to Figure 6, it can be seen that Pb and Cd bounded to the carbonates
and the exchangeable fraction in remediated soil, being increased after washing. At the same
time, after the EDTA washing, amounts of Pb and Cd bound to the residual fraction
decreased in remediated soil. This means that EDTA was able to extract a certain amount of
Pb and Cd from the silicate matrix, as previously observed by Barona et al. (2001), implying
that the metals were not very strongly fixed into the residual fraction (Jelusic et al., 2013). It
is concluded that EDTA increases the bioavailability and mobility of metals in the soil.

The heavy metals remaining in the soil after remediation should be tested for their solu-
bility and re-mobility. The most commonly used mobility test according to US EPA is
TCLP. In this study, mobility was determined as the concentration of heavy metals in TCLP
(Toxicity Characteristic Leaching Procedure) soil extracts (Table 4). The TCLP limit values
for remediated soil are 5 and 1 mg/ L for Pb and Cd, respectively (US EPA, 1995). The used
soil sample has a very high concentrations of Pb and Cd. Therefore, mobility of Pb and Cd
was much higher than TCLP regulatory limit values. Nevertheless, after remediation, the
mobility of Pb and Cd was reduced by 1.15 and 1.05 times, respectively. In order to decrease
it to a regulatory limit value in this soil heavily contaminated with Pb and Cd, multiple
sequential washing should be performed in soil. Udovic and Lestan (2009) reported that in
total, 58.4%, 25.0% and 68.0% of initial soil Pb, Zn and Cd (initial concentrations; 4528.7,
1882.8, 24.1 mg/kg), respectively, was removed from the soil after the 20th leaching step and
decreased their mobility by 83.7%, 80.3%, and 90.9% (Udovic and Lestan, 2009).

In the scope of this study, DTPA test was also carried out both before and after remedia-
tion to determine the bioavailability of Pb and Cd by the plant. The results of DTPA tests
are shown in Table 4. It is seen that the bioavailability of Pb increased from 34 mg/kg to
134 mg/kg and Cd decreased from 473 mg/kg to 320 mg/kg in the DTPA test after EDTA-

Figure 6. Distribution of Pb and Cd in remediated soil determined by the BCR sequential procedure.
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washing. In this case, the Pb concentration increased in the DTPA extractable fraction so Pb
in the soil became mobile.

While the MB factor is 0.22% and 1.44% for Pb and Cd in original soil, after EDTA-wash-
ing it has been 4.32% and 5.07% for Pb and Cd in remediated soil, respectively. The findings
show that metal ions may be released again in remediated soils, where metal removal cannot
be achieved completely, depending on ambient conditions, and this may create a potential
for toxic effects, endangering humans, animals and the environment.

4. Conclusions

The main problem associated with soil washing is the generation of metal ions at a solution
phase which requires a further treatment method to remove such ions from the solution. In
recent years, combined treatment methods have gained popularity in the remediation of
heavy metals from contaminated soils.

This study indicated that the tried three factors had a significant effect on the heavy metal
removal from soils. The following implications can be induced from this study:
� The removal efficiencies generally indicated differences, optimal batch washing terms
were defined as: liquid: soil ratio of 20:1 and 30:1 for Pb and Cd, respectively, in a wash-
ing time of 24 h and with the original pH of washing agent Na2EDTA.

� To understand the fate of heavy metals remaining in the soil, BCR sequential extraction
was performed after soil washing. The content of both Pb and Cd metal ions is higher
in carbonates and in the exchangeable fractions. After EDTA-assisted soil washing, the
increase of metals percentage in the exchangeable fraction and decrease of the metals
content in the residual fraction have became a potential threat to plants and surface/
ground waters.

� After soil washing, the mobility of Pb and Cd was reduced by 1.15 and 1.05 times,
respectively. The bioavailability of Pb increased up to 34 mg/kg to 134 mg/kg and Cd
decreased from 473 mg/kg to 320 mg/kg in the DTPA test after EDTA-washing. For a
successful remediation, the heavy metals left in the soil should remain in immobile and
non-toxic forms. In order to reduce the continuing mobility and bioavailability of met-
als left in the soil, multiple sequential washing should be performed in soil.

� Toxic Pb and Cd ions in waste washing solution containing multi metal-EDTA com-
plexes have been effectively converted into a non-hazardous form (metallic form). The
removal of toxic ions increased with increasing applied voltage in electrochemical reac-
tor using granule Pb cathode and Pt anode.

The designed combined treatment method in this study is an efficient and promising,
because of advantage recovery of the heavy metal ions in waste washing solution. This inno-
vative method that characterised by simple equipment, a short retention time and easy oper-
ation provides fully treatment. Further studies are also needed sufficiently to optimize the
combined soil washing and electrochemical treatment under continuous flow conditions.

Acknowledgments

The authors would like to thank the Mersin University Scientific Research Fund (BAP) for financial
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