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Optimizing extraction procedures for better removal of potentially
toxic elements during EDTA-assisted soil washing
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Abstract
Purpose Ethylenediaminetetraacetic acid (EDTA)-enhanced soil washing is an important technique of removing potentially
toxic elements (PTEs) from contaminated soils. Conventional mechanical shaking (CMS) method is widely adopted in soil
washing. However, it consumes a considerable amount of time and energy. Extraction methods which need less contact time or
power, such as static equilibrium extraction (SEE) and ultrasound-assisted extraction (UAE), are potential to replace CMS in
industrial application.
Methods The washing process of the soil from a contaminated site was optimized by investigating various extraction conditions,
including EDTA concentration, contact time, and different extraction methods, such as CMS, SEE, and UAE, in this study.
Results The results indicated that EDTA greatly enhanced the removal of cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn)
from the soil. The EDTA was more effective in removing Pb and Cu than Cd and Zn, regardless of the extraction method. This
might be mainly attributed to the strong complexation capacity of EDTA with Pb and Cu and geochemical distribution of the
target PTEs. The three extraction methods were almost equally efficient, while SEE required less energy and UAE needed
shortened contact time compared with CMS.
Conclusion Based on the above results, SEE and UAE are promising alternatives to CMS for cleaning up PTEs-contaminated
soils.
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1 Introduction

The potentially toxic elements (PTEs) have adverse effects on
the soil ecosystem and human health because they are highly
persistent in the environment and can easily enter the human
food chain (Bandara et al. 2020; Rinklebe et al. 2020; Zhai
et al. 2018). A nationwide soil investigation in China showed
that 16.1% of collected soil samples were contaminated ac-
cording to its standards, and 82.8% of the exceedances were
caused by PTEs (Zhao et al. 2015). The high content of PTEs
in soils might be attributed to a variety of anthropogenic ac-
tivities, e.g., land application of wastes, irrigation with waste-
water, emission from mining, smelting and other industrial
activities, and application of pesticides and chemical fertilizers
(Bandara et al. 2020; Beiyuan et al. 2017a; Liu et al. 2019a).
Therefore, the development of remediation methods for the
PTEs-contaminated soil has become an urgent task for both
protecting the soil ecosystem and public health (Mao et al.
2018).

Many available technologies have been developed to re-
store the soils contaminated with PTEs, using physical, chem-
ical, electrokinetic, and biological methods (e.g., Beiyuan
et al. 2020; Bolan et al. 2014; Chen et al. 2020; Han et al.
2019; Li et al. 2020; Liu et al. 2018; Wang et al. 2020; Wu
et al. 2019; Xia et al. 2019). Among the technologies, soil
washing, which can mobilize PTEs then extract them from
soils, is considered one of the most effective ex situ remedia-
tion technologies (Klik et al. 2020). A range of extractants has
been used to extract PTEs from soils, for example, various
inorganic acids and salts (e.g., HNO3, H2SO4, and NH4Cl)
(Meng et al. 2016; Yoo et al. 2018), organic acids (e.g., citric
acid, oxalic acid, and tartaric acid) (Beiyuan et al. 2017b;
Meng et al. 2017; Tsang and Hartley 2014), strong chelants
(e.g., ethylenediaminetetraacetic acid (EDTA) and [S,S]-eth-
ylene-diamine-disuccinic-acid (EDDS)) (Beiyuan et al.
2018a, b; Zupanc et al. 2014) and surfactants (e.g., saponin)
(Gusiatin and Klimiuk 2012). The removal efficiencies of
PTEs can be varied, depending on the capacity of chelants,
the properties of PTEs in the soils, and the soil properties.

The EDTA, one of the typical chelants, is an excellent
reagent for removal of PTEs from contaminated soils
(Hasegawa et al. 2019; Meng et al. 2016) due to (1) its strong
chelating capacity with PTEs (especially for Cd, Cu, Pb, and
Zn), (2) treatability for a broad range of soil types, and (3)
reusability (Lestan et al. 2008). Generally, the primary mech-
anism for chelants to extract metals from soil is considered to
be a desorption-complexation-dissolution process. The EDTA
can quickly and directly break down some weak bonds be-
tween PTEs and soils, and the dissolution of the metal-EDTA
complexes can indirectly destabilize the metal-oxygen bonds
in the mineral (Beiyuan et al. 2018b; Tsang et al. 2007; Zhang
et al. 2010). As a result, metal detachment happened from the
surface of oxide and form soluble metal-EDTA complexes,

which keep the metals in solution (Begum et al. 2012). Some
recent studies concerned about the limited biodegradability of
EDTA and suggested to use biodegradable chelants, such as
EDDS, N,N-bis(carboxymethyl)-L-glutamic acid (GLDA)
and lignin-based poly(acrylic acid) to replace EDTA
(Beiyuan et al. 2018a; Tsang and Hartley 2014; Zhao et al.
2019). However, its relatively low costs, strong complexation
capacity to metals, and recyclability make EDTA still a prev-
alent choice for PTEs-extraction in contaminated soils.

Well soil dispersion, which can create efficient contact be-
tween the contaminated soil particles and extractant, is also a
key factor affecting the extraction efficacy of contaminants,
besides the selection of the extractant. Conventional mechan-
ical shaking (CMS) is a typical method to disperse the soil
particles, which can cause violent mixing and turbulence on a
macro-scale, and contribute to more physical contact depend-
ing on the mixing intensity (Dermont et al. 2008; Son et al.
2011). As a result, PTEs that are weakly associated with the
surface of soil particles can be easily removed with the help of
mechanical shaking (Dermont et al. 2008). However, CMS
needs extra electric energy input and takes a long time, which
might cause a higher expense.

Static equilibrium extraction (SEE) requires no external
force, thus it could become an economically attractive alter-
native if it can reach similar extraction efficiencies of PTEs as
the conventional shaking method. Another attractive disper-
sion method is the ultrasound-assisted extraction (UAE),
which only needs a short reaction time of 15–60 min (Wang
et al. 2015). The ultrasonic extraction technique has been
widely used for the treatment of contaminated soils because
the presence of ultrasound can enhance the removal efficiency
of PTEs. This method involves the use of ultrasound waves to
accelerate extraction because the ultrasound waves are able to
disrupt particles by aggressively agitating solutions. Intimate
mixing and powerful physical and chemical reactions are
achieved by applying intense and high-frequency sound to
liquids or slurries (Hwang et al. 2007). Such particle disrup-
tion exposes fresh surfaces that therefore enable an extraction
agent to penetrate particles (De La Calle et al. 2013; Hwang
et al. 2007). The most widely accepted mechanism for
ultrasound-assisted extraction is based on the implosion of
cavitation bubbles produced by ultrasonication of liquid in
the vicinity of a solid surface. The ultrasound-assisted extrac-
tion procedure can generate intense local high temperatures
and pressures, reaching up to 5500 °C and 50 MPa. These
localized temperatures and pressures result in high-velocity
inter-particle collisions that can contribute to particle size re-
duction and thus, improve extraction (Hashemi et al. 2012;
Pham et al. 2013; Picó 2013).

Many studies have been conducted to optimize extraction
conditions and procedures using CMS with different extrac-
tion agents. Little is known, however, about the use of SEE as
an extraction procedure for heavy metals from soil. So far, the
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UAE procedure has been successfully applied to enhance the
extraction of heavy metals, aliphatic and polycyclic aromatic
hydrocarbons, and organic chlorine pesticides from various
environmental matrices, such as soil, sewage sludge, water,
and sediments (Chen et al. 2016; de La Rochebrochard et al.
2013; Santos et al. 2016). However, information is limited on
the ultrasonic extraction of the PTEs from soils. Therefore, the
aims of this paper are to (1) optimize removal efficiencies of
four PTEs (Cd, Cu, Pb, and Zn) from soil by washing with
EDTA using three different extraction procedures (CMS,
SEE, and UAE) under various concentrations of EDTA, con-
tact times, and ultrasonic power, and (2) compare the opti-
mized removal efficiencies of PTEs for the three extraction
procedures in order to determine the best conditions for
remediating PTEs-contaminated soils.

2 Material and methods

2.1 Soil sampling

Surface soil (0–20 cm) was sampled from a contaminated site
located near a copper smelter factory, in Fuyang, Hangzhou
City, Zhejiang Province, China. Nine sub-samples of soil were
randomly collected on site and well mixed to make a repre-
sentative sample. The collected soils were air-dried, ground,
and passed through a 2-mm plastic sieve. The homogenized
soil samples were stored in plastic containers prior to use.

2.2 Analytical procedures

2.2.1 Soil physiochemical properties

Soil pH was measured in deionized water at a soil-to-liquid
ratio of 1:2.5 (w/v). Soil organic matter (SOM) was deter-
mined by the Walkley-Black method (Walkley 1935; Xu
et al. 2017). Soil particle size was analyzed using the hydrom-
eter method (Lu 1999). The total contents of PTEs in the soil
were measured by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Optima 2000,
PerkinElmer Co., USA) after acid digestion with an acidic
mixture of HF-HNO3-HClO4 (Lu 1999). The soil consisted
of 47.7% of sand, 36.0% of silt, and 16.3% of clay. It
contained 19.9 g kg−1 of organic matter with a pH value of
8.2. It was contaminated by Cd, Cu, Pb, and Zn, with total
concentrations of 13.3, 740, 426, and 2134, respectively.

2.2.2 Geochemical distribution of PTEs

The geochemical distribution of Cd, Cu, Pb, and Zn in the
contaminated soil (Fig. 1) was assessed by sequential extrac-
tion according to Tessier’s method (Liu et al. 2019b; Tessier

et al. 1979). The detailed extraction conditions are presented
in Table 1.

2.3 Batch experiment

All batch experiments were conducted in acid-rinsed 100-mL
plastic centrifuge tubes. The EDTA (used as the Na2-EDTA
salt, analytical grade) was dissolved in ultrapureMilli-Q water
for the preparation of all solutions. Tubes containing 1 g of
contaminated soil at a liquid:soil ratio of 25:1 (v/w) were
prepared for each extraction followed by addition of EDTA
solution.

2.3.1 Conventional mechanical shaking

In order to determine the extraction efficiency of PTEs, solu-
tions in seven different EDTA concentrations (0.005, 0.01,
0.03, 0.05, 0.07, 0.15, and 0.3 mol L−1 which represent
chelant-to-metal ratios of 2.7, 5.4, 16.2, 27.0, 37.8, 80.9, and
161.8, respectively) were used. The soil-EDTA slurries were
mixed at room temperature using an end-over-end shaker at
180 rpm for 4 h. Furthermore, to examine the effect of contact
time which also plays an important role in chemical extrac-
tion, a 0.03 mol L−1 EDTA solution was shaken for 0.5, 4, 8,
12, 16, and 24 h.

2.3.2 Static equilibrium extractions

Same as CMS, EDTA solutions were prepared in seven dif-
ferent concentrations (0.005, 0.01, 0.03, 0.05, 0.07, 0.15, and
0.3 mol L−1, which represent chelant-to-metal ratios of 2.7,
5.4, 16.2, 27.0, 37.8, 80.9, and 161.8, respectively). The
EDTA solution was added into soil samples then kept still
for 24 h at room temperature for the SEE method. In addition,

Fig. 1 Geochemical distribution of Cd, Cu, Pb, and Zn in the
contaminated soils. F1, exchangeable fraction; F2, carbonate bound
fraction; F3, Fe-Mn oxides bound fraction; F4, organic matter bound
fraction; F5, residual fraction
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the removal efficiencies of the PTEs were evaluated for dif-
ferent contact time: 0.5, 4, 8, 16, and 24 h, at a constant
concentration of 0.07 mol L−1.

2.3.3 Ultrasound-assisted extractions

A 700W, 40 kHz high-intensity ultrasonic apparatus was used
for ultrasound-assisted extraction. Similarly, seven different
concentrations of EDTA solution (0.005, 0.01, 0.03, 0.05,
0.07, 0.15, and 0.3 mol L−1, which represent chelant-to-
metal ratios of 2.7, 5.4, 16.2, 27.0, 37.8, 80.9, and 161.8,
respectively) were prepared and sonicated for 30 min at an
ultrasonic power of 500W. In addition, three different contact
times (5, 15, and 30 min) were tested using 500W of power at
a concentration of 0.03 mol L−1 EDTA. The effect of ultra-
sonic power was also studied at three levels (200, 350, and
500 W) at a concentration of 0.03 mol L−1 EDTA and a con-
tact time of 30 min.

All the slurry samples of the above different extraction
procedures were centrifuged at 4000 rpm for 10 min. The
supernatants of the samples were filtered, acidified with 5%
HNO3, and stored at 4 °C prior to ICP analysis. All tests were
performed in triplicate, and the results are presented as the
average of three extracts.

3 Results

3.1 Extraction efficiencies of PTEs by conventional
mechanical shaking

The removal efficiencies of Cu, Pb, and Zn increased with
increasing EDTA concentrations up to EDTA concentration
of 0.01 mol L−1 by CMS (Fig. 2a). The removal of Pb was at
an optimum when extracted with EDTA concentrations be-
tween 0.01 and 0.07 mol L−1. The extraction efficiencies for
Cu, Pb, and Zn were decreased when the EDTA concentration
was higher than 0.07 mol L−1. The removal efficiency of Cd
did not change with the increasing EDTA concentrations,
which was kept in around 60%.

Among the four targeted PTEs, Pb showed the highest
removal efficiency with 0.03 mol L−1 EDTA (Fig. 2b). An

increasing contact time resulted in a corresponding increase
in the quantity of Cd, Cu, and Pb extracted until the removal
efficiency leveled off. The removal efficiency of Zn consider-
ably increased over the first 4 h, followed by a gradual in-
crease in total removal efficiency over the following hours
(8, 12, 16, and 24 h).

Fig. 2 Removal efficiencies of Cd, Cu, Pb, and Zn a under different
concentrations of EDTA (at a liquid:soil ratio of 25:1 and contact time
of 4 h) and b under different contact time (at a liquid:soil ratio of 25:1 and
EDTA concentration of 0.03 mol L-1) using the conventional mechanical
shaking extraction method. Error bars represent the standard deviation of
three replicates

Table 1 Sequential extraction procedure for geochemical distribution of potentially toxic elements

Extraction step Fraction Extraction agents Extraction conditions

1 Exchangeable 1 mol L−1 MgCl2, pH 7 1 h, room temperature

2 Bound to carbonates 1 mol L−1 CH3COONa, pH 5 5 h, room temperature

3 Bound to Fe-Mn oxides 0.04 mol L−1 NH2OH–HCl in 25% (v/v) CH3COOH 6 h, 96 °C

4 Bound to organic matter 30% H2O2 + HNO3 (pH 2), 3.2 mol L−1 CH3COONH4 in 20% (v/v) HNO3 5 h, 85 °C

5 Residual Concentrated HCl, HF, HClO4, HNO3 6 h, 190 °C
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3.2 Extraction efficiencies of PTEs by static
equilibrium extraction

The removal efficiency of Cd, Cu, Pb, and Zn increased with
increasing concentration of EDTA and then decreased at a
concentration of 0.07 mol L−1 by SEE (Fig. 3a). By increasing
the EDTA concentration from 0.005 mol L−1 to 0.07 mol L−1,
the removal efficiencies of Cu, Pb, and Zn increased consid-
erably (from 42.5 to 94.8%, 58.4 to 99.4%, and 23.3 to 77.8%,
respectively). The removal efficiency of Cd only increased a
limited amount (from 53.3 to 60.4%) in response to an in-
crease in EDTA concentration. When the concentrations were
greater than 0.07 mol L−1, removal efficiencies decreased for
all four metals.

Increasing the contact time from 0.5 h to 24 h resulted in
greater removal efficiencies for Cu, Pb, Zn, and Cd (Fig. 3b).
The increment of EDTA concentration was more obvious in

the contact time from 0.5 h to 8 h compared to greater than 8 h,
as was evident from the slopes of the curves in Fig. 3b.

3.3 Extraction efficiencies of PTEs by ultrasound-
assisted extraction

The removal efficiency of Cd, Cu, Pb, and Zn increased when
the EDTA concentration increased from 0.005 to 0.03mol L−1

by UAE (Fig. 4a). However, increasing the EDTA concentra-
tion from 0.03 to 0.30 mol L−1 resulted in lower removal
efficiencies for Cu, Pb, and Zn but not Cd. The Cd extraction
efficiency was not significantly different when the EDTA
concentration ranged between 0.03 and 0.30 mol L−1. The
removal efficiencies of the target PTEs were in an order of
Pb > Cu > Zn > Cd.

The removal efficiency of tested heavy metals gradually
increased with the increasing sonication time period and

Fig. 4 Removal efficiencies of Cd, Cu, Pb, and Zn a under different
concentrations of EDTA (at a liquid:soil ratio of 25:1, contact time of
30min, sonication power of 500W) and b under different sonication time
(at a liquid:soil ratio of 25:1, EDTA concentration of 0.03 mol L−1,
sonication power of 500 W) using the ultrasound-assisted extraction
method. Error bars represent the standard deviation of three replicates

Fig. 3 Removal efficiencies of Cd, Cu, Pb, and Zn a under different
concentrations of EDTA (at a liquid:soil ratio of 25:1 and contact time
of 24 h) and b under different contact time (at a liquid:soil ratio of 25:1
and EDTA concentration of 0.07 mol L−1) using the static equilibrium
extraction method. Error bars represent the standard deviation of three
replicates
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ultrasonic power (Figs. 4b and 5). The optimum results were
achieved after 30 min at a sonication power of 500 W.

4 Discussion

4.1 Extraction efficiencies of PTEs by EDTA

The removal efficiencies of Pb and Cu were higher than Cd
and Zn, regardless of extraction approaches (Figs. 2, 3 and 4).
This could be partly attributed to the slightly higher stability
constants of Pb- and Cu-EDTA complexes compared to Cd
and Zn. It has been well studied that the extraction capacity of
EDTA is directly dependent on its ability to form stable com-
plexes with PTEs (Li et al. 2012). The stability constants (log
K) of the metal-EDTA complexes followed the order: Cu
(18.8) ≈ Pb (18.2) > Cd (16.5) ≈ Zn (16.2) (Begum et al.
2012; Labanowski et al. 2008). The higher removal efficien-
cies of Pb and Cu might also be a result of that over 60% of
them were bounded to the exchangeable and carbonates frac-
tions (Fig. 1). The PTEs bounded to these fractions can be
easily removed by chelants (Beiyuan et al. 2017b; Zhang
et al. 2010). Other crucial reasons include initial content of
PTEs in soils, competitions with cations (from co-
contaminants or minerals), soil properties, reaction time,
washing patterns, and conditions of EDTA (e.g., concentra-
tion, soil-to-solution ratio, and pH) (Beiyuan et al. 2018b). For
example, Zupanc et al. (2014) found that EDTA extracted
more Cd than Cu and Zn.

However, in the current study, Cd was the most difficult
metal to be removed while nearly all the soil Pb was removed.
This could be mainly contributed to speciation of Cd. The
results of geochemical distribution showed that around

45.2% of Cd bound to residual fraction (Fig. 1), which is
difficult to be extracted by chelants (Matong et al. 2016). In
addition, around 10% of Cd bound to organic matter and Fe/
Mn oxides which are also difficult to be extracted by EDTA
compared to Cd in exchangeable fraction and carbonate
bound fraction. The solubility of carbonates can be greatly
promoted in the presence of chelants, while the PTEs bound
to Fe/Mn oxides can be disassociated by EDTA. The disasso-
ciation of Fe/Mn oxides can be affected by the crystalline form
of Fe/Mn oxides and the condition of the system, such as pH
and reaction time (Nowack and Sigg 1997). For example, the
well-crystalline goethite can be dissolved much slower than
amorphous iron oxides by EDTA and metal-EDTA com-
plexes. These can further explain that the extraction of Zn
was low compared to Pb and Cu in this study.

4.2 Effect of EDTA concentration

The concentration of chelants of soil washing affects the equi-
librium speciation in such complex (Hasegawa et al. 2019).
For the SEE and UAE, the removal efficiencies of the four
PTEs increased with increasing EDTA concentration and
reached a peak at a concentration of 0.07 and 0.03 mol L−1,
respectively (Figs. 3b and 4b). For the CMS extraction, the
maximum removal efficiencies of Cu, Pb, and Zn reached at
concentrations of 0.05, 0.01, and 0.03 mol L−1, respectively
(Fig. 2a). The CMS extraction was expected to minimize the
consumption of EDTA. However, increasing the EDTA con-
centration further from 0.03 to 0.05 mol L−1, only resulted in a
small additional increase in the removal efficiency of Cu.
Overall, the optimal concentrations for the CMS, SEE, and
UAE were 0.03, 0.07, and 0.03 mol L−1, respectively.
Particularly, unlike the Cu, Pb, and Zn, the removal of Cd
was less dependent on the concentration of EDTA. The max-
imum extraction efficiency of Cd kept steady (~ 60%) for all
extraction methods, despite using a much higher concentra-
tion of EDTA. As discussed in Section 4.1, EDTA preferen-
tially extracts metals from the labile bound fractions (e.g.,
exchangeable fraction and carbonate bound fraction)
(Andrade et al. 2007), while a large amount of Cd existed in
residue fraction in this study (Fig. 1).

Interestingly, greater concentrations of EDTA resulted in
lower removal efficiencies of Cu, Pb, and Zn, which was
observed in all three extraction methods, especially for those
treatments extracted with more than 0.07mol L−1 EDTA. This
is probably because EDTA molecules are not only able to
form complexes with the target toxic metals but also able to
form stable metal-EDTA complexes with large amounts of
mineral metals in soils (Tandy et al. 2004; Zhang et al.
2013), e.g., Ca, Mg, Al, and Fe. These mineral metals, in high
content, can therefore compete with the target PTEs for bind-
ing sites of EDTA. In addition, the largely formed mineral
metal-chelant complexes can exchange with the metal-

Fig. 5 Removal efficiencies of Cd, Cu, Pb, and Zn under different
ultrasound power (at a liquid:soil ratio of 25:1, EDTA concentration of
0.03 mol L−1, contact time of 30 min) using the ultrasound-assisted ex-
traction method. Error bars represent the standard deviation of three
replicates
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chelant complexes of Cu, Pb, and Zn, which might lead to the
lower removal efficiencies of the target PTEs. A higher con-
centration of chelants can also lead to low efficiency when
large amounts of them are in mineral metal-chelant complexes
and uncomplexed forms as indicated by Visual MINTEQ
modeling results (Beiyuan et al. 2018b). Previous studies also
suggested that excess amounts of EDTA only marginally or
unproportionally contribute to the improvement of metal re-
moval efficiencies (Zou et al. 2009). In this study, the high
EDTA concentration employed could cause a matrix effect of
analyte solutions and lead to reduced metal concentrations in
the samples, which then decreased extraction efficiencies of
PTEs. Therefore, a proper chelant-to-metal ratio should be
tested before applying EDTA-enhanced extraction on the
field.

4.3 Effect of contact time and sonication power

In the CMS extraction, the removal efficiencies of Cu, Pb, and
Cd remained almost constant when the shaking time was
greater than 4 h (Fig. 2b). This phenomenon occurred because
the EDTA extraction process takes more time than the ex-
change of adsorbed metals for hydronium ions. Additionally,
this was attributable to the fact that the EDTA molecules are
larger in comparison with the hydronium ions and thus, they
enter into the soil matrix with more difficulty (Gheju et al.
2011). It was observed that longer extraction time can lead
to higher Zn extraction efficiency in the CMS extraction. This
might be due to the higher proportion of Zn bound to Fe/Mn
oxides (Fig. 1). The dissociation of iron (hydro)xides by
EDTA includes quick adsorption (a few minutes) and a rela-
tively slow dissolution (after 2 h) (Nowack et al. 2006).
Whereas, in the SEE extraction, an increasing contact time
resulted in a corresponding increase in the quantities of the
four PTEs extracted.

It was therefore obvious that the highest removal efficien-
cies of all target PTEs were obtained at the longest testing time

(30 min) and highest power (500W), which is consistent with
other studies (De La Calle et al. 2013). The ultrasound can be
delivered into the solution, the heating created by attrition led
to a slow but constant increase in temperature with increasing
sonication time, which contributed to a release of PTEs in
soils (Park and Son 2017; Picó 2013). A higher power of the
UAE can contribute to higher heating temperature and a better
contact condition of soil particles and EDTA. For instance, the
higher power of ultrasound might enhance the decomposition
of soil particles, resulting in a higher surface area of the soil
particles.

Consequently, the optimal conditions were suggested as
follows: (1) a contact time of 4 h in CMS; (2) a contact time
of 24 h in SEE; (3) a contact time of 30 min and a sonication
power of 500 W in UAE.

4.4 Comparisons of extraction methods: CMS, SEE,
and UAE

Son et al. (2012) reported that soil washing processes showed
high removal efficiencies due to the macro-scale and micro-
scale violent desorption actions not only for the pollutants on
the surface of the soil particles but also for the pollutants sorbed
in the pores of soil particles. In this study, three extraction
methods were independently investigated for their optimal ex-
traction conditions. The highest removal efficiencies for Cd,
Cu, Pb, and Zn were obtained with a concentration of
0.03 mol L−1 for the CMS and UAE, and 0.07 mol L−1 for
the SEE, respectively. The calculated residual contents of
PTEs in soils are below the limitations of Soil Environmental
Quality - Risk Control Standard for Soil Contamination of
Development Land in China (GB36600-2018) for Type 1 land,
after washing by the CMS, SEE, and UAE on the optimal
operating conditions (Table 2). The SEE required longer con-
tact time than the CMS and UAE under the optimal condition,
yet the SEE did not require external force which is more eco-
nomical for application. In addition, in terms of the removal

Table 2 Residual contents of
PTEs in soil after washing by the
CMS, SEE, and UAE under the
optimal operating conditions

Treatments Residual content in soil (mg kg−1)

Cd Cu Pb Zn

CMSa 0.52 47.99 1.25 535.80

SEEb 0.53 38.61 2.57 472.81

UAEc 0.52 45.15 15.15 582.29

Limits for Type 1 land in GB36600-2018d 20 2000 400 Not applicable

a 0.03 mol L−1 EDTA, at a liquid:soil ratio of 25:1, and contact time of 4 h
b 0.07 mol L−1 EDTA, at a liquid:soil ratio of 25:1, and contact time of 24 h
c 0.03 mol L−1 EDTA, at a liquid:soil ratio of 25:1, contact time of 30 min, and sonication power of 500 W
d Soil Environmental Quality - Risk Control Standard for Soil Contamination of Development Land in China
(GB36600-2018)
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efficiencies of the four PTEs, there was no actual difference
between the three extraction methods. However, the SEE was
clearly better at removing Zn than the other two methods due to
the promoted contact time for the dissolution of iron (hydro)x-
ides. Nevertheless, when the ultrasonic power was applied,
30 min was sufficient to reach the same removal efficiency
compared to 4 h for the CMS and 24 h for the SEE
extraction. This indicated that ultrasound improved the
extraction of PTEs through greatly reducing the extraction
time. Kovács et al. (2018) also reported that ultrasound can
efficiently enhance the extraction speed. Many physical effects,
such as micro-jet and micro-streaming, can be generated with
the help of ultrasound, therefore, enhancing the removal of
contaminants from soil particles. A recent study reported that
the removal efficiencies of PTEs bound to residual fraction can
be enhanced by UAE (Son et al. 2019), yet the enhancement is
not obvious in our study. This might be due to HCl used in their
study, which is a strong acid that can break down the residual
fraction with the help of UAE.

The use of ultrasound was very effective for the removal of
PTEs in soils. The energy consumption for the UAE extrac-
tion, however, is difficult to determine from laboratory-scale
experiments. Some researchers have compiled the basic infor-
mation for the design of large-scale sonoreactors for advanced
oxidation processes (AOPs) in homogeneous systems (Gogate
et al. 2011; Lim et al. 2014). Long-term and large-scale sci-
entific studies should be performed, to demonstrate the energy
requirements and the large-scale feasibility of removing PTEs
in soil using the UAE method. Furthermore, technical and
economically feasible ways to reclaim EDTA in soil washing
process are needed. Otherwise, secondary pollution may be
caused by EDTA if it is not recycled or destroyed in the wash-
ing process, since EDTA has a low biodegradability which
makes it resistant to biological and chemical degradation
(Tandy et al. 2004).

Overall, the SEE and UAE both have the potential to be an
alternative method for extracting PTEs from the soil.

5 Conclusions

The performance of the CMS, SEE, and UAE was evaluated
under various EDTA concentrations and contact times. In
general, the removal efficiencies of Cu and Pb were higher
than those of Cd and Zn for the three tested methods, which is
mainly attributed to their geochemical distribution and strong
complexation capacity with EDTA. These methods were par-
ticularly efficient for Pb removal of the soil.

Although the optimal concentration in the SEE was higher
than that in the CMS and UAE, there was no actual difference
among the three approaches in terms of removal efficiency.
Nevertheless, the SEE requires no external force leading like
the intensive mixing between the contaminated soil and

EDTA solution required for the CMS and UAE extraction
methods and would therefore likely be more economical.
The greatest advantage of the UAE extraction method was
that the contact time was very short (with a reduction of
87.5%) due to the combined effects of mechanical mixing at
macro-scale and sonophysical effects at micro-scale level.
Therefore, both the SEE and UAE have potential as an appli-
cation for extracting PTEs from contaminated soils.
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