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ABSTRACT
The risk of Pb contaminated soil after treatment with diﬀerent remediation techniques was assessed. Soil vitriﬁcation (microwaves) reduced Pb orally available from the stomach and intestinal phase measured by a physiologically
based extraction test. Solidiﬁcation of Pb (Slovakite) did not reduce the concentration of orally available Pb and increased the Pb uptake by Thlaspi goesingens for 2-times compared to plants grown on the original soil. Soil extraction with 40 mmol/kg EDTA removed 57.6% of Pb. However, the concentration of orally available Pb and Pb uptake
by T. goesingens increased. The concentration of mobile soil Pb also increased for 14-times measured by a toxicity
characteristic leaching procedure. Soil leaching with 10 mmol/kg biodegradable chelator [S,S] ethylenediamine
disuccinate and using a horizontal permeable reactive barrier for Pb accumulation from the washing solution removed 17.8% of Pb, but increased Pb uptake by T. goesingens by 3-times and slightly increased the concentration of Pb
in the intestinal phase. Leaching did not signiﬁcantly eﬀects Pb availability from the stomach phase or Pb mobility.
Keywords: lead; soil remediation; risk assessment; heap leaching

Management of agricultural ecosystems, as well
as remediation of former industrial sites which
have been exposed to diffuse pollution with heavy
metals, are of major concern world-wide. There
are two main types of remediation for heavy-metal
contaminated soils: immobilization technologies
that leave heavy metals in the soil but minimize
their availability and migration, and technologies
that remove heavy metals from the soil (Peters
1999).
Heavy metal immobilization can be achieved by
solidification/stabilization by liming, and using
different soil amendments, such as zeolites, cement
or red mud. For Pb contaminated soils, different
phosphates (i.e. apatite, rock phophate), which
form insoluble salts with Pb (e.g. pyromorphite),
have often been successfully applied (Laperche
et al. 1997). Another immobilization method is
vitrification by heating the contaminated soil to
as much as 2000°C. Vitrification usually involves
imposing an electrical current between electrodes
inserted into the contaminated soil. Due to its
low electric conductivity, the soil begins to heat
to produce a melt that hardens into a blocks of

glasslike material (Buelt and Farnsworth 1991).
Abramovitch et al. (2003) proposed an alternative vitrification method, which uses microwave
energy to heat the soil.
Various soil washing technologies are most commonly used for removing heavy metals from the
soil. Soil washing involves the separation of heavy
metals from the soil solid phase by solubilizing
them in a washing solution. Acid and chelator
soil washing are the two most prevalent removal
methods (Peters 1999, Aydinalp and Katkat 2004).
Soil washing currently involves soil flushing – an
in situ process in which the washing solution is
forced through the in-place soil matrix, ex situ
extraction of heavy metals from the soil slurry in
reactors, and soil heap leaching. Another heavy
metal removal technology is electroremediation,
which mostly involves electrokinetic movement of
charged particles suspended in the soil solution,
initiated by an electric gradient (Reed et al. 1996).
The metals can be removed by precipitation at the
electrodes. A publicly appealing (green) remediation technology is phytoextraction (Vysloužilová
et al. 2003). However, phytoextraction can be
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effectively applied only for soils contaminated
with specific heavy metals and metalloids, e.g. Ni,
Zn, Cd, As, for which hyperaccumulating plants
with high biomass are known (McGrath and Zhao
2003).
The goal of soil remediation is to reduce the risk
of heavy metals entering into organisms either by
soil ingestion, breathing contaminated soil dust
particles, through food produced on contaminated
soil, or by drinking water polluted with leachable
metals. There are a number of tests that have been
used to evaluate the bioavailability and migration
of heavy metals, particularly of Pb, which is the
metal of interest in our study, before and after remediation. Bioavailability and mobility tests have
been used primarily in studies of Pb solidification
in soils. This is understandable, since immobilization technologies leave heavy metals in the soil,
presumably in an inactive form, less available for
plants and other organisms. However, heavy metals can still be harmful through soil ingestion or
inhalation of soil dust.
Soil washing methods aim to remove as high as
possible share of heavy metals from the soil, or to
reduce the total concentration of heavy metals in
the soil below limits set by legislation (in Europe:
Council Directive 86/278/EEC 1986). However,
even in small-scale laboratory studies, where just
a few grams of soil were treated, sometimes only
a minor part of the heavy metals was removed, especially from soils with a high clay and silt content
(Peters and Shem 1992). Nevertheless, a survey of
the literature revealed no studies on phyto- or bioavailability of Pb after treatment of contaminated
soil with different soil washing techniques.
The food chain transfer of Pb is one of the major
pathways for human exposure to Pb contamination in soil. The accumulation of toxic metals in
indicator plants can be used to assess the extent
of metal contamination and the exposure risk
to indigenous biota. The Pb hyper-accumulating plant Thlaspi goesingense has recently been
indicated by Puschenreiter et al. (2001). We used
T. goesingense in this study as a possible indicator
of phytoavailable Pb in soil.
In order to predict the oral bioavailabilty of Pb
from soil when animal study results are not available Ruby et al. (1993) developed a physiologically
based extraction test (PBET). PBET is an in vitro
test and incorporates gastrointestinal tract parameters representative of a human (stomach and
small intestinal pH and chemistry, soil-to-solution
ratio, mixing). Using animal models has validated
results from the PBET model. It has been reported
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(Ruby et al. 1996) that results of PBET linearly
correlated with results from a Sprague-Dawley
rat model (r 2 = 0.93 between in vitro and in vivo
results).
Transport of heavy metals in soils is a potential
threat for groundwater contamination and thus for
human health. When the heavy metal concentration in soil is elevated, the toxicity characteristic
leaching procedure (TCLP) can be used to access
heavy metal mobility (US EPA 1995). The TCLP
regulatory limit for Pb is currently set at 5 mg/l.
The aim of the study was to use a battery of
tests: phytoextraction into T. goesingense, PBET,
and TCLP, to assess the risk of Pb remaining in
the soil after soil treatment with laboratory simulations of different soil remediation techniques.
Two Pb immobilization techniques were tested:
soil Pb solidification with Slovakite, a new commercially available mixture of different heavy metal
sorbents; and soil vitrification using microwaves as
an energy source for soil heating. Two soil washing
techniques were also tested: extraction of Pb from
the soil slurry phase in a reactor with benchmark
heavy metal chelator ethylenediamine tetraacetate
(EDTA); and a novel method proposed in this
study: soil heap leaching using biodegradable
chelator [S,S] isomere of ethylenedioamine disuccinate ([S,S]-EDDS) and a horizontal permeable
reactive barrier constructed at the heap bottom,
with reuse of the soil washing solution in a closed
remediation cycle.
MATERIAL AND METHODS
Soil properties. Soil samples were collected
from the 0–30 cm surface layer at an industrial
site of a former Pb smelter in the Mežica Valley
in Slovenia. Sequential extractions (Leštan et al.
2003) were used to determine fractionation of
heavy metals into six soil fractions. Selected soil
characteristics and heavy metal contents are summarized in Table 1.
Sorption of Pb from water solution by Slovakite
and apatite. Five hundred ml of 100 and 20mM solutions of PbNO3 in deionized water were circulated
with a peristaltic pump (7 ml/min) through approx.
14 cm high permeable beds consisting of 40 g vermiculite, 40 g vermiculite and 50 g Slovakite, and
40 g vermiculite and 50 g apatite, placed in a 6 cm
diameter polypropylene cylinder with perforated
bottom. The ratio of the initial molar concentration of Pb in the water solution and apatite in the
permeable bed was 1:1 and 1:5, respectively. Pb in
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Table 1. Physical and chemical characteristics and fractionation of Pb in the soil used in this study
Soil properties
pH (CaCl 2)

7.1

Organic matter (%)

10.1

P (mg/kg)

248.5

CO3– (g/kg)
CEC (mmol

153.6
C +/100

g)

21.0

Sand (%)

53.0

Silt (%)

41.5

Clay (%)

5.5

Texture

sandy loam

Total Pb (mg/kg)
Fractionation

1170
Pb (%)

In soil solution

0.13 ± 0.02

Exchangeable

0.40 ± 0.12

Bound to carbonate

35.36 ± 0.54

Bound to Fe and Mn oxides

0.47 ± 0.04

Bound to organic matter

31.48 ± 0.41

Residual fraction
Recovery

10.19 ± 0.12
78.3

solution exiting the bed was measured after one
and after five passes of Pb solution through the
permeable bed with sorbents. Experiments were
performed in triplicate.
Solidification of soil Pb with Slovakite. After
being air-dried, the soil was passed through a 5-mm
mesh sieve. 1.5 kg of soil was mixed with 10.6 g/kg
Slovakite, to immobilize soil Pb. Slovakite amended
soil was watered to 80% field water capacity, stored
in a bucket and weighed, covered with wet paper
tissue to reduce evaporation, and incubated in the
dark at 14°C for 1 month. To keep the soil moisture
constant, we weighed the bucket with soil each
week and compensated for evaporated moisture
by watering the soil with spraying.
Soil vitrification. Air-dried soil was sieved
through a 5-mm mesh sieve. 50 g of dr y soil
was placed in a ceramic jar and microwaved in
a laboratory microwave oven (CEM Matthews
NC, model MDS-2000, 650 W at 2455 MHz) for
5 min. The soil vitrified into a solid pellet with
a glasslike core.
Extraction of Pb from the soil slurry phase.
Bench-scale soil washing tests, imitating the technology of ex situ soil extraction in a reactor, were
conducted on two scales: small scale with 15 g
of soil, and larger scale with 1.5 kg of soil. In the
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small scale experiments, 50 ml plastic tubes were
filled with soil slurry consisting of 15 g of dry Pb
contaminated soil and 15 ml of 10, 20, 40, 200 and
400 mmol/kg EDTA and [S,S]-EDDS solution. The
soil slurry was mixed vigorously at 250 rpm and
25°C, using a laboratory shaker, for 24 hours. The
soil-washing extractants were obtained after centrifugation of the soil slurry at 4000 g for 30 min
and stored in the cold for further analysis. Three
replicates of each treatment were made.
In the larger scale experiments, a polypropylene container was filled with 1.5 kg of dry soil
and 1.5 L EDTA solution (40 mmol/kg of soil).
The soil slurry was mixed vigorously at 250 rpm
and 25°C, using a laboratory shaker for 24 hours.
The soil-washing extractants were obtained after
overnight filtration of soil through a 0.2-mm plastic
mesh and additional soil washing and filtration
by pouring 500 ml of tap water over the filtered
soil. Filtrates were collected in a sedimentation
tube, allowed to clear up over 24 hours, sampled
for soil-washing extractant, and stored in the cold
for further analysis.
Heap leaching. Soil heap leaching was simulated
in 15 cm diameter soil columns at room temperature,
in four replicates. Air-dried soil was sieved through
a 5-mm mesh sieve. 4.5 kg of soil was placed in
a column 24 cm high, on top of a 6 cm high horizontal permeable reactive barrier constructed in the
column bottom. The reactive barrier was composed
of a mixture of vermiculte (15 g), soya meal (75 g),
sawdust (75 g), and Slovakite (50 g). Plastic mesh
(D = 4 mm) was placed between the soil and the
reactive barrier to separate them and, additionally
(D = 0.2 mm) at the bottom of the column to retain
the soil. The soil was treated with 10 mmol/kg [S,S]EDDS in 2300 ml tap water. The leachate exiting
the column was collected in a plastic container
placed under the column and immediately transferred with a peristaltic pump (flow rate 420 ml/hr)
onto the top of the column, where it was reused
as soil washing solution for further heap leaching.
The progress of heap leaching was followed by
measuring the Pb concentration in the leachate.
We stopped heap leaching after 6 days, after no Pb
was detected in the leachate. Pb was determined by
AAS after filtration through Whatman No. 1 filter
paper. The reactive barrier, saturated with the Pb,
and the remediated soil were separated and probed
for Pb concentration, as described below.
Pb phytoavailability. Lead phyto-availability in
untreated soil and soils obtained after solidification of soil Pb with Slovakite, extraction of Pb
from the soil slurry phase with 40 mmol/kg EDTA
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(larger scale – 1.5 kg of soil), and heap leaching
with 10 mmol/kg [S,S]-EDDS was assessed by
Thlaspi goesingense bioassays in three replicates.
Plants were grown from seeds on tested soils. After
germination, the shoots were transferred into
150 ml pots with 100 g of soil (dry weight, 1 shoot
per pot) and grown in a greenhouse for 12 weeks.
Above-ground parts of the plants were cut and
immediately prepared for Pb determination.
Pb oral bioavailability. Lead oral bioavailability
in untreated soil and soils obtained after solidification of soil Pb with Slovakite, extraction of Pb
from the soil slurry phase with 40 mmol/kg EDTA
(larger scale – 1.5 kg of soil), heap leaching with
10 mmol/kg [S,S]-EDDS, and soil vitrification
using microwaves, was determined in triplicate
using PBET (Ruby et al. 1996).
Pb toxicity characteristic leaching. The mobility and leachability of Pb in untreated soil and
soils obtained after solidification of soil Pb with
Slovakite, extraction of Pb from the soil slurry
phase with 40 mmol/kg EDTA (larger scale – 1.5 kg
of soil), heap leaching with 10 mmol/kg [S,S]EDDS, and soil vitrification using microwaves,
was determined using TCLP analyses (US EPA,
1995), conducted in triplicate.
Pb determination. For the analysis of Pb in soil,
soil samples were ground in an agate mill for 10 min
and then passed through a 250 µm sieve. After
digestion in aqua regia, flame Atomic Absorption
Spectroscopy (AAS, Perkin Elmer 1100) was used
for the determination of Pb concentrations. Shoot
tissues of T. goesingense were collected and thoroughly washed with deionized water. They were
dried to a constant weight and ground in a titanium
centrifugal mill. Pb concentrations in plant tissue
samples (250–300 mg dry weight) were determined
using an acid (70% HNO 3) dissolution technique
with microwave heating and analysed by AAS.
Pb concentrations in extractants and leachates,
and TCLP and PBET solutions were determined
directly by AAS.

Controls of the analytical procedure were performed using blanks and reference materials
(BCR 60 and BCR 141R, Community Bureau of
Reference, for plant and soil) that were treated
identically to the experimental samples.
RESULTS AND DISCUSSION
Pb soil immobilization
In this study, we used a new, commercially
available, composite sorbent Slovakite as a soil
amendment for Pb solidification. According to
the producer’s disclaimer, Slovakite is a mixture of
natural raw materials: dolomite, diatomite, smectite basaltic tuff, bentonite, alginite and zeolite.
Before we decided to use Slovakite, we compared
the effectiveness of Slovakite with commonly used
phosphate Pb sorbent apatite. In sorption tests of
Pb2+ from deionised water, Slovakite outperformed
apatite (Table 2). In these tests, we used vermiculite
as a carrier material for Slovakite and apatite, since
vermiculite has a high water retention capacity.
However, vermiculite also exhibited a substantial
Pb sorption property (Table 2), presumably due
to its high positive surface charge (Bouabid et al.
1991). The sorption of Zn 2+ and Cu 2+ from the
water solution by Slovakite in vermiculite was
also higher than by apatite in vermiculite (data
not shown).
Soil vitrification currently involves using electricity for soil heating, due to low soil electric
conductivity. Sedhom et al. (1992) proposed microwave soil treatment for fixation of Cr within
the soil matrix, through the interaction of heavy
metal with “lossy” native minerals, but they did
not suggest soil vitrification. However, materials in soil with dielectric properties adsorb microwave energy and soil becomes extremely hot.
Dielectric soil heating can be increased further by
inserting rods of graphite or iron (materials that

Table 2. Percentage of Pb 2+ sorbed from 20 and 100mM water solutions by vermiculite, vermiculite and Slovakite,
and vermiculite and apatite, after single and after five passes of the Pb solution through beds with sorbents;
means and standard deviations (n = 3) are presented
No. of passes
Sorbent

1

5
20mM

Pb 2+

1

5
100mM

Pb 2+

Vermiculite

51.94 ± 3.63

51.22 ± 1.05

10.64 ± 3.14

13.01 ± 4.24

Vermiculite + Slovakite

99.98 ± 0.03

99.99 ± 0.00

82.61 ± 3.28

96.24 ± 0.33

Vermiculite + apatite

70.39 ±5.04

99.25 ± 0.26

40.14 ± 4.23

48.64 ± 8.13
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are very strong absorbers of microwave energy).
Abramovitch et al. (2003) proposed microwave
energy as an alternative to soil vitrification using
electricity. In their study, they microwaved soil
extracted from organic matter, using graphite
pencil rods as dielectric material. In our experiments, we used non-treated (except sieving) soil.
The soil was vitrified after just a couple minutes
in a microwave oven. The soil material left after
vitrification is shown in Figure 1.
Pb soil washing
One of the most studied and efficient remediation
methods for Pb contaminated soils is soil washing
as batch extraction of soil slurry in a reactor, with
EDTA as a chelator. We simulated soil Pb extraction
on two scales. In a small scale soil extraction experiment (using only 15 g of soil), we compared
Pb removal using a benchmark chelator EDTA
and a rather new chelator, [S,S]-EDDS, at various
concentrations of chelators (Figure 2). EDTA was
found to be more efficient, with an extraction
efficiency significantly increasing up to a chelator concentration of 40 mmol/kg of soil, where
35.9 ± 0.2% of initial total Pb was removed from
the soil (Figure 2). This supremacy of EDTA over
[S,S]-EDDS was expected, since the Pb-EDTA
complex has a higher stability constant than Pb[S,S]-EDDS complex (Ks 18.0 and 12.7 at 25°C,
and ionic strength 0.1, respectively) (Martel et al.
2003). 40 mmol/kg EDTA was used in a larger scale
simulation of soil extraction (1.5 kg of soil). After

filtration of extractant from the soil and additional
washing of the soil with clean tap water 57.6%
of Pb was removed, more than in the small scale
(15 g of soil) extraction experiment (35.9 ± 0.2%).
The difference in Pb removal can be attributed
to additional soil washing with clean water subsequent to chelator treatment in the larger scale
(1.5 kg of soil) extraction. We did not perform
extra tests, but it is likely that further washing
with clean water would remove even more Pb
(probably complexed with EDTA) from the soil,
at the expense of producing more wastewater. In
practice, this could represent a serious drawback,
since there are currently no simple, cost-effective
means of recycling EDTA or removing Pb from
waste washing solution (Kim and Ong 1999).
In contrast to soil extraction in the reactor, soil
heap leaching could be considered to be a soilfriendly soil washing method, with a low impact
on the soil structure. The heap leaching process is
operationally simple. Heavy metal contaminated
soil is excavated, screened and mounded on a pad.
Heavy metals are removed by passing washing
solution (usually containing chelator) through
the soil using some type of liquid distribution
system (sprinkler or drip irrigation system). The
extractant is collected in a pregnant solution pit
and processed to remove heavy metals (Hanson
et al. 1992).
In this study, we introduced a new heap leaching
method, which effectively addresses the problem
of wastewater generation. We used [S,S]-EDDS
as a chelator, in a concentration of 10 mmol/kg.
[S,S]-EDDS is non-toxic, naturally present in the
soil, commercially produced (Jaworska et al. 1999)
and, most important, [S,S]-EDDS forms an easily
biodegradable complex with Pb (VanDevivere et
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Figure 1. Glasslike vitrified soil material resulting from
treatment of contaminated soil in a microwave oven
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Figure 2. The percentage of total initial Pb extracted
from the soil slurry with different concentrations of
EDTA and [S,S]-EDDS; error bars represent standard
deviation of the mean value (n = 3)
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al. 2001). We recently demonstrated that, after
soil washing with [S,S]-EDDS solution, Pb can be
removed from the washing solution containing
Pb-[S,S]-EDDS complexes by passing the washing solution through a permeable reactive barrier
(Kos and Leštan 2003). The materials in the reactive barrier were substrates enabling enhanced
microbial activity, which promoted efficient Pb[S,S]-EDDS biodegradation, and adsorbents to
solidify and retain released Pb. In the new heap
leaching method, we constructed the horizontal
permeable reactive barrier at the heap (column)
bottom. The washing solution was treated, collected, and reused in a closed remediation loop
(Figure 3). Figure 4 shows the concentration of Pb
in the washing solution that ran off the barrier.
After 6 days, no Pb was detected in the washing
solution and we stopped the experiment. No Pb
containing wastewater was generated.
The total amount of water used for heap leaching was approx. 135% of the field water retention
capacity of the soil used. 17.8% of the initial Pb
was removed from the soil and all leached Pb
was accumulated in the barrier, which we easily
separated from the soil. The distribution of Pb
through the soil profile is shown in Figure 5. Soil
extraction (small scale, 15 g of soil) with the same
(10 mmol/kg) concentration of [S,S]-EDDS removed
less, 15.5 ± 0.5% Pb (Figure 2), presumably since,
after separation of the extractant from the soil by
centrifugation, the soil was not subsequently washed
with clean water to remove retained Pb-[S,S]-EDDS
complexes. On the other hand, the heap-leaching
procedure was also not optimized. Soil extraction with 10 mmol/kg EDTA (small scale) removed
21.7 ± 0.2% Pb (Figure 2). As discussed above, this
higher efficiency could be attributed to the high
chelating affinity of EDTA towards Pb.

Pb phytoavailability
To assess phytoavailabile Pb in the soil, we used
the reported Pb hyperaccumulator T. goesingense.
The concentration of Pb in the leaves of T. goesingense grown in soils before remediation was lower
than in soils after Pb solidification with Slovakite,
soil extraction with 40 mmol/kg EDTA (larger
scale treatment, 1.5 kg of soil), and heap leaching
with 10 mmol/kg [S,S]-EDDS (Table 3). Since soil
extraction and heap leaching removed part of the
Pb from the soil (57.6 and 17.8%, respectively),
a higher Pb plant uptake after these treatments
was probably due to the residual labile Pb-chelator
complexes remaining in the soil. The literature on
soil washing of Pb contaminated soil with chelators is extensive. Most of the studies, however,
are concentrated on Pb soil removal and none of
them report on the phytoavailability of Pb remaining in the soil.
Surprisingly, Slovakite soil amendment resulted
in a more than 2-times higher Pb plant concentration compared to plants grown on untreated
soil (Table 3). Pb phytoavailability (assessed by
different plants) after Pb soil immobilization with
various soil additives is well studied, although
there are no reports on the use of Slovakite. In
most studies, phosphate compounds (i.e. apatite,
phosphate rock, triple-superphosphate) were used.
The results are indecisive. For example: Zhu et al.
(2004) reported that Pb concentrations in shoots
and roots of two Brassica plants generally, but
not always, decreased after soil treatment with
different phosphate compounds. Geebelen et al.
(2003) used lime, cyclonic ash and phosphate rock
for Pb solidification and Zea mays as an indicator
plant. They, too, reported that different soil amendments did not behave consistently across differ-

[S,S]-EDDS/
water
Pump

Pb
contaminated
soil

Soil heap:
Pb-[S,S]-EDDS formation
and leaching
Permeable reactive barrier:
Pb-[S,S]-EDDS degradation
and Pb accumulation

Drainage: collection and reuse of the
washing solution

Figure 3. Proposed set up of heap washing of heavy metals contaminated soil with biodegradable chelator and
a horizontal permeable reactive barrier
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Figure 4. Concentration of Pb in soil washing solution
during heap leaching with [S,S]-EDDS and a horizontal
permeable reactive barrier; error bars represent standard
deviation of the mean value (n = 4)

ent Pb contaminated soils. Laperche et al. (1997)
reported that the addition of apatite significantly
decreased the Pb content in shoot tissue of Sorghum
bicolour, but increased the Pb content in the plant
roots. Cao et al. (2003) reported similar results
using Stenotaphrum secundatum as an indicator
plant. Theodoratos et al. (2002) and Zwonitzer
et al. (2003) observed no effect of phosphate soil
addition on Pb accumulation by Phaseolus vulgaris
and Sorghum bicolour.
The biomass of T. goesingense grown on Slovakite
and chelator treated soil was lower compared to
plants grown on untreated soil (Table 3). There
were no visible symptoms of toxicity on plant
leaves. However, it is possible that additives interacted with trace elements and nutrients in the
soil; washing with chelators could remove essential elements from the soil, and adding Slovakite
could make them less bioavailable. Theodoratos
et al. (2002) also reported that soil treatment with
Ca-phosphate had a negative effect on Phaseolus
vulgaris growth, which was combined with a deficiency of Ca in the leaves. In contrast to these
observations, Geebelen et al. (2003) reported that

soil amendments did not significantly decrease
plant biomass production on any of the tested
soils, and significantly increased plant biomass
produced on the most polluted soil.
Puschenreiter et al. (2001) reported that T. goesingense accumulated 2840 mg Pb/kg in shoots, without any soil treatment. There are no other reliable
reports on hyper-accumulator plant species for
Pb under natural conditions. In our soil, the plant
concentration of Pb did not exceed 200 mg/kg in
any treatment. This might indicate that the hyperaccumulating capacity of T. goesingense is limited
only to certain soil types. A possible explanation
for low Pb plant uptake and inefficient Pb soil
solidification with Slovakite are the small shares
of water-soluble fraction of Pb and fraction of
soil Pb exchangeable from soil colloids (Table 1).
These fractions of soil Pb are probably available
for both plant uptake and solidification.
Pb oral availability
Oral bioavailability of Pb was determined in
vitro using Ruby’s tests (PBET) for predicting the
bioavailability of metals from a solid matrix. The
PBET model is designed to simulate the human
gastrointestinal tract, which includes stomach and
intestinal phases. Soil extraction with 40 mmol/kg
EDTA (larger scale exp., 1.5 kg of soil) increased the
concentration of Pb available in both the stomach
and intestinal phases, while heap leaching with
10 mmol/kg [S,S]-EDDS increased only the concentration of Pb in the intestinal phase (Figure 6).
After soil treatment with EDTA and [S,S]-EDDS,
the percentage of residual soil Pb orally available in
the stomach phase increased from an initial 17.8 ±
1.2% in the original soil, to 55.8 ± 6.3% and 19.2 ±
0.5%, respectively. The increase in the intestinal
phase was from 4.9 ± 1.4% in the original soil, to
50.1 ± 5.0% and 7.0 ± 0.5% in EDTA and [S,S]-

Table 3. Concentration of Pb accumulated in above ground tissues and biomass dry weight of Thlaspi goesingense
grown on Pb contaminated soil and soils after different remediation treatments; means and standard deviations
(n = 3) are presented
Pb in T. goesingense
(mg/kg)

T. goesingense biomass
(g)

30.2 ± 6.2

0.137 ± 0.015

Solidification with Slovakite*

69.8

0.060

Soil extraction with EDTA*

187.9

0.045

Heap leaching with [S,S]-EDDS*

103.8

0.106

Original soil

*combined sample of three replicates
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Figure 5. Pb concentration through the profile in soil
columns with a horizontal permeable barrier before
(dotted line) and after heap leaching with 10 mmol/kg
[S,S]-EDDS (solid line); error bars represent standard
deviation of the mean value (n = 4)
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Figure 6. Oral bioavailability of Pb in stomach and
intestinal phases, determined in vitro using Ruby’s
physiologically based extraction test, before and after
soil treatment with different remediation technologies;
error bars represent standard deviations (n = 3); a, b, c
denote statistically different treatments according to
the Duncan test (P = 0.05)

only phosphate rock significantly reduced oral
bioavailability, determined with the PBET test,
but only in three of ten tested soils.
The only effective soil treatment was vitrification. It significantly reduced concentrations of soil
Pb available in the stomach and intestinal phase
from an initial 208.8 ± 13.8 and 57.5 ± 16.4 mg/kg,
to 14.4 ± 0.6 and 13.3 ± 1.2 mg/kg, respectively
(Figure 6).
Pb mobility
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EDDS treated soil, respectively. The higher Pb
oral-availability after soil treatments with chelators
was probably due to the Pb-chelator complexes
retained in the soil, as discussed above for the
increase of pytoavailable Pb. In heap leaching with
[S,S]-EDDS, the soil was treated until no Pb was
measured in the washing solution (Figure 4). As
a result, only a moderate increase of Pb available
in the intestinal phase was observed (Figure 6).
A literature survey revealed no other studies on
oral bioavailability of Pb (or of other metals) after
soil washing with chelators (or with other extractants), to compare results with our data.
Slovakite amendment did not significantly effect Pb oral availability, compared to the original
soil. In most other studies, Pb solidification resulted in a reduction of Pb oral availability. For
example; Hettiarachchi et al. (2003) reported that
triple superphosphate and phosphate rock soil
amendments, alone or in combination with Mn
oxide, significantly reduced Pb oral availability
determined in vivo by the extent of Pb absorption
into young rats and in vitro using the PBET test.
However, Geebelen et al. (2003) reported that of
different soil amendments (lime, cyclonic ash and
phosphate rock) they used for Pb solidification,

In EU countries the warning and critical limits
for Pb in soil are set at 50 and 300 mg/kg (Council
Directive 86/278/EEC 1986). Pb concentration in
the soil used in this study was 4-times higher than
the critical limit. However, Pb mobility assessed
by TCLP indicated only 1.05 ± 0.45 mg Pb/l in the
extract of the original soil. This is lower than the
TCLP regulatory limit, set at 5 mg Pb/l by US EPA
for materials considered as hazardous waste. It is
probably due to this originally low Pb mobility,
that Slovakite soil amendment, heap leaching
with 10 mmol/kg [S,S]-EDDS, and even soil vitrification, did not statistically significantly reduce
Pb in TCLP extract (Figure 7). Soil extraction
with 40 mmol/kg EDTA (larger scale exp., 1.5 kg
of soil) increased TCLP extracted Pb to 14.39 ±
2.30 mg/l, well above the TCLP regulatory limit.
The probable reason was, as already discussed
above, Pb-EDTA complexes retained in the soil after
treatment. Literature data indicate that treatment
of Pb contaminated soil with different remediaPLANT SOIL ENVIRON., 52, 2006 (1): 25–34
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Figure 7. Pb mobility determined using TCLP and measured as the Pb concentration in the soil extract, before
and after soil treatment with different remediation
technologies; error bars represent standard deviations
(n = 3); a, b denote statistically different treatments
according to the Duncan test (P = 0.05)

tion techniques in general successfully reduced Pb
mobility, determined using TCLP. Theodoratos et
al. (2002) reported that phosphate soil amendment
in molar ratios PO43+/Pb higher than 0.5 effectively
reduced Pb in TCLP extract, while the same treatments failed to reduce Pb phytoavailability. Van
Benschoten et al. (1997) reported that different
Pb contaminated soils successfully passed TCLP
limits after extraction with EDTA. However, they
treated only small soil quantities and used a very
high chelator solution:soil ratio (20:1), compared
to the ratio 1:1 used in our study.
Efficiency of tested remediation techniques
The results of our study indicate that, under the
given conditions of all remediation methods tested
in our study, only soil vitrification successfully
reduced oral availability of Pb in the soil. Although
Slovakite outperformed commonly used apatite as
an absorbent of Pb from water solution, Slovakite
soil amendment did not reduce Pb oral availability
in the soil, and even increased Pb phytoavailability.
Soil washing with chelators removed part of the Pb
from the soil, but the share of phytoavailable Pb
and orally available Pb increased in the treated soil.
How much it is possible to reduce the concentration
of bioavailable soil Pb by additional soil washing
with clean water subsequent to chelator treatment
remains to be studied. After soil treatment with
a new heap leaching method using biodegradable
chelator [S,S]-EDDS and a horizontal permeable
reactive barrier, the resulting soil washing soluPLANT SOIL ENVIRON., 52, 2006 (1): 25–34

tion was Pb free. However, the phytoavailability
of residual Pb in the soil treated in heap leaching
was more than 3-times higher than in the original soil. Both the share and concentration of Pb
orally available in the intestinal phase were also
higher than in the original soil. This indicates that
soil washing with chelators, effective in terms of
heavy metal removal, might not always lead to
bioavailable heavy metal stripping. The new heap
leaching method offers advantages of soil washing
in a closed remediation loop with no wastewater
generation, lower requirements for process water
than in current soil washing methods, and enables
easy control over emissions. However, further
studies with different types of heavy metal contaminated soils are needed to assess its feasibility
as a remediation method.
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