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a  b  s  t  r  a  c  t

Recycling  of  chelant  decreases  the  cost  of  EDTA-based  soil  washing.  Current  methods,  however,  are  not
effective  when  the spent  soil  washing  solution  contains  more  than  one  contaminating  metal.  In this  study,
we applied  electrochemical  treatment  of  the  washing  solution  obtained  after  EDTA  extraction  of  Pb, Zn
and Cd  contaminated  soil.  A  sacrificial  Al anode  and  stainless  steel  cathode  in  a  conventional  electrolytic
cell  at  pH  10  efficiently  removed  Pb  from  the  solution.  The  method  efficiency,  specific  electricity  and
Al  consumption  were  significantly  higher  for  solutions  with  a  higher  initial  metal  concentration.  Partial

−

ontaminated soil
oxic metals
emediation
DTA recycling

replacement  of  NaCl  with  KNO3 as  an electrolyte  (aggressive  Cl are  required  to  prevent  passivisation  of
the Al  anode)  prevented  EDTA  degradation  during  the  electrolysis.  The  addition  of  FeCl3 to the  acidified
washing  solution  prior  to electrolysis  improved  Zn  removal.  Using  the  novel  method  98,  73  and  66%  of  Pb,
Zn and  Cd,  respectively,  were  removed,  while  88%  of  EDTA  was  preserved  in  the  treated  washing  solution.
The  recycled  EDTA  retained  86, 84  and  85%  of  Pb, Zn  and  Cd  extraction  potential  from  contaminated  soil,
respectively.
. Introduction

Metal pollution of soil is widespread across the globe. Acute poi-
oning may  occur in humans due to a high intake of toxic metals,
hile their presence in the ecological cycles may  cause chronic ill-
ess due to metal bio-accumulation. In South Eastern Europe, for
xample, there are more than 1.8 million contaminated sites, of
hich 240,000 are in need of remedial treatment [1].  However, soil

emediation technologies have not been adequately developed. In
oil-washing technologies, the solubility and removal of metals can
e enhanced by lowering the pH with acids or by adding chelants,
hich form soluble metal complexes. Acid enhancement changes

he soil properties, and is not effective in highly buffered, carbonate
oils [2].  On the other hand, chelants do not interact with the soil.
xtensive evaluations of numerous chelating agents have shown
hat ethylenediamine tetraacetate (EDTA) is the most effective for

any metals [3].  It is of interest that EDTA has also been used
edically to promote removal of especially Pb from the human
ody.
The development of EDTA-based soil washing technology is cur-

ently hampered by the lack of the cost-effective treatments of the
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spent soil washing solution, preferably including chelant recycling.
Although, several approaches have been proposed, none have been
commercialised. Ager and Marshall [4] used zero-valent bimetallic
mixtures (Mg0–Pd0, Mg0–Ag0) to precipitate Pb from the solution
while liberating EDTA in alkaline pH. Metals liberated from the
EDTA complex were cemented to the surfaces of the excess mag-
nesium or removed from the solution as insoluble hydroxides. The
method is efficient but could be economically prohibitive. Hong
et al. [5] separated Pb from EDTA with Na2S and Ca(OH)2 under
alkaline (pH 10) conditions, resulting in almost complete recovery
of metals through precipitation in the form of insoluble metal sul-
phides. While Ca(OH)2 provided Ca2+ ions to compete for the EDTA
ligand (by replacing the chelated contaminant metal), Na2S was
used as an anionic precipitant to provide HS− and S2− to compete
with EDTA for the contaminating metals. This method has been
found to have limited application due to the hazardous nature of
the produced reagents and the sludge, the cost and operational dif-
ficulties. Kim and Ong [6] recycled chelant from Pb–EDTA solution
by substituting Pb with Fe3+ under acidic conditions, followed by
precipitation of the released Pb with phosphate (Na2HPO4) at near
neutral pH. Fe3+ ions were then precipitated as hydroxides at high
pH using NaOH, thus liberating EDTA. The process, alkaline pre-
cipitation, is the simplest way  to separate metals from chelant and

does not use expensive or hazardous reagents. However, the cost of
the process is affected by high reagent consumption: for Pb precip-
itation a phosphate/Pb molar ratio of about 30 was necessary [6].
Di Palma et al. [7] reduced reagent consumption by evaporating

dx.doi.org/10.1016/j.jhazmat.2011.05.077
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.2011.05.077
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Table 1
Selected properties of two contaminated soils (A and B) used for extractions.

Soil properties Soil A Soil B

pH (CaCl2) 6.57 7.0
Organic matter (%) 14.2 7.2
CEC (mmol C+ 100 g−1) 20.7 20.3
Sand (%) 51.0 38.5
M.  Pociecha et al. / Journal of Haz

he washing solution volume by 75%, precipitation of EDTA under
cidic conditions and recycling the residual EDTA using alkaline
recipitation, as described above. Juang and Lin [8] tempted elec-
rolytic recovery of Cu and chelant from equimolar EDTA solution
n a two-chamber cell separated with a cation exchange mem-
rane Neosepta CM-1 to prevent EDTA anodic oxidation. Iridium
xide coated on titanium (Ti/IrO2) and stainless steel electrodes
ere used as the anode and cathode, respectively. Under the opti-
al  current density (139 A m2) and initial catholyte pH of 2.2, the

ecovery rate of Cu was >95% at sufficiently high Cu–EDTA concen-
rations. Recovery of other divalent metals, including Pb, from their
DTA solution was possible but less efficient. The method is further-
ore prone to operational problems, such as membrane fouling

nd degradation, and a high feed of the spent washing solution
s required to prevent EDTA precipitation in acidic media (pro-
ons are generated in the cathode chamber) and deposition on the

embrane surface [9].
The EDTA recycling procedures described above have been

emonstrated on a laboratory scale. In addition to their specific
isadvantages, single metal–EDTA solutions were handled in all
he mentioned studies. However, most contaminated sites contain

ulti-contaminated soils. Juang and Wang [9] tested a membrane
eparated, two-chamber electrochemical treatment for a binary, Pb
nd Cu, complexed solution and found lower metal recovery and
urrent efficiency than for single metal contamination, regardless
f the metal concentration ratios.

In order to overcome problems with the use of a cation
xchange membrane and EDTA precipitation, we  proposed a novel
lectrochemical treatment of spent washing solution in a con-
entional single chamber electrolytic cell (without membrane)
nder alkaline conditions (pH 10) using a sacrificial Al anode. We
emonstrated the method feasibility for treatment of spent wash-

ng solution with a single toxic metal, Pb [10] and Cu [11] and
heir EDTA complexes. The theoretical explanation of the proposed

ethod is given in the section below.
In this study, the feasibility of the proposed electrochemical

ethod for simultaneous removal of Pb, Zn and Cd, and EDTA
ecovery from a washing solution obtained after EDTA extrac-
ion of multi-metal contaminated soil was evaluated. This is an
nnovation, since simultaneous treatment of EDTA complexes with
everal metals is ineffective with currently proposed methods [9]
nd the recent electrochemical method using a sacrificial Al anode
as not yet been tested [10,11]. The factors governing the specific
lectricity consumption and specific Al consumption after electro-
orrosion of the anode were examined. Strategies to improve the
fficiency of the EDTA recycling were investigated.

. Theoretical background

The experimental set-up for electrochemical EDTA recovery
rom a spent soil washing solution is explained in Section 3.3. When

 potential difference is applied between the Al anode and a cath-
de, Al ions are generated from the anode and hydroxyl ions from
he cathode:

ttheanode : Al → Al3+ + 3e− (1)

tthecathode : 2H2O + 2e− → H2 + 2OH− (2)

l3+ and OH− ions react further to form various monomeric Al
ydroxides, 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]. Finally, they all transform into

morphous Al(OH)3 and combine to form flocks with a large surface
rea and considerable absorption capacity. Due to the high Al reac-
ivity (electro-positivity), Al is oxidized at the anode preferentially
o EDTA oxidation.
Silt  (%) 42.5 55.4
Clay (%) 6.5 6.1
Texture Sandy loam Silty loam

To allow electrochemical EDTA recycling from the spent wash-
ing solutions, metals (M)  are liberated from the complex with EDTA,
possibly on the outside of the electric double layer of the cathode:

M-EDTA2− → M2+ + EDTA4− (3)

Metals are reduced and deposited onto the cathode,

M2+ + 2e− → M(s) (4)

precipitated as insoluble hydroxides or absorbed and co-
precipitated on Al hydroxide flocks:

Al(OH)3 + M2+ → Al(OH)O2M + 2H+ (5)

While M are removed from the spent washing solution (mostly
by electro-deposition), the EDTA remained preserved in the solu-
tion. Al(OH)3 is typically amphoteric and, under the alkaline
conditions (pH 10) maintained during electrolysis, forms negatively
charged Al hydroxide:

Al(OH)3 + OH− → Al(OH)4
− (6)

This negative charge of Al hydroxide flocks explains why negatively
charged EDTA is not removed and remains recycled in the washing
solution. EDTA is presumably recycled as Al–EDTA complex, since
Al ions form in abundant concentrations during electro-corrosion
of the Al anode and since they are not electrodeposited (the reduc-
tion potential Al3+/Al is very low, −1.66 V, [13]). Furthermore, the
stability of Al–EDTA complex formation has been reported to be
higher in a solution with pH 9 than in solutions with pH 7 and 4 [14]
while the stability of, for example, the Pb– and Cu–EDTA complex
slightly decreases in solutions with pH > 9 [15].

3. Materials and methods

3.1. Soil properties

Soils were used from two  locations in the Mežica Valley, Slove-
nia, which has been exposed to more than three hundred years of
active lead mining and smelting. The first soil (soil A) was collected
from the top 30 cm layer of a vegetable garden and it contained
3980 ± 60 mg  kg−1 Pb, 1170 ± 60 mg  kg−1 Zn and 26 ± 1 mg kg−1 Cd.
The second soil (B) was  collected from abandoned arable land, now
used as pasture, and was contaminated with 1431 ± 39 mg  kg−1 Pb,
587 ± 14 mg  kg−1 Zn and 12 ± 0 mg  kg−1 Cd. Standard pedological
analysis was  made on homogenized soil samples (Table 1). The pH
in the soils was  measured in a 1/2.5 (w/v) ratio of soil and 0.01 M
CaCl2 water solution suspension. Soil samples were analyzed for
organic matter by Walkley–Black titrations [16], cation exchange
capacity (CEC) by the ammonium acetate method [17] and soil
texture by the pipette method [18].

3.2. Soil extraction
To obtain soil washing solutions of various Pb, Zn and Cd con-
centrations, we placed 0.5 kg of air-dried soil (A and B) and 1000 mL
of aqueous solution with different EDTA (disodium salt) concentra-
tions (from 7.5 to 50 mM EDTA) in 1.5 L flasks. Soil was  extracted on
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 rotating shaker (3040 GFL, Germany) for 24 h at 16 rpm. Approx-
mately 850 mL  of the washing solution was obtained from each
ask after separation of the washing solution from the solid soil
hase by centrifugation at 2880 × g for 10 min. Fine particles were
emoved from the washing solutions by filtration (filter paper
0 g m−2).

To concentrate metals in the washing solutions (used to assess
actors important for specific electricity and Al consumption), we
sed the same washing solution for two or three extractions of the
resh soil.

.3. Treatment of the washing solutions in the electrolytic cell

The electrolytic cell was composed of electrodes placed in a
 L glass flask in which 500 mL  of washing solution was  magnet-

cally stirred. The Al anode was placed between two stainless steel
athodes (distance = 10 mm).  The overall anode surface was  63 cm2

nd the surface area ratio between the cathodes and anodes was
:1. The electrode cell was  cooled using a cooling mantle and tap
ater to keep the temperature of the treated washing solution

elow 35 ◦C. Electrical current densities were adjusted to one of four
etermined values: 64, 96, 192 and 288 mA  cm−2. The cell voltage
as measured with a DC power supply (Elektronik Invent, Ljubl-

ana, Slovenia). The contact time of electrochemical treatment was
alculated by Eq. (7):

con = top · Vcon

Vop
(7)

here tcon is the contact time of the washing solution in the elec-
rolytic cell, top is the operation time of the experiment, Vcon is the
olume of the electrolytic cell and Vop is the volume of the wash-
ng solution in the experiment. Initially, 30 min  of operation time
qualled 3.78 min  of contact time.

During the process, the pH of the washing solution was regu-
ated to pH 10 by drop-wise addition of 5 M NaOH and 96% H2SO4.
he voltage during electrolysis was regulated below 8 V by the
ddition of 5 M NaCl and 1 M KNO3 as electrolytes. Twenty mL  sam-
les of treated washing solution were collected periodically and
entrifuged at 2880 × g for 10 min. The concentration of Pb in the
upernatant was measured after each sample was taken and elec-
rolysis was stopped when the concentration and removal rate of
b from the treated washing solution were no longer significant. To
tudy the possible effect of FeCl3 addition to the washing solution
n EDTA recycling and metal removal efficiency, the molar concen-
rations of Pb, Zn and Cd in the used washing solution were first
etermined. The same molar concentration of FeCl3 was added to
he washing solution and magnetically stirred for 2 h before elec-
rochemical treatment.

.4. Use of recycled EDTA solution

The recycled EDTA solution for further soil extractions was
btained after electrochemical treatment (contact time 26.5 min)
f the washing solution obtained after extraction of soil B
ith 30 mM kg−1 EDTA. The concentration of recycled EDTA was
easured and a fresh washing solution with the same EDTA con-

entration was prepared. To compare the efficiency of recycled and
resh EDTA solutions, 50 g of soil B was extracted with 100 mL  of
ach, in five replicates, using a rotating shaker (24 h, 16 rpm).

.5. EDTA determination
The concentration of EDTA in the samples was determined
pectrophotometrically according to the procedure described by
amano et al. [19]. The method involves the reaction of EDTA in
ashing solution with Fe3+ under acidic conditions to produce
Fig. 1. An example of determination of the “breaking point”.

Fe–EDTA chelate (trans-complexation), followed by the removal
of excess of Fe3+ by chelate extraction in the aqueous phase using
chloroform and N-benzoyl-N-phenylhydroxylamine and the for-
mation of a chromophore with 4,7-diphenyl-1,10-phenanthroline-
disulfonic acid. Using a spectrophotometer, absorbance was
measured at 535 nm against a blank solution with the 4,7-
diphenyl-1,10-phenanthroline-disulfonic acid replaced with an
equal volume of distilled water. The limit of EDTA quantification
was  20 mg  L−1.

3.6. Metal determination

Air-dried soil samples (1 g) were ground in an agate mill, sieved
through a 160 �m mesh and digested in a microwave oven (CEM,
MDS-2000) in 12 mL  of aqua regia (20 min  at 175 ◦C). The diges-
tions were conducted in triplicate. After cooling, digested samples
were filtered through Whatman no. 4 filter paper and diluted
with deionized water up to 100 mL. The pseudo-total concentra-
tion of Pb, Zn, Cd and Fe were determined by flame (acetylene/air)
AAS with a deuterium background correction (Varian, AA240FS).
The metal concentration in the solutions was determined by AAS
directly. A standard reference material used in inter-laboratory
comparisons (Wepal 2004.3/4, Wageningen University, Wagenin-
gen, Netherlands) was used in the digestion and analysis as part
of the QA/QC protocol. The limit of quantification for Pb, Zn, Cd
and Fe were 0.1, 0.01, 0.02 and 0.06 mg  L−1, respectively. Reagent
blank and analytical duplicates were also used where appropriate,
in order to ensure accuracy and precision in the analysis.

3.7. Calculation of the specific electricity consumption

Specific electricity consumption (q) for treatment of the washing
solution was calculated using the following equation (Eq. (8)):

q = U · I · t

m
(8)

where U is the voltage measured during the experiment (in V), I the
applied electrical current (in A), t the operation time at “breaking
point” (in h) and m the amount of metals (Pb, Zn, Cd and Fe) (in g)
removed from the washing solution in operation time t. The “break-

ing point” was determined by segmented regression using package
“segmented” in program R [20] using data on the metal (Pb, Zn,
Cd and Fe) concentrations change vs. time. Regression indicated
two  segments of linear relation, as shown in Fig. 1. The “breaking
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Table 2
Removal of Pb, Zn and Cd from soils (A and B) and metal concentrations in used washing solutions before electrochemical treatment. Solutions (�, #) were obtained after
dilution of the original ones with deionized water, and solutions (2, 3, 4) after repeated extraction of the fresh soil.

Solution, EDTA (mmol  kg−1) Soil (% of removed metal) Soil solution (metal concentrations mg L−1)

Pb Zn Cd Pb Zn Cd Fe �Pb,Zn,Cd,Fe

Soil A
60, � 65 37 52 1298 216 6.8 238 1759
75,  �, # 81 44 61 1615 260 8.0 520 2403
1002 62 36 55 2484 423 14 624 3545

Soil  B
15 41 21 35 369 81 2.4 32 484
152 38 20 34 690 151 4.8 10 856
254 29 14 23 1036 216 6.4 33 1291
502 45 25 38 802 188 5.3 268 1263
503 38 20 35 1020 231 7.4 195 1453
1002 53 26 39 956 198 5.4 375 1534

2 Used twice for soil extraction.
3 Used three times for soil extraction.
4
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Used four times for soil extraction.
 2-times diluted solution.

 3-times diluted solution.

oint” represents the threshold contact time at which the rate of
lectrochemical metal removal from the washing solution falls sig-
ificantly. To calculate specific electricity consumption, the contact
ime at “breaking point” was recalculated to operation time by Eq.
7) and q expressed in W h g−1.

The Al anode was weighed before and after treatment of the
ashing solution to determine the amount of electro-corroded Al.

he specific consumption of Al during the treatment was calculated
y dividing the amount of consumed Al (in g) by the amount of
etals (Pb, Zn, Cd and Fe) (in g), removed from the washing solution

n the “breaking point” time.

.8. Statistics

A linear mixed model for longitudinal data [21,22] was used in
tatistical analysis of the data from the electrochemical treatment
f different washing solutions. The specific electricity consump-
ion was modelled as a function of electrical current density, initial

etal (Pb, Zn, Cd and Fe) concentration and initial EDTA concentra-
ion. The data was taken as longitudinal, because there were several
onsecutive measurements in time on each washing solution sam-
le.

Analysis of variance with Duncan’s test was used for compari-
on of the average EDTA consumption due to different kinds of pH
djustment. In the last two experiments, the t-test was  used for
omparison of the average metals (Pb, Zn and Cd) reduction in the
wo different treatments (with or without FeCl3; fresh or recycled
DTA).

All statistical analyses were done in R programme [20].

. Results and discussion

.1. Soil metal removal

As shown in Table 2, soil extractions (soil A and B) with EDTA
emoved between 29 and 81% of Pb, 14 and 44% of Zn and 23 and
1% of Cd from the solid soil phases into the liquid phase. Metals in
oil are not entirely accessible to chelants, especially in soils rich in
rganic matter, such as ours (Table 1). Zn was the least extractable.
his could be partly explained by the stability constants (log Ks) of
DTA complex formation. For example, log Ks of EDTA–Pb is 18.0 (at

5 ◦C and ionic strength � = 0.1), while log Ks for EDTA–Zn is lower:
6.5 [23]. Another possible reason for the low Zn removal is the high
ercentage of non-extractable Zn bound to the residual soil fraction
65%), as found in Mezica soil [24]. Most of the Pb was found in the
more labile organic matter and carbonate fraction (55% and 25%,
respectively). A modified Tessier’s sequential extraction procedure
was  used in the cited study [24], in order to investigate the distri-
bution of toxic metals among different soil fractions (from more
to less labile): soluble in soil solution, exchangeable from soil col-
loids, bound to soil carbonates, bound to Fe and Mn  oxides, bound to
organic matter, and present in the residual fraction obtained after
the digestion of the residual soil sample with aqua regia.

4.2. Specific electricity and Al consumption

Initial metal and EDTA concentration and current density were
studied as primary factors governing the specific electricity con-
sumption, q (Wh  per g of Pb, Zn, Cd and Fe removed) and specific Al
consumption during electrochemical treatment. We  prepared 12
soil washing solutions with different initial total concentrations of
metals (Pb, Zn, Cd and Fe), ranging from 485 to 3545 mg L−1, and
EDTA concentrations ranging from 2140 to 20,642 mg  L−1 (Table 2).
Each of these washing solutions was  exposed to electrical cur-
rent densities of 64, 96, 192 mA  cm−2, and three of them also to
288 mA  cm−2.

q and specific Al consumption (mAl) were strongly linearly cor-
related variables, linear regression model for q is (Fig. 2):

q = −2.40 + 14.08 mAl (9)

r2 = 0.98, the confidence interval for the model parameters are:
[−5.35, 0.56] for the intercept and [13,15] for the slope. Specific
Al consumption is influenced by the initial metal concentration in
the same way as q. The difference between specific Al consump-
tion obtained during the experiment (broken line) and theoretical
specific Al consumption calculated using Faraday’s law (continuous
line) is shown in Fig. 2. According to Treacy et al. [14], the presence
of EDTA in an alkaline solution results in an increase of anodic dis-
solution of Al, which is consistent with our results. Another possible
reason for the observed discrepancy between the theoretically pre-
dicted and observed specific Al consumption is that the geometry
of the electrolytic cell assembly and conditions of operation were
probably not optimal [25].

The q of the electrochemical process exponentially decreased
with increasing initial total metal concentration in the washing
solutions and also with EDTA concentration (Fig. 3A and B). The

log transformation of the q data was  therefore considered to be a
dependent variable in the linear mixed effects model (Eq. (10)). The
electrical current density, the initial metal concentration and ini-
tial EDTA concentration were included in the linear mixed model
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Fig. 3. Specific electricity consumption (q) after treatment of soil washing solutions
with different initial metal (Pb + Zn + Cd + Fe) concentrations, different initial EDTA
concentrations and at different electrical current densities. Discriminate relations
of  q with initial metal concentrations (A), EDTA concentrations (B) and electrical
current densities (C) are presented.
heoretical amount of specific Al consumption (according to Faraday’s law). The
roken line represents the linear model (as explained in the text) of experimentally
btained specific Al consumption.

s independent variables (X). The analysis of variance shows that
nly the initial metal concentration of the washing solution has a
ignificant influence on q (P = 0.0009), there is no statistical signifi-
ance influence of the initial EDTA (P = 0.1512) nor of the electrical
urrent density (P = 0.4172).

The final linear mixed effects model is:

n(q) = ˇ0 + ˇ1X + T + ε (10)

here ˇ0 and ˇ1 are parameters of the model, T represents the
andom influence of each sample and ε represents the random
esiduals of the model. The estimates for the two  model param-
ters presenting the intercept and fixed effect of the initial metal
oncentration of the washing solution are:

n(q) = 4.69 − 0.0008X (11)

The restricted maximum likelihood estimation method (REML)
as used for calculations [26]. A higher initial concentration of Pb,

n, Cd and Fe by 100 mg  L−1 decreased q by 8.0% (with a 95% con-
dence interval between 4.2% and 11.8%). The influence of EDTA

n the linear mixed effects model is not significant, because of the
trong correlation between EDTA and the initial concentration of
etals.
Higher initial metal (mostly Pb, Table 2) and EDTA concen-

rations in the washing solutions presumably decrease the q by
ncreasing the driving force for mass transfer during electrolysis,
nd thus facilitating the current efficiency of electrodeposition of
etals on the cathode. Similar to our results, higher economic cur-

ent efficiency at higher metal concentrations were observed by
uang and Lin [8] for the treatment of metal–EDTA solutions in

 two-chamber electrolytic cell separated with a cation exchange
embrane.

.3. EDTA oxidation control

At the beginning of the electrochemical treatment of the used
ashing solutions (listed in Table 2), the initial potential between

he electrodes was high, up to 30 V, due to the lack of electrolytes.
ater during the process, the potential started to increase again due
o Al anode surface passivisation by an oxide/hydroxide layer. This

ayer forms during electrolysis in neutral as well as in acidic and
lkaline media, although the oxide composition and structure are
ifferent [27]. In order to increase the process current efficiency
nd to break down the passive layer, we applied a single dose of
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l− (10 mL  of 5 M NaCl per L of soil washing solution (soil B)) at the
eginning of the process. This decreased and kept the voltage below

 V. However, the addition of NaCl to the electrolytic chamber is fol-
owed by anodic formation of hypochlorite radicals (ClOH

•
), which

re strong oxidants [28] and degrade organic compounds (R) such
s EDTA:

ttheanode : H2O + Cl− → ClOH
• + H+ + 2e− (12)

 + ClOH
• → RO + H+ + Cl− (13)

Consequently, up to 67% of initial EDTA was lost from the treated
ashing solutions (Fig. 4).

To preserve the EDTA during the electrochemical process and,
t the same time, to control the electric potential, we compared
hree different regimes of electrolyte addition. Washing solution
ith 3743 mg  L−1 EDTA, and 867, 154 and 4.7 mg  L−1 of Pb, Zn and
d, respectively, was used in these and further experiments. We
rst applied the same regime as used initially: we adjusted the
H of the washing solution (500 mL)  to 10 (1 M NaOH) before we
tarted the electrolysis and then immediately lowered the voltage
o 8 V with a single-dose application of NaCl (10 mL,  5 M).  The sec-
nd regime involved the addition of 4 mL  of 5 M NaOH after we
tarted electrolysis. This not only increased and set the pH value
o 10 but also decreased the initial voltage to about 25 V. We  then
dded KNO3 (8 mL,  1 M)  as electrolyte, which lowered the voltage
o 15 V. Further use of KNO3 was not efficient in voltage reduction,
robably because this electrolyte could not prevent the formation
f the insulative oxide/hydroxide layer on the anode. An additional

 mL  of 5 M NaCl was necessary to break the oxide/hydroxide layer
nd decrease the voltage to 8 V. Later during the process, only small
mounts of NaCl were applied to control the voltage at 8 V. The third
reatment regime involved the addition of FeCl3 (1.27 g L−1) 2 h
efore electrolysis. The starting potential between the electrodes
as 17 V, the addition of NaOH (7 mL)  adjusted the pH to 10 and

owered the voltage to 12 V; KNO3 (2 mL)  lowered it further to 11 V.
uring the process, small amounts of NaCl again kept the voltage at

 V. As explained below, FeCl3 was included in the third regime to
elp improve the efficiency of Zn and Cd removal from the treated
ashing solution.
The results of analysis of variance and Duncan’s test showed
ignificant differences (P < 0.0000) between all three-treatment
egimes. As shown in Fig. 4, the first regime, when the pH was
djusted prior to electrolysis and the voltage lowered with a single-
s Materials 192 (2011) 714– 721 719

dose application of NaCl, it resulted in the destruction of 68% (95%
confidence interval is between 63 and 73%) of the initial EDTA.
Adjusting the pH after the start of electrolysis and partial replace-
ment of NaCl with KNO3, which is not chemically aggressive toward
EDTA, showed less destruction of the chelant. During the second
regime, 25% of the EDTA (95% confidence interval is between 20
and 30%) was destroyed and the third treatment regime resulted in
a decrease in EDTA concentration of 15% (95% confidence interval
is between 9 and 20%).

Although, small additions of Cl− seem necessary to maintain the
reactive surface of the Al anode and thus the loss of EDTA due to Cl
oxidation could not be prevented entirely, our results indicate that
optimization of electrolyte additions and perhaps the design of a
more effective electrolytic cell (to reduce the double electric layer
and enhance the diffusion of electrolytes towards the electrodes)
could further improve not only EDTA recovery but also the process
economics.

4.4. Zn and Cd removal

Fig. 5 shows that during electrolysis (treatment with NaCl and
KNO3), Pb was  recovered from the treated soil washing solution
(soil B) in preference to Zn and Cd. At the end of the treatment,
98, 49 and 56% of Pb, Cd and Zn were removed, respectively. In
our previous study [10], 80% of Pb was  electro-deposited on the
cathode (Eq. (4))  (80%) and the rest was removed from the solu-
tion by precipitation, in alkaline conditions mostly absorbed on
Al-hydroxide flocks (Eq. (5)). The electrodeposition and removal
of metals from the washing solution are governed by Eqs. (3) and
(4). The EDTA reduction rate at the cathode (Eq. (3)) should be lower
for metal–EDTA complexes with higher log Ks. However, the forma-
tion constant of Cd–EDTA (18.2 at 25 ◦C and ionic strength � = 0.1,
[23]) is only slightly higher than the log Ks of Pb–EDTA (18.0), while
log Ks for Zn–EDTA (16.5) is lower. Nevertheless, Zn removal from
the treated washing solution was  significantly less efficient than
that of Pb (Fig. 5). It appears that the reduction tendency of metals
(Eq. (4)) and not their log Ks of EDTA complex formation is pivotal
for metal recovery. Furthermore, central metal ions in the EDTA
complex, which are easily reducible in the electric field near the
cathode, should leave the chelant more easily. Indeed, the reduc-
tion potentials of free metal ions: −0.13 V for Pb2+/Pb > −0.40 V for
Cd2+/Cd > −0.76 for Zn2+/Zn [13], explain the preferential removal
of Pb.

To enhance Zn and Cd removal, we applied FeCl3 to the used
washing solution (in a concentration equimolar to the total initial
concentration of Pb, Zn and Cd) before electrochemical treatment.
The use of FeCl3 did not improve the removal of Pb (Fig. 5) but the
reduction of the Zn and Cd concentrations was significantly differ-
ent between the two treatments (P = 0.0118 for Zn and P = 0.0007
for Cd). The lower impact on Cd was probably due to the already
low initial Cd concentration in the washing solution.

The addition of FeCl3 acidified the media to pH 3. Under acidic
conditions, Fe3+ is known to replace other metals (Pb, Zn and Cd) in
a complex with EDTA [7],  due to the high log Ks of Fe–EDTA forma-
tion (25.1, [23]). Under alkaline conditions during the electrolysis,
the released Pb, Zn and Cd either precipitated onto the cathode or
as insoluble hydroxides (Eqs. (4) and (5)). During the electrolyis,
Fe3+, which is easily reducible (with a reduction potential of free
Fe3+/Fe2+ ions 0.77 V) leaves the complex with EDTA (Eqs. (3) and
(4))  and EDTA formed complexes with Al, which electro-corroded

from the sacrificial anode. Al is electropositive, with a reduction
potential of Al3+/Al ions −1.66 V and therefore with a very low ten-
dency to leave the chelant in the electric field near the cathode. The
above mechanism explains the results shown in Fig. 5.
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Fig. 5. Pb, Zn and Cd removal from the soil washing solution (soil B) during elec-
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.5. Efficiency of recycled EDTA solution for removal of soil metals

To test the efficiency of the recycled EDTA (we applied the third
lectrochemical treatment regime, Section 4.3) for extraction of Pb,
n and Cd from the soil (soil B), we compared the recycled and
reshly prepared EDTA solutions. Both solutions had the same EDTA
oncentration of 3377 mg  L−1 (9.1 mM)  and pH adjusted to 4.6 (the

H of the fresh EDTA solution). As shown in Fig. 6, the recycled
DTA removed 9, 5 and 7 percentage points less Pb, Zn and Cd,
espectively, compared to the freshly prepared solution. Although
he differences were slight, they were nonetheless statistically sig-
recycled EDTA solutions. Error bars represent standard deviation from the mean
value (n = 5).

nificant, mainly due to the low variability of replicates (P = 0.0003
for Pb, P = 0.0000 for Zn and Cd, coefficient of variation = 3.7%). The
small decrease in soil metal extraction efficiency can be explained
by complexation of EDTA to Al in the recycled washing solution. The
stability constant of Al–EDTA (log Ks = 16.3) is significantly higher
than the stability constants of (differently protonated) Na–EDTA
complexes in the fresh washing solution, with log Ks values less
than 2 [23]. The replacement of the central metal ion in the com-
plex depends on the stability of the complex, so washing solutions
with EDTA complexes with higher log Ks have lower potential to
extract metals from the soil [6].

Based on our experimental results, Pb–, Zn– and Cd–EDTA spent
washing solution can be recycled without losing much of the EDTA
extraction capabilities. Recycling would reduce the amount of EDTA
required and the volume of wastewater generated during the reme-
diation process. However, at the end of the process, both toxic
EDTA and metals need to be removed completely for safe wastew-
ater discharge. One way  this could be achieved by electrochemical
advanced oxidation processes using, for example, a boron-doped
diamond anode for complete EDTA degradation and removal of
metals from the waste solution by (electro) precipitation [24].

5. Conclusions

The following conclusions can be drawn from our work:

• The efficiency of toxic metal extraction from contaminated soils
with EDTA follows the order: Pb = Cd > Zn.

• Electrochemical treatment of the spent soil washing solutions
using a sacrificial Al anode at pH 10 is suitable for solutions with
an initial metal concentration >1500 mg  L−1, due to the lower
specific electricity and Al consumption.

• Using KNO3 as electrolyte instead of chemically aggressive Cl ions
prevents EDTA destruction during the electrochemical treatment
of the soil washing solution.

• Lead is efficiently removed during electrolysis, due to the high
reduction potential of Pb2+/Pb. Acidification of the spent soil
washing solution and the addition of FeCl3 before electrochem-
ical treatment at pH 10 significantly enhance removal of also Zn
and Cd from the treated solution.
• Electrochemical treatment separated the EDTA in an active
form—the EDTA solution retains most of its Pb, Zn and Cd extrac-
tion potential.
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Applying the measures evaluated in our study significantly
ncreases the feasibility of electrochemical recycling and reuse of
DTA from spent soil washing solutions containing several contam-
nating metals, as a part of soil washing technologies.
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