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KEYWORDS Abstract In order to improve the heavy metal removal ability of traditional single washing agents
Soil washing; and explore the removal mechanism of heavy metals. Then, the washing reagents that mixed by low-
EDTA-organic acids; molecular weight organic acids (citric acid, oxalic acid, and tartaric acid) and artificial chelating
Heavy metals; compound ethylenediaminetetraacetic acid disodium (EDTA) were selected. Furthermore, the effect
Chelating; of soil washing parameters, the variation of leaching toxicity, mobility, stability and speciation of
Desorption heavy metals were also considered. The results of soil washing experiments showed that mixing an

equal volume of 0.05 M EDTA and 0.2 M organic acids (citric acid, oxalic acid, and tartaric acid)
could remove more than about 80% heavy metals from soil under the optimal conditions. In addi-
tion, the soil leaching toxicity was decreased and the stability of remaining heavy metals was
increased, indicating that EDTA-organic acid washing reagents could effectively reduce the ecolog-
ical risk of contaminated soil. EDTA had a stronger chelating ability with heavy metals than the
organic acids, and the organic acids could not only chelate heavy metals but also decrease the
pH of the mixture for promoting the desorption of heavy metals. Thus, mixing EDTA and organic
acids was advisable method to improve soil washing technology.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Soil is an important part of terrestrial ecosystems and main-
tains basic ecological functions (i.e., primary production and
decomposition) (Elouear et al., 2016). Heavy metals with
strong migration ability exist in abandoned industrial soils at
high concentrations, posing a threat to human health in recent
years (Bolan et al., 2014; Li et al., 2017; Maas et al., 2010;
’ Zhao et al., 2017). Therefore, the restoration of those polluted
HLSEVIER Production and hosting by Elsevier soils is crucial for the reuse of land resources. Unfortunately,
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heavy metals, characterized by their inaccessibility, persistence
and undegradability, have caused substantial challenges in the
remediation of soil around the world (Arwidsson et al., 2010;
Moutsatsou et al., 2006).

Some soil remediation technologies have been used widely
in heavy metal-contaminated sites, including solidification, sta-
bilization, electrokinetic extraction, soil washing and bioreme-
diation (Bolan et al., 2014; Cameselle and Gouveia, 2019;
Rosestolato et al., 2015; Yan and Lo, 2012; Yoo et al., 2018;
Zhai et al., 2018). Among these approaches, soil washing has
attracted considerable attention for its ability to permanently
remove heavy metals, short duration, and remarkable cost
effectiveness compared to other methods (Beiyuan et al.,
2018; Dermont et al., 2008; Khalid et al., 2017; Xu et al.,
2014; Zhao et al., 2017). As far as soil washing is concerned,
the selection of effective and harmless washing reagents should
be carefully considered. Currently, organic acids (citric acid
and oxalic acid), chelating agents (EDTA), inorganic acids
(hydrochloric acid), surfactants (sodium dodecyl sulfate and
Triton X-100) and some inorganic salt (calcium chloride) have
been widely used as washing reagents (Jiang et al., 2017; Li
et al., 2017; Li et al., 2019; Mao et al., 2015; Nagai et al.,
2012; Tang et al., 2017; Yoo et al., 2017). Surfactants have
good performance in the removal of organic pollutants due
to their ability to form micelles in solution but are not ideal
for removing heavy metals from soil (Ishiguro and Koopal,
2016; Munoz-Morales et al., 2017). Although inorganic acids
can achieve high efficiencies in the removal of heavy metals,
such reagents have irreversible effects on the physical and
chemical properties of soil, such as the loss of soil organic mat-
ter and essential nutrients, increasing environmental risks.
Many researchers have shifted their attention to artificial
chelating agents such as EDTA, which can bind multiple heavy
metals to form soluble and stable complexes. However, the use
of high concentrations of EDTA may impose a burden on
environmental capacity owing to the unfavorable biodegrad-
ability of EDTA (Guo et al., 2016; Jelusic et al., 2014; Jez
and Lestan, 2016). Organic acids with certain functionalities
could promote the desorption of heavy metals from soil parti-
cles. Nevertheless, a mediocre removal efficiency of heavy met-
als has often been observed because organic acids have short
half-lives in soil (1.5-5.7 d) (Cao et al., 2018; Chen et al.,
2016; Meers et al., 2005; Wen et al., 2009). For the past few
years, the combined utilization of multiple soil washing
reagents has become a research focus. Some studies have
shown that a higher removal efficiency of heavy metals in con-

Table 1 Sequential extraction procedure of heavy metals in

soil.

Procedure Speciation Reagents and conditions

1 Acid-soluble 0.11 M acetic acid (CH;COOH),
fraction (F1) 40 mL

2 Reducible 0.5 M HONH;CI (pH = 2.00,
fraction (F2)  HNO;), 40 mL

3 Oxidizable 10 mL, 30% hydrogen peroxide
fraction (F3)  (H,0,) at 85 °C and 50 mL, 1.0 M

ammonium acetate (CH;COONH,)
4 Residual 6 mL HCI, 2 mL NHOs, 1 mL HF,

fraction (F4) 160 °C

taminated soil always has been obtained though sequential
extraction with different washing reagents (Guo et al., 2018;
Wang et al., 2019). But the increase of frequency of sequential
extraction leaded directly to higher costs.

Previous studies had focused on the remediation of low
concentrations of pollutants in farmland soil using mixed
washing reagents (Li et al., 2015). Actually, the soil washing
is greatly appropriate for remediation of high-concentration
contaminated industrial soils considering the above character-
istics of this technology (Qiu et al., 2010). However, few stud-
ies were focused on the innovation of washing reagents and
migration and transformation of pollutants in industrial soil
remediation by soil washing technology. A new mixed washing
reagent that mixed by low concentration of EDTA and three
organic acids (citric acid, oxalic acid, and tartaric acid) was
curial for treating heavy metal-contaminated industrial soil,
aiming to make up for the shortcomings of the above soil
washing technology. Furthermore, the changes of leaching tox-
icity, mobility, stability and speciation of heavy metals and
leaching toxicity were investigated. Finally, a further treatment
of soil washing wastewater was conducted.

2. Materials and methods

2.1. Soil sampling

According to the previous detailed survey report of the site
Soil samples were collected with a depth of 0-50 cm from
the abandoned sewage treatment station located in the relo-
cated electroplating factory Dongguan City, Guangdong Pro-
vince, Southern, China. These soil samples were air dried for 7
d, mixed fully, ground and passed through a 2 mm soil sieve
for further use.

2.2. Soil analysis

The total content of heavy metals in soil was determined by
Atomic Absorption Spectrometer Z2000 (Hitachi, Japan) after
the soil sample was digested completely by MARS6 (CEM,
America) with HF-HCI-HNO;-HCIO4 (Guo et al., 2018).
The leaching toxicity was measured by the Sulfuric acid and
Nitric acid method (HJ/T299-2007, China) and Horizontal
Vibration method (HJ 557-2010, China). Soil particle size
was measured by Mastersizer 3000 (Marlvern, UK). The pH,
soil organic matter (SOM) and cation exchange capacity
(CEC) of soil were measured according to Soil-
Determination of pH-Potentiometry (HJ 962-2018, China),
Potassium Dichromate Oxidation Spectrophotometric method
(HJ 615-2011, China) and NH4CI-NH,OAc method (GB 7863-
87, China), respectively. EDTA (C;oH4N>Na,Oy), citric acid
(CsHg05), oxalic acid (C,H,04) and tartaric acid (C4HgOg)
were purchased from Aladdin Reagents Co., Ltd. (Shanghai).

2.3. Soil washing experiment

A batch washing experiment was carried out by using a hori-
zontal constant-temperature washing method (Jiang et al.,
2017). Soil samples with a mass of approximately 2 g were
placed in a series of 50 mL centrifuge tubes. The reagents for
the experimental groups were made by mixing equal volumes
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Table 2 Total heavy metal contents and several fundamental parameters of the soil samples.

Parameters pH CEC (cmol/kg) Organic matte (%) Sand (%) Silt (%) Clay (%)
Values 5.50 8.00 0.96 81.6 17.5 0.93
Parameters Total contents (mg/kg) Leaching toxicity (HJ/T299-2007) (mg/L) Leaching toxicity (HJ557-2010) (mg/L)
Cu Ni Zn Cu Ni Zn Cu Ni Zn
Values 3884.8 624.48 280.25 27.96 23.51 8.67 24.96 20.89 3.56
of citric acid, oxalic acid, and tartaric acid along a concentra- ZleizF[
tion gradient (0.01, 0.05,0.1,0.2 and 0.4 M) and EDTA (0.005,  /*== 53— (3)

0.01, 0.05, 0.1 and 0.2 M). The pH of the mixed reagent solu-
tions was adjusted to 3.0. The washing reagent used in the con-
trol group was deionized water. Both the experimental and
control groups were added 20 mL their respective washing
reagents and placed in a water bath constant-temperature
oscillator at 180 r/min for 6 h at room temperature and then
centrifuged at 4000 r/min for 10 min. The upper layer of liquid
was filtered through a 0.45-pum microporous membrane for
further analysis. We also investigated the effect of different
solid-liquid ratios (g/mL) with 1:5, 1:7.5, 1:10, 1:15 and 1:20
by adding different qualities of soil samples and equal volume
(20 mL) of washing reagents with optimum concentration.
Finally, the different soil washing time (0.5, 1, 2, 6 and 12 h)
the initial pH values (3.0, 4.0, 5.0, 6.0 and 7.0) of the mixed
washing reagents was considered. All experiments were
repeated three times. The removal efficiencies of heavy metals
were calculated as follows:

¢
r=—100% 1

5 100% M
where r is the removal rate of a selected heavy metal, ¢ is the
concentration of the heavy metal in the eluent, 7 is the solid-
liquid ratio, Q is the total amount of the heavy metal in a soil
sample.

2.4. Heavy metal speciation analysis

To analyze the redistribution of heavy metals in treated soils
and to assess environmental risks, the soil sample were
extracted by BCR fractionation from. We measured the heavy
metals contents of acid-soluble fraction (F1), reducible frac-
tion (F2), oxidizable fraction (F3) and residual fraction (F4),
respectively. The specific extraction steps are shown in Table 1
(Liu et al., 2019; Ure et al., 1993).

2.5. Heavy metal mobility and stability analysis

Mp is an important indicator of heavy metal mobility and
bioavailability in soil, which are defined as follows (Gusiatin
and Klimiuk, 2012):
B Fl
 F1+F2+F3+F4
where F1, F2, F3 and F4 are the contents of different fractions
in BCR fractionation, respectively.

The stability was accessed by the reduced partition index of

an element, /g, which was defined as follows (Gusiatin and
Klimiuk, 2012; Han et al., 2003):

Mp

100% )

where 7 is the certain extraction step number and k is the num-
ber of the last extraction step (in the BCR produce, k£ = 4), the
F; is the relative content proportion of portion i.

3. Results and discussion

3.1. Analysis of soil components

The total heavy metal contents and several fundamental
parameters of the original soil samples are presented in Table 2.
The soil showed weak acidity with a pH value of 5.50. Both
SOM and CEC were measured in a low value. In addition,
the soil sample was classified as loamy fine sand because it
was composed of sand (81.6%), silt (17.5%) and clay
(0.93%). The total Cu and Ni contents were about 2 and 4
times higher than the regulatory limits issued in the Risk Con-
trol Standard for Soil Contamination of Development Land
(GB36600-2018, China), respectively. Therefore, the contents
of Cu, Ni and Zn were selected as the test indices in our exper-
iments. Moreover, these above characteristics of soil sample
showed that soil washing could effectively remove heavy met-
als from the soil because these pollutants in soil with an unsta-
ble state (Delil and Koleli, 2019).

3.2. Effect of different concentrations of washing reagents

3.2.1. Single washing reagents

The determination of the optimum concentration of a single
washing reagent is beneficial to the process of mixing in next
step. The removal efficiencies of Cu, Ni, and Zn using different
concentrations of citric acid, oxalic acid, tartaric acid and
EDTA are summarized in Fig. Sla-d. When the concentration
of EDTA increased from 0 to 0.05 M, the removal of Cu, Ni
and Zn increased continuously to 66.1%, 62.5% and 67.3%,
respectively. Further increases in the concentrations of wash-
ing reagents did not improve the heavy metal removal efficien-
cies. The removal tendencies of Cu, Ni, and Zn using other
washing reagents with the selected concentration gradient were
similar. The highest removal efficiencies of heavy metals in soil
samples were achieved with the addition of 0.2 M citric acid,
oxalic acid and tartaric acid and 0.05 M EDTA. In the sum-
mary, the above four kinds of washing reagents could appar-
ently enhance the removal rates of Cu, Ni, and Zn above
with in their optimal concentrations. There were two possible
reasons: (1) these washing reagents could release more H™,
which is conducive to the dissolution of heavy metals; (2) more
oxygen-containing groups provided by the washing reagents
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Fig. 1 Removal rates of Cu, Ni and Zn using mixed reagents: equal volumes of EDTA (0.005/0.01/0.05/0.1/0.2 M) and citric acid (a-c),
oxalic acid (d-f), and tartaric acid (g-1) (0.01/0.05/0.1/0.2/0.4 M) under an initial pH of 3.0, solid-liquid ratio of 1:10 and washing time of
6 h.
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Fig. 1 (continued)

would combine with heavy metals (Begum et al., 2012; Chen
et al., 2003; Qin et al., 2004).

It is worth noting that oxalic acid had the highest removal
of Ni (70.4%) among these washing reagents, but the worst Cu
(51.1%) removal. In fact, the difference in removal efficiency
always occurred in soils contaminated by multiple heavy met-
als (Guo et al., 2018; Jiang et al., 2017). Therefore, it was dif-
ficult to effectively remove Cu, Ni and Zn at the same time
when using only one washing reagent. A possible reason is that
the diverse molecular structure of organic acids leads to vary-
ing formation and stability of reaction products. Moreover,
there was competition among the heavy metals to combine
with the active sites on washing reagents (Di Palma and
Mecozzi, 2007; Kim et al., 2003).

3.2.2. The mixed washing reagents

An artificial chelating reagent (EDTA) was mixed with natural
chelating reagents (organic acids) to make up for the limita-
tions of single washing reagents in complex heavy metal
removal in soil. The washing reagent mixed by an equal vol-
ume of 0.05 M EDTA and 0.2 M oxalic acid could remove
Cu (85.3%), Ni (86.9%), and Zn (84.0%) (Fig. 1d-f), achieving

a higher removal efficiency of heavy metals than that obtained
with single oxalic acid. Moreover, compared with the single
organic acid systems, significant improvement was also
observed in the EDTA-citric acid (Fig. la-c) and EDTA-
tartaric acid systems (Fig. 1g-i). Meanwhile, the fact that the
removal efficiency of Cu, Zn, and Ni by EDTA-organic acids
was higher than that by EDTA alone was testified. Hydrogen
ions provided by organic acids can promote the dissolution of
carbonate minerals, oxides and hydroxides. And then the
released heavy metal ions combined with the organic acids to
generate monodentate complexes (Jiang et al., 2017). On this
basis, the addition of EDTA would enhance the chelating abil-
ity of mixed reagents to heavy metals. In addition, mixed
washing reagents could achieve high removal efficiencies of
heavy metals at a lower concentration, reducing the cost and
secondary pollution to the environment.

3.3. The effect of other washing parameters

3.3.1. Solid-liquid ratio

The solid-liquid ratio is a crucial factor in soil washing tech-
nology as this parameter is directly related to the difficulty
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of 3.0, 4.0, 5.0, 6.0 and 7.0.

and cost of subsequent wastewater treatment. Therefore, it was
necessary to minimize the amount of mixed washing reagents
while maximizing the heavy metal removal efficiency. As pre-
sented in Fig. S2a, the removal rates of Cu, Ni and Zn by
EDTA-citric acid increased from 69.1% to 84.5%, 66.1% to
82.1%, and 68.0% to 86.1% as the solid-liquid ratio changed
from 1:5 to 1:10, respectively. Nevertheless, the heavy metal
removal efficiencies remained stable as the solid-liquid ratio
decreased from 1:10 to 1:20. The other mixed washing
reagents, EDTA-oxalic acid (Fig. S2b) and EDTA-tartaric
acid (Fig. S2¢), showed similar trends at these solid-liquid
ratios. A possible reason is that the removal efficiency of heavy
metals was determined by the molar ratio of reagents to heavy
metals. Therefore, increasing the amount of washing reagent
initially benefited the removal of heavy metals. Nevertheless,
some heavy metals were fixed in the interior of soil particles
and were hard to release. Thus, the removal of heavy metals
was minimally improved when using an overdose of mixed
washing reagent.
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3.3.2. Washing time

The washing time determined the degree of heavy metal des-
orption and affected the washing effectiveness of heavy metals
(Yip et al., 2009). As shown in Fig. S3a-c, in the three mixed
washing reagent systems, the removal efficiencies of Cu, Zn
and Ni increased significantly with reaction time (0-6 h) and
tended towards stability after 6 h. For example, the removal
rates of Cu, Ni, and Zn by EDTA-tartaric acid (Fig. S3c)
increased from 57.9% to 83.5%, from 65.9% to 80.5%, and
from 55.1% to 82.9% from 0.5 to 6 h but ranged from
83.9% to 84.1%, from 82.5% to 82.1%, and from 82.0% to
85.3% from 12 to 24 h, respectively. There were two stages
of heavy metal desorption: the first stage was the fast desorp-
tion of weakly bound heavy metals on the soil surface; the sec-
ond stage was the slow release of strongly bound heavy metals
in the soil particles (Zhang et al., 2013). In our study, the
process of heavy metal desorption was consistent with the
above research, therefore the variation tendency of removal
efficiencies of Cu, Zn and Ni could be approximate
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Fig. 3 Changes in leaching toxicity measured by method 1 (a; sulfuric acid solution, pH = 3.20 £ 0.01, turned constantly for 16 h) and

method 2 (b; deionized water, oscillated horizontally for 8 h).

predictable. Considering the balance between efficiency and
cost, the optimal washing time was approximately 6 h.

3.3.3. Initial pH of mixed washing reagents

As seen from Fig. 2a-d, the removal efficiencies of Cu, Ni, and
Zn using the three kinds of mixed washing reagents showed
similar trends with varying pH values. When the pH increased
from 3.0 to 7.0 in the EDTA-tartaric acid system, the Cu, Ni,
and Zn removal efficiencies decreased from 83.1% to 69.9%,
from 80.5% to 63.1%, and from 82.1% to 69.5%, respectively
(Fig. 2¢). An appropriate pH is conducive to the dissolution
and further complexation removal of heavy metals, especially
at low pH values. Fig. 2d shows the removal efficiency of
heavy metals by EDTA solution with different pH values.
The EDTA-organic mixtures could always remove more heavy
metals (7.0-8.9% of Cu, 17.4-23.5% of Ni and 11.5-15.4% of
Zn) than EDTA at pH 3.0. A probable reason is that in addi-
tion to providing hydrogen ions, organic acids can provide cer-
tain functional groups, such as —COOH and —OH, which can
facilely bind heavy metals (Qin et al., 2004).

3.4. Changes of soil leaching toxicity

In the investigation and remediation of decommissioned indus-
trial lands, the leaching toxicity is considered highly important
as an index to judge the risk of contaminated soil. When mea-
suring leaching toxicity, one method alone may not reflect the
real situation due to the interference of organic matter, inor-
ganic colloids and pH in the soil. Currently, there are two
acknowledged methods for determining leaching toxicity in
China: Solid Waste-Extraction Procedure for Leaching
Toxicity-Sulphuric Acid & Nitric Acid Method (HJ|/T299-
2007) and Solid Waste-Extraction Procedure for Leaching

Utilization-Horizontal Vibration Method (HJ557-2010). The
above two standards were adopted in this paper to comprehen-
sively analyze the leaching toxicity of heavy metals. According
to method 2, the leaching toxicity of Cu, Zn and Ni in the sam-
ple leached by EDTA-oxalic acid was reduced to 5.85 mg/L,
2.82 mg/L and 1.27 mg/L, respectively, corresponding to the
most effective group (Fig. 3a). In the other groups, the leach-
ing toxicity of heavy metals treated by washing was also effec-
tively decreased under the two determination methods
(Fig. 3b), further indicating that the risk in later construction
and utilization of the site was successfully controlled.

3.5. Speciation analysis

To explore the migration and transformation of Cu, Ni and Zn
in soils, an extraction experiment (BCR) was conducted. As
shown in Fig. 4a, Cu in the original soil mainly existed in F1
(68.4%), followed by F2 (7.7%), F3 (16.5%) and F4 (7.4%).
After washing treatment with EDTA-citric acid, EDTA-
oxalic acid and EDTA-tartaric acid, the F1 fraction of Cu
was removed at rates of 94.2%, 93.5%, and 93.3%, respec-
tively, exceeding the removal efficiency of other fractions of
Cu. Similar tendencies were also observed for the removal of
Ni (Fig. 4b) and Zn (Fig. 4c). The F1 and F2 fractions of
Cu, Ni, and Zn were more significantly removed by EDTA-
oxalic acid than EDTA-citric acid and EDTA-tartaric acid.
This difference in removal was because oxalic acid could
release more anions than the other organic acids used in this
experiment, accelerating heavy metal desorption more due to
the pKa values of oxalic acid (pK,1 = 1.23, pK,2 = 4.19)
(Jiang et al., 2017). Meanwhile, redox reactions between a por-
tion of the heavy metals and oxalic acid occurred because of
the reducibility of oxalic acid (Jiang et al., 2017).
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In addition, the speciation distribution of heavy metals in
the soil changed significantly through soil washing (Fig. 4d).
Compared with the original soil, the proportions of the F1
of Cu, Ni and Zn were obviously decreased, and F4 accounted
for a greater percentage, while F2 and F3 changed slightly
after washing with the three mixed washing reagents. Since
the degree of soil risk is mainly determined by the content of
acid-extractable heavy metals with strong migration ability,
the speciation distribution of soil samples treated by washing
indicated preliminarily that the stability of the remaining
heavy metals was enhanced.

3.6. Changes of heavy metal mobility and stability in soils

The mobility and stability of heavy metals in soil were accessed
by Mg and I values, respectively. In fact, the heavy metal
contained soils with high Mg values always possess higher tox-
icity and bioavailability (Ma and Rao, 1997). In addition, the
I index which could reflect the heavy metal binding intensity
in soils was also analyzed (Gusiatin and Klimiuk, 2012; Han
et al., 2003). As shown in Fig. 5a, the Mg values of
Cu (0.68), Ni (0.64) and Zn (0.53) in original soil dropped
evidently after washing with EDTA-organic acids, especially
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Fig. 5 The changes of M (a) and Ig (b) of Cu, Ni and Zn in the soil before and after soil washing.

oxalic acid, which could decrease most effectively the Mg of
Cu (0.22), Ni (0.25) and Zn (0.23). The tendency of I was pre-
sented in Fig. 5b. After washing by EDTA-organic acids, the
Ig of Cu, Ni and Zn in soil almost all were more than 0.5,
while the index in original soil was only 0.23 of Cu, 0.24 of
Ni and 0.38 of Zn. It was indicated that the residual heavy
metals in the soil existed in a more stable state.

Considering these changes of Mg and Iy, the one reason
could be that heavy metals in F1 was the main part to be
removed. The other possible reason was that it could enable
more heavy metals to be absorbed onto the soil due to the
increase of organic components in soil by washing with
EDTA-organic acids, and the movement of heavy metals was
restricted (Udom et al., 2004). The above results further con-
firmed the positive function of EDTA-organic acids in reduc-
ing soil toxicity and ecological risks.

3.7. The treatment of soil washing wastewater

Finally, due to the strong stability of the EDTA-heavy metals,
the Advanced Oxidation Process (AOP) was used to generate
the decomplexation of the complexes in soil washing wastewa-
ter. Subsequently, the released heavy metal irons were removed
by alkaline precipitation (the specific produce was shown in SI
Text 1). The preliminary experiment results showed that the
combination method was effective to treat soil washing
wastewater (Fig. S4). Of course, the treatment of wastewater
is briefly mentioned in this paper, and further research will
be elaborated in future papers.

The costs of the washing reagents were calculated to further
verify the feasibility of removing heavy metal by EDTA-
organic acid washing reagents. Most of the organic acids used
in this paper, such as citric acid and oxalic acid cost less than
EDTA, therefore the addition of organic acids reduced the

application and subsequent treatment costs while promoting
the removal efficiency of heavy metals.

4. Conclusions

In this study, heavy metals-contaminated soil collected from a
relocated industrial site in Guangdong Province in China was
washed and analyzed. The concentration and initial pH of the
washing reagents, washing time and solid-liquid ratio were
critical parameters influencing the removal of heavy metals.
The washing reagents produced by mixing 0.05 M EDTA with
0.2 M citric acid, oxalic acid and tartaric acid could remove
81.5%, 85.5% and 85.0% of Cu, 85.9%, 82.9% and 78.9%
of Ni, 81.1%, 84.6% and 82.5% of Zn under an initial pH
of 3.0, solid-liquid ratio of 1:10 and washing time of 6 h. Com-
pared with single organic acid or EDTA solutions, the mixed
washing reagents had obvious improvements in the total heavy
metal removal effect. In addition, the leaching toxicity and F1
of Cu, Ni and Zn could be removed more than 60% and 90%
by washing with EDTA-organic acids, respectively, indicating
that the washing reagents had good performance in the reduc-
tion of toxicity and the restriction of migration of Cu, Zn, and
Ni. Moreover, low concentrations of EDTA were used in the
mixed washing agents, which reduced the burden on the envi-
ronment and the cost of subsequent treatment processes. In
summary, the effectiveness and necessity of mixing citric
acid/oxalic acid/ tartaric acid and EDTA were proven, demon-
strating the feasibility and applicability of mixed reagents in
the remediation engineering of polluted industrial soils.
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