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Abstract

The immobilization or removal of toxic components using aqueous extractants, with or
without additives, is one of the commonly practiced techniques for the treatment of metal-
contaminated soils. However, rather than the use of water alone, the solution with chemical-
additives is preferred due to the less time requirement and better separation effectiveness.
There is a long-favored list of additives that have been used for the chemical-induced
washing remediation of soils, which include acids, bases, chelants, surfactants, and so forth.
The objective of this chapter is to provide a brief overview of the chemical-assisted soil

washing approaches.
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1.0 Introduction

Metal contamination of soils, which has been known as threatening for human health and
the environment, has been caused from manufacturing discharges, effluents from service
industries or wood preserving operations (Sposito and Page 1984; Basta et al. 2005; Khan et
al. 2008). The sites of metal-contaminated soils can either be declared abandoned restricting
for future exploitation, or the soils can be excavated and transported to secured disposal
(Abumaizar and Smith 1999). However, the leaching possibility of the toxic metals from the
contaminated soil cannot be avoided even it confined and has been considered rather as a
provisional and an economically less-viable option (LeStan et al. 2008). Instead, the
depollution of metal-contaminated soils has been preferred as it not only minimizes any
future contamination risk but also offers an option to re-exploit the restricted locations

(Abumaizar and Smith 1999; Dermont et al. 2008; Pavel and Gavrilescu 2008).

The ‘soil washing’ technique used for the treatment of metal-contaminated soils is a
physico-chemical approach based on mining and mineral processing principles (Mann 1999).
The target contaminant usually remains in specific particle fractions of the metal-
contaminated soils, which can be concentrated into a much smaller volume of contaminated
residue via washing treatment of soil (ITRC 1997). However, the effectiveness of the
washing treatment is closely related to the ability of the extracting solution to separate out the
metals in soil (Peters 1999). The solubility of metals in water is too limited for removing a
high amount of cations in the leachates and, hence, the washing solution includes various
chemical agents (e.g., acids, bases, surfactants, chelating or sequestering agents) to enhance

the separation of contaminants from soils (Davis and Singh 1995; ITRC 1997).

Soil decontamination by washing treatment can be accomplished either on the excavated
(i.e., physically removed) soil (ex situ) or on-site (in situ). However, the effectiveness of in
situ washing treatment is limited due to the restricted mobility of the extractants while the
soil is in the intact state. Furthermore, it is necessary to maintain site-specific control
measures to prevent subsequent leaching occurrences (Abumaizar and Smith 1999).
Therefore, the soil washing technique is generally performed as an ex situ method (Peters

1999; Pavel and Gavrilescu 2008), which have been discussed in detail in this chapter.



2.0 General outline of the ex situ soil washing process

In the metal-contaminated soils, the toxic components tend to be attached to the fine
fractions (silt and clay) either chemically or physically, which are further bind to the coarse
fraction consisting of sand and gravel (US EPA 1996). The cumulative target of the soil
washing process is to treat the entire volume of a contaminated soil site, including the
separation of the fine soil parts from the coarse ones. Hence, the total process of soil washing
can be said to be a combination of the following basic steps: (a) Separation of the
contaminated zone by excavation; (b) Segmentation of the unearthed soil to fine, sand and
gravel fractions; (c) Treatment of the sand fraction using suitable extractant; (d) Rinsing with
water to remove residual contaminants and extracting agents; (¢) Re-deposition of the cleaned
sand fraction along with the gravel parts to the site; (f) Further treatment of the fine fractions
or disposed of according to the regulatory guidelines. (Griffiths 1995; US EPA 1996; ITRC
1997; Abumaizar and Smith 1999; Mann 1999; Ramamurthy et al. 2008).

The volume reduced during the washing treatment of soils is a typical performance
indication of process application in a particular metal-contaminated site, which is calculated
from the metal content reduction in the coarse and sand fraction in accordance with the

regulatory standards using the following equation (Mann 1999).

Feed soil (tons) — Clean products (tons
Volume reduction (%) = 1 — ( ( ) p ( ))

Feed soils (tons)

A typical ex situ soil washing process (ITRC 1997) is illustrated in Figure 1.

3.0 Factors limiting the effectiveness of soil washing technology

There are several factors, which limit the effectiveness of the soil washing technology
during the treatment of metal-contaminated soil. The factors include the percent distribution
of soil particle sizes, organic content in the soil, the ratio of hydrophobic contaminants, the

percentage of co-contaminants other than the metals, and the treatment of spent washing fluid.
The application of soil washing will not be cost-effective if the percentage of the fine-
fractions of soils (silt/clay, < 63—74 microns) is in excess of 30 to 50 percent. The high

organic content, such as humic substances, in soils make the separation of metal-



contaminants difficult because it provides additional binding sites for metals. An increased
ratio of hydrophobic contaminants in soil requires extra additives and, in addition, a
supplementary problem is created during the removal or recycling of the additives from the
residual washing liquid. The volume requirements of washing liquid and the operating
parameters for soil washing are determined depending on the comparative nature and
concentration of metals and co-contaminants in soil, and a huge variation among those can
alter the washing effectiveness of solvents to a considerable extent. Moreover, the after-use
concentration of washing solvents (e.g., acids, chelating agents, surfactants, or other
additives) in the treated soils evokes concerns regarding application of soil washing
technology due to the environmental issues related to the disposal of residuals (US EPA

1995; ITRC 1997).

4.0 Ex situ soil washing: pros and cons

The ex situ soil washing process has several advantages, such as, quantitative removal of
the contaminants, rapid cleanup of a contaminated site, reduce or elimination of long-term
liability, the possibility of producing recyclable material or energy (Evanko and Dzombak
1997; Hester and Harrison 1997). Furthermore, it is one of the few permanent treatment
alternatives for soils contaminated with metals and radionuclides. In addition to the metals,
organic contaminants can be treated in the same system using soil washing technology.
Besides, the clean coarse fractions of soils can be returned to the site at a very low cost after

the soil washing treatment depending upon soil matrix characteristics (ITRC 1997).

The disadvantages of ex situ soil washing process include a must-requirement of further
treatment or disposal of the spent washing liquid, the risk of spreading contaminated soil and
dust particles during removal and transportation of excavated soils. The soil excavation can
also be expensive when a large amount of soil is required to be removed, or disposal as
hazardous or toxic waste is required. There are possibilities of a complication during the
treatment process due to the high soil-humic contents, elevated percentage of soil fines,
complex mixtures of contaminants, or excessively variable influent contaminant

concentrations. Moreover, the space requirement for the installation of the treatment system



is also an issue of concern (Evanko and Dzombak 1997; Hester and Harrison 1997; ITRC

1997; Peters 1999; Dermont et al. 2008).

5.0 Extractants for soil washing

Acids, bases, chelants, surfactants, alcohols, reducing agents, or other solvents are used
as the extracting agent in the soil washing processes either individually or as an additive to
the aqueous mixtures. The solubilization, exchange, and/or extraction of metals by washing
solutions differ considerably with the soil characteristics as well as the types and
concentration of co-contaminants other than the metals (Wood et al. 1990; Yu and Klarup
1994; Griffiths 1995; Chu and Chan 2003; Gao et al. 2003; Maturi and Reddy 2008). Hence,
the selection of extractants is decided on a case-by-case basis depending on the various

factors as mentioned Section 3.0.

The metal immobilization in soils occurs either by forming insoluble precipitates or
incorporating into the soil-crystalline structures, if the metal sorption ability of soils exceeds
the limit due to the high input (Davis and Singh 1995; Pichtel and Pichtel 1997). To treat
such a soils, the acids and chelants have been often studied at laboratory scale, and suggested
for the commercial-scale remediation practices (Dermont et al. 2008). The selection of acids
or chelants as the washing liquid is attributable to their better-responsive ability towards the
metal-mobilization factors, e.g., acidity, ionic strength, redox potential and complex
formation (Pickering 1986; Rampley and Ogden 1998). The acid-induced leaching of metals
in soil takes place through ion exchange and/or soil matrix dissolution (Bricka et al. 1993;
Peters 1999). The ability of the chelants to form stable water-soluble complexes with the
metal ions is exploited during the chelant-assisted soil washing of metal-contaminated soils
(Davis and Singh 1995; Pichtel and Pichtel 1997; Abumaizar and Smith 1999; Peters 1999).
The application of surfactants becomes an attractive option for the extraction of contaminants
from soil (Wang and Mulligan 2004; Conte et al. 2005), due to less acute toxicity relative to
that of the organic solvents and considerable rate of environmental degradability to produce
non-toxic substrates (Mulligan et al. 2001¢; Roundhill 2001; Ehsan et al. 2006a; Ehsan et al.
2006b). The capacity of surfactants to increase the aqueous solubility of hydrophobic organic

compounds at concentrations above the critical micelle concentration (CMC) is the key factor
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in the surfactant-enhanced soil washing (Deshpande et al. 1999; Wen and Marshall 2011). In
this work, we have concentrated our discussion on the remediation of metal-contaminated
soils using acids, chelants and surfactants considering the increasing and continued research

focus on the use of those extractants.

6.0 Acid-induced washing remediation of metal-contaminated soils

The acid-leaching treatment of metal-contaminated soils, sediments, and sludges is an
established remediation approach, which exploit the pH of the washing fluids. The
mechanisms involved, by far, can be either desorption of metal cations via ion exchange or
the dissolution of metal compounds and/or metal contaminant containing soil mineral
components (Tampouris et al. 2001; Kuo et al. 2006). The protons in solution, at low pH,
reacts with the layer silicate minerals and/or surface functional groups (e.g., AI-OH, Fe—OH,
and —COOH) of soils, and the desorption rate of metal ions increased (Isoyama and Wada
2007). The dissolution of Fe- and Al-oxides and phyllosilicates occurs when strong acidic
fluid is added to the soils, and it replaces the ion-exchange process during metal extraction at

pH <2 (Kuo et al. 2006).

The acid-leaching treatment usually employs strong mineral acids, such as, hydrochloric
(HCI), sulfuric (H2SOs4), nitric (HNO3), phosphoric (H3POs), and so forth. Although the use
of weak organic acid, such as, acetic acid (CH3;COOH) is attempted (ESTCP 1997), the
efficiency was proved limited because of relative low strength and foul-smelling odors
(Dermont et al. 2008). The leaching of toxic metals (As, Cu, Pb and Zn) from soils
contaminated with metallurgical materials (Moutsatsou et al. 2006) can effectively be
achieved with HCI compared to the H,SO4 and HNOjs. Furthermore, a significant Pb-leaching
(65-100%) from artificially or naturally contaminated soils is possible with HCI (Cline and
Reed 1995; Reed et al. 1996; Abumaizar and Smith 1999). However, similar rates of Zn and
Ni-extraction have been observed with HCI, H,SO4 and H3POy, while a higher As-extraction
rate was achieved with H,SO4 and H;PO, than that of HCI (Ko et al. 2005; 2006). In brief, it
can be concluded that the metal-leaching efficiency of the acid-variants strongly depends on

the metal-types, the geochemistry of soils, as well as the reagent concentrations.



The metal-leaching treatment of contaminated soils using acids alters soil structure and
induces co-dissolution of soil components causing approximately 50% losses of soil minerals
(Tampouris et al. 2001) and organic matters (Ko et al. 2005). The co-dissolution of the soil
matrix is an issue of concern in terms of both environmental and economic point of view,
because it not only increases the consumption of acid reagent and the complexity of the
effluent management but also the acidity of treated soil is increased (Tampouris et al. 2001;

Ko et al. 2005).

To minimize the destructive impact from the leaching treatment using high-concentrated
acid, the diluted acidic solutions containing chloride salts (e.g., CaCl,, NaCl) have been
proposed as the effective alternatives. The chloride salt solutions have been applied either in
a mixed solution of the mineral acids of lower concentration (Kuo et al. 2006), or
individually at a very high concentrations (>1 M) at a pH-controlled condition (Nedwed and
Clifford 2000; Lin et al. 2001). A subsequent application of chloride salt solutions after the
acid-leaching has also been evaluated, which in addition help to prevent the re-adsorption of
acid-extracted metals to soils (Nedwed and Clifford 2000; Wasay et al. 2002; Isoyama and
Wada 2007). However, the monitoring of Eh and pH parameters should be conducted to
achieve and maintain the optimum thermodynamic conditions as well as to prevent the
formation of insoluble compounds (Lin et al. 2001). The processes involved in the removal of
metal ions (e.g., Pb>", Cd*") with chloride salt solutions (e.g., CaCl,, NaCl) can either be ion
exchange of Ca®"/Na” with Pb>"/Cd*" on the reactive surface sites of the soil matrix, or the

formation of stable and soluble metal chloro-complexes with CI” ions (e.g., Cd*" +yCI &

CdCly*™Y) (Nedwed and Clifford 2000; Tampouris et al. 2001; Kuo et al. 2006). It has been
observed that such a saline leaching treatment of metal-contaminated soil, with or without
acid, can minimize the co-dissolution of soil matrix, and maintain the physico-chemistry and

microbiology of soils close to that of source soil (Tampouris et al. 2001; Kuo et al. 2006;

Makino et al. 2007).
The instances of the application of acid-leaching for the washing remediation of

contaminated soils, both at laboratory and full-scale field-tests, are available from

VanBenschoten et al. (1997), Steele and Pichtel (1998), Lin et al. (2001), Ko et al. (2005),



Kuo et al. (2006), Moutsatsou et al. (2006), Isoyama and Wada (2007), and Dermont et al.

(2008), and are recommended for further reading.

7.0 Chelant-assisted washing remediation of metal-contaminated soils

A multi-protic chelant (HnL), which typically contains multiple coordination sites
available for complexation with a metal center, undergoes acid—base equilibrium reactions in

the aqueous phase, e.g.,
H,L = H* +H,_,L" (1)
There will be subsequent reaction steps followed by the eq (1). The total solubility of

metal ion (Mr) in the presence of chelant in solution can be computed using the following

relation:
1v[Tot = Maq + Z MquLr = Maq + 1v[LTot (2)

In eq (2), p, q and r are used to denote the coefficients for metal ions, protons and
chelants, respectively, and indicate that each conjugate acid or base of the chelants may form
a strong complex with the metals in the contaminated soil when added to the washing
solution. The complexation ability and comparative interaction quotient of the chelants
towards the metals in soils can be evaluated assuming the equilibrium computation
procedures formulated in eq (2). If the chelant is strong in interacting with the metals in soils,
the MLt will be much higher than that of M,q. In addition, performance of a chelant can be
evaluated based on their interaction with and partition potential to soil surfaces according to
soil texture, particle size distribution, clay content, humic matter contents, metal and waste
characteristics, mineralogy, and solution pH (Peters 1999).

A suitable chelant for the treatment of contaminated soil may be required to possess
several of the following criteria (Peters 1999; Hong and Jiang 2005; LeStan et al. 2008):

a) The chelant should have higher metal complexing abilities, as indicated by the
equilibrium complexation constants, towards the heavy and transition metals

compared to the hard sphere cations (e.g. Ca" or Mg").

b) The chelant is better to possess extraction selectivity towards the target metals. The

donor atoms in the chelant decide its comparative selectivity behavior. For example,



chelants having sulfur and nitrogen as donor atoms show higher selectivity toward
the transition metals (e.g. Cu", Ni") and soft sphere cations (e.g. Zn", Cd", Pb",
Hg"), while chelants containing oxygen as the donor atoms are more selective to the

hard sphere cations.

c) Chelants having multiple coordinating sites (i.e. multidentate) are capable of

forming more stable metal-chelant complexes, therefore, preferable.

d) The adsorption affinity of metal-chelant complexes towards solid surfaces of soils

should be low.

e) The reusability of chelant, including low toxicity in the environment are desirable to

design a cost-effective separation scheme.

Aminopolycarboxylate chelants (APCs) such as, ethylenediaminetetraacetic acid
(EDTA) and its homologs are commonly utilized in the ex situ soil washing processes due to
their ability to interact with the majority of toxic metals (LeStan et al. 2008; Hasegawa et al.
2010; 2011). However, the free-form of classical APCs (e.g., EDTA) exhibit poor photo-,
chemo- and biodegradability in the environment (Means et al. 1980; Bolton Jr. et al. 1993;
Kari and Giger 1995; Kari et al. 1995; Egli 2001; Nowack 2002; Noértemann 2005) and, in
most cases, metal complexation raises the threshold values for toxic effects of metals
(Sillanpaa and Oikari 1996; Sorvari and Sillanpdd 1996; Sillanpad 2005). The requirement of
using an excess amount of chelant to ensure the adequate desorption of metal-contaminants
from soil, as well as to minimize the competition effect due to the coexisting elements in the
soil (e.g. Ca™ Mg", Fe', AI") further enhance the problem (Lestan et al. 2008). The
consequence raise concern regarding eco-safety issues, and increasingly stringent legislative
regulations regarding the disposal of soil washing fluid containing APCs have been proposed
or imposed (Grundler et al. 2005; Begum et al. 2013a).

The search for eco-friendly biodegradable variants to replace the classical APCs, thus,
became a topic of interest for the treatment of heavy metal-contaminated soils (Tandy et al.
2004; Begum et al. 2012a; Begum et al. 2012c; Pinto et al. 2014). Nitrilotriacetic acid (NTA)
and [S,S]-ethylenediaminedisuccinic acid (EDDS) have been evaluated as the biodegradable

and environmental-friendly replacement for EDTA in soil washing in the beginning phase of
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such works (Elliott and Brown 1989; Pichtel and Pichtel 1997; Vandevivere et al. 2001;
Tandy et al. 2004; Polettini et al. 2006). The work of Vandevivere et al. (2001) confirms that
a comparable rate of efficiency for Pb, Zn, Cu and Cd extraction with EDDS to that of EDTA
is possible if the contact time is sufficient and solution pH is maintained above 7. The result
is, however, contradicts in the work of Yang et al. (2012), who proposes the use of pH 5.5 for
Pb or Cd extraction. The performance of NTA, EDDS and EDTA for the extraction of Cd, Cu,
Pb and Zn from soils by Polettini et al. (2006) and, among the biodegradable options, EDDS
performed superior than the NTA. The effectiveness of NTA, EDTA, IDSA (iminodisuccinic
acid) and MGDA (methylglycine diacetic acid) as potential alternatives of EDTA was
investigated by Tandy et al. (2004) for the extraction of Cu, Zn and Pb from contaminated
soils, which indicate EDDS as the best option among all. The removal of Cu, Pb and Zn by
the action of the EDDS and MGDA has been reported by Arwidsson et al. (2010). The DL-2-
(2-carboxymethyl) nitrilotriacetic acid (GLDA) and 3-hydroxy-2,2'-iminodisuccinic acid
(HIDS) have been introduced as the biodegradable alternatives to EDTA, along with EDDS,
IDSA and MGDA by Begum et al. (2012a). The performance of GLDA is found better than
other options, in some cases even better than EDTA, at pH 4 and 7 for the extraction of Cd,

Cu, Ni, Pb and Zn from contaminated soils.

The solution pH seems to be a prime deciding factor during the chelant-assisted washing
remediation and the optimal pH condition for the treatment of metal-contaminated soils is
frequently varied with the change in soil characteristics, the incorporation of metals within
the soil phases, and the chelant employed (Begum et al. 2012b; Begum et al. 2013b). In
addition, the relative stability of metal-chelant complexes in the solution is often altered due
to the variation in the formation efficiency of the soluble dominant species in solution, re-
sorption of the metal-chelant complexes in the active surface site of the soil solids, and so

forth (Nowack 2002; Begum et al. 2012b; Begum et al. 2013b).

The basic information about the chelants (EDTA, EDDS, IDSA, MGDA, GLDA and
HIDS) by far explored for the washing remediation of metal-contaminated soils is given in
Table 1. The protonation and complexation characteristics of those chelants with Cd, Cu, Ni,

Pb and Zn are listed in Table 2, while and the changes in the conditional stability constants of
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the corresponding metal-chelant complex as a function of pH is shown graphically in Figure
2. Some instances of chelant-assisted washing remediation of metal-contaminated soils are
summarized by Peters (1999), Tandy et al. (2004), Dermont et al. (2008), and Begum et al.

(2012b), and are recommended for further reading.

8.0 Surfactant-enhanced washing remediation of metal-contaminated soils

Surfactants are heterogeneous and long-chain molecules containing both hydrophilic
(head) and hydrophobic (tail) moieties (Mao et al. 2015), and these are can be classified as
anionic, cationic, zwitter-ionic, and non-ionic depending on the nature of the hydrophilic
group (Rosen and Kunjappu 2012). In an aqueous medium, the monomer molecules of
surfactant create aggregates of a large number of molecules called ‘micelles’ when the
surfactant concentration exceeds the critical micelle concentration (CMC) (Figure 3).
Accordingly, the lowering of surface and interfacial tensions between the contaminants
occurs followed by the displacement of contaminants (Mulligan et al. 2001c; Paria 2008).
The application of surfactant-enhanced remediation is more suitable for the treatment of
organic contaminants in soils. Hence, the washing by surfactants can be more effective when
the metals are closely associated with organic contaminants (US EPA 1997; Dermont et al.
2008). The removal of metal contaminants from soils occurs either due to the surfactant-
associated complexation (Ochoa-Loza et al. 2001) and/or ionic exchange (Swarnkar et al.
2011). A list of surfactants by far employed for the washing remediation of contaminated

soils is provided in Table 3.

Several comparative studies have been conducted to explore and select the best
surfactant-types for the enhanced remediation of heavy metal-contaminated soils. For
example, cationic surfactant DPC, nonionic surfactant Ammonyx KP and anionic surfactant
JBR-425 have been used for the treatment of metal-contaminated soils, and the JBR-425
demonstrated the best elution effect towards Zn, Cu, Pb, and Cd among the surfactant
variants (Slizovskiy et al. 2011). There was a study to evaluate the utility of 11 different
kinds of surfactants, which includes 4 non-ionic, 4 anionic, one zwitter-ionic, and two

charge-unknown surfactants, for the remediation of As, Cd, Cu, Ni, Pb, and Zn-contaminated
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soil. The maximum remediation effectiveness has been achieved with Texapon N-40 anionic

surfactant for most of the metals (Torres et al. 2012).

In comparison with the synthetic surfactants, the bio-surfactants are often preferred due
to their larger molecular structure with more ligand groups, which facilitate usually high
surface activity for the decontamination of both hydrophobic organics and heavy metals
(Sachdev and Cameotra 2013). The potency of bio-surfactants in enhancing metal removal
either as an individual solvent or as an additive to the solvent mixtures has gained advanced
research focus from 1990s, and continued thereafter (Herman et al. 1995; Mulligan et al.
1999a, b, 2001a, b, c; Mulligan and Wang 2006; Dahrazma and Mulligan 2007; Song et al.
2008; Wang and Mulligan 2009a; 2009b). The findings conclude that the acidic bio-
surfactant performed better in extracting the metals bound to carbonate and oxide, while the
alkaline bio-surfactant expedites the release of the organically associated metals (Mulligan et
al. 1999a). The release of the cationic forms of metals from contaminated soil occurs easily
with anionic bio-surfactant solutions, e.g., the remediation of Cd, Zn and Pb-contaminated
soil is reported with the use of rhamnolipid (Herman et al. 1995). In addition, bio-surfactants
are found to be able to remove chromium and arsenic from contaminated soils (Li et al. 2002;
Ozturk et al. 2012; Maity et al. 2013; Mukhopadhyay et al. 2013). The common forms of
chromium and arsenic are negatively charged anionic complexes, which facilitate the cationic
surfactant-assisted fixation of those species (Li et al. 2002). However, mobilization of
arsenic/chromium oxyanions by negatively-charged bio-surfactant (e.g., rhamnolipids) might
be due to any of following mechanisms: (a) the competition between the arsenic oxyanions
and rhamnolipids for the adsorption sites on soil particles; (b) anion exchange reactions
among arsenic anions and rhamnolipids; (c) electrostatic repulsive interactions because of the
increase in the negative zeta potential of the soil particles through the adsorption of
rhamnolipids (Wang and Mulligan 2009a; 2009b). Song et al. (2008), while investigating the
performance of saponin bio-surfactant for the simultaneous removal of cadmium and
phenanthrene, concluded that the external carboxyl groups of saponin micelles might have
coordinated with cadmium and improved the mobilization rate. Mulligan et al. (1999a)
suggested that the metal removal rate with the bio-surfactant can further be enhanced after

consecutive washing. However, the surfactant-enhanced washing remediation of soils can be

13



ineffective if the soil has a silt and clay content more than 20-30% or have substantial
quantities of organic matter (Riser-Roberts 1998; Mulligan et al. 2001c; Wen and Marshall
2011).

The surfactants are also used in combination with other extractants for the enhancement
of metal removal rate from contaminated soils. The elimination of both heavy metals (Cd, Cr,
Mn, Ni, Pb, and Zn) and the organic pollutants from soil were observed by the combined use
of surfactant (e.g., Tween 80, Brij-98, saponin, CAS) and aminopolycarboxylate chelants (e.g.
EDTA, EDDS) (Ehsan et al. 2006a; Mouton et al. 2009; Wen and Marshall 2011; Alcantara
et al. 2012; Cao et al. 2013). Surfactants are also exploited in conjunction with some ligand
ions to achieve an enhanced removal rate of metals from soil (Lima et al. 2011), and bio-
extraction of soil heavy-metals (Ernst 1996; Langley and Beveridge 1999; Almeida et al.
2009).

9.0 Conclusion

The principles, methodologies and features of the extractant as adopted during the
chemical-assisted soil washing approaches has been discussed briefly within the scope of this
chapter. Although a varying range of extractant is available, we have limited our discussion
on the use of acid, chelant and surfactant considering the overall frequency of extractant
recommendation trend by the researchers. It should be noted that chemical-induced washing
remediation of metal-contaminated soils have been often studied at laboratory scale but
moderately used at field-scale or full/commercial-scale, mostly due to the higher reagent cost
and treatment-issues of the spent washing liquids. Hence, there has been increasing research
focus on the formation of a treatment-scheme, which consists of recycling or recovery of the

washing additives.
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Figure 1: A schematic diagram of a basic soil washing process (adapted from ITRC (1997))

Figure 2. The changes in the conditional stability constants (logK'ymi) of the corresponding
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(adapted from Begum et al. (2012b)).
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10  Table 1: Basic information about the chelants (EDTA, EDDS, IDSA, NTA, MGDA, GLDA
11 and HIDS) that have been explored for washing remediation of metal-contaminated soils,
12 such as, chemical structure, acid dissociation constants (pK,) and stability constants (logKnr)

13 of metal-chelant (ML) complexes with selected toxic metals (Cd, Cu, Ni, Pb and Zn)*

APCs Structure pKa Metal logKnmp

pKal pKaZ pKa3 pKa4

EDTA*? 2.00 2.69 6.13 1037 - —
Ccd 16.5
RN NG N Cu 18.78
LC Ni 18.4
Pb 18
Zn 16.5
EDDS? 2.95 3.86 6.84 10.01 - —
" Ccd 10.9°
HooC ¥ ~ OOH Cu 18.36
ﬁ/ i Ni 16.7
Pb 12.7°
Zn 13.4°
IDSA® e 1.97 3.24 4.24 10.00 — —
Ccd 8.33
HOOC j/ \[(OOH Cu 1269
Ni 11.68
Pb 9.75
Zn 9.88
NTA® 1.89 2.49 9.73 — —
Ccd 9.78
HOOC \/ \/COOH Cu 1294
Ni 11.50
Pb 11.34
Zn 10.66
MGDA® 1.5 2.45 10.43 — —
Ccd 10.61
Hooe Cu 13.88
Y Ni 11.99
Pb 12.07
Zn 10.98
GLDA‘ 2.56 3.49 5.01 9.39 — —

A)\N cd 10.31
HooC - cooH Cu 13.03
LC Ni 12.74

OOH

Pb 11.6
Zn 11.52
HIDS? oo 2.14 3.08 4.07 9.61 — —

Hooc ﬁ/’\‘ W)\«)or{ gg 12528
COOH COOH N1 11'3

Pb 10.21

Zn 9.76

14 ‘~’ stands for ‘no metal added’.

15 T At25°C (U= 0.1 M), (Martell et al. 2004); ® At 25 °C (u = 0.1 M), (Martell and Smith 1974);
16 At 20 °C (1= 0.1 M), (Martell et al. 2004); ¢ At 25 °C (u=0.1 M), (Begum et al. 2012a).
17 *A partial adaptation from Begum et al. (2012b).
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Table 2. The protonation and complexation characteristics of the chelants (EDTA, EDDS,
IDSA, NTA, MGDA, GLDA and HIDS) with selected toxic metals (Cd, Cu, Ni, Pb and Zn)

. . *
in the aqueous medium *

Equilibria EDTA EDDS IDSA NTA MGDA®® GLDA"  HIDS'
[HL]/[H][L] 9.52-10.37  10.01 10 9.46-9.84 10.43 9.36 9.61
[H,L)/[HL][H] 6.13 6.84 4.24 2.52 2.45 5.01 4.07
[H;L)/[H,L][H] 2.69 3.86 3.24 (1.81) 1.5 3.49 3.08
[H,L)/[HsL][H] 2 2.95 1.97 (1.0) - 2.56 2.14
[HsL)/[HsL][H] (1.5) - - - - - 1.6
[HeLJ/[HsL][H] (0.0) - - - - - -
Cd2+

[ML}Y[MOHL][H]  (13.2)° — — 11.25 - 10.25 10.2
[ML)/[M][L] 16.5 10.9¢ 8.33 9.76 10.6 10.31 7.58
[MHL]/[ML][H] 2.9 4.5 4.68 — — 4.72 5.11
[MH,L)/[MHL][H]  (1.6)" — 3.28 — — 3.46 3.77
[ML,)/[M][L]? — — — 14.47 — — —
[M,L]/[ML][M] — — — — — — 2.64
Cu2+

[ML}/[MOHL][H]  (11.4) 10.38 — 9.2 — 9.91 8.9
[ML}/[M][L] 18.78 18.4 12.69 13 13.9 13.03 12.58
[MHL]/[ML][H] 3.1 3.48 4.01 1.6 - 4.13 3.65
[MH,L)/[MHL][H] 2 1.95 2.65 — - — 2.57
[ML,)/[M][L]? — — — 17.4 - — —
Ni2+

[ML}/[MOHL][H]  (11.9) — — 10.86 - — 9.5
[ML}/[M][L] 18.4 16.7 11.68 11.51 12.0 12.74 11.3
[MHL]/[ML][H] 3.1 3.22 4.14 — - 4.38 3.52
[MH,L)/[MHL][H]  (0.9)" — — — - 2.19 2.24
[ML,J/[M][LT - — - 16.32 - — —
Pb2+

[ML}/[MOHL][H]  — — — — - 10.65 9.34
[ML}/[M][L] 18 12.7¢ 9.75 11.48 12.1 11.6 10.21
[MHL]/[ML][H] 2.8 5.9 — 2.3 - 4.69 4.13
[MH,L)/[MHL][H]  (1.7)" — — — - 2.11 2.41
[MH,L)/[MH,L][H] (1.2)° — — — - — —
[ML,]/[M][L]? — - 16.27 12.8° - — —
Zn2+

[ML}/[MOHL][H]  (11.6) — — 10.06 - 10.64 8.96
[ML}/[M][L] 16.5 13.4 9.88 10.65 10.9 11.52 9.76
[MHL]/[ML][H] 3 6.68 4.29 — - 4.6 3.92
[MH,L)/[MHL][H]  (1.2)° 2.48 — — - 2.58 —
[ML,)/[M][L]? — — — 14.27 - — —

* Unless mentioned otherwise, all the data are from the NIST database of critically selected stability constants of
metal complexes at 25 + 0.1°C (L = 0.1 M) (Martell et al. 2004).

Pu=1M;°p=0.5M; At 20°C; ° Data source: BASF (2007); " Data source: Begum et al. (2012a).

* A partial adaptation from Begum et al. (2012a) and Pinto et al. (2014).
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Table 3. Basic information about the surfactants used for the washing remediation of

. . *
contaminated soils

Surfactant Name/Components * Tonic nature * Mol weight (g mol ' )*
DPC 1- dodecylpyridinium chloride Cationic 283.88
TX-100 P-tertiary-octylphenoxy polyethyl alcohol Nonionic 628
PFOA Perfluorooctanoic acid Anionic 414.07
NINOL 40-CO Cocamide DEA Nonionic 287.44
CAPB Cocoanut amide propyl betaine Zwitterionic 342.52
DDAC Didecyl dimethyl ammonium chloride Cationic 362.08
SLES Sodium laureth sulfate Anionic NR
SDS Sodium dodecyl sulphate Anionic 288.38
SDHS Sodium dihexyl sulfosuccinate Anionic 388.45
JBR-425 Rhamnolipid Nonionic 504.6/650.8
Ammonyx KP Oleyl dimethyl benzyl ammonium chloride ~ Cationic 436.11
CTAB Cetyltrialkyl Ammonium Bromide Cationic 364.45/406.53
SDBS Sodium dodecyl benzene sulfonate Anionic 348.48
Texapon-40 Sodium lauryl ether sulfate Anionic 376.48
AOT Bis(2-ethylhexyl) sulfosuccinate sodium Anionic 444.56
Brij-35 Poly(oxyethylene),; dodecyl ether Nonionic 1198
Tween 80 Polyoxyethylene sorbitan monooleate Nonionic 1310
Empilan KR6 Alcohols, C9-C11, ethoxylated Nonionic NR
Tergitol NP-10  Polyoxyethylene nonyl phenyl ether Nonionic NR
Sophorolipid Sophorolipid Nonionic NR
Surfactin Cyclic lipopeptide Zwitterionic NR
Guar gam Galactomannan Nonionic NR
TX-405 Polyoxyethylene (40) isooctylphenyl ether Nonionic NR
Brij-58 Polyoxyethylene (20) cetyl ether Nonionic 1123.5
Brij-98 Polyoxyethylene (20) oleyl ether Nonionic 1149.5
Saponin Pentacyclic triterpene saponin Nonionic NR
CAS Cocamydopropyl hydroxysultaine Zwitterionic ~ 452.69
Emulgin W600  Nonyl phenol Nonionic 483
Canarcel 20 Sorbitan monolaureate Nonionic NR
Canasol BJ35 Lautyl alcohol ether Nonionic NR
Surfacpol 203 NR NR NR
Surfacpol G NR Anionic NR
Surfacpol 14104 NR NR NR
Polafix LO Propyl-cocoamide betaine Zwitterionic NR
Maranil Lab Sodium dodecyl bencen sulfonate Anionic NR
Texapon N-40 Sodium lauryl ether sulfate Anionic NR

*A compilation from the work of Torres et al. (2012), Zacarias-Salinas et al. (2013) and Mao et al. (2015).

*“NR’ stands for ‘Not Reported.’
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