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a b s t r a c t

Electrocoagulation with an Al sacrificial anode was tested for the separation of chelant and heavy
metals from a washing solution obtained after leaching Pb (3200 mg kg−1), Zn (1100 mg kg−1), and Cd
(21 mg kg−1) contaminated soil with EDTA. In the electrochemical process, the sacrificial anode corroded
to release Al3+ which served as coagulant for precipitation of chelant and metals. A constant current
density of 16–128 mA cm−2 applied between the Al anode and the stainless-steel cathode removed up
eywords:
eavy metals
oil remediation
oil washing

to 95% Pb, 68% Zn and 66% Cd from the soil washing solution. Approximately half of the initial EDTA
remained in the washing solution after treatment, up to 16.3% of the EDTA was adsorbed on Al coagulant
and precipitated, the rest of the EDTA was degraded by anodic oxidation. In a separate laboratory-scale
remediation experiment, we leached a soil with 40 mmol EDTA per kg of soil and reused the washing
solution (after electrocoagulation) in a closed loop. It removed 53% of Pb, 26% of Zn and 52% of Cd from

lution −1 −1

EDTA

DTA
lectrocoagulation

the soil. The discharge so
1.5 mg L−1 Cd and 11 mM

. Introduction

Heavy metal contaminated soil is one of the commonest envi-
onmental engineering problems. Removal of metals from soil by
eans of soil washing using chelants is a potential remediation

ption, especially for contaminated calcareous soils, where the
xtraction of metals with acids is impeded by the high soil pH buffer
apacity. Chelants form coordinate chemical bonds with metals
complexes) and facilitate their solubilization from the soil into the
ashing solution.

Ethylenediaminetetraacetic acid (EDTA) has been the chelant
ost often tested for soil washing, since it forms strong complexes

with a ratio 1:1) with most polluting heavy metals [1] and is rela-
ively inexpensive compared to other chelants (in Europe, it costs
bout 1.3D per kg for the technical-grade chemical from a major
uropean manufacturer).

The main obstacle to full scale application and commercializa-
ion of soil washing technologies with EDTA remains, however,

he subsequent treatment of the washing solution (rich with

etal–EDTA complexes) before the waste solution can be safely
ischarged. Various strategies have been proposed for this. Kim
nd Ong [2] used trans-complexation: the Pb in the EDTA complex
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ical Faculty, University of Ljubljana, Jamnikarjeva 101, 1000 Ljubljana, Slovenia.
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was clear and colourless, with pH 7.52 and 170 mg L Pb, 50 mg L Zn,
.

© 2009 Elsevier B.V. All rights reserved.

was replaced with Fe3+ at low pH and the Pb was subsequently
removed using NaOH as a precipitating agent. The process proved
difficult if the EDTA was complexed with more than one metal
and the large consumption of chemicals means relatively high
operating costs. Ager and Marshall [3] investigated the ability of
zero-valent Mg and Pd to substitute metals in EDTA complexes.
Zeng et al. [4] proposed the precipitation of heavy metals from
the soil washing solution as insoluble sulphides. The sodium sul-
phide consumed in this process, however, is more expensive than
the EDTA. Juang and Wang [5] proposed electrolytic recovery of Pb
and Cu from a solution containing EDTA. This process uses sensi-
tive and expensive cation-exchange membranes and is technically
quite complicated. Di Palma et al. [6] proposed reverse osmosis
for the separation of EDTA complexes from the washing solution.
The soil colloidal particles tend to clog the membranes. Tejowu-
lan and Hendershot [7] separated EDTA using an anion exchange
resin. These are expensive (>$100 for 500 g). Finzgar and Lestan [8]
proposed oxidative decomposition of EDTA complexes in washing
solution using advanced oxidation processes (AOP). The treatment
was much less effective when the washing solution was either tur-
bid or coloured. Electrochemical (E)AOP [9,10] was more robust but
consumed a significant amount of electricity and uses an expensive
boron-doped diamond anode. Metals were removed from the soil

washing solution by absorption in AOP and mainly by filtration in
EAOP.

In the current study, we evaluated electrocoagulation with an Al
sacrificial anode for the separation of Pb, Zn and Cd from a washing
solution obtained after leaching contaminated soil with EDTA. Elec-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:domen.lestan@bf.uni-lj.si
dx.doi.org/10.1016/j.jhazmat.2009.09.103
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rocoagulation is a simple and efficient electrochemical method for
he purification of wastewaters containing organic or metallic pol-
utants [11]. When a potential difference is applied between the Al
or Fe) anode and a cathode, Al (or Fe) ions are generated from the
node and hydroxyl ions from the cathode. The reactions for the
lectrochemical system with an Al anode are as follows:

At the anode, Eq. (1):

Al → Al3+ + 3e− (1)

At the cathode, Eq. (2):

2H2O + 2e− → H2 + 2OH− (2)

Al3+ and OH− ions react further to form various monomeric
l hydroxides such as Al(OH)2+, Al(OH)2

+ or Al2(OH)2
4+ and poly-

eric Al hydroxides such as Al6(OH)15
3+, Al7(OH)17

4+, Al8(OH)20
4+,

l13O4(OH)24
7+ or Al13(OH)34

5+ [12]. Jiang et al. [13] reported that
l13 polymers comprised 43% of all Al hydroxide species, with a

ong lasting positive charge. Finally, they all transform into amor-
hous Al(OH)3 and combine to form flocks with a large surface area
nd considerable absorption capacity for pollutants and for particle
ggregation [14,15].

Electrocoagulation has a long history as a water treatment
echnology, but it has never been accepted as a mainstream
echnology [16]. Nevertheless, electrocoagulation has been suc-
essfully used to treat special wastewaters, such as oil wastes
17], black liquor from the paper industry [12], dye solutions and
extile wastewaters [18] and nutrient enriched wastewaters [19].
lthough electrocoagulation is primarily used to remove organic
nd suspended materials from various types of effluents, its use
or metal removal, for example Cu, Zn and Cr from electroplating
astewaters [20] and Pb from acidic soil leachate [21] has also been

ecorded.
This is the first report of the use of electrocoagulation as part

f chelant-based remediation of heavy metal contaminated soil.
e hypothesized that negatively charged EDTA–heavy metal com-

lexes will absorb on flocks of various monomeric and polymeric
ositively charged Al hydroxides which form during electrocoag-
lation, and could afterwards be removed from the soil washing
olution by sedimentation and centrifugation. First, we investi-
ated the effect of current density on Pb, Zn, Cd and EDTA removal
rom the soil washing solution. Second, the feasibility of using elec-
rocoagulation in soil remediation was tested with the recently
roposed two-phase soil leaching method with recycling of process
aters in a closed loop [8].

. Materials and methods

.1. Soil samples and analysis

Soil was collected from the 0 to 30 cm surface layer of a veg-
table garden in the Mežica Valley, Slovenia. The Mežica Valley has
een exposed to more than 300 years of active lead mining and
melting. Soils in the valley, including 6600 ha of agricultural land,
re polluted primarily with Pb but also with Zn and Cd.

For standard pedological analysis, the pH in soils was measured
n a 1/2.5 (w/v) ratio of soil and 0.01 M CaCl2 solution suspen-
ion. Soil samples were analyzed for organic matter by modified
alkley–Black titrations [22], cation-exchange capacity (CEC) by
he ammonium acetate method [23] and soil texture by the pipette

ethod [24]. The following values were obtained: pH 6.57, organic
atter 14.2%, CEC 20.7 mg 100 g−1 of soil, sand 51.0%, silt 42.5%, and

lay 6.5%. The soil texture was sandy loam.
ous Materials 174 (2010) 670–678 671

2.2. Electrolytic cell

The electrolytic cell consisted of an Al anode and two stainless-
steel cathodes, with an electrode distance of 10 mm. The overall
anode surface was 63 cm2. The surface area ratio between the cath-
odes and anode was 1:1. Electrodes were placed in 500 mL of the
soil washing solution in a magnetically stirred 1 L flask. Current
densities were adjusted (from 16 to 128 mA cm−2) and the cell
voltage was measured with a DC power supply (Elektronik Invent,
Ljubljana, Slovenia). The electrode cell was cooled using a cool-
ing mantle and tap water to keep the temperature of the treated
washing solution below 35 ◦C.

2.3. Electrochemical treatment of the soil washing solution

To obtain the washing solution, we placed 4.5 kg of air-dried soil
in a 15 cm diameter soil columns (two replicates) and leached the
soil with a 5000 mL aqueous solution of 40 mmol EDTA (disodium
salt) per kg of soil for 64 h. Approximately 3000 mL of the washing
solution per column was collected.

For each treatment (three replicates) 500 mL of the washing
solution (obtained after soil leaching as described above) was trans-
ferred into the electrolytic cell. Current densities used were 16, 32,
64 and 128 mA cm−2. Samples (20 mL) of washing solution were
collected at intervals from 4 to 45 min of contact time in the elec-
trode cell and the pH and EC were measured. Contact time was
calculated as the ratio of the electrode cell volume to the vol-
ume of the washing solution and multiplied by the operation time
(initially 30 min of operation time equalled 3.78 min of contact
time). At the end of the electrochemical treatment, the cathodes
were etched with 30 mL of 65% HNO3 to dissolve deposited Pb, Zn
and Cd and clean the cathode. Concentrations of HNO3 dissolved
metals were determined by atomic absorption spectrophotometry
(AAS) as described below. Samples were centrifuged at 2880 × g
for 30 min. The supernatant was stored in the cold for the fur-
ther analysis of Pb, Zn, Cd, Al, Fe, Ca and EDTA concentrations. Al
hydroxide flocks and other precipitated matter remained in pel-
lets after centrifugation. To determine the percentage of Pb, Zn,
Cd and Al, a sample was taken from the pellet, dissolved in aqua
regia and metals were analyzed by AAS. To determine the EDTA,
part of the pellet was suspended in 200 mL of deionized water and
acidified with 37% HCl (to approx. pH 1.5) to obtain fine, homoge-
nous suspension. The percentage of Pb, Zn, Cd and EDTA that was
removed from the washing solution by electrodeposition and elec-
trocoagulation or remained in the treated washing solution was
calculated.

The specific energy consumption (SEC) of the electrochemical
treatment of the washing solution was calculated using the follow-
ing equation (Eq. (3)):

SEC = U × I × t

m
(3)

where U is the voltage measured during the treatment (in V), I the
applied electrical current (in A), t the operation time (in h) and m
the amount of pollutants (Pb, Zn and Cd) removed from the washing
solution (in g). SEC was expressed in kWh g−1.

The Al anodes were weighed before and after electrochemical
treatment of the washing solution to determine the amount of Al
consumed during the process.

2.4. Coagulation with AlCl3 dosing
A weight of 2292 mg of AlCl3 was dosed in 100 mL of the washing
solution and stirred for 30.24 min (reaction time). The concentra-
tion of Al was the same as the concentration dissolved from the
Al anode at 32 mA cm−2 (4638 mg L−1 Al3+) when the contact time
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Table 1
Effect of current density applied in electrolytic cell on voltage between electrodes, specific energy consumption (SEC) of electrochemical treatment, Al anode consumption
and balance of EDTA after treatment of the washing solution using electrocoagulation with an Al sacrifice anode.

Current density (mA cm−2) Process parameters EDTA (% of initial)

Voltage (V) SEC (Wh g−1) Al anode consumption (g) Solution Electrocoagulated

Initial Final

16 4.25 ± 0.07 16.3 ± 2.3 a46 ± 6 a2.11 ± 0.34 a52.3 ± 8.8 a12.5 ± 2.3
32 5.75 ± 0.52 22.1 ± 7.8 a70 ± 11 a2.32 ± 0.41 a51.3 ± 0.7 ab14.2 ± 3.6
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64 7.67 ± 0.23 25.6 ± 10.7 b148 ±
128 12.5 ± 1.2 24.1 ± 8.9 b164 ±
eans (n = 3) followed by the same letter are not significantly different according t

f the electrochemical reaction equalled the reaction time of the
osing experiment. The precipitate was then removed from the
olution with centrifugation at 2880 × g for 30 min, and the concen-
rations of Pb, Zn and Cd in solution were analyzed using AAS. AlCl3
as dosed, since it was not possible to add Al as an Al hydroxide

olution due to its low solubility.

.5. Two-phase soil leaching using EDTA and electrocoagulation

A two-phase soil remediation method using EDTA for soil leach-
ng and electrocoagulation with a sacrificial Al anode was simulated
n a laboratory-scale experiment. Air-dried soil (4.5 kg) was sieved
5 mm mesh) and placed in a 15 cm diameter column 28 cm high.
lastic mesh (0.2 mm) at the bottom of the column retained the soil.
he soil was leached with a washing solution containing 40 mmol
DTA per kg of soil in 3 L unbuffered tap water. The washing solu-
ion was circulated in the first (leaching) phase (peristaltic pump,
ow rate 15 mL min−1) solely through the soil (pathway A, Fig. 3)

or 64 h. In the second (rinsing) phase, the washing solution circu-
ated through the soil after treatment of the solution in an electrode
ell (current density, 32 mA cm−2) and removal of metals and EDTA
y centrifugation (electrocoagulated material) and by periodically
tching the cathode with 65% HNO3 (electrodeposited metals),
hown in Fig. 3 as pathway B. 20 mL samples of washing solution
ere collected from the column outlet after each 4 h of operation

ime and pH, EC and Pb, Zn, Cd, Al, Fe, Ca and EDTA concentra-
ions were determined. Approximately 40% of the total initial water
as added to the system during remediation, to compensate for
ater loss during the process (sampling, evaporation, electrolysis).
t the end of remediation (when removal of Pb, Zn and Cd from

he washing solution had become inefficient), the soil column was
ismantled. Samples were taken from different soil layers (profile)
or further determination of Pb, Zn, Cd, Al, Fe and Ca residual in soil
fter remediation.

.6. EDTA determination

Samples of washing and soil rinsing solution were centrifuged at
880 × g for 30 min and EDTA determined spectrophotometrically
ccording to the procedure of Hamano et al. [25].

.7. Metal determination

Air-dried samples of non-leached and leached soil (1 g) were
round in an agate mill, sieved through a 160 �m mesh and
igested in a glass beaker on a hotplate with 28 mL of aqua regia
olution (HCl and HNO3 in a 3:1 ratio (v/v)) for 2 h at 110 ◦C. Con-
ensation of the evaporating fumes was achieved via circulation

f cool tap water through glass tubes placed on top of the glass
eakers. After cooling, the digested samples were filtered through
hatman no. 4 filter paper and diluted with deionised water up to

00 mL. Concentrations of Pb, Zn, Cd Al, Fe and Ca were analyzed
y flame (acetylene/air) AAS with a deuterium background correc-
a2.51 ± 0.78 a47.1 ± 6.9 ab14.3 ± 1.5
a2.49 ± 0.85 a50.1 ± 16.6 b16.3 ± 2.6

uncan test (P < 0.05).

tion (Varian, AA240FS). Metals in the washing solution and in HNO3
solutions (dissolved electrocoagulated and otherwise precipitated
or electrodeposited metals) were determined by AAS directly. A
standard reference material used in inter-laboratory comparisons
(Wepal 2004.3/4, Wageningen University, Wageningen, Nether-
lands) was used in the digestion and analysis as part of the QA/QC
protocol. The recovery percentages were 126 ± 2, 114 ± 20, 113 ± 0,
98 ± 2, 90 ± 4 and 70 ± 4%, and the limits of quantification (LQ) were
0.1, 0.01, 0.02, 0.06, 0.01 and 0.3 mg L−1 for Pb, Zn, Cd, Fe, Ca and
Al, respectively. Reagent blank and analytical duplicates were also
used where appropriate to ensure accuracy and precision in the
analysis.

2.8. Statistics

The Duncan multiple range test was used to determine the sta-
tistical significance (P < 0.05) between different treatments, using
the computer program Statgraphics 4.0 for Windows.

3. Results and discussion

3.1. Treatment of EDTA soil washing solution with
electrocoagulation

The concentrations of major metals present in the soil
washing solution before treatment in the electrolytic cell
were 1420 ± 200 mg L−1 Pb, 260 ± 30 mg L−1 Zn, 9 ± 1 mg L−1 Cd,
1120 ± 40 mg L−1 Ca and 220 ± 50 mg L−1 Fe. The initial EDTA con-
centration was 18,100 ± 1600 mg L−1 (48.5 ± 4.0 mM) and the pH
of the washing solution was 7.1. The molar ratio between major
cations in the soil washing solution and EDTA was 1:1.13.

The EDTA mass balance (Table 1) revealed that approximately
one-half of initial EDTA remained in the washing solution after elec-
trochemical treatment, irrespective of the current density applied.
Less than 20% of EDTA was removed from the washing solu-
tion by electrocoagulation adsorbed on Al hydroxide flocks. The
33.6–38.6% of EDTA that is missing from the balance (Table 1)
was presumably degraded by anode oxidation. Johnson et al. [26]
reported that EDTA was anodically oxidized into many compounds,
including CO2, formaldehyde and ethylenediamine. Fig. 1 shows
that, during electrochemical treatment, the EDTA concentration
decreased in the soil washing solution coincidently with increasing
concentrations of electrocoagulated chelant.

Metals were removed from the washing solution either in
complexes with EDTA after electrocoagulation or by electrode-
position, precipitation as insoluble hydroxides, or absorption and
co-precipitation on Al hydroxide flocks after being released from
anodically oxidized EDTA.
As shown in Fig. 2A, electrochemical processes efficiently
removed Pb from the washing solution (up to 95% of the initial
concentration). The mass balance (Table 2) indicates that the major-
ity of Pb was removed by electrodeposition on the cathode, as
reported earlier by Meunier et al. [21] for Pb removal from acidic
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Table 2
Balance of Pb, Zn and Cd after treatment of the soil washing solution using electrocoagulation with an Al sacrifice anode.

Current density (mA cm−2) Solution (%) Electrodeposited (%) Electrocoagulated + precipitated (%) Recovery (%)

Pb
16 a4.26 ± 0.02 a78.6 ± 3.9 a2.17 ± 0.56 85.0 ± 4.5
32 a3.80 ± 2.40 a73.6 ± 5.9 a3.38 ± 0.54 80.8 ± 8.8
64 a5.46 ± 2.39 a68.9 ± 6.9 a4.33 ± 1.40 78.7 ± 10.7

128 a5.75 ± 0.75 a69.8 ± 8.5 a11.51 ± 0.72 87.1 ± 10.0

Zn
16 a29.4 ± 1.5 a26.4 ± 4.3 a41.6 ± 8.4 97.4 ± 14.2
32 ab30.3 ± 4.4 a20.6 ± 6.1 ab43.6 ± 6.2 94.5 ± 16.7
64 b35.8 ± 6.6 a12.1 ± 6.0 b53.4 ± 3.7 101 ± 16

128 c39.9 ± 1.6 a14.4 ± 8.8 c55.9 ± 1.4 110 ± 12

Cd
16 a33.5 ± 3.3 a18.8 ± 5.9 a30.9 ± 5.5 83.2 ± 14.7
32 a30.6 ± 2.9 a18.2 ± 8.2 ab31.2 ± 2.1 80.0 ± 13.2
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64 b36.4 ± 1.5 a11.8 ± 5.6
128 c40.2 ± 0.3 a23.1 ± 13.6

eans (n = 3) followed by the same letter are not significantly different according t

oil solutions. Electrodeposition of Pb was possible only after Pb2+

as released from the EDTA complex. At the given conditions, all
b in the washing solution was complexed to EDTA and initially
ccupied more than 15% of the available EDTA. In the solution after
lectrochemical treatment, the share of EDTA complexed to Pb was
educed to only approximately 1.5% (calculated from the data in
ables 1 and 2). This indicates that if Pb2+ was released from the

DTA after anodic oxidation of the EDTA, then anodic oxidation
f EDTA–Pb complexes must have been preferential to oxidative
egradation of other EDTA complexes (or acidic, more or less proto-
ated EDTA species). Another possible mechanism for Pb2+ release

s trans-complexation; the substitution of Pb in the EDTA complex

ig. 1. Removal of Al and EDTA from the soil washing solution using electrocoagulation
he washing solution treated with different current densities (16–128 mA cm−2) are sho
recipitated from the washing solution are shown in the lower two graphs. Error bars rep
ab34.2 ± 5.6 82.4 ± 12.7
b35.9 ± 3.8 99.2 ± 17.7

uncan test (P < 0.05).

with other metals. A probable candidate is Al3+, which indeed has a
lower complex formation stability constant (Ks) than Pb (log Ks 16.3
and 18.0 at 20 ◦C and ionic strength � = 0.1 for Pb and Al, respec-
tively [27]) but was formed in abundant concentrations during
corrosion of the Al anode.

The rate of heavy metals removal and the share of electroco-
agulated heavy metals increased with the current density applied

(Fig. 2 and Table 2). After electrochemical treatment, up to 40%
of the other two polluting metals, Zn and Cd, remained in the
washing solution. The rest was removed, primarily by electrocoag-
ulation (Fig. 2 and Table 2). Several competitive reactions occurred
simultaneously in the soil washing solution during electrochemical

with an Al sacrificial anode as a treatment method. EDTA and Al concentrations in
wn in the upper two graphs. EDTA and Al concentrations in the electrocoagulate
resent standard deviation from mean value (n = 3).
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ig. 2. Pb, Zn, Cd, Fe and Ca concentrations and pH of the soil washing solutions tr
acrificial anode was used to remove heavy metals from the soil washing solution.

reatment, which could resulted in insufficient removal of Zn and
d. Metal cations were removed by electrodeposition by cathodic
eduction according to Eq. (4).

ez+ + ze− ↔ Me(s) (4)

here Me is the metal and z the valence of the metal. Metal
ations can be simultaneously or successively reduced and elec-
rodeposited on the cathode, depending on their electronegativity
tendency to accept electrons). Since Cd and Zn are less electroneg-
tive than Pb, the observed preferential electrodeposition of Pb
as expected. Insufficient removal of Zn and Cd from the wash-
ng solution could also be linked to the pH of the soil washing
olution. The theoretical pH for metal precipitation as insoluble
ydroxides [28] is significantly higher for Zn and Cd than for Pb
pH 8.5, 9.4, 6.5, respectively) and also higher than the pH of the
ashing solution (Fig. 2F) during the contact period of intensive Zn
with different current densities (16–128 mA cm−2). Electrocoagulation with an Al
ars represent standard deviation from mean value (n = 3).

and Cd removal from the washing solution (Fig. 2B and C). Zn and
Cd could therefore be removed from the washing solution either by
electrocoagulation as EDTA complexes or by absorption of released
cations (after anodic EDTA oxidation or trans-complexation) on Al
hydroxide flocks, according to the reaction in Eq. (5):

Al(OH)3 + Me2+ ↔ Al(OH)O2Me + 2H+ (5)

Eq. (5) is analogous to that proposed by Meunier et al. [21] for the
removal of metals by absorption on Fe hydroxides. However, the pH
of the treated washing solution increased over time (Fig. 2F) since
the electrochemical system generated enough OH− at the electrode

to counteract the H+ released by the formation of Al hydroxides
as a net final product [29]. Cinazares et al. [30] reported that Al
hydroxide precipitate forms and influences coagulation between
pHs 5 and 9. Outside this range at pH > 9 only ionic Al species have
to be considered to explain the electrocoagulation results. Ionic
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Fig. 3. Flow sheet of the two-phase soil remediation method using EDTA for heavy
metal leaching and an Al sacrificial anode for electrochemical treatment and reuse
of washing solution in a closed loop. (A) Leaching phase: washing solution first
M. Pociecha, D. Lestan / Journal of H

l species might be less efficient absorbents than Al hydroxide
recipitate—another possible reason for insufficient removal of Zn
nd Cd. Whether Zn and Cd removal could be improved by con-
rolling the pH of the soil washing solution during electrochemical
reatment remains to be investigated further.

Of other major metals, the concentration of Fe in the washing
olution decreased in a fashion similar to Pb (Fig. 2D), the concen-
ration of Ca remained fairly stable during the treatment (Fig. 2E),
hile the concentration of Al increased at first as expected but then
uctuated with fairly large deviations (Fig. 1). These fluctuations
re perhaps explained by the complex precipitation kinetics, during
hich the Al3+ and OH− generated at the anode and cathode react

o form various monomeric and polymeric species, as described in
ection 1. The concentration and rate of electrocoagulated and pre-
ipitated Al increased almost linearly through the electrochemical
reatment (Fig. 1).

The voltage between the electrodes increased significantly dur-
ng the treatment (Table 1). This was partly due to a decrease
n the electro-conductivity of the washing solution from an ini-
ial 5.8 mS cm−1 to approximately 4 mS cm−1. Some electrolytes
ere apparently removed from the washing solution by electro-

oagulation or other electrochemical processes. Passivisation of
he electrode surfaces could also be responsible for the voltage
ncrease. The anode was passivisated by the formation of Al oxides
nd the cathode by electrodeposited matter. The amount of Al
onsumed from the Al sacrificial anode during electrocoagulation
Table 1) directly depends on the treatment time and slightly
ncreased with applied current density. Likewise, the operating
ost of the electrochemical treatment of the soil washing solution
s directly related to the specific energy consumption (SEC). SEC
s defined as the amount of electrical energy consumed per unit

ass of pollutants (Pb, Zn and Cd in the present case) removed. As
xpected and shown in Table 1, the SEC increased with the cur-
ent densities applied. Some of the energy loss at higher current
ensities was due to heating of the treated solution. In subsequent
xperiments and for laboratory-scale simulation of soil remedi-
tion, we used a current density of 32 mA cm−2, based on the
avorable SEC and due to significantly slower kinetics of heavy

etal removal in treatment with 16 mA cm−2 (Fig. 2).
Electrocoagulation is an alternative to more commonly used

osing of Al (or Fe) salts to remove pollutants, and particulate
mpurities, from wastewaters. To compare the efficiency of the
wo methods, the same amount of Al was dosed in the washing
olution (as AlCl3) as dissolved from the Al anode in the electro-
hemical treatment (current density 32 mA cm−2). Only 4.8% of Pb,
.3% of Zn, and 0.7% of Cd were removed with AlCl3. Electrocoag-
lation was therefore far more effective (Fig. 2 and Table 2). The
esults of the two methods could partly be explained by differ-
nces that exist between various hydrolyzing Al species formed
n an aqueous solution at different pH, which can have a strong
nfluence on the coagulation efficiency [29,30]. Namely, the pH
ncreased during electrocoagulation (Fig. 2F), whereas it decreased
uring AlCl3 dosing by 4 units, to 3.13, as a consequence of the
cidic proteolytic reactions of Al salt. The metal removal efficiency
ith direct AlCl3 dosage was also probably lower because metals
ere complexed with the EDTA. During electrocoagulation, how-

ver, part of the Pb, Zn and Cd were released from the EDTA; either
fter anodic oxidation of the EDTA or after trans-complexation of
he metals.

.2. Two-phase soil remediation using EDTA leaching and

lectrocoagulation

In addition to difficulties with treatment of wastewaters
ontaining complexed EDTA, the retention of toxic EDTA and
DTA–heavy metal complexes through absorption by soil mineral
circulates solely through soil and (B) rinsing phase: washing solution treatment,
soil rinsing phase in which the washing solution circulates through the soil and
electrochemical cell.

surfaces and organic matter [31] is another important problem
of soil washing remediation technologies. A vast consumption of
clean water would be required for their removal from the soil. To
overcome these problems, we recently proposed a two-phase soil
remediation method [8]. In the first (leaching) phase, the soil is
leached with EDTA solution (washing solution) to mobilize con-
taminating metals. In the second phase, the washing solution is
treated to remove the heavy metals and EDTA. The clean solu-
tion is then used to rinse the soil in a closed loop and remove
the remaining EDTA and its complexes retained (adsorbed) in the
soil after the first (leaching) phase (Fig. 3). Since the washing solu-
tion is recycled, the method requires very little additional process
water. Within this remediation method we evaluated the feasi-
bility of using electrocoagulation with a sacrificial Al anode for
treating the washing solution in the second (rinsing) phase (path-
way B, Fig. 3). In a laboratory-scale simulation, 40 mmol EDTA per
kg of soil was used for metal extraction and a constant current
density of 32 mA cm−2 was applied in the electrolytic cell. The
electro-conductivity of the washing solution decreased from 5.6
to 2.4 mS cm−1 during the remediation, due to electrocoagulation
of the electrolytes. Some may also be adsorbed in the soil. The ini-
tial voltage was 5.3 V and increased up to 20 V several times during
the process, mostly due to passivization of the electrodes. At these
points, the electrodes were removed from the electrolytic cell. The
cathode was etched with nitric acid to remove electrodeposits and
the anode scrubbed with polishing paper to remove Al oxides. The
voltage at the end of the remediation was 10.6 V. The pH increased
from an initial 7.08 to a final 7.52 (Fig. 4G). This pH increase was
smaller than observed previously in the electrochemical treatment
of soil washing solution (Fig. 2F). Soils have a considerable pH
buffer capacity and percolation of the washing solution through
the soil (Fig. 3) prevented a further pH increase. The concentra-
tions of Pb, Zn, Cd, EDTA and also Fe and Ca in the washing solution
decreased with operation time (Fig. 4). The concentration of Al fluc-
tuated (Fig. 4F), as observed previously in the treatment of washing
solution. The final, discharge solution was clear, colourless, con-
taining 170 mg L−1 Pb, 50 mg L−1 Zn, 1.5 mg L−1 Cd and 4150 mg L−1

(11 mM) EDTA. At the end of the remediation experiment, 110 g of
hydroxide sludge was generated from the washing solution treat-
ment.

Leaching on average removed 53% Pb, 26% Zn and 52% Cd from

the soil, while concentrations of other major metals (Fe, Ca, Al)
remained almost unchanged (Fig. 5). Interestingly, significantly
more Pb was removed from the top soil layers. This again could
point towards trans-complexation of Pb in the EDTA complex with
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wo-phase soil remediation method. Electrocoagulation with an Al sacrificial anode

l, as discussed earlier (Section 3.1). EDTA–Al could then extract
ome additional Pb from the soil, due to the higher Ks of the
DTA–Pb formation, while the affinity of the EDTA for Al, Zn and
d is quite similar (log Ks 16.3, 16.5, 16.4 at 20 ◦C and � = 0.1 for
DTA–Al, –Zn and –Cd, respectively [27].

The removal efficiency of heavy metals from soil was as
xpected, since metals in soil are generally not entirely accessible
o chelants, even at a high chelant-to-metal ratio [32]. Zn was the

east extractable. This was also observed in our previous studies, for
oils from the same contaminated site. The low extractability was
xplained by the specific Zn fractionation in the soil. A high per-
entage of total Zn content was bound to the residual soil fraction
f sequential extractions [9].
olution during the second, washing solution treatment/soil rinsing phases of the
sed for the soil washing solution treatment.

In the remediation experiment, Zn and Cd were removed from
the washing solution much more efficiently (Fig. 4B and C) than
after electrochemical treatment of the soil washing solution (Fig. 2B
and C). This could be a consequence of the significantly lower
pH of the washing solution during the remediation experiment
(Figs. 2F and 4G) and, consequently, more efficient electrocoagu-
lation processes (discussed in Section 3.1).

Approximately 31% of the initial EDTA concentration remained

in the washing solution after remediation (Fig. 4H) and 20% of the
EDTA was removed by electrocoagulation (precipitated with the
Al hydroxide sludge). More EDTA was electrocoagulated than in
experiments with washing solution (Table 1). Whether the EDTA
in the washing solution and the EDTA adsorbed in the Al hydrox-
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de sludge could be recycled in an active form and reused for soil
emediation remains to be studied.

An accurate evaluation of the costs associated with soil remedi-
tion would require a pilot-scale experiment (after further process
ptimization). However, EDTA and electricity consumption (which
epresent the major part of the total costs) can be extrapolated
rom our laboratory-scale remediation experiment. Leaching 1 ton
f soil would thus require 15 kg of EDTA. At a price of 1.3D per kg
DTA this translates into 19.6D . Treatment of the washing solution
without appropriate scale-up of the equipment) would require
5110 h at a constant current of 1 A and an average voltage of 8 V.
his is 121 kWh and at an approximate cost of 0.1D per kWh trans-
ates into 12.1D . The approximate EDTA and electricity cost would
herefore be 31.7D ton−1 of dry soil. The cost of electricity alone is
pproximately 2.5-times lower than the 31D ton−1 estimated for
he electricity consumption of two-phase soil leaching using EAOP
nd a boron-doped anode for washing solution treatment [9]. The
oil was almost identical in the two studies (from the same con-
amination site). Furthermore, more Pb, Zn and Cd were removed
rom the soil in our current study, because of the higher EDTA
oncentration applied.

. Conclusions

The results of our initial study indicate that electrocoagulation
ith a sacrificial Al anode could become a feasible option for the
reatment of soil washing solutions containing EDTA complexes
ith Pb, Zn, Cd, and also as part of a two-phase (soil leaching,

oil rinsing) soil remediation method. After leaching with 40 mmol
DTA per kg of soil, Pb, Zn and Cd were partly removed from the
oil, indicating that the heavy metals were not entirely accessible
(dotted line) and after (solid line) remediation with the two-phase soil remediation

to the chelant. After electrochemical treatment, heavy metals were
easily removed from the washing solution as insoluble precipitates
and as electrodeposits on a cathode.

Electrocoagulation with an Al sacrificial anode is characterized
by simple equipment, brief retention time and easy operation,
which would contribute to reducing the operating cost in a large
scale application. The method is energy efficient and the cost of the
chelant, rather than the cost of electricity, might become a limit-
ing factor for its use. In this respect, the possibility of recycling and
reusing part of the EDTA from the washing solution and perhaps
also from the hydroxide sludge seems very important and mer-
its further investigation. In the end, however, the method failed
to remove the EDTA entirely from the washing solution, and an
additional cleansing strategy seems essential.

In addition to EDTA recycling, in further studies, process param-
eters such as the use of Al and Fe sacrificial anodes, pH control in
the electrolytic cell, inter-electrode distance and geometry of the
electrolytic cell will be optimized for washing solutions from soil
leaching and soil extraction remediation options.
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