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Heavy-metal pollution of soils has become a major environmental concern around the
world presently. Soil washing provides an effective measure of removing contaminants
from soil permanently, of which washing reagent plays a vital role in the process. This article
reviews the current knowledge acquired on the main aspects concerning washing
reagents of soil washing for remediation of heavy-metal-contaminated soil based on
more than 150 published studies over a period from 1990 to 2021. The review identifies
and discusses the types of washing reagents with their associated characteristics. Based
on the factors influencing washing remediation, multi-criteria decision-analysis, together
with an integrated four-step procedure, is put forward to manage the selection and
prioritizing of washing reagents. It crops out from the literature survey that the selection of
the washing reagents is a balanced process by considering washing effect, environmental
impact, and cost-effectiveness. On the basis of such observation and evaluation, it is
recommended that further study should be focused on developing new washing reagents
or compound washing reagents that possess the advantage over heavy-metal removal
ability, eco-friendliness, and cost-effectiveness as well. Selecting washing agents that are
capable of being recovered from waste such as dissolved organic matter would be a
promising trend in washing remediation. Artificial intelligence is expected to assist in the
selection of washing reagents.
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1 INTRODUCTION

Heavy-metal pollution of water and soils has become a major environmental concern around the
world for the last few decades due to anthropogenic activities that lead to pollution, such as mining,
smelting, electroplating, and wastewater irrigating (Jez and Lestan, 2016; Wang et al., 2020; Zhang
et al., 2021a; Zhang et al., 2021b). Globally, there are over five million sites covering 20 million ha of
land in which the soils are contaminated by various heavymetals (He et al., 2015; Liu et al., 2018). Soil
contamination with heavy metals poses serious environmental hazards owing to the fact that heavy
metals are non-biodegradable and they can accumulate in living organisms and cause long term
harmful effects to human health. Therefore, there is an urgent need to remediate heavy-metal
contaminated soils and protect environmental integrity of soils.

Various remediation techniques based on physical, chemical, and even biological processes
have been proposed to remove heavy metals from contaminated soils. Among these techniques,
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soil washing is considered an effective measure that can
permanently remove heavy metals from soil with high-
remediation efficiency despite the concern of losing some
nutrients and causing secondary pollution (Wei et al., 2016;
Feng et al., 2020). Soil washing employs physical processes to
separate the most contaminated soil particles (Figure 1), which
in turn undergo chemical extraction with specific washing
reagents to transfer heavy metals from the soil to solution
(Saponaro et al., 2002; Dermont et al., 2008). The remediation
effectiveness of soil washing is closely related to the extracting
reagents. Several studies in Superfund programmes of the
United States have shown that a wrong selection of washing
reagents may lead to the failure of washing remediation
(USEPA, 2004; 2005). Thus, the research on washing
reagents is a hot button of washing remediation.

Due to the extremely important role of washing reagents in soil
washing remediation, an array of chemicals has been tested to
formulate effective washing solutions (Moutsatsou et al., 2005; Bilgin
and Tulun, 2015). Nevertheless, most of these washing extracts are
developed on a case-by-case basis depending on the specific
contaminant type at a particular site. Different washing reagents
exhibit different effects and mechanisms under varying conditions
(Liu et al., 2021). To the authors’ knowledge, there are few systematic
studies onwashing reagents of soil washing. The objective of the present
article was to review current knowledge acquired on the main aspects
concerning washing reagents of soil washing for remediation of heavy
metals, which help to provide a significant reference for the study of soil
washing. The review covered a brief description on washing reagents’
types with their associated characteristics. It also discussed factors that

influence washing remediation and summarized the selection and
prioritizing method of washing reagents. Finally, based on the
current challenges, perspectives on washing reagents were provided
for future research.

2 TYPES AND CHARACTERISTICS OF
WASHING REAGENTS

Most chemicals have been investigated as washing reagents for
remediating the heavy-metal contaminated soils (Yang et al.,
2009; Fedje et al., 2013; Alghanmi et al., 2015). These washing
reagents are generally divided into four categories, namely
inorganic reagents, chelating reagents, surfactants, and
compound chemical reagents.

2.1 Inorganic Reagents
The commonly used inorganic solutions include water, inorganic
acids, alkali, inorganic compounds, and reducing or oxidizing
(redox) reagents. The mechanism of soil washing with inorganic
reagents is mainly to destroy the functional groups of the soil
surface and form complex formation with heavy metals through
washing, acidolysis, and complexation or ion exchange, thus
exchanging and desorbing the heavy metals from the soil to
the leachates (Ke, et al., 2004).

2.1.1 Water
Water, which is economic and easy to access, is able to flush away
contaminants that are of soluble state. In a pilot study, which was

FIGURE 1 | Typical technological process of soil washing (after Liu L et al., 2018).
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carried out by Xiong et al. (2016), deionized water was reported to
remove over 70% of hexavalent chromium. However, heavy
metals are sparingly soluble and predominantly in the sorbed
state; thus, washing the soils with water alone would not be
expected to remove significant amount of heavy metals (Dikinya
and Arela, 2010).

2.1.2 Acids
The most commonly reported acids used as washing reagents
include hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric acid
(HNO3), and phosphoric acid (H3PO4). Oh et al. (2015)
conducted a risk assessment of two different heavy-metal-
contaminated soils that were collected from a former refinery
site in Korea. As a result, it was found that 1 M HCl and 1 M
HNO3 were effective for the removal of all heavy metals including
Cd, Pb, Cu, Zn, Ni, and As, but HNO3 was considered the most
efficient extract for Pb because the maximum removal efficiency
of which reached 96.9%. Lin et al. (2012) performed laboratory-
and pilot-scale washing of soils contaminated with Cr, Cu, Ni,
and Zn using HCl, H2SO4, EDTA, and citric acid. H2SO4 with the
concentrations between 0.3 M and 1 M was reported to have the
best performance, and the removal efficiencies achieved
41%–42%, 38%–68%, 23%–25%, 47%–53%, and 42%–55%,
respectively, when targeting Cr, Cu, Ni, Zn, and the total
metal content.

Acids generally remove heavy metals from the soil relying on
ion exchange and dissolution of soil components/discrete metal
compounds, and the removal efficiency of inorganic acids varied
in different studies. However, the high removal efficiency of heavy
metals is usually achieved at the acid concentration of >1 mol/L,
whereas a high concentration of acids causes a high increase in
acidity of the treated soil, thus resulting in massive nutrient loss,
soil structure change, and causing harm to microorganisms.
Kwak et al. (2019) assessed the soil before and after washing
remediation with sulfuric acid and phosphoric acid and found
that the adverse effects observed in soil algae and earthworms
after remediation were related to changes in soil pH, EC, total
nitrogen, and total phosphorus. Owing to the changes in physical
and chemical properties of soil, treated soil might need time to
recover from the remediation before habitat quality and function
are restored. Furthermore, wastewater and treated soils need to be
neutralized, and the strong acidic conditions also have high
requirements on treatment equipment.

2.1.3 Alkali
Alkali used as a washing reagent is not as popular as acids. The
commonly used alkali for soil washing is sodium hydroxide. Yang
et al. (2013) made use of 0.05 M H2SO4 and 0.05 M NaOH to
wash soil contaminated by As and Pb. The result showed that
sodium hydroxide solution had better performance on the
removal of As than sulfuric acid. Sodium hydroxide is,
especially effective in removing arsenic from soils, which is
due to the ligand displacement reaction of hydroxyl ions with
arsenic species and high pH conditions that can prevent
reabsorption of arsenic. Similar to strong acids, alkali also
causes serious damage to the physical and chemical properties
of soil.

2.1.4 Inorganic Salts
The use of salt solutions may be an effective alternative to acid or
alkali washing since these inorganic salt reagents have less
damage to the physical and chemical properties of treated
soils. Chloride salt solutions are the most investigated because
metal ions can form soluble metal-Cl complexes with chloride,
which is conducive to metal ions to dissolve into the solution
(Dermont et al., 2008; Wahla and Kirkham, 2008). Ferric
trichloride was reported to be effective in the removal of
heavy metals, including Cd, Pb, Zn, and Cu (Zhai et al., 2018;
Guo et al., 2019). Elements Fe and Cl are important constituents
of soils; however, the research of Chen and Wu (2018) indicated
that FeCl3 would also acidify the soil. Furthermore, the high
concentration of FeCl3 can make the solution sticky, and
therefore it is hard for the heavy-metal ions to spread in the
solution, which can affect the extraction efficiency (Guo et al.,
2016). ferric trichloride, according to Nedwed and Clifford
(2000), the acidified NaCl and CaCl2 solutions were
comparable and efficient with conventional extractants (EDTA
and HCl) in removing Pb from fine-grained soils but with
minimized destruction of soils’ physico-chemistry and
microbiology. Alam et al. (2001) tried to apply several salts
(including potassium phosphate, potassium chloride,
potassium nitrate, potassium sulfate, or sodium perchlorate) to
extract arsenic from a modeled soil and found that potassium
phosphate was the most effective in the pH range of 6–8 (more
than 40% extraction).

2.1.5 Reducing or Oxidizing (Redox) Reagents
Reducing and oxidizing reagents provide another option to
enhance solubilization of heavy metals since chemical
oxidation/reduction can convert metals to more soluble or less
toxic forms through valence change. The United States
Environmental Protection Agency (USEPA) has conducted
laboratory research on Pb extraction involving redox
manipulations and valence changes to promote the removal of
various Pb compounds from synthetic contaminated soils since
the 1990s (USEPA, 1994). Wang et al. (2014) investigated the
removal of Cr (VI) from contaminated soil using sodium
carboxymethyl cellulose stabilized nanoscale zero-valent iron
that was prepared from steel pickling waste liquor and found
that 80% of the loaded Cr (VI) was reduced to less toxic Cr (III)
when the soil was treated with 0.3 g/L of Fe nanoparticles for 72 h.
Several oxidant reagents have also been used to enhance the
removal of heavy metals. Lin et al. (2001) used sodium
hypochlorite as an oxidizer reagent in the chloride-based
leaching process (2 M NaCl at pH 2) to extract metallic Pb-
particles (smaller than 0.15 mm) and other Pb-species from
highly contaminated soils. Based on the removal mechanism,
the use of reducing or oxidizing reagents is usually limited to the
heavy metals, which are varied in solubility and toxicity under
different valences.

2.2 Chelating Reagents
Chelating reagents are capable of forming stable water-soluble
complexes with a variety of metal ions through chelating and
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desorption, thus creating favorable conditions for soil washing.
Various chelating reagents have been tested for soil washing, and
their roles are becoming increasingly important. There are
generally two kinds of chelating reagents that are commonly
used in the study and practice, namely aminopolycarboxylic acids
(also called synthetic chelating reagents) and natural low
molecular organic acids (NLMOAs).

2.2.1 Aminopolycarboxylic Acids
Aminopolycarboxylic acids such as ethylenediamine tetraacetic
acid (EDTA), diethylenetriamine five acetic acid (DTPA),
hydroxyethyl ethylenediamine triacetate (HEDTA), ethylene
glycol double tetraacetic acid (EGTA), nitrilotriacetic acid
(NTA), N-(2-acetamide) iminodiacetic acid (ADA),
ethylenediaminedisuccinic acid (EDDS), and iminodisuccinic
acid (IDSA), have strong ability to activate metals and thus
are commonly utilized in the soil washing processes due to
their ability to interact with the majority of heavy metals
(Leõstan et al., 2008).

EDTA and its homologs form stable complexes with several
heavy metals over a wide pH range, consequently becoming one
of the most commonly investigated chelating reagents. Voglar
and Lestan (2012) washed garden soil from a chemical extraction
plant with 0.06 M EDTA on a pilot-scale and on average removed
79%, 38%, 70%, and 80% of Pb, Zn, Cd, and As, respectively. Jez
and Lestan (2016) used H4EDTA, Na2H2EDTA, and
CaNa2EDTA to wash twenty soil samples from Pb-
contaminated areas in Slovenia, Austria, Czech Republic, in
Pribram and United States, and removed more than 70% of
Pb from the contaminated soils. EDTA is recognized as the most
effective synthetic chelating reagent (especially for Pb, Cd, and
Cu) because: 1) EDTA has a strong chelating ability for cationic
heavy metals; 2) EDTA can treat a broad range of soil types; and
3) EDTA is recoverable and reusable owing to its low
biodegradability. Compared to extraction with acids that
changes the soil matrix, EDTA largely preserves soil property
as a plant substrate. However, EDTA also presents two main
disadvantages: 1) the price of EDTA products is high, and EDTA
is a non-selective extracting reagent that are able to form a strong
complex with a variety of metals, including both target toxic
heavy metals and alkaline-earth cations such as Al3+, Ca2+, Fe2+,
and Mg2+, and thus extracts large quantities of soil nutrients and
meanwhile increases the cost; 2) EDTA may pose an ecological
threat if it is not recycled or destroyed in the washing process
because EDTA is resistant to chemical and biological degradation
and thus has the potential for remobilizing heavy metals in the
environment. The research conducted by Jez and Lestan (2016)
showed that 15% and up to 64% of applied EDTA was retained in
acidic soils after remediation, while in average 1% and up to 22%
of EDTA was retained in calcareous soils.

Since EDTA has poor biodegradability and high persistence in
the soil environment, which may result in deterioration of soil
functions and groundwater pollution, biodegradable chelators
such as ethylenediaminedisuccinic acid (EDDS), iminodisuccinic
acid (IDSA), methylglycinediacetic acid (MGDA),
iminodisuccinic acid (ISA), glutamate-N,N-diacetic acid
(GLDA), glucomonocarbonic acid (GCA), 3-hydroxy-2,2′-

iminodisuccinic acid (HIDS), and polyaspartic acid (PASP),
have been suggested as alternatives to EDTA (Luo et al., 2015;
Satyro, et al., 2016; Yoo et al., 2018). Begum et al. (2012)
conducted lab-scale washing treatments of samples from
metal-contaminated soils for the removal of the toxic metal
ions using EDDS, MGDA, IDSA, GLDA, and HIDS, and as a
result, GLDA showed relatively higher removal efficiencies for
Cd, Cu, Ni, Pb, and Zn at pH 7 but tended to remove less soil
organic matter, total and plant available ammonium, and
exchangeable K, Na, Ca, and Mg which support the
revitalization of the treated soils. Wang et al. (2018; 2020) also
conducted batch washing to evaluate the potential for several
biodegradable chelators for removing Cd, Pb, and Zn from
polluted soils and found that GLDA, IDSA and ISA were
appealing alternatives to EDTA.

Compared to extraction with acids that changes the soil
matrix, aminopolycarboxylate chelating reagents largely
preserve soil properties as a plant substrate. However, the eco-
environmental consequences due to the release of
aminopolycarboxylate acids into the surroundings become an
issue of concern (Rahman et al., 2010). The lethal exposure
resulting from some of the aminopolycarboxylate acids is
likely to persist for a long period because of their poor photo-,
chemo- and biodegradability, and in most cases, an increase in
the threshold values for toxic effects may be observed with metal
complexation. Thus, an increasing interest is focused on the
development and use of the eco-friendly chelating reagent
having better biodegradability and less environmental toxicity.
According to the study by Begum et al. (2012) and Wang et al.
(2018), GLDA appears to possess the greatest potential to
rehabilitate polluted soils with limited toxicity remaining.
However, Kaurin et al. (2020) designed a pilot-scale
experiment using EDTA and biodegradable GLDA, EDDS, and
IDS as chelators and argued about the advantage of EDTA over
tested biodegradable chelators in process and remediation
efficiency and environmental safety under realistic conditions.

2.2.2 Natural Low-Molecular Organic Acids
Natural low-molecular organic acids including acetic, citric,
oxalic, tartaric, formic, malic, lactic, succinic, and fumaric
acids are natural products of root exudates and microbial
secretions as well as plant and animal residue decomposition
in soils. These natural organic acids are considered biodegradable
and eco-friendly chelating reagents, which are able to promote
the dissolution and transformation of heavy metals from soils by
forming complexes. Consequently, a large number of studies are
conducted using varied NLMOAs. Acetic acid was used to leach
Pb in field demonstrations at Fort Polk in Leesville, LO, but the
nuisance of odors and its relative low removal efficiency limited
its application (ITRC, 2003). Xiao et al. (2019) also studied the
washing remediation of Cd and Zn using NLMOAs including
acetic, oxalic, citric, and tartaric acids and concluded that in view
of heavy-metal removal efficiencies and less disturbing on soil
fertilities and plant growth, NLMOAs, especially citric acid, were
more suitable than HCl, EDTA, and NTA.

The washing mechanism of using NLMOAs includes 1) the
desorption of soil minerals by organic acids and the displacement
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of hydrogen ions; 2) organic acids complex with heavy metals to
form positively charged metal complexes and exchange ions with
soil; 3) after adsorption of organic acids on the soil surface, their
functional groups complex with heavy metals to form ternary
complexes; 4) coordination occurs between organic acids and
heavy metals, and the complexes produced are not adsorbed to
the soil, thus reducing the adsorption (Zhou et al., 2002; Zhou
et al., 2016). The NLMOAs vary in ligand form, dissociation
constant (pKa), and function group, which resulted in different
removal efficiency of heavy metals (Li et al., 2011). Usually, the
removal ability of the NLMOAs has a positive correlation with its
dissociation constant and the number of carboxyl groups
(-COOH). Although the NLMOAs are less effective in
removing heavy metals from soils than aminopolycarboxylic
acids because they are reported only effective to dislodge the
exchangeable, carbonate, and reducible fractions of heavy metals
(Peters, 1999; Wuana et al., 2010), they are more eco-friendly to
the environment.

2.3 Surfactants
Surfactants are surface-active compounds which are able to
change the interface state of the solution system significantly.
Since surfactants are capable of assisting the solubilization,
dispersal, and desorption of hydrophobic compounds and
heavy metals due to their hydrophobic and hydrophilic
portions, they are considered promising washing solutions to
remediate heavy-metal-contaminated soils (Liu et al., 2019).
Surfactants with different structures and properties can serve
for different decontamination purposes. Generally, surfactants
are classified into four categories: anionic (negatively charged),
cationic (positively charged), nonionic (uncharged), and
amphoteric (presents both positive and negative charges at an
intermediate pH). Cationic surfactants are mainly nitrogen-
containing organic amine derivatives which can dissociate
cations in water. Since cationic surfactants make the surface of
the matrix hydrophobic and easily cause secondary pollution in
soil by adsorption, consequently, they are rarely used in soil
washing. Anionic surfactants are the most productive and most
widely used surfactants, which are classified into sulfonate and
sulfate salts according to their structure of hydrophilic groups.
Nonionic surfactants can be used in combination with other
surfactants due to the good compatibility because the main
hydrophilic group of nonionic surfactants is an undissociated
ether group in an aqueous solution. Therefore, anionic and
nonionic surfactants are widely used in soil remediation. The
surfactant molecules are found either in nature or as products of
laboratory synthesis, corresponding with the natural and
synthetic origin; consequently, the current surfactants reviewed
in soil remediation research and practice are usually classified
into biosurfactants and chemical surfactants. The heavy-metal
removal mechanism is that surfactant first adsorbed on the soil
surface and interacted with the organic molecules and heavy-
metal ions, causing the heavy-metal ions to leave the soil particle
surface via ionic exchange and surfactant-associated
complexation, and then a complex micelle forms, which would
prevent the adsorption of heavy-metal ions to the soil (Figure 2).

2.3.1 Chemical Surfactants
The commonly used chemical surfactants include sodium
dodecyl benzene sulfonate (SDBS), sodium dodecyl sulfate
(SDS), cetyl trimethyl ammonium bromide (CTAB), Tween,
TritonX, and polyoxyethylene laurel ether (Brij-35). Chen and
Fu (2012) studied the heavy-metal removal effects of SDBS, SDS,
and Tween-80 and found that the removal rates of chromium and
cadmium by Tween-80 achieved 37.06% and 61.2%, respectively.
Sun et al. (2011) compared the removal effects of SDS, CTAB, and
Tween-80 in heavy metals contaminated soils through lab-scale
experiments. The result indicated that these three surfactants
showed poor performance on the clay soils but good extraction
ability for sandy soils, and the removal ability was in the order of
SDS > CTAB > Tween-80. Although several studies are
conducted on the heavy-metal removal ability of chemical
surfactants, the use of chemical surfactants to wash heavy-
metal contaminated soils is still unpopular due to the
following reasons: 1) the removal efficiency is limited because
the polluted soils have a strong adsorption effect on the
surfactants, thus causing adverse effect of removing heavy
metals from the soil; and 2) the use dosage of surfactants and
cost would be high. Therefore, chemical surfactants are always
accompanied by other washing reagents to increase the heavy-
metal removal ability.

2.3.2 Biosurfactants
Biosurfactants are bio-available surface-active compounds that
are mainly generated in the vital movement of bacteria, fungi, and
yeast as well as the metabolites of plants and animals (Paria, 2008;
Liu et al., 2019). The commonly investigated surfactin,
rhamnolipids, cyclodextrin, and sophorolipids are produced by
microorganisms, while saponin and tannic acid are produced by
plants. Owing to different produced microorganisms, raw matter,
and process conditions, biosurfactants have many different types
of structures and chemical compositions (e.g., fatty acids,
glycolipids, lipopeptides, lipopolysaccharides, and lipoproteins).

Biosurfactants are beneficial for improving the interaction
between microorganisms and contaminants in soil and have
little negative impact on soil structure and microbial growth;
thus, in recent years, biosurfactants have attracted wide attention
in soil remediation (Maity et al., 2013; Kholghi et al., 2020).
Gusiatin et al. (2019) applied saponin, tannic acid, and
rhamnolipids to remove multi-metals from soils. The removal
efficiency order of Cu, Ni, and Zn was saponin > tannic acid >
rhamnolipids, whereas saponin and tannic acid were the least
effective for Pb removal (18%–31% and 11%–35%, respectively).
These three biosurfactants effectively removed the heavy metals
of the exchangeable and acid soluble fraction and partially
removed them from the reducible and oxidizable fraction. A
new trend in soil washing with biosurfactants is the use of plant
extracts containing saponins instead of commercial powder
products. Saponins extracted from soapberry (Sapindus
mukorossi L) and soapnut fruit pericarp have a better potential
for the removal of heavy metals (Ni, Cr, and Mn) from the soil
than commercial saponin (Maity et al., 2013; Wang et al., 2015;
Ye et al., 2015). Furthermore, with plant extracts, the operational
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costs of soil remediation are substantially lower than those with
commercial biosurfactants.

Compared to other washing reagents, biosurfactants are
important reagents in soil remediation because they are
biodegradable, hypotoxic, easily available, and have high
selectivity to metal removal. However, concerns on the
application of biosurfactants exist in the following aspects: 1)
the cost is usually relatively high; 2) there is a risk of secondary
pollution caused by the recycle process of leaching waste as well as
the parts of toxic reagent; 3) several biosurfactants may be
required to remedy the multiple-metal-contaminated soils due
to the diverse affinities of biosurfactants to different heavy metals.

2.4 Compound Chemical Reagents
Various metals often coexist at contaminated sites. These
coexisting metals, together with the need of soil protection,
present difficulties to soil washing due to their dissimilar
chemical properties. Under this situation, a single reagent may
be insufficient to achieve the remediation goal. For instance,
Na2EDTA is recognized as the most effective chelating reagent to
remove cationic metals but not in anionic metals (Udovic and
Lestan, 2010). By contrast, NLMOAs (e.g., oxalic acid, citric acid,
and tartaric acid) and some inorganic acids (e.g., phosphoric acid
and nitric acid) attain much higher anionic metal extraction from
soils, sediments, and mine wastes (Drahota et al., 2014).
Consequently, using multiple solutions as compound chemical
reagents to improve the removal efficiency has become a new
favorite method in recent years. There are mainly two kinds of
compound chemical reagents: 1) mixed reagents that are
composed of several solutions; and 2) dissolved organic matter
from various wastes or composts.

2.4.1 Mixed Reagents
Since the heavy-metal removal abilities from soils vary among
different washing reagents, there is the possibility of enhancing
the washing effect by combining different reagents. Plenty of
studies were conducted on the development of mixed reagents
recently, and most of the studies showed that the combination of

multiple reagents achieved higher removal efficiencies than a
single reagent did (Table 1).

As can be seen from Table 1, nearly all kinds of common
reagents are involved in the combination of mixed reagents:
aminopolycarboxylic acids–NLMOAs, aminopolycarboxylic
acids–chemical surfactants, aminopolycarboxylic
acids–biosurfactants, aminopolycarboxylic acids–inorganic
salts, and NLMOAs–biosurfactants. In addition to these
commonly used mixed washing reagents, novel combinations
of solutions such as combination of EDTA, NLMOAs, saponin,
and nanoscale zero-valent iron, deep eutectic solvents were
reported to remove heavy metals from contaminated soils
(Wang et al., 2014; Mukhopadhyay et al., 2016; Mehrabi et al.,
2020; Huang et al., 2021). Mixed reagents were developed due to
the following advantages: 1) increase the removal efficiency of
target heavy metals when a single reagent is insufficient; 2)
decrease the dosage of an expensive reagent and thus decrease
the cost; and 3) decrease the dosage of a toxic reagent and thus
protect soil from damage. However, not all the combinations of
mixed reagents can be expected to have better performance. For
instance, Li et al. (2011) reported that the combination of “Citric
acid + SDBS + EDTA” got a worse leaching efficiency of
chromium than using citric acid alone. Furthermore, despite
the aforementioned advantages of mixed reagents, there is still
a risk of increasing secondary pollution to the environment which
is caused by the combination of different reagents.

2.4.2 Dissolved Organic Matter
Washing reagents should be compounds which have a high
number of functional groups that are capable of forming
complexes with metal ions and removing them from soil to
the washing solution. Such reagents can be dissolved organic
matter (DOM) of different origins, for e.g., wastewater treatment,
food processing, or wine processing (Klik et al., 2021). DOM
possesses multiple binding sites and thus has the ability to form
highly stable and soluble organo-metallic complexes with heavy
metals, which is a desirable characteristic of washing reagents that
can be used in soil washing technology.

FIGURE 2 |Mechanisms of soil washing with surfactants [(A)mechanism of washing with cationic surfactants; (B)mechanism of washing with anionic surfactants
and biosurfactants].
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The DOM in the forms of soluble humic substances and
volatile fatty acids have a high potential to be used as washing
reagents to remove heavy metals (Hartley et al., 2014;
Kulikowska et al., 2015; Dong et al., 2021). Soluble humic
substances are composed of humic acids and fulvic acids,
which show good surface-active properties, such as
decreasing the surface tension of water, and in this regard,
they are similar to plant biosurfactants. The interaction of
humic acids with metal ions results in the formation of
strong metal–humate complexes. Fulvic acids have a poorly
developed aromatic nucleus and numerous side chains with
oxygen-containing functional groups (Stevenson, 1994), and
they contain more carboxylic groups than humic acids. The
lower molecular weight of fulvic acids, due to their low degree of
polymerization and their higher content of functional groups,
favor the formation of more soluble, bioavailable, and mobile
complexes with heavy metals. Volatile fatty acids are also
effective in the removal of heavy metals. Zou et al. (2019)
applied volatile fatty acids, which were derived from food
waste, as soil washing reagent to treat contaminated soil and
attained removal rates of 57.09% and 23.55% of extractable
fractions of vanadium and chromium, respectively.

In addition to the aforementioned humic substances and
volatile fatty acids, there are other sources of DOM. Distillery
sludge and alkaline substances, including NaOH, KOH, Ca(OH)2,
and Mg(OH)2, were employed to prepare DOM solution to treat
Cd-contaminated soil through soil washing. Approximately 80%
of Cd was removed from the soil, while other indices of soil
fertility were improved after soil washing (Liu and Chen, 2013).
Can et al. (2018) employed four wastes including pineapple peel,
soybean straw, broad bean straw, and tea residue to remove Cd,
Pb, and Zn in contaminated soils and found that pineapple peel
has the highest removals for Cd (90.1%), Pb (18.6%), and Zn
(15.2%). The relatively high metal removal was mainly attributed
to the effective removal of the exchangeable and acid soluble
fractions due to the fact that hydroxyl, carboxyl, amine, carbonyl,
and amide groups were involved in the interaction with metal
ions by complexation or ion exchange. Some liquid waste can be
used directly to treat soil without the need of extracting DOM.
For example, Zhang et al. (2017) employed a citric acid
fermentation broth to wash heavy-metal polluted soil. This
solution contained a variety of microbial metabolites that were
derived from three carboxylic acid cycles along with other
components in the form of organic acids and surface-active

TABLE 1 | Study on mixed reagents of washing remediation to soils contaminated with heavy metals.

Mixed reagent Heavy
metal

Removal efficiency Optimum condition Reference

H2SO4 + Na2SO4 Cr Total Cr (70.35%) and Cr6+ (71.56%) Solution concentration: 0.4 M for both, soil-to-solution
ratio 1:20, 6 h, room temperature

Xu et al. (2016)

CA + CaCl2, CA + FeCl3,
and CA + CaCl2 + FeCl3

Cd 86.31%–89.61% CA + FeCl3 (3:1) Zhou et al. (2017)

NaCl + HCl, CaCl2 + HCl,
and FeCl3 + HCl

Cd 78.9% 0.1 M HCl and 0.4 M FeCl3, soil-to-solution ratio 1:2,
3 h, wash twice

Chen et al. (2014)

CA + SDBS, CA + EDTA,
and CA + SDBS + EDTA

Cr Removal efficiency of Cr was decreased when
using the combination of SDBS, EDTA,
and CA

0.5 M CA alone, soil-to-solution ratio 1:20, 24 h, wash
twice

Li et al. (2011)

Saponin + EDDS and
EDTA + TX-100

Pb and Cu Pb (99.8%) and Cu (85.7%) 10 mM EDDS and 3,000 mg/L saponin Cao et al. (2013)

EDTA + CA + SDBS Pb, Zn, Cr,
Cu, and Ni

Pb (99.7%), Zn (99.4%), Cr (49.2%), Cu
(99.7%), and Ni (98.4%)

pH = 2, EDTA: CA = 0.66: 1, 0.1% SDBS Cui et al. (2013)

EDDS + EDTA Cu, Zn,
and Pb

Equivalent extraction efficiency of the target
metals as EDTA, but reduction in the dosage
of EDTA

EDDS: EDTA = 1:1, step-gradient chelant washing is
good for the removal of Pb; 24-h continuous washing
is better for the removal of Cu

Beiyuan et al. (2018)

HCl + NaOH As Arsenic-containing flocs lower than the Korean
standard test

0.2 M HCl followed by 1 M HCl (second step) and 1 M
NaOH solution (third step)

Jang et al. (2007)

FeCl3 + NLMOAs (CA,
MA, and TA)

Cd and Pb Cd (72.15%), Pb (30.26%) 10 mM FeCl3 and 20 mM organic acid Liu et al., 2018

Na2EDTA + OA + H3PO4 As and Cd As (41.9%) and Cd (89.6%) Na2EDTA (0.075 M), OA (0.075 M), and H3PO4

(0.05 M). Washing sequence: H3PO4, OA, and
Na2EDTA; the soil-to-solution ratio is 1:15, room
temperature

Wei et al. (2016)

HCl + rhamnolipid Cd 86.78% HCl (1 M): rhamnolipid (2%) = 2:1, soil-to-solution ratio
is 1:8, 24 h

Guo et al. (2019)

CA + saponin Zn, Pb,
and Cu

Zn (67.2%), Pb (68.8%), and Cu (37.7%) CA (40 mM) and saponin 3%; volume ratio of CA to
saponin solution is 1:5 for the removal of Zn and Pb,
while 1:1 for Cu

Xu et al. (2014)

NLMOAs + nanoscale
zero-valent iron (nZVI)

Pb Mine (64%) and farmland soil (83%) 0.2 M CA and 2.0 g/L nZVI Wang et al. (2014)

Deep eutectic solvents
(DESs) + saponin

Pb 72% 40% fructose-based DESs and 1% saponin or 10%
DESs and 2% saponin

Mukhopadhyay
et al. (2016)

Choline-based DESs +
EDTA-2Na

Pb 95.79% 0.02 M EDTA-2Na, DES/water = 2, molar ratio of
choline chloride–ethylene glycol is 0.75, 2 h

Huang et al. (2021)
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substances. Preliminary investigations showed that this type of
washing solution was highly applicable for the removal of Cd, Cr,
Cu, and Pb from the soil, and the removal efficiency was higher
than that of the citric acid solution but had only a small effect on
the mineral composition of the soil.

Compared to other commercial washing reagents, DOM costs
very low because it can be derived from various wastes or
composts. Furthermore, composts and various kinds of wastes
are rich not only in soluble organics but also in nutrients, which
indicates that DOM as a washing reagent can both remove heavy
metals and fertilize the treated soil by increasing the content of
organic matter and nutrients. Therefore, the use of DOM as a
washing reagent is a recent improvement in soil washing.

2.5 Characteristics of Washing Reagents
Based on the aforementioned, each type of washing reagent has
both advantages and limitations (Table 2). Generally, the
inorganic acids HCl, H2SO4, HNO3, and H3PO4 are effective
in removing heavy metals. Alkali was reported to be especially
effective in the removal of As. However, acid or alkali washing
strongly affects the pH of the soils, thus causing damage to the soil
structure as well as important loss of soil mineral substances and
organic matter. Inorganic salts and reducing or oxidizing reagents
are reported to have a good performance in the removal of heavy
metals, but they are generally less effective in comparison with
inorganic acids.

EDTA is reported to be effective in extracting most kinds of
heavy metals from soils, but it has poor biodegradability and thus
is worried by some researchers to cause secondary pollution to

soil and groundwater. EDDS, IDSA, GLDA, and NTA are
biodegradable; accordingly, they are usually considered
substitutes of EDTA. GLDA appears to possess the greatest
potential to rehabilitate polluted soils with limited toxicity
remaining among these reagents. However, opinions are
divided on this point. EDTA is tested to have better
performance on remediation efficiency and environmental
safety over the aforementioned biodegradable chelators in a
recent pilot-scale study. Another important limitation is that
these aminopolycarboxylic acids are too expensive to be widely
used. Natural low-molecular organic acids such as citric acid,
oxalic acid, tartaric acid, and acetic acid are reported to be less
effective for the removal of the heavy metals in comparison with
EDTA, but they are biodegradable and thus are considered to be
more eco-friendly to the environment. Citric acid is reported to
be the most effective washing reagent among these NLMOAs.

Chemical surfactants are seldom reported to have good ability
on heavy metal extraction from contaminated soils, but they are
able to improve the removal ability of heavy metals when used
together with other washing agents. Compared with the chemical
surfactants, biosurfactants are much effective in the removal of
heavy metals although the removal efficiency is generally not as
good as strong acids and EDTA, and the difference is obvious in
extracting rates of biosurfactants to different heavy metals.
Moreover, biosurfactants are biodegradable and easy to be
available. However, the cost of chemical surfactants and
biosurfactants is usually high.

Compound chemical reagents are mixed reagents or
compounds that have a high number of functional groups

TABLE 2 | Classification and characteristics of washing reagents.

Classification Sub-type Commonly used
washing reagent

Washing mechanism Advantage Disadvantage

Inorganic
reagents

Water, acids, alkali, salts,
and reducing or oxidizing
reagents

Water, HCl, HNO3, NaOH,
FeCl3, Na2SO3, NaClO,
and KMnO4

Ion exchange, dissolution
of metal compounds,
complexation, and valence
change

Removal efficiency is usually
good; acids and salts have a
wide range of applications;
cheap

Acid or alkali strongly affects
the pH of the soils and causes
damage to the soil structure
and loss of important nutrient
substance

Chelating
reagents

Aminopolycarboxylic acids
important natural low-
molecular organic acids

EDTA, DTPA, EDDS,
GLDA, IDSA, NTA, OA,
CA, TA, AA, MA, and FA

Desorb heavy metals from
the surface of soil particles
and form stable chelates
with heavy metal ions in soil
solution

EDTA is effective on all kinds
of heavy metals over a wide
pH range; EDDS, IDSA, and
GLDA are biodegradable;
NLMOAs are biodegradable
and eco-friendly

EDTA and DTPA have low
biodegradability; NTA is
poisonous; expensive

Surfactants Chemical surfactants and
biosurfactants

SDBS, SDS, Tween,
TritonX; surfactin,
rhamnolipids, cyclodextrin,
sophorolipid, saponin, and
tannic acid

Change soil surface
properties, enhance the
solubility of organic ligands
in water, or transfer the
contaminants from the
solid phase to the liquid
phase through ion
exchange

Chemical surfactants
improve the heavy-metal
removal ability with other
washing reagents;
biosurfactants are effective
to remove heavy metals and
are also biodegradable and
eco-friendly

Chemical surfactants alone
are always ineffective, and
they are poor in
biodegradability; removal
efficiency of biosurfactants is
usually not very high; usually
expensive

Compound
chemical
reagents

Mixed reagents and
dissolved organic matter

H2SO4 + Na2SO4, CA +
FeCl3, CA + EDTA, EDDS
+ EDTA, HCl +
rhamnolipid, soluble humic
substances, volatile fatty
acids, and citric acid
fermentation broth

Compound washing
mechanism depends on
the component reagents

Usually higher removal
efficiency of heavy metals,
more eco-friendly, and more
cost-efficient

Not always get ideal results
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which are capable of forming complexes with metal ions and
removing them from soil. Compared to single washing reagents,
compound chemical reagents usually have a good performance in
the removal of heavy metals. DOM is eco-friendly and cost-
efficient, thus becoming a promising washing reagent in recent
improvements in soil washing.

3 SELECTION OF WASHING REAGENTS
FOR THE REMEDIATION OF
HEAVY-METAL-CONTAMINATED SOILS

3.1 Affecting Factors of the Selection of
Washing Reagents
Although plenty of washing reagents are employed to treat the
heavy-metal-contaminated soil, it is important to mention that
the selection of the most suitable reagents depends highly on the
affecting factors. Therefore, understanding of the affecting factors
is fundamental to the choice of reagents for washing remediation.
There are various factors that affect the application of washing
remediation; however, geochemistry of the soil, metal
characteristics, washing reagents together with the processing
conditions, and treatment and reuse of the washing effluent
influence the environment, and the cost and available budget
are considered the primary affecting factors.

3.1.1 Geochemistry of the Contaminated Soil
Soil is a dynamic system, which is a heterogeneous mixture of
organic and mineral components with differences in pH values,
redox conditions, moisture content, and undergoing gradual
alterations in response to changes in the environment. The
sub-factors of soil geochemistry that affect the applicability
and effectiveness of washing include soil texture, organic
matter content, cation exchange capacity, and buffering capacity.

3.1.1.1 Soil Texture
Research works have shown that the solubilization/exchange/
extraction of heavy metals by washing differs considerably for
different soil types. For example, the extraction of lead using
hydrochloric acid differs greatly in the allophanic soil and the
smectitic soil (Isoyama and Wada, 2007). Furthermore, particle
size plays an important role in soil washing. Fine particles have
high surface areas for retaining strongly inorganic contaminants
and further partially consist of recalcitrant minerals; thus,
contaminants can be enriched in fine particles (Ko et al.,
2005). Consequently, it is easier to remove heavy metals from
larger size particles than very fine particles such as silt and clay
since less molecular attraction is exited between heavy metals and
large soil particles than fine particles. Furthermore, heavy metals
could readily be readsorbed by iron-manganese oxides that are
located on the surface of fine particles than larger size particles,
and the combination is too strong to make the metals migrate to
the solution (Xia et al., 2009). There is a generally held opinion
that soil washing is only effective for sandy and granular soils
where the clay and silt content (particles less than 0.063 mm) is
less than 25% of the soil because the clay-rich soils pose problems

such as difficulties with materials handling, solid-liquid
separation, longer contact time, and even reduced extraction
efficiency (Tampouris et al., 2001; Wuana and Okieimen,
2011). Recently, Yang et al. (2016) and Rui et al. (2018)
reported effective washing processes that have treated soils
with high clay/silt content (>50%) using compound chemical
reagents.

3.1.1.2 Organic Matter Content
The carboxyl groups (adsorption sites) on organic matter or humic
substances have a high affinity for heavy metals; therefore, organic
matter usually has strong absorption to the washing reagents. Based
on the study of Morin et al. (1999), inner-sphere adsorption
complexes are directly observed in soils contaminated with Pb;
thus, high rates of Pb removal seldom occur from organic matter
and metal oxides. Furthermore, the strong absorption between the
organic matter and washing reagents not only reduces the
concentration of solution so as to inhibit metal extraction but
also has a toxic effect on microorganisms in the soil if a large
amount of the reagent is adsorbed for a long time.

3.1.1.3 Cation Exchange Capacity
The exchangeable cations of major elements such as Fe, Ca, and
Mg may interfere with the washing process owing to the
competition between exchangeable cations and the target
heavy metals. For example, the low selectivity of EDTA causes
a great consumption of this reagent due to the potential chelation
of all the exchangeable cations presented in soil, such as Ca 2+, Fe
3+ (Palma and Ferrantelli, 2005).

3.1.1.4 Buffering Capacity of Soils
Calcite in the contaminated soil forms the buffering capacity of
heavy metal removal through soil washing, especially acid
leaching. The high calcite content or high buffering capacity
may decrease the acid-leaching efficiency; thus, acid leaching may
be ineffective in soils that have a high buffering capacity, such as
calcareous soils (Tejowulan and Hendershot, 1998). This adverse
effect of buffering capacity of soils to heavy-metal removal would
also be supported by the fact that the addition of calcium
carbonate to soil would strongly reduce metal scavenging by
the solution from all soil fractions (Ash et al., 2015).

Based on the aforementioned, sub-factors from the soil
geochemistry aspect that may limit the applicability and
effectiveness of soil washing include 1) high clay/silt content;
2) high organic matter content; 3) high content of Fe and Ca
element; and 4) high calcite content or high buffering capacity.

3.1.2 Characteristics of Metal Contaminants
Toxic metals are present in various chemical forms in soils, which
exhibit different physical and chemical behaviors in terms of
chemical interactions, mobility, biological availability, and
potential toxicity. Consequently, the removal efficiency of
various heavy metals differs considerably owing to the varied
characteristics of metal contaminants which include metal type,
concentration, valence, speciation (distribution of chemical
species), and fractionation (fractions according to bonding
with specific soil substrates) of heavy metals (Maity et al.,
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2013; Zhai et al., 2018). For example, chromium exists either as
the species of trivalent chromium Cr (III) or as hexavalent
chromium Cr (VI). Cr (VI) can be easily reduced to Cr (III),
and meanwhile, it can also be transformed from Cr (III) to Cr
(VI) by manganese oxide in the soil. Washing with hydrochloric
acid is relatively efficient for chromate (CrO4

2−) removal from
non-allophanic soils, but it is inefficient for the removal of
trivalent chromium Cr3+, particularly from soil that has high
cation exchange capacity (Isoyama and Wada, 2007).

Chemical speciation plays a vital role in the solubility, thus
influencing the removal of metals from soils; however, the metal
speciation analysis can be complicated (especially when the soil is
contaminated with a complex mixture of metal compounds);
thus, the metal fraction according to soil substrates is often
applied. The partitioning of metals according to their
association with the soil substrates is usually determined by
the sequential extraction procedure, the methods of which are
widely used, include the Tessier procedure and BCR sequential
extraction procedure (Fernández et al., 2004). A total of five
fractions are involved in the extraction procedure by Tessier et al.
(1979), including F1) exchangeable, F2) acid soluble/carbonate
bound, F3) reducible/Fe-Mn bound, F4) oxidizable/organic
matter and sulfide bound, and F5) residual. BCR procedure is
largely similar to that produced by Tessier with the chief
difference in the first fraction of the procedure. Instead of
evaluating the exchangeable and carbonate bound separately,
the BCR procedure combines both in the first fraction
(Zimmerman and Weindorf, 2010). The fractionation of heavy
metals in soil is closely related to soil geochemistry. The
exchangeable fraction is mostly adsorbed on humus and clay
which is easy to remove; the carbonate bond is most sensitive to
pH value; the Fe-Mn oxide bond is to be released when the redox
potential decreases; the organic bound is released under strong
oxidation conditions; however, the residue fraction is the most
stable. Therefore, the fractions most amenable to removal by
chemical washing are 1) exchangeable, 2) associated with
carbonates, and 3) associated with reducible Fe-Mn oxides of
soils (Peters, 1999), while metals associated with the residual soil
fraction, imbedded in the mineral lattices or discrete particle
forms, are difficult to be removed. Meanwhile, the extraction of
heavy metals that are bound to exchangeable and carbonate
fractions is faster compared to the fraction of Fe-Mn oxides
(Wasay et al., 2001). Nevertheless, the metal fractionation data
does not always clearly explain metal removal efficiency because
removal efficiency also depends on other factors such as metal
concentration and soil geochemistry. Meanwhile, the research of
Ash et al. (2015) indicated that there would be a fraction of
redistribution during the washing process.

Metal fractionation is important for the choice consideration
of washing reagents. Generally, heavy metals in the water-soluble
state can be removed by water; while heavy metals in
exchangeable, carbonate and Fe-Mn bound can be removed by
ion exchange through salt solutions or through chelating and
complexing of chelating agents and surfactants; and the removal
of organic matter and sulfide bound as well as residual generally
requires high concentration of acids and chelating reagents with
strong chelating ability.

3.1.3Washing Reagents and the Processing Condition
Washing reagents are generally the solutions with the functions of
ion exchange, chelation, and complexation, and the removal ability
of heavymetals differs considerably among the extracting reagents.
The effects of the washing reagents, together with their processing
conditions on removing heavy metals from contaminated soil,
should be carefully considered in both in situ leaching and ex situ
washing despite the fact that quantities of studies have been
conducted. Moon et al. (2012) studied the removal effect of Zn
using several washing reagents, including inorganic acids, alkali,
and NLMOAs. The results showed that using HCl at 3 M achieved
the highest removal efficiency of Zn, while the removal effect of
residence time (1 h or 2 h) and soil to solution ratio (from 1:10 to 1:
20) was not obvious. However, the research of Zhu et al. (2013)
indicated that EDTA was the most effective for the removal of Cd
and Pb, and the optimal processing conditions were: 0.1 M EDTA,
soil-to-solution ratio 1:6, residence time 3 h, and washing two
times. Sun et al. (2011) studied the optimum processing condition
of removing heavy metals in the sandy and clay soils using
surfactants (SDS, CTAB, and Tween 80). The removal efficiency
order in sandy soils was SDS > CTAB > Tween 80, and the highest
removal rate of heavy metals Cu, Zn, Pb, Ni, and Cd was achieved
under the condition: soil-to-solution ratio 1:50, moral ratio
(surfactants/heavy metal) 15:1, and pH 4. These case studies
reflect that type and dosage of the washing reagent, pH value,
temperature, residence time, soil-to-solution ratio, washing times,
and the order of sequential washing are important sub-factors of
washing reagents that affect the removal of heavy metals.

Generally, washing reagents with a strong chelating ability or
strong acidity have a good heavy-metal removal effect on soil
(Table 2); however, strong chelating ability and strong acidity
may cause adverse effects on the environment. Usually, the higher
the concentration of the washing agent, the better the removal
ability; however, high concentrations of washing reagents can
lead to the loss of large numbers of ions.

The pH of the washing solution plays a significant role in the
extractability of heavy metals from soils. The extractability of most
cationic heavy metals (e.g., Cd, Cu, Pb, and Zn) increases when the
solution pH decreases. At low pH, the protons (H+) added can
react with soil surface sites (layer silicate minerals and/or surface
functional groups, including Al-OH, Fe-OH, and COOH groups)
and enhance the desorption of metal cations, which are transferred
into the washing fluid (Isoyama andWada, 2007). However, for the
arsenic-contaminated soil, good removal ability is achieved under
both strong acid and strong alkali conditions.

The residence time, which is also called washing time or
contact time, is one of the main sub-factors affecting the
removal efficiency. It is necessary to ensure that the washing
solution is in full contact with the soil particles so as to leach out
heavy metals. The residence time is directly related to the
consumption of the washing reagent, thus increasing the cost.
There is usually an optimal residence time for the washing
process, within which the removal efficiency of the heavy
metals increases sharply with the increase of the residence
time. However, after the optimum residence time, the
continued consumption of the washing reagent could not
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significantly improve the removal efficiency. In general, the
residence time of inorganic washing reagents is relatively
short, while that of organic reagents is relatively longer so as
to ensure a sufficient reaction between reagents and heavy metals
in soil (Wang, 2013). Under inorganic acid washing condition,
the extraction of exchangeable and residual fractions was less
variable above more than 15 min, while in the case of Fe/Mn
oxide and organic/sulfides fractions, there are possibly a gradual
extraction of As and Zn by an increase of reaction time (Ko et al.,
2005).

The soil-to-solution ratio refers to the ratio of the mass or
volume of the soil to the washing reagent. The removal efficiency
of heavy metals usually increases with the decrease of the soil to
solution ratio because the reduction of the soil to solution ratio
means an increase in the amount of washing reagent added to the
contaminated soil. The choice of soil to solution ratio should be
appropriate because it is not conducive to stirring if the ratio is
too large (e.g., bigger than 1:2), while too small of the ratio (e.g.,
smaller than 1:20) will increase the load of the equipment as well
as the consumption of washing reagent and waste effluent, thus
increasing the cost of treatment.

During the washing process, the number of washing times
reflects the change of soil to solution ratio. The study of the
washing times can better reflect the removal effect of different
washing batches on heavy metals so as to maximize the heavy-
metal removal efficiency of the washing reagent.

The optimum processing conditions vary among studies
owing to the differences in soil geochemistry, metal
contaminants, and washing reagents. However, these sub-
factors in terms of washing reagents are related to each other.
The times of washing reflect the change of soil to solution ratio,
while the soil to solution ratio and concentration reflect the
different ratios of the dosage of washing reagent and the
amount of soil to some extent.

3.1.4 Influence on Soil and the Environment
Before the implementation of soil washing, the influences of
remediation on the soil and environment should be considered
carefully because some of the extracting reagents can persist in the
environment at unacceptable levels, which may cause adverse
influence on surrounding residents, microbial communities, and
other organisms in the soil. For example, EDTA is low in
degradation; thus, there is a potential to contaminate soil and
groundwater. EDDS is considered a degradable chelating reagent;
however, in the case of being taken as the only source of carbon
and nitrogen, Cr (III)-EDDS, Fe (III)-EDDS, Pb-EDDS, Al-
EDDS, and Cd-EDDS have degraded, while Cu-EDDS, Ni-
EDDS, and Hg-EDDS have not degraded yet (Vandevivere
et al., 2001). Citric acid and tartaric acid are usually
considered eco-friendly chelating agents; however, they are
also reported to cause an 80% loss of the elements (Wasay
et al., 1988).

3.1.5 Treatment and Reuse of the Washing Effluent
The remediation process produces a final effluent which contains
washing reagents and extracted metals at concentrations higher

than discharge limits; therefore, an important factor in
connection with the application of washing reagents to full
scale remains; however, the subsequent treatment of the
washing effluent before it can be safely discharged into the
aquatic environment so as to avoid of secondary pollution or
be reused to reduce remediation cost.

Several strategies are proposed for the treatment of the
washing effluent. The treatment of soil acidification and
effluent caused by washing with inorganic acids is
neutralization and precipitation. The commonly used effluent
treatment techniques for chelating reagents include trans-
complexation, ion exchange, reverse osmosis, advanced
oxidation processes, and electrochemical method (Pociecha
and Lestan, 2010; Sun et al., 2015; Satyro et al., 2017). Kim
and Ong (1999) introduced the trans-complexation method: the
Pb in the EDTA complex was replaced with Fe3+ at low pH, and
the Pb was subsequently removed using NaOH as a precipitating
agent. This process was relatively expensive and proved difficult if
the EDTA was complexed with more than one metal. Lim and
Kim (2013) used alkaline chemicals to precipitate arsenic and
heavy metals in the effluent containing oxalic acid and then
reused the decontaminated effluent for the soil washing. Juang
and Wang (2000) proposed electrolytic recovery of Pb and Cu
from a solution containing EDTA using sensitive and expensive
cation-exchange membranes, but the process of which was
technically quite complicated. Di Palma et al. (2003) proposed
reverse osmosis for the separation of EDTA complexes from the
washing solution, while the soil colloidal particles tend to clog the
membranes. Finzgar and Lestan (2000) proposed oxidative
decomposition of EDTA complexes in washing solution using
advanced oxidation processes, which was much less effective
when the washing solution was either turbid or colored. The
treatment of electrochemical-advanced oxidation processes was
more robust but consumed a significant amount of electricity and
used an expensive boron-doped diamond anode (Pociecha and
Lestan, 2009). Pociecha and Lestan (2010) used
electrocoagulation with an Al sacrificial anode to separate the
Pb, Zn and Cd from a washing solution. Satyro et al. (2016)
applied the combined TiO2− photocatalytic processes to
decontaminate the effluents which were produced in the
washing process of polluted soil using EDDS as an organic
chelate. Despite the fact that various techniques have been
studied, the difficulty and high cost of effluent treatment make
it an obstacle to the full scale application and commercialization
of soil washing technologies.

3.1.6 Cost and Available Budget
The price of the washing reagents and the available budget are key
constraints that affect the implementation of soil washing. For
example, EDDS is an eco-friendly chelating agent with good
heavy-metal removal efficiency, but the relatively high price limits
its application (Hong and Jiang, 2005). Zhou et al. (2016)
compared the costs of different remediation techniques and
concluded that the cost of soil washing is up to seven times
more expensive than other available remediation techniques. Due
to the high costs, several cases of soil washing in the Superfund
program of the United States (Table 3) failed implementation
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(Dermont et al., 2008). Therefore, soil washing is practical only
when the cost and available budget are balanced, and the low cost
of the washing reagent is an eternal pursuit in the practice of soil
washing.

The aforementioned affecting factors have internal
relationships among themselves, which interact with each
other and work together to determine the removal of heavy
metals from soils.

3.2 Preliminary Choice of Washing
Reagents Based on the Affecting Factors
The inorganic acids, chloride salts, chelating reagents, and
biosurfactants are generally reported effective in the removal
of heavy metals (Supplementary Table S1). However, each
kind of washing reagent has both advantages and limitations.
Strong inorganic acids have strong heavy-metal removal ability
and low price, but they strongly affect the pH of the soil. Alkali
has strong removal ability to As and medium removal ability to
Zn and Hg, which is cheap in price but poor in eco-friendliness.
The heavy-metal removal ability, eco-friendliness, and cost-
effectiveness of chloride salts are at a medium level.
Aminopolycarboxylic acids are poor in cost-effectiveness;
EDTA has strong heavy-metal removal ability and is medium
in eco-friendliness. Other degradable aminopolycarboxylic acids
are medium in heavy-metal removal ability and good in eco-
friendliness. Natural low molecular organic acids, which a have
medium level of heavy-metal removal ability, are good in eco-
friendliness and cost-effectiveness. Synthetic surfactants are poor
in heavy-metal removal ability, eco-friendliness, and cost-
effectiveness. Biosurfactants which have medium heavy-metal
removal ability are eco-friendly but poor in cost-effectiveness.
Dissolved organic matters present medium heavy-metal removal
ability, but they are good in eco-friendliness and cost-
effectiveness. During the preliminary choice process of
washing reagents for the common heavy metals, washing
effect, environmental impact, and cost-effectiveness should be
balanced to get the suitable options. Under the condition of
ensuring the removal effect, the impact on the environment and
cost should be reduced as far as possible.

Due to technical issues of uncertainties in different soil and
contaminant characteristics, together with the relationship of the
affecting factors, it is difficult to make decisions on the selection of
suitable washing reagents. Moreover, remediation practices are
unique (Hou et al., 2014) in that they involve multiple local
stakeholders in the decision-making process (Lehigh et al.,

2020). To come to a consensus on such complex
interdisciplinary problems, different multi-criteria decision-
analysis (MCDA) tools, adopted for choosing an optimum site-
specific remediation method, have been developed (Hou et al.,
2018). A promising MCDAmethod that is able to assist the choice
of washing reagents is the analytical hierarchy process (AHP)
(Saaty, 1980), which can be used to combine all the representative
criteria into a “criteria tree”, with different levels of priorities
accordingly. The application of AHP involves the
decomposition of the ultimate goal into a three-level hierarchy
consisting of subcriteria of the goal. A suitable washing reagent
means that it is able to remove the metals to meet safety standards,
meanwhile preserving the natural soil properties to the maximum
extent within a reasonable budget. Accordingly, the top of the
hierarchy is the goal of the analysis, relating to the “choice of
washing reagent”; the middle level contains more specific criteria
with regard to the objective, relating to “heavy-metal removal
efficiency,” “influence on soil and environment,” and “cost and
available budget,” which can take a reference as Supplementary
Table S1; and the bottom level refers to the most specific criteria
related to the main criteria in the middle level: 1) “types of washing
reagents” is chosen to support the “influence on soil and
environment,” 2) “soil geochemistry,” “metal characteristics,”
and “washing reagents and the processing conditions” are taken
into account to support “heavy-metal removal efficiency,” and 3)
“price of washing reagents” and “treatment and reuse of washing
effluent” are considered to support “cost and available budget”. The
AHP hierarchy structure of affecting factors in the choice of
washing reagents is shown in Figure 3.

Each subcriterion in the criteria tree is represented by a value
supporting the criterion of upper level through pair comparison.
Then, the weights reflecting the relative importance order of
criterion at each level are assigned based on the opinions of
experts or the objective judgment of the decision-maker. The
values of supporting objective and relative weights for all levels
are calculated and then sorted. The preliminary choice of washing
reagents is based on the following principle: highly suitable
washing reagents obtain high values, while less suitable
reagents obtain lower values.

SI � ∑
n

i�1
viwi, (1)

where SI is the suitability index of washing reagent; n is the total
number of subcriteria; vi is the value for subcriterion i; and wi is
the weight assigned to subcriterion i.

TABLE 3 | Examples of deselected soil-washing projects in the Superfund Program (data extracted from Dermont et al., 2008).

Site
location and description

Media Metal Reasons of soil
washing failure

Alternative
selected technology

Sacramento Army Depot, oxidation
lagoons, OU4, CA

Soil Cr and Pb Costs Solidification/stabilization; off-site disposal

Zanesville Well Field, OH Soil As, Cr, Hg,
and Pb

Soil volume was much smaller than
originally projected

Off-site disposal

United Scrap Lead/SIA, OH (lead
battery recycling)

Soil/
sediments

As and Pb Costs Soil disposed off-site if Pb levels above 1,550 μg/g;
containment of the soil below this level
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Since criteria interaction in decision-making problems is
complex, therefore, another MCDA method named
INfluence-based deciSIon guiDE (INSIDE) which combines
the Decision Making Trial and Evaluation Laboratory and
Analytic Network Process (ANP) techniques, is introduced as
a methodology to prioritize between remediation methods for
a contaminated groundwater aquifer (Naseri-Rad et al.,
2020). Therefore, taking criteria interaction into account,
INSIDE is also useful for the preliminary choice of
washing reagents.

3.3 Integrated Procedure of Selecting
Washing Reagents
The selection of washing reagents is aimed at assisting the
removal of heavy metals but preserving the natural soil
properties within reasonable budget limits, which is also
considered a balanced process of washing effect,
environmental impact, and cost-effectiveness. Therefore,
during the process of choosing washing reagents, the main
affecting factors of the reagents for washing remediation
should be taken into account comprehensively. Four steps are
included in the procedure of choosing washing reagents
(Figure 4).

First, a feasibility analysis of soil washing should be
conducted based on the learning of soil geochemistry, the
characteristics of heavy-metal contaminates, and the
remediation goal which are available through the
environmental investigation and risk assessment of
contaminated sites. Soil washing is usually supported by
limited clay content (usually less than 25%) and low
content of humic, as well as low content of Fe, and Ca
elements, and calcite from the soil geochemistry
aspect. Metal speciation is another important factor that
affects soil washing from the aspect of heavy metal
characteristics. The fractions most amenable to the removal
of metals by washing are associated with exchangeable
carbonates and reducible Fe-Mn oxides of soils, while
metals associated with organic matter and sulfide bond and
residual fractions are difficult to be removed. If the factors of

soil geochemistry and heavy-metal characteristics show great
negative influence on soil washing, the determination of
remediation through washing and the choice of reagents
should be cautious. Either auxiliary ways such as heating,
ultrasonic, microwave, and electrokinetics are needed to
enhance the removal of heavy metals or other remediation
techniques should be taken into account to achieve the
remediation goal (Zhang et al., 2016; Chang et al., 2020;
Choi et al., 2021).

Second, the preliminary choice of washing reagents should
be conducted once the washing remediation is determined.
During this process, the factors of washing effect, eco-
environment impact, and cost are required to be
considered a whole to get the suitable options. Multi-
criteria decision-analysis (MCDA) based on AHP or ANP
can be adopted to assist the preliminary choice of washing
reagents.

Third, laboratory studies are required to testify the
remediation effect of initially screened reagents, as well as
to get the optimum processing conditions such as reagent
dosage, temperature, pH, residence time, soil-to-solution
ratio, washing times, and washing sequences. Batch tests are
usually beneficial to soil washing, while column tests are
helpful to soil leaching.

Fourth, a pilot study is necessary so as to optimize the
processing conditions which are obtained through laboratory
studies before the implementation of soil washing in full scale.
Once the washing reagents and the processing conditions are
finally determined, soil washing can be implemented to achieve
the remediation goals.

To sum up, the selection of washing reagents for the
remediation of heavy-metal-contaminated soils is concluded as
shown in Figure 5.

4 SUMMARY AND RECOMMENDATIONS

Soil washing, which is considered an effective technology that can be
used to permanently remove heavy metals from soil, is particularly
relevant for the remediation of heavy-metal-contaminated soils. The

FIGURE 3 | AHP hierarchy structure of the preliminary choice of washing reagents.
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key point to the success of washing remediation technology is that
appropriate washing reagents can be selected. This article identified
and discussed the types of washing reagents with their associated
characteristics and focused on the selection of washing reagents for
extracting heavy metals from soils. The commonly used washing
reagents include inorganic reagents, chelating reagents, surfactants,
and compound chemical reagents. It is noted that each kind of
washing reagent has both advantages and limitations. The review

also showed that heavy-metal removal of washing remediation is
generally related to the geochemistry of the contaminated soil, metals
characteristics, and washing reagents together with the processing
conditions, treatment and reuse of the washing effluent, and influence
on the environment as well as the cost and available budget. The
selection and prioritizing of washing reagents is a balanced process
that considers washing effect, environmental impact, and cost-
effectiveness. Therefore, the multi-criteria decision-analysis method

FIGURE 4 | Procedure of choosing washing reagents in soil remediation (four steps are included: 1) feasibility analysis of washing remediation; 2) preliminary choice
of washing reagents; 3) laboratory study; 4) pilot study and processing optimization).
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is suggested to assist the preliminary choice analysis of washing
reagents. Furthermore, an integrated four-step procedure for the
selection of washing reagents is put forward:

1) Feasibility analysis of soil washing is carried out based on the
learning of soil geochemistry, heavy-metal contaminates, and
the remediation goal;

2) Preliminary screening of washing reagents is conducted based
on the analysis of washing effect, environmental impact, and
cost-effectiveness through the MCDA method;

3) Laboratory studies are required to testify the remediation
effect of initially selected reagents, as well as to get the
optimum processing conditions;

4) A pilot study is necessary so as to optimize the processing
conditions before the implementation of soil washing in full
scale. Soil washing can then be successfully implemented.

Based on the review, soil washing technology for the removal
of heavy metals continues to progress toward using washing
reagents that possess the advantage over heavy-metal removal,
eco-friendliness, and cost-effectiveness. The perspectives of
washing reagents are foreseen as follows:

1) Developing new washing reagents or compound washing
reagents which are highly effective on heavy-metal removal
but low risk of environmental pollution and low cost.
Searching for washing reagents that are capable of being
recovered from waste (e.g., dissolved organic matter) would
be a promising trend.

2) Research on the improvement of removal ability of the heavy-
metal residual fraction is needed since it is difficult to remove
the residual fraction from a technical aspect. The research on
the combination of washing reagents with other auxiliary ways

FIGURE 5 | Selection of washing reagents for the remediation of heavy-metal-contaminated soils.
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or other remediation technologies (e.g., bioremediation) may
be a solution.

3) Study on the treatment and recycling of washing effluent so as
to manage the cost-effectiveness as well as the risk of
secondary pollution that might be induced.

4) Artificial intelligence is expected to be applied to assist in the
selection of washing reagents and the survey of in situ
remediation environments.
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