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Abstract: In recent years, due to industrial modernization and agricultural mechanization, several
environmental consequences have been observed, which make sustainable development difficult.
Soil, as an important component of ecosystem and a key resource for the survival of human and
animals, has been under constant contamination from different human activities. Contaminated soils
and sites require remediation not only because of the hazardous threat it possess to the environment
but also due to the shortage of fresh land for both agriculture and urbanization. Combined or
coupled remediation technologies are one of the efficient processes for the treatment of contaminated
soils. In these technologies, two or more soil remediation techniques are applied simultaneously or
sequentially, in which one technique complements the other, making the treatment very efficient.
Coupling anodic oxidation (AO) and soil remediation for the treatment of soil contaminated with
organics has been studied via two configurations: (i) soil remediation, ex situ AO, where AO is used
as a post-treatment stage for the treatment of effluents from soil remediation process and (ii) soil
remediation, in situ AO, where both processes are applied simultaneously. The former is the most
widely investigated configuration of the combined processes, while the latter is less common due to
the greater diffusion dependency of AO as an electrode process. In this review, the concept of soil
washing (SW)/soil flushing (SF) and electrokinetic as soil remediation techniques are briefly explained
followed by a discussion of different configurations of combined AO and soil remediation.
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1. Introduction

An industrial revolution and increased agricultural mechanization in the last decades have had
several consequences, including environmental issues and sustainable development. Decision and
policy makers in industries, economics, and politics take careful consideration of these topics and several
stringent rules and regulations on environmental pollution issues are being promulgated annually,
especially on hazardous waste, atmospheric pollution, and wastewater [1,2]. Soil, an important
component of ecosystem and a key resources for the survival of human and animals, has been under
constant contamination from different human activities such as excessive use of pesticides and fertilizer
on farmlands, infiltration from livestock impoundments, accidental discharge of harmful pollutants,
industrial wastewater, landfill leachates, petroleum spillage and oil rigging, as well as improper
waste disposal and stockpiles, all of which constitutes serious soil pollution and deterioration of soil
quality [3,4]. As such, soil contamination is a global issue and is considered to be one of the barriers for
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sustainable development. The major soil contaminants include heavy metals and toxic anions, toxic
organic compounds, and radionuclide [5]. Heavy metal contaminants such as Cr, Hg, Cd, and Pb,
as well as organic pollutants like volatile chlorinate solvent, polycyclic aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), and total petroleum hydrocarbons (TPHs) have been reportedly
found at different contamination levels in soils across the globe [6-8]. These contaminants pose a
great threat to the safety of the ecosystem and human health via food chain and direct exposure to the
contaminated soils. Additionally, organic contaminants hardly degrade in soil by abiotic/biotic agents,
and thus persist and accumulate [2,3].

Due to their hazardous and potential risk to human health and safety of the ecosystem, as well as
land reuse, contaminated soils require effective remediation for their reclamation and reuse. In-depth
works have been devoted to the development of soil remediation techniques, and several new and
innovative solutions for effective abatement of contaminants from soils have been investigated either to
completely eliminate the contaminants or reduce their concentrations to tolerable and safe levels [3,9,10].
Most soil remediation processes that are in existence have at least one major “bottle-neck”, such as high
cost (thermal treatment), low efficiency (pump and treat), long treatment time (biological treatment),
low treatment capacity and high chemical requirement (in situ chemical oxidation), or necessity for
post-treatment decontamination of the effluents (soil washing (SW)/soil flushing (SF) systems) [2,11].
Sequential or combined remediation techniques in which two or more treatment techniques are
applied either simultaneously or sequentially have the advantage of each technique complementing
the merits and overcoming the challenges of each other [1]. Among the existing combined techniques,
SW/SF/electrokinetic soil remediation coupled with advanced oxidation processes (AOPs) is a versatile
and time-efficient treatment for remediation organic pollutant contaminated soils and it has been
used globally over the years [2,12]. SW is a mechanical process, which involves the use of liquids
(extracting agents) to remove chemical pollutants from the soils [2,6,13,14]. However, the contaminants
are only separated into solution, which implies that necessary treatment is still required for the washing
effluents before discharge into the environment. AOPs based on hydroxyl radical productions (*OH)
such as ozonation, photocatalysis, Fenton oxidation, and electrochemical AOPs have been recently
investigated for treating SW effluents with the best removal efficiency observed with electrochemical
AOPs [2,3,12,15-17]. Among the electrochemical AOPs, electrooxidation otherwise known as anodic
oxidation (AO), has a distinguished advantage in that it requires very limited or no chemical for the
generation of strong oxidant (reactive species) needed for oxidation of the organic pollutants [18-21].
In AQ, reactive oxygen species (ROS) or reactive chloride species (RCS) are electrogenerated at the
anode region via water/chlorine oxidation [22-25]. The produced reactive oxygen species, especially
*OH, is a very strong oxidant (E = -2.8 eV vs. SHE) and it can react non-selectively with any class
of organic pollutants until their total conversion to CO; or at least achieve high mineralization of
the organics [26-29]. The fundamental principles and application of this process are available in
literatures [30-34].

Coupling of AO and soil remediation for the treatment of organic contaminated soils has been
studied via the following two configurations (Figure 1): (i) AO as a post-treatment stage for the
treatment of SW/SF/electrokinetic soil remediation effluents and (ii) in situ and simultaneous AO
and SW/SF process. The former is the most widely investigated configuration of the combined soil
remediation and AO processes, whereas the latter is less common, owing to the higher diffusion
dependency of the electrode process-like AO. In this review, the concept of SW/SF/electrokinetic soil
remediation is briefly explained followed by a discussion of different configuration of combined AO
and soil remediation. In the final section, we provide a brief future perspective and concluding remarks.
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Figure 1. Schematic of different configurations of coupling soil washing (SW) with anodic oxidation
(AO).

2. Soil Remediation Processes

Remediation of contaminated soils has become a global issue due to the hazardous effect
of contaminants on the ecosystem and also due to land shortages that necessitate reclamation of
contaminated sites for reuse. Among the existing soil remediation techniques, SW/SF is a versatile, cost-
and time-efficient method and has attracted increasing attentions in recent years across the globe [2,6,13].
Another rising and recently widely studied technique is the electrokinetic soil remediation process
in which electric field produced by low DC current applied across the soil surface separates the
contaminants from soil with the aid of added electrolytes [12,35]. Unfortunately, both processes
generate effluents which contain the pollutants extracted from the soil and require extensive and
proper treatment before disposal.

2.1. SW/SF Processes

In SW/SF, extracting agents, usually in aqueous solutions are used to mechanically remove
chemical pollutants from contaminated soils [6,12]. Contaminants usually have low solubility and
adhere strongly to the surface of the soil in real contaminated sites, as such, in practical SW processes,
additives such as acids, surfactants, and chelating agents are often added to washing solution to
solubilize the contaminants from the soil [6]. SF is an in situ process where extracting agents are added
to the contaminated soils to improve the mobility of pollutants by reducing the interfacial tension
between them and the groundwater [2,12,36]. Then, the mobilized pollutants can be displaced in
the extraction wells (Figure 2). SF is more adapted to light-weight polycyclic aromatic hydrocarbons
(PAHs) like naphthalene remediation because the pumping can be easily operated from the surface of
the groundwater table [2]. The contaminated site and field characteristics such as soil heterogeneity,
contaminant nature, naphthalene saturation, and others, strongly influence the efficiency of the
SF process [37]. SW is an ex situ process (Figure 2) where the contaminated soil and site are
excavated, transported, and treated with a certain soil/liquid ratio, usually between 5-45% [14,38].
The contaminants sorbed to the soil are removed by adding extracting agents to the washing solution
and there is always enhanced contact between the extracting agents and the soil contaminants in SW,
thereby allowing better treatment efficiency assessment as compared with the SF process [14].
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Figure 2. Scheme of a typical soil flushing and SW processes. Adapted from [2].

2.2. Extracting Agents

The aqueous solutions with or without additives used to mobilize the contaminants from the soil

to the SW solution are termed extracting agents. In addition to having good extracting and solubilizing
ability, the extracting agents should possess excellent biodegradability and low eco-toxicity to the soil

organisms, as well as environmental compartments where it is disposed after usage [36]. Extracting

agents can also mobilize non-targeted contaminants especially heavy metals and toxic anions such as

lead, cadmium, chromium, copper, and arsenic, and thus the SW effluents require proper treatments

and toxicity assessment before disposal [2,6]. Some of the commonly used extracting agents are briefly
described as follows:

Water and organic solvents: Organic solvents are the earliest extracting agents used for the
removal of PAHs from contaminated soils, both on bench and field scales [13,39]. Hydrophobic
soil contaminants such as PAHs with lower octanol-water partition coefficient (log Kow) have
been removed from contaminated soils using non-polar organic solvents including 1-pentanol,
n-hexane, benzene, toluene, and dichloromethane [39]. To date, water and several organic solvents
including alcohols, esters, ketones, alkylamines, and aromatics have been studied to extract PAHs
from soils, however, organic solvents such as ethanol, 2-propanol, 1-pentanol, and ethyl acetate
have been reported to be only effective for the removal of lower molecular weight (LMW) PAHs
and less efficiency for higher molecular weight (HMW) PAHs, which continue to persist in soil
after extraction [40,41].

Synthetic surfactants: Surfactants are a class of amphiphilic chemicals composed of hydrophilic
water-soluble heads and hydrophobic or water insoluble tails. Their unique molecular structure
give them the ability to solubilize relatively insoluble xenobiotics including hydrophobic soil
contaminants [6]. They are characterized by their chemical structures, hydrophobic-lipophobic
balance, and their critical micellar concentration (CMC). The latter is defined as the surfactant
concentration above which micelles are formed and all additional surfactants added to the
solution go to the micelles (Figure 3) [36,42,43]. The solubility of hydrophobic organic compounds
(HOC:s) is strongly enhanced at a surfactant concentration above the CMC along with a decrease
in surface tension [36]. Three different mechanisms are reported to be involved in surfactant
enhanced removal of hydrophobic organics sorbed to soils, which include a decrease in interfacial
tension, phase transfer of HOCs from soil-liquid interface to micellar pseudo-aqueous phase, and
solubilization of the HOCs inside the hydrophobic enclosure formed by micelles [44]. Surfactants
can be classified as anionic (e.g., sodium dodecylsulfate and linear alkylbenzene sulfonate),
cationic (quaternary ammonium derivatives), non-ionic (Brij 35, Tween 80, Triton X-100), and
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amphoteric (cocoamidopropyl hydroxylsultaine), but non-ionic surfactants are preferred due to
their lower soil sorption ability, cost effectiveness, and higher solubilization capacity [36]. Several
studies have reported the use of different synthetic surfactants for the remediation of PAHs from
contaminated soils both on laboratory and pilot scales [2,6,12-14].

e Biosurfactants: These are amphiphilic chemicals similar to synthetic surfactant but having
microbial origin. They are capable of forming micelles and are manufactured from renewable
resources such as water-soluble carbon sources, water-immiscible substrates, and nitrogen
sources [45]. Biosurfactants have some distinguished advantages such as high extraction efficiency,
extremely biodegradable, ecological safety, lower toxicity, and the possibility of produced in situ
during the SW process [13]. Indeed, Lai et al. (2009) [46] reported higher petroleum hydrocarbon
removal efficiency from contaminated soil with biosurfactants Rhamnolipid and Saponin as
compared twithsynthetic surfactants Tween 80 and TX100 during the SW process. However, the
ability to produce sufficient quantities during the SW/SF process at an economical rate is a major
challenge of using biosurfactants.

e  Microemulsion: These are optically transparent and thermodynamically stable single phase,
usually prepared from a ternary mixture of water, water-immiscible oil, and a cosurfactant [13,47].
Water-based microemulsions behave like a separate bulk phase which is capable of desorbing and
concentrating pollutants from soil [48]. Unlike synthetic surfactants where the extent of solubility
enhancement sharply increases at the CMC, the extent of solubility enhancement is linearly
proportional to the concentration of microemulsions [13]. Sodium castor oil sulfate, fatty ester
water non-ionic surfactants (methyl ester from babassus oil and unsaturated fraction of palm oil),
1-butanol oil, and other microemulsions based on vegetable oil have been demonstrated to show
higher extraction efficiency for several organic pollutants, especially PAHs and TPHs [47-49].

e  Cyclodextrins (CDs): CDs have been proposed as a non-toxic and highly biodegradable alternative
to organic solvents and surfactants due to environmental concerns associated with removing PAHs
from contaminated soils [50,51]. They consist of hydrophilic groups on the external side of their
ring, which can dissolve in water and a low-polarity cavity providing hydrophobic matrix that
can entrap many organic compounds into the rings (Figure 4). This characteristic provides CDs
with a larger capacity in solubilizing hydrophobic contaminants such as PAHs [50,52,53]. CDs
such as (-cyclodextrins, hydroxylpropyl-f-cyclodextrins, methyl-f-cyclodextrins, and recently
chemically modified CDs have been investigated by batch experiments for desorption of PAHs
from soils [50,54-57].

e  Humic acids (HAs) HAs are the fraction of humic substance compose in soil that is insoluble
in water under acidic conditions [13]. Conte et al. [58] hypothesized, for first time, that HAs
were capable of reducing sorption of organic contaminants onto the soil. Subsequently, the same
authors [59] reported the removal of PAHs from soil using HAs as natural surfactants. HAs,
as extracting agents, showed similar extraction efficiencies to that of synthetic surfactants and
achieved more than 80% PAHSs removal from the contaminated soil. Some studies have utilized
low molecular weight organic acids mainly released by plants [60] and soil nanoparticles which
composed mainly organic contents (along with some inorganic clays) [61] to absorb organic
compounds from contaminated soils and enhanced soil water solubility during the subsequent
SW process.

e  Vegetable oils and organic cosolvents: Due to several drawbacks such as high cost, risk of
handling and storing, toxicity, and soil permeability disturbance, organic co-solvents are no
longer considered to be promising extracting agents for the soil remediation process. Vegetable
oils, which are composed of high triglycerides and have high affinity for PAHs, are favorable
alternative/replacement to costly, toxic and non-biodegradable solvents and surfactants for
removing PAHs from soil [13,62]. The planner aromatic rings of PAH molecules bind to the
triglycerides structure of the vegetable oils during the SW. This is possible because vegetable oils
are characterized by their hydrophobicity and long aliphatic carbon chain structure which forms
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hydrophobic interaction with non-polar molecules [13]. The use of vegetable oils for removing
PAHSs from contaminated soils has also been reported in the literature [63-66].
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Figure 3. Surface tension and hydrophobic organic compound (HOC) solubility enhancement factor as
a function of surfactant concentration. Printed with the permission of [2].
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Figure 4. Inclusion complex formed by cyclodextrins (CDs) with hydrophobic organic compounds
(HOCs) during SW. Reprinted with the permission of [2].

2.3. Electrokinetic Soil Remediation (EKSR)

Similar to SW/SF processes, electrokinetic soil remediation (EKSR) desorbs pollutants from
contaminated soils and produces contaminant loaded effluents that require proper treatment
before disposal. In EKSR, contaminants are desorbed from the soil by the electric field created
within the contaminated soil by the application of direct current via electrodes located at
the soil subsurface [12,67,68]. In addition to electrokinetic phenomena such as electro-osmosis,
electromigration, electropherensis, etc., the applied current simultaneously initiates many physical
phenomena (heating, change in viscosity, etc.), electrochemical reactions (water oxidation and reduction,
H; evolution), and chemical processes (ion exchange, dissolution of precipitates, etc.) which significantly
change the soil [12]. These processes can be systematically combined by setting optimum configurations
and operation conditions in a soil treatment process which can promote certain approaches such as
electrochemical soil flushing to ensure the removal of many inorganic and organic contaminants from
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the soil and minimize other non-beneficial phenomena or reactions (such as heating, H; evolution,
etc.) [69-73]. This technology has been investigated for the remediation of different type of contaminated
soils and, in particular, has been more effective for fine-grained soils with low hydraulic conductivities
and large specific surface areas [68]. The main phenomenon during the treatment of such fine-grained
soil is electro-osmosis, which involves accumulation of net electric charge at the surface of the solids in
contact with the electrolyte solution and the accumulation of a thin counterion layer (electrical double
layer/Debye layer) of the liquid surrounding the solid surface. Since the Debye layer is charged, this
portion of the fluid is mobile within the electric field between the electrodes due to attraction and
repulsion from the opposite and the same charge, respectively [12].

Electrokinetic soil flushing involves the driving of the ground water and added aqueous solutions
(chemicals) in the soil to mobilize the pollutants in the soil. The pollutants are washed out of the
soil with the aid of water/solution via dissolution of precipitates, ionic exchange, desorption, or by
simple mechanic dragging during washing, thus, the pollutants are transferred from the soil into the
water/solution, solving the soil contamination issues. The process is only economical for treating
low permeability soils with small hydraulic flux where conventional SF is ineffective. However, for
highly permeable soils, conventional SF driving by pressure gradients is sufficient in order to avoid the
cost/expenses associated with the application of electrochemical technologies [12]. In a typical EKSR,
the electro-osmotic flux mobilizes groundwater from anode to cathode and the water at the cathode
can be recycled by pumping it into the anode to begin a new flushing process [74]. Electrode materials
such as platinum, graphite, platinized titanium, carbon felt, stainless steel, and platinum-coated
graphite have been applied as either anode or cathode in electrokinetic flushing process, however,
the configuration of the electrodes depends on the reactor designs and the nature of the contamination
in soil [12].

Several flushing fluids have been used with or without additives to mobilize pollutants in
contaminated soils. Among them, the fluids that are capable of soil pH regulation are more beneficial
because they can compensate for the influence of the acidic or alkaline fronts created in the soil during
electrokinetic remediation [12,75,76]. These fluids can be use alone or along with surfactants such
as Tween 80, SDS, -CD, and others for the soil flushing. A buffer solution of Na,CO3/NaHCO3
which neutralizes the acidic fronts and acetic acid which neutralizes the alkaline fronts and lowers the
treated soil pH are the important reagents used in soil flushing [77,78]. Other fluids such as citric acid,
NaNOj3, and NaHPO, have been studied either alone or with surfactants for the remediation of soil
contaminated with organic pollutants [12,79-81].

As stated earlier, in the SW/SF and ESKR processes, the effluents are loaded with both the
extracting agents and the extracted organic contaminants. Therefore, necessary treatments are required
to remediate the organic pollutants to harmless or biodegradable substances prior to disposal to the
environment. Note that, some studies have reported in situ remediation using peroxidation with
H;0; and Fenton oxidation (FeSO, and H,O,) simultaneously along with electrokinetic SF for treating
contaminated soil [82,83]. However, the effluents generated from such combined processes still contain
significant quantities of extracted contaminants, which explain the inadequacy of such oxidation
process for complete decontamination of electrokinetic SF effluents.

3. Anodic Oxidation: Basic Principle and Electrode Materials

3.1. Principle

Anodic oxidation (AO) also known as electrooxidation is one of the most widely applied
electrochemical advanced oxidation processes (EAOPs) due to its excellent efficiency, limited chemical
requirement, ease of operation, as well as being environmentally friendly. This process has been
extensively applied for the remediation of different classes of organic pollutants from wastewater,
landfill leachate, ground water, contaminated soils, reverse osmosis concentrate, and others [20,22,84].
The main reactive species in AQ is either chemisorbed oxygen/superoxide or physisorbed hydroxyl
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radicals depending on the electrocatalyst material used as electrode. The first step in the generation of
reactive species in AO is the water oxidation at the anode surface to *OH radicals (Equation (1)).

M + H,O — M(*OH) + OH™ + e~ 1)

M(®*OH) — MO + H* @)

The subsequent step depends on the nature of the electrocatalyst material used as the anode of
the electrochemical reactor. Some materials allow further oxidation of the generated *OH radicals to
form chemisorbed oxygen or superoxide (Equation (2)), whereas other materials interact weakly with
the *OH radicals and allow it to freely react with the content of the electrolyzed solution. The former
electrocatalyst materials are called “active” electrodes and can only achieve electrochemical conversion
of organic pollutants with limited mineralization, while the latter are termed “non-active” electrode
materials which are very efficient for both degradation and electrochemical combustion of different
classes of organic pollutants [20,85,86]. Different electrode materials have been utilized as the anode in
AO and a brief summary of these materials is presented in Section 3.2. Cathode materials or counter
electrodes in AO have limited contribution to the degradation of organic pollutants except in a few
situations where a weak oxidant such as hydrogen peroxide is generated, which aids the degradation of
the organics [18]. It is important to state that other secondary reactive species such as sulfate, carbonate,
and chlorine species can be generated which depends on the electrode material used, applied current
density, and water matrix/composition [85,87].

3.2. Electrode Materials for the AO Process

An electrode or electrocatalyst materials used as electrode, especially an anode is a key factor that
determines the efficiency, energy consumption, and cost of the AO treatment process. The conductivity
of the electrocatalyst materials dictates the energy consumption and the activity of the materials
determines the efficiency of the process. Therefore, selection of electrode material is a key issue in
all electrochemical oxidation processes. Some of the electrocatalyst materials are inexpensive but
they possess low electrocatalytic activity, whereas others have excellent electrocatalytic activity but
are very expensive. Thus, there is need for careful selection of electrode materials based on desired
efficiency, cost, and environmental consideration. The major electrode materials currently in use in the
AOQ process are discussed in following sections.

3.2.1. Carbonaceous Materials

Carbon and graphite-based electrode materials have been extensively used for the removal of
organic pollutants in electrochemical reactors in three-dimensional electrodes such as fluidized bed,
particulate and porous electrodes, as well as plate. They are very inexpensive with a large surface area,
good electrical conductivity, and corrosion resistance but generally they are unstable when conducting
AO at a higher potential due to severe corrosion that reduces their activity and service life [20]. Carbon
materials such as carbon felt, graphite felt, carbon pallet, glassy carbon, graphite particle, activated
carbon, and carbon nanotubes have been studied as suitable electrocatalyst in the AO process. In some
cases, carbon-based electrocatalysts can combine adsorption with electrochemical degradation of
pollutants, thus, enhanced the efficiency of the process [20,88]. The oxidation of organic pollutants by
carbon-based electrocatalysts has been reported to be via direct electron transfer at an applied potential
below the oxygen evolution potential or the oxygenated functional groups bonded to the surface of the
carbon electrodes, which behave differently than those generated on metallic active and non-active
anodes [20,89,90].

3.2.2. Dimensionally Stable Anode Materials (DSAs)

Dimensionally stable anode materials (DSAs) belong to a class of electrocatalyst materials
that consist of titanium-based metal substrate coated with a thin layer of conducting ruthenium,
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iridium, or thallium oxides. The conducting oxide layers can also be mixed metal oxides made
from stoichiometry ruthenium, iridium, and thallium oxides. These electrodes are highly stable with
respect to corrosive medium and high potentials and are good electrocatalysts for both chlorine and
oxygen evolution [20,91,92]. Thin-film RuO,, Sb-Sn- RuO,, Rug 3Tig 707, RuO,-TiO,, IrO,, IrO,-RuO»,
RuO;-IrO,-TiOy, Ruylry_1 Oy, IrO,-RuO;-Si0,, IrO,-Ta Os, and others are some of the DSA electrodes
that have been utilized in AO treatment of organic pollutants [20]. Many technologies, including
sol-gel-thermal decomposition process, laser technology, electrodeposition, thermal decomposition,
Pechini, and modified Pechini methods, have both been applied in laboratories and commercially
for the preparation of DSA electrodes [20]. The synthesis technology has a strong influence on the
physicochemical, chemical, and electrochemical properties, as well as the electrocatalytic activity of
the DSA electrode. A typical physicochemical and electrochemical characteristic of Ti/Rug3Tig 70,
synthesized by thermal decomposition is shown in Figure 5. In AO with DSA electrodes, chemisorbed
oxygen is the main oxidant generated in the anode region, except in chloride medium, where reactive
chlorine species, which are relatively strong oxidants for the degradation of organic pollutants are
generated in abundance [20,28,93].
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Figure 5. (a,b) SEM images; (c) EDS; (d) Linear scan voltammetry, of Ti/Rug7Tip30, electrode
synthesized by thermal decomposition. Reprinted with the permission of [91].

3.2.3. Platinum

Platinum electrodes have been extensively applied in the AO process for a long period of time due
to their good conductivity and chemical stability, even at high potentials. These electrodes are classified
as active anodes with low oxygen evolution overpotential (~1.6 V vs. SHE in 0.5 M H,50,), and
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therefore behave in a similar manner as DSA with regards to organic pollutants oxidation [20,94,95].
Thin films deposited on suitable substrate, such as platinized niobium and bulk platinum (Pt) have
both been utilized for the AO treatment of different classes of organic pollutants. The technologies
for the production of Pt electrodes have matured and many companies, especially in European
countries, are producing these electrodes commercially. Additionally, the many applications of Pt
electrodes in different aspect of electrochemistry have aided the evolution of Pt electrode preparation
technologies [20].

3.2.4. Doped Lead Oxide (PbO,)

Pristine and doped lead oxide (PbO;) are excellent electrocatalyst materials for electrochemical
oxidation of organic pollutants. They exhibit good conductivity, chemical stability, large surface
area, and they are inexpensive and easy to prepare [20]. The development of PbO, electrodes for
electrochemical oxidation of organics has attracted great interest from researchers and industries
because of their large overpotential for oxygen evolution in an acidic media, which allows the generation
of *OH radicals during a water discharge reaction [20,96]. Studies have shown that the 3-PbO, crystal
structure is more porous than the a-PbO, crystal structure, and thus the former shows higher catalytic
activity and oxidation rate during the AO process [97]. Various elements and oxides such as Fe, Sn, Tj,
Sb, Bi, and Co have been added to PbO, as dopants to improve the electrochemical performance of the
electrode material [96,98]. These dopants reduce the crystal grain size of the electrode, which results
in a higher electroactive surface area and, in turn, higher electrochemical activity [99]. The major
limitation of this electrode is the slow leaching of Pb ions into solution, which is a serious concern
for wastewater treatment applications and makes the electrode less appealing for industrial scale
processes [20,96].

3.2.5. Doped Tin Oxide Electrode

The conductivity of pure SnO, is low but can be tremendously enhanced by doping. Doped
SnO; has high conductivity that allows it to function as a suitable and efficient anode in the AO
process [20,96]. Antimony (Sb) is the most common dopant for SnO,, but it is a toxic substance with an
EPA drinking water limit of 6 ug L1 [96]. Alternative dopants such as Ar, B, Bi, F, Cl, and P have been
studied as less toxic element for doping SnO, [20,96]. Doped SnO, is a “non-active” electrode that is
capable of generating *OH radicals when sufficient potential is applied and exhibits relatively good
oxidation potential for the degradation and mineralization of organic pollutants in the AO process.
This class of electrodes is not currently common in commercial applications and is less applied for the
AO process due to a short service life [100,101]. The short-service life of this electrode is as a result of
formation of a non-conducting Sn hydroxide layer at the surface of the anode and passivation of the
underlying Ti substrate which causes the delamination of the doped SnO, film. The formation of the
Sn hydroxide layer can be mitigated by Pt doping, whereas intercalation of the IrO; layer between
the Ti substrate and the doped SnO, film coating has been reported to eliminate the passivation and
significantly improve the service life of this electrode [96].

3.2.6. Boron-Doped Diamond Electrode

Thin-film synthetic boron-doped diamond (BDD) electrode is the most efficient and widely studied
electrocatalyst material for electrochemical wastewater and soil treatment processes. This electrode
is prepared by the chemical vapor deposition method, which is an inexpensive and well-established
technology in industry, and thus it is readily available commercially [20,96,102,103]. The wide
application of BDD electrodes in many other electrochemistry aspects has assisted the widespread
interest and availability of this electrode. Many companies, especially in Europe, specialize in the
production of different composition, crystal structure, shape, and size BDD electrodes. The conducting
thin-film diamond can be grown on different suitable substrates such as silicon, tungsten, niobium,
molybdenum, tantalum, and glassy carbon, but polycrystalline silicon is the traditional substrate for
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boron-doped diamond thin film because it is able to form a compact self-limiting oxide and has a
relatively low electrochemical activity, which prevents film delamination [20,96]. The most common
dopant for diamond electrode is boron. The boron doping level in diamond layer expressed as the
B/C ratio is about 1000-10,000 ppm [20]. High quality BDD electrodes possess several distinguish
technological properties such as extremely high stability under anodic polarization, excellent corrosion
resistance in aggressive media, low adsorption property due to inert surface, and wide potential
window of application (-1.25-4+2.3 V vs. SHE) [20,96]. During electrolysis in the region of water
discharge potential, the BDD anode promotes production of weakly adsorbed *OH radicals, which are
very reactive and can unselectively and completely mineralize different classes of organic pollutants
with a high current efficiency. The BDD anode is also an excellent electrocatalyst for the formation of
secondary reactive species such as sulfate radicals, persulfate, and free active chlorine, all of which are
relatively strong oxidants that can degrade different classes of organic pollutants [84,86,96].

3.2.7. Doped and Sub-Stoichiometric Titanium Oxides

Conductive Magneli phase sub-stoichiometric TiO; and doped TiO; are recently developed highly
promising electrocatalyst materials for electrochemical wastewater treatment. Although stoichiometric
TiO, is an insulator with electric conductivity of 107 Q! cm™!, its electronic properties can be
drastically enhanced either by thermal treatment at above 900 °C under reducing atmosphere (H; or
C), which create oxygen deficiencies in its lattice structure or by doping with group five elements such
as 'V, Nb, or Ta [96].

Sub-stoichiometric TiO, are a series of conductive oxides known as Magneli phase with the
general formula Ti;;Oy,—1 (3 < n <10) [104], TiyO7 and T50g being the most conducting and desired of
the series. The thermal reduction of TiO, usually yields a mixture of oxides in this series. However, the
quality of the electrocatalyst is enhanced by converting the other suboxides of Ti in the mixture to Ti4Og
and T509. Reduction methods including high temperature (10,000-15,000 °C) plasma elaboration
have been tailored to prepare materials that consist primarily of TisOy, with conductivity as high as
166 Q71 em™~! [18,87,96,104]. Ceramic conductive Magneli phase electrodes which consist primarily of
TiyOy are commercially available and, currently, are sold under the trade name Ebonex®. However,
many laboratories prefer to synthesize this electrode to achieve more controlled properties and
composition and enhance the electrocatalytic activity [105]. Both Ebonex® and laboratory synthesized
sub-stoichiometric TiO; have been used in different configurations (plate, disc, tubes, flat, and tubular
membranes) for electrochemical wastewater treatment [96,106], and studies that have compared
Ebonex® with a BDD anode have shown that fewer *OH radicals are generated by the Ebonex® anode
but they are more reactive than those formed by a BDD electrode [107]. A typical synthesis route and
characteristics of plasma elaborated substoichiometric TiO, is shown in Figure 6.

Niobium doped TiO, (rutile phase) is also a ceramic electrode with very high electric
conductivity [96]. The niobium doped rutile (NDR) oxides with the general formula Ti;_yNbyO,
(0 £ x £0.8) have been studied and found to be conductive [108,109]. Due to the similarity in crystal
radii of Nb®* and Ti**, the doping occurs via direct substitution of Nb°* for Ti**, which minimizes the
anion deficiencies in the oxides and makes them more resistant to oxidation than Ti4O7 [110,111]. Both
T407 and NDR electrodes have shown promising potential for electrochemical water treatment and
both electrode materials can produce *OH radicals via water oxidation [96]. In addition, recent studies
have utilized porous T4Oy electrode as electrochemical membranes or filters (tubular and flat plate
membranes) capable of simultaneous filtration and oxidation of organic pollutants [106,112]. However,
more studies are still needed on the stability of this electrode and its environmental compatibility.
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Figure 6. A typical synthesis route for the preparation of plasma elaborated Ti;Oy and some of its
structural properties. Adapted from [18].

4. Coupling of SW/EKSR with AO

The effluents of the SW/SF and EKSR processes are loaded with contaminants extracted from the
soil. As such, post-treatment decontamination and detoxification of the effluents are needed prior to
disposal into the environment. In this frame, selective removal of the contaminants from the effluents
could be achieved by combining processes in order to ensure the reusability and recyclability of the
extracting solution. Therefore, some studies have employed different remediation processes such
as selective electrochemical adsorption [113], photocatalysis [2,3,114,115], Fenton’s reaction based
oxidation [2,3,116,117], and electrochemical AOPs [2,12,54] for treatment of effluents of SW/SF and
EKSR processes and the possible recycling step of the extracting agents. Among the studied treatment
techniques, AO using “non-active” anodes, especially boron-diamond electrode, is an efficient and
effective method for both remediation of the contaminant loaded SW/SF and EKSR effluents, as well as
recycling of the extracting agents for possible reuse. The following two configurations for coupling
AO and a soil remediation process can be proposed: (i) AO as a post-treatment stage, ex situ AO
treatment of SW/SF and EKSR effluents and (ii) in situ or simultaneous SW/SF/EKSR with AO treatment.
As stated earlier, the former is the most widely investigated configuration and it has been reported
by many researchers, whereas the latter is less common in the literature and few works have been
performed on it. Details of both configurations are discussed in the following sections.

4.1. Ex Situ: Treatment of SW/SF/EKSR Effluent by AO

The treatment of SW/SF/EKSR effluents by AO is a well investigated combined process for
complete removal of contaminants and detoxification of the effluents. AO, using different electrode
materials, as well as cell configurations, has been demonstrated to achieve excellent degradation
and mineralization of the organic and organo-metallic pollutants contained in SW/SF/EKSR effluents,
especially when “non-active” electrodes such as BDD, doped PbO;,, and SnO; are utilized. In most
cases, both the contaminants and the extracting agents contained in the effluents are degraded and
mineralized, since *OH radicals are non-selective oxidizing agents, which react with any class of
organic pollutants. However, a few studies [2,15] have reported selective degradation of the pollutants
encapsulated in the micelles formed by the extracting agents and possible reuse of the extracting agents.
Selective degradation was achieved by careful selection of the concentration of the extracting agent
(TW80), current density, and supporting electrolyte during the AO process. Alower TW80 concentration
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reduced it scavenging effect on the generated *OH radicals and allowed faster degradation of the
pollutants trapped by the micelles, whereas a high TW80 concentration led to formation of bigger
micelles with a diameter larger than the thickness of the BDD(*OH) layer at the surface of the electrode,
and thus resulted in steric hindrance and lower degradation of pollutants. Additionally, the authors
observed faster degradation of targeted pollutants at a low current density as compared with that of
extracting agent. The AO treatment in sulfate medium also resulted in faster degradation of TW80 at a
higher current density as compared with chlorate medium, which was attributed to the formation of
highly oxidant species such as persulfate and sulfate radical, which promoted the oxidation of TW80 in
the bulk [15]. Most of the research works on application of AO for treating SW/SF/EKSR effluents have
been reported by the Rodrigo group [118-121]. For instance, dos Santos et al. [120,122] studied the
removal of atrazine from soils using combined SW and conductive diamond electrode AO. Atrazine
was removed from spiked soils by surfactant fluids-assisted SW and the resulting effluents were treated
by using BDD electrolysis. The authors [119] showed that the combined technologies were efficient
for removing and totally mineralizing atrazine from soils and SW effluents. The surfactant/soil ratio
(Figure 7) was identified as the key parameter for removing atrazine from the soil and it significantly
affected the characteristics of the effluents such as the total organic loading and the size of the micelles.
In addition to the applied current density, the size of the particles in the SW effluents (reaction media)
was the key parameter that influenced the efficiency of the AO process, which continuously decreased
during the electrolysis.

0.5

c/C,

0.25

0 10 20 30 40 0

Q/Ah A3 0 10 20 30 40

Q/Ah dm?

Figure 7. Effect of [SDS]/soil ratio. (a) 0.5; (#) 2.5; () 5; (X) 12.5; (m) 25, on the degradation profiles
of (a) SDS and (b) atrazine during the CDEO treatment of the SW effluent at a current density of
30 mA cm™2. Reprinted with the permission of [122].

The same authors reported the elimination of herbicide oxyfluorfen from SW fluids using either
electrolysis [118], sono-electrolysis [119,123], or UV-assisted electrolysis [124] with a BDD electrode.
Although the electrolysis using a BDD electrode was quite efficient for the total degradation and
mineralization of the herbicide, sono and UV-assisted electrolysis with a BDD electrode achieved
faster and better decontamination of the treated effluent. It was demonstrated that prolong sonolysis
and UV photolysis treatment without electrolysis could also achieve degradation (with very poor
mineralization) of oxyfluorfen but at very slow rate. The same group [125] investigated the treatment of
soils polluted with lindane by surfactants aided SW and AO using a BDD electrode. The processes were
efficient for removing this hazardous substance from the soil and mineralization from the effluents with
over 70% recovery of the surfactant solution after electrolysis for reuse in SW. Effluents of SW containing
other contaminants, such as pendimenthalin [126], clopyralid [121], PAHs, and petroleum [127] have
also been treated by AO, sono, or irradiation-assisted AO with a BDD electrode. In all cases, electrolysis
with a BDD electrode, coupled or not with sonolysis/photolysis, achieved excellent degradation and
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mineralization of both the herbicides, as well as the surfactants in the washing effluents, and the total
decontamination of the effluents could be achieved in 8 h of electrolysis.

Other relevant studies on the treatment of SW/SF effluents by AO have been reported by the
Oturan group. For example, a study by [128] investigated the treatment of synthetic SW effluent
containing phenanthrene and CD by AO with a BDD electrode. Complete toxicity removal and 100%
biodegradability enhancement were achieved during the electrolysis at 1 A, for 8 h. The same group [16]
utilized a combination of AO and biological treatment for the elimination of phenanthrene and Tween
80 from synthetic SW solution. AO with a BDD electrode was able to achieve 95% degradation of
phenanthrene and Tween 80, as well as 71% COD removal at 1 A, for 5 h (Figure 8). The biological
treatment achieved complete phenanthrene and Tween 80 degradation but could only remove 44%
COD. Due to the higher energy consumption during AO in this condition, the synergistic effect
was achieved by performing AO at a low current and shorter treatment time (3 h) as either pre- or
post-treatment to biological process. In this way, a cost-effective combined process was proposed
in which AO degraded the organic in the washing solution to biodegradable organic compounds
(short-chain carboxylic acids) followed by biological treatment or initial biological treatment of washing
solution to remove the biodegradables, followed by AO to degrade recalcitrant organic pollutants
remaining in the solution.

10 -
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Figure 8. Decay of normalized (a) concentration, (O,0,A) TW80 and (e,m,A) phenanthrene, and (b) COD
during the AO of 330 mL SW solution at applied current of (O,e) 200 mA, (0,m) 500 mA, and (A,A)
1000 mA. Reprinted with the permission of [16].

Treatment of effluents of EKSR by AO has received less attention than SW/SF effluents possibly
because EKSR has been widely utilized for the remediation of heavy metal/toxic anion contaminated
soils as compared with organic pollutant contaminated soils. However, a recent study by da Silva et al.



Materials 2020, 13, 4309 15 of 24

(2017) [129] showed the possibility of applying AO using a BDD electrode for the treatment of water
produced from EKSR treatment of synthetic petroleum contaminated soil. The EKSR, using graphite
electrodes, was able to achieve excellent removal of the petroleum products from the soil as revealed
by the gradual accumulation of total organic carbon (TOC) (2250 and 250 mg L~!) (Figure 9a,b) in
both solutions at the anodic and cathodic chambers, respectively. Electrolytic treatment of the organic
loaded effluent of the EKSR using a BDD electrode achieved over 80% COD removal at either 20 or
60 mA cm~2 in 4 h, demonstrating the efficacy of the process for the treatment of the effluent.
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Figure 9. TOC evolution as a function of time at (a) anodic and (b) cathodic compartments during the
electrokinetic soil remediation (EKSR) applying different current values at 25 °C with 0.1 M Na,;SOy as
supporting electrolyte by using graphite electrodes; (c) Decay of normalized COD with time obtained
during the electrochemical treatment of effluents produced after EKSR of soil polluted with petroleum
at applied current density of (M) 20 mA cm~2 and (4) 60 mA cm~2. Reprinted with the permission

of [129].

4.2. In Situ: Treatment of SW Effluent by AO

This configuration involves performing SW/SF/EKSR and AO simultaneously for remediation of
organic pollutant contaminated soils. This approach is very rare in the literature, but the concept is
very exciting for field applications. The electrolyte chambers of the EKSR or flushing fluid channels
serve as the electrolytic cell where the electrolysis process is carried out. Some challenges of this
configuration include agitation problem, possibility of wearing of the electrode due to friction impacted
by the soil particles, sampling and longer treatment time especially in SW due to the time required for
an efficient washing process. As stated earlier, in situ AO with SW/SF/EKSR has not been extensively
explored, but a recent study by the Rodrigo group [130] reported the combination of SW, zero valent
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iron (ZVI) dehalogenation, and AO in a single assemble reactor for removing and degrading clopyralid
in spiked contaminated soil. The assemble consisted of the electrochemical cell, the SW, and the
dehalogenation tank made of a rigid silicon tube of 1 m X 69 mm, and continuously circulated with
2 L of washing solution at 40 dm?3 h~! (Figure 10). The electrochemical cell was equipped with a
BDD anode and a stainless steel cathode, both of geometric surface area of 78 cm?. The combined
treatment was efficient, achieving complete removal of the chlorinated organics from the soil and
complete mineralization of the organics in the generated liquid waste effluent during AO at 25 mA
cm~2. The authors observed that the combined process of SW and AO achieved similar efficiency as
compared with a system operated with iron addition, and therefore ZVI dehalogenation may not be
necessary for the remediation of the clopyralid.
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Figure 10. Schematic of concurrent SW/zero valent iron (ZVI) dehalogenation and electrochemical
oxidation processes for remediation of soil contaminated by herbicide clopyralid. (1) SW reactor;
(2) ZVI; (3) Contaminated soil; (4) Electrochemical reactor; (5) Peristatic pump; (6) Thermostatic cooling
system; (7) Secondary tank; (8) Gas exchange; (9) DC power generator. Adapted from [130].

5. Future Perspective and Concluding Remarks

Combined SW/SF/EKSR and AO using a BDD electrode is an exciting technology that has been
studied for remediation of different organic pollutant contaminated soils, with very promising results
obtained for bench and some pilot scale experiments. However, extensive studies are still required to
advance this technology for possible license and commercialization. Future studies should be tailored
towards the optimization of operational parameters, modeling and automation, toxicity assessment,
environmental and economic analysis, field testing, as well as the potential of reuse of both the
remediated soil and effluents for other purposes (i.e., agriculture and construction). The operation
parameters that influence both the soil SW/SF/EKSR (such as physicochemical properties of the soils,
nature of the contaminants and contamination levels, washing solution composition and concentration,
as well as washing solution/soil ratio) and AO (such as current density, electrode materials, and
inorganic ions in the treated solution) require proper optimization to ensure optimum efficiency at
the lowest economic cost possible. Currently, both technologies have been separately studied which
have allowed us to understand the main parameters that influence the decontamination efficacy of
each one of them. For AO, the existing literature has demonstrated that each effluent contaminated
with specific pollutant or a mixture of pollutants is a particular case, and its treatment depends on
several operating conditions (which must be strongly considered during scale-up of the process);
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nevertheless, the use of non-active anodes guarantees higher decontamination levels by producing
higher concentrations of oxidizing agents. Meanwhile, SW/SF/EKSR processes depend mainly on the
chemical properties of the pollutants, as well as the physical-chemical soil conditions. For this reason,
the effects of the supporting electrolytes and their composition play a key role in the in situ or ex situ
decontamination steps for removing organic/inorganic pollutants from the soil because combined with
the chemical/electrochemical phenomena, several changes of the pH, dissolved cationic or anionic
species, temperature, viscosity, flow directions, and so on, can be attained. During optimization and
scale-up of the combine SW/SF/EKSR and AO technologies, problems or challenges associated with
each parameter, such as high organic loading and cost associated with the use of a higher washing
solution/soil ratio during the SW/SF process, heating and hydrogen evolution at a higher current
density, as well as non-uniform current distribution in a large surface area electrode during AO, should
also be carefully considered.

Toxicity assessment and environmental impact of the combine technologies on the ecosystem
should be thoroughly studied, since the literature currently available on the combine processes paid
little attention to this aspect. Since both the treated soil and washing effluents are disposed into the
environments, thorough assessment of the toxicity of both soils and effluents are necessary to avoid
secondary pollution and hazardous effect on the ecosystem. Additionally, the economic assessments
of the technologies are necessary in order to compare the benefit and disadvantage of the combine
technologies with other existing soil remediation processes. Extensive studies on scale-up/pilot and
field experiments are still needed before the full-scale implementation of the combine technologies.
Most of the studies reported in literature are either bench or pre-pilot scales, as such pilot and field
studies are essential before the certification of the process because future developments rely upon the
close collaboration of analytical chemists, engineers, and geologists to ensure effective application and
exploitation of new electrochemical environmental applications [131].

Conclusively, SW/SF/EK/SR coupled with AO is an efficient technology for the remediation of
organic contaminated soils. The AO process can be applied as a post-treatment stage to treat the
organic loads in the effluents obtained after SW/SF/EKSR processes. In situ SW/SF/EK/SR coupled with
AO is very rare in the literature but the configuration is a very exciting technology for treating organic
polluted soils. Future studies should be channeled towards optimization of the operation parameters,
assessment of toxicity and environmental impact of the treated soil and washing effluents, as well as
scale-up and field implementation of the combine process. Several other complementary techniques or
materials are emerging that can provide improvements in the efficacy of integrated technologies (e.g.,
nanomaterials [132] and absorbents [133]).
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