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Abstract Remediation of contaminated soil and sedi-
ment is important for improving the eco-environmental
quality. Electro-kinetic remediation (EKR) is an envi-
ronmentally friendly technology to migrate and remove
pollutants from the soil and sediment matrix. This paper
analyses the mechanism and performance of EKR of
heavy metals, organic pollutants, and compound pollut-
ants. Moreover, the effect of optimizing individual EKR
through soil and sediment pre-treatment (adding
acid/oxidant/co-solvent/surfactant, stirring, heating,
etc.), electrode optimization (exchange electrode, anode
approximation, electrode matrix, etc.), and applying
multi-technology combination (electro-kinetic perme-
able reaction barrier/Fenton/ion, exchange membrane/
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ultrasonic/electrolyte enhancement, etc.) was evaluated.
Factors including incomplete separation of pollutants,
variation in physico-chemical properties and micro-
structure of soil/sediment, and difficulties in in situ
practice have restrained the field application of EKR.
To solve the above technical challenge, an integrated
EKR technology based on pollutant in situ separation,
followed by separated contaminant treatment, and sub-
sequent valuable elements recovery is proposed.
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1 Soil and Sediment Treatment by Electro-kinetic
Remediation

Mining, electroplating, and other industrial activities, as
well as sewage irrigation, the use of chemical fertilizers,
and other agricultural production processes, lead to large
amounts of heavy metals and organic pollutants accu-
mulating in the soil and/or sediment. These pollutants
can bio-accumulate in living organisms and cause a
threat to the health of plants and animals including
humans (Forstner, 2004; Li et al., 2018).

Soil and sediment pollution has become a global
environmental crisis. A variety of remediation technol-
ogies have been developed for soil and sediment pollu-
tion, including solidification-stabilization,
phytoremediation, and leaching. However, these
methods have certain limitations in their application
scope. For example, in bioremediation, the mobility of
microorganisms in soil is poor. Organisms are easily
inhibited by the toxic effect of pollutants. In
phytoremediation, the absorption and accumulation of
pollutants by hyperaccumulators are very slow, and the
remediation time is often too long for practical purposes.
Leaching requires higher soil permeability, and the leg-
acy of a leaching agent may cause secondary pollution.
In addition, in the process of remediation, due to the
comprehensive influence of different pollutant proper-
ties and soil characteristics, it is difficult for the afore-
mentioned remediation technology to quickly and effec-
tively remediate contaminated soil with low permeabil-
ity. In such a case, electric remediation technology has
received more attention.

EKR is a technology for migration, separation, and
removal of pollutants in soil and sediment under an
electric field, which is cost-efficient and has low envi-
ronmental impacts (Vocciante et al., 2017). Casagrande
(1948) firstly tested the principle of electroosmosis on
real soil in the field, and consolidated soft clays by
employing an electric current. In the early days, the
technology was mainly used for sediment dehydration
as well as strengthening of foundations (Micic et al.,
2001). During the late 1980s, directional migration of
ions in the electric field was first discovered within the
process of electric dehydration, and the application of
the EKR concept to remove heavy metals from contam-
inated soil was proposed in 1992 (Lindgren et al., 1994).
Subsequent experiments have, for example, confirmed
that between 85 and 95% of phenol can be removed
from saturated kaolin when EKR is applied (Acar et al.,
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1992). Over the last few decades, EKR has been widely
used in the removal of a variety of pollutants including
heavy metals such as Cu, Pb, Zn, and Cd (Al-Hamdan &
Reddy, 2008; Ferro et al., 2014); organic pollutants
including phenanthrene, thorium, triclosan, aniline,
and phenol (Chung & Kamon, 2005; Li et al., 2000;
Ricart et al., 2008); salts such as fluorine, nitrate, and
phosphorus (Kim et al., 2012; Lee et al., 2011; Tang
et al., 2020; Zhou et al., 2014; Zhu et al., 2009); and
radioactive substances such as uranium (Mao & Pan,
2015; Xiao et al., 2020).

Using two or more remediation methods at the same
time to form a joint remediation system can not only
improve the remediation rate and efficiency of single
contaminated soil, but also overcome the limitations of
single remediation technologies. Permeable reaction
walls, electric Fenton, phytoremediation, and ultrasound
(Cang et al., 2011; Fernandez de Dios et al., 2014;
Mumford et al., 2015; O’Connor et al., 2003; Pham
et al., 2009) have been integrated into EKR technology.

At present, laboratory work progress linked to EKR
technology has been considerable, but it still has great
difficulties to overcome in engineering practice. There
are still some technical problems to be solved, among
which the most important challenges include pH control
at both sides of the electrode, the “polarization effect,”
and the “focusing effect” (to be described in more detail
in the second part).

2 Mechanisms and Models to Understand
Electro-kinetic Remediation

2.1 Mechanisms

EKR achieves the purpose of remediation by applying
an electric field to the contaminated soil/sediment,
enriching the pollutants to the cathode or anode zone
through electroosmosis, electromigration, and electro-
phoresis (Fig. 1). Electric migration is the movement of
charged dissolved ions through an aqueous medium
toward the electrode with a polarity opposite the ion
charge (Wang et al., 2021). Electro-osmosis is the
movement of pore fluid and dissolved constituents with-
in a porous medium that typically occurs between the
anode and cathode, because of the negative charge
characteristic of the soil particle surface (Cameselle &
Reddy, 2013). However, the change of surface charge of
soil may change the direction of electroosmosis.
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Fig. 1 Schematic diagram of (a) the electro-kinetic remediation principle (DC, direct current); and (b) comparison of electroosmotic flow in

a single capillary

Electrophoresis refers to the transport of charged
particles or colloids in soil under the action of an electric
field. Soil organic matter, microbial cells, and small soil
particles are colloids, and when heavy metals and other
pollutants are adsorbed on the surface of colloid or
charged particles, they will be discharged together.
However, the effect of electrophoresis can be ignored,
because of the low mobility of charged soil particles in
the process of electric remediation. Therefore, the actual
migration speed of heavy metal ions in soil pore water is
determined by the action of electric migration and elec-
troosmosis under the action of an external direct current
electric field.

In the electro-kinetic remediation process, the liquid
phase mass transfer of pollutants is mainly realized
through four processes: electromigration,

electroosmotic flow, convection, and diffusion (Acar
et al., 1993). For EKR, electroosmosis and
electromigration contribute most to the pollutant remov-
al, while electrophoresis and electrochemical oxidation
occurs only for some types of pollutants (Table 1). The
most possible reason for this is that within the process of
compacting the soil/sediment matrix, free movement of
large colloidal particles is usually limited, while the
dissolved pollutants in pore water migrate relatively
easily (Reddy & Saichek, 2003). The migration rate
and amount of ions are related to the porosity, ion
charge, soil temperature, soil moisture, and voltage po-
tential (Acar & Alshawabkeh, 1993).

Organic pollutants are electrically neutral in general,
and the main mechanism for electrically removing or-
ganic pollutants from soil and sediment is

Table 1 Characteristics for electro-kinetic remediation treating different kinds of pollutants

Target pollutants

Heavy metals Cd, Pb, and Hg

Pollutant properties

Easily to form a precipitate with OH
and low solubility

Dominant removal processes

Electromigration and electroosmosis

Organic pollutants PCB, PAH, and petroleum

hydrocarbons

Nitrite, fluorine, radioactive
species (Ur and Cs)

Heavy metals and organic
pollutants

Inorganic ions

Mixed pollutants

Low solubility, difficult to biodegrade,
adsorbs to sediment particles and
electrically neutral

High solubility

Active interaction between pollutants

Electroosmosis, electromigration
(charged), and electrochemical
oxidation

Electromigration and electroosmosis

Electromigration and electroosmosis
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electroosmosis (Alcantara et al., 2010). Acar et al.
(1992) and Bruell et al. (1992) carried out experiments
to remove phenol and hydrocarbons (benzene, toluene,
and trichloroethylene) from kaolin and clay. They found
that EKR can remove a certain amount of organic pol-
lutants from fine soil particles by electroosmosis. How-
ever, the application of an electric field does not pro-
mote the dissolution and desorption of organic matter.
For inorganic nutrients such as nitrate, electromigration
dominates the removal process, and EKR can remove
90% of nitrate, and the residual nitrate ions in the soil are
mainly concentrated near the anode (Manokararajah &
Ranjan, 2005; Zhou et al., 2015).

For mixed pollutants, the interactions between differ-
ent pollutants may occur when EKR is applied. EKR
was performed with mixed azo dye- and
Cr-contaminated soil. It was found that interaction be-
tween Cr and azo dye prevented the premature precip-
itation into the soil matrix and enhanced the removal
rate of organic pollutants and heavy metals (Ricart et al.,
2008). When EKR is applied to textile wastewater—
contaminated soil, the removal of inorganic salts and
metal ions conforms to the characteristic of
electromigration and electroosmosis, but the Cu®*
anomaly migrates to the anode zone. It is implied that
Cu” * and organic groups recombine and migrate to the
anode with the organic groups during the EKR process
(Annamalai et al., 2014).

Soil and sediment physico-chemical characteristics
near the electrodes will be greatly impacted on by elec-
trolysis reactions at the early stages of the EKR. The
electrolytic reactions are shown in Egs. (1) and (2):

Anode : 2H,0-4e —0,1 + 4H"; Eg = —1.229V (1)

Cathode : 2H,0 + 4e” —H,1 +20H ; By = —0.828V  (2)

where E is the standard reduction potential.

At the anode, water loses electrons, generating H*
and O,, and the created H* ions move to the cathode
electrolysis cell under the electric field, which can make
the heavy metals in the soil dissolve into the pore water
and improve the movement rate (often also the removal
rate) of heavy metals, but excessive numbers of H" ions
at the anode are easy to lead to soil acidification, corro-
sion of anode materials, and even a change in the direc-
tion of the electro-osmosis flows (Wang et al., 2021).
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At the cathode, water is reduced leading to the pro-
duction of hydrogen gas and hydroxide ions, generating
OH and H, ions. The generated OH ions move to the
anode under the action of the electric field. In the pro-
cess of OH migration, heavy metal ions may precipitate
before reaching the cathode (namely the focusing ef-
fect), which reduces the movement rate of heavy metals
and hinders the removal of heavy metals in soil (Wu
etal., 2021).

There are three situations that will lead to the relative
increase of voltage near the electrode (namely the po-
larization effect) and affect the efficiency of EKR: (1)
the concentration polarization caused by the concentra-
tion difference between the solution near the electrode
and the bulk solution; (2) the resistance polarization
caused by a layer of insoluble insulating salt or other
insoluble impurities on the cathode surface inhibits the
soil conductivity and decreases the current density; and
(3) the activated polarization caused by the bubbles
(composed of H, and O, or other gases) on the electrode
surface. When they cover the respective electrode sur-
face, the conductivity between the electrode and the
electrolyte will be reduced. The polarization effect will
hinder the migration of ions and affect the speed of
electrodialysis (Lucas et al., 2019; Rojo et al., 2012).

In addition, soil heterogeneity and voltage gradient
are key factors affecting the EKR. Soil mineral compo-
sition and buffering capacity affect the pollutant trans-
portation rate. Saturated water content and low ionic
strength of soil are the most favorable conditions for
electroosmosis and pollutant migration. When the soil
plasticity value exceeds 35, the soil will shrink exces-
sively during the remediation process, leading to soil
cracking and disturbing the pollutant removal mecha-
nism (Lopez-Vizcaino et al. 2016a, b). The range of
voltage gradient used in laboratory tests is 1-3 V/cm
(Lietal., 2018; Zhu et al., 2009). The high current level
can increase the total ion concentration and improve the
ion electromigration efficiency in the electro-kinetic
remediation process (Tang et al., 2020), but it will
reduce the overall electroosmotic flow and release a lot
of heat (Joule effect), resulting in energy consumption
and relatively high costs (Xue et al., 2017).

2.2 Models
Numerical models can be useful tools to further under-

stand and predict the processes that influence the effi-
ciency of EKR and to precisely design, optimize, and
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control EKR systems (Sprocati et al., 2019). When
dealing with extremely complicated and challenging
variables, modeling before starting an operation can
significantly reduce the time and cost of such a process
by allowing an accurate prediction of possible
outcomes.

Cabrera-Guzman et al. (1990), Acar et al. (1993), and
Probstein and Hicks (1993) assimilated the traditional
electrochemical, soil colloid dual-mode and mass trans-
fer theories, and established a preliminary thermody-
namic model to describe conduction phenomena under
electrical and hydraulic potentials. In the presence of
hydraulic, electrical, and chemical gradients, the
one-dimensional total flux of species j per unit area of
the soil medium is given by Acar and Alshawabkeh
(1993) in Eq. (3):

«0C;
J. =-D"—L
J J ax

~C;(u; + ke Z—f—c ' % (3)

where J; is the total flux of species j, D* is the
effective diffusion coefficient of species j, C; is the
concentration of species j, u* is the effective ionic
mobility, £ is the electric potential difference, £, is the
electroosmotic coefficient of permeability, 4 is the hy-
draulic head, &, is the hydraulic conductivity of the soil,
and x is the linear distance.

The theoretical and experimental results showed that
the electrical potential difference profile across the spec-
imen is non-linear. The efficiency of removal of a spe-
cific species will decrease in time as its concentration
with respect to other species in the pore fluid decreases
(Acar & Alshawabkeh, 1993). Although the early elec-
tric remediation models can estimate the total mass flux
of contaminants, and simulate the acid-base distribution
in the system as well as analyze the relative contribution
of electroosmosis and electromigration (Acar et al.,
1993), these models are based on the assumption of
homogeneous porous media, and most of them adopt
indoor simulation such as kaolin. Therefore, there are
still some limitations for the applications of
electro-kinetic models to large-scale experiments.

Models of electro-kinetic soil remediation systems
have been developed significantly in recent decades
(Table 2). In 2002, an electromigration transport model
for ion transport in unsaturated soil was developed by
Mattson et al. (2002a). The numerical model was based
on the groundwater flow and transport codes
MODFLOW and MT3D, which have been modified to
account for electrically induced ion transport.

Most past studies were concerned with determining
the residual contaminant distribution in the soil and
measuring the overall removal efficiency after the
electro-kinetic treatment. Al-Hamdan and Reddy
(2008) developed the computer model EKGEOCHEM
(ELECTROKINETIC GEOCHEMICAL) to calculate
the concentration of any chemical species during
electro-kinetic remediation as a function of time and
space. It is generally accepted that the most consistent
theoretical model for macroscopic EKR processes con-
sists of the combination of mass balance equations
coupled with the electro-neutrality condition, where
the main transport mechanisms are electro-migration
for charged species and electro-osmosis for neutral
(non-charged) species (Jacobs & Probstein, 1996;
Rodriguez-Maroto & Vereda-Alonso, 2009).

Few studies have been conducted with models that
simulate the transport of heavy metals by including the
process of switching electrodes, because of the complex-
ity involved with the changes in the initial conditions.
Sun et al. (2019) established a piecewise model to simu-
late the transport of Cd under a superimposed electric
field. This research indicated progressive soil acidifica-
tion; the “focusing” region of Cd was compressed by the
migration of the acid front. The removal efficiency can be
optimized by modeling and switching electrodes.

The most advanced simulators typically include the
coupling of the physical mass transfer processes with
geochemical databases to simulate EKR in saturated
porous media (Sprocati et al., 2019). Sprocati et al.
(2019) propose a multi-dimensional modeling approach
that allows for the integrated description of fluid flow,
solute transport (including electromigration and electro-
osmosis), coulombic interactions between transported
species, and a wide range of kinetic and equilibrium
reactions. The proposed modeling tool NP-Phreeqc-EK
is a coupling between COMSOL Multiphysics, which is
applied to solve fluid flow and solute transport chal-
lenges in saturated porous media based on the
Nernst-Planck-Poisson formulation, and PhreeqcRM,
which is used to solve geochemical reactions.
Lopez-Vizcaino et al. (2017) proposes a conceptual
and numerical model that includes geochemical specia-
tion other than the phenomena that have been described
by other studies. The results show that the buffering
system of carbonates affects the temporal evolution
and spatial distribution of pH. They emphasize that
simulations using realistic geochemical systems are
critical.
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In many cases, laboratory experiments can be exces-
sively time-consuming, and modeling could become a
necessary tool to assess the main remediation parame-
ters and predict achievable results. Despite
electro-kinetic applications have shown promising re-
sults, quantitative understanding of such systems is still
challenging due to the complex interplay between phys-
ical transport processes, electrostatic interactions, and
geochemical reactions in multiple dimensions (Sprocati
& Rolle, 2020). To find the optimum set of design
parameters for cost minimization is also a development
trend of current research.

3 Technical Approaches to Improve Electro-kinetic
Remediation Performances

The efficiency of EKR depends mainly on the activation
such as desorption and dissolution of contaminants as
well as migration of pollutants. However, some pollut-
ants such as Hg, Cd, and HOC are relatively insoluble,
and it is difficult to achieve adequate activation and
migration with a single EKR. In addition, the pH value,
the polarization of electrodes, and pollutant accumula-
tion also affects the efficiency of EKR (Altin &
Degirmenci, 2005; Isosaari et al., 2007). When a single
EKR is conducted, heavy metal removal rates usually
range between 14 and 59%, and the removal rate of
organic pollutants ranges even between 9 and 61%
(Table 3). Moreover, there are significant differences
in the removal efficiency of different pollutants even if
the same EKR technology is applied. In general, a single
EKR is suitably used to optimize the mechanistic pa-
rameters for target pollutants in given contaminated soil
and sediment. In order to enhance the mobility and
removal rate of pollutants, and reduce the side effects,
many techniques including separation and reaction of
pollutants, electrolyte pH adjustment, electrode optimi-
zation, and multi-technology combination have been
developed to improve EKR performance (Fig. 2).

3.1 Separation and Reaction of Pollutants

Organic complexing agents can react with
difficult-to-dissolve heavy metals to form soluble com-
plexes, which will improve the migration efficiency of
heavy metals. NaClO can also be used as an oxidant for
a catholyte (Cang et al., 2007). The efficiency of metal
extraction through electro-kinetics was the highest when

@ Springer

both the anodic and the cathodic chambers were condi-
tioned with the complexing agent ethylenediaminetetra-
acetic acid. The following removal yields were obtain-
ed: 81% for As, 69% for Cr, 40% for Cu, 33% for Pb,
and 22% for Zn (Andreottola et al., 2010). Adding
potassium permanganate oxidant to the catholyte in-
creased the removal rate of Cr from 32 to 78%.

Furthermore, Lopez-Vizcaino et al. (2018) presents
an EKR study of soils polluted with
2,4-dichlorophenoxyacetic acid (a common polar pesti-
cide), enhanced with an anolyte pH conditioning strate-
gy. By using 0.1 mol/L NaOH as the anolyte, the re-
moval rate of fluorine reached 70%. Moreover, applying
NaOH not only enhances the remediation of
fluorine-contaminated soil, but also enhances the re-
moval potential of other anionic pollutants such as arse-
nate and chromate (Zhou et al., 2015).

An oxidant can change the solubility and degradation
rate of pollutants. For example, mercury exists in natural
soil in the form of HgS, Hg, and HgO. All of them have
very low solubility, which results in the challenge of
EKR to address Hg-contaminated soil challenges. In
1996, Cox et al. (1996) demonstrated the potential of
iodine/iodide lixiviant for maintaining proper thermo-
dynamic conditions for effective electro-kinetic remedi-
ation of Hg-contaminated soils, and more than 90% of
Hg existed in the form of Hgl,*". The ultimate removal
rate of Hg in contaminated soil reached 99%.

Adding a co-solvent can effectively increase the sol-
ubility of certain organic matter in the soil and reduce
the adsorption of hydrophobic organic pollutants so that
more organic matter can be removed from the contam-
inated soil by electroosmosis. A series of bench-scale
electro-kinetic experiments indicated that phenanthrene
was migrating toward the cathode in proportion to the
concentration of n-butylamine. The extent of migration
was dependent on the n-butylamine concentration and
the strength of electroosmotic flow (Maturi & Reddy,
2008).

Adding surfactants to the contaminated soil can
reduce the activation energy on the soil particles,
which will achieve the purpose of removing pollut-
ants by promoting desorption of pollutants. The
non-ionic surfactant Tween 80 (Polysorbate 80)
and the anionic surfactant sodium dodecyl sulfate
(SDS) were used to aid desorption of PAH from
the soil, and the removal rate of PAH reached a
maximum of almost 87% (Lima et al., 2012). Tween
80, polyoxyethylene ether, modified cyclodextrin,
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Table 3 Pollutant removal via electro-kinetic remediation with different soil properties

Pollutants Soil property Removal rate Sources

Type Moisture content (%) pH
Cr Artificial 13.5 7.48 59.0% Lu et al. 2009
Cr(III) Natural 30 / 20.9% Meng et al., 2018
Cr(VI) Artificial / 3.76 37.6% Almeira et al., 2012
Pb Atrtificial 50-54 4.93-5.20 22.3% Kim et al., 2005
Pb Artificial 37.55 5.7 52.9% Li et al. 2005
Cd Atrtificial 50-54 4.93-52 14.2% Kim et al., 2005
«-HCH Natural / 6.28 60.9% Ni et al., 2018
P and P-DDT Natural / 6.28 40.0% Nietal., 2018
Phenanthrene Artificial / / 9.4% Sun et al., 2017
Trichlorophenol Artificial / / 14.3% Sun et al., 2017

and N-butyl amine are often used as the surfactants
to improve EKR performance (Sun et al., 2017). The
requirements of selecting complexing agents are that
(a) the ligands should have high solubility in solu-
tions with a wide pH range; (b) formers are not easy

Side effects during EKR

* Focusing effects

* Polarization effects
* Electrode corrosion
* Joule effects

* Dehydration

to adsorb on the soil surface; and (c¢) formers should
be non-toxic or have low toxicity with little potential
risk to the environment.

Heating and stirring are considered as physical
pre-treatment methods in this sub-chapter.

Technical requirements

* Low impact and
environmental friendly
+ cost-effective and efficient

Conventional EKR

Enhanced EKR

* Separation and reaction of

pollutants

* Electrolyte pH adjustment

* Electrode optimization

* Multi-technology Integration

Fig. 2 Schematic diagram of the enhanced electro-kinetic remediation technology
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Temperature mainly influences the ionic migration
velocities, and can promote electromigration and
electroosmosis as it increases. Increasing the soil
and sediment temperature can accelerate the migra-
tion and diffusion of pollutants, which applies to
ectopic EKR (Baraud et al., 1999). Elevating the
soil temperature from 21 to 55°C reduced the time
to extract potassium dichromate from kaolinite soils
under saturated conditions. Conversely, increasing
the soil temperature under dewatering conditions
caused soil cracking, which reduces the overall pro-
cess efficiency (Krause & Tarman, 1993).

Stirring is an alternative effective way to speed up
the process of removing pollutants. It helps to en-
hance soil aeration and mixing, while increasing the
bioavailability of pollutants. A stirred soil setup was
applied when removing pollutants from heavily
oil-contaminated soil with EKR, which led to remov-
al efficiencies of up to 70% for total hydrocarbons
and 65% for polyaromatic hydrocarbons (Pedersen
et al., 2016). A combination of adding a surfactant
and stirring was successfully used in the field of soil
remediation to increase the removal efficiency of
PAH by 79% (Lima et al., 2012).

3.2 Electrolyte pH Adjustment

Protons produced from the oxidation of organics at an
anode result in anolyte acidification. Adding
non-buffered saline catholyte effluent (e.g., from a pre-
vious cycle) to the anolyte leads to the mitigation of
anolyte acidification (Davis et al., 2013). In addition,
nitric acid can also induce the pH variations of the
catholyte. For example, 0.06 M nitric acid has success-
fully been used to extract 98% of Cd from kaolin
(Almeira etal., 2012). Adjusting the pH of contaminated
soil can enhance the activity and the migration ability of
pollutants during the electro-kinetic process, and thus
increase the removal efficiency of the pollutants. Heavy
metals are mainly present in the form of fractions of the
following nature: exchangeable, carbonate-bound, Fe—
Mn oxide bound, organic matter, and residual. Before
EKR is performed, engineers have to add acids (acetic,
lactic, humic, citric, ascorbic, and polyaspartic) to the
soil to increase the concentration of dissolved heavy
metals, and subsequently enhance the removal rate of
heavy metals in soil by 15 to 59% (Fu et al., 2017; Zhou
et al., 2004). Someone could also dissociate some or-
ganic matter into anions to accelerate the EKR process.

@ Springer

For example, by adjusting the soil pH to 9.3 with NaOH
dissociated phenol and 2,4-DCP to obtain phenate an-
ions, the mobility of phenol and 2,4-DCP can be in-
creased by 2 and 5 times, respectively (Luo et al., 2005).

Inserting a cation exchange membrane and an auxil-
iary solution cell between the cathode and the soil has
been proposed, which could make hydroxide ions gen-
erated by the electrolysis of water to be isolated within
an auxiliary solution cell to prevent metal precipitation
in the region near the cathode. This method was suc-
cessfully used to treat Pb and Cd from artificially con-
taminated kaolin. Researchers observed an increase in
the removal rates of Pb and Cd from 22% and 14% to
92% and 58%, respectively (Kim et al., 2005).

3.3 Electrode Optimization

This sub-chapter addressed the electrode optimization
techniques’ polarity exchange and approaching anodes.
Methods to optimize electrode material, change the
electrode structure and shape, and configure electrodes
differently and pulse-power electrodes are also
considered.

Polarity exchange could avoid the negative effect of
OH on metal transportation, which makes the genera-
tion of H" ions from the oxidation of water neutralize the
alkaline zone where the metal is precipitated, favoring
its dissolution. The application of the polarity exchange
method increased Mn removal from 14 to 72% in 7.6
days (Pazos et al., 2006). Applying electric fields always
cause a dramatic change in soil microbial community
structure. However, polarity exchange could effectively
reduce negative effects on microbial communities (Kim
etal., 2010).

The approaching anode electro-kinetic (AA-EK)
method, which involves sequentially moving the anodic
electrode approach to the fixed cathode, promotes the
production of H*, and increases the dissolution and
removal of heavy metals and other pollutants, thus
maintaining more mobile ions in the system and
avoiding the “focus” effect (Shen et al., 2007; Tang
et al., 2021). During the electro-kinetic process of ap-
proaching anodes, the energy utilization efficiency is
increased, the migration and removal rates of Cd in soil
can be increased by more than 1.5 times than the rates of
conventional methods, and the remediation time is re-
duced by 40% (Shen et al., 2007).

Electrolysis reactions in the vicinity of electrodes
may change the solubility and speciation of
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contaminants (Zhou et al., 2004). Acidic conditions and
electrolytic decay can corrode some anode materials
(Davis et al., 2013); thus, the effect of electrode mate-
rials on the efficiency of electric repair should not be
ignored. There are two types of optimizing electrode
materials: changing the material of the electrode itself or
coating active materials to the electrode surface layer.
Ti[lrO,—Ta,05 was demonstrated as the best anode ma-
terial in an EKR process, which showed the highest
current density and corrosion-resistance (Méndez
etal., 2012).

Changing the electrode structure can allow the pore
water near the cathode to be drained fast and avoid the
accumulation of hydroxyl, which greatly reduces the
combination of heavy metals and hydroxyl to prevent
the formation of deposits. An electro-kinetic
geosynthetics electrode with flumes transformed from
graphite electrodes can be used in experiments to re-
move Cd from paddy soil. The use of the EKG electrode
avoided the corrosion of the anode and the formation of
the precipitation of heavy metals near the cathode,
which makes the separation rate of Cd in the paddy soil
reach almost 42% (Tang et al., 2017).

The shape of the electrode also determines the
strength and distribution of the electric field, which
affects the migration rate of a pollutant. Using a ring
electrode can more conveniently discharge pollutants
compared with the use of a rectangular electrode
structure. Moreover, under the same voltage gradient,
the columnar electrode can produce a non-uniform
electric field to greatly increase the electric field
intensity in the center area compared to the plate
electrode, which will improve the efficiency of the
enrichment of organic pollutants at the cathode. After
remediation, organic pollutant content in the center
of the soil near the cathode can increase by between
98 and 124% (Luo et al., 2005; Mattson et al., 2002b;
Musso, 2003).

Cylindrical electrodes can be installed in different
configurations such as unidirectional, bidirectional,
and radial-bidirectional as well as in form of radial pairs
(Gill etal., 2014). Using an electrode matrix and making
dynamic adjustments in a certain order can change the
electric field distribution, which can also speed up the
directional accumulation and separation of pollutants,
promoting their degradation. Under a non-uniform elec-
tric field, a square electrode matrix of four electrode
pairs was set, and the electric field distribution was
adjusted every 3 h, which promoted the degradation of

phenol. The phenol removal rate reached 58% after 10
days, and the high-frequency switching of the electric
field distribution effectively prevented problems of un-
even migration of pollutants in non-uniform electric
fields (Luo et al., 2006).

Finally, the use of pulsed power can significantly
reduce power consumption and improve the removal
efficiency of heavy metals. Compared with traditional
electric repair, using high frequencies (0.33-0.5 Hz) of
the pulse power supply can effectively promote the
desorption of ions near the anode, enhance their migra-
tion ability, and ultimately greatly improve the removal
rate of heavy metals (Ryu et al., 2010).

3.4 Multi-technology Integration
3.4.1 Electro-kinetic Fenton

Advanced oxidation processes can promote the degra-
dation of organic pollutants, thereby increasing their
removal efficiency. Electro-kinetic Fenton is an
electro-kinetic process that utilizes Fenton’s reagent as
a flushing solution (Fernandez de Dios et al., 2014; Ng
et al., 2014). The Fenton process produces hydroxyl
radicals (-OH) by the reaction of hydrogen peroxide
and ferrous ions (Fe** + H,O, — Fe’* + -OH + OH ),
and -OH is a strong oxidant for most organic contami-
nants (Ni et al., 2018). The EK Fenton process can
contribute to the transport of H,O, through the soil. In
the presence of iron or other transition metal minerals,
this process decomposes H,O, and generates -OH and
other oxidizing species such as O, - and HO,-, which
are capable of oxidizing contaminants (Paixao et al.,
2020). Electro-kinetic Fenton was successfully applied
to treat organic-contaminated soil, and the removal rates
of a-HCH and P, P-DDT increased from 61% and 40%
to 81% and 73 %, respectively (Ni et al., 2018).

3.4.2 Electro-kinetic Permeable Reaction Barrier

A permeable reaction barrier placed in a vertical flow
direction can intercept contaminated water flows and
remove pollutants through physical and chemical reac-
tions. Such systems were originally used to prevent
groundwater pollution (Mumford et al., 2015). Perme-
able reaction barriers composed of Pd/Fe were installed
in pentachlorophenol-contaminated soil, and removed
49% of soil pentachlorophenol (Li et al., 2011). Re-
search found that EKR technology combined with

@ Springer



335 Page 180f29

Water Air Soil Pollut (2021) 232: 335

permeable reaction barriers composed of zero-valent
iron (Fe®) can remove 80% of perchloroethylene from
soil within 10 days, which was much higher than the
removal rate of EKR technology alone (Kebria et al.,
2016). The use of Fe%/activated carbon as the permeable
reaction barrier material in combination with EKR has
also increased the removal rates of phenanthrene and
trichlorophenol by 5 and 4.5 times, respectively (Sun
etal., 2017).

3.4.3 Electro-kinetic Ultrasonic Technology

Ultrasonic technology has been used for wastewater
treatment as an advanced oxidation process (Mahvi,
2009). When EKR is enhanced by ultrasonic technol-
ogy, a larger current and stronger electroosmosis is
generated, which greatly increases the removal rate
of organic pollutants. When EKR is conducted for
treating organic contaminated soil, using ultrasonic
enhancement could increase the removal rate of or-
ganic pollutants by about 10% (Pham et al., 2009).
Applying ultrasonic waves to the electro-repaired soil
could also increase the enrichment of Cu”* near the
cathode by up to 43%, and thus improve the removal
rate of heavy metals near the anode. However, the
application of ultrasonic waves would cause variation
of soil pH, making the acid zone more acidic and the
cathodic zone more alkaline. Although the migration
of heavy metal ions to the cathode could be promoted
with the ultrasonic application, it is unable to solve
the problem of cathode alkalization and precipitation
(Blume & Neis, 2004).

3.4.4 Electro-kinetic Magnetic—Assisted Treatment

Electro-kinetic magnetic—assisted treatment is a type of
technology that makes use of the effect of magnetic field
on non-ferromagnetic fluid to change the properties of
the pollutants in the traditional EKR process (Wu et al.,
2013). The application of the magnetic field during
electrolysis will increase the effective reaction area,
and thus enhance the electrolysis reaction (Lin et al.,
2017). Xie and Ma (2018) employed magnetic force—
assisted EKR processes to remediate triclosan; the
highest removal efficiency was 65% after 10 days of
reclamation. Compared with the unenhanced EKR, the
electro-kinetic magnetic technology promotes the elec-
trolysis of water, enhances the electroosmosis, and pro-
motes electro-kinetic magnetic migration of triclosan.
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Electro-kinetic magnetic technology is low-cost and
eco-friendly, enhancing the efficiency of pollutant
removal.

3.4.5 Electro-kinetic-enhanced Bioremediation

Electro-kinetic-enhanced bioremediation technology
uses a direct current electric field to drive the mass
transfer between organic pollutants and degradation
bacteria in the soil, enhancing the bioavailability of
pollutants or use the current thermal effect and electrode
reaction to provide appropriate temperature, pH, and
redox conditions for the biotransformation process,
and finally using microorganisms to degrade organic
substances. In 2010, a bench-scale test demonstrated
the potential to apply electro-kinetic-enhanced bioreme-
diation for tetrachloroethene source remediation at a site
in Skuldelev, Denmark (Mao et al., 2012).

3.4.6 Electro-kinetic Phytoremediation

Phytoremediation is relatively cheap and eco-friendly,
but traditional phytoremediation approaches pose some
limitations regarding their applications at large scale.
So, there is a practical need to combine it with other
technologies (Sarwar et al., 2017). In electro-kinetic
phytoremediation, a redistribution of soil metals be-
tween electrode compartments and changes of plant
uptake was compared with the absence of an electric
field. The soil pH changes, normally decreasing in the
anode compartment (Cang et al., 2011; O’Connor et al.,
2003), which may lead to the activation of soil heavy
metals in the anode region (Cang et al., 2011). Another
study examined the effects of electro-kinetic amend-
ments for phytoremediation of mixed contaminated soil,
where typical silty clay soil was spiked with organic
contaminants (naphthalene and phenanthrene) and
heavy metals (lead, cadmium, and chromium). After
61 days of treatment, a significant reduction of heavy
metals and organic contaminants in soil were detected
(Chirakkara et al., 2015). For better improving the EKR
performance, electro-kinetic phytoremediation could al-
so be combined with other technologies such as
electro-kinetic-ethylenediaminetetraacetic acid
complexing-phytoremediation, and
electro-kinetic-ethylenediamine-N,N'-disuccinic acid
chelation-phytoremediation (Margarete & Thomas,
2001).



Page 190f29 335

Water Air Soil Pollut (2021) 232: 335

'SOpOIO[R AreljIxne

(wo 1 Jo @ puewd G|

x PSUI[ x

10T surjiueAjod gm JO ySuo[) $OpoNII|d PpLa) wo G|
‘Te 12 Suep 11709  90°0F  WOISAS 9pondo[-NNIA qyozl aydeid padeys-poy 1D JUQIUOD 2IMSIOW) PUBS x WD G[ x WO (o7 uoneziundo apondsg
wo ¢ Jo yy3u9]
(61 sowm wo g Jo @
-$1) ‘Tios Jo odid [oo)s ssojures
qd ) pue 9poyIed Ay} :9pOIIJ[Q dpouy (/8w
pue U29M10q [[90 UONN[OS wo ()] Jo P3u9| 000S) (y31oy 1190 uonnjos
(0¢ ATeIIXne ue pue ® pUE Wo 9°() JO qd pue x PSUI[ x ATer[rxne-oueIquiow
$00T ($$°85) ad =70 SOUBIQUISIA 9SUBYOXd 0 © [)IM OpOI U0qIed (8y/8w JO JUQJUO0D dIMSIOW PIM) WO O] o3ueyoxo
“[eI Wy pue (09°16) PO PO uones ay) urpasuy yool -9pOxd3[a Ipoyre) 00S1) PO [BIIUD) SYUIOBY  x WO G[x WO (] UOI 5naumy-0139q
(wrog-1D
(L :oueIqUISW AZURYD
-97) -X9 UOIUE ‘ULIOJ-BN wo O] x Wo O]
qd :QueIqUIdW dZUBYOXD Jo 9yerd wnuned (8y/8w
pue uones) SNAI “3poxo3Id spouy 000S) (ySiey
49 snosuoSowoy Jursn wo (O x Wo (] qd pue x PSUI[ x (NAI-E)
S00T Or¥S) ad -Th) UdYELOpUN 1M Jo ored wintuein (3y/8w JO JUIU0d rmysiowr IpIM) wo o Quelquiow d3UBYIXd
“[eo Wy pue (zy'18) PO PO S1S9) paduBU-NH] Y00l -9pond3[e SpoE) 00SD) PO [entun) AIUIOEY x W G x W O] UOt onsuly-0n391q
pinyy Surssadoxd
0102 o se YOSTeN INT'0 u JUOUIOOUBY U
“les pue ()8 UM ], %] wo $G'gjooe 0 x Wd 7°¢ 9K[0109[0
BICJURO]Y 90°6€ 69'8  m Jonuod Hd Suisn sAKep €7 UM soponod|o aydern HVd urfoey Jo & uwnjood [10§ OTOULY-01}09]
“JOA®] [10S pRANND (y31oy
djeInjes 0} pasn sem x PSUI[ x
4orD 1/10W €0°0 IpiM) wo ¢
Pue 33 T/[0W £0°0 x W 98
paureiuod jey) 1€ juswdinbo (/8w x wo (OS] uonez
L10T Jo onpea Hd e yum Paseq-sonoyuAsoasd 01 %9 TH NS ‘%1°0S O siuowadxo -tumdo aponoe pue
“Te 10 Sue], 86’1y  €6'SC  Uonnjos poeJo I &'Ly yoc OlUIY-0199]9 [9AON —€8°0) PO pues) ureo[-Apues 1od ppery  Jueunean-oid [eorway)
01
1e Hd 9)1410ype0 dody
0} uonN|os JHnq Ay
Jo uonippy -aikjoypeo
Ul JUBPIXO U Se wo JUSWIDIUBYUD
£00T (O1DBN) 2m101yo0dAy wo ¢ x WO ¢ JO S1Ys (/8w ww-()z & ysnoay 71 x Wd 99 41009912
“Te 12 Sue) 0CL 'L WNIPOS :uepIxo SuIppy Yy ey Aoe wniuey arenbg 6001) 1D PIAJIS) [10S POy JO & UWN|OJ [0S OlRUIN-0199[]
‘(FONM
N 10°0) £]otped
Ay jo suonenrea Hd Suneoo
(L4 ayp sonput 0} (y/Jut SPIx0 WnfusyinI
“leR 9°() 9B JUBISUOD © Je pue wnIpL1 wo § x Wo §'[ juounsnipe
By 86 6¢  “ONH N 90°0 Sunoafug YOyl M SSpondafs wnluejLy, PO TIOS/I91eM 95(9) UT[ORY]  JO 6 UWIN]0D [10S Hd 914j0n00]9
2010 ()4 (9) € 10jowered SunerdQ uonem( AponIA[Y jueIn[[oJ J[edS poyiow pasueyuy

soouewof1ad sy pue sarSojouyo) paoueyuy  IqeL

pringer

A 's



Water Air Soil Pollut (2021) 232: 335

335 Page200f29

pue (W 10°0)

HOEBN 3uisn 4 03 po
-isnfpe o1om a)Ajoyred
a1} Jo sonjeA

Hd oy, “1oRq
aAn)oEaT 9[qeauiad

u0qIed PAJeANIR/UOI SO Wiu-g juounsnipe
JUS[BA-0IZ & 3noIy) paAals pue (1yS1oy Hd 2141000010
© yim pojdnod ‘popunois ‘poLp-Ire x PSUI[ x pue JoLLRq
L10T SONAUIY-01}09[d (Wo [ JO ©) SAIPONI[d sem (Wo ()z—§ Jo pIM) wo O uonoear jqeaurrod
“Te 30 ung 68°61 0F'6  PodouByUR-JUB)OBLINSOIT skep G| ayyders Hund-ySig ouanpueuoyd  pdop) [10S 90BJINS YL, x WO G x WD GT O1OUIY-01399[q
Juage Surouryuo
Aupiqnios oy se pa
-109]9s sem ()0 [-X U0}
1], ‘Juounredwoon 1o
-111eq UONIBAI d[qeatl
-10d oy oyur popeo| JUWIOURYUD 9}A[01)
sem (UOII JUS[BA-0IOZ) (W31oy x P3ud| (8y/8w (9%ST (yS1oy -09[9 dNAUIY-01393[d
910T [eLIOYeW JOLITEq X [IPIM) WO §'Ox WD 009 ‘ADd)  Jo emmsiowr wnwndo x PSUI x pue IoLeq
“Te 1 uonoear d[qeaurtod $ xWD G JO SOPONII[d QuUOIAYIo0I OAQIS LI ¢ YPIPIM) U 9 x uonoear g[qeaurtod
BLIGOY L'8S 8t Jo 8 ¢ A[eunxorddy SAep (] aydeid pojerojred -o[yoend], e ysnoay passed) Ag[) WO G x WO Gy NoUR-0193[q
‘uonnjos Jur
-ysnyy se [DBN N T°0
PUE ‘ULJXIPO[OAD-¢
(uonoely ssew) 9|
9)A[0ue o) St COH
%01 ~_quIeyd dpoue (Laa
o) WOy Wo 9 JO Jueyo
6 Qoue)SIp ® J8 (JSIoY -0JO[YOLI
) x QISUD] x YIPLm) -[Auoydip
Lda Wt O] x w001 -OIO[y21p (s€ (ySroy
pue x WU G JO ISLLIRq pue (HOH) JO Jud)u0d d1mysiour) x 3ud|
9°Lp) (S ®Se[I0S pojeuUNBIUOD oprooidos [10S QINJXQ) WRO[ x [Ipim)
810T 1dd pue -0€) oy} 0} pOppE sem (wo §'| QUEXAYO[OLD IS JO AJurew ‘[1os wo G[x
“Te 10 IN (6'8S) HOH  HDH 18KTe180 OCHL-YOS9] skep GT  JO ©) soponooo aydeln -OIO[UOEXOH  POJBUIUBJUOD-OPIONSOJ WD () x WO () UOIUS,] ONOULY-0100[
S10A®[IA)UI OpISUI
paoerd atom (W G
x WD G[) SAPONdA[
Arerixne surjiueAjod
pue ‘syuounreduiod
opoyeo pue
opoue oy ur paderd (ySroy
20In0Yg ()4 (9) 4 101owered SunerodQ uonem( ApondI[Y jueIn[[oJ ad4&y 1108 J[edS poyiow pasueyuy

(Ponunuoo)  AqeL,

pringer

&l



Page210f29 335

Water Air Soil Pollut (2021) 232: 335

0€L 145 skep o[ suLony{
03
=S
uz (3/8w (%L 1Y
pue ‘Pq [10S 9y} (44%0)] ‘puBs pue 195¢°0S (ySroy
(1 Jo yySuexns oruor oy} (W  x wo ) uz pue UMIS $950°8 “Ae]d) poy x PBUI x juoumsnipe
0102 0¥ uz =70 douequd 0} pakodurd oponaafd anyderd (8y/Bw QOLI PAJRUIWEBIUOD B PPpIM) wo (07 Hd 2141010919 pue
“leR 0Ly pue (L0¢) PO PO sem (N 1°0) "OSSIN Yy 00¢€ ad&-arerq LT PO woy pajduwies SLM [0S x WO § x WO dPAUD[-0103[D pas[ig
‘opoyred
() J& POULIOJ SUOL
[Ax01pAY 23 19[ynq
0] pIoe o9 JA| § JO
sawnjoa deudordde
yum Sursop £q 6> (83/8w (ySroy
Jo Hd © je paurejurewr 0€0) SV x PSUI[ x jusw
Sem pue sopoyjed sdrgo pue (/8w PPpIM) wo g7 -90uByud AA[0NIJ
€00T 0M]) 9} PUB JIOAISAI aydes3 jo pasoduiod 00t—00€) x WD $7 S)2UDY-01}02[0 pue
“Ie 19 B U0AMIOQ PAJB[NOIID sAep Sopoue pue [0S PO ‘(88w x W 47 uonerpawaIo)Ayd
Iouuo).Q -/ - sem 9)A[0YIed Ay, 86—08 SSIUIR)S JO SAPOYIRD) 00S2) D —  9[eos-A1ojeroqe] onRUNY-0109]q
sprod
I1e e /3w
Jo suazop
[eIoADS
0} paIpuny| ‘susodop (spunodwod
[eIOADS WO} SnoduagoIdeY pue PpajeuLIONyd
PIseaIdap [10s Ajijiqeswod-mo] 10430 (wy31ay
suon OJul dATIPpE pue gDd) (91¥ x ST x uonejuewIneoIq
10T -BNUIdU0d UONRIPAWAIOIq SJUIAJOS 1 JO JUAUOD I1o7BM) IpIM) W G| pasueyud
“Te 30 OB q0d YL - SuueAleQq sAep g/ sapond[e erd oyydeiny pareutio[y) Ke[o )oR[q pUB ABID) X WD G x WD () NoUR-0199[q
‘PIeY (ySrey
onouJew e dje1ouad x PSUQ[ x JuduIRAI)
810T 0} pasn sem AjIsudjul PpIM) wo O] paIsIsse—onougew
Te 12 arX 1'$9 Rl opaudew Juw (8 skep 01 sopona92 aydein UBSO[ILI], urjoey x Wo O] x Wd (g o1RUnY-0109]g
uayy
-ueIonyj pue
quarpueudyd
‘Quazudq
-0IO(oBXAY
:syueinyjod wo
600¢ (M (WoQT x wo [ jo oruesio (%€0°T JO JuaU0d 0T x Wo Q] otuosen[n
“Te 30 weyq €8-0L  IL-€S 001 ‘ZHY $7) punosenyn sAep 0]  ©) SOPOXII[D WNIULIL], JUAISISIdJ QINISIOW) UT[ORY  JO @ UWN[Od [I0S o1_UD-0199[q
‘suonnjos
(A 10°0) HOOD*HD
20In0Yg ()4 (9) 4 101owered SunerodQ uonem( ApondI[Y jueIn[[oJ ad4&y 1108 J[edS poyiow pasueyuy

(Ponunuoo)  AqeL,

pringer

A 's



Water Air Soil Pollut (2021) 232: 335

335 Page220f29

Kjoanodadsar ‘parjdde sar3ojouyda) paoueyuS 1o PUB 210J9q Sajel [eAOWRL ‘4 pue & LI2)OWRIP ‘g

*Kep 1od y ¢ 10}

(6 soponod[2 anydeid
-1-9 Sursn s[10 03 pard
-1 -de sem juormo Jur %G1 Arewnrxordde
1D -Jewole A Gz syuerd (38y/8w JO JUQIU0D AIysIow (1yS1oy eh)
pue UOLJBIPAWAI SE PIJOI] 002) 1D pue pue ‘(% €41 x 3u9| -01d o1oUIY-0109[0
S10T (€281 @ -95 dIoM (JoMo[juns) (83/8uw o) pues pue 9,0zt x IpIa) pasjnd pue
Te 1D pue (L1) PO snnuup SnyjuplaE] PO ‘(88w WIS $90° TP ‘Ae]d) wo 68 uonerpawaIo)Ayd
eISEIYD PO (s0)Ad (b0)Ad  pue (Jeo) bauvs vuoay skep 19 saponoaf arydern 00) ad [10s Ae[o Ais Ke1ny x WO (g x WO ()¢ o1AUDY-010
Uve
KIOAQ PIYSAIJAI SEM
uonn[os AJAJ010[d
[org "I9JeM PI[[USIp yuerd
UNM pJe[noIr (3y31oy x Y3uo| Supows wnurwnye (yS1oy
sem 9)A[0yjed pue x [IPIM) WO [ x ue Jeou pojdues x PBUIJ x JUSWIDIUBIUD
600¢ ‘uonnjos HOBN wo g x Wd 9 jo sem (WO 07—0) PpIm) Wwo 0] alkjonoofe
“Te 10 nyz PaIR[NOIID Sem djA[ouy 2po1109] 129Ys ayydeIn [10S 90BJINS PAJRAMOY  x WO § x WO 9 O1OUIY-01309[q
20In0Yg ()4 (9) 4 101owered SunerodQ uonem( ApondI[Y jueIn[[oJ ad4&y 1108 J[edS poyiow pasueyuy

(Ponunuoo)  AqeL,

pringer

A 's



Water Air Soil Pollut (2021) 232: 335

Page230f29 335

3.5 Summary of Enhancement Technologies

The applicable conditions of current EKR improvement
technologies are variable (Table 4). For pre-treatment
technology, the addition of acid or oxidant is suitable for
heavy metal separation, and adding an alkali, surfactant,
or co-solvent is suitable for organic pollutant removal. It
is difficult to increase soil temperature and stirring in
practice. In general, electrode optimization is mainly
used to repair heavy metal-contaminated soil and rarely
to organic pollutants. Furthermore, multi-technology
integration such as electro-kinetic ion exchange mem-
brane, electro-kinetic electrolyte enhancement, and
electro-kinetic phytoremediation are mostly used for
heavy metal removal, and electro-kinetic Fenton, per-
meable reaction barrier, and ultrasonic or
magnetic-assisted repair technologies are used for
treating organic pollutants.

The removal rate of pollutants has been greatly im-
proved after using enhancement technologies. Among
them, the catholyte acidification method exhibited the
largest increase in the removal rate of heavy metals by
up to 67%. The greatest enhancement of organic pollut-
ant removal is obtained by the electro-kinetic permeable
reaction barrier, with an increased range between 40 and
50%. However, most of the current EKR enhancement
technologies only promoted the migration and enrich-
ment of pollutants, and the complete separation and
removal of pollutants from the soil or sediment medium
were not achieved. Therefore, the development of novel
EKR enhancement technology should focus on pollut-
ant separation via pore water drainage.

3.6 Critical Assessment of Laboratory Studies

Field plot experiments and bench scale tests in the
laboratory show that the technology is applicable for
diffusely dispersed pollutants in both the non-saturated
and saturated media, and it is a promising in situ reme-
diation technology. However, most experiments were
conducted with sieved artificially contaminated soil or
kaolin, and experimental pollutant contents are com-
monly higher than those in naturally contaminated soil
(Table 4). Moreover, most bench-scale experiments
were conducted in the laboratory within a soil column.
The number of in situ cases and the volume of treated
soil are relatively small. The size of the setup can lead to
different conclusions. Hence, conclusions from
small-scale tests should not be directly extrapolated to

full-scale applications (Lopez-Vizcaino et al., 2017).
Laboratory test adopt artificial soil and pollutants, and
the pore structure of contaminated soil as well as its
content, form, and distribution of pollutants are quite
different from actually polluted soil. Accordingly, the
optimized parameters obtained in the laboratory cannot
be directly used in the field test. The influence of uncer-
tain factors such as influence of other contaminants,
groundwater level, and soil types should be considered
to bridge the gap between laboratory tests and field
applications.

4 Technical Shortages and Solutions
for Electro-kinetic Remediation

4.1 Variation in Soil or Sediment Physicochemical
Properties

Due to EKR, storage of nutrients such as nitrogen,
phosphorus, and potassium in the soil will be changed
(Tang et al., 2018, 2020). After EKR of
fluorine-contaminated field soil, the average soil avail-
able nitrogen content increased from anode to cathode,
but the average available phosphorus and potassium
content decreased, but the soil available potassium con-
tent gradually increased (Zhou et al., 2015). When the
EKR was applied to Cd-contaminated soil, the average
content of soil available nitrogen, phosphorus, and po-
tassium increased by 0.44, 3.31, and 1.25 times in 60 h,
while the content and morphology of organic carbon
changed a little (Chen et al., 20006).

The literature review indicated that it is often easy to
ignore the effects of EKR on the diversity of soil micro-
organisms and enzyme activities. During the practices
of repairing pentachlorophenol-contaminated soil by
EKR, the biomass of cultivable bacteria and fungi was
decreased, and the respiration of soil microorganisms
was weakened. Moreover, the use of carbon substrates
significantly promoted the enrichment of pentachloro-
phenol around the anode (Lear et al., 2007). When EKR
is conducted, a change in soil pH and an increase in
toxicity of certain pollutants may also inhibit the repro-
duction of microorganisms and reduce microbial bio-
mass and diversity (Kim et al., 2010). After EKR, the
soil invertase and catalase activities increase, while soil
urease and acid phosphatase activities decrease. Further
correlation analysis shows that soil invertase and acid
phosphatase activities are significantly related to soil
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pH, electrical conductivity, and dissolved organic car-
bon content, which indicates that EKR can indirectly
affect soil enzyme activities by changing soil physical
and chemical properties (Cang et al., 2009).

In addition, electroosmosis also caused significant
changes in soil and sediment moisture content, density,
salinity, pH, redox potential, zeta potential, and cation
exchange capacity, which led to the variation in soil and
sediment microcosmic structure such as pore size distribu-
tion, and resulted in the accumulation of clay particles
toward the cathode and anode (Korolev & Nesterov,
2019).

The effect of soil type and structure as well as the
complexity of soil components on the efficiency of
electro-kinetic treatment is less studied. The heteroge-
neity of soil itself leads to the migration and transfor-
mation of pollutants under the action of an electric field.
Field studies are far more complex than indoor experi-
ments. Therefore, it is important to strengthen the re-
search in this aspect for the application of electro-kinetic
remediation technology in the remediation of contami-
nated soil. The vast majority of contaminated sites are
polluted by compounds. So, the development of electri-
cally enhanced remediation technology for a variety of
pollutants is one of the future development trends.

4.2 Difficulties in Field Application

Soil and sediment EKR technology mainly focused on
laboratory research, and there are few applications for
field practices. The effectiveness of'in situ EKR depends
largely on the chemical nature of the pollutants such as
mobility, effectiveness, and the degree of homogeniza-
tion of the sediment and soil particles (Reddy, 2010).
Most of the EKR reactors are usually composed of
electrodes (both anode and cathode), sample chamber,
electrode chambers (both anode and cathode), and direct
current power supply (Fig 1). The corresponding struc-
ture is relatively complex, which is not suitable for the
field application. The following two shortages caused
the limited in situ remediation practices of existing EKR
technologies: the first one is the lack of an in situ EKR
equipment for efficient separation and removal of pol-
lutants. The second reason is the larger the scale of
electric repair, the higher the energy consumption per
unit volume of soil or sediment remediation, and the
lower the removal rate of pollutants (Lopez-Vizcaino
et al. 2016a, b; Lopez-Vizcaino et al., 2017).

@ Springer

Compared with soil, the moisture content of sediment
is often high (Zhou et al., 2011), and pollutants are more
easily to be migrated and subsequently be removed. So,
EKR of contaminated sediment has a better application
prospect (Fan et al., 2010). However, the existence of the
overlying water and complicated below-water conditions
hinders the application of EKR to in situ treatment of
sediment, but EKR can be well used to reduce the sedi-
ment volume (Matteo et al., 2017; Tang et al., 2020) and
remove harmful pollutants by the process of dewatering
and electromigration. Furthermore, the behavior of the
solid material is different in the field than in the labora-
tory, and scaling-up of the process is still challenging.

4.3 Novel Electro-kinetic Remediation Technology
for Pollutant Separation and Drainage

Pore water is the main carrier of pollutants in soil and
sediment (Booij et al., 2003). The rapid drainage of pore
water can accelerate the transportation of pollutants, and
separate pollutants from the soil or sediment matrix
(Tang et al., 2020). At the same time, the enrichment
of H" and OH ™ near the electrode is weakened without
adding any chemical reagents. This leads to the
successfull alleviation of the polarization phenomenon.

In light of the technical shortage of traditional EKR, an
integrated EKR technology for systematically consider-
ing pollution separation, drainage, and treatment was
proposed (Fig. 3). The technical mechanisms and advan-
tages of this novel technology are indicated below.

The novel EKG-based equipment exhibits obvious
technical potential for field application. First, pollutants
can be directly and completely isolated from the soil
matrix through the efficient drainage of soil water. Sec-
ond, rapid and excellent dewatering properties avoid the
abundant accumulation of H" and OH  near the electrodes
and thus efficiently mitigate the anode acidic corrosion
and cathode alkalization. Third, the equipment overcomes
the shortcomings of having no facility for transporting the
collected pore water to the cathode, installation difficul-
ties, and having to maintain a large array of electrodes in
the field for conducting EKG dewatering practices.

The EKG equipment is using an adsorption column
to remove soluble pollutants such as NH," in the pore
water. After completion of adsorption, the pore water is
discharged into the electrolytic cell for electrolysis. The
organic matter in the waste liquid is degraded by Fenton
technology. The residual pollutants are subsequently
filtered through the permeable reaction barrier and the
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Fig.3 Integrated electro-kinetic remediation technology based on
pollutant separation, discharge and treatment. 1-1, pore water
collector; 1-2, filter screen; 1-3, power supply; 1-4, waterproof
wire; 1-5, cation exchange membrane; 1-6, electro-kinetic

chitosan flocculent. Finally, the pH is adjusted before
pore water discharge. Moreover, the valuable elements
including nutrients can be recycled from the effluent
during these processes.

Theoretically, phosphate will be enriched in the anode
electrolyte, and the ammonium ion will be in the cathode.
By adding magnesium oxide or lime to the anode elec-
trolyte, neutralizing the pH of the anode electrolyte and
mixing the cathode electrolyte, nitrogen, and phosphorus
can be recovered in the form of magnesium ammonium
phosphate (struvite) or hydroxyapatite through precipita-
tion reaction as shown in Egs. (4) and (5) according to the
literature (Dai et al., 2017; Li et al., 2019).

Mg”" + NH, " 4+ HPO,*” + OH —MgNH,PO, |
+H,0 (4)
5Ca*" + PO,* + OH —Cas(PO,);0H| (5)

5 Conclusions and Further Research Needs

Electroosmosis and electromigration dominates most of
the pollutant removal via EKR. The current EKR
models mainly focus on the process of ion transfer. As
the main carrier of pollutants in soil and sediment me-
dium, pore water migration and distribution should be
studied to describe and reveal the mechanisms of EKR.

Electrolyte pH adjustment, electrode optimization,
and multi-technology combination are mainly used to
improve EKR performance. Commonly co-existing

Adding acid
2-4

EN Pore water effluent

-—

Pore water effluent
-—

Recycling valuable elements

-—

22 Adding electrolyte
2-5

2-3 2-6

-—

Discharge after pH adjustment

geosynthetics electrode; 1-7, control valve; 1-8, catheter; 2-1,
pump; 2-2, electrode; 2-3, electrolyze; 2-4, humic acid resin ad-
sorption column; 2-5, permeable reactive barrier; 2-6, chitosan
(linear polysaccharide) flocculent

pollutants in soil and sediment behave differently in
the electric field. Low soluble heavy metals are prone
to be precipitated in the alkaline cathode zone, and
organic pollutants are easy to adsorb to soil and sedi-
ment particles. These processes may hinder EKR
performance.

The key to improve the efficiency of EKR is trans-
ferring pollutants from the solid to the liquid phase. To
date, most EKR enhancement technologies only pro-
mote the migration and enrichment of pollutants near
the electrode zone, but do not actually achieve the
separation and removal of pollutants. Therefore, it is
necessary to develop a novel EKR technology based
on pore water drainage and associated pollutant
separation.

The majority of research studies were conducted in
the laboratory and focused on the EKR performance and
mechanisms. It follows that limited studies address the
practical issues due to shortage of in situ EKR equip-
ment. Developing the mechanism model both consider-
ing the pore water and pollutant migration, distribution
and removal is also recommended to reveal the actual
EKR processes and optimize the technology parameters
to guide the field applications.
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