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a  b  s  t  r  a  c  t

Electrochemical  remediation  is  a promising  remediation  technology  for soils  contaminated  with  inor-
ganic, organic,  and  mixed  contaminants.  A  direct-current  electric  field  is  imposed  on  the  contaminated
soil  to  extract  the  contaminants  by  the  combined  mechanisms  of  electroosmosis,  electromigration,  and/or
electrophoresis.  The  technology  is particularly  effective  in  fine-grained  soils  of  low  hydraulic  conductiv-
ity  and large  specific  surface  area.  However,  the effectiveness  of  the  technology  may  be  diminished  by
sorption  of  contaminants  on  soil  particle  surfaces  and  various  effects  induced  by the  hydrogen  ions  and
eywords:
lectrochemical remediation
oil remediation
nhancement techniques
ontaminant solubilization
oil pH control

hydroxide  ions  generated  at the  electrodes.  Various  enhancement  techniques  have  been  developed  to
tackle these  diminishing  effects.  A  comprehensive  review  of  these  techniques  is given  in this  paper  with
a  view  to  providing  useful  information  to  researchers  and  practitioners  in  this  field.

© 2011 Elsevier B.V. All rights reserved.
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troosmotic flow is reversed, i.e., from the cathode towards the
. Introduction

Electrochemical remediation is a promising technology to reme-
iate fine-grained soils contaminated by inorganic, organic, and
ixed contaminants. A direct-current (dc) electric field is imposed

n the contaminated soil. The contaminants are migrated by the
ombined mechanisms of electroosmosis, electromigration, and/or
lectrophoresis. Detailed description of these fundamental elec-
rokinetic phenomena in soil is given by Yeung [1] and Yeung
nd Gu [2]. As a dc electric field is a much more effective force
n driving fluid through fine-grained soils than a hydraulic gra-
ient [3],  electrochemical remediation is particularly applicable
o fine-grained soils of low hydraulic conductivity and large spe-
ific area. Milestone developments and future research directions
f the technology are given in Yeung [4].  However, as the soil-
hemical fluid system is an electrochemical system [5],  many
lectrochemical reactions are occurring simultaneously during
lectrochemical remediation of contaminated soil [6].  Moreover,
he large specific area of the fine-grained soil provides numer-
us sites for soil-contaminant interactions. These interactions are
oil specific, contaminant specific, dynamic, reversible, and pH-
ependent. The coupling of electrochemical reactions with the
oil-contaminant interactions makes the electrochemical remedi-
tion process extremely complex.

Similar to most remediation technologies, electrochemical
emediation can only extract mobile contaminants from soil [7,8].
ontaminants can exist as sorbed species on soil particle surfaces,
orbed species on colloidal particulates suspended in soil pore fluid,
issolved species in soil pore fluid, or solid species as precipitates.
nly contaminants exist as dissolved species in the soil pore fluid or

orbed species on colloidal particulates suspended in soil pore fluid
an be extracted by most remediation technologies, and electro-
hemical remediation is no exception [7].  Therefore, enhancement
echniques are developed to solubilize contaminants in soil and to
eep them in a mobile chemical state.

Electrolytic decomposition of electrolytes occurs at the elec-
rodes, generating H+ ions at the anode (the positive electrode) and
H− ions at the cathode (the negative electrode). These ions are
igrated into the contaminated soil, resulting in changes in soil pH

s a function of time and space. The change in soil pH can change
he chemical states of contaminants, rendering them immobile.
t can also change the magnitude and direction of electroosmotic
ow, affecting the advective transport of contaminants in soil pore
uid by electroosmosis. Moreover, these ions can polarize the elec-
rodes and reduce the effectiveness of the dc electric field imposed.
herefore, controlling soil pH is very important for the success of
lectrochemical remediation.

In many cases, application of electrochemical remediation alone
s not adequate to remediate the contaminated soil to the required
cceptance level. Therefore, the technology is enhanced by coupling
ith other remediation technologies as part of a remediation train

f processes. The synergy can achieve results that are better than
he sum of technologies applied individually.
Many techniques to enhance the extraction efficiency of electro-
hemical remediation of contaminated soil have been developed
hroughout the years. A comprehensive review of these techniques
is  given in this paper to facilitate effective applications of these
enhancement techniques by researchers and practitioners in the
field of electrochemical remediation of contaminated fine-grained
materials such as clay, sediment, and sludge.

2. Classification of enhancement techniques

The primary objectives of these enhancement techniques are:
(1) to solubilize contaminants in soil and to keep them in mobile
states; (2) to control the soil pH within a range of values favor-
ing the application of electrochemical remediation; and (3) to
destruct, breakdown, or transform the contaminants simultane-
ously or sequentially. Therefore, the enhancement techniques are
broadly classified into three groups: (1) techniques that solubi-
lize contaminants and keep them in mobile states; (2) techniques
that control soil pH; and (3) remediation techniques that can
be coupled with electrochemical remediation synergistically to
destruct, breakdown, or transform the contaminants simultane-
ously or sequentially. However, these three groups of techniques
are inter-related. Detailed classification of these techniques is pre-
sented in Fig. 1.

3. Techniques to solubilize contaminants

Contaminants in soil can be sorbed on soil particle surfaces
or exist as precipitates in soil pores under certain environmental
conditions, rendering them immobile. These contaminants may  go
into dissolved phases again when the environmental conditions
change. Therefore, the temporary immobility of contaminants can-
not be considered as permanent containment. However, it does
create a difficult hurdle for the remediation process. Enhancement
techniques have been developed to solubilize contaminants during
electrochemical remediation including: (1) lowering of soil pH; and
(2) introduction of enhancement agents.

3.1. Lowering of soil pH

Most metals can be solubilized in a low pH environment. During
the electrochemical remediation process, H+ ions are generated at
the anode and migrated towards the cathode, an acid front is thus
developed. A low pH environment can be generated in soil of low
acid/base buffer capacity and extraction of metals can be achieved
with a reasonable degree of success.

For natural soils of high acid/base buffer capacity, strong acids
and weak acids have been used as enhancement agents to neutral-
ize the OH− ions generated at the cathode and to lower of the soil
pH. Weak acids, such as acetic acid CH3COOH and citric acid, can
also serve as a complexing agent and a chelant, respectively. Strong
acids are observed to be more effective than weak acids in many
studies.

However, it should be noted that when the soil pH is lower
than the point of zero charge (PZC) [9],  the direction of elec-
anode. The advective transport of contaminant by electroosmosis
would diminish the electromigration of cations towards the cath-
ode. Moreover, a very low pH environment developed during the
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taminants by electroosmosis towards the cathode.
Post-remediation of treatment and disposal of the used extrac-

tion fluid is a problem as it is rich in metal-chelant complexes.
Fig. 1. Classification of enhancement t

emediation process may  impact the environment adversely and
ender the remediated soil not readily arable afterwards.

More details on lowering of soil pH are presented in Section 4
ater in this review paper.

.2. Introduction of enhancement agents

When the acid/base buffer capacity of soil is high, i.e., the resis-
ance of soil to pH change is high, it is very difficult to lower the soil
H by the H+ ions generated by electrolysis or introduction of acid
o the soil. Therefore, other enhancement agents have to be utilized
o desorb contaminants sorbed on soil particle surfaces and to keep
hem in the dissolved phase. These enhancement agents include:
1) chelants or chelating agents; (2) complexing agents; (3) surfac-
ants and cosolvents; (4) oxidizing/reducing agents; and (5) cation
olutions.

.2.1. Chelants
Chelation is the formation or presence of two  or more sep-

rate bonds between a bi-dentate or multi-dentate ligand, i.e.,
he chelant, and a single metal central atom or ion. Chelants can
hus desorb toxic metals from soil particle surfaces by forming
trong water-soluble complexes which can be removed by the
helant-enhanced electrochemical remediation. An example on
ow ethylenediamine-N,N′-disuccinic acid (EDDS), a biodegrad-
ble chelant, solubilizes sorbed Pb from soil particle surfaces is
llustrated in Fig. 2 [10]. The chelant-enhanced electrochemical
emediation is thus a four-step process: (1) injection of the chelant
nto the contaminated soil by electroosmosis and/or electromigra-
ion; (2) formation of soluble Pb–EDDS complex on soil particle
urfaces; (2) dislodgement of Pb–EDDS complex from soil parti-
le surfaces to soil pore fluid; and (3) extraction of Pb as Pb–EDDS
omplex by electroosmosis and/or electromigration.

Chelants, such as carboxylates, organophosphonates,
olyamines, and industrial wastewaters [11], have been used
r investigated as enhancement agents in electrochemical reme-

iation. Among all the chelating agents, aminopolycarboxylates,
uch as ethylenediaminetetraacetic acid (EDTA) and (diethylene-
riamine)pentaacetic acid (DTPA), and hydroxycarboxylates, such
s citric acid, have been most frequently used in electrochemical
ques for electrochemical remediation.

remediation. A detailed review of use of chelants in electrochem-
ical remediation is given by Yeung and Gu [2],  and will not be
repeated in this review paper.

In addition to solubilizing sorbed contaminants from soil parti-
cle surfaces, chelants also change the zeta potential of soil particle
surfaces. In general, chelants lower (becomes more negative) the
zeta potential of soil particle surfaces [12]. The lowering of the
zeta potential of soil particle surfaces increases the positive elec-
troosmotic volume flow rate of soil pore fluid, i.e., from the anode
towards the cathode, facilitating the advective transport of con-
Fig. 2. Solubilization of sorbed Pb from soil particle surfaces by EDDS.
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ome chelants, such as EDTA, are toxic, especially in their free
orms [13,14], and are poorly photo-, chemo-, or biodegradable in
he environment [15]. Different methods to handle used extraction
uids are presented by Lestan et al. [16]. The methods currently
vailable to recover chelants from used extraction fluids still
ncounter operational difficulties and they work well only for a
ew contaminants and soil types [2,16].  The development of more
obust recycling methods for used chelants would greatly increase
he economic value of chelant-enhanced electrochemical remedi-
tion.

.2.2. Complexing agents
Complexing agents are chemicals which form coordination

omplexes with metal ions. Coordination complexes differ from
helate complexes by the formation of only a single bond between
he metal central atom or ion and the complexing agent.

Some complexing agents, such as I−, Cl−, NH3
−, and OH−,

re introduced into soil as conditioning acids or bases during
lectrochemical remediation process. These ligands can form solu-
le complexes with metals such as [HgI4]2−, [CuCl2]−, [CuCl4]2−,
Cu(NH3)4]2+, [Zn(OH)4]2−, [Cr(OH)4]−, and [Cr(OH)3]2−. It has
een demonstrated by many researchers [17–20] that mercury
ould be efficiently extracted by iodide-enhanced electrochemical
emediation as soluble complex HgI42−. Sulfate reducing bacteria
ere shown to be a viable tool for treatment of the acidic and

xidative Hg-contaminated iodide waste solution resulting from
he enhanced electrochemical remediation [21].

Acetic acid, CH3COOH, is a complexing agent frequently utilized
o enhance electrochemical remediation [22–24].  Although it is not
s effective as strong acid such as HNO3, it is preferred in soil reme-
iation. It can neutralize the electrolysis product at the cathode to
educe energy consumption, and keep the electrolyte pH within a
ertain range by its acid/base buffer capacity. Moreover, it is rela-
ively cheap, biodegradable, and environmentally safe. Similarly,
actic acid was used to enhance electrochemical remediation of
u-contaminated soil [25].

Cyclodextrins are nontoxic, biodegradable, and have low affin-
ty of sorption onto the soil particle surfaces in a wide pH range
26]. Moreover, they have the ability to form inclusion complexes
ith many substrates in aqueous solutions. Hydroxypropyl-�-

yclodextrin, carboxymethyl-�-cyclodextrin, �-cyclodextrin, and
ethyl-�-cyclodextrin have been utilized to enhance electrochem-

cal remediation of soils and sediments contaminated with organic
ompounds and heavy metals [26–32],  with varying degrees of
uccess.

Ammonium acetate, CH3COONH4, was used as anolyte by Chen
t al. [33] in their bench-scale experiments on electrokinetic
emoval of Cu from soil using a constant electrical current density of
.33 A/m2. Their results reveal that a concentration of CH3COONH4
f higher than 0.1 M was needed to sustain the electroosmotic flow.
he apparent electrical conductivity of the specimen was  controlled
y the 10-mm thick layer of soil close to the cathode. The high pH
ondition in the vicinity of the cathode favors copper–ammonia
omplex reactions, thus increasing the solubility and removal rate
f Cu during electrochemical remediation. The extraction efficiency
f Cu increased with the concentration of CH3COONH4 used. When
.5 M CH3COONH4 was used, the proportion of soil containing Cu
as less than 10% after treatment.

.2.3. Surfactants and cosolvents
Cationic, anionic, or non-ionic surfactants are amphiphilic

ompounds containing both hydrophilic groups (heads) and

ydrophobic groups (tails). There are both synthetic and natural
urfactants. Natural surfactants are also known as biosurfactants,
s they are biologically produced from yeast or bacteria from var-
ous substrates including sugars, oils, alkanes, and wastes [34].
Fig. 3. Variation of surface tension, interfacial tension, and contaminant solubility
with surfactant concentration (after Mulligan et al. [35]).

Surfactants can lower the surface tension of a liquid to allow eas-
ier spreading, and the interfacial tension between two liquids, or
between a liquid and a solid. Therefore, they may  act as adhesives,
flocculating agents, wetting agents, foaming agents, detergents,
de-emulsifiers, penetrants, and dispersants. Typical desirable func-
tions of surfactants include solubility enhancement, surface tension
reduction, critical micelle concentration, wetting ability, and foam-
ing capacity [35]. Surfactant monomers form spheroid or lamellar
structures with organic pseudo-phase interiors, which lowers sur-
face or interfacial tensions The minimum concentration at which
any added surfactant molecules appear with high probability as
micellar aggregates is called the critical micelle concentration
(CMC) [36]. The variation of surface tension, interfacial tension, and
contaminant solubility with surfactant concentration is schemati-
cally shown in Fig. 3.

Both synthetic surfactant and natural surfactants can be used
as additives in the phase separation processes for remediation of
organic compound-contaminated soils by enhancing the aqueous
solubility and mobility of organic contaminants [35,37–40]. More-
over, surfactants have been observed by many researchers to be
feasible in enhancing heavy metal extraction from soil and sludge
[41].

Several factors can adversely affect the efficiency of soil flush-
ing using surfactants including: (1) hardness of groundwater; (2)
sorption of surfactants onto clay particle surfaces; (3) inactiva-
tion of surfactants due to rapid biodegradation; and (4) difficulties
in recovering the surfactant from used flushing solution [42].
Therefore, factors that need to be considered in the selection of
surfactants in electrochemical remediation include: (1) efficiency
and effectiveness of the surfactant in remediating the contam-
ination; (2) biodegradability of the surfactant and degradation
products; (3) toxicity of the surfactant and its degradation prod-
ucts to humans, animals, plants, and the ecology; (4) ability to be
recovered, recycled, and reused; (5) public perception and regu-
latory restrictions; (6) functionality of the surfactant at different
pHs; (7) electrical charges, if any, carried by the surfactant; and
(8) cost.

Overall, desirable surfactant characteristics for soil remediation
include biodegradability, low toxicity, solubility at groundwater
temperatures, low sorption onto soil particles, effective at concen-
trations lower than 3%, low soil dispersion, low surface tensions,
and low CMC. Anionic and non-ionic surfactants are less likely to
be sorbed onto soil particle surfaces but anionic surfactants may

precipitate. However, co-injection of an anionic surfactant with a
non-ionic surfactant can reduce precipitation and also CMC  values
[43].
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Biosurfactants or natural surfactants are known for their
iodegradability, reduced toxicity, and environmental-friendliness
44],  and they may  be less expensive in some cases [45]. Moreover,
heir efficiency is often higher than those of synthetic surfac-
ants, i.e., a similar surface tension reduction can be achieved
y introduction of a smaller quantity of biosurfactant [46]. They
re proven to be more tolerant to extreme variations in tem-
erature, ionic strength, and pH [47–49].  Moreover, they may
otentially be produced in situ using the organic contaminants as
ubstrates for their production. Biosurfactants are essentially clas-
ified either as low- or high-molecular-mass. High-molecular-mass
iosurfactants consist of particulate and polymeric amphiphiles.
ow molecular-mass biosurfactants can broadly be classified into
hree groups: (1) glycolipids or lipopolysaccharides, such as
hamnolipids, trehalolopids [50], and sophorolipids [51,52]; (2)
ipoproteins–lipopeptides, such as acyclic [53], and cyclic ones
cyclolipopeptides) [54,55]; and (3) hydroxylated cross-linked fatty
cids (mycolic acids) or phospholipids [46].

Both synthetic surfactant and natural surfactants have been
eported to be efficient in mobilizing organic contaminants during
lectrochemical remediation of soil contaminated by organic com-
ounds. The feasibility of using synthetic surfactants such as alkyl
olyglucoside (APG), sodium dodecyl sulfate (SDS), sodium dode-
ylbenzenesulfonate (SDBS), Pannox 110, Brij 30, Triton X-100,
riton ALM 100, Calfax 16L-35, Igepal CA-720, Tergitol 15-S-7, Ter-
itol NP-10, and Tween 80 have been studied by many researchers
o enhance electrochemical remediation of soils contaminated by
etroleum hydrocarbons [56], polycyclic aromatic hydrocarbons
PAHs) [27,57–64],  1,2-dichlorobenzene (1,2-DCB) [65], hex-
chlorobenzene (HCB) [29,63], dichlorodiphenyltrichloroethane
DDT) [66], ethylbenzene [67], chlorobenzene [68], trichloroethy-
ene (TCE) [68], and diesel oil [69,70]. The viability of these
ynthetic surfactants in enhancing electrochemical remediation
f soils contaminated by various organic compounds has been
stablished.

However, few studies have been carried out on the use of natural
urfactants to enhance electrochemical remediation. Nonethe-
ess, rhamnolipid is the most frequently used biosurfactant as an
nhancement agent for electrochemical remediation of soils con-
aminated by organic contaminants. Chang et al. [61] compared
he performance of rhamnolipid with Triton X-100, a synthetic
urfactant, in enhancing the extraction of phenanthrene from
nsaturated soils by electrochemical remediation. Their results

ndicate that rhamnolipid was more efficient in removing phenan-
hrene from soil than Triton X-100. Moreover, the electroosmotic
ow rate in the rhamnolipid system was higher than that in Triton
-100. In addition to the higher electroosmotic flow rate, the higher
emediation efficiency may  also be attributed to the promotion of
icrobial growth in the soil-water system in the presence of rham-

olipid. Gonzini et al. [71] also studied the effects of rhamnolipid on
nhancing electrochemical remediation of a gasoil-contaminated
oil. Their results indicate that the remediation efficiency of gasoil
ould be increased up to 86.7% by increasing the dose of rham-
olipid. Moreover, the lower concentration of the gasoil in the

iquid phase at the higher concentration of the biosurfactant
emonstrated evidently that rhamnolipid could enhance gasoil
iodegradation, possibly through two mechanisms: (1) increasing
he aqueous solubility of hydrocarbons and thus their bioavailabil-
ty to microorganisms; and (2) interacting with microorganisms to

ake their cell surfaces more hydrophobic and thus easier to asso-
iate with hydrophobic substrates. They also identified the need
or future development on surfactant production by autochthonous
icroorganisms, so as to reduce the surfactant cost for field appli-
ation of the technology.

Groboillot et al. [72] studied the feasibility of using amphisin, a
iosurfactant, to enhance electrochemical remediation of dredged
ous Materials 195 (2011) 11– 29 15

harbor sediments contaminated by PAHs. Their results indicate
pure amphisin from Pseudomonas fluorescens DSS73 was more
effective in solubilizing and mobilizing PAHs strongly sorbed to
sediments than a synthetic anionic surfactant. Amphisin produc-
tion by bacteria in natural environment was  also considered.
Although the growth of P. fluorescens DSS73 was weakened by the
three model PAHs above saturation, amphisin was still produced.

Kaya and Yukselen [73] studied the effects of anionic, cationic,
and non-ionic surfactants on the zeta potential of soil particle
surfaces of kaolinite, montmorillonite, and quartz powder in the
presence of Li+, Ca2+, Cu2+, Pb2+, and Al3+. Understanding the varia-
tions of zeta potential of soil particle surfaces with the introduction
of surfactants is important because the zeta potential controls the
direction and rate of electroosmotic flow which impact the contam-
inant extraction efficiency of electrochemical remediation [1,2].
Their results indicate that the presence of cationic surfactant signif-
icantly increases (becomes less negative) the zeta potential of soil
particle surfaces in an acidic environment (pH ∼4). The presence of
the anionic surfactant makes the zeta potential of soil particle sur-
faces more negative. However, the non-ionic surfactant has little
effect on the zeta potential of soil particle surfaces. They recom-
mended the determination of zeta potential of soil particle surfaces
prior to electrochemical remediation to maximize the remediation
efficiency of the technique.

However, the results of using surfactants to enhance the extrac-
tion efficiency of metal contaminants from soil by electrochemical
remediation are mixed. Some researchers reported positive results
[74,75],  while other researchers reported insignificant enhance-
ment [64,76,77].

Cosolvent is a second solvent added in small quantity to the
primary solvent to form a mixture that may  greatly enhance the
solvent power of the primary solvent due to synergism. They
can enhance the aqueous solubility of many organic contami-
nants through cosolvent effect. Several cosolvents, such as ethanol
[78,79], n-butylamine [80–82], n-propanol [70], acetone [80], and
tetrahydrofuran [80], have been examined for their ability to
enhance the solubilization of organic compounds such as PAHs and
diesel oil in soil during the electrochemical remediation process.

3.2.4. Oxidizing/reducing agents
Oxidizing or reducing agents can be injected into contaminated

soil to manipulate the in situ chemistry and microbiology, so as
to enhance extraction of contaminants or to reduce their toxi-
city through oxidation or reduction reactions. Oxidizing agents
may  include air or oxygen, or chemical oxidants, such as hydro-
gen peroxide H2O2, potassium permanganate KMnO4 or sodium
permanganate NaMnO4, ozone, chlorine, or oxygen releasing com-
pounds. Contaminants are chemically or microbially oxidized.
Similarly, reducing agents such as Fe2+, Fe0, calcium polysulfide,
or sodium dithionite can be used to reduce contaminants in soil.

The injection of oxidizing/reducing agents during electrochem-
ical remediation of contaminated soil is equivalent to coupling
electrochemical remediation with oxidation/reduction to reme-
diate contaminated soil. Therefore, the subject will be treated in
Section 5.

3.2.5. Cation solutions
Coletta et al. [83] used natural solutions containing clay extracts

and synthetic solutions with varying concentrations of Al3+, Ca2+,
and Na+ as anodic flushing solutions to investigate the feasibility of
enhancing electrochemical remediation of Pb-contaminated clay of
initial Pb concentration of 340–410 mg/kg dry clay (dry) and mois-

ture content of 80–83%. Natural flushing solutions were prepared
by mixing water and clay in ratios varying from 2:1 to 40:1 by
weight, and the supernatant was used as an anodic flushing solu-
tion. The 7:1 natural solution was  observed to be most effective
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or Pb removal. The solution was composed of 2.289, 0.314, 1.464,
.803, and 0.908 ppm of Ca2+, A13+, Na+, Mg2+, and K+, respectively.
ynthetic solutions were prepared using AlCl3, Ca(NO3)2, and NaCl
olutions. The Pb extraction efficiency was highest when the solu-
ion ionic strength was approximately 0.001 M for each element
roup, and with trivalent Al3+ and divalent Ca2+ ions at concentra-
ions of 0.064 and 0.31 mM,  respectively. Moreover, the 0.31 mM Ca
ynthetic solution exhibited the highest overall Pb extraction effi-
iency due to its high ionic mobility, large hydrated ionic radius, and
ear optimum ionic strength. Energy requirement was determined
o be 8–31 kWh/m3 of soil.

Reddy and Chinthamreddy [84] investigated the feasibility of
nhancing electrochemical remediation of glacial till spiked with
r6+, Ni2+, and Cd2+ of concentrations of 1000, 500, and 250 mg/kg,
espectively by simultaneous injection of 0.1 M NaCl from the
node and 0.1 M EDTA from the cathode. Their experimental results
ndicate that the presence of NaCl sustained the electric current and
lectroosmotic flow. The remediation efficiency of Cr was increased
onsiderably to 79%. Ni and Cd were migrated significantly towards
he anode but eventually accumulated in the soil near the anode.
he accumulation of these metals was attributed to the preferential
omplexation of EDTA with H+ ions in an acidic environment.

The thickness of the diffuse double layer around soil particles
/� (m)  is given by

1
�

=
√

εRT

2000 × cF2z2
(1)

here ε is the permittivity of soil pore fluid (F/m); R is the universal
as constant (8.314 J/mol K); T is the absolute temperature (K); c is
he concentration of cations in the diffuse double layer (mol/L); F is
he Faraday constant (96,485 C/mol); and z is the valence of cations
n the diffuse double layer. The electroosmotic volume flow rate is
iven by

 = keieA (2)

here Q is the electroosmotic volume flow rate (m3/s); ke is
he coefficient of electroosmotic conductivity (m2/V s); ie is the
lectrical gradient (V/m); and A is the total cross-sectional area
erpendicular to the direction of flow (m2).

It should be noted that the polyvalent cations injected into con-
aminated soil may  replace contaminant ions or H+ ions in the
iffuse double layer of the soil. Cation exchange in clay follows a
eplaceability series that favors the adsorption of cations of higher
alence. If two atoms have the same valence, the larger cation is
avored. The order of adsorption is shown with corresponding ionic
adii in Å  as follows [3],
l3+ > Pb2+ > Ca2+ > Mg2+ > K+ > Na+ > Li+

.57 1.19 1.06 0.78 1.33 0.98 0.7
In addition to valence and ionic radius, ion concentration is

nother important factor affecting cation exchange. A cation of high
oncentration and low replacing power may  be preferred to a cation
f low concentration and high replacing power [3].

Adsorption of cations of high valence in the diffuse double layer
f clay particle surfaces causes a decrease in the thickness of the
iffuse double layer around clay platelets as predicted by Eq. (1)
85,86].  Moreover, a high concentration of cations in the soil pore
uid causes further decrease in the thickness of the diffuse double

ayer and an increase in ionic strength of the system.
The decrease in thickness of the diffuse double layer decreases

he repulsive forces among clay particles and allows the van der
aals attractive forces among clay platelets to dominate, result-

ng in flocculation of clay particles. The flocculated structure in

he clay fabric causes an increase in porosity and decrease in tor-
uosity of flow paths, leading to an increase in tortuosity factor,
nd resulting in increases in the hydraulic conductivity and coef-
cient of electroosmotic conductivity of the clay, and the effective
ous Materials 195 (2011) 11– 29

ionic mobilities of the ionic species in the soil pore fluid. How-
ever, an increase in ionic strength (electrolyte concentration) of
the soil pore fluid increases the electrical conductivity of soil and
energy consumption of the process. Conversely, a decrease in ionic
strength (electrolyte concentration) increases the thickness of the
diffuse double layer, leading to a decrease in the coefficient of elec-
troosmotic conductivity and a reduction of electroosmotic flow rate
and electromigration of ions. However, the electric current flowing
through the soil is reduced, leading to lower energy consumption.
As the electroosmotic flow rate and electromigration are the dom-
inant transport mechanisms in electrochemical remediation, there
is an optimized ionic strength to maximize the overall remediation
efficiency of electrochemical remediation.

4. Soil pH control

As a result of electrolytic decomposition of electrolytes at the
electrodes, H+ and OH− ions are generated at the anode and the
cathode, respectively during the electrochemical remediation pro-
cess as follows:

Oxidation at the anode : 2H2O − 4e− → 4H+ + O2↑ (3)

Reduction at the cathode : 4H2O + 4e− → 4OH− + 2H2↑ (4)

The generated H+ and OH− ions are migrated into the soil by
the dc electric field imposed on the soil. As a result, the soil pH
near the anode is lowered and that near the cathode is raised. Dif-
ferent techniques have been developed to condition the electrode
reservoir solutions, i.e., the anolyte and catholyte, so as to eliminate
the adverse impacts of electrode reactions. The primary purpose of
electrode reservoir conditioning is to maintain the pHs of anolyte
and/or catholyte within appropriate ranges specific to the contam-
inants being remediated. In most cases, the pH of anolyte is raised
and that of catholyte is lowered. The conditioning is particularly
important for electrochemical remediation of soils of low acid/base
buffer capacity, as the resistances to pH change of these soils
are low. Specific objectives of reservoir conditioning include [87]:
(1) precipitation of metal contaminants should be avoided and/or
precipitates should be solubilized and mobilized; (2) electrical con-
ductivity of the specimen should not be increased excessively in a
short duration so as to avoid diminishing of the advective transport
of contaminant by electroosmosis prematurely; (3) the electroly-
sis reaction at the cathode should possibly be depolarized to avoid
the generation of OH− ions and their transport into the specimen;
(4) the depolarization would also assist in decreasing the electrical
potential difference across the specimen and reduce energy con-
sumption of the process; (5) if any chemical is used, the metal
precipitate with this new chemical should be soluble within the pH
ranges maintained by reservoir conditioning; (6) any special chem-
icals introduced should not result in any increase in toxic residue in
the soil; and (7) the additional cost of chemicals and/or equipment
for reservoir conditioning should not increase the overall cost of
the electrochemical remediation process significantly.

The most frequently used reservoir conditioning techniques
in electrochemical remediation are: (1) electrode conditioning by
conditioning agents; and (2) use of ion exchange membranes.

4.1. Electrode conditioning

Weak acids may  be introduced to neutralize the OH− ions
generated at the cathode during the electrochemical remediation

process. However, improper use of some acids in the process may
pose a health hazard. For example, the use of HCl may  pose a health
hazard as: (1) it may  increase Cl− concentration in groundwater;
(2) it may  promote the formation of some insoluble chloride salts,
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or example, PbCl2; and (3) Cl2 gas will be generated by electrolysis
f it reaches the anode.

Organic acids, such as CH3COOH or citric acid, are weak acids
hat undergo partial dissociation in water. There are several advan-
ages in using these weak acids to depolarize the OH− ions
enerated at the cathode: (1) they are environmentally safe and
iodegradable; (2) they possess certain acid/base buffer capacities
o that they can maintain the electrolyte pH to some extent; (3)
hey are complexing agents that can form soluble complexes with

etals to enhance solubilization of heavy metals sorbed on soil
article surfaces and to maintain mobility of heavy metals in soil;
4) the concentration of ions generated by acid dissociation is very
ow as their pKa values are relatively high, the resulting increase
n the electrical conductivity of soil and thus the power consump-
ion are small; and (5) these weak acid ions prevent the formation
f other insoluble salts in the vicinity of the cathode, preventing
he development of a low electrical conductivity zone and dissi-
ation of excessive electrical energy in the soil near the cathode
2].

Experimental results on removal of Pb from kaolinite by Lee and
ang [88] indicate that external circulation of the electrolyte solu-
ion from the cathode reservoir to the anode reservoir could control
ore fluid pH, and prevent excessive H+ from decreasing electroos-
otic flow rate and excessive OH− from increasing heavy metal

recipitation. Saichek and Reddy [89] demonstrated that the use
f NaOH to control pH at the anode could improve the extraction
fficiency of phenanthrene from kaolin by electrochemical reme-
iation.

Experimental results of Hicks and Tondorf [90] on removal of Zn
rom Georgia kaolinite, a soil of low acid/base buffer capacity, reveal
hat problems related to isoelectric focusing could be prevented by
insing away the OH− ions generated at the cathode, achieving an
xtraction efficiency of 95%. The experimental results of Puppala
t al. [87], Rødsand et al. [91], and Reed et al. [92] indicate that
he addition of CH3COOH to the cathode reservoir prevented the
evelopment of alkaline conditions in the soil. The technique could

mprove the extraction efficiency of Pb, as the soil pH nearest to the
athode was lowered to prevent precipitation of Pb(OH)2.

Zhou et al. [93] studied the performance of electrochemical
emediation of the low pH Chinese red soil contaminated by Cu
nd Zn enhanced by catholyte conditioning. Without catholyte con-
itioning, the soil pH near the cathode was increased from 4.2 to
bove 6, resulting in accumulation of large quantities of Cu and Zn
recipitates in the vicinity of the cathode. Application of lactic acid
s catholyte pH conditioning agent improved the extraction effi-
iency of Cu and Zn from the soil. Increasing the ionic strength of
he conditioning agent by adding 10 mM CaCl2 further enhanced
u removal, but did not cause a significant improvement for Zn
xtraction.

The feasibility of using reservoir conditioning to enhance
lectrochemical remediation of heavy Cd-contaminated soil was
nvestigated by Gidarakos and Giannis [94]. 0.01 M CH3COOH or
.01 M citric acid was used as catholyte to prevent Cd from precipi-
ating as hydroxide. Their results reveal that when the catholyte pH
as controlled to be lower than 4, significant amounts of H+ ions
roduced at the anode could be migrated throughout the specimen,
esulting in desorption of Cd from soil particle surfaces and a very
igh extraction efficiency.

Ryu et al. [95] studied the performance of laboratory-scale elec-
rochemical remediation on Cu-, As-, and Pb-contaminated soil
nhanced by electrolyte conditioning. Their results reveal that
atholyte conditioning using HNO3 increased the removal of Cu

nd Pb from the soil, and the maximum removal was  60.1% for Cu
nd 75.1% for Pb. Anolyte conditioning using NaOH enhanced the
igration of As which exists in an anionic form and 43.1% of As was

emoved.
Fig. 4. The NEOCHIM electrode (after Leinz et al. [100]).

Genc et al. [96] used CH3COOH to keep both the anolyte and
catholyte at pH ≤4 in their laboratory study on electrochemical
remediation of contaminated sediment from Cuyahoga River, OH,
USA. The river sediment was  contaminated by Mn,  Cu, Zn, and Pb.
However, the low pH of catholyte generated reverse electroosmotic
flow, i.e., from the cathode towards the anode. As a result, they
observed the accumulation of Mn  near the cathode. However, other
metals, such as Cu, Zn, and Pb were mostly in the middle section
of the specimen. Moreover, as a result of reverse electroosmotic
flow, the extraction efficiencies of metals were low. The highest
extraction efficiencies of Mn,  Cu, and Pb observed were 18%, 20%
and 12%, respectively, and no removal of Zn was observed in all
their experiments.

Buffer solutions, such as CH3COOH and NaHCO3, have also
been successfully used to control the pH of electrode reservoir
electrolytes so as to control the electroosmotic flow direction
and to maintain the electroosmotic volume flow rate during the
electrochemical remediation of Pb- or Cd-contaminated Milwhite
kaolinite, a natural clay of high acid/base buffer capacity [97,98].

The NEOCHIM technology was developed by the U.S. Geologi-
cal Survey on the foundation of Russian scientists’ research results
on CHIM, a method of electrogeochemical sampling for use in
the exploration of buried mineral deposits. A schematic of the
NEOCHIM electrode is shown in Fig. 4. The technology solves the
problems associated with the presence of H+ and OH− ions in the
vicinity of electrodes by using an electrode made of two compart-
ments linked by a salt bridge [99]. The power electrode is immersed
in a conducting fluid in the inner compartment where H+ and
OH− ions produced by electrolysis are retained and prevented from
reaching the outer compartment by the salt bridge. The salt bridge
is retained by a semipermeable parchment membrane at the base
of the inner compartment. A further conducting fluid is retained
by the outer compartment. Electrical contact of the electrode with
soil is made through a semipermeable parchment membrane at the
base of the outer compartment. The membrane allows the passage
of ions from the conducting fluid into the soil and from the soil into
the fluid, while retaining the fluid in the compartment. The experi-

mental results of Leinz et al. [100] on electrochemical remediation
also indicate the high potential of the NEOCHIM process for the
monitoring and remediation of hazardous waste sites.
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.2. Use of ion exchange membrane

Another technique of reservoir conditioning is the use of ion
xchange membranes or ion-selective membranes to isolate spe-
ific ions generated by electrode reactions from the contaminated
oil. Cation exchange membranes essentially allow only cations to
ass through, and anion exchange membranes allow only anions
o pass. Therefore, a cation exchange membrane installed between
he cathode and contaminated soil can prevent the OH− ions gener-
ted at the cathode from migrating into the contaminated soil and
recipitating with metal contaminants as hydroxides. The metal
ontaminant cations can be migrated from the soil through the
ation exchange membrane into the catholyte to precipitate with
he OH− ions on the membrane surface or in the catholyte. How-
ver, precipitation with the OH− ions on the membrane surface
auses fouling of the membrane. The deterioration of the mem-
rane performance is essentially caused by deposition of foulants
n the membrane surface, resulting in an increase in flow resis-
ance of the membrane and decreases in fluxes flowing through the

embrane. Nonetheless, the technique is promising as it does not
ntroduce any additional chemicals into the system [101]. How-
ver, membrane fouling remains one of the most crucial factors
imiting the use of ion exchange membranes in electrochemical
emediation [102]. Moreover, the experimental results of Rødsand
t al. [91] indicate that the membrane extraction technique did not
nhance the extraction of Pb from spiked Norwegian marine clay
y electrochemical remediation as expected.

Puppala et al. [87] studied the use of NafionTM membrane to
imit the transport of OH− ions into soil during electrochemical
emediation of an illitic deposit contaminated by Pb. The advantage
f the membrane technology is that it would not be necessary to
eutralize the cathode by continuous introduction of acid, resulting

n considerable saving of acid cost. However, the energy consump-
ion of the process was increased by the electrical resistance of the

embrane. Lower expenditures are anticipated if: (a) the mem-
rane is changed periodically and cleaned to prevent fouling, and/or
b) the post-membrane catholyte is removed frequently for pre-
ipitation. Moreover, the relative high cost of NafionTM membrane
ay  increase the cost of in situ electrochemical remediation unless

he system can be engineered and optimized to decrease the cost
uring real-life field implementation. Therefore, cost-efficient field
echniques should be devised.

The results of Li et al. [103] indicate the use of a cation selec-
ive membrane installed at the front of the cathode to prevent
H− ion migration towards the anode could greatly enhance the
xtraction efficiency of Cu by electrochemical remediation. How-
ver, they observed that very little Cu ions could penetrate the
ation-selective membrane to precipitate in the cathode compart-
ent. Although a cation selective membrane should ideally not

ermit anions, such as OH−, to enter, most of the Cu precipitated
s hydroxides in the compartment between the soil and the mem-
rane, indicating the membrane was not 100% effective and some
H− ions still entered the compartment and precipitated the Cu

ons there.
Kim et al. [104] installed an anion exchange membrane between

he anode and contaminated soil specimen and a cation exchange
embrane between the cathode and the soil specimen to enhance

lectrochemical remediation of a Cd- and Pb-contaminated kaolin-
te. Moreover, an auxiliary solution cell was installed between the
ation exchange membrane and the contaminated soil. Small holes
ere punched in the membrane to allow OH− ions to move into

he auxiliary solution cell from the catholyte so that metal con-

aminants were precipitated in the auxiliary solution cell instead
f at the catholyte. Their results indicate the overall extraction
fficiencies of membrane-enhanced electrochemical remediation
ere improved tremendously due to the prevention of hydroxide
ous Materials 195 (2011) 11– 29

precipitation in the soil and increase in electric current efficiency.
Moreover, the installation of the auxiliary solution cell could nul-
lify the fouling problem within the cation exchange membrane
and thus improve the overall effectiveness of the electrochemical
remediation process.

5. Coupling with other remediation technologies

There are many technologies available for remediation of con-
taminated soil and groundwater [8,105]. They all have their
advantages and disadvantages. Some of these technologies can
be coupled with electrochemical remediation synergistically so
that the coupled remediation efficiency is higher the sum of the
individual technologies applied individually. Some of the remedia-
tion technologies with feasibility of coupling with electrochemical
remediation are presented here. However, the feasibility of many
other remediation technologies coupling with electrochemical
remediation has yet to be investigated and it should be noted
that there are numerous opportunities of coupling these remedi-
ation technologies with electrochemical remediation to improve
the remediation efficiency of contaminated soil and groundwater
drastically for the benefit of mankind and the environment.

5.1. Oxidation/reduction

The oxidation/reduction remediation technologies focus on
modifying the chemistry and microbiology of the environment
by injecting selected reagents into the subsurface to enhance
degradation and extraction of contaminants by in situ chemical oxi-
dation/reduction reactions [8].  The technologies are applicable for
a wide range of inorganic, organic, and mixed contaminants.

The most widely studied and utilized oxidation technology in
environmental engineering is probably the Fenton process. All pro-
cesses that involve catalytic reaction between hydrogen peroxide
H2O2 and Fe2+ ions can be denoted as Fenton processes [106].  The
Fenton process involves two major steps: (1) oxidation of Fe2+ ions
to Fe3+ ions with decomposition of H2O2 and generation of hydroxyl
radicals, as illustrated in Eq. (5);  and (2) degradation of organic con-
taminants by hydroxyl radicals through oxidation as illustrated in
Eqs. (6) and (7),

Fe2+ + H2O2 → Fe3+ + OH• + OH− (5)

RH + HO• → H2O + R• (6)

R• + Fe3+ → Fe2+ + products (7)

By-products of the chemical reactions presented in Eq. (7) can
be further degraded by radical mechanism to complete mineraliza-
tion. Although Eq. (5) is often referred as the Fenton reaction, other
important reactions, such as the occurrence of the Fenton catalytic
cycle, also occur:

Fe2+ + HO• → Fe3+ + HO− (8)

Fe3+ + H2O2 → Fe2+ + HO2
• + HO− (9)

Fe2+ + HO2
• → Fe3+ + OH2

− (10)

Fe3+ + HO2
• → Fe2+ + O2 + H+ (11)

The presence of Fe is catalytic. The hydroxyl radicals so gen-
erated are strong and relatively unspecific oxidants that react with
most organic contaminants. Therefore, the Fenton process is widely
used for the destruction of biorefractory organic contaminants such
as benzene, phenols and chlorophenols in wastewater or drink-

ing water. The radicals oxidize the organic molecule by abstracting
hydrogen atoms as illustrated in Eq. (6) or by adding themselves
to double bonds and aromatic rings. The hydroxyl radicals are only
active in aqueous form and thus cannot attack contaminants sorbed
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n soil particle surfaces [107]. However, it has been demonstrated
hat it is technically feasible to use high concentration H2O2 to oxi-
ize contaminants sorbed on soil particle surfaces [108,109],  as
igh concentration H2O2 favors the generation of highly reactive
pecies, such as HO2

• (hydroperoxyl radicals), O2
•− (superoxide

nions), and HO2
•− (hydroperoxide anions), other than hydroxyl

adicals. The generation of these non-hydroxyl and highly reactive
adicals in the presence of high concentration H2O2 leads to aggres-
ive reactions that ultimately oxidize the contaminants sorbed on
oil particle surfaces [110,111].  However, the Fenton process is
ffective only at low pHs of 3–5. Therefore, pH adjustment may
e required during the remediation process.

Recently, there are many investigations into the Fenton-like
rocesses for the degradation of organic contaminants. These pro-
esses can be broadly classified into three groups: (1) processes
hat use ferric salts as catalyst to incite the Fenton reaction, i.e.,
q. (5);  (2) processes that use heterogeneous Fenton type cata-
ysts such as iron powder, iron-oxides, iron-ligands, or iron ions
oped in zeolites, pillared clays or resins; and (3) processes that
se other metal ions, e.g., copper, manganese or cobalt, as cata-

yst. The major advantages of the Fenton type processes are: (1)
hey are able to degrade many organic contaminants to harmless
r biodegradable products; (2) they use relatively cheap reagents;
nd (3) the reagents are safe to handle and environmentally benign
106].

The bench-scale laboratory experimental results of Yang
nd Long [112] and Yang and Liu [113] indicate that it is
echnically feasible to couple the Fenton-like process with elec-
rochemical remediation using a permeable reactive barrier of
ranular scrap iron powder to extract and degrade phenol and
richloroethylene (TCE) in situ, respectively. The overall contam-
nant remediation efficiency is contributed by two  mechanisms:
1) destruction of organic contaminants by the Fenton-like pro-
ess; and (2) extraction of contaminants by electrochemical
emediation. Their experimental results also reveal that the
ercentage of organic contaminant destruction increased with
he quantity of scrap iron powder used in the process. How-
ver, a larger quantity of scrap iron powder embedded in soil
ould decrease the coefficient of electroosmotic conductivity,

esulting in lower efficiency of advective transport of the contam-
nant by electroosmosis and thus lower contaminant extraction
fficiency. Moreover, the smaller was the size of the scrap gran-
lar iron powder, the higher was the destruction efficiency,
ut the lower was the overall contaminant remediation effi-
iency.

Kim et al. [114] explored the feasibility of coupling the
enton process with electrochemical remediation to remediate
henanthrene-contaminated EPK kaolinite, using the iron miner-
ls on soil particle surfaces as catalyst. Their results reveal that the
ntermediate anions, i.e., HO2

− and O2
•−, generated by the Fenton-

ike reactions changed the electrical current intensity significantly.
he addition of 0.01 N H2SO4 to the anode reservoir improved
he stability of H2O2 and treatment efficiency of phenanthrene in
he soil specimen. More than a half of the spiked phenanthrene
as destructed or extracted after 21 days of treatment. Therefore,

he use of H2O2 and dilute acid, as an anode purging solution, is
 feasible technology for the remediation of halogenated organic
ompound-contaminated soil of low hydraulic conductivity, low
cid/base buffer capacity, and high iron content. Kim et al. [115]
ttempted to remediate phenanthrene-contaminated Hadong clay
imilarly, however, the acid/base buffer capacity of Hadong clay is
igh due to its high carbonate content. Their results reveal that the

resence of carbonates of high acid/base buffer capacity reduced
he stability of H2O2 and treatment efficiency of phenanthrene, and
onfirmed that the Fenton reaction is effective only at low pHs of
–5.
ous Materials 195 (2011) 11– 29 19

Different methods have been attempted to overcome the prob-
lem of high acid/base buffer capacity of soil. Kim et al. [116]
studied the stabilizing effects of phosphate and sodium dode-
cyl sulfate (SDS) on H2O2 during electrochemical remediation
of phenanthrene-contaminated Hadong clay coupled with the
Fenton-like process. Both stabilizers decreased (becomes more
negative) the zeta potential of soil particle surfaces due to com-
plexation of phosphate and SDS with oxides, resulting in increase
of electroosmotic volume flow rate. Complexation with phosphate
hindered the migration of dissolved Fe ions towards the cathode
significantly. However, SDS could dissolve the Fe ion from the Fe
oxide of soil and transport the dissolved Fe ions towards the cath-
ode. Nonetheless, transition metal complexation with phosphate
and SDS improved the stability of H2O2, in particular, in the high
pH region near the cathode by SDS. The increase of H2O2 stability
allowed more reaction time for the Fenton-like process, resulting
in better treatment efficiency of phenanthrene.

Kim et al. [117] studied the performance of H2SO4 and HCl
injected from the anode for pH control in the remediation
of phenanthrene-contaminated Hadong clay by electrochemical
remediation. When H2SO4 was  utilized, the reduced species of sul-
fate may  increase the decomposition rate of H2O2 near the anode
significantly as follows:

SO4
2− + 2e− + 2H+ → SO3

2− + H2O (12)

HSO3
− + H2O2 → SO2OOH− + H2O (13)

SO2OOH− + H+ → SO4
2− + 2H+ (14)

Moreover, reduced sulfur species, such as H2S and HS−, accu-
mulated in the region near the cathode due to the reducing
environment of the region. The generation of these sulfur species
is accompanied by a significant stoichiometric decrease of H+ ions
in the soil pore fluid,

SO4
2− + 8e− + 10H+ → H2S + 4H2O (15)

resulting in a sharp increase in soil pH, rapid decomposition of
H2O2, and generation of O2 gas. Such decomposition of H2O2 was
not observed in experiments using HCl as the pH control agent.
Moreover, H2O2 may  be re-generated near the cathode by the reac-
tion,

O2 + 2H+ + 2e− → H2O2 (16)

The remediation efficiency of phenanthrene-contaminated soil
by the Fenton-like process is dependent on both the extent of degra-
dation and migration by electroosmosis.

Alcantara et al. [118] studied the electrochemical remediation
of phenanthrene-contaminated kaolinite of initial concentration of
500 mg/kg of soil. Electrochemical remediation alone resulted in
negligible remediation of phenanthrene. Fenton-like reaction was
thus generated in kaolinite which was also contaminated by Fe.
When both the anode and cathode reservoirs were filled with 10%
H2O2, an overall extraction and destruction efficiency of phenan-
threne of 99% was  obtained in 14 days by applying an electrical
gradient of 300 V/m across the soil specimen. It should be noted
that the soil pH was  maintained at approximately 3.5 without pH
control, favoring the Fenton-like processes.

Reddy and Karri [119] applied electrochemical remediation
enhanced by the Fenton-like process to kaolin contaminated with
a mixture of Ni and phenanthrene each at a concentration of
500 mg/kg of dry soil. The objective of the coupled remediation pro-
cesses was simultaneous oxidation of phenanthrene and extraction

of Ni. Experiments were conducted using H2O2 solution in concen-
trations of 5%, 10%, 20%, and 30% and deionized water as control.
Native Fe was used as catalyst for the Fenton-like process. A dc
electrical gradient of 1 V/cm was  applied and H2O2 solution was
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ntroduced at the anode for 4 weeks. The volume of electroosmotic
ow was substantial in all the experiments, approximately one pore
olume in the control experiment and 1.2–1.6 pore volumes in the
2O2 experiments. Oxidation of phenanthrene increased with con-
entration of H2O2 and a maximum of 56% oxidation was observed
ith 30% H2O2. Nickel was migrated from the anode towards the

athode but it was precipitated near the cathode as a result of
he high pH environment. They concluded that optimization of
2O2/catalyst concentration and electrical gradient applied, and
ontrol of soil pH are required to improve the efficiency of oxidation
f phenanthrene and extraction of Ni simultaneously.

Oonnittan et al. [120] studied the feasibility of electrochemi-
al remediation of hexachlorobenzene (HCB)-contaminated kaolin
nhanced by the Fenton process with and without using �-
yclodextrin to enhance the solubility of HCB in the soil pore fluid.
he initial concentration of HCB in kaolin was 100 mg/kg of soil.
he native iron in kaolin was utilized to catalyze the Fenton-like
eaction and no soluble iron was added during the process. After
5 days of treatment, a maximum remediation efficiency of 76%
as observed when 30% H2O2 was used in the absence of �-

yclodextrin. However, the introduction of �-cyclodextrin as an
nhancing agent led to a slower rate of oxidation.

Tsai et al. [121] studied the feasibility of electrochemical reme-
iation of diesel-contaminated soils enhanced by the use of 0.1 M
aCl as purging solution and corroded iron electrodes. Their
xperimental results indicate the concentration of total petroleum
ydrocarbon diesel in the contaminated soil was  reduced from
0,000 to 300 mg/kg by electrokinetically enhanced oxidation in
he presence of both 8% H2O2 and Fe3O4 (corroded iron electrodes),
.e., remediation efficiency of 97%. However, individually applied
lectrochemical remediation and Fenton oxidation can only yield
emediation efficiencies of 55% and 27%, respectively. The syner-
istic effect of the two remediation technologies is thus evident.

Oonnittan et al. [122] identified the importance of efficient oxi-
ant delivery methodologies for effective contaminant oxidation to
ccur. The success of electrochemical remediation coupled with the
enton process depends heavily on the good contact between the
ontaminant and the oxidant facilitated under optimized reaction
onditions.

Isosaari et al. [123] coupled persulfate oxidation with electro-
hemical remediation to cleanup creosote-contaminated soil for 8
eeks. Their results reveal that electrokinetically enhanced oxi-
ation with sodium persulfate Na2S2O8 resulted in remediation
fficiency of creosote removal of 35% which is better than that of
lectrochemical remediation of 24% or persulfate oxidation of 12%
ndividually. The oxidant generated more positive redox potential
han electrochemical remediation alone. Moreover, the persulfate
reatment decreased the electroosmotic volume flow rate. The
esults of elemental analyses indicate decrease in the natural Al
nd Ca concentrations, increase in Zn, Cu, P, and S concentrations,
nd migration of several metal cations towards the cathode.

The effectiveness of electrokinetically enhanced persulfate oxi-
ation for destruction of TCE spiked in a sandy clay soil was
valuated by Yang and Yeh [124]. Their experimental results indi-
ate that electroosmosis could greatly enhance the transport of the
njected Na2S2O8 from the anode reservoir to the cathode reservoir
ia the contaminated soil, enhancing the in situ chemical oxidation
f TCE. Moreover, the injection of nano-scale Fe3O4 was  observed
o have a profound impact in the activation of persulfate oxidation.

Reddy and Chinthamreddy [125] studied the electromigration
f Cr6+, NI2+, and Cd2+ in clayey soils containing different in situ
educing agents in bench-scale experiments. Two different clays,

aolin and glacial till, were used with or without a reducing agent.
aolin is a soil of low acid/base buffer capacity and glacial till is a
oil of high acid/base buffer capacity. The reducing agent used was
umic acid, ferrous sulfate, or sodium sulfide of concentration of
ous Materials 195 (2011) 11– 29

humic acid, Fe2+, and S− of 1000 mg/kg soil. The soils were then
spiked with Cr6+, Ni2+, and Cd2+ in concentrations of 1000, 500,
and 250 mg/kg, respectively, and treated by an electrical gradient
of 1 V/cm for more than 200 h. The reduction of chromium from
Cr6+ to Cr3+ was completed prior to electrochemical remediation.
Their results indicate that the extent of Cr6+ reduction was  depen-
dent on the type and quantity of reducing agent in the soil in the
order of sulfide > ferrous iron > humic acid. Moreover, electromi-
gration of Cr6+ was significantly retarded in the presence of sulfide
because of: (1) the opposite directions of migration of Cr6+ and Cr3+;
(2) sorption and precipitation of Cr3+ in high pH regions near the
cathode in kaolin and throughout the glacial till; and (3) sorption
of Cr6+ in low pH regions near the anode in both soils. Both Ni2+

and Cd2+ were migrated towards the cathode in kaolin. However,
the migration was significantly retarded in the presence of sulfide
due to the pH increase throughout the soil. The initial high pH con-
ditions within the glacial till caused Ni2+ and Cd2+ to precipitate,
so the effects of reducing agents were inconsequential. The study
demonstrated evidently that the reducing agents, particularly sul-
fide, in soils may  affect the redox chemistry and pH of the soil,
ultimately affecting the remediation efficiency of electrochemical
remediation.

Weeks and Pamukcu [126] conducted a study to demonstrate
the feasibility of in situ reduction of Cr6+ to Cr3+ by introduc-
ing ferrous iron Fe2+, a reducing agent, to the contaminated soil
electrokinetically. Their results indicate that the Cr6+ in soils
could be effectively reduced to Cr3+ by electrochemical reme-
diation. Moreover, they demonstrated that the Nernst equation
may  be applicable to model the soil-water system to estimate
the concentrations of different Cr species after electrochemical
remediation.

5.2. Bioremediation

Bioremediation is the use of microorganisms (mainly bacte-
ria) to decompose hazardous contaminants, transform them to
less harmful forms, and/or immobilize them under suitable envi-
ronmental conditions [8].  The success of bioremediation requires
the simultaneous existence of microorganisms, contaminants (food
for the microorganism), electron acceptors, and essential nutri-
ents for the microorganisms to grow. In fine-grained soils of low
hydraulic conductivity, it is difficult to supply microorganism and
the required electron acceptors or nutrients to the contaminants, or
to supply the contaminants to natural occurring microorganisms.
Electrokinetics-enhanced bioremediation or bioelectrokinetics is
the technology that couples bioremediation with electrochemical
remediation by supplying the microorganisms, electron acceptors,
or nutrients to the contaminants, or migrating the contaminants to
the microorganisms by electrokinetic flow processes. The ability to
directionally transport bacteria from injection points into zones of
contamination is a distinct advantage of electrokinetics-enhanced
bioremediation for in situ remediation [127].

Electroosmosis and/or electrophoresis have been utilized suc-
cessfully to inject a Pseudomonas strain (bacterial cell capable
of degrading diesel) into diesel-contaminated soil [128]; Sphin-
gomonas sp. L138 and Mycobacterium frederiksbergense LB501TG
(polycyclic aromatic hydrocarbon-degrading bacteria) into model
aquifers made of glass beads, alluvial sand from Lake Geneva,
and historically polluted clayey soil in the laboratory [129]; Pseu-
domonas putida,  Bacillus subtilis,  and Klebsiella pneumoniae to
stimulate bacterial cell migration and biodegradation of crude oil

in soil [130]; Sphingomonas sp. LB126 (fluorene-degrading bacteria)
into a laboratory model aquifer [131]; Bacillus spp.  (nitrate reducing
bacteria) to remove nitrate from soil [132]; B. subtilis LBBMA 155 and
nitrogen-starved cells of Pseudomonas sp. LBBMA 81 into a residual
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oil [133]; and Acidithiobacillus thiooxidans (sulfur-oxidizing bacte-
ia) into tailing soil contaminated by Cd, Cu, Pb, Zn, Co, and As [134].
owever, it was observed that electrokinetic transport of strongly
harged and highly adhesive cells of M.  frederiksbergense LB501TG
n different model aquifers was poor [129].

Lee and Kim [135] injected A. thiooxidans (sulfur-oxidizing bac-
eria) into shooting range soil contaminated by Cu, Zn, and Pb.
he bioleaching process improved the extraction efficiencies of Cu
nd Zn by electrochemical remediation. However, PbSO4, a byprod-
ct of sulfur oxidation, existed as precipitates and was immobile.
onetheless, the problem was overcome by subsequent injection
f EDTA.

Electrokinetics was used successfully to inject ammonium nitro-
en into fine-grained soil [136], benzoic acid cometabolite into
CE-contaminated soil [137], acetate and phosphate amendment
nto Cr6+-contaminated soil [138], KH2PO4 and triethyl phos-
hate into kaolin soils [139], oxygenated and nutrient-rich liquid

nto creosote-contaminated soil [140], and nitrate to toluene-
ontaminated soil under denitrifying conditions [141].

The results of Schmidt et al. [142] indicate the feasibility of
njecting nitrate and ammonium into a very humid clayey silt of
igh plasticity, high electrical conductivity, low hydraulic conduc-
ivity, low density, high acid/base buffer capacity, and high cation
xchange capacity. However, injection of phosphorous into this
ype of soil did not prove to be successful.

Lohner et al. [143,144] studied the distributions of microbial
lectron acceptors nitrate and sulfate and of the nutrients ammo-
ium and phosphate by electrokinetics in a model sandy soil.
heir results reveal that the ion distribution in the soil was  sig-
ificantly influenced by the pH profile and the imposed electrical
radient. The results of Xu et al. [145] reveal that ammonium and
itrate ions could be distributed more uniformly in phenanthrene
ontaminated-soil by reversal of electrode polarity.

The results of Jackson et al. [146] indicate electrokinetics
ould enhance the bioremediation of 2,4-dichlorophenoxyacetic
cid-contaminated soil by increasing the bioavailability of the con-
aminant to microorganism. Similar observation was made by Fan
t al. [147] during their study on in situ bioremediation of 2,4-
ichlorophenol-contaminated soil.

Wu et al. [148] demonstrated experimentally that electrokinetic
njection of lactate, a negatively charged biodegradable organic,
n sand was dependent on electric current density. However, the
ncrease in electric current intensity did not result in a proportional
ncrease in lactate transport due to development of an apprecia-
le electroosmotic flow from the anode to the cathode. Tiehm
t al. [149] observed that the microbial activities of vinyl chlo-
ide degrading microorganisms were inhibited by electrochemical
eaction products when stainless steel electrodes and titanium
lectrodes with mixed oxide coating type DN201 were used. How-
ver, when the electrodes were separated from the microorganisms
y bipolar membranes, no inhibition by the electric field was
bserved. Li et al. [150] demonstrated that a dc electric current
ould stimulate microbial activities and accelerate the biodegra-
ation of petroleum, and there is a strong positive correlation
etween the electric intensity and the bioremediation efficiency
f petroleum. The results of Wick et al. [151] suggest that the pres-
nce of an electric field, if suitably applied, would not influence
he composition and physiology of soil microbial communities and
ence would not affect their potential to biodegrade subsurface
ontaminants. The results of Kim et al. [152] also suggest that the
pplication of electrokinetics could be a promising soil remedia-
ion technology if soil parameters, electric current, and electrolyte

ere suitably controlled based on the understanding of interaction

etween electrokinetics, contaminants, and indigenous microbial
ommunity. Moreover, the increase in soil temperature during elec-
rochemical remediation promotes microbial activities in general.
ous Materials 195 (2011) 11– 29 21

However, the microbial activities can also be inhibited if the soil
temperature is higher than 45 ◦C.

5.3. Permeable reactive barriers

A permeable reactive barrier (PRB) is an engineered barrier
made of reactive treatment media placed across the flow path of
a contaminant plume in aquifer that removes or degrades con-
taminants in the groundwater flowing through it [153]. It relies
on the flow of contaminants through the barrier. The use of gran-
ular zero-valent iron (ZVI) mixed with soil to construct PRBs for
entrapping or decomposing contaminants in the subsurface has
gained widespread acceptance by the environmental remediation
and regulatory communities in recent years. Considerable investi-
gation has been conducted to understand the interfacial chemistry
of granular iron, and the sorption and degradation mechanisms of
contaminants.

When a PRB is coupled with electrochemical remediation, the
flow of contaminants through the barrier is not provided by
the advective transport of contaminants driven by the natural
hydraulic gradient of groundwater. It is driven by the electroos-
motic flow of soil pore fluid, electromigration of charged species,
and/or electrophoresis of charged particulates. In most cases, par-
ticularly in fine-grained soils, these transport mechanisms are far
more significant than that driven by the natural hydraulic gradient
of groundwater. The sorption characteristics of most solid parti-
cle surfaces are pH-dependent. The degradation reactions of many
contaminants are also pH-dependent. As a result, the pH gradi-
ent generated by the electrochemical remediation process in the
PRB may  affect the sorption and degradation mechanisms of the
reactive medium in the PRB. The use of enhancement agents in
electrochemical reaction would further complicate the situation.
Moreover, it is possible to construct a PRB in the subsurface by
electrokinetic flow processes. Therefore, there are many additional
aspects that need to be considered when a PRB is coupled with the
electrochemical remediation process to improve the remediation
efficiencies of organic, inorganic, and mixed contaminants.

5.3.1. Lasagna process
Electrochemical remediation is coupled with sorp-

tion/degradation of contaminants in treatment zones installed
directly in contaminated soils in the Lasagna process. The Lasagna
process is an in situ remediation technique that applies the concept
of Integrated In situ Remediation [154]. A dc electric field is applied
to migrate the contaminants from soil into treatment zones where
the contaminants are removed by sorption, immobilization, or
degradation as shown in Fig. 5. The technique is called “Lasagna”
because of the layered appearance of electrodes and treatment
zones. Theoretically, it can remediate organic, inorganic, and
mixed contaminants.

Electrodes and treatment zones can be of any orientation
depending upon the emplacement technology used and the char-
acteristics of the site and contaminant. The treatment process is
composed of these key steps [154]:

(1) Highly permeable zones in close proximity of the contaminated
soil are created by hydrofracturing or similar technologies.
Appropriate materials such as sorbents, catalytic agents,
microbes, oxidants and buffers are introduced to these highly
permeable zones to transform them into treatment zones.

(2) Electrokinetic flow processes are utilized to migrate contam-
inants from soil into treatment zones. Since these zones are

located close to each other, the time taken for the contaminants
to move from zone to zone can be very short.

(3) For highly non-polar contaminants, surfactants can be intro-
duced into the fluid or incorporated into the treatment zones
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Fig. 5. Principle of Lasagna Process (after Ho et al. [154]).
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media of the PRB was confirmed by results obtained by SEM coupled
with energy dispersive spectroscopy. Moreover, the extraction of
to solubilize the organics. For a mixture of organics and met-
als, the treatment zones can contain sorbents for binding the
metals and/or microbes or catalysts for degrading the organics.

4) If needed, the fluid flow direction can be reversed periodically
by switching the electrical polarity. The operation would enable
multiple passes of the contaminants through the treatment
zones for complete sorption/destruction. The polarity reversal
also serves to minimize complications associated with long-
term operation of uni-directional electrokinetic flow processes.
The high pH cathode effluent can be re-circulated through the
contaminated soil when the polarity of the electric field applied
is reversed, i.e., the cathode has been reversed to become the
anode and vice versa. The recycling of effluent provides a con-
venient means for pH neutralization of the contaminated soil
and minimization of wastewater generation.

The technique has been proved to be technically feasible in
ench-scale laboratory experiments on the degradation of para-
itrophenol in kaolinite [154] and field-scale experiments on
emediation of TCE-contaminated soils at various sites [155–158].
ackman et al. [159] demonstrated the feasibility of migrating
,4-dichlorephenoxyacetic acid in contaminated silt soil by elec-
rokinetic flow processes into microorganism active treatment
one for biodegradation of organic contaminants.

A bench-scale experiment was conducted by Ma  et al. [160] to
nvestigate the simultaneous removal of 2,4-dichlorophenol (2,4-
CP) and Cd from a sandy loam by the Lasagna process using a new-

ype of bamboo charcoal as sorbent and periodic polarity reversals
t different intervals. Their results indicate that the Lasagna process
as effective in the simultaneous extraction of 2,4-DCP and Cd from
andy soil. Moreover, the extraction efficiencies were higher when
he electrical polarity was reversed at 24-h intervals.
ous Materials 195 (2011) 11– 29

5.3.2. Zero-valent iron (ZVI) PRB
Chew and Zhang [161] investigated the feasibility of electro-

chemical remediation coupled with a ZVI PRB installed at the anode
to treat a nitrate-contaminated soil according to the chemical reac-
tion,

5Fe0 + 2NO3
− + 12H+ → 5Fe2+ + N2↑ + 6H2O (17)

The amount of nitrate–nitrogen transformed by electrochemical
remediation was  increased significantly by coupling with a ZVI PRB.
The major transformation products were ammonia–nitrogen and
nitrogen gas.

Moon et al. [162] investigated the mechanisms of TCE degrada-
tion during electrochemical remediation coupled with a ZVI PRB.
Their results indicate the rate of reductive dechlorination of TCE
was improved 1.3–5.8 times of that of a ZVI PRB alone. The most
effective configuration of electrode and ZVI PRB for TCE removal
was with the cathode installed at the hydraulic down-gradient.
The enhancement was attributed to the availability of more elec-
tron sources including: (1) the dc power supply; (2) electrolysis
of water; (3) oxidation of ZVI; (4) oxidation of dissolved Fe2+; (5)
oxidation of molecular hydrogen at the cathode; and (6) oxidation
of Fe2+ in mineral precipitates. Each of these electron sources was
evaluated for their potential influences on the TCE removal capacity
through the electron competition model and energy consumption.
A strong correlation between the quantity of electrons generated,
removal capacity, and energy-effectiveness was  identified.

Yuan [163] investigated the effect of ZVI PRB position and ZVI
quantity on the efficiency of electrochemical remediation of tetra-
chloroethylene (PCE)-contaminated clay coupled with a ZVI PRB.
The PRB was  composed of 2–16 g of ZVI mixed with Ottawa sand in
a ratio of 1:2 by weight. Her results indicate that the best position
of the PRB was  at the cathode and the remediation efficiency of
PCE was  2.4 times that of electrochemical remediation alone. The
remediation efficiency also increased with the quantity of ZVI in the
barrier. The highest remediation efficiency of 90.7% was  observed
when the quantity of ZVI in the barrier was increased to 16 g. More-
over, it was observed that the more was ZVI in the barrier, the higher
was the electroosmotic flow rate, and the lower was final soil pH
after treatment.

The effectiveness of a ZVI PRB barrier installed at the middle
of the soil specimen during electrochemical remediation of hyper-
Cr6+-contaminated clay (2497 mg/kg) was investigated by Weng
et al. [164]. The barrier was composed of 1:1 ratio of granular ZVI
and sand by weight. Their results indicate that the migration of
H+ ions was  greatly retarded by the strong opposite migration of
anionic CrO4

2− ions, resulting in a reverse electroosmotic flow and
development of alkaline zone across the specimen. The alkaline
environment promoted the release of Cr6+ from the clay. Chromium
removal was  indicated by the high Cr6+ concentration in the anolyte
and the presence of Cr3+ precipitates in the catholyte. The reduction
efficiency of Cr6+ to Cr3+ was  increased by the ZVI PRB. The electro-
chemical remediation coupled with a ZVI PRB has transformed the
contaminant in the hyper-Cr6+-contaminated soil to the less toxic
form of Cr3+.

Yuan and Chiang [165] investigated the removal mechanisms
of As from soil by electrochemical remediation coupled with a
PRB made of ZVI and FeOOH. The extraction efficiency for As
was increased by 60–120% by the PRB. The best performance was
achieved when a FeOOH layer was installed at the middle of the
soil specimen. The improvement was  attributed to higher surface
area of FeOOH and the migration of HAsO4

2− towards the anode by
electromigration. The presence of As on the surface of the reactive
As contributed by surface sorption/precipitation on the PRB reac-
tive media was  much more than that by the electrokinetic flow
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ig. 6. Principle of iron-rich barrier generation by electrokinetics (after Faulkner
t  al. [169]).

rocesses. However, electromigration was a more dominant con-
aminant migration mechanism than the advective transport by
lectroosmosis.

Cang et al. [166] investigated the feasibility of treating a Cr-
ontaminated soil by electrochemical remediation coupled with a
VI PRB. The reactions between Cr6+ in groundwater and the ZVI in
he PRB are as follows:

Fe0 + Cr2O7
2− + 7H2O → 2Cr(OH)3↓ + 2Fe(OH)3↓ + 2OH− (18)

e0 + CrO4
2− + 4H2O → 2Cr(OH)3↓ + Fe(OH)3↓ + 2OH− (19)

ZVI is ultimately oxidized to Fe3+ which precipitates as Fe(OH)3,
hile Cr6+ is reduced to Cr3+ and also precipitates in the PRB.
uring the reactions, the OH− ions released increases the soil pH
nd decreases the sorption capacity of Cr6+ on soil particle sur-
aces. Their results indicate that the technique was  feasible for the
emediation of Cr-contaminated soil. The maximum remediation
fficiency of Cr achieved was 72%. The quantities of Cr in the anolyte
nd catholyte with a PRB were smaller than those without. The
osition of the PRB affected both the direction and rate of elec-
roosmotic flow. The optimum positions of the PRBs are between
he contaminated soil specimen and the electrodes.

Wan  et al. [167] investigated the feasibility of surfactant-
nhanced electrochemical remediation coupled with a PRB
omposed of microscale Pd/Fe for the treatment of a HCB-
ontaminated soil. The reduction kinetics of HCB by nanoscale
d/Fe bimetallic particles was faster than that by nanoscale Fe
articles. The degradation products of HCB using nanoscale Pd/Fe
imetallic particles have less chloro substituents than those using
anoscale Fe particles. The effects can be attributed to the catalytic
ffect of Pd on the Fe surface [168]. The nonionic surfactant Triton
-100 was selected as the solubility-enhancing agent. Their results

ndicate that HCB removal was generally increased by a factor of 4 as
CB was removed from soil through several sequential processes:

a) advective transport of HCB from the anode towards the cathode
y electroosmosis; (b) complete sorption/degradation by the reac-
ive Pd/Fe particles in the PRB; and (3) probable electrochemical
eactions near the cathode.

ZVI PRBs may  be constructed in situ by electrokinetics. Faulkner
t al. [169] have successfully generated subsurface barriers of
ontinuous Fe-rich precipitates in situ by electrokinetics in their
aboratory-scale experiments. Continuous vertical and horizontal
e-rich bands up to 2 cm thick have been generated by applying a
oltage of less than 5 V over a period of 300–500 h, using sacrifi-
ial iron electrodes 15–30 cm apart as shown in Fig. 6. The Fe-rich
arrier is composed of amorphous iron, goethite, lepidocrocite,

aghemite, and native iron. The applied dc electric field dissolved

he sacrificial anode and injected the Fe ions into the soil. The Fe ions
hen re-precipitated in an alkaline environment to form the bar-
ier. The thickness of the Fe-rich band increased with the applied
ous Materials 195 (2011) 11– 29 23

voltage. The hydraulic conductivity and unconfined compressive
strength of the iron-rich band so produced were 1 × 10−9 m/s or
less and 10.8 N/mm2, respectively. The barrier may function as
a PRB to degrade contaminants or an impervious barrier to con-
taminant transport. By monitoring the dc electric current intensity
passing through the barrier, the integrity of the Fe-rich band may
be assessed. Moreover, the barrier may  ‘self-heal’ by continuing
application of a dc electric current.

5.3.3. PRBs of different reactive media
Chung and Lee [170] investigated the potential use of atom-

izing slag as an inexpensive PRB reactive medium coupled with
electrochemical remediation for simultaneous treatment of soil
contaminated by TCE and Cd by laboratory-scale experiments. Their
results indicate that the TCE concentration of the effluent through
the PRB during electrochemical remediation were much lower than
that of electrochemical remediation alone. Some of the TCE passing
through the PRB would have been dechlorinated by the atomiz-
ing slag as indicated by the higher chloride concentration of the
effluent. In general, both the remediation efficiencies of TCE and Cd
achieved approximately 90%. The removal rate of Cd from the soil
specimen was higher than that of TCE as a result of the additional
transport by electromigration due to its positive charge.

Kimura et al. [171] investigated the possibility of coupling elec-
trochemical remediation with a ferrite treatment zone (FTZ) to
treat Cu-contaminated kaolinite. The FTZ was constructed between
the cathode and contaminated kaolinite of soil containing poly-
ferric sulfate solution so that the concentration of ferrite in the
FTZ was 1000 ppm (mg/kg). Their results indicate 92% of Cu ions
in contaminated kaolinite were migrated into the FTZ by electro-
chemical remediation and ferritized by the alkaline environment
generated by the process after 48 h of treatment. The Cu ions were
insolubilized by the ferrite reagent in the FTZ and accumulated as
copper-ferrite through these chemical reactions [172],

nCu2+ + (3 − n)Fe2+ + 6OH− → CunFe(3−n)(OH)6 (20)

CunFe(3n−1)(OH)6 + (1/2)O2 → CunFe(3−n)O4 + 3H2O (21)

Barrado et al. [173] suggested the co-precipitation mechanism
for Fe2+ and divalent or polyvalent metal ions as follows,

xCu2+ +FeSO4 +6NaOH + (1/2)O2 → CuxFe(3−x)O4 + 3Na2SO4

+ 3H2O + x[Fe2+] (22)

The copper-ferrite precipitates are magnetic and can be sepa-
rated from solution easily. Therefore, the advantages of coupling a
FTZ with electrochemical remediation include: (1) it is possible col-
lect the extracted heavy metals in a specific FTZ; (2) the treatment
of a large quantity of Cu-rich wastewater produced by electro-
chemical remediation can be avoided; and (3) there is a possibility
that copper-ferrite can be recovered by magnetic separation. It is
envisaged in field implementation that the FTZ can be constructed
near the cathode by injecting ferrite reagent into the soil, and the
contaminated water is migrated to the FTZ by the electrochemical
remediation process. Afterwards, the FTZ is excavated and the Cu
is recovered by appropriate processes, such as soil washing using
acid and magnetic separation.

The feasibility of electrochemical remediation of Cr-
contaminated clay enhanced by a PRB made of transformed
Red Mud  (TRM) was investigated by De Gioannis et al. [174]
in bench-scale experiments. The TRM is primarily composed of
micron-sized NaOH etched aggregates of (hydrated) Fe oxides

(hematite and ferrihydrite 35% by weight) and hydrated alumina
(boehmite and gibbsite 20% by weight). These are impregnated
by newly formed and more or less soluble alkaline minerals,
including sodalite (15% by weight), Ca(OH)2, hydroxycarbonates
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nd calcium alumino silicates (portlandite, calcite, cancrinite,
ydrocalumite and aluminohydrocalcite 15 wt%), Mg(OH)2 and
agnesium alumino silicates (brucite and hydrotalcite 4 wt%).

heir results reveal that the remediation efficiency of Cr6+ was
roportional to treatment duration. The acidic environment near
he anode generated by the electrochemical remediation process
mproved the sorption capacity of TRM for metal-oxyanions.
herefore, the PRB made of TRM installed near the anode improved
he remediation efficiency of metal-oxyanions by electrochemical
emediation.

Yuan et al. [175] investigated the feasibility of surfactant-
nhanced electrochemical remediation of 1,2-dichlorobenzene
1,2-DCB)-contaminated soil coupled with a carbon nanotube
CNT) PRB installed at the middle of the specimen. CNT is becom-
ng a prominent material being applied in the removal of aqueous
nd gaseous pollutants due to its high specific area, high reaction
bility, and high electron transfer capacity [176–179]. It is highly
xpected that CNT will become an effective reactive medium in
he PRB for removal of organic contaminants from the subsurface.
heir results indicate the remediation efficiency of electrochemical
emediation could be significantly improved by the introduction of
DS and coupling with a CNT PRB. Removal of 1,2 DCB was primarily
ontributed by surface sorption of the contaminant on CNT rather
han by electrokinetic flow processes. However, electrophoresis of
nionic SDS micelles towards the anode became a more critical
ontributor when the surfactant was used as processing fluid.

An enhanced electrochemical remediation process coupled with
 PRB made of carbon nanotube coated with cobalt (CNT-Co) was
nvestigated for As5+ removal by Yuan et al. [175]. Their experimen-
al results indicate the PRB made of CNT did not contribute much to
he remediation efficiency of As5+. However, the PRB made of CNT-
o increased the remediation efficiency from 35% to 62%. The better
emediation efficiency of electrochemical remediation enhanced
y the PRB made of CNT-Co was attributed to the higher sorption
f As5+ onto CNT-Co surfaces than CNT surfaces. Removal of As5+

as thus primarily contributed by the surface sorption of As5+ onto
NT-Co instead of the electrokinetic flow processes. The surface
haracteristics of CNT-Co, as revealed by SEM coupled with energy
ispersive spectroscopy, evidently confirmed that As was adsorbed
n the passive layer surface. The results of an investigation using
equential extraction revealed that the binding between As5+ and
oil particles was shifted considerably from strong binding forms,
.e., Fe–Mn oxide, organic, and residual, to weak binding forms, i.e.,
xchange and carbonate, after electrochemical remediation.

Han et al. [180] investigated the feasibility of enhancing the
lectrochemical remediation of Cu-contaminated kaolinite by cou-
ling with a PRB made of carbonized foods waste (CFW). The CFW

s composed of more than 85% oxygen, calcium and carbon. The
ize range of the CFW is 75–150 �m within porous structures.
he specific area, total pore volume, and average pore diameter of
FW were determined to be 14.16 m2/g, 46.9 mm3/g, and 132.4 Å,
espectively. The sorption efficiency of CFW used as a PRB reac-
ive medium was found to be 4–8 times more efficient than that
f zeolite. Throughout the experiment, an electrical gradient of

 V/cm was implemented and acetic acid was injected from the
node to improve the remediation efficiency. Their results indicate
he installation of a CFW PRB did not influence the electroosmotic
ow. However, the electroosmotic flow was increased by the injec-
ion of CH3COOH with time. The majority of Cu2+ extracted from
aolinite was sorbed by CFW.

.3.4. PRB – summary

The remediation efficiency of electrochemical remediation can

e enhanced by coupling with a PRB. Depending on the type of con-
aminant to be treated, different reactive media of the PRB can be
tilized. However, experimental results from different researchers
ous Materials 195 (2011) 11– 29

to date indicate the remediation efficiency is primarily contributed
by the sorption capacity of the reactive medium of the PRB. The role
of electrochemical remediation lies in the migration of contami-
nants towards the PRB, generation of an acidic environment near
the anode, and generation of an alkaline environment near the cath-
ode. However, the sorption capacity of the reactive medium of the
PRB can be promoted by the acidity or alkalinity of the environment
to improve the remediation efficiency.

5.4. Phytoremediation

Phytoremediation is the use of plants to remove, degrade, or
sequester inorganic and organic contaminants from soil and/or
groundwater [8].  It is an emerging cost-effective alternative to con-
ventional remediation technologies. However, contaminants may
have limited bioavailability in the soil, methods to facilitate its
transport to the shoots and roots of plants are thus required for
successful application of phytoremediation.

O’Connor et al. [181] investigated the use of coupling phy-
toremediation with electrochemical remediation to decontaminate
soils contaminated by Cu, Cd, and As. It can be observed in their
results that the dc electric field could transport metal contami-
nants from the anode towards the cathode, and generate significant
changes in soil pH. Moreover, perennial ryegrass could be grown in
the treated soils to take up a proportion of the mobilized metals
into its shoot system.

In their bench-scale studies, Lim et al. [182] demonstrated the
effectiveness of Indian mustard (Brassica juncea)  grown in contam-
inated soil in accumulating high tissue concentration of Pb, with
the addition of EDTA in the soil and the application of a dc electric
field around the plants. The accumulation of Pb in the shoots using
EDTA and a dc electric field was increased by two- to fourfold that
of using EDTA only. Similarly, the shoot Cu concentrations of rye-
grass in the phytoremediation of contaminated soil enhanced by
EDTA and EDDS was increased by 46% and 61%, respectively when
coupled with electrochemical remediation [183].

Aboughalma et al. [184] studied the use of potato tubers to
decontaminate soils polluted with Zn, Pb, Cu, and Cd in their
laboratory-scale experiments using: (1) a dc electric field; (2) an
alternating-current (ac) electric field; and (3) no electric field, i.e.,
the control. Their results reveal that metal accumulation in plant
roots treated with electrical fields was  generally higher than the
control. The overall metal uptake in plant shoots treated with a
dc electric field was lower than those treated with an ac electric
field and the control, although there was a higher accumulation of
Zn and Cu in the plant roots treated with electrical fields. The Zn
uptake in plant shoots treated with an ac electric field was higher
than that treated with a dc electric field and the control. Zn and Cu
accumulation in plant roots treated with a dc electric field and an
ac electric field were similar and higher than that of the control.

Bi et al. [185] studied the growth of rapeseed (Brassica napus)
plants and tobacco (Nicotiana tabacum) plants under a dc electric
field and an ac electric field and their abilities to decontaminate a
soil contaminated by Cd, and a soil contaminated by Cd, Zn, and Pb.
Their results reveal that the biomass production of rapeseed plants
was enhanced by the ac electric field. However, the ac electric field
has no effect on the biomass production of tobacco plants and the
dc electric field even has a negative effect. Moreover, metal uptake
by the rapeseed plant shoot was  enhanced by the application of the
ac electric field.

Cang et al. [186] studied the effects of dc electric current on the
growth of Indian mustard (B. juncea)  and speciation of soil heavy

metals in pot experiments for 35 days. The soil was contaminated
by Cd, Cu, Pb, and Zn. Their results indicate that plant uptake of
metals was  increased by the electrokinetics-assisted phytoremedi-
ation. Moreover, electrical gradient was  identified to be the most
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mportant factor in affecting the plant growth, soil properties, and
etal concentrations in the soil and plant.

.5. Ultrasonication

Acoustic waves or acoustic energy can enhance migration of
ontaminants in soil and facilitate their subsequent remediation
nd/or removal by these effects: (1) increase in kinetic energy of
oil pore fluid, causing rise in temperature, and increase in vol-
me  and pressure of the soil pore fluid; (2) decrease in viscosity
f soil pore fluid, increasing the volume flow rate of the soil pore
uid; (3) increase in molecular motion of contaminants, induc-

ng disintegration and mobilization of contaminants sorbed on soil
article surfaces; and (4) cavitation (forming bubbles) in soil pore
uid, causing increase in porosity and hydraulic conductivity of soil
187].

Chung and Kamon [187] studied the performance of electro-
hemical remediation coupled with ultrasonication on simulta-
eous remediation of Pb and phenanthrene from contaminated
atural clay. Their bench-scale experiments were conducted using
pecially designed and fabricated devices. Their experimental
esults reveal that both the fluid outflow rate and remediation
fficiencies for both heavy metal and PAH were increased by the
oupled remediation technologies in comparison to electrochemi-
al remediation alone. The average outflow rate was increased from
20 mL/h to 143 mL/h, an increase of 19% by the coupling effects
f electrokinetic and ultrasonic phenomena. The average remedi-
tion efficiency for Pb was increased from 88% to 91%, an increase
f 3.4%; and the average remediation efficiency for phenanthrene
as increased from 85% to 90%, an increase of 5.9%.

Chung [188] evaluated the performance of four remedia-
ion technologies, i.e., soil flushing, electrochemical remediation,
ltrasonication, and electrochemical remediation coupled with
ltrasonication, in the remediation of river sand from Korea con-
aminated by diesel fuel and Cd. His results indicate the coupled
emediation technologies increased both the volume flow rate and
ontaminant extraction efficiencies. After 100 min, the final accu-
ulated flow volume was 2200 mL,  2400 mL,  3800 mL,  and 4000 mL

y soil flushing, electrochemical remediation, ultrasonication, and
lectrochemical remediation coupled with ultrasonication, respec-
ively. The final accumulated flow volume was thus increased by
%, 73%, and 82% by electrochemical remediation, ultrasonication,
nd electrochemical remediation coupled with, ultrasonication,
espectively. The remediation efficiencies for diesel fuel were 65%,
7%, 85%, and 87% by soil flushing, electrochemical remediation,
ltrasonication, and electrochemical remediation coupled with
ltrasonication, respectively, Similarly, the remediation efficien-
ies for Cd were 62%, 76%, 65%, and 83%, respectively. It is evident
hat electrochemical remediation coupled with ultrasonication is
he most effective technique to extract heavy metal and hydrocar-
on simultaneously from the contaminated sandy soil. Moreover,
lectrochemical remediation was observed to be the most effective
ethod for the treatment of heavy metal, e.g., Cd, while ultrasonic

emediation was the most effective for hydrocarbon, e.g., diesel
uel. As a result, the coupled techniques can be used effectively to
xtract both the heavy metal and hydrocarbon from contaminated
oils simultaneously.

Pham et al. [189] studied the performance of electrochemical
emediation enhanced by ultrasonication in the cleanup of kaolin
ontaminated by a mixture of three persistent organic pollutants:
CB, phenanthrene, and fluoranthene. Their bench-scale experi-
ental results conclude that the remediation efficiencies for these
hree persistent organic pollutants by electrochemical remediation
oupled with ultrasonication was higher than those of electro-
hemical remediation alone. Although the ultrasonic enhancement
ould increase both the electric current intensity and electroos-
ous Materials 195 (2011) 11– 29 25

motic volume flow rate, it could only increase the remediation
efficiency for less than 10%. HCB is the most difficult contaminant to
extract because of its high stability, while fluoranthene is the easiest
contaminant to extract. Enhancement of electrochemical remedi-
ation by ultrasonication can be considered as one of the feasible
technology to extract PAHs from contaminated soil.

Pham et al. [162] studied the feasibility of using electrochem-
ical remediation enhanced by ultrasonication or the surfactant
2-hydroxylpropyl-�-cyclodextrin to remediate soil contaminated
by the hydrophobic compounds of HCB and phenanthrene. Their
results indicate that both contaminants could be mobilized by
electrochemical remediation enhanced by either ultrasonication
or surfactant. However, it is more difficult to extract HCB because
of its stability and low water-solubility. Moreover, remediation
of phenanthrene enhanced by ultrasonication was  more efficient
than that by surfactant, as ultrasound can degrade the contaminant
through oxidation by free radicals.

Shrestha et al. [190] utilized electrochemical remediation cou-
pled with ultrasonication to treat kaolin contaminated by chrysene
of concentrations of 25, 50, 75, and 100 mg/kg. Their results indi-
cate the coupled technologies could improve the remediation
efficiency of electrochemical remediation. Moreover, the remedia-
tion efficiency decreased with increase in the initial concentration
of chrysene.

5.6. Other remediation technologies

There are many mature remediation technologies for contam-
inated soil and groundwater [8,105], and they can potentially
be coupled with electrochemical remediation to enhance their
individual remediation efficiencies synergistically. However, these
possibilities have yet to be investigated.

For example, production of electrochemical oxidation equiv-
alents in situ by inserting anodes in contaminated soil appears
to be a promising idea, but the approach is proven to have poor
remediation efficiency and the effects are much localized in soil.
However, in situ production of oxidants has many advantages: (1)
oxidants of short lifetimes can be used in the remediation process;
(2) no stabilization of peroxides is necessary; (3) the hazard of
storing large quantities of chemicals is avoided; and (4) logistics
of handling chemicals is much simpler. A new approach is being
investigated by Wesner et al. [191] to separate the in situ pro-
duction of tailored oxidants and the transport of the oxidants by
electrokinetics.

Thermal desorption is a technology that heats contaminated soil
or sludge in situ or ex situ to volatize the contaminants and remove
them from soil [8].  Volatile and semi-volatile organics are removed
from contaminated soil in thermal desorbers at 100–300 ◦C for
low-temperature thermal desorption, or at 300–550 ◦C for high-
temperature thermal desorption [192]. When a dc or ac electrical
current is flowing through a contaminated soil, resistive or ohmic
heating occurs. The heating can be used to accelerate many chemi-
cal and biological reactions occurring in the contaminated soil, and
to modify many physical properties of contaminants. For example,
heating can be used to increase desorption of many organic contam-
inants from soil particle surfaces and to remove dense non-aqueous
phase liquids. Increased temperature may  increase the aqueous sol-
ubility, decrease the density, decrease the viscosity, and increase
the volatilization of organic contaminants, facilitating their trans-
port in soil. Elevated temperatures not exceeding the temperature
tolerance of microbial consortia can increase their metabolic activ-

ity and bioavailability, resulting in enhancement of biodegradation
of organic contaminants. However, these thermal effects during
electrochemical remediation have not been well studied to date
[193].
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. Conclusions

Electrochemical remediation is a promising technology for
he remediation of fine-grained soil contaminated by inorganic,
rganic, and mixed contaminants. However, enhancement tech-
iques are often required to improve the remediation efficiency of
he technology. A comprehensive review on techniques to enhance
lectrochemical remediation of contaminated fine-grained mate-
ials is given in this paper. A comprehensive and updated list of
eferences is also provided for the reader who is interested in a
articular enhancement technique to perform further study.
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