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The feasibility of a two-phase method for remediation of Cu (364 + 2 mgkg~!) contaminated vineyard soil
was evaluated. In the first phase we used ethylenediamine tetraacetae (EDTA) for Cu leaching, while in the
second phase we used an electrochemical advanced oxidation process (EAOP) for the treatment and reuse
of the washing solution for soil rinsing (removal of soil-retained, chelant-mobilized Cu complexes) in a
closed loop. In the EAOP, a boron-doped diamond anode was used for the generation of hydroxyl radicals
and oxidative decomposition of EDTA-metal complexes at a constant current density (40 mA cm~2). The
cu released Cu was removed from the solution mostly as an electro-deposit on the cathode. Two consecutive
Soil remediation additions of 10 mmol kg~! EDTA removed 26% of Cu from the soil, mostly from carbonate and oxide soil
EDTA fractions (58% and 40% Cu reduction). The soil Cu oral availability (in vitro Physiologically Based Extraction
Test) was reduced after remediation by 42% and 51% in the simulated stomach and intestinal phases. The
discharge solution was clear, almost colorless, with pH 8.4 and 0.5 mgL-! Cu and 0.07 mM EDTA. The novel
method enables soil Cu availability stripping using small volumes of process waters, and no wastewater
generation or other emissions into the environment.
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1. Introduction

Contamination with Cu is a major problem of viticulture soils
and coffee plantations in which Bordeaux broth (CuSO,4 and lime
solution) or other Cu based fungicides (e.g., Cu oxychloride) have
been applied for decades and are still in use. A high Cu concen-
tration in soils causes low plant biomass, delay in flowering and
fruiting, and low seed set [1].

Soil washing or leaching with chelants could be a viable reme-
diation option, although it has been studied predominantly for Pb
and much less for Cu contaminated soils [2]. Chelants form coor-
dinate chemical bonds with metals (complexes) and facilitate their
solubilization from the soil into the washing solution. Ethylenedi-
amine tetraacetae (EDTA) has been the chelant most often used
for soil washing/leaching, since it forms strong complexes with
most polluting heavy metals [3] and is relatively inexpensive com-
pared to other chelants (in Europe, it costs about 1.3€ kg~! for
the technical-grade chemical from a major European manufac-
turer). For remediation of Cu contaminated soil, the [S,S] isomer of
ethylenediamine disuccinate ([S,S]-EDDS) has been reported to be
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superior to EDTA [4], although the current high price of [S,S] EDDS
(approximately 4€ kg~ according to a European manufacturer)
limits its use in soil remediation.

The toxic wastewaters laden with EDTA and heavy metals that
are generated during soil washing/leaching cannot be treated using
conventional methods such as filtration, flocculation and partic-
ipation [5]. We recently proposed a combination of ozone and
UV [6], an advanced oxidation process (AOP), for cleaning these
wastewaters. AOP generated hydroxyl radicals (*OH) for the oxida-
tive decomposition of EDTA-metal complexes (*OH radicals are the
most powerful oxidant in aqueous solutions). The released metals
were then removed from the washing solution by absorption on
zeolite material. However, EDTA leaching of Cu contaminated soil
produced a washing solution with an intensive green color [7]. The
coloration probably blocked UV light and made ozone-UV based
AOP efficient only when we treated the soil with low (2.5 mMkg~1)
EDTA concentrations [7]. Another practical problem was removal of
the released Cu, which consumed a significant quantity of expen-
sive absorbent [7,8] and which later needs to be deposited.

A boron-doped diamond anode (BDDA) [9] has recently been
developed, enabling effective *OH production using an electro-
chemical advanced oxidation process (EAOP). In EAOP, the anode
material is the most important parameter, since molecular oxygen
is mainly produced during water electrolysis if the oxygen overvolt-
age is not sufficiently high. BDDA, however, has an extreme oxygen
overvoltage (>3 V) before O, forms [10,11]. This electrochemical
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Fig. 1. Conceptual presentation of the two-phase method for remediation of heavy
metal contaminated soils: (I) leaching of heavy metals from soil with chelants and
(I1) treatment and removal of heavy metals/chelants from the washing solution and
soil rinsing.

window allows the production of *OH directly from the electrolysed
water, according to Eq. (1).

H,0 — °*OH + e~ +H* (1)

EAOP is more robust, technically simpler and cheaper than most
AOP [10]. In the current study, we tested BDDA EAOP for treating
the washing solution as part of a two-phase soil leaching method,
recently proposed by Finzgar and Lestan [12]. In the first (leaching)
phase, the soil is leached with EDTA washing solution to mobilize
contaminating metals. In the second phase, the washing solution
is treated and metals and EDTA are removed. The clean solution is
then used to rinse the soil in a closed loop to remove EDTA and
metallic complexes which are retained in the soil after the leaching
phase (Fig. 1).

This is the first study of the use of BDDA EAOP in remedia-
tion of Cu contaminated soils. Before the bench-scale remediation
experiments, we optimized the leaching parameters and the wash-
ing solution BDDA EAOP treatment conditions. In order to evaluate
remediation efficiency, the percentage of Cu removed from the soil
as well as chemical (sequential extractions) and oral availability
[13] of residual Cu in the soil after remediation were determined.

2. Materials and methods
2.1. Soil samples and analysis

The sub-Mediterranean region in Slovenia has a long tradition
of intensive grapevine growing, with frequent use of copper-based
fungicides. The reason for their frequent use lies in the high air
humidity and temperature typical of the period of vine growth
[14]. Cu contaminated soil (eutric cambisol) was collected from the
0-45 cm surface layer of a vineyard (x=040370 m and y =400570 m,
Gauss-Kruger coordinate system).

For pedological analysis the soil pH was measured ina 1/2 (w/v)
ratio of soil and 0.01 CaCl, water solution suspension. Soil sam-
ples were analyzed for organic matter by Walkley-Black titrations,
cation exchange capacity (CEC) by the ammonium acetate method
and soil texture by the pipette method [15] (Table 1).

2.2. Small scale leaching experiments
Soil (150g) was placed in perforated 250 mL polypropylene

flasks with a 0.5 mm plastic mesh at the bottom to retain the soil.
Soil was leached in triplicate with a 100 mL washing solution con-

Table 1

Selected properties of contaminated soil, Cu, Ca and Fe concentrations, and Cu frac-
tionation before and after remediation. Where indicated standard deviation from
mean value (n=3) was calculated. Means followed by the same letters are not sig-
nificantly different, according to the Duncan test (P<0.05).

Soil properties Before remediation After remediation

pH (CaCl,) 73 7.4

Organic matter (%) 6.7 =

CEC (mmol C* 100g~1) 293 26.6

Sand (%) 1222 15.1

silt (%) 50.2 50.2

Clay (%) 376 34,7

Texture Silty clay loam

Total Cu (mgkg") 336442 b270+ 16
Total Ca (mgkg~") 231919 + 2206 433844 + 5116
Total Fe (mgkg1) 1321652 + 608 30251 + 1038
Cu fractionation (mgkg ')

In soil solution a1.7+0.2 b33+0.1
Exchangeable 22.8+0.1 b2.0+0.1
Bound to carbonate 238+1 b16+0
Bound to Fe and Mn oxides 299+4 b59+0

Bound to organic matter 3109+ 6 b78+1
Residual fractionation a114+3 b99+4
Recovery (%) 100+1 b95+2

taining EDTA (disodium salt). The washing solution leached from
the soil was collected and re-applied on top of the soil with a peri-
staltic pump (flow rate 2 mLmin~1).

In experiments in which the effect of EDTA-soil contact (reac-
tion) time on Cu removal was studied, the washing solution
(10mmolkg~! EDTA) circulated through the soil for 240h, and
concentrations of Cu in the washing solution were periodically
measured.

In multi-dose leaching experiments, the EDTA washing solution
(5-15 mmol kg~—1) was circulated through the soil for 24 h (leaching
phase). After the leaching phase, the soil was rinsed with 2 L of tap
water (rinsing phase) to remove all measurable mobile Cu species.
We checked this by measuring the Cu concentrations in the rinsing
solutions (data not shown). We then added a new dose of EDTA.
At the end, the washing and rinsing solutions were combined. The
volume and Cu concentration in the combined solution was mea-
sured and used to calculate the percentage of Cu removed from the
soil.

2.3. Electrolytic cell

The electrolytic cell consisted of a BDD anode (Diachem, Condias
GmbH, Itzehoe, Germany) and two stainless steel cathodes with
an electrode distance of 4.5 mm. The BDDA had a Ti base coated
with a conductive polycrystalline diamond layer (the conductivity
of the electrode was regulated by the addition of boron). The overall
BBD anode surface was 100 cm?. The surface area ratio between the
cathodes and anode was 1:2. Current densities were adjusted (from
15 to 40 mA cm~2) and cell voltage measured with a DC power sup-
ply (Elektronik Invent, Ljubljana, Slovenia). It was ensured that the
flow of soil washing solution was only through the space between
the anode and cathodes. 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.

2.4. BDDA EAOP treatment of the EDTA soil washing solution

To obtain the washing solution, we placed 4.5 kg of air-dried
soil in 15 cm diameter soil columns (three replicates) and leached
the soil with a 4800 mL aqueous solution of 10 mmolkg~! EDTA
(disodium salt) for 48 h. Approximately 2500 mL of the washing
solution per column was collected.
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To test the feasibility of using BDDA EAOP for treatment of the
soil washing solution, we circulated 500 mL of soil washing solution
from a 1-L Erlenmeyer flask through the electrode cell (peristaltic
pump, flow rate 90 mLmin~1). Current densities used were 15, 25
and 40 mA cm~2. Samples (30 mL) of washing solution were col-
lected at intervals from 10 to 60 min of contact time in the electrode
cell. Contact time was calculated as the ratio of the electrode cell
volume to the volume of washing solution and multiplied by the
operation time (initially 44 min of operation time equaled 10 min
of contact time). Samples were filtrated (filter paper grade 391,
84gm~2), the pH and EC measured, and stored in the cold for
further analysis of Cu and EDTA concentrations.

The cathodes were rinsed with 10 mL 37% HNOs3 to dissolve
deposited Cu and the concentration of Cu was analyzed (AAS)
to determine the percentage of Cu that had been removed from
the washing solution by electrodeposition. The percentage of Cu
removed from the washing solution by filtration was then calcu-
lated.

2.5. Two-phase remediation of Cu contaminated soil

A two-phase soil remediation method (Fig. 1) with two EDTA
additions was simulated in a bench (laboratory) scale experiment.
Air-dried soil (4.5 kg) was sieved (5 mm mesh) and placedina 15 cm
diameter column 26 cm high. Plastic mesh (0.2 mm) at the bottom
of the column retained the soil. The soil was leached with a wash-
ing solution containing 10.0 mmol kg~! EDTA in 3 L unbuffered tap
water (this volume was 145% of the soil water holding capacity).
The washing solution was circulated in the first (leaching) phase
(peristaltic pump, flow rate 15mLmin~1) solely through the soil
(pathway I, Fig. 1) for 48 h. In the second (rinsing) phase, the wash-
ing solution circulated through the soil, electrode cell (current
density 40 mA cm~2) and three filters (pathway II, Fig. 1). High effi-
ciency particulate air (HEPA) filter for cooker-hoods available from
a local home appliances store was used as filtering material. Thirty
millilitres samples of washing solution were collected from the col-
umn outlet after each 10 min of contact time in the electrode cell
(10 min of contact time equaled 4 h and 42 min of operation time)
and pH, EC and Cu and EDTA concentrations were determined.
When the concentration of Cu in the treated washing fell below
5mgL-1, a fresh 10 mmolkg~! EDTA was added to the washing
solution. Approximately 25% of the total initial water was added to
the system after each EDTA addition, to compensate for water lost
during the process (sampling, evaporation, electrolysis). After the
second EDTA addition, the rinsing phase was prolonged to obtain
a discharge solution with sufficiently low heavy metal and EDTA
concentrations. The soil column was dismantled and samples were
taken from different soil layers (profile) for further determination
of residual Cu.

2.6. Cu oral bioavailability

Cu oral bioavailability before and after soil remediation was
determined using a Physiologically Based Extraction Test (PBET),
designed around pediatric gastrointestinal tract parameters for a
child 2-3 years old [13]. The PBET included two phases. Firstly,
0.5¢g of sieved soil sample (250 wm) was digested in a reaction
flask for 2 h at a constant temperature (37 °C) in simulated gastric
fluid (50 mL) prepared by adjusting 1L of deionized water to pH
2.50 £ 0.05 with diluted HCI and adding 1.25 g of pepsin (porcine,
Sigma), 0.50 g of citrate, 0.50 g of malate, 420 L of lactic acid and
500 L of acetic acid. The pH of the reaction mixture was mea-
sured every 10 min and adjusted with HCl as necessary to keep
it at a value of 2.504+0.05. Samples (5mL each) were collected
after 2 h, centrifuged at 2500 x gmin~! for 25 min. The liquid frac-

tion was decanted for further analysis. The 5mL sample volume
was replaced with gastric solution to maintain a constant vol-
ume in the reaction flask. After 2 h, the reaction was titrated to
pH 7 with saturated NaHCOj3 solution. When the reaction vessel
reached equilibrium at pH 7, 175 mg of bile salts (porcine, Sigma)
and 50 mg of pancreatin (porcine, Sigma) were added, thus simu-
lating small intestine conditions. After 2 h, the reaction solutions
were centrifuged at 2500 x gmin~! for 25 min. The liquid fraction
was decanted and analyzed as the small intestine fraction. Dur-
ing both phases, a constant moistened argon flow (1Lmin~1) at
37°C was conducted through the reaction mixture in order to sim-
ulate peristalsis. Three PBET extractions were performed for each
sample.

2.7. Six-step sequential extraction

A sequential extraction procedure [16] was used to determine
the fractionation of Cu in non-remediated and remediated soil into
six fractions: soluble in soil solution, exchangeable from soil col-
loids, bound to carbonates, bound to Fe and Mn oxides, bound to
organic matter and the residual fraction soluble in aqua regia. Three
determinations of Cu concentration were made for each fraction-
ation sequence. The final fractional recovery of Cu was calculated
after summing the recoveries of all six steps of sequential extrac-
tions.

2.8. EDTA determination

Samples of washing and soil rinsing solution were filtrated (filter
paper grade 391, 84gm~2) and EDTA determined spectrophoto-
metrically according to the procedure of Hamano et al. [17].

2.9. Heavy metal determination

Air-dried samples of non-leached and leached soil (1g) were
ground in an agate mill, digested in aqua regia (28 mL), diluted
with deionized water up to 100mL, and Cu, Fe and Ca analyzed
by flame (acetylene/air) AAS with a deuterium background correc-
tion (Varian, AA240FS). Cu in washing, rinsing and PBET solutions
was determined by AAS directly. A standard reference material used
in inter-laboratory comparisons (Wepal 2004.2.2) was used in the
digestion and analysis as part of the QA/QC protocol. The recovery
percentage for Cu was 100 + 3. Reagent blank and analytical dupli-
cates were also used where appropriate to ensure accuracy and
precision in the analysis.

2.10. 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. Optimization of soil leaching conditions

We used small scale experiments (150 g of soil) to optimize the
EDTA contact time, concentration and dosage (single dose vs. multi-
dosage). As shown in Fig. 2, the efficiency of EDTA removal of Cu
increased with the contact time up to 48 h and thereafter remained
almost constant. For practical reasons, we allowed a 24 h reaction
time in other small-scale experiments and a 48 h reaction time in
further experiments. The efficiency of Cu extraction increased with
EDTA concentration (Fig. 3). In accordance with previous observa-
tions [17] the percentage of Cu removal did not follow the increase
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Fig. 2. The concentration of Cu in the washing solution after soil leaching (small-
scale experiment) with 10 mmol kg~! EDTA using different contact times. Error bars
represent standard deviation from the mean value (n=3).

in EDTA concentration. Cu and other heavy metals are present in
soil in various chemical forms and bound to different soil fractions.
They are usually not entirely accessible to chelants. Consequently,
only part of the total soil heavy metals content is typically removed
by soil washing, especially from soils rich in organic matter or clay.
Nowack et al. [18] compiled data from 28 publications to evaluate
the efficiency of chelants to remove Pb, Zn, Cd and Cu from con-
taminated soil. They reported that, except in some isolated cases
for Pb, complete heavy metal solubilization and removal did not
occur, even at high chelant-to-metal ratios. Finzgar and Lestan [19]
reported that multiple-dosages of EDTA were substantially more
effective for leaching Pb from contaminated soils than using one
large single dose. Similarly, two dosages of 5 mmolkg~! removed
more Cu than a single dose of 10 mmol kg—! EDTA and three dosages
of 5mmol kg~! more Cu than a single 15 mmol kg~! EDTA addition
(Fig. 3). However, although differences were statistically signif-
icant (P<0.05) they were practically quite small. We arbitrarily
chose to use 10 mmolkg~! EDTA in further experiments. In the
soil remediation study, this amount was added in two consecutive
dosages.

When EDTA was added in several consecutive (multiple)
dosages the labile, more easily extractable Cu species were probably
removed from the soil first. This explains why later EDTA dosages
were less effective (Fig. 3).
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Fig. 3. The amount of Cu removed from the initial total Cu content after multi-dose
soil leaching using different EDTA concentrations (small-scale experiment). Error
bars represent standard deviation from the mean value (n=3).
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Fig. 4. Effect of current density on Cu and EDTA removal from the washing solution
using BDDA EAOP. Error bars represent standard deviation from the mean value
(n=3).

3.2. Feasibility of BDDA EAOP for treatment of EDTA-Cu soil
washing solution

The concentration of Cuin the soil washing solution before treat-
ment in the electrolytic cell was 145 +4mgL-!. The initial EDTA
concentration was 3851+67mgL-! (10.4+0.2mM) and the pH
of the washing solution was 8.0 +0.1. Fig. 4 shows that the BDDA
EAOP treatment efficiently removed Cu and EDTA from the wash-
ing solution. After 60 min contact time, 98%, 93% and 81% of Cu was
removed using 40, 25 and 15 mA cm~2, respectively, and EDTA was
completely removed at all current densities. The voltage slightly
decreased during the treatment (from 2.9 +£0.1 to 2.0 £ 0.3V, from
2.8+0.1 to 21+0.1V, and from 2.8+0.1 to 2.2+0.2V for cur-
rent densities 15, 25 and 40 mA cm~2, respectively). The pH of
the washing solution slightly increased during the treatment from
8.0+0.1 up to 8.7+0.0 in the treatment with 40 mAcm~2. The
initial electrolyte concentration and thus electric conductivity in
the soil washing solution was high, 2810+ 90 .S cm~!, but slightly
decreased during the treatment regardless of the current density
applied (down to 2020 + 240 pScm™!).

As shown in Fig. 4, the dynamics of EDTA degradation was simi-
lar for all treatments, while Cu removal was faster at higher current
densities. A possible reason is the degradation pathway of EDTA
electrolytic oxidation. Yamaguchi et al. [20] reported that EDTA
was oxidized through sequential removal of the acetate groups. The
products of partial degradation could therefore still exhibit chelat-
ing activity and prevent Cu precipitation from the solution. These
products would be more abundant and long-lived in treatments
with lower current densities.

Literature on using BDDA EAOP to treat process or wastewa-
ters containing EDTA is scarce. Kraft et al. [10] successfully treated
industrial wastewater with an approximately four times higher
EDTA concentration than in our washing solution, using a current
density as low as 7.5 mA cm~2. Their results, however, are difficult
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to compare to ours since the efficiency of EDTA degradation by
EAOP probably depends on many parameters: the geometry of the
electrolytic cell and electrode materials, the nature of EDTA (non-
complexed or complexed with different metals), concentration of
reactants, presence of electrolytes, pH and T.

After EDTA electrolysis, Cu was removed from the washing
solution as an electrodeposit on the cathode or by filtration.
Approximately 70% of Cu was removed by electrodeposition,
regardless of the current density applied. The remaining Cu was
precipitated from the treated washing solution and was eas-
ily removed by filtration. The Cu probably precipitated as metal
hydroxide, formed close to cathode where a higher pH is expected
due to the formation of OH~ during water electrolysis [21]. Another
possible mechanism is the anodic oxidation of metals by hydroxyl
radicals [22].

3.3. Remediation of Cu contaminated soil

In a laboratory scale simulation of a two-phase leaching method
(Fig. 1), the concentrations of Cu in the washing solution (measured
immediately after the first, leaching phase) was lower after the sec-
ond dose of 10 mmol kg~ EDTA, as expected (Fig. 5). During the
second (rinsing) phase, the washing solution was treated by BDDA
EAOP to remove EDTA and Cu and was then re-used for soil rinsing
in a closed process loop, as shown in Fig. 1.

A constant current density of 40 mAcm~2 was applied in the
electrolytic cell. The voltage increased from an initial 11-15V
towards the end of remediation, as electric conductivity in the soil
washing solution decreased from an initial 2790-1990 wScm~1.
Removal of Cu and EDTA from the soil washing solution with
BDDA EAOP was faster (and the treatment more efficient) at
higher Cu/EDTA concentrations (Fig. 5), as also observed in small-
scale experiments (Fig. 4). This could be partly attributed to the
observed decrease of electric conductivity and could presumably
be amended by the addition of electrolyte, since higher electrolytic
efficiency can be expected in solutions with a higher conductivity
[23].

The electrodeposited Cu was removed from the cathode by
etching with nitric acid. The suspended Cu and other metallic pre-
cipitates were removed from the washing solution by filtration
during the second phases of the remediation process. The dis-
charge solution lost its initial intensive green color and was clear,
almost colorless and slightly basic (pH 8.4). The concentrations of
Cu(0.47 mgL-1)and EDTA (0.07 mM) could presumably be reduced
even further by prolonging the last second phase of the remediation
process.

After leaching with 2 x 10mmolkg~! EDTA, 26% Cu was
removed from the soil. Remediation did not considerably effects
other measured soil properties (Table 1). Soil Cu was removed
quite uniformly through the lower soil profile, but the concentra-
tion of Cu in the upper layer was significantly higher (Fig. 6). Heap
leaching in soil columns was less effective (P<0.05) than small-
scale heap leaching simulation, in which 35% Cu was removed.
A possible explanation for this discrepancy is less efficient filtra-
tion of Cu in a bench-scale compared to a small-scale experiment.
It is likely that the part of the Cu precipitates in the washing
solution that were small enough passed through the filtering
system and re-contaminated the upper soil layer, as indicted in
Fig. 6.

Another and the main reasons for relatively poor Cu removal was
the specific Cu fractionation profile (Table 1), in which most of the
Cu was bound to the residual fraction (31%) and soil organic matter
(30%). Metals from these (last) fractions of sequential extractions
are the least extractable and therefore also the least bio-available
and toxic.
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Fig. 5. Concentrations of Cu, Fe, Ca and EDTA in the washing solution during two-
phase soil remediation using BDDA EAOP. Soil was remediated with two consecutive
doses of 10mmol kg~! EDTA.

Common soil cations, particularly the most abundant Fe and Ca,
may compete with heavy metals to form complexes with EDTA and
thus reduce the Cu removal efficiency [3]. Competition in a metal-
chelant system is controlled by dissolved metal concentrations,
reaction kinetics and many soil parameters, particularly the pH of
the soil solution [24]. Nevertheless, interference by Fe in Cu com-
plexation with EDTA could be expected due to their high stability
constant (log Ks ) for EDTA complexes formation. The log K; for Fe3*-
EDTA is 25.1 (at 25°C and n =0.1) and is considerably higher than
the log Ks of Cu-EDTA formation (18.8 at 25°C and ©=0.1; [25]).
The logKs for Fe2*-EDTA (14.3 at 25°C and p=0.1) is somewhat
lower. The total soil concentration of Fe and Ca in soil was much
higher than that of Cu (Table 1). However, the competitiveness of
Fe species for complexation with EDTA could be hindered by the
low aqueous solubility of Fe bearing soil minerals in usual soil con-
ditions [26], which explains low concentration of Fe in the washing
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Fig. 6. Cu concentration through the soil profile in the soil column before (dotted
line) and after (solid line) leaching with two doses of 10 mmol kg~! EDTA. Error bars
represent standard deviation from the mean value (n=3). Means followed by the
same letters are not significantly different, according to the Duncan test (P<0.05).

solution (Fig. 5). Ca forms less stable complexes with EDTA (log K
10.6 at25°Cand p =0.1; [25]) than Cu and the high concentration of
Ca in the washing solution (measured immediately after leaching
phase, Fig. 5) was partly due to the high background concentration
of Cain the tap water (85.5 mgL~1). Fe and Ca concentration in the
washing solution decreased during EAOP treatment (Fig. 5). The
difference in concentration of both cations in the soil before and
after remediation was small (Table 1) and for Ca not statistically
significant (P<0.05).

While the percentage of total metal removal is an impor-
tant remediation criterion it is even more important that heavy
metals left in the soil after remediation are as non-mobile and
non-bioavailable (non-toxic) as possible [27]. Although the con-
centration of Cu in the soil solution and exchangeable from soil
colloids slightly increased after remediation (Table 1), these two
soil fractions comprise only a small share of the total soil Cu (1.1%
inoriginal and 2.1% in remediated soil). Most of the Cu was removed
from the carbonate fraction (58% reduction) and the fraction of soil
oxides (40% reduction). Cuwas removed from these two fractions by
acid extraction (carbonate) and by reductive dissolution (oxides).
Since such conditions also occur in the human gastrointestinal tract,
metals bound to carbonates and oxides could potentially be orally
available to humans after soil ingestion.

Ingestion of soil and dust particles is an important form of
exposure to soil pollutants, especially with children, due to their
mouthing behavior [28]. We used the PBET model for oral bio-
availability, which was designed to simulate both stomach and
intestinal phases of the human gastrointestinal tract [13]. The
results of the PBET test confirmed the results of sequential extrac-
tions. Soil remediation reduced the concentration of Cu available

in the stomach phase by 41.9% and from the intestinal phase by 51%
(Table 1). The Cu concentration in the intestinal phase is preferable
as a measure of potential metal oral bioavailability, because metal
absorption takes place in the small intestine [29,30].

4. Conclusions

The following conclusions can be drawn from our study:

e BDDA EAOP is a viable method for the treatment of soil washing
solutions containing EDTA complexes with Cu. The final solution
was almost free of Cu and EDTA and safe for discharge.

BDDA EAOP is also viable as part of a two-phase (soil leaching, soil
rinsing) soil remediation method. After BDDA EAOP treatment, Cu
was easily removed from the washing solution as electro-deposits
on a cathode or by filtration of insoluble metallic precipitate.
Soilleaching with EDTA (2 x 10 mmol kg~1) removed only a minor
part of total Cu from the soil, mostly due to fractionation of Cuinto
non-labile soil fractions, whereby Cu was not easily accessible to
the chelant. This is a soil-specific phenomenon, however.
Regardless of the small total Cu reduction, a significant part of
the potentially bio-available Cu was stripped from the soil by
remediation.

In further studies, we will focus on further process optimiza-
tion and cost-efficiency evaluation of the proposed remediation
method.
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