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Abstract

Heavy metal contamination in soil and the resulting groundwater pollution are common
at many brownfield sites. Soil washing, which dissolves contaminants into a washing
solution to separate them from the soil matrix, has emerged as a promising remediation
strategy. This study assessed the feasibility of applying soil washing to Pb-contaminated
soil collected from an industrial area within the Trieste Port Authority (Italy) through
a series of leaching tests. Batch tests were conducted using ethylenediaminetetraacetic
acid (EDTA)-based extractants combined with various reducing agents to identify the most
effective and environmentally sustainable washing solution. The results show that coupling
EDTA with hydroxylamine hydrochloride or sodium dithionite significantly enhanced Pb
solubilisation compared with EDTA alone, with dithionite emerging as the most suitable
reducing agent due to its lower toxicity and reduced environmental impact. Sequential
extraction tests revealed that up to 50% of total Pb could be removed after repeated washing
cycles. Column leaching tests further confirmed the high efficiency of the EDTA–sodium
dithionite system, achieving Pb removal rates of approximately 70% under continuous flow
conditions. Overall, the results demonstrate that EDTA combined with low-dose sodium
dithionite provides an effective and practical remediation strategy for heavily polluted
industrial soils.

Keywords: Pb speciation; soil decontamination; chemical agents

1. Introduction
In Europe, soil contamination is a major environmental issue driven by a range of sec-

tors and activities, including mining and industry, urbanisation and transport, agriculture,
harmful agents, and military operations [1,2]. Rodríguez Eugenio et al. [3] define soil pollu-
tion as “the presence in the soil of a chemical or substance out of place and/or present at
a higher-than-normal concentration that has adverse effects on any non-targeted organism”.

In 2016, national and regional inventories identified over 650,000 sites affected by
past and current polluting activities [4]. However, given that around 2.8 million sites are
suspected of being potentially polluted in EU Member States, existing registers appear to
cover only approximately one quarter of the contaminated sites [4].
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Industrial activities account for approximately two-thirds of point sources of soil
pollution, together with commercial activities and waste disposal and treatment opera-
tions [5]. Associated contaminants include mineral oils, metal(loid)s (e.g., arsenic, cadmium,
lead, nickel, and zinc), and organic compounds such as halogenated and non-halogenated
solvents, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons. Emerging
contaminants such as PFAS, microplastics and pharmaceuticals are of increasing concern
for European soils.

Heavy metals and mineral oil account for about 60% of soil pollution [6]. Adsorption
and desorption processes at mineral–organic interfaces significantly affect the persistence
of heavy metals and mineral oil in soils. Through surface complexation, ion exchange, or
electrostatic interactions, heavy metals such as As, Pb, and Cd bind to soil constituents such
as iron oxides, clay minerals, and organic matter [7]. Whether metals remain immobilised
or become available is determined by these interactions. In view of this, contaminated
soil should be considered a potential source of pollution, with a significant capacity to
transfer contaminants to groundwater and the food chain through plant uptake, direct soil
ingestion by grazing animals, transfer via contaminated water used for irrigation, and the
bioaccumulation of pollutants in terrestrial and aquatic organisms, thus posing risks to
environmental sustainability, human health, and socio-economic well-being [8,9].

In situ and ex situ remediation approaches for contaminated soil are equally em-
ployed [10]. Excavation, solidification, stabilisation, soil washing, electroremediation, and
phytoremediation are some of the methods that have been employed to reduce the impact
of soil contamination. Excavation and off-site disposal account for approximately one third
of management practices, making it a very expensive technique due to constant increases
in landfill fees and the cost of importing new soil to replace the removed soil.

In situ soil flushing has great potential for removing contaminants from soils [11,12].
The technique involves flushing the soil with a suitable chemical agent to enhance the ap-
parent solubility of pollutants. Under optimal conditions, soil flushing leads to higher mass
removal rates, shorter remediation times, and reduced remediation costs. The selection of
an effective flushing agent capable of promoting pollutant solubilisation and enabling their
subsequent removal from soil is critical [13].

In most cases, historically deposited heavy metals become less mobile due to strong
binding to soil particles (the longer pollutants persist in the soil, the stronger their binding
to soil components, particularly heavy metals, becomes) [14]. The time-dependent avail-
ability of soil pollutants, i.e., “soil ageing”, is the primary environmental contamination
concern when investigating the toxicity of contaminated soils and the efficiency of their
remediation [15].

Various sequential extraction methods have been used to assess the fractionation and
bioavailability of heavy metals in contaminated soil. Metal fractions are influenced by
ageing, with the bioavailable fraction often being substantially lower than the total metal
content [16–18]. Villen-Guzman et al. [15] investigated the ageing effects in natural and
laboratory-prepared lead-contaminated soils over a five-year period. The soils freshly
contaminated in the laboratory showed more mobile lead fractions than in the natural soils.
Consequently, the toxicity and remediation efficiency of contaminated soils can be most
reliably predicted using soils from real contaminated sites.

This study aimed: (1) to investigate Pb immobilisation and availability in a brownfield
contaminated soil and to evaluate its potential environmental remobilisation; (2) to assess
the efficiency of selected leaching solutions in removing Pb from the soil through batch
tests; and (3) to investigate the leaching kinetics of Pb in column tests using the most
effective chemical extractants identified in the batch tests.
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2. Materials and Methods
2.1. Study Area and Soil Sampling

Contaminated soil was sampled in the alluvial plain of the Ospo River within an
industrial area of the Trieste Port Authority, Friuli Venezia Giulia Region, Italy. The site
was used for waste disposal, furnace operations, and clay mining between the 1950s and
the 1980s, when a clay processing plant was active. As a result of decades of intensive
industrial activities—including clay extraction, waste incineration, disposal of ash and
other industrial wastes, and operations at nearby oil refineries—large portions of the site
are now affected by soil, subsoil, and groundwater contamination.

A preliminary investigation was conducted in an unused area of the site characterised
by spontaneous vegetation (45.596340◦ N, 13.794994◦ E). Soil core sampling was performed
at multiple locations using a continuous vertical drilling system, achieving a maximum
depth of 5 m (Figure 1). Although the analytical data from this initial campaign are not
reported herein, the results indicated that Pb concentrations exceeded the Italian regulatory
thresholds established in Legislative Decree 152/2006 at depths between 2.5 and 3.5 m
(Figure 1). Based on these findings, a composite soil sample was subsequently collected
from this depth horizon, corresponding to the transition between the anthropogenic backfill
layer and the underlying natural silty-clay formation (Figure 1, horizon S2.3). This sampling
approach was adopted to ensure that the collected material accurately represented the
contaminated horizon identified during the preliminary investigation.

Mineralogical data reveal the presence of galena minerals (PbS) in the S2.3 soil. Galena
may represent slags from ores used in primary Pb production in industrial smelting fur-
naces. Under near-surface oxidising conditions, galena undergoes oxidative weathering
releasing Pb2+ ions and forming more stable secondary lead phases such as anglesite
(PbSO4) and cerussite (PbCO3). The release of Pb into soil fluids is therefore controlled by
the stability of galena and the secondary lead minerals formed during its decomposition.
Pb2+ ions migrate through soils and can be readily absorbed by Mn oxides such as birnes-
site, which are common in soils. If this occurs, reductive dissolution of Mn oxides allows
Pb to be released into soil solutions.

2.2. Methods

The air-dried soil was sieved to 2 mm and mixed homogeneously with a trowel for
physical and chemical characterisation, as well as for batch and column experiments.

The soil was sandy loam with a low organic carbon content (TOC: 1.06 ± 0.1%) and
an alkaline pH. To assess the state of soil contamination, the concentration thresholds
established by Italian legislation (Legislative Decree No. 152/2006, Part V, Annex 5, Table 1)
were applied. These thresholds are differentiated according to land-use categories: Col-
umn A refers to residential and green areas, whereas Column B refers to industrial and
commercial areas. A Pb concentration exceeding the threshold for Column A was detected
(687 ± 65.8 mg kg−1), as reported.

2.2.1. Chemical–Physical Analyses

Soil:water (1:5 w/v) extracts were tested for electrical conductivity (EC) and pH using
the Conmet 2 selective electrode (Hanna Instruments, Woonsocket, RI, USA) and the
InLab routine pro pH electrode (Sevenmulti, Mettler Toledo, Greifensee, Switzerland),
respectively. Thermo Fisher Scientific’s FlashSmart Elemental Analyzer (Waltham, MA,
USA) was used to measure total carbon, total organic carbon (TOC), and total nitrogen
(TN) via flash combustion, in accordance with the manufacturer’s instructions. Total heavy
metals were extracted by microwave acid digestion (Ethos 1, Milestone srl, Bergamo, Italy)
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and analysed by Inductively Coupled Plasma–Optical Emission Spectrometry (ICP-OES)
(5900 ICP-OES; Agilent, Santa Clara, CA, USA).

Sample particle size distributions were analysed using a laser particle size analyser
(Mastersizer 3000, Malvern Panalytical Ltd., Worcestershire, UK). Soil textural classification
was determined using the method of Gerakis and Baer [19].
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Figure 1. Soil profile. Depth profiles are expressed in cm from the ground level.
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Table 1. Main physical–chemical characteristics of the soil.

Legislative Decree 152/2006
Column A—Residential and

Green Areas Land Use Category

Legislative Decree 152/2006
Column B—Industrial and

Commercial Areas Land Use Category

Clay (%) 37.8

Silt (%) 33.0

Sand (%) 29.2

Texture Clay loam

pH 8.82 ± 0.17

EC (dS m−1) 0.408 ± 0.006

TC (%) 4.40 ± 0.22

TOC (%) 1.06 ± 0.07

TN (%) 0.14 ± 0.005

Pb (mg Pb kg−1) 687 ± 65.8 100 1000

Cu (mgCu kg−1) 65.7 ± 3.37 120 600

Zn (mgZn kg−1) 97.0 ± 10.5 150 1500

Cd (mgCd kg−1) 0.61 ± 0.14 2 15

Cr (mgCr kg−1) 76.6 ± 5.27 150 800

Ni (mgNi kg−1) 83.3 ± 1.84 120 500
EC: electrical conductivity; TC: total carbon; TOC: total organic carbon; TN: total nitrogen.

2.2.2. Pb Speciation Analyses

Pb speciation was determined using the Community Bureau of Reference (BCR)
method [20]. Three fractions were extracted as follows: 0.11 M CH3COOH (F1), 0.1 M
NH2OH HCl adjusted to pH 2 with HNO3 (F2), and 8.8 M H2O2 + 1 M CH3COONH4

adjusted to pH 2 with HNO3 (F3). Briefly, approximately 1 ± 0.02 g of soil sample was
weighed into 50 mL vials, treated with 40 mL of the F1 extractant and subjected to end-over-
end shaking overnight at 25 ◦C. The vials were then centrifuged (3000 rpm, 20 min) and the
supernatant was filtered through a 0.45 µm filter (F1 fraction). Subsequently, extractant F2
was added to the residue, and the extraction procedure used for F1 was repeated to obtain
the F2 fraction. The last fraction (F3) was digested with 20 mL of the H2O2 extractant for 1 h
at 85 ◦C in a water bath. The H2O2 volume was reduced to a few millilitres by evaporation,
and the residue was subjected to overnight extraction with 50 mL of CH3COONH4 at 25 ◦C
(F3 fraction).

The residual fraction (R) was determined as the difference between the total Pb content
and the sum of fractions F1, F2, and F3.

Several quality assurance and control procedures were carried out to ensure the
precision and accuracy of the method. A multi-element standard solution (2 mg L−1)
was used to prepare the calibration standards. For calibration, five standard samples and
one blank sample were used. In addition to the unknown samples, blank and standard
samples were processed for heavy metal fractionation and total heavy metal procedures.
For every set of 20 samples, an extraction blank was prepared and examined. Additionally,
a laboratory spike blank was examined for every 10 samples.

2.2.3. Phytotoxicity Test

The toxicity of the selected chemical extractants on soil was evaluated through a phy-
totoxicity test on soil water extracts after the washing treatments, using Lepidium sativum as
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the test plant [21,22]. Lepidium sativum seeds were examined and selected, with discoloured,
damaged or abnormally low seeds removed. Ten seeds on a Petri plate (diameter of 90 mm)
with a cellulose filter were treated with three millilitres of soil:water extract (1:10 w/v)
and incubated for a three-day exposure period at 25 ◦C in the dark. At the end of the
incubation period, the number of germinated seeds (G) and the relative root length (L)
were determined and compared to the corresponding control values (Gc and Lc). Seedlings
were incubated under the same conditions with deionised water to obtain control. Three
replicates of each test were conducted. The following formula was used to calculate the GI
percentage: GI (%) = (G × L)/(Gc × Lc) × 100.

2.2.4. Ecotoxicity Test

The two non-phytotoxic leaching solutions, 0.1 M EDTA and sodium dithionite at
0.025 M and 0.01 M, were analysed for ecotoxicity using Aliivibrio fischeri. The ecotoxicity
assay is based on inhibition of bioluminescence in this Gram-negative bacterium in the
presence of toxicants. This method is rapid and does not require time-consuming plate
counting of viable microorganisms because bioluminescence is directly proportional to the
number of viable individuals.

An elutriate from treated soil was prepared as follows; a representative weight of soil
was shaken in seawater in a 1:5 w/v ratio for 20 min. The elutriate was filtered through
a 0.45 µm filter, adjusted to near-neutral pH by adding 0.05 M NaOH or HCl, and salinity
increased to over 2% by adding solid NaCl.

The elutriate was assayed using the Whole Effluent Toxicity (WET) test, which mea-
sures Aliivibrio fischeri bioluminescence in 3 replicates of 4 sequential 1:2 dilutions in seawa-
ter, plus a blank and an undiluted elutriate, to determine 50% or 20% effect concentrations,
meaning that 50% or 80% of test microorganisms remain viable. The results are presented
as the percentage of toxicant concentration required to produce the observed effect.

2.3. Experimental Layout Leaching Tests
2.3.1. Batch Tests

Different chemical leaching agents were evaluated, alone and/or in combination, in
batch tests to select an appropriate soil-washing system to enhance Pb solubilisation and
enable its subsequent removal from the soil (Table 2).

Table 2. Chemical extractants used in batch tests.

Function Chemical Agents

Chelant extraction
Ethylenediaminetetraacetic acid (EDTA) 0.01 M, 0.05 M and 0.1 M

Diethyltriamine pentaacetic acid (DTPA) 0.005 M, 0.01 M

Acid extraction Acetic acid (CH3COOH) 10%, 5%

Surfactants-enhanced solubilization
Sodium dodecyl sulphate (SDS) 5%

Triton X-100 5%

Reducing agents

Hydroxylamine-hydrochloride (NH2OH-HCI) 0.1 M and 0.5 M
Sodium oxalate (Na2C2O4) 0.1 M

Ascorbic acid (C6H8O6) 0.1 M
Sodium dithionite (Na2S2O4) 0.1 M and 0.05 M

Two grams of soil samples, prepared in triplicate, were mixed with 20 mL of leaching
agents in 50 mL polypropylene centrifuge tubes, maintaining a soil-to-liquid ratio of 1:10.
The soil–liquid suspensions were shaken for 1 h at 200 rpm on a thermostatic shaker at
20 ◦C. Following agitation, the suspensions were centrifuged at 4000 rpm for 10 min. The
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resulting supernatants were collected, filtered, and analysed for Pb concentration using ICP-
OES. To avoid the potential degradation of leaching agents, fresh solutions were prepared
immediately before each extraction.

A sequential extraction experiment was carried out using a leaching solution composed
of 0.1 M EDTA, 0.5 M hydroxylamine-hydrochloride and 5% acetic acid. The procedure
reported above was repeated for six consecutive cycles on the same soil sample. After each
extraction cycle, the suspension was centrifuged at 10,000 rpm for 10 min to collect the
supernatant. The collected supernatant was retained for analysis, while a fresh leaching
solution was added to the remaining soil residue to initiate the subsequent extraction cycle.

All leachates from the six cycles were collected separately, and the concentration of Pb
in each extract was determined by ICP-OES.

2.3.2. Column Tests

The column leaching experiments were designed to mimic the Pb leaching behaviour
and kinetics, with the leaching agents selected based on the batch test outcome. Despite
being performed under controlled laboratory conditions, column tests better approximate
natural leaching processes and provide more reliable results than batch tests.

The experimental column set-up consisted of plastic columns with an inner diameter
of 2.5 cm and a length of 10 cm. The columns were vertically oriented and packed with
40 g of 2 mm sieved soil samples. The bottom section of the columns was equipped with
a filter plate and a layer of chemically inert material (fibreglass). The columns were filled
with the soil samples, weighed to an accuracy of 0.1 g, and the dry mass of the soil samples
in the columns was determined. To achieve uniform packing, the soil was gradually added
to the columns in small amounts. Each addition was compacted with a plunger while the
column was gently vibrated.

The column experiments were conducted in triplicate by passing the leaching solutions
(Table 3) through the soil without recirculation. The solutions were introduced from the top
of the columns by gravity. Prior to the leaching experiments, the columns were equilibrated
under saturated conditions for 24 h. Saturated flow was maintained to avoid multiphase
formation, promote uniform flow, and reduce channelling. The leaching solutions were
percolated through the packed soil column from top to bottom at a constant flow rate of
8.2 mL day−1 using a peristaltic pump.

Table 3. Chemical agents used in column tests.

Chemical Agents

Ethylenediaminetetraacetic acid (EDTA) 0.1 M + Sodium dithionite (Na2S2O4) 0.01 M

Ethylenediaminetetraacetic acid (EDTA) 0.1 M + Sodium dithionite (Na2S2O4) 0.025 M

Leachate samples were collected from the bottom of the columns on each working day
throughout the 34-day experimental period (from 21 April to 25 May) and analysed for
Pb concentration. The leachates were filtered using the appropriate membrane filters and
a vacuum or pressure filtration device.

At each eluate collection, the time and volume of the eluate fraction were recorded.
The eluate was stored at 4 ◦C until Pb analysis.

The cumulative amount of Pb released was determined by summing the amounts
of Pb quantified in each collected eluate fraction. Each experimental unit was set up in
three replicates. The total volume of washing solutions applied to 40 g of contaminated soil
during the 34-day experimental period was of 283.6 ± 8.4 mL.

At each stage, Pb concentration analysis was performed by ICP-OES. Five Pb calibra-
tion standards (derived from a 2 mg L−1 stock standard solution) and one blank were used
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for calibration. Standardised quality assurance/quality control procedures were applied to
validate the accuracy and precision of the methods and the data.

2.4. Statistical Analyses

Statistical analyses were performed using STATISTICA 8.0 software (StatSoft Inc.,
Tulsa, OK, USA). All results are reported as means of three replicates (n = 3). Differ-
ences among treatments were assessed by one-way analysis of variance (ANOVA). Mean
values were compared using the least significant difference (LSD) test at a significance
level of p < 0.05 (Fisher’s test). Significant differences among data were indicated by
different letters.

3. Results
3.1. Pb Fractionation

To evaluate Pb fractionation and relative lability in soil, sequential extractions were
carried out. The method differentiated the Pb into the following fractions: 1. Exchangeable
fraction (FR1), 2. Reducible fraction (FR2), 3. Oxidisable fraction (FR3), and 4. Residual
fraction (FR4) (Table 4).

Table 4. Fractions of Pb in contaminated soil. Exchangeable (FR1), reducible (FR2), oxidisable (FR3),
and residual fractions (FR4).

mg Pb kg−1

FR1 18.0 ± 2.3
FR2 392 ± 7.1
FR3 58.7 ± 4.8
FR4 218 ± 4.5

The high prevalence of the reducible fraction (FR2, 57%) indicates that Pb is strongly
associated with Fe and Mn oxides and is potentially instable under reducing and acidic
conditions. A high percentage of Pb is also observed in the residual fraction (FR4), which
accounts for 32% of total Pb, indicating that Pb is occluded within crystalline structures
of primary and secondary residual solids. This fraction is not extractable and is present
in an inert form. However, a low quantity of Pb is associated with the carbonated phase
(FR1) and organic matter (FR3). FR1 is the most mobile fraction, allowing the easy release
of Pb into the soil solution, while the FR3 fraction is not regarded as bioavailable or mobile
because metals are bound within stable high-molecular-weight humic substances. The low
concentration of Pb in the FR3 fraction could be explained by the low content of soil organic
carbon (Table 1).

3.2. Batch Tests

EDTA (0.01 M, 0.05 M and 0.1 M) and DTPA (0.01 M and 0.05 M) were tested in batch
to determine the Pb removal efficiency from contaminated soil as a function of chelator
concentration. Under identical concentration conditions and with a constant solid-to-liquid
ratio, EDTA showed a higher Pb removal efficiency than DTPA. As reported in Table 5, the
Pb removal efficiency increased significantly with increasing EDTA concentration.
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Table 5. Pb leaching in batch tests with chelators (EDTA and DTPA) and surfactants (Traiton X-100
and SDS).

Chemical Agents mg Pb kg−1

EDTA 0.01 M 41.3 ± 2.54 (d)

EDTA 0.05 M 54.9 ± 1.27 (bc)

EDTA 0.1 M 74.7 ± 6.36 (a)

DTPA 0.01 M 33.1 ± 2.37 (e)

DTPA 0.05 M 37.5 ± 3.82 (d)

EDTA 0.01 M + Triton X100 27.3 ± 0.71 (f)

EDTA 0.05 M + Triton X100 37.0 ± 6.79 (de)

EDTA 0.1 M + Triton X100 41.6 ± 3.14 (d)

DTPA 0.01 M + Triton X100 28.8 ± 1.13 (f)

DTPA 0.05 M + Triton X100 25.1 ± 6.93 (f)

EDTA 0.01 M + SDS 42.2 ± 9.05 (cd)

EDTA 0.05 M + SDS 60.3 ± 4.38 (b)

EDTA 0.1 M + SDS 52.8 ± 0.91 (c)

DTPA 0.01 M + SDS 38.8 ± 4.24 (de)

DTPA 0.05 M + SDS 37.5 ± 0.99 (de)
Different letters indicate significant differences (p < 0.05) between the treatments.

However, the Pb concentration in EDTA leaching solutions was less than 80 mg Pb kg−1

(Table 5), approximately 10% of the initial concentration.
Due to this limit, we optimised by combining EDTA with other agents, e.g., chelating

agents, surfactants, reducing agents, and acid compounds.
The removal efficiency of Pb was not enhanced by combining EDTA or DTPA with

surfactants, such as Triton X-100 and SDS (Table 5). Conversely, significantly lower Pb
concentrations were measured in leaching solutions when these surfactants were added
(Table 5).

On the other hand, combining EDTA with reducing agents, such as hydroxylamine
hydrochloride, improved Pb extractability (Table 6). This result is consistent with the high
association of Pb with the reducible fraction (FR2).

Pb extraction using EDTA alone and in combination with hydroxylamine hydrochlo-
ride was more efficient when acidity was increased by adding the acetic acid. In 0.1 M
EDTA and 0.5 M hydroxylamine hydrochloride leaching solutions, Pb reached 224 mg kg−1

when 5% acetic acid was added, which is more than 30% of the initial concentration.
When the concentration of hydroxylamine hydrochloride was reduced from 0.5 M

to 0.1 M, Pb-EDTA leaching decreased. However, with the addition of 5% acetic acid, Pb
leaching increased to 154 mg kg−1 (22% of the initial concentration) (Table 6).

The Pb leaching test, using a solution composed of 0.1 M EDTA, 0.5 M hydroxylamine
hydrochloride and 5% acetic acid, was also carried out for six sequential extraction cycles
on the same soil sample (Figure 2). After the first two cycles, 40% of the total Pb was
leached. The amount of leachable Pb decreased markedly with increasing extraction cycles,
and, after six cycles, an overall Pb leaching of approximately 50% was achieved (Figure 2).
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Table 6. Pb leaching in batch tests with EDTA, hydroxylamine hydrochloride and acetic acid.

mg Pb kg−1

Hydroxylamine-hydrochloride 0.5 M 36.6 ± 0.85 (g)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.5 M 153 ± 17.4 (c)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.1 M 110 ± 2.13 (e)

EDTA 0.1 M + acetic acid 10% 99.2 ± 1.76 (f)

EDTA 0.1 M + acetic acid 5% 97.5 ± 2.38 (f)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.5 M + acetic acid 10% 190 ± 1.06 (b)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.5 M + acetic acid 5% 224 ± 7.07 (a)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.1 M +acetic acid 10% 126 ± 1.06 (d)

EDTA 0.1 M + hydroxylamine-hydrochloride 0.1 M + acetic acid 5% 154 ± 3.54 (c)

EDTA 0.05 M + hydroxylamine-hydrochloride 0.1 M + acetic acid 10% 119 ± 3.54 (d)

EDTA 0.05 M + hydroxylamine-hydrochloride 0.1 M +acetic acid 5% 127 ± 4.24 (d)
Different letters indicate significant differences (p < 0.05) between the treatments.

 
Figure 2. Pb leaching in sequential extraction batch tests using a solution composed of 0.1 M EDTA,
0.5 M hydroxylamine hydrochloride, and 5% acetic acid.

Although the higher concentration of hydroxylamine hydrochloride (0.5 M compared
with 0.1 M) significantly increased the effectiveness of Pb-EDTA leaching, it may also
increase the risk of soil degradation by altering its physical, chemical and biological prop-
erties. In fact, low concentrations of chemicals are considered beneficial for subsequent
ecological soil restoration. Based on these considerations, additional batch experiments
with lower concentrations of less toxic reducing agents, including sodium oxalate, ascorbic
acid and sodium dithionite, were set up to reduce the environmental risk of chemical
flushing (Table 7).
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Table 7. Pb leaching in batch tests with EDTA and reducing agents (sodium oxalate, ascorbic acid
and sodium dithionite).

mg Pb kg−1

Sodium oxalate 0.1 M <lq

Ascorbic acid 0.1 M <lq

Sodium dithionite 0.1 M 12.2 ± 0.02 (e)

Sodium dithionite 0.05 M 6.6 ± 0.02 (f)

EDTA 0.1 M + Sodium oxalate 0.1 M 97.3 ± 8.63 (c)

EDTA 0.1 M + Ascorbic acid 0.1 M 64.8 ± 0.57 (d)

EDTA 0.1 M+ Sodium dithionite 0.1 M 201 ± 0.70 (a)

EDTA 0.1 M+ Sodium dithionite 0.05 M 157 ± 1.70 (b)
Different letters indicate significant differences (p < 0.05) between the treatments.

The extraction in 0.1 M EDTA was not increased by the addition of 0.1 M ascorbic
acid, whereas it was enhanced by the addition of 0.1 M sodium oxalate. In particular, Pb
flushing was very effective when 0.1 M EDTA was combined with 0.1 M sodium dithionite.
Under these conditions, the Pb concentration in the flushing solution was higher than
200 mg Pb kg−1 (Table 7).

The effects of contact time and dosage of the EDTA and sodium dithionite washing
solution on Pb removal efficiency were investigated. The Pb concentration in the flushing
solution increased with contact time, and, after 24 h of incubation, it reached almost
the same level as the total Pb content (>650 mg Pb kg−1) for both sodium dithionite
concentrations (0.1 M and 0.05 M) (Figure 3).

 
Figure 3. Pb leaching in batch tests using EDTA and sodium dithionite at different contact times (1 h,
2 h, 4 h and 24 h). Capital letters indicate significant differences (p < 0.05) among sampling times
within each treatment (1 h, 2 h, 4 h, and 24 h). Lower-case letters indicate significant differences
(p < 0.05) among treatments at the same sampling time.

When the EDTA dosage was reduced from 0.1 M to 0.05 M in the presence of 0.05 M
sodium dithionite, a lower Pb extraction efficiency was observed at all incubation times
(Figure 3).
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3.2.1. Phytotoxicity Tests

The germination index (GI%) was measured on the soil water extracts after soil
exposure to leaching solutions (0.1 M EDTA) and sodium dithionite at 0.1 M, 0.05 M, 0.025 M,
0.01 M and 0.005 M. The test showed that the higher sodium dithionite concentrations (0.1 M
and 0.05 M) were toxic for seed germination and growth of Lepidium sativum, resulting in GI
values below 40% (Table 8). In contrast, sodium dithionite at lower concentrations (0.025 M,
0.01 M and 0.005 M) was not phytotoxic, with GI values exceeding 50%, according to the
thresholds defined by Zucconi et al. [22]. These results revealed the importance of selecting
the lowest effective concentration for soil washing applications.

Table 8. Germination index (GI%) of Lepidium sativum after soil washing with 0.1 M EDTA and
sodium dithionite at different concentrations (from 0.005 M to 0.1 M).

GI%

EDTA 0.1 M + sodium dithionite 0.1 M 23.6 ± 2.17

EDTA 0.1 M + sodium dithionite 0.05 M 35.0 ± 3.84

EDTA 0.1 M + sodium dithionite 0.025 M 62.1 ± 1.44

EDTA 0.1 M + sodium dithionite 0.01 M 88.8 ± 8.27

EDTA 0.1 M + sodium dithionite 0.005 M 105 ± 16.4
GI < 50% = phytotoxicity; 80% > GI > 50% = moderate phytotoxicity; GI > 80% = absence of phytotoxicity;
GI > 100% = biostimulant effect [22].

3.2.2. Ecotoxicity Tests

The two non-phytotoxic leaching solutions, 0.1 M EDTA and sodium dithionite at the
0.025 M and 0.01 M concentrations, were analysed for ecotoxicity with Aliivibrio fischeri by
Whole Effluent Toxicity (WET) test. No measurable inhibitory effect was observed at either
Ec 50 or Ec 20. The maximum effect with undiluted (100%) leaching solutions is reported
in Table 9.

Table 9. Ecotoxicity test with Aliivibrio fischeri on soil sample after exposition to chemical extractants.

Ec 50% Ec 20% Maximum Effect
(100% Concentration)

EDTA 0.1 M + sodium dithionite 0.01 M - - 9.33 ± 1.01

EDTA 0.1 M + sodium dithionite 0.025 M - - 26.36 ± 2.47

The results showed that soil washing with EDTA and sodium dithionite at both
concentrations (0.01 M and 0.025 M) was non-toxic when undiluted. Undiluted washing
solution recorded a slight inhibition of Aliivibrio fischeri luminescence; the maximum effect
is 26.36 for sodium dithionite 0.025 M, suggesting a slight toxicity, and 9.33 for sodium
dithionite 0.01 M, suggesting an even lower toxicity.

3.3. Column Tests

Based on the phyto- and eco-toxicity results and the Pb removal efficiency obtained in
the batch tests, the leaching solution consisting of 0.1 M EDTA and sodium dithionite at
0.025 M and 0.01 M were selected for the column tests.

Pb monitoring in the leaching solutions enabled optimisation of leaching volumes
and durations for effective soil decontamination (Figures 4 and 5). The columns were
maintained in under-saturated conditions. Considering that 40 g of soil contained 27.5 mg
of Pb, the application of 283.6 mL ± 8.4 mL of 0.1 M EDTA and sodium dithionite at both
0.025 M and 0.01 M over a one-month period (from 21 April to 26 May, 34 days) resulted in
the removal of 72.7% and 67.3% of the total Pb, respectively. This corresponds to 18.5 and
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20 mg of Pb, respectively, recovered in the leaching solutions. The logarithmic equations
shown in Figures 4 and 5 correspond to empirical trendlines describing Pb release as
functions of cumulative leaching volume and time, respectively.

  

y = 5.4339ln(x) − 12.914
R² = 0.9468

0

5

10

15

20

25

30

0 100 200 300

m
gP

b 

Leaching solution (ml)

(a)

0

5

10

15

20

25

30

14-4月 24-4月 4-5月 14-5月 24-5月 3-6月
m

gP
b

Time

14-apr 24-apr 04-may 14-may 24-may 03-june

(b)

Figure 4. Column leaching tests with 0.1 M EDTA and 0.01 M sodium dithionite. Leachate samples
were collected on each working day over the 34-day experimental period (from 21 April to 25 May)
and separately analysed for Pb concentration. Pb release as a function of leaching solution volume
(a) and time (b). The solid line represents the empirical curve; the dashed line represents the fitted
curve obtained from the logarithmic equation.
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Figure 5. Column leaching tests with 0.1 M EDTA and 0.025 M sodium dithionite. Leachate samples
were collected on each working day over the 34-day experimental period (from 21 April to 25 May)
and separately analysed for Pb concentration. Pb release as a function of leaching solution volume
(a) and time (b). The solid line represents the empirical curve; the dashed line represents the fitted
curve obtained from the logarithmic equation.
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4. Discussion
4.1. Batch Tests

The batch leaching results (Table 7) demonstrate that Pb mobilisation is governed
by the combined effects of reductive processes and chelation, with substantial differences
among treatments reflecting the chemical behaviour of the reducing agents employed.
Among chelating agents, ethylenediaminetetraacetic acid (EDTA) is widely recognised for
its effectiveness in detoxifying a broad range of heavy metals due to its strong complexation
capacity and low biodegradability in soil and groundwater environments, which ensures
long-term stability [23]. Consequently, EDTA has been extensively applied in soil washing
processes for heavy metal removal [24,25].

The marked increase in Pb removal efficiency with increasing EDTA concentration is
consistent with previous studies reporting enhanced extraction of As, Cd, Cu, Pb, and Zn as
EDTA concentration increased from 0.05 to 0.15 M [26,27]. EDTA promotes the dissolution,
dispersion, and mobilisation of weakly bound Pb, particularly that associated with the
exchangeable and reducible fractions (FR1 and FR2), and subsequently forms stable, soluble
Pb–EDTA complexes [28,29]. Previous studies have also shown that Pb removal efficiency
can be further enhanced by combining EDTA with complementary agents, including
additional chelating agents, surfactants, reducing agents, or acidic compounds [30,31].
However, not all combinations result in improved performance. For example, the addition
of surfactants such as Triton X-100 or SDS to EDTA or DTPA systems has been reported to
reduce Pb removal efficiency, likely due to physical interactions that strongly isolate Pb
bound to soil particles and increase its resistance to desorption [32].

In the present study, Pb mobilisation increased significantly in all combined treatments
involving EDTA and reducing agents compared to single-reagent systems, confirming
the central role of chelation in stabilising Pb once released from the solid matrix [33].
Nevertheless, the wide variability in extraction efficiency among treatments indicates that
chelation alone is insufficient to explain the observed trends and that the effectiveness of
the reductive process is a key controlling factor.

The enhanced Pb extractability observed when EDTA was combined with reducing
agents such as hydroxylamine hydrochloride is attributable to their ability to promote the
reductive dissolution of Fe and Mn oxides [34]. This mechanism is consistent with the
strong association of Pb with the reducible fraction (FR2), and the reduction of these oxides
facilitates Pb desorption [35]. In addition, reducing agents may enhance metal mobility by
promoting the dissolution of soil minerals and amorphous silica [36]. Pb extraction using
EDTA, either alone or in combination with hydroxylamine hydrochloride, was further
favoured under acidic conditions, particularly in the presence of acetic acid. Decreasing
solution pH generally enhances the extraction of cationic heavy metals such as Pb, Cd, and
Cu by promoting dissolution of carbonate- and oxide-bearing soil components and the
exchange of metal cations with H+ ions [37–39].

To minimise the risk of physicochemical and biological soil degradation and to reduce
wastewater treatment costs, alternative batch experiments were conducted using less toxic
reducing agents than hydroxylamine hydrochloride, namely sodium oxalate, ascorbic
acid, and sodium dithionite [40]. Sodium oxalate exhibited the weakest interaction with
EDTA despite its known ability to promote ligand-assisted dissolution of specific Fe phases.
The limited Pb mobilisation observed for the EDTA–oxalate system suggests that oxalate
was unable to significantly destabilise Pb-bearing oxide fractions under the experimental
conditions applied, likely due to its low reducing strength and the formation of relatively
stable surface complexes.

Although ascorbic acid alone was ineffective, its combination with EDTA produced
moderate synergistic Pb mobilisation. This behaviour is consistent with previous studies
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showing that ascorbic acid acts as a mild, surface-active reductant that preferentially re-
duces poorly crystalline or highly reactive Fe oxides without inducing extensive dissolution
of more crystalline phases such as goethite or hematite [41,42]. In this context, EDTA plays
a critical role by keeping released Pb in solution, thereby enhancing apparent extraction
efficiency [43].

In contrast, sodium dithionite (Na2S2O4) significantly enhanced EDTA-mediated Pb
extraction, consistent with its strong reducing capacity and its ability to promote active
reducing conditions that increase metal mobility [37,44]. Sodium dithionite is well known
for inducing extensive reductive dissolution of Fe(III) and Mn(IV) (hydr)oxides [45], which
are key Pb-binding phases in contaminated soils through adsorption, co-precipitation,
and structural incorporation [46]. Once released, Pb is efficiently complexed by EDTA,
preventing re-adsorption or secondary precipitation.

The greater effectiveness of hydroxylamine hydrochloride and sodium dithionite
compared with ascorbic acid can therefore be attributed to differences in reducing strength,
pH regime, Fe/Mn oxide dissolution capacity, Pb binding mechanisms, and reagent stability.
While hydroxylamine hydrochloride selectively targets poorly crystalline Fe and Mn oxides
under acidic conditions (pH ≈ 2–4), sodium dithionite can destabilise both amorphous
and crystalline oxide phases, leading to substantially higher Pb release [45,46]. In contrast,
ascorbic acid exhibits surface-limited reduction and is rapidly oxidised in the presence
of dissolved oxygen and metal catalysts, resulting in reduced and less stable extraction
performance [34,41,47].

Overall, the results indicate that Pb mobilisation in the studied soil is primarily
controlled by the efficiency of reductive dissolution of Fe/Mn oxides, while EDTA acts as
an essential secondary mechanism that stabilises Pb in solution. Strong reductants such as
sodium dithionite effectively target oxide-associated and structurally bound Pb, whereas
milder reducing agents mainly mobilise more labile or surface-associated fractions. These
findings underscore the importance of coupling chelation with sufficiently strong reductive
processes when designing soil washing strategies for Pb-contaminated soils.

Operationally, phytotoxicity tests using Lepidium sativum and ecotoxicity assays with
Aliivibrio fischeri proved essential for identifying optimal reagent dosages. The results indi-
cated that sodium dithionite at concentrations of 0.01–0.025 M, in combination with EDTA,
resulted in non-toxic to slightly toxic conditions, whereas higher concentrations caused
significant inhibitory effects. In this regard, a dose-minimisation strategy appears critical
to maintaining Pb extraction efficiency while reducing ecological risks and facilitating
post-treatment soil restoration.

Despite EDTA’s high effectiveness, its low biodegradability poses a potential environ-
mental limitation. Persistent EDTA residues may enhance the mobility of metal–EDTA
complexes after soil washing, increasing the risk of secondary contamination. Moreover,
EDTA application may induce changes in soil properties and microbial activity [40,48],
further emphasising the need for optimised reagent selection and dosage control.

4.2. Column Tests

Characterising the leaching behaviour of Pb in column tests, despite the experimental
effort required, can provide insight into long-term leaching under field-relevant condi-
tions. Column tests reproduce a dynamic leaching phase in which the leaching solution
is continuously renewed [49]. However, laboratory column tests cannot fully replicate
field conditions, including preferential flow pathways, variable contact times, and spatial
heterogeneity of soil [50]. Such heterogeneity can introduce significant uncertainties in
contaminant transport and lead to pronounced differences between laboratory-scale and
field-scale solute movement. The heterogeneous distribution of hydraulic conductivity
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may create preferential flow paths that enable much faster movement of water and solutes
compared to the more uniform flow patterns typically observed in laboratory columns.

However, column tests remain a powerful tool as they can simulate more realistic
environmental exposure scenarios and provide quantitative information on long-term
leaching behaviour.

Several studies have shown that contaminant loading into underlying soil, as well as
leachate concentrations at any given exposure time, can be predicted by assuming that the
leaching behaviour observed in column tests reflects field conditions when the cumulative
solid-to-liquid ratio is equivalent [50–52].

5. Conclusions
EDTA, one of the most widely used chelating agents, can enhance Pb extraction both

directly, through the formation of strong Pb–EDTA complexes, and indirectly, by promoting
the reductive dissolution of the oxides. Batch experiment results revealed that combining
EDTA with reducing agents increased the overall Pb extraction efficiency, although the
magnitude of this enhancement depended on the specific reducing agent employed.

Hydroxylamine hydrochloride significantly increased Pb–EDTA leaching, but its use
may also increase the risk of soil degradation. In contrast, less toxic reducing agents such as
oxalate produced only a slight increase in Pb extraction, whereas sodium dithionite led to a
substantial enhancement. The choice of reducing agents therefore had a strong influence on
Pb removal performance. Sodium dithionite acts as a strong reducing agent with a higher
reduction potential compared to milder agents such as oxalate and ascorbic acid. Notably,
the combination of 0.1 M EDTA and 0.05 M sodium dithionite achieved a very high Pb
extraction from the soil within 24 h of incubation.

The germination index (GI%), carried out on soil water extract after the soil exposition
to leaching solutions containing EDTA 0.1 M and sodium dithionite at different concentra-
tions (0.05 M, 0.025 M, 0.01 M, and 0.005 M), showed that the highest sodium dithionite
concentration (0.05 M) was toxic (GI% lower than 40%), whereas lower concentrations were
not toxic to seed germination and growth.

Based on the batch test results, additional experiments were conducted using soil
columns. The column experiments were carried out by passing 0.1 M EDTA combined with
either 0.025 M or 0.01 M sodium dithionite through the soil sample. Monitoring Pb in the
leachates enabled us to determine the volumes and contact times required to achieve soil
decontamination. A total of 280 mL of 0.1 M EDTA and sodium dithionite at both 0.025 M
and 0.01 M, extracted approximately 70% of the total Pb within one month.

By comparing the two leaching solutions based on EDTA 0.1 M plus sodium dithionite
at 0.01 M and 0.025 M, it can be concluded that the solution containing 0.01 M of sodium
dithionite offers the most suitable practical application for soil decontamination, while also
reducing costs and the environmental impact.

Although the soil sample tested in this study was representative of the contaminated
site, a deeper investigation is needed to assess the efficiency of this leaching solution across
a wider range of soils with diverse physical and chemical properties. Additionally, it
is important to evaluate the effectiveness of the leaching treatment on different types of
pollutants, including organic contaminants, and to consider their potential interactions
and competition with metals during the remediation process. Finally, despite EDTA’s high
efficiency in metal extraction, the environmental sustainability of EDTA-based soil washing
remains a concern because of its persistence and limited biodegradability. Therefore, future
research should focus on developing and applying greener, biodegradable chelating agents
as more sustainable alternatives for soil remediation.
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6. Patents
Italian patent N. 102022000017199 “Processo per la decontaminazione di suolo e acque

sotterranee di un’area da decontaminare da inquinanti organici e inorganici e impatto
che attua tale processo”. Masciandaro G., Doni S., Garcia C., Gentini A., Parisi A., Di
Gregorio S., Alzetta S. National registration date: 8 November 2022. The manuscript
reports preliminary laboratory experiments (batch and column tests) that provided the
scientific basis for the development of the in situ soil remediation process later formalized
in the patent, without describing or disclosing the patented system itself.
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E.P., C.M., I.R. and F.V.; validation, S.D., F.V. and E.P.; formal analysis, S.D., E.P. and I.R.; data curation,
S.D., E.P., C.M. and F.V.; writing—original draft preparation, S.D. and G.M.; writing—review and
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